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Abstract
Endemic organisms of ancient lakes have been studied as models to understand pro‐
cesses of speciation and adaptive radiation. However, it remains unclear how ancient 
lakes play roles in genetic and phenotypic diversity of freshwater mollusks. In the 
present study, we focus on viviparid freshwater snails in the ancient lakes of East and 
Southeast Asia (Japan and China) to address this question. Using molecular phyloge‐
netic analyses based on mitochondrial (COI, 16S) and nuclear genes (18S, 28S, H3), 
we show that patterns of species diversification in viviparid lineages. Colonization 
to ancient lakes occurred independently in China and Japan at least four times, 
with subsequent diversification into more than two species within each lake group. 
Morphological analyses of fossil related viviparids suggest parallel phenotypic evo‐
lution occurred in the different lakes and ages. Each lake contained a single lineage 
which was phenotypically diversified relative to those from other sites. Using ge‐
nome‐wide SNPs obtained by MIG‐seq, we also examined the genetic structure of 
three Japanese viviparids, including two endemic species of ancient Lake Biwa. The 
results suggest that these two species diversified from the population of the third 
species living in wetlands surrounding the lake. These findings suggest that rapid 
diversification of lineages and phenotypic divergence can occur in ancient lakes com‐
pared to other habitats. Formation of large lakes probably promotes speciation and 
phenotypic divergence as a result of adaptation into different microhabitats. High 
numbers of ancient lakes could be a driver of species diversity in Asian viviparid snails.
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1  | INTRODUC TION

Topographical events play an important role in the process of spe‐
cies diversification (Blanco‐Pastor, Fernández‐Mazuecos, Coello, 
Pastor, & Vargas, 2019; Merckx et al., 2015). The establishment of 
closed systems such as oceanic islands provides opportunities for 
genetic diversification through geographical isolation and ecologi‐
cal diversification due to the creation of new niches. These systems 
have displayed speciation in association with ecological divergence 
and adaptation (Gavrilets & Losos, 2009; Rundle & Schluter, 2004; 
Schluter, 2000) and even repeatable adaptive radiation (Chiba, 
1999).

In addition to oceanic islands, ancient lakes often provide excel‐
lent case studies addressing processes of speciation and phenotypic 
diversity because they have high species endemism and species 
diversity (Cristescu, Adamowicz, Vaillant, & Haffner, 2010). In this 
study, we define an ancient lake as one that has existed for at least 
one glacial cycle (i.e., present at, or before, 130 ka bp; Albrecht & 
Wilke, 2008; Cheng et al., 2009; Hampton et al., 2018; Lisiecki & 
Raymo, 2005). Various evolutionary phenomena such as adaptive 
radiation, parallel evolution, and hybrid speciation have been doc‐
umented in some ancient lakes (e.g., Seehausen, 2006; Sturmbauer 
& Meyer, 1992). In these circumstances, mollusks are an excellent 
model to compare the relationships among morphology, phylogeny, 
and geographical distribution patterns (Glaubrecht, 2008; Miura, 
Urabe, Nishimura, Nakai, & Chiba, 2019; von Rintelen, Wilson, 
Meyer, & Glaubrecht, 2004; Van Bocxlaer, 2017; Van Bocxlaer & 
Hunt, 2013). Because mollusks are less mobile they are more likely 
to become geographically isolated (Miura et al., 2019). In particular, 
shell‐bearing mollusks are an ideal model to investigate morpholog‐
ical evolution because of their high preservative quality of shell as 
a fossil (Matsuoka & Miura, 2018; Miura et al., 2019). These char‐
acteristics enable the information on both recent and past species 
histories to be effectively accessed (Miura et al., 2019). However, it 
remains unclear how ancient lakes play roles in genetic and pheno‐
typic diversity of freshwater mollusks.

There are some ancient lakes in East and Southeast Asia that are 
hotspots of species diversity (Miura et al., 2019; Strong, Gargominy, 
Ponder, & Bouchet, 2008; Zhang, Chen, Yang, Jin, & Köhler, 2015). 
For example, Yunnan Province (Southwest China) has multiple an‐
cient lake groups (e.g., Lakes Dianchi, Fuxian, Xingyun, and Qilu). 
Lake Dianchi was formed about 3.2 Ma (Jin, Wang, & He, 2006). 
Lakes Fuxian, Xingyun and Qilu are the remains of a large palaeolake 
(the Great Fuxian Palaeolake), which formed about 3.4 Ma (Wang 
& Dou, 1998). These lakes harbour a unique fauna of at least 241 
fish and 124 gastropod species, most of which are endemic to the 
region (Chu & Chen, 1990; Zhang et al., 2015, 1997). In Japan, an‐
cient Lake Biwa also harbours rich fauna and flora (>1,000 species/
subspecies), including ~60 endemic species/subspecies (Nishino, 
2003; Nishino & Hamabata, 2005). Among such freshwater organ‐
isms, snails show the highest species diversity (probably 20 species/
subspecies; Strong et al., 2008). Lake Biwa is the oldest and larg‐
est lake in Japan formed approximately 4 Ma (Kawabe, 1989, 1994; 

Yokoyama, 1984). According to Tabata, Kakioka, Tominaga, Komiya, 
and Watanabe (2016), Paleo‐Lake Biwa consisted of a series of lakes 
and marsh environments that existed from 4 to 0.4 Ma. After the 
Pliocene, the topographical and limnological features of Paleo‐Lake 
Biwa and Lake Tokai, located east of Paleo‐Lake Biwa successively 
changed: the paleo‐lake experienced: (a) Shallow and large stages 
(Lake Ohyamada >3.2 Ma; Lake Ayama 3.0–2.7 Ma); (b) A deep and 
large stage (Lake Koka 2.7–2.5 Ma), similar to the northern basin of 
the present Lake Biwa; (c) A second shallow and large stage (Lake 
Gamo 2.5–1.8 Ma); (d) A swamp‐like stage (1.8–1.0 Ma); and (e) A 
final shallow and large stage (Lake Katata 1.0–0.5  Ma) (Kawabe, 
1989, 1994). Therefore, the present Lake Biwa is relatively newer 
than the other ancient lakes in East and Southeast Asia. Although 
there is an even newer lake, the recent lake expansion triggered the 
adaptive radiation of freshwater snails (the subgenus Biwamelania, 
Semisulcospiridae) in Lake Biwa (Miura et al., 2019).

In the present study, we focused on the freshwater snail family 
Viviparidae (Gray, 1847), which is endemic to all continents, except 
Antarctica and South America (Brown, 1994; Van Bocxlaer, Strong, 
Richter, Stelbrink, & von Rintelen, 2018); also absent from New 
Zealand and Madagascar and includes ~150 species and 31 gen‐
era which are considered valid (Strong et al., 2008). Many endemic 
species of Viviparidae are diversified in ancient lakes (e.g., Africa: 
Schultheiß, Van Bocxlaer, Riedel, von Rintelen, & Albrecht, 2014; 
Sengupta, Kristensen, Madsen, & Jørgensen, 2009; Southwest China: 
Du, Yang, von Rintelen, Chen, & David, 2013; Zhang et al., 2015; 
Japan: Hirano, Saito, & Chiba, 2015). In the case of Asian viviparid 
snails, Du et al. (2013) reported that the genus Margarya, endemic to 
the ancient lake groups in Yunnan Province, was polyphyletic. These 
authors also showed parallel morphological evolution in terms of 
shell ornamentation and thickness. Furthermore, this study docu‐
mented complex patterns of genetic structuring of Margarya. Zhang 
et al. (2015) performed phylogenetic analyses of Margarya and the 
genus was divided into different three genera: Anularya, Margarya, 
and Tchangmargarya. In addition, Zhang et al. (2015) pointed out 
that endemic species of Yunnan ancient lake groups had a relatively 
larger juvenile size and fewer offspring (K‐strategy), whereas closely 
related and widely distributed species adopted smaller juvenile and 
a larger number of offspring (r‐strategy). Hirano et al. (2019) clari‐
fied the divergence times of several Asian viviparid species including 
Margarya, but the relationship between divergence times of these 
Chinese species and geological history of such ancient lakes has not 
been studied.

In Japan, modern viviparid fauna comprises five species in three 
genera (Hirano et al., 2015, 2019). One of these, Cipangopaludina 
japonica (Martens, 1861) is widely distributed in mainland Japan 
freshwater ecosystems, including ponds, gentle streams, and lake 
habitats. This species has also been recorded in South Korea (Min, 
Lee, Koh, & Je, 2004). By contrast, Heterogen longispira (Smith, 1886), 
known as an endemic species of Lake Biwa, can be found in approx‐
imately 5–15 m depth of this lake. Apart from five viviparid species, 
an undescribed species was also recently discovered in the northern 
part of the Lake Biwa (K. Nakai, unpublished data). C. japonica and 
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H. longispira are mud‐burrowing species but this undescribed species 
is found only on the 7 m down of rocky shore of Chikubujima Island 
in Lake Biwa. These three species have different shell morphologies 
from each other, in terms of shell shape and ornamentation on the 
surface of the top of the shell. Certain fossil records have been re‐
corded in C. japonica from Sakawa Clays of Katata Formation: 0.5 Ma 
(Matsuoka & Nakamura, 1981), in H. longispira from Nijigaoka Clays 
of Katata Formation: 1.2  Ma, Hiraen Clays of Katata Formation: 
0.8 Ma, Kisen Clays of Katata Formation: 0.7 Ma, Sakawa Clays of 
Katata Formation (Matsuoka, 1986; Matsuoka & Nakamura, 1981).

In viviparid snails there are some taxonomic issues. For example, 
the type species of Cipangopaludina, Hannibal, 1912 is C. malleata 
(Reeve, 1863) described as from Japan, but the detailed type local‐
ity of C. malleata was not identified in the description (Hirano et al., 
2019). Habe (1976), Pilsbry (1902), and Ponder, Hallan, Shea, and 
Clark (2016) suggested that this species is synonymous with C. laeta 
(Martens, 1861) or C. chinensis (Gray, 1834). Previous phylogenetic 
work using mtDNA found that H.  longispira was nested within a 
clade of C. japonica (Hirano et al., 2015). Further taxonomic study is 
needed, but hereafter we use Heterogen japonica instead of C. japon‐
ica in this study. For convenience, we also refer to the undescribed 
species of Lake Biwa (K. Nakai, unpublished data) as Heterogen sp. 
However, the phylogenetic position of Heterogen sp. from Lake Biwa 
is still unclear.

Under these circumstances, the inference of species trees from 
multilocus data can be beneficial (Kubatko, 2009; Yu, Than, Degnan, 
& Nakhleh, 2011) in resolving phylogenetic and taxonomic problems. 
Molecular phylogenomics using a multilocus approach provides 
more detailed information than a single or a few genes (Razkin et al., 
2016; Rivers, Darwell, & Althoff, 2016; Rubinoff & Holland, 2005; 
Takahashi & Moreno, 2015). Although prior studies focusing on 

phylogenetic relationships among viviparid species were performed 
using only a few genes (Du et al., 2013; Gu et al., 2019; Hirano et al., 
2015; Schultheiß et al., 2014; Sengupta et al., 2009; Van Bocxlaer 
et al., 2018; Zhang et al., 2015) or mtDNA genome (Wang, Zhang, 
Jakovlić, & Wang, 2017), our previous study indicated that genome‐
wide single nucleotide polymorphism (SNP) was more useful for 
clarifying the relationships and population demographic history be‐
tween viviparid species (Hirano et al., 2019).

In the present study, we investigated the molecular phylogeny 
and divergence time among viviparid species, mainly focusing on 
species of ancient Japanese and Chinese lakes, to address the ques‐
tion of how ancient lakes play roles in genetic and phenotypic di‐
versity of viviparid snails. We estimated phylogenetic relationships 
of Asian viviparid species by sampling from wider areas and tested 
the hypothesis that the formation of the ancient lakes has promoted 
divergence of viviparid snails. Next, we examined genetic structure 
of three Japanese viviparid species (H.  japonica, H.  longispira, and 
Heterogen sp.) using population genetic analysis with genome‐wide 
SNPs. In addition, we investigated how and when divergence of ge‐
netic and phenotypic traits occurred using the above three species 
of extant populations and fossils. In this study we aimed to elucidate 
the role of ancient lake in species diversification through under‐
standing the evolutionary history of viviparid snails.

2  | MATERIAL S AND METHODS

2.1 | Samples

Sampling was performed in the Japanese Archipelago, Vietnam, 
Russia, Poland, and the USA. In total, we collected 215 individuals 
comprising 22 viviparid species/subspecies (Table S1). In particular, 

F I G U R E  1  Adult and juvenile shell morphology of extant and fossil Japanese three viviparid species
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we collected 151 individuals of H. japonica, 21 H. longispira, and six 
Heterogen sp. in the Japanese Archipelago (Table S1; Figures 1 and 
S1). A fragment of the foot muscle from each individual was stored in 
99.5% ethanol prior to DNA extraction. In addition, sequences for 27 
individuals of 25 viviparid species/subspecies were retrieved from 
GenBank (Table S1). For morphometric analysis, we also used 20 in‐
dividuals of fossil specimens comprising four species deposited in 
the Toyohashi Museum of Natural History (Toyohashi, Aichi, Japan), 
as well as extant populations (Table S1; Figure 1: see Section 2.6).

2.2 | Phylogenetic analyses

Total DNA was extracted in accordance with the study by Hirano et al. 
(2015). To estimate the phylogenetic positions of Asian Viviparidae, 
we sequenced fragments of the mitochondrial cytochrome oxidase 
subunit I (COI), 16S rRNA, nuclear 28S rRNA, 18S rRNA, and Histone 
3 (H3) genes. The polymerase chain reaction (PCR) primers are listed 
in Table S2. PCR products were purified using Exo‐SAP‐IT (Amersham 
Biosciences). Sequencing was performed using PCR primers and 
BigDye Terminator Cycle Sequencing Ready Reaction Kit (Applied 
Biosystems) followed by electrophoresis using an ABI 3130xl se‐
quencer (Applied Biosystems). The newly generated sequences were 
deposited in the DDBJ, EMBL, and GenBank databases (Table S1).

Alignment of the COI and H3 sequences was straightfor‐
ward and required no gaps. The 16S, 18S, and 28S sequences 
were aligned using muscle version 3.8 (Edgar, 2004). gblocks ver‐
sion 0.91b (Castresana, 2000) was used to select regions in the 
aligned sequences that were confidently aligned for analysis (Table 
S3). Phylogenetic analyses were conducted on the all combined 
data sets for all species and mtDNA for three Japanese species 
(H.  japonica, H.  longispira, and Heterogen sp.) using maximum likeli‐
hood (ML), and Bayesian methods. For ML and Bayesian analyses, 
Kakusan4‐4.0.2011.05.28 (Tanabe, 2011) was used to select the 
appropriate models for sequence evolution (Table S4). Using the se‐
lected models, we performed ML analysis in raxml hpc2 (Stamatakis, 
2006). Nodal support for ML analysis was assessed using bootstrap 
analyses with 1,000 replications. Bayesian analysis was performed 
in mrbayes version 3.1.2 (Ronquist & Huelsenbeck, 2003) using 
two simultaneous runs, consisting of four simultaneous chains for 
30 million generations and sampling the trees every 1,000 genera‐
tions. The first 20% of trees of each run were discarded as burnin. 
Both ML and Bayesian analyses were performed at the San Diego 
Supercomputer Center through the CIPRES Science Gateway (Miller, 
Pfeiffer, & Schwartz, 2010). One species of Marisa and two species 
of Pomacea were used as outgroups for phylogenetic analyses of all 
species and the below estimation of divergence time (Sengupta et 
al., 2009). For mtDNA phylogeny of Japanese three species, we used 
two species of Ussuripaludina as outgroups (see Section 3.1).

2.3 | Divergence time estimation

Approximate divergence times were estimated using the uncorrelated 
log‐normal relaxed clock as implemented in beast 2.4.8 (Bouckaert 

et al., 2014) at the San Diego Supercomputer Center through the 
CIPRES Science Gateway (Miller et al., 2010). We used the default 
parameters except for step number (100 steps). Substitution models 
of each partition were set as follows: COI = HKY + Γ, 16S = HKY + Γ, 
18S = JC69 + Γ, 28S = HKY + Γ, H3 = HKY + Γ. These models were 
decided upon using Kakusan4‐4.0.2011.05.28 (Tanabe, 2011). In 
addition, the model of COI was chosen from models in which the 
molecular clock rate based on some fossil records of viviparid snails 
was considered in Schultheiß et al. (2014). A molecular clock rate 
(uniform prior) ranging from 0.0068 to 0.0118 (substitutions per site 
and My) was proposed for the COI gene of the family Viviparidae in 
Schultheiß et al. (2014). We set the parameters of the site models to 
Gamma category count = 4 and shape = 1.0 as described by Heath 
(2015). The Yule process was used to model speciation. The Monte 
Carlo Markov chain was run four times for 30 million generations 
with sampling every 1,000 generations to ensure that the effective 
sample size (ESS) values were above 1,000 for all parameters. MCC 
files were annotated in treeannotator version 2.4.4 (beast package; 
burnin = 20%) to summarize the entire posterior distribution after 
log and tree files were checked by tracer version 1.6 (Rambaut, 
Drummond, & Suchard, 2013).

2.4 | MIG‐seq analysis and SNP detection

To obtain genome‐wide SNP information of these species groups 
from total DNA, we conducted MIG‐seq method (Suyama & Matsuki, 
2015). MIG‐seq is a type of reduced representation sequencing such 
as restriction site‐associated DNA sequencing, and especially ef‐
fective for low‐quality DNA and small quantities of DNA (Tamaki, 
Yoichi, Matsuki, Suyama, & Mizuno, 2017), which was performed for 
viviparid snails in previous research (Hirano et al., 2019). Preparation 
of the MIG‐seq library was executed under a method modified from 
Suyama and Matsuki (2015) using an Illumina MiSeq Sequencer 
(Illumina), and an MiSeq Reagent Kit version 3 (150 cycle; Illumina) 
(Hirano et al., 2019; Y. Tsunamoto et al., unpublished data).

SNPs selection were performed in accordance with the work 
of Suyama and Matsuki (2015). We used stacks software package 
version 1.41 (Catchen, Amores, Hohenlohe, Cresko, & Postlethwait, 
2011) with the following parameters under a gapped option: maxi‐
mum distance between stacks (M) = 1, maximum distance allowed to 
align secondary reads to primary stacks (N) = 1, and minimum depth 
option = 10 (‐m 10). We selected only SNPs recorded at a rate of 
more than 50% among samples for MIG‐seq, excluded individuals 
with a high deficiency rate (≥50%) from the analysis. As a result, 445 
SNPs among all populations were detected.

2.5 | MIG‐seq population genetic analyses

To compare the results of mtDNA with the genetic structure of 
nDNA among three Japanese species, we estimated individual gen‐
otypes of nDNA with structure version 2.3.4 (Evanno, Regnaut, & 
Goudet, 2005; Falush, Stephens, & Pritchard, 2003), based on the 
MIG‐seq data set (Table S1). The number of preassigned genetic 
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clusters (K) was assumed to range from one to five. We performed 10 
independent runs for each K value. Each run included 10,000 burnin 
iterations and 10,000 iterations. To help determine the optimal K, ∆K 
was calculated as described by Evanno et al. (2005) using structure 

harvester web version 0.6.94 (Earl & von Holdt, 2012). Bar charts 
for the proportions of the membership coefficient of each individual 
in structure analysis in 10 runs for each K were summarised using 
clumpp version 1.1.2 (Jakobsson & Rosenberg, 2007) and visualised 

TA B L E  1   Information on ABC analyses

  Pop1 Pop2 Pop3 Individual number SNPs number Scenario number

First ABC 1–8 20, 21 24, 26–28 51 198 6

Second ABC 1, 2 4 5 27 246 6

Third ABC 1 2 – 13 246 2

Note: Each scenario is shown in Figure 2. Number indicated in each Pop corresponds with site number.

F I G U R E  2  Simulated eight scenarios. 
N1, N2 and N3 are population size. t1 
and t2 is generation time for merging 
of population. Information of each Pop 
is indicated in Table 1. (a) The first and 
second analyses. (b) The third analysis
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in distruct version 1.1 (Rosenberg, 2004). In addition, to determine 
the genetic structure of nDNA, we also conducted a principal com‐
ponent analysis (PCA) with genodive version 2.0b27 (Meirmans & 
Van Tienderen, 2004) as well as structure analysis. When we per‐
formed the first structure and PCA, we used 148 specimens (445 
SNPs). Next, we separately conducted the second structure and PCA 
analyses using populations from Shiga Prefecture (42 specimens 
[377 SNPs]). This is because we investigated genetic structure within 
each genetic group determined by the first structure and PCA.

To confirm the history of genetic diversification, we used an 
Approximate Bayesian computation (ABC) approach in diyabc version 
2.1 (Cornuet et al., 2014). ABC provides estimates of demographic 
and historical parameters and quantitative comparisons of an evolu‐
tionary scenario (Bertorelle, Benazzo, & Mona, 2010; Tsuda, Nakao, 
Ide, & Tsumura, 2015). On the basis of the structure analysis and PCA 
analysis on the SNPs, populations were grouped into three (the first 
and second analyses) and two (the third analysis) groups (Table 1; 
Figure 2). Because the results of structure showed that some pop‐
ulations appeared to have a mixed genetic structure between the 
two different genetic groups, the above populations (Pop1–3) were 
used to investigate how the genetic structure was created for the 
first analysis. For the second analysis, we focused only on the pop‐
ulations of three species from Shiga Prefecture (including the popu‐
lations of Lake Biwa). This was because these populations were not 
divided, even when compared hierarchically from K = 2 to K = 5 in 
the first structure. The result of the second structure showed two 
different genetic groups and a mixed genetic structure between the 
groups, so we investigated how the genetic structure was created 
for the second analysis (Pop1–3). Finally, we conducted the third 
analysis using two endemic species of Lake Biwa (H. longispira, and 
Heterogen sp., Pop1 and 2) because shell morphologies of the two 
species were clearly different to each other (see Section 3.5; Figure 
S6) despite their genetic relationships being relatively close in the 
second structure (Figure 7). We conducted the pilot run with wide 
extensive parameters and all summary statistics values. We used the 
following parameters based on the results from the pilot run (Table 
S5). In total, we used four (first analysis), five (second analysis), and 
nine (third analysis) summary statistics, respectively (Table 2). We 
compared the different scenarios by calculating their relative pos‐
terior probabilities using a logistic regression method from the 1% 

of simulated data sets which most closely resembling the observed 
data set. We used the option “confidence in scenario choice” in di‐
yabc to evaluate the validity in scenario choice. We calculated each 
scenario specific prior based error using simulated 500 data sets per 
scenario with the same parameter setting. Under the most likely 
scenario as determined by the logit transformation of parameters, 
the posterior distributions of parameters were estimated on the 1% 
of simulated data sets most closely resembling the observed data 
set. We also used the option “model checking” with principal com‐
ponent analysis (PCA) using diyabc to assess the goodness‐of‐fit of 
the scenarios. This option can be used to evaluate the consistency of 
the observed data with the posterior predictive distribution of the 
model for the best scenario.

2.6 | Morphological analyses for all 
species and clades

To investigate how habitat differences (lake endemic or widely 
distributed) affect shell morphologies of the snails in its evolution‐
ary histories, we compared shell morphology among clades/fossil 
groups. Based on the phylogenetic relationships of the present study 
and previous studies, we decided how viviparid species belonged to 
each clade (Gu et al., 2019; Sengupta et al., 2009; Van Bocxlaer et 
al., 2018; Zhang et al., 2015). In the fossil species, we mainly focused 
on presumably lake endemic species (Japan: Igapaludina in the late 
Pliocene, and Tulotomoides in the late Pliocene‐early Pleistocene 
[Matsuoka, 1985]; Heterogen in the early Pleistocene‐present 
[Matsuoka & Nakamura, 1981; Matsuoka, 1986]; China: Margarya and 
Macromargarya in the early Oligocene [Ying, Fürsich, & Schneider, 
2013]; Africa: Bellamya in the late Pliocene‐early Pleistocene [Van 
Damme & Gautier, 2013]), which inhabited the same/close regions 
to the distribution areas of extant lake endemic species. In addition, 
we also used a fossil specimen of H. japonica (0.5 Ma: Matsuoka & 
Nakamura, 1981). In total, we used 179 individuals which repre‐
sented 61 species (Table S6).

First, we took a photograph of the shell of each specimen ob‐
tained from the field and museum (Table S6). For the quantitative 
evaluation of the entire shell shape, we generated elliptic Fourier 
descriptors (EFDs; Kuhl & Giardina, 1982) using the same digital im‐
ages we had taken and obtained images from the figures indicated 

  Summary statistics

First ABC Fst distances: Variance of nonzero values
Nei's distances: Mean of nonzero values, Variance of nonzero values, 
Mean of complete distribution

Second ABC Fst distances: Mean of nonzero values, Variance of nonzero values, Mean 
of complete distribution
Nei's distances: Mean of nonzero values, Variance of nonzero values

Third ABC Genetic diversities: Proportion of zero values, Variance of nonzero values
Fst distances: Proportion of zero values, Mean of nonzero values, 
Variance of nonzero values, Mean of complete distribution
Nei's distances: Mean of nonzero values, Variance of nonzero values, 
Mean of complete distribution

TA B L E  2   Information on summary 
statistics of ABC analyses
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in the following references (Gu et al., 2019; Matsuoka, 1985, 1986; 
Matsuoka & Nakamura, 1981; Prozorova, Makarenko, & Balan, 
2014; Sengupta et al., 2009; Van Bocxlaer et al., 2018; Van Damme 
& Gautier, 2013; Ying et al., 2013; Zhang et al., 2015). We used adult 
shells with strongly thickened outer lips. When using the figures 
from the references, we also only used the specimens which seemed 
to be adult. All images used for morphological analysis were placed 
so that the shell aperture faced forward. The parameter of harmonic 
amplitudes was set to n = 40. For the analysis of shell shape using 
Fourier coefficients obtained from the EFDs, we conducted a princi‐
pal component analysis (PCA). We used shape version 1.3 to process 
the digital images, obtain EFDs, and perform PCA (Iwata & Ukai, 
2002). In the PCA, we treated the fossils as four distinctive groups 
(three Lake endemic groups: Japan [Igapaludina, Tulotomoides, and 
Heterogen], China [Margarya and Macromargarya], Africa [Bellamya]; 
one widely distributed group: Japan [H. japonica]).

Second, to reveal whether the clades and habitat reflected the 
shell morphology, we performed a Wilcoxon test for shell shape 
using the PCs. The Wilcoxon test was conducted in JMP 11 (SAS 
institute, North Carolina, USA). For the Wilcoxon test, some clades 
comprising only widely distributed species and a few individuals 
were removed before this analysis. In addition, a fossil of H. japonica 
was also not included in the analysis because of small sample size. 
Statistical significance was determined using Bonferroni corrections. 
The three effective PCs (PC1‐3) were used in this and the next sec‐
tion for convenience.

Finally, to evaluate the influence of the lakes on the observed 
morphological pattern, we compared the maximum values of PCs 
(PC1‐3) and the maximum values of uncorrected pairwise genetic 
distance (p‐distance) among clades. We calculated the genetic dis‐
tance between clades using the COI gene for the sampled snails 
using MEGA5 (Tamura et al., 2011). In addition, PC1‐3 were con‐
verted into Euclidian distance using xlstat (Addinsoft).

2.7 | Morphological analyses for Japanese species

To determine whether the phylogenetic relationships of nDNA 
among the three extant Japanese species (H. japonica, H. longispira, 
and Heterogen sp.) and its evolutionary history corresponded with 
the differences in shell morphology, we analyzed the variation in 
its shell shape using additional specimens of these three species 
to the data set of the above first PCA. In addition, we used some 
fossil species as well as 2.6. In this analysis, shell width from the 
field specimens and museum was measured using digital calipers 
(D; Figure 3). In total, we analysed 165 specimens of extant popu‐
lations (122 individuals of H.  japonica, 16 individuals of H.  long‐
ispira, and five individuals of Heterogen sp.) and 25 specimens of 
fossils (one individual of H. japonica [Sakawa Clays], two individu‐
als of H.  longispira [Sakawa Clays], one individual of H.  longispira 
[Hiraen Clays], 15 individuals of H. longispira [Nijigaoka Clays], one 
individual of I. stricta, one individual of T. sanaguensis, and one in‐
dividual of T. japonica [Tables S1 and S6]). Considering the results 
of population genetic analysis (first structure analysis, see Section 

3.3), we treated each population of H.  japonica (Western Japan 
and Eastern Japan) as different groups. In addition, population 
demographic analyses showed that the fossil age of H.  longispira 
(Nijigaoka Clays) was not consistent with the divergence time of 
the extant populations of H. longispira (the second diyabc analysis, 
see Section 3.4), so we also treated H. longispira (Nijigaoka Clays) 
as a distinctive group.

We generated elliptic Fourier descriptors using the above 
method by shape version 1.3, and also conducted PCA. Next, we also 
performed a Wilcoxon test for shell size (shell width [D]) and shape 
separately using the PCs and D in JMP 11. In particular, we clarified 
how and what shell morphology was different among the species 
and genetic groups of MIG‐seq SNP. For the Wilcoxon test, fossils 
of H. japonica and H. longispira from Sakawa Clays, H. longispira from 
Hiraen Clays, I. stricta, T. sanaguensis, and T. japonica were excluded 
from the analysis because there were few sample sizes of each fos‐
sil species. Statistical significance was determined using Bonferroni 
corrections.

2.8 | Ancestral state reconstruction of 
shell morphology

To reconstruct the history of character evolution, ancestral charac‐
ter states of shell morphology at interior nodes were inferred from 
the beast tree using mesquite 3.6 (Maddison & Maddison, 2018). 
We reconstructed the ancestral state of shell surface pattern (or‐
namented/keeled or smooth) at each interior node using the MP 
analysis of “Trace character history” in mesquite. We then referred 
to some references in order to decide each stasis of shell surface 
of individuals from GenBank data (Lu, Du, Li, Chen, & Yang, 2014; 
Sengupta et al., 2009; Zhang et al., 2015), but some individuals were 
treated as unknown.

3  | RESULTS

3.1 | Phylogenetic relationships

The topologies of the trees from ML and Bayesian analyses were 
largely consistent at least regarding the relationships of the well 

F I G U R E  3  Examples of figure data for the morphological 
analysis. (a) Shell morphology and shell width (D). (b) The entire 
outline of the shell
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supported clades (Figure 4). Only clades with high support (posterior 
probabilities ≥0.95 or bootstrap support ≥70%) were given further 
consideration.

The viviparid species we examined were largely separated into 
four major clades (Figure 4). Clade A was composed of Anularya, 
Cipangopaludina, Heterogen, Margarya, Mekongia, Sinotaia, and 

F I G U R E  4  Maximum likelihood consensus tree of viviparids based on combined sequences from the COI, 16S, 18S, 28S and H3 genes. 
Each OTU label represents a species/subspecies name followed by the specimen ID. Each clade and subclade are differentiated by black and 
grey colours, respectively. The blue colour indicates lake endemic species. Numbers on branches indicate maximum likelihood bootstrap 
values followed by Bayesian posterior probabilities. Scale bar indicates 0.08 substitutions per site
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Ussuripaludina. Clade A was separated into three lineages: (a) a lineage 
composed of Mekongia, Anularya, and Sinotaia, (b) a lineage composed 
of Ussuripaludina sisters to the H.  japonica/H.  longispira/Heterogen 
sp. complex, and (c) a lineage composed of C. chinensis, C. cf.  laeta, 
and Margarya. In particular, even considering the results of phylo‐
genetic analyses focusing on only H.  japonica/H.  longispira/Hetero‐
gen sp. complex, each species could not be distinguished by mtDNA 
phylogeny (Figure S2). Clade B included only Tchangmargarya. Clade 
C was comprised of Angulyagra, Bellamya, Filopaludina, Idiopoma, 
Larina, Mekongia, Neothauma, “Taia”, Trochotaia, and Viviparidae sp. 
Clade C was separated into four lineages: (a) a lineage composed of 
“Bellamya” bengalensis, Filopaludina, Idiopoma, and Viviparidae sp. 
(Thailand), (b) a lineage composed of Angulyagra and “Taia,”, (c) a lin‐
eage composed of Larina only, and (d) a lineage composed of African 
Bellamya, Mekongia hainesiana, Neothauma, and Trochotaia. Clade D 
included Amuropaludina, Campeloma, Rivularia, and Viviparus. These 
genera are monophyletic and were separated into two lineages: 
(a) a lineage composed of Viviparus only, (b) a lineage composed of 
Amuropaludina, Rivularia, and Viviparus, and (c) a lineage composed of 
Campeloma only. In particular, the Asian linages inhabited in the an‐
cient lakes may have occurred at least four times, and subsequently, 
species diversified to more than two species within each lake group.

3.2 | Divergence time estimation

For the molecular clock analyses, the ESS values visualized in tracer 
version 1.6 were considerably higher than 1,000 in each analysis. 
First, we assigned numbers to the cardinal nodes from one to 18 
for convenience. The topology of the tree almost completely coin‐
cided with that obtained for the Bayesian tree using mrbayes and ML 
analyses (Figures 4 and 5a). The mean time of first divergence of 
the modern Viviparidae (node 1) was estimated to be 21 Ma (the 
lower and upper 95% HPD intervals were 16 and 26). The mean 
time of first divergence of clades A + B (the divergence time of the 
last common ancestor of Tchangmargarya: node 4) was estimated 
to be 13 Ma (the lower and upper 95% HPD intervals were 9 and 
17). In addition, the mean time of first divergence of the last com‐
mon ancestor of the modern Anularya (node 9) was estimated to be 
4 Ma (the lower and upper 95% HPD intervals were 2 and 5). The 
mean time of first divergence of the last common ancestor of the 
modern Margarya (node 12) was estimated to be 2 Ma (the lower 
and upper 95% HPD intervals were one and three). For H. japonica, 
H. longispira, and Heterogen sp., the mean time of first divergence of 
these species was estimated to be 0.7 Ma (the lower and upper 95% 
HPD intervals were 0.3 and 1). The modern groups of such Chinese 

F I G U R E  5  The results of divergence time estimation and ancestral reconstruction analysis. (a) Maximum clade credibility tree generated 
with the beast2 analysis from the combined sequences from the COI, 16S, 18S, 28S and H3 genes. Numbers on branches indicate Bayesian 
posterior probabilities. The principal nodes are named with nominal numbers. (b) The results of mesquite analysis mapping on the beast2 tree. 
The outgroups (Marisa and Pomacea) are not shown. Each OTU label represents a species/subspecies name followed by the specimen ID. The 
blue colour indicates lake endemic species
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and Japanese species diverged gradually since the beginning of the 
Miocene, particularly Pliocene. It seems that species diversification 
occurred mainly after Pleistocene at the intragenus level. Additional 
information is shown in Table 3.

3.3 | Morphological divergence among clades and 
habitat in all viviparid snails

Based on the results of PCA using the Fourier coefficients of all 179 
specimens, 10 effective PCs were chosen by shape version 1.3. The 
first, second, and third principal components explained 60.61%, 
17.50%, and 4.58% of the total variance, respectively. The PCA re‐
sults showed that there was overlap in shell morphology between 
lake endemic species and widely distributed species to some extent, 
but the scatter plots also indicated that these two habitats formed 
each cluster (Figure 6). In addition, these results showed that the 
presumably lake endemic fossil species and the extant lake endemic 
species clustered in each area group.

Significant differences in the morphological traits were found for 
the different combinations of groups for PC1, PC2, and PC3 (Table 
S7; Figure 6): PC1—between clade A3 of widely distributed and 
clades A1/A2/A3/B/C4/Japan (fossil) of lake endemic/A1 of widely 
distributed, between clade C4 of widely distributed and clades A1/
A3/C4/Japan (fossil) of lake endemic/A1 of widely distributed, be‐
tween Japan (fossil) of lake endemic and clade A2 of widely dis‐
tributed; PC2—between Japan (fossil) and clades A2/A3 of widely 
distributed/C4 of lake endemic, between clade C4 of lake endemic 

and clades A1/C4 of widely distributed, between clade A1 of widely 
distributed and clades A2/A3 of widely distributed, between clade 
A2 of widely distributed and clade C4 of widely distributed; PC3—
between clade A1 of lake endemic and clades A2/C4 of lake en‐
demic/A1 of widely distributed, between clade A2 of lake endemic 
and clade A3 of lake endemic, between clade A3 of lake endemic 
and clades C4 of lake endemic/A1 of widely distributed, between 
clade A1 of widely distributed and clades B of lake endemic/A3 of 
widely distributed. In particular, results of PC1 showed that there 
were no significant correlations between lake endemic clades/fos‐
sils, and only a few correlations between widely distributed clades. 
However, there were some significant correlations between lake en‐
demic clades/fossils and widely distributed clades.

Genetic distance showed that the lake endemic clades tended 
to have lower genetic distance within the clades than those of the 
widely distributed clades. However, morphological divergence of the 
lake endemic clades seemed to be similar or higher than that of the 
widely distributed clades.

3.4 | Morphological evolution of shell surface

Results of ancestral state reconstruction on the beast tree showed 
incongruence between the shell morphology and molecular phylog‐
eny due to parallel evolution of pattern of shell surface (Figure 5b). 
In particular, lake endemic species tended to have an ornamented or 
keeled shell, but widely distributed species tended to have a smooth 
shell.

3.5 | Genetic differences of each population of 
Japanese species using nDNA

Likelihood (LnP [D]) was found to be greatest when K  =  2, sug‐
gesting that three Japanese species could be divided into two 
major clusters of SNPs in the first structure (Figure 7). In addition, 
at least in four populations from eastern Japan (Loc. No. 20–22, 
29), there were mixed genetic structures between the two major 
clusters. These patterns of the clusters reflected geographical dis‐
tribution (Western Japan including Shiga Prefecture and Eastern 
Japan), but were not associated with differences among species. 
A scatter plot of the first PCA also showed that these specimens 
could be divided into two major clusters reflecting the result of 
the first structure (Figure 8). In the second structure analysis was 
also found to be greatest when K = 2 (Figure 7). Two SNP clusters 
reflected species differences, in particular between H.  japonica 
(besides Loc. No. 6) and Heterogen sp. In addition, the popula‐
tions of H.  longispira in the northern part of Lake Biwa (Loc. No. 
2) were genetically similar to Heterogen sp., even when comparing 
hierarchically from K  = 2 to K  = 5. At least in three populations 
(H. japonica: Loc. No. 6; H. longispira: Loc. No. 3 and 4), there were 
mixed genetic structures between the two major clusters. A scat‐
ter plot of the second PCA showed that each species was divided 
into three major groups (Figure 8).

TA B L E  3  Detailed results of divergence time estimation

Node number in Figure 5
Divergence time mean 
(lower CI, upper CI: Ma)

1 20.72 (15.80, 26.16)

2 16.44 (12.52, 20.66)

3 15.66 (10.60, 21.08)

4 12.77 (9.04, 16.82)

5 11.59 (8.72, 14.64)

6 9.05 (6.33, 12.10)

7 5.40 (3.80, 7.21)

8 4.25 (2.75, 5.95)

9 3.53 (2.36, 4.83)

10 3.55 (1.84, 5.60)

11 3.45 (1.07, 6.65)

12 1.74 (0.86, 2.79)

13 0.88 (0.27, 1.63)

14 0.72 (0.32, 1.20)

15 8.90 (5.58, 12.53)

16 4.27 (2.02, 6.84)

17 8.17 (5.62, 10.85)

18 9.32 (6.74, 12.09)



     |  11HIRANO et al.

3.6 | Results of population demography analysis

Estimated values for each posterior probability of scenarios are 
listed in Figure S3. The results of the first population demography 

analysis by diyabc using 198 SNPs showed that scenario 3 (Figure 2a) 
had the highest posterior probability (approximately 0.8; Figure 
S3). Based on this scenario, PopB initially separated from PopA, and 
subsequently PopC separated from PopB. In the case of scenario 3, 

F I G U R E  6  Results of the shell morphology statistical analyses between clades/fossils, and relationships between the principal 
components (PC) 1–3 and the uncorrected pairwise genetic distance of the COI gene (p‐distance). (a) Scatter plots of the principal 
component analysis scores and (b) box plots for PC 1–3. (c) Scatter plots of the PCs and p‐distance. Y axis of the box plot indicates each 
amount of PCs (point)
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F I G U R E  7  Results of the structure analyses for K = 2–5. (a) The first and (b) the second analyses. The grey bars and numbers above the 
results of the structure indicate each genetic group and distribution area, and sampling site number in the map, respectively
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the median values of divergence times were 6.37 × 105 generations 
ago for time t1 (95% CI: 2.10 × 105–1.25 × 106) and 9.85 × 105 gen‐
erations ago for time t2 (95% CI: 3.08 × 105–1.81 × 106) (Table S8; 
Figure S4). Previous studies have suggested that the sexual matu‐
ration of H.  longispira is likely to be when shell height is ~25 mm 
(Kondo, 2015), and H. japonica grows to be 20–30 mm at one years 
old (Kondo, Sato, Matsuo, & Yoshimura, 2016). Therefore, PopB 
was separated from PopA before 985,000 years ago (t2), and PopC 
was separated from PopB before 637,000 years ago (t1). The type I 
and type II errors for scenario 3 were 0.758 and 0.242, respectively 
(Table S9). In the second analysis, scenario 2 (Figure 2a) had the 
highest posterior probability (approximately 0.9; Figure S3). Based 
on this scenario, PopA initially separated from PopC, and subse‐
quently PopB has been comprised by PopA and PopC. In the case of 
scenario 2, the median values of divergence times were 1.11 × 105 
generations ago for time t1 (95% CI: 2.52 × 104–1.94 × 105) and 
5.41  ×  105 generations ago for time t2 (95% CI: 2.25  ×  105–
9.00 × 105) (Table S8; Figure S4). Therefore, H. longispira/Heterogen 
sp. was separated from H.  japonica before 541,000  years ago 
(t2), and the introgressive hybridisation (the median values of ra: 
2.17 × 10–1 [95% CI: 5.90 × 10–2–6.08 × 10–1]) between the two 
species and H.  japonica occurred before 111,000  years ago (t1). 
The type I and type II errors for scenario 2 was 0.590 and 0.410, 
respectively (Table S9; Figure 8). In the third analysis, scenario 2 
(Figure 2b) had the highest posterior probability (1.0) (Figure S3), 
indicating PopB separated from PopA. In the case of scenario 2, 
the median values of divergence times were 1.67 × 105 generations 
ago for time t1 (95% CI: 3.81 × 104–3.53 × 105; Table S8; Figure 
S4). Considering that, Heterogen sp. was separated from northern 
population of H. longispira before 167,000 years ago (t1). The type I 

and type II errors for scenario 2 was 0.966 and 0.034, respectively 
(Table S9). The result of PCA from each scenario on model check‐
ing option is shown in Figure S5.

3.7 | Morphological variation among 
Japanese species

Based on the results of PCA using the Fourier coefficients of all 
161 specimens, 10 effective PCs were chosen by shape version 
1.3. The first, second, and third principal components explained 
69.13%, 7.08%, and 4.41% of the total variance, respectively. The 
PCA results showed that there was little overlap in shell morphol‐
ogy (PC1 and 2) between H.  longispira (including the fossils from 
Sakawa Clays)/I. stricta, H. japonica (including the fossil from Sakawa 
Clays)/Heterogen sp./H. longispira (including the fossils from Hiraen 
Clays and Nijigaoka Clays), T. japonica, and T. sanaguensis; neverthe‐
less, H.  japonica and Heterogen sp. largely overlapped (Figure S6). 
Each population of Western and Eastern Japan of H.  japonica also 
largely overlapped each other. Heterogen longispira (Hiraen Clays and 
Nijigaoka Clays) was also distinctive from the other groups. In addi‐
tion, these results showed that the presumably lake endemic fossil 
species and the extant lake endemic species clustered.

Significant differences in the morphological traits were found for 
the different combinations of groups for D (shell diameter), PC1 and 
PC2 (Table S10; Figure S6): D—between H. japonica (Eastern Japan) 
and the others, between H. japonica (Western Japan) and H. longispira 
(Nijigaoka Clays)/Heterogen sp., between H. longispira and Heterogen 
sp.; PC1—between H.  longispira and both populations of H.  japoni‐
ca/H.  longispira (Nijigaoka Clays); PC2—between H.  longispira and 
both populations of H. japonica.

F I G U R E  8  Plots of results from the principal component analyses (PCA) based on MIG‐seq SNPs. (a) The first and (b) the second 
analyses. The purple and blue symbols under the plots indicate the two genetic clusters in the first and the second analyses of structure for 
K = 2
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4  | DISCUSSION

The present analyses showed that endemic species in the same an‐
cient lake/groups tended to be genetically closely related to each 
other (Figures 4 and S2). However, levels of morphological diver‐
gence among the lake endemic clades were equivalent or even 
greater than among more widely distributed clades (Figure 6). In 
addition, lake endemics tended to have similar shell morphology 
suggesting that parallel evolution had occurred independently in 
Viviparidae (Figures 4‒6, and 9).

Divergence time estimation of Asian viviparid snails was per‐
formed (Table 3; Figure 5). Viviparidae has a rich fossil record that dates 
back to the Middle Jurassic (Hudson, Clements, Riding, Wakefield, & 
Walton, 1995; Tracey, Todd, & Erwin, 1993), and Cretaceous vivi‐
parids have been found on all continents, except Antarctica (Fischer, 
1963; Hamilton‐Bruce, Smith, & Gowlett‐Holmes, 2002; Henderson, 
1935; Kear, Hamilton‐Bruce, Smith, & Gowlett‐Holmes, 2003; Perea, 
Soto, Veroslavsky, Martínez, & Ubilla, 2009; Prashad, 1928; Van 
Damme, Bogan, & Dierick, 2015; Yen, 1950). Although some fossils 
might have been misplaced, the oldest divergence time of viviparid 
snails in our phylogenetic tree was much more recent than that esti‐
mated by the fossil record of this family. Therefore, our results imply 
that either the modern Viviparidae are a crown group rooted in a sin‐
gle lineage of fossil Viviparoidea (Viviparidae + Pliopholygidae), and 
all other lineages extinct, or all of the older Viviparidae fossils were 
identified erroneously as Viviparidae. However, the COI gene was 
saturated after about 10 million years because phylogenetically in‐
formative signal may be lost due to multiple point mutations at a sin‐
gle locus, due to the high mutation rate of this gene fragment (Brown, 
George, & Wilson, 1979), so the results of our study are potentially 
an underestimation of some of the observed divergence times (e.g., 
nodes 1−5). Nevertheless, divergence times of some terminal clades 

are consistent with the age of fossil record of some modern species 
(node 14: H.  japonica, approximately 0.5 Ma; H.  longispira, approx‐
imately 0.5 Ma [Matsuoka, 1987, see results]; node 13: M. monodi: 
early Pleistocene [Pan, 1984]). In addition, the divergence time of 
Anularya (node 9) is consistent with ages of formation of the lakes 
where Anularya species are distributed (lakes Fuxian, Xingyun, and 
Qilu: the Great Fuxian Palaeolake, about 3.4  Ma; Wang & Dou, 
1998). Considering the results of the divergence times of Margarya 
(approximately 2.8 Ma) in Hirano et al. (2019) and the present study 
(node 12), this genus seems to have diversified after the formation 
of Lake Dianchi (about 3.2 Ma; Jin et al., 2006). Although the timing 
of formation of lakes Yangzonghai and Shilin are still unclear, diver‐
gence time of Tchangmargarya might be related to the histories of 
the lakes due to such correlations between the divergence times of 
lake endemic Viviparidae and the timing of formation of lakes.

In cases of H.  japonica, H.  longispira, and Heterogen sp., results 
of divergence time estimation and population demographic analyses 
corresponded with the topographical history of Lake Biwa in terms 
of the extant lake expansion, as well as fossil records of H. japonica 
and H. longispira (0.5 Ma; Matsuoka, 1987). The common ancestor of 
these species may have diversified from a continental lineage (e.g., 
far East Russia; Figure 9c). Next, the most recent common ances‐
tor of these species diversified in the Miocene or Pliocene, and in 
Pleistocene, H. japonica spread from west to northern part of Japan 
and was diversified genetically in the west and central‐northern 
Japan. In addition, H. longispira diverged from H. japonica of around 
the Lake Biwa, and Heterogen sp. derived from H.  longispira in the 
present Lake Biwa. These two species diversified after at least 
emerging of paleo‐Lake Biwa (Lake Katata). Thus, relatively rapid 
speciation occurred in the ancient lake, but hybridization also oc‐
curred in the present viviparid species (Figures 2 and S3). The 
three Japanese species could not be distinguished by the molecular 

F I G U R E  9  Maps showing estimated distributions of each clade and the patterns of colonization/diversification based on the results 
of the phylogenetic and population genetic analyses. (a) All clades, (b) clades A (Chinese species) and B, and (c) clade A (Heterogen 
and Ussuripaludina). Numbers on the maps correspond with node numbers of Figure 5. Distributions of widely distributed genera 
Cipangopaludina, Sinotaia, and Mekongia in clade A are not included in maps b and c. Distributions are based on Starobogatov Prozorova 
Bogatov and Saenko (2004), Anistratenko Degtyarenko Anistratenko and Prozorova (2014), Prozorova et al. (2014), Hirano et al. (2015), 
Hirano et al. (2019), Zhang et al. (2015), and Van Bocxlaer et al. (2018).
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phylogeny using mtDNA (Hirano et al., 2015; Figure S2). Rapid evo‐
lution among viviparid lineages of ancient lakes and introgressive 
hybridization may have affected such a complex pattern of mtDNA 
phylogeny.

Heterogen japonica inhabits rivers flowing into the Lake Biwa, 
providing an opportunity to come into contact with other lake‐
endemic species in Lake Biwa. In fact, some populations of H. 
japonica have previously been found in the estuary of rivers flow‐
ing into the lake (K. Matsuoka, personal observation). However, 
H. japonica was not actually found in Lake Biwa, so hybridization 
between H.  japonica and lake‐endemic species (see Section 3.6) 
is probably uncommon. This might indicate niche conservatism 
of these species and natural selection for the shell shapes in the 
habitat. In addition, our results showed multiple diversifications of 
shell morphology in Lake Biwa. Previous studies have suggested 
that shell morphology might be associated with habitat (Kagawa, 
Saito, Uchida, & Chiba, 2019; Miura et al., 2019), and the habitat 
of Heterogen sp. is clearly different from the habitat of H. japonica 

and H.  longispira. To support this, our work demonstrates that 
Heterogen sp. has different shell ornamentation on the top of the 
shell than other species, but a similar shell shape to H.  japonica. 
Enlarging the shell aperture might promote adhesion to the rock 
with a wider foot muscle (Yamamori & Kato, 2018), but functional 
differences of shell shape and details of microhabitat are still un‐
clear. Further studies focusing on the microhabitat of each species 
are needed to clarify ecological speciation among these species.

Ancient lakes affected divergence in shell morphology and 
reproductive strategy for viviparid snails (Zhang et al., 2015). In 
fact, shell shape, hardness, juvenile size and number of offspring 
in H.  longispira are different from H.  japonica (Kihira, Matsuda, 
& Uchiyama, 2003; Okutani, 1986; Table 4). Margarya (including 
Anularya and Tchangmargarya) has been thought to be endemic to 
Pleistocene freshwater lakes of the Yunnan Province in southwest 
China (Li, 1987), but a recent report indicates that it was first present 
in the Oligocene of Guangxi in southeast China (Ying et al., 2013). 
However, our results show that the divergence of modern viviparid 

TA B L E  4  Number and shell size of juveniles/embryos among closely related genera

Clade (Figure 4) Lake endemic group (number/size) Widely distributed group (number/size)

A1 Anularya
1–2/exceeding 10 mm: as juveniles (Zhang 
et al., 2015)

Mekongia
6–10/5.5–7.7 mm: as embryos (this study)
Sinotaia
20–30/‐: as embryos (Okada & Kurasawa, 1950)
30–40/‐: as embryos (Okutani, 1986)
‐/approximately 4 mm: as embryos (Masuda & Uchiyama, 2004)
Approximately 6–14/‐: as embryos (Nishiwaki, Masu, & Hanawa, 2008)
30–100/small: as embryos (Zhang et al., 2015)
30/2.5–3.2 mm: as embryos (this study)

A2 Heterogen longispira
20–30/‐: as embryos (Okada & Kurasawa, 
1950)
less than 20/approximately 10 mm: as 
embryos (Okutani, 1986)
5/approximately 10 mm: as juveniles (this 
study)

Heterogen japonica
30–40/small: as embryos (Okutani, 1986)
20–30/5–10 mm: as embryos (Kihira et al., 2003)
7–28/approximately 5.8–6.3 mm (calculated from Figure 2): as juveniles 
(Van Bocxlaer & Strong, 2016)
20–43/4.5–6.5 mm: as embryos (this study)
Ussuripaludina
5–70/4.5–8.0 mm: as embryos (this study)

A3 Margarya
6–8/5 whorls: as embryos (indicated as 

C. dianchiensis in Lu et al., 2014)
2–8/exceeding 10 mm: as juveniles (Zhang 
et al., 2015)

Cipangopaludina
10–20/‐: as embryos (Okada & Kurasawa, 1950)
30–40/small: as embryos (Okutani, 1986)
‐/6–9 mm: as embryos (Masuda & Uchiyama, 2004)
45–84/4 whorls: as embryos (only C. chinensis in Lu et al., 2014)
30–100/small as embryos (Zhang et al., 2015)

B Tchangmargarya
1–2/exceeding 10 mm: as juveniles (Zhang 
et al., 2015)

‐

C Neothauma
‐/approximately 16 mm: as an embryo 
(Prashad, 1928)

Filopaludina
‐/5–7 mm: as juveniles (Piyatiratitivorakul & Boonchamoi, 2008)
5–25/6.2–7.0 mm: as juveniles (this study)

D – Amuropaludina
36–110/4.5–6.5 mm: as embryos (this study)
Viviparus
20–30/4 whorls: as embryos (Simone, 2004)
15–50/4.5–6.0 mm: as embryos (this study)
Rivularia
2 (from Figure 5b)/–5mm: as embryos (Van Bocxlaer et al., 2018)
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species, including Margarya, occurred after the Miocene (Table 3; 
Figure 5). In Lake Biwa, some fossil viviparid species have similar 
shell shape to H. longispira, appearing at different times (Igapaludina: 
3.4–2.4  Ma; Tulotomoides: 3.3  Ma and 2.5  Ma: Matsuoka, 1985). 
Heterogen longispira at 1.2  Ma may be different species from 
H.  longispira, as our population demographic analyses showed that 
divergence time of extant H. longispira is younger than this fossil. But 
this fossil has similar traits (e.g., thick shell and large juvenile) to the 
extant species in addition to the overall shell shape and ornamen‐
tation of the top of the shell (Table S7; Figures 1 and 6). Moreover, 
Sinotaia quadrata histrica may be an alien species to Japan (Hirano et 
al., 2015; B. Ye, T. Hirano , T. Saito, Z. Dong, S. Chiba, unpublished 
data), but an individual of Lake Biwa has a larger and elongated shell 
than all other localities despite little genetic differentiation (Hirano 
et al., 2015). These results suggest that similar ecological factors 
(e.g., habitats and predators) may have caused diversification and 
parallel evolution of shell morphology.

Prey‐predator interaction may be associated with the paral‐
lel evolution of these shell phenotypes. For example, endemic 
carp fishes (genus Cyprinus) are distributed in these ancient lakes 
(Nakajima, 2005), and diversified in the ancient lake groups of 
Yunnan. Carp use their pharyngeal teeth to eat food, and the mor‐
phology of pharyngeal teeth such as shape and number of grooves 
in A2 teeth is different among and within species (Nakajima, 2005). 
Cyprinus in Lake Biwa primarily eat viviparid snails (Mabuchi, per‐
sonal communication), so thick shells and larger juvenile size might 
be an adaptation to counteract the physical pressure of biting carp 
as well as shell ornamentation (Klompmaker & Kelley, 2015; Vermeji, 
1983). Preliminary experiments using juveniles of H. longispira and 
H. japonica, showed that juveniles of H. japonica were easily crushed 
and eaten by carp, but in many cases of juveniles of H.  longispira, 
they were chewed, then spat out and were still alive without being 
destroyed (T. Hirano, unpublished data). Taking into account fos‐
sil records, ornamented (or keeled) and thick shells were found in 
paleo‐Lake Biwa and paleo lakes in Yunnan with fossil teeth of carp 
embedded (Nakajima, 2005; Ying et al., 2013), implying coevolution 
might have occurred between carp and extant viviparid snails by 
prey‐predator interaction. Another possibility, however, is that shell 
morphology such as ornamentation might be associated with the 
effect of wave action (Yamazaki & Goshima, 2012). Lake Biwa and 
Lake Dianchi are both very large lakes with strong waves. Calcium 
content in water also could affect components of shell morphology 
such as hardness and the existence of ornamentation (Charrier et 
al., 2012). These ancient lakes are surrounded by limestone areas, 
and these Asian viviparid snails can be considered good models for 
comparing biotic and abiotic effects to phenotypic divergence.

The present findings indicated that ancient lakes produce genetic 
and phenotypic divergence of viviparid snails. Diversification by geo‐
graphical isolation (Figure 9), and ecological speciation might have 
driven the evolutionary history of viviparids. Similarly, ecological diver‐
sification might have occurred with the parallel evolution of shell mor‐
phology and reproductive strategy in case of some lineages of ancient 
big rivers like Mekong, Yangtze and Amur (e.g., shell shapes of Mekongia 

and Amuropaludina, Figure 4; reproductive strategies of Mekongia and 
Rivularia, Table 6). Diversification of viviparid lineages has also occurred 
in river systems, probably due to geographical isolation (Figure 9). 
However, divergence of viviparid snails might be accelerated in lake‐
endemic lineages than in more widely distributed lineages such as river 
species (Figure 6c). Further studies of ecological and phenotypic diver‐
gence of viviparid snails in river systems are needed to further test the 
hypothesis that ancient lakes are crucial environments in which to cre‐
ate phenotypic and genetic diversity of viviparid snails.

Many viviparid fossils are found outside of the family's current 
geographic range, including in South America (Ghilardi, Rodrigues, 
Simone, Carbonaro, & Nava, 2011), the far southwest of North 
America (Clench, 1962; Henderson, 1935), and the Middle East 
(Ashkenazi, Klass, Mienis, Spiro, & Abel, 2010; Sivan, Heller, & Van 
Damme, 2006). Modern viviparid snails show highly genus and spe‐
cies diversities in Asia (Figures 4 and 9), so it is probable that Asian 
ancient lakes might be able to be resources of genetic divergence 
even if extensive extinction of viviparid snails occurred in Asia.
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