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Multipleoriginsof freshwater invasionand
parental care reflecting ancient
vicariances in thebivalve familyCyrenidae
(Mollusca)
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Habitat transitions in living organisms are key innovations often coupled with species diversification
after their successful adaptation to new environment. The Cyrenidae is among the most well-known
heterodont bivalve groups that have successfully invaded freshwater systems from brackish water
environments and display diverse lineage-specific developmental modes. Phylogenetic and
molecular clock-based divergence time analyses using 12 complete mitochondrial genome
sequences suggest that Cyrenidae species independently colonized freshwater habitats during three
distinct spatial and geological periods: one from the American continents approximately in the Early
Jurassic and the two others from Australasian/East Asian continents in the Early/Middle Cretaceous
and the Paleogene-Neogene boundary, respectively. This study provides significant insight into the
temporal and spatial patterns of multiple freshwater invasions, aligning with ancient vicariance events
inferred from different geological timelines of plate tectonics. Additionally, mitogenome phylogeny
confirms the earlier hypothesis of the repeated parallel evolution of parental care system within this
bivalve group.

Habitat transitions in living organisms, such as moving from sea to land
(including freshwater), are key innovations that are often coupled with
species diversification after their adaptive radiation to new habitat
environments1. Nevertheless, evolutionary patterns and timing of such
habitat transitions are highly diverse depending on the clade-specific evo-
lutionary histories across the Metazoan tree of life. The family Cyrenidae
(previously known as Corbiculidae) is one of the two primary freshwater
heterodont bivalve families (along with Sphaeriidae) with independent
origins that have successfully colonized inland aquatic systems2–4. This
family includes more than a hundred species that inhabit diverse aquatic
systemsworldwide (except for theAntarctic region), from brackishwater to
lentic and lotic freshwater environments4,5. The genera Polymesoda, Vil-
lorita, and Geloina constitute estuarine brackish water members, while
Batissa species are euryhaline that inhabit both freshwater river systems and
freshwater-estuarine interface. In contrast, all other members, belonging to
the generaCorbicula (excluding a brackish water speciesC. japonica in East

Asia) and Cyanocyclas, inhabit freshwater environments in the temperate/
tropical regionsofAsia,Australia,Africa (Corbicula), andCentral andSouth
America (Cyanocyclas)6,7. Of these, Asian freshwaterCorbicula species have
garnered significant interest because of their invasive potential in many
exotic freshwater systems in North America, South America, and
Europe8–14.

Cyrenidae species also exhibit a wide spectrum of lineage-specific
reproductive modes, ranging from planktotrophic development to parental
care system with maternal incubation15,16. The brackish water species
belonging to the genera Polymesoda, Villorita, and some Corbicula species
exhibit indirect reproduction modes: For instance, C. japonica (the Asian
brackish water species) and C. sandai (Lake Biwa endemic in Japan) are
sexual species that show gonochoristic, non-brooding, and indirect devel-
opment with planktotrophic larvae17,18, termed as “oviparity”16. In contrast,
most other freshwater Corbicula members and the South American fresh-
water speciesCyanocyclas limosa (hereafter,Cy. limosa) are hermaphroditic
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and showparental care systemswith an internal incubationof their juveniles
inmaternal gills16. Alongwith their asexual reproduction (i.e., androgenesis)
and high fecundity, these developmental traits provide Corbicula lineages
with a remarkable invasive potential in exotic freshwater environments
worldwide19,20. Given that a wide array of habitat type and diversity in their
reproductive mode among Cyrenidae species, reconstructing a robust
phylogeny is key to precisely understand the evolutionary diversification of
their reproduction modes and patterns of adaptive radiation in freshwater
environments.

However, notably high degrees of variation in shellmorph and color of
Cyrenidae species have not only led to a plethora of taxonomic disagree-
ments andnominal species but have alsohampered the correct estimationof
their phylogenetic relationships7,16,18,21–23. In the past decade, the application
of molecular markers using the partial mitochondrial DNA (mtDNA) cox1
gene fragment has helped in species identification for many regional
populationsworldwide23–27 andphylogenetic relationships amongCorbicula
lineages in their native18 and introduced regions28. The most recent phylo-
genetic analysis of the mtDNA cox1 gene fragment, with a special focus on
the genus Corbicula (the most specious and reproductively well-
characterized group of the family), highlighted the repeated, independent
evolution of viviparity among Corbicula species16. Nevertheless, there are
still some unresolved issues regarding sister relationships among Cyano-
cyclas, Polymesoda, andCorbicula groups, which preclude a comprehensive
understanding of the evolutionary patterns related to their habitat transition
and reproductive traits across the entire family.

In this study, in order to test hypotheses of the evolutionary origins of
habitat transitions and reproductivemodeswithin the phylogenetic context
of the Cyrenidae, we performed phylogenetic analysis and estimated
molecular clock-based divergence times using 12 complete mitochondrial
genome sequences (eight ofwhichwere newly determined) representing the
NewWorld andOldWorld taxa that occupybothbrackish and freshwaters,
with a wide range of reproduction modes. We also reconstructed the
ancestral state of habitat types, reproduction modes, and ancestral biogeo-
graphy across the Cyrenidae species. Our results confirm the hypothesis of
multiple, separate freshwater invasions from brackish habitats associated
with repeated origins of parental care (i.e., direct development with an
internal incubation of their juveniles) from ancestors with external,

planktotrophic development. The timing of these radiations into freshwater
environments reflects ancient vicariance associated with plate tectonic
events from the Early Jurassic to the Pliocene.

Results
Phylogenetic relationships among Cyrenidae species
The mitochondrial genome trees reconstructed with the ML and BI
methods using a concatenated dataset (12,909 nucleotide sequences) of the
13 PCGs were identical with respect to their tree topology, and almost all
internal branches were strongly supported by high supporting values
(Fig. 1). The resulting phylogenetic trees identified the Cyrenidae species as
monophyletic (1.00 BPP in BI and 100% BP in ML) and subsequently
subdivided them into two well-supported clades, i.e., the NewWorld clade
(clade I) and the Old World clade (clade II), each receiving high branch
supports (1.00 BPP in BI and 88% BP inML for clade I, and 1.00 BPP in BI
and 98% BP in ML for clade II). Within the New World clade, the South
American freshwater species Cy. limosa is the sister group of the North/
Central American saltmarsh clams,Polymesoda species (P. floridana andP.
caroliniana) (1.00 BPP in BI and 97%BP inML analysis). In theOldWorld
clade, two strongly supportedmonophyletic groupswere found: (1)Geloina
species group (G. coaxans and G. erosa) representing East Asian/Aus-
tralasian/Indian species and (2) the remaining group containsV. cyprinoides
(brackish water species endemic to India), B. violacea (euryhaline species
that are found in rivers and freshwater-estuarine interface in East Asia,
Australasia and India), and the Asian Corbicula group. Within the genus
Corbicula, the brackish water speciesC. japonicawas positioned at the basal
position to the Asian freshwater species C. sandai (Lake Biwa endemic in
Japan) andC. fluminea,C. leana (including theAfricanC.madagascariensis
and the Australian C. australis, when only cox1 and 16S partial sequences
were used for the analysis; Supplementary Fig. 1). The inferred relationships
among Corbiculamembers are generally consistent with previous analyses
of partial sequences of the mtDNA cox1 gene fragment16,18.

Estimation of divergence time among major cyrenid lineages
Separation between the New and Old World Cyrenidae clades was esti-
mated at approximately 200.7 MYA during the Triassic-Jurassic boundary
(Fig. 2) and was almost immediately followed by lineage splitting of Cy.

Fig. 1 | Reconstructed phylogenetic tree based on
nucleotide sequences of 13 protein-coding genes
of the 12mitochondrial genomes of the Cyrenidae
species using maximum likelihood and Bayesian
methods. Bayesian posterior probability/maximum
likelihood bootstrap supporting values are shown in
the branches. An asterisk (*) denotes mtDNA
sequence newly determined in this study.
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limosa from the most recent common ancestor (TMRCA) of Polymesoda
species (P.floridana andP. caroliniana)within theNewWorld clade, dating
back to ~186.7MYA.Within theOldWorld clade, separation of the clade II
members of Villorita and Batissa+Corbicula from the genus Geloina was
estimated near the Jurassic-Cretaceous boundary (142.5 MYA) in the
Mesozoic Era, followed by separation of V. cyprinoides from the common
ancestor of Batissa+Corbicula species group in the Middle of Cretaceous
period (102 MYA). The divergence between B. violacea and the genus
Corbicula was estimated to occur shortly after the separation of V. cypri-
noides from their common ancestor, approximately 90.3 MYA. The
molecular-clock-based divergence time analysis estimated that the brackish
water Asian clam C. japonica split first from the most common ancestor of
the freshwaterCorbicula assemblages ofC. sandai+C. fluminea+C. leana
at the Paleogene-Neogene boundary (24.7 MYA) and followed by the
separation of C. sandai from their freshwater congeners C. leana and C.
fluminea at the beginning of Pliocene epoch, approximately 5.7 MYA.

Reconstruction of ancestral character state of habitat types and
reproduction modes across the Cyrenidae species
We employed a maximum likelihood approach to reconstruct the most
probable ancestral states of habitat types across the phylogeny of Cyrenidae
species. The results revealed that all ancestral nodes within both the New
World and Old World clades were initially inhabited by brackish water
species, which subsequently gave rise to descendant species that indepen-
dently invaded freshwater environments (Fig. 3a). This suggests multiple
independent invasions from brackish water environments to freshwater
habitats within the family Cyrenidae. Additionally, we estimated the

ancestral reproduction mode of Cyrenidae species using maximum like-
lihood analysis. The reconstructed ancestralmode for all cyrenid specieswas
most likely represented by indirect, planktotrophic species, except for three
species at the terminal tips of the phylogenetic tree (Cy. limosa in the New
World clade and C. fluminea and C. leana in the Old World clade,
respectively; Fig. 3b), which exhibited direct development with parental
care. This result indicates that the parental care system (i.e., direct devel-
opment with internal incubation of juveniles) is an independently derived
state within the family Cyrenidae.

Historical biogeography of the Cyrenidae species
Our analysis for ancestral biogeographic history suggested that the ancestor
ofCyrenidae specieswas estimated to havehad awide distribution spanning
East Asia, India, andAustralasia (A, B, and C in Fig. 4). After a cladogenesis
fromtheOldWorld clade,North andCentralAmerica (E)were estimated to
serve as the most likely biogeographic origin for the New World clade
species, with the common ancestor ofCy. limosa later occupying freshwater
environments in the SouthAmerican continent (D)during the early Jurassic
period. Itwas also revealed that themost recent commonancestor of theOld
World Cyrenidae species had a widespread distribution across Australasia,
India, andEastAsia.Meanwhile,V. cyprinoides remained in India after their
lineage split from their nearest common ancestor, which gave rise to the
groupofB. violacea andEastAsianCorbicula species. Although our analysis
of ancestral area reconstruction suggested the Old World regions as a bio-
geographic origin for major Cyrenidae lineages, uncertainty still remains
regarding the origin of the genusCorbicula, mainly due to insufficient taxon
sampling from their native ranges (see further details in the Discussion

Fig. 2 | Estimated divergence time of Cyrenidae
species using BEAST v.2.6.7. Numbers on the
nodes indicate the mean divergence times (million
years ago, MYA), and error bars colored in purple
represent 95% highest posterior density (HPD)
intervals. Three calibration points are marked by
red dots.
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section). Our analysis was based on the geographic distribution of extant
species rather than fossil records, and thus further confirmation from fossil
records is required.

Discussion
To fully understand the evolutionary patterns of habitat transitions and
developmental modes across the family, we reconstructed the phylogenetic
relationships amongCyrenidaemembers (covering almost all genera) based
on completemitochondrial genome information. The distribution patterns
of freshwater species across the phylogenetic tree (Fig. 1) provide valuable
information on the evolutionary scenarios of habitat shifts. The resulting
mitochondrial genome tree uncovered two well-supported clades (clades I
and II), each showing their own distinct geographic distribution of the New
World American continent and the Old World Australasian/East Asian
continents (including the Indian subcontinent). Each of these clades
includes amixture of both freshwater andbrackishwater species.Within the
New World clade (clade I), the South American freshwater species Cy.
limosa is sister to the North/Central American brackish water Polymesoda
species (P. floridana and P. caroliniana). On the other hand, in the Old
World clade (clade II), the Australasian/Indian/East Asian brackish water
species (G. coaxans and G. erosa) were sister to the remaining group that
contained V. cyprinoides (Indian brackish water species), B. violacea
(inhabits freshwater river systems and are also found in freshwater-
estuarine interface inEastAsia,Australasia, and India), andAsianCorbicula
species assemblage (a mixture of brackish water and freshwater species).
Note that the freshwatermembers of Cyrenidae (i.e.,Cy. limosa, B. violacea,
C. sandai, C. fluminea, and C. leana) were split into two different clades (I
and II) and independently grouped with brackish water species as their
respective sisters. These results indicate that the Cyrenidae species inde-
pendently invaded freshwaterhabitats indifferent continents at least at three
geological intervals, i.e., one in the American continent and the other two in
theAustralasia-India andEastAsian continents (Figs. 1 and 2).Our analysis
for ancestral state reconstruction of the habitat types revealed that all
ancestral nodes within both the New World and Old World clades were
initially inhabited by brackish water species, giving rise to descendant spe-
cies (Cy. limosa in NewWorld and C. sandai, C. fluminea, and C. leana in
Old World clades, respectively) that independently invaded freshwater
environments (Fig. 3a). This finding supports our hypothesis of multiple
independent freshwater invasions within the family Cyrenidae. In the
American continent, Cy. limosa was estimated to have diverged from the
common ancestor of the North/Central American brackish water Poly-
mesoda species at approximately 186.7 MYA (Fig. 2) and assumed to have
invaded freshwater environments in South American continent since that
time. The timing of the lineage splitting and the subsequent freshwater

invasion achieved by Cy. limosa approximates the Early Jurassic period
when thewesternpart ofGondwana (containingSouthAmericaandAfrica)
began to separate from the rest of the supercontinent (containing North
America) alongside the opening of the Central American Seaway, which
laterbecame theNorthAtlanticOcean, including theGulf ofMexicoand the
Caribbean Sea.

In the OldWorld clade, our phylogenetic tree also showed that each of
the freshwater Corbicula species (C. sandai, C. fluminea, and C. leana) and
euryhaline B. violacea species nested within the brackish water species
Geloina species (distributed inAustralasia including the Indo-Pacific islands
and some East Asian countries), V. cyprinoides (endemic to India), and C.
japonica (native to EastAsia), respectively (Fig. 1). These results suggest that
the two separate habitat shifts to freshwater environments might have
occurred independently byBatissa andCorbicula species across Australasia,
India, and East Asia) after each of their common ancestors diverged from
the Australasian/Indian/East Asian brackish water species (represented by
Geloina species and V. cyprinoides, respectively) and East Asian brackish
Corbicula species (i.e., C. japonica) (Fig. 3a). Molecular clock analysis esti-
mated that the separation between V. cyprinoides and Geloina species
occurred at approximately 142.5 MYA, followed by the first freshwater
invasion of Batissa species in the Old World after their common ancestor
diverged from the Indian brackish water species V. cyprinoides, approxi-
mately 102 MYA (Figs. 1, 2, and 3a).

According to the plate tectonics theory, the Indian plate remained
bound with the Antarctica/Australian landmass as a part of the super-
continent Gondwana until approximately 150 MYA, separating from the
remaining in the Early Cretaceous (130 MYA29). Paleogeographic evidence
of initiating the separation of India approximates the divergence time of the
Indian V. cyprinoides from Geloina species in Australasia, India, and East
Asia (142.5MYA), however, it is unclearwhetherV. cyprinoides (endemic to
India)was the immediate originof the freshwater invasionofBatissa species,
as the internal branch giving rise to B. violacea from V. cyprinoideswas not
robustly supported in our phylogenetic tree (0.91 BPP in BI and 67% BP in
ML;Fig. 1).TheBatissa species are euryhaline (capable of surviving in awide
range of salinity) and are mainly found in freshwater river systems and
freshwater/brackish interface in Indian/Australasian/East Asian regions.
Results from our ancestral state reconstruction analysis suggest that the
most likely habitat type for the ancestral node ofB. violacea+V. cyprinoides
was a brackish water environment (Fig. 3a). Considering their habitat
ecology and distribution range, it is also conceivable that the ancestral ste-
nohaline brackish Batissa species, or undocumented extinct lineages of
marine/brackish water cyrenid species (not clearly defined in this study),
which were formerly distributed in the Gondwana land (excluding Ant-
arctica), might have invaded freshwater environments near the Jurassic-

Fig. 3 | Reconstruction of ancestral states for
habitat types and repoduction modes. Ancestral
state reconstruction for habitat types (a) and
reproduction modes (b) using maximum likelihood
approach. A pie chart at each node indicates the
relative likelihoods for their corresponding ancestral
characters. Details of relative likelihood ratios for
each node are provided in Supplementary Data 1.
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Cretaceous boundary (142.5 MYA) after a direct divergence from Geloina
species, rather than through an immediate transition from the Indian
brackish water species V. cyprinoides. Nevertheless, we remain uncertain
about the exact timing and direct origin of the freshwater invasion in the
Indian/Australasian continents based on this mitochondrial genome phy-
logeny, thereby necessitating further investigation using differentmolecular
markers based on extensive taxon sampling for unsampled cyrenid species
from these continents.

On the other hand, the genus Corbicula is the most specious cyrenid
group that inhabits various aquatic ecosystems ranging from estuarine
brackish water to lentic and lotic freshwater environments4,5. In addition
to East Asian brackish water species C. japonica Prime, 1864 and C.
fluminalis (O. F.Müller, 1774), all otherCorbiculamembers inhabit lakes
and rivers in many Asian countries, Australia, the Middle East, Africa,
and Madagascar, as their native ranges6,16,30. In our phylogenetic tree
(Fig. 1), C. japonica was positioned basal to C. sandai (endemic to Lake
Biwa in Japan), C. fluminea and C. leana (the most widely distributed
lineages in Asian freshwater environments18). Results from the ancestral
state reconstruction analysis revealed the brackish water habitat as likely
the most ancestral habitat type for Corbicula species (Fig. 3a). The
molecular clock-based analysis estimated that the divergence time of
TMRCA (the most recent common ancestor) of these Asian freshwater
Corbicula species from C. japonica was at the Paleogene-Neogene
boundary (24.7 MYA), which was followed by lineage splitting of C.
sandai and C. fluminea+ C. leana at the beginning of Pliocene epoch
(approximately 5.7MYA). Based on this inferred chronology (Fig. 2), the
freshwater invasion into Lake Biwa achieved by the ancestor of C. sandai
approximates to the age of the Lake Biwa formation dating back to at least
4 MYA estimated from stratigraphic studies31,32. The inferred divergence
time of C. sandai from its congeneric species predates the age of the Lake
Biwa, but it falls within the range of a 95% HPD (highest posterior
density) credible interval (3.98-7.42 MYA). Lake Biwa is one of the most
ancient lakes in temperate Asia, maintaining a high species richness
(harboring more than 1000 plant and animal species) and endemism
(including approximately 60 endemic species33,34). Owing to its long-
term environmental stability, Lake Biwa was once considered a potential

driver of species diversification in some biota, including freshwater
fishes35. However, it is uncertain whether C. sandai serves as a potential
origin for many other Asian freshwater Corbicula species. This uncer-
tainty arises from our limited taxon sampling in mitochondrial genome
phylogeny, which covers only a few Asian Corbicula species and lacks
many other representatives distributed outside East Asia, such as those
found in their native range of Australasia, India, and Africa, including
Madagascar. Consequently, the present study is unable to elucidate the
timing and evolutionary origin of freshwater invasion outside East Asia,
particularly for theAfrican species, including theMadagascar endemicC.
madagascariensis. Indeed, the African Cyrenidae is solely represented by
a couple of limnic Corbicula species, with no brackish water species
discovered to date. Furthermore, previous studies have not thoroughly
investigated the taxonomy and phylogeny of African Corbicula species.
Only a few exceptions have included certain African forms (such as C.
africana and C. madagascariensis) in their taxonomic and phylogenetic
analyses16,24,30 (see also Supplementary Fig. 1 in this study). This limita-
tion emphasizes the necessity for an in-depth analysis of shell mor-
phology, soft body anatomy, and reproductive traits (including sperm
morphology and brooding/non-brooding developmental modes) of
African Corbicula species based on an extensive taxon sampling
throughout the African continent, along with further validation using
molecular analysis. A comprehensive analysis based on an extensive
taxon sampling throughout their native ranges, particularly from non-
East Asian Corbicula species including C. madagascariensis (Mada-
gascar) and C. australis (Australia) will provide compelling insights into
the evolutionary history of their freshwater invasion and ancestral bio-
geographic origin for the genusCorbicula. Nonetheless, the present study
confirms multiple independent invasions into freshwater environments
on different continents (the New World and Old World continents) at
different geological intervals (from the Early Jurassic to the Pliocene)
among major Cyrenidae species.

In the greatmajority of invertebrate groups, includingmollusk species,
oviparous reproduction modes (indirect development via free-swimming
planktotrophic larva) are predominant, with a small exception of viviparous
species (direct development with parental care), which are considered to

Fig. 4 | Reconstructed ancestral area of the Cyre-
nidae species from BioGeoBEARS under
BAYAREALIKE+ J model. Colored rectangles
along the internal and terminal branches represent
the ancestral biogeographic ranges and con-
temporary distribution of their native populations,
respectively, corresponding to a world map cate-
gorized into five divisions of the continents: A East
Asia, B India, CAustralasia, D South America, and E
North/Central America. For instance, the “ABC” at
each internal node indicates that the ancestral bio-
geography includes East Asia (A), India (B), and
Australasia (C).
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have evolved from an oviparous mode36,37. In freshwater bivalves, evolu-
tionary changes in reproductive modes and life history traits are believed to
be relevant to their invasive success and increased colonization potential in
newly introduced environments19,38,39. Likewise, Cyrenidae species show a
wide spectrum of diversity in their reproductive modes: Non-brooding
indirect development via planktotrophic larvae is found in all brackishwater
members (Polymesoda,Geloina,V. cyprinoides, andC. japonica species) and
some freshwater species C. sandai (Lake Biwa endemic) and B. violacea
(Australasia and India). Contrarily, parental care system (i.e., direct devel-
opment with an internal incubation of their juveniles in maternal gills) is
widely found in many other freshwater Corbicula and South American
Cyanocyclas species15. Glaubrecht et al.16 subdivided this parental care sys-
tem of Cyrenidae species into two types of viviparity depending on the
duration of maternal incubation: ovoviviparity (short-term incubation
found in the majority of freshwater Corbicula species) and euviviparity
(relatively prolonged incubation found in C. madagascariensis and South
American Cy. limosa species). In most cases of clonal reproduction (i.e.,
androgenesis), maternal DNA is discarded after an oocyte is fertilized by an
unreduced sperm, resulting in diploid progeny with no maternal nuclear
DNA (see Vastrade et al.,39 for details of androgenesis in freshwater Cor-
bicula lineages). Previous studies16,18,24, utilizing molecular analyses of
mtDNA cox1 partial sequences compiled from diverse Corbicula species
revealed that the estuarine C. japonica species with indirect development
mode occupied a basal position relative to the freshwater Corbicula clade,
where majority of freshwater species with parental care system sampled
from different geographic origins (e.g., Madagascar, Australia, Indonesia,
and Asia) were mixed with the indirect, planktotrophic species C. sandai
(see Glaubrecht et al.,16 for details). Nevertheless, phylogenetic relationships
among Cyanocyclas, Polymesoda, and Corbicula groups were not fully
resolved, and the phylogenetic position of C. sandai within the diverse
freshwater Corbicula assemblages was not confirmed (<50% bootstrap
value). In our mitochondrial genome tree (Fig. 1), the cyrenid species with
parental care system (C. fluminea, C. leana, and Cy. limosa) were split into
different clades (clades I and II), each containing indirectly developing
planktotrophic brackish/freshwater species as their sisters. The ancestral
state reconstruction analysis for reproduction mode revealed an indirect
development with a planktotrophic stage as the ancestral state in both New
World and Old World clades (Fig. 3b). Subsequently, within each clade, a
parental care systemwas independentlyderived fromCy. limosa (in theNew
World clade), andC. fluminea andC. leana (in theOldWorld clade). Taken
together, the emergence of a parental care system in the South American
freshwater species Cy. limosa (euviviparous), independently from the East
Asian freshwater Corbicula lineages (ovoviviparous) potentially including

AfricanC.madagascariensis (euviviparous) andC. australis (ovoviviparous)
(see Glaubrecht et al.,16 and Supplementary Fig. 1) supports the earlier
hypothesis of repeated evolution of parental care system in freshwater
Cyrenidae species.

This study provides the first complete mitochondrial genome phylo-
geny of the family Cyrenidae, which is one of the two major heterodont
bivalve groups that have successfully invaded lentic and/or lotic freshwater
environments. Along with the findings from the ancestral state recon-
struction analyses for habitat types, reproductionmodes, and biogeographic
origins, the inferred phylogenetic relationships and estimated divergence
times among the major cyrenid lineages strongly confirm the hypothesis of
multiple freshwater invasions and repeated parallel evolution of the parental
care system during the evolutionary diversification of Cyrenidae species.
The biogeographic patterning and timing of freshwater invasion advocated
in this study are concordant with ancient vicariance events that reflect
ancient plate tectonics. Nevertheless, it should be noted that the present
study was based on a single molecular marker (the mitochondrial genome)
and limited taxon sampling for Corbicula species, particularly from outside
East Asia. Therefore, our findings require further clarification using addi-
tional genetic (nuclear) markers, along with an extensive taxon sampling
from throughout their native ranges in future studies.

Materials and methods
Sample collection and DNA extraction
For mitochondrial genome sequencing, samples of the target species were
directly collected or obtained from museum loans (see Table 1 for detailed
information). Genomic DNA was extracted from mantle tissues using an
E.Z.N.A.MolluscDNAkit (Omega Bio-tek, Norcross, GA,USA), following
the manufacturer’s instructions.

Next-generation sequencing (NGS) and mitochondrial genome
sequence assembly
Formitochondrial genome sequencing ofC. japonica, C. sandai, B. violacea,
G. erosa, P. floridana and P. caroliniana species, NGS libraries were pre-
pared using the Illumina TruSeq DNA library preparation kit and
sequenced using a 151 bp paired-end run on the Illumina HiSeq X
sequencing platform (Illumina, San Diego, CA, USA). Low-quality reads
and adapter sequences were trimmed using Trimmomatic v0.3940, and the
clean reads (C. japonica [397,026,361]; C. sandai [389,195,610]; B. violacea
[9,575,886]; G. erosa [267,407,231]; P. floridana [191,693,515]; P. car-
oliniana [13,845,308]) were de novo assembled into circular DNAs using
NOVOPlasty v4.241. Trimmed reads were re-mapped to the constructed
mitochondrial genome using Bowtie2 v2.4.142 and polished using Pilon
v.1.2343.

Polymerase chain reaction (PCR) amplification and mitochon-
drial genome sequencing
For mitochondrial genomes of C. fluminea and Cy. limosa, we used the
conventional long PCRmethod. Initially, four partial gene fragments, cox1,
cox3, cob, rrnS, and rrnL were individually amplified by PCR using the
primer sets LCO1490/HCO219844, cox3F/cox3R45, UCYTB144F/
UCYTB272R46, 12SF/12SR47, and 16SarL/16SbrH48, respectively. PCR
amplification was conducted with Ex Taq (TaKaRa, Japan) in a reaction
mixture of 50 μl containing 3 μl of template DNA, 5 μl of 10X Taq buffer,
4 μl of dNTPmixture, 2 μl of each for forward and reverse primers, 0.25 μl of
TaKaRa Ex Taq polymerase, and 33.75 μl of distilled water. Amplification
conditions comprised one cycle of denaturation at 95 °C for 2min, followed
by 40 cycles of denaturation at 94 °C for 30 s, annealing at 46–60°C for 30 s,
extension at 72 °C for 1min, and a final elongation step at 72 °C for 10min.
Species-specific primer sets for long PCR amplification were designed from
nucleotide sequences of the four partial gene fragments (see Supplementary
Table 1 for detailed information of primer sequences). Long PCR products
(size: 2–6 Kb)were obtained in reactionmixture of 50 μL containing 1 μL of
template DNA, 5 μL of 10x Taq buffer, 1 μL of each primer, 8 μL of dNTP,
4 μL of MgCl2, 0.5 μL of LA Taq DNA polymerase, and 29.5 μL of distilled

Table 1 | Collection sites and museum specimens of the
Cyrenidae species newly sequenced in this study

Species Collection site GPS data

C. fluminea Tamjin River, Jeollanam-do,
Republic of Korea

34°38'22"N
126°49'51"E

C. japonica Songji Lake, Gangwon-do, Republic
of Korea

38°20'09"N
128°30'55"E

C. sandai Lake Biwa, Shiga-ken, Japan 35°12'10"N
135°58'42"E

B. violacea Teunom River, Aceh Jaya Regency,
Indonesia

4°26'52"N
95°48'07"E

G. erosa Lake Sitompok, Kuala Penyu,
Sabah, Malaysia

5°43'02"N
115°39'16"E

P. floridana Florida, United States (museum loan from the Museum of
Zoology, University of Michigan)

P. caroliniana Florida, United States (museum loan from the Museum of
Zoology, University of Michigan)

Cy. limosa Argentina (museum loan from theMuseum of Zoology, University
of Michigan)
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water. The following amplification conditions were used: one cycle of
denaturation at 95 °C for 2min, followed by 30 cycles of denaturation at
94 °C for 30 s, annealing using a gradient of temperatures in the range of
55–65°C for 30 s, extension at 72 °C for 1minper kb, and afinal extension at
72 °C for 15min. The amplified PCR products were separated on 1%
agarose gels using a QIAquick gel extraction Kit (QIAGEN, Valencia, CA,
USA) following standard protocols and sequenced directly using an ABI
PRISM 3700 DNA analyzer (Applied Biosystems, Foster City, CA, USA)
with the same primers used for PCR or by primer walking. Nucleotide
sequences of the PCR-amplified fragments were analyzed using Geneious
Prime 2021.0.1 (Biomatters, New Zealand).

Mitochondrial genome annotation
Complete mitochondrial genomes were annotated using the MITOS
webserver49. Protein-coding genes (PCGs) were identified using the Find
ORF function in Geneious Prime and confirmed by comparison with other
the sequences of Cyrenidae species available in GenBank (C. leana, V.
cyprinoides, G. coaxans, and G. erosa). Two ribosomal RNA (rRNA) genes

(rrnL and rrnS) were identified by sequence comparisonwith the previously
reported rRNA genes from other cyrenid species. Transfer RNA (tRNA)
genes were identified using the tRNAscan-SE search server v. 2.050 and
confirmed bymanually inspecting potential cloverleaf secondary structures
and anticodon sequences.

Phylogenetic analyses
We used the nucleotide sequences of 13 PCGs derived from 12 complete
mitochondrial genomes of cyrenid species for phylogenetic analyses,
including two venerid species, Mercenaria mercenaria, and Ruditapes
decussatus as outgroups (Table 2). The nucleotide sequences of 13 PGCs
were individually translated into amino acid sequences, multiple-aligned
by ‘reverse translation’ of the aligned protein sequences using the
RevTrans 2.0 webserver51, and concatenated using MEGA v1152. The
best-fit substitutionmodels for the nucleotide sequences of each of the 13
PCGs were identified (Table 3) using jModelTest53 on the CIPRES
webserver54. Phylogenetic relationships were reconstructed using the
maximum likelihood (ML) method with RAxML 8.2.955 and Bayesian
inference (BI) with MrBayes 3.2.656 using the CIPRES portal54. Bootstrap
analysis was performed with 1000 pseudo-replicates to estimate the
bootstrap percentage (BP) in the ML tree. BI analysis was performed
using the Markov chain Monte Carlo (MCMC) method, with two
independent runs of 1×106 generations with four chains, sampled every
100 generations. Bayesian posterior probability (BPP) values were esti-
mated after discarding the initial 5% as burn-in, confirming the MCMC
chains reached full stationarity.

Estimation of divergence times among major cyrenid lineages
Divergence times amongmajor lineages of Cyrenidae were estimated using
the nucleotide sequences of 13PCGswith a relaxed clock log-normalmodel,
random starting trees, and a calibrated Yule model in BEAST v.2.6.757. To
estimate divergence time calibration, we set three calibration points based
on the maximum andminimum ages of the stem group fossils of Venerida
(445.6–452.0 MYA)58, Cyrenidae (182.8–190.8 MYA)59, and Geloina
(61.6–66.0 MYA)60 respectively, that were referenced from their corre-
sponding literature and Paleobiology Database (http://paleodb.org). The
calibration points were implemented as log-normal prior distributions for
the node age in BEAST. The Markov chain was run three times, each run
comprising 1 × 108 generations, sampling every 1000 generations, with the
first 10% of samples discarded as burn-in with Tracer v.1.7.261. The results
were combined using a log combiner and tree annotator in the BEAST

Table 2 | Distribution, habitat, and reproduction mode of the Cyrenidae species used for phylogenetic analysis using complete
mitochondrial genome sequences in this study

Species Native distribution Habitata Reproductive mode Length (bp) GenBank accession Reference

C. leana East Asia F Parental care 17,041 MW646295 Kim et al., unpublished

C. fluminea East Asia F Parental care 18,134 OR521035 This study

C. japonica East Asia B Planktotrophic 17,245 OR711243 This study

C. sandai Lake Biwa (Japan) F Planktotrophic 17,094 OR538552 This study

B. violacea East Asia/ India/Australasia B/F Planktotrophic 15,924 OR538550 This study

V. cyprinoides India B Planktotrophic 15,880 MK481950 Rahuman et al.67

G. coaxans East Asia/ India/Australasia B Planktotrophic 15,137 KP999913 Zhou, unpublished

G. erosa East Asia/ India/Australasia B Planktotrophic 15,149 OR711245 This study

G. erosa East Asia/ India/Australasia B Planktotrophic 15,041 MN849878 Liao et al., unpublished

P. floridana North/Central America B Planktotrophic 16,265 OR538551 This study

P. caroliniana North/Central America B Planktotrophic 21,691 OR711244 This study

Cy. limosa South America F Parental care 15,477 OR727362 This study

M. mercenaria 18,365 MN233789 Hu et al.68

R. ducussatus 18,995 KP089983 Ghiselli et al.69

aF (freshwater), B (brackish water).

Table 3 | The best-fit substitutionmodels estimated fromeach
of 13 protein-coding genes

Gene Substitution models estimated from jModeltest

atp6 GTR+G

atp8 TIM1+G

cob GTR+ I+G

cox1 TIM1+ I+G

cox2 TIM3+ I+G

cox3 GTR+G

nad1 GTR+G

nad2 GTR+ I+G

nad3 TVM+ I+G

nad4 GTR+ I+G

nad4l TVM+G

nad5 GTR+ I+G

nad6 TIM3+G
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package. The maximum clade credibility (MCC) tree is shown in Fig-
Tree 1.4.4.

Reconstruction of ancestral state for habitat types and
reproduction modes
We employed Phytools in the R package62 to reconstruct the ancestral states
of habitat and reproductivemode for selected nodes across the phylogenetic
tree of Cyrenidae species. Utilizing a time-calibrated maximum clade
credibility (MCC) tree derived from BEAST analysis, we reconstructed the
ancestral character states using a maximum likelihood approach. In
reconstructing the ancestral states for the binary character states in their
habitats (i.e., brackish water vs. freshwater habitats) and reproduction
modes (planktotrophic vs. parental care), we used the equal rates (ER)
model to ensure equal probability of all character changes. The traits used
for these analyses (habitat types and reproduction modes) are shown in
Table 2.

Reconstruction of historical biogeography
The ancestral biogeographic distributions of the Cyrenidae species
were inferred using BioGeoBEARS in R package63, a model-based
approach that implements likelihood statistics. The biogeographic
analysis utilized the MCC tree resulting from BEAST analysis. To
reconstruct ancestral biogeographic distributions, we categorized the
biogeographical data of individual species examined in this study into
five geographic areas representing their native populations (excluding
introduced ranges). These regions were defined as (A) East Asia, (B)
India, (C) Australasia, (D) South America, and (E) North/Central
America, referencing distribution records from both the corre-
sponding literature and the MUSELp Database (https://mussel-
project.uwsp.edu/index.html). To perform BioGeoBEARS, we used
three different models: Dispersal Extinction Cladogenesis (DEC)64, a
likelihood version of the Dispersal–Vicariance (DIVALIKE)65, and
BayArea-like (BAYAREALIKE)66. These models were further mod-
ified by incorporating a founder-event speciation parameter (+J),
which allows for jump dispersal events during cladogenesis. This
allows new lineages to disperse outside the region(s) where their
ancestor occupied. The BAYAREALIKE+J was selected as best fit
mode for our data from the likelihood ratio test (LRT) and the
Akaike Information Criterion (AIC).

Statistics and reproducibility
As mentioned above, phylogenetic relationships were reconstructed
using the maximum likelihood (ML) and Bayesian inference (BI)
methods. The bootstrap analysis of the ML tree was performed with
1000 pseudo-replicates using RaxML 8.2.9. For BI analysis, Markov
chain Monte Carlo (MCMC) methods were conducted with two
independent runs of 1 × 106 generations using four chains sampled
every 100 generations and discarded the initial 5% as burn-in. The
ancestral state of habitat types and reproduction modes were
reconstructed with a maximum likelihood approach using Phytools
in R package. BioGeoBEARS in the R package was also used to infer
the historical geographic distributions of the Cyrenidae species
through a model-based approach that incorporates likelihood
statistics.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Themitochondrial genome sequence data newly determined in this study is
deposited in the NCBI database under the accession numbers (see Table 2).
The raw NGS data generated in this study were deposited in the NCBI
database under the BioProject numbers (PRJNA1146340, PRJNA1146343-
PRJNA1146345, PRJNA1146354, and PRJNA1146356). The concatenated

nucleotide sequence dataset of the 13 PGCs used for phylogenetic analysis is
available in the figshare database (https://doi.org/10.6084/m9.figshare.
25992553).

Code availability
The input files and R codes used for ancestral state and historical biogeo-
graphy reconstruction are available in the figshare repository (https://doi.
org/10.6084/m9.figshare.25990843).
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