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Graphical abstract

Abstract

Freshwater mussels (Bivalvia: Unionidae) is a diverse family with around 700 species being
widespread in the Northern Hemispharal Africa These animals fullikey ecological

functions and provide important services to humahgortunately, populations have declined
dramatically over the lasentury r endering Unioni dae one of the
taxonomic groups. In Far East Asia (comprising Japan, KarehEastern Russia),

conservation actions have been hindengd tack of basic information on the number, identity,
distribution and phylogenetic relationships of species. Available knowledge is restricted to
studies on national and sualtional levels. The present study aims to resolve the diversity,
biogeography ad evolutionaryrelationships of the Far East Asian Unionidae in a globally
comprehensive phylogenetic and systematic context.

We reassessed the systematics of all Unionidae species in the region, including newly collected



specimendérom acrosslapan, SolitKorea, and Russia, based on molecular (including
molecular species delineation and a GQBS phylogeny) and comparative morphological
analyses. Biogeographical patterns were then assessed based on available species distribution
data from the authors dmprevious reference works.

We revealed that Unionidae species richness in Far East Asia is 30% higher than previously
assumed, counting 43 species (41 native + 2 alien) within two Unionidae subfamilies, the
Unioninae (32 + 1) and Gonideinae (9 + 1). Fofuthese species are new to science, i.e.
Beringiana gosannensgp. nov, Beringiana fukuharasp. nov, Buldowskia kamiyasp. nov,
andKoreosolenaia sitgyensgen. & sp. nov.We alsopropose a replacgentname for

Nodularia sinulatai.e.Nodularia lreviconchanom. nov.anddescribe aewtribe
(Middendorffinaiinitribe nov.) within the Unioninae subfamilyBiogeographical patterns
indicate that this fauna is relatemthat from China south to Vietnam until the Mekong River
basin. The Japanese islaraf HonshuShikoku,Kyushuy Hokkaido, and the Korean Peninsula
were identified as areas of particularly high conservation value, owing to high rates of
endemism, diversity and habitat loss. The genetically unique species within the genera
AmuranodontaObovalis Koreosolenaiagen. nov, andMiddendorffinaiaare of high

conservation concern.

Keywords: JapanKoreag Russia Molluscg systematicstaxonomy Molecular Operational

Taxonomic Unit (MOTU) phylogeography.

1. Introduction

Freshwater mussels tife Unionidae family occur in freshwater habitats worldwide (Lopes

Lima et al., 2014). These bivalves are key members of aquatic ecosysgeyimg important
ecological roles such as nutrient cycling, increasiater purification, bioturbation and haltita
provisioning(Vaughn, 2018). Unfortunately, and like many other freshwater taxa, these
organisms have suffered dramatic losses both in the number of populations and individuals,
with many species being on the brink of extinction (Lep@sa et al., 2018)In many
countriesgespeciallyin North America and Europe, the number of conservation actions for these
mussels have increased substantially over the latest years {Liopest al., 204, 20173.

However, conservation actions have been hindered bykpowledgeabouttheir biology and a

lack of accurately identified conservation unkgireiraRodriguez et al., 201%Greene1994.

Since most current conservation programs and policies are based on species as conservation
units,accuratedefinition of pecies boundaries is of extreme importance. Additionally,
conservation strategies should consider the phylogenetic relationships of extant species to
maximize future levels of biodiversityéith, 1992 Winter et al., 2018 Until the advent of



molecular dols, species identification ahionidmusselaised to bessentially based on shell
characteristics (Lopelsima et al., 2017b). However, accurate identification of Uniomida
species based on shell morphology alone is often difficult, due to thelmegbtypic plasticity
within species anchorphological convergencégtween species (Klishko et al., 2017).

To date, the freshwater mussel diversity of Far East Asia (here restricted to Japan, Korea, and
Russia east of the Transbaikalia and Lena River baasmpeen described mainly at national

and regional levelée.g.Kondo, 20081 ee et al., 201 7/inarski and Kantor, 2016)n total,

around 30 species in 14 genera and two Unionidae subfamilies (Unioninae and Gonideinae)
have been recognized from Far Easia (seeBolotov et al., Submitted; Graf and Cummings,
2019;Kondo, 2008} ee, 2017; MolluscaBase, 2019ano et al., 2017). Over the last decades,
important works have been dedicated to the systematiggafid mussels in this regioe.g.
Kondo, 19822008; Starobogatov et al., 200&ome of thesased only morphological and/or
biogeographic arguments, which hdxeguentlyshown to fail to delineate taxonomic units or
species€.g.Graf, 2007; Klishko et al., 2014, 2017). Other studies used moldoolarthat

have proven to be crucial in revealing evolutionary relationships and dealipspticies€.g.
Bolotov et al., Submittedlishko et al., 2014, 2017, 2018; Lee, 20%ano et al., 2017;

Sayenko et al., 20).7However, as all of these studiags dased on datasets restricted to taxa
from a single region or country within Far East Asia and a very small number of taxa outside
the study area, the diversity, biogeography and phylogenetic relationships of the Far East Asian
Unionidae remain to be re@lsed in a globally comprehensive phylogenetic and systematic
context. A sound, global taxonomy of these taxa will also allow for global assessmenis of the
conservation status, which are currently restricted to natiertplthe Japan Red Data Book
(Government of Japan, Ministry of Environment, 20a4) the Korean Red List of Threatened
SpeciegKim et al., 2014pr regional schemes.g. the Red Books of tirimorye(Kostenko,
2005)and Khabarovsky KrgiVoronov, 2008)n Russia Considering thageveral recently
published studies profoundly changed our understanding of diversity patterns, phylogeny and
biogeography of freshwater mussels in other Asian regamgsBolotov et al., 2017a, 2017b,
2018;Huang et al., 2019; Pfeiffer et al., 2018y et al, 2018 Zieritz et al., 201§ similar
revelations may be expectedncerninghe Far East Asian Unionidae.

The aims of the current study are toegfimatea phylogeny of the freshwater mussels friean
EastAsia, includingnewly collected specimensoin Japan, South Korea, and Eastern Russia;
ii) identify species boundarieandrevise theirtaxonomy and systematics; iii) describe the

distribution of each taxonomic unit; and iv) discuss the conservation implicatioos results.

2. Materials and me&hods

2.1. Taxon sampling



A total of 379 Unionida specimens were collected fraB86 sites across Japan, South Korea
and Russia east of Baikal Lake an@nsbaikaliaandfrom additional locations in Asiand
North Americafor phylogeneticcomparisos (Fig. 1; Sup Tables 113).

2.2. DNA extraction, amplificatigmand sequencing

A small foot tissue sample was collected (following Naimo et al., 1998) and placed in 99%

ethanolWhole specimens for eaglutative speciewere collected as voucheiSup. Tdles T

13). Genomic DNA was extracted from the tissue samples, usstegnaard higtsalt protocol

(Sambrook et al., 1989) or the Jetquick tissue DNA Spin Kit (Genomed) following the
manufacturerés protocol. PCR cagesdfimitactmmdsal f or b ot
cytochrome mxidase subunit 1, COl (LCO22me2 + HCO700aw&lker et al., 208, and

LCO1490 + HC0O2198; Folmer et al., 1994) and 28S ribosomal RNARIRE3f and 28S

rD4b; Whiting, 2002) were described in Froufe et al. @0Annealng temperatures of 48 °C

were used for COI (LCO1490 + HC0O2198) and 28S; and 50 °C for COI (LCO22me2 +

HCO700dy2). Amplified DNA templates were purified and sequenced using the same primers.

2.3. Phylogenetic analysasd species delineation

To identify the generic position of each sequenced individuptehminaryCOI alignment with
all newly sequenced individuals and representatives from most previously avaiiiolil
genera was produced and analyzed willagesian Inferencphylogenetic approachising
MrBayes 3.Z7a(Ronquist et al., 2012) with 20 x @§enerations sampled at intervals of 1,000
generations on a single partition with model GF R+ G. Based on this analysitvelve COI
alignmentswverethenconstructeSup. Tables 4L3). Nine of hese alignments were composed
of species for each of the following Far Eastern Asian geAetdamprotula Anemina
Beringiang Cristaria, Inversiunig Lanceolarig PletholophusSinanodontaandSinohyriopsis
The remaining three alignments inclddgpedes within each of the following genus pairs,
Lamprotula+ Pronodularig Nodularia+ Middendorffinaia andKoreosolenaiagen nov. +
Parvasolenaiadue to uncertainties regarditige previous generic assignment of these species.
No COlanalyses werprodued for the generbversidensandObovalisdue to the low number
of available sequencdsor eaclof thesealignmentsthe ingroup included all previously
published sequences of congeneric téxe outgroup included sequences fradosely related
gereraand the family MargaritiferidaeAll alignments were constructed witHJBDANCE2

(Sela et al 2015) following Fonseca et a(2017) andanalyzed using Maximum Likelihood
(ML) and Bayesian Inference (Bl) method@sIQ-TREE v 1.6.10 (Nguyen et.a2014) a



MrBayes 3.2/a(Ronquist et al., 2012), respectiveRor the Bl analyess, the bestit modelks of
nucleotide substitutioand partition schensavere selected using PartitionFinder 2 (Lanfear et
al., 2016) under the Bayesian Information CriterBhanalyses wereinitiated with program
generated trees and four Markov chains with default incremental heating. Two independent runs
of 20 x 10 generations were sampled at intervals,0600 generationgroducing a total of
20,000 trees. Buram was determinedpontheconvergence of logikelihood and parameter
values using Tracer..1(Rambaut et al., 2@). For the ML phylogenetic analgs the besfit
models of nucleotide substitution and partition sclewere selected using ModelFinder
(Kalyaanamoorthet al, 2017) MaximumLikelihood analyses were then conducted with
initial tree searabs,followed by 10 independent runs and 10,000 ultrafast bootstrap replicates.
Three distincmethodswvere applied t@achCOIl datasetto determine the number of Moldan
Operational Taxonomic Units (MOTUSs). The first two are distdmrsedthe BIN system
implemented in BOLD (RatnhasinghaandHebert 2013) and the Automatic Barcode Gap
Discovery (ABGD) (Puillandre et a012). For the BINs system, tk#I dataset wiiout the
outgroupwas analyzed with the Cluster Sequences tool implemented in BOLD 4
(http://v4.boldsystems.org) (RatnasinghantiHebert 2013). The ABGD was applied to each
dataset without outgroup using its online version
(http://wwwabi.snv.jussieu.friblic/abgd/abgdweb.html) with the default settings and the
Kimura-2-parameter (K2P) distance matrix (Puillandre et24112).The third method used
haplotype network reconstructi®m TCS 1.21 (Clement et al., 2000), with a 95% statistical
parsimony conection limit. Sequence divergences (uncorregqiadistance) werestimated

using MEGAX (Kumar et al. 2018).

A concatenated COI + 28taset waghenassembled with representatifeom most
previouslyavailable Unionidageneraand fromeach of the Eagisian speciedé1OTUs found

in the COI dataset§ ablel). Sequencefom species belonging tather Unionida families and
Neotrigoniawere also included abeoutgroup (Tablé). This Unionidadatasetvasaligned

with GUIDANCE?2 andanalyzed usiniIL andBI methodsfollowing the sametepsappliedto

individual COI datasets.

2 4. Distribution

The distribution of eachpeciesn the study areaas assessed usipgrsonal data frorthe
authors and previougference workgBolotov et al., Submittedim et al., 2014Kil et al.,
1976 Kondo, 2008 Lee, 2017NIBR, 2012;Seo, 2019Vinarski and Kantor, 20%&nd the
NatureServehttp://www.natureserve.organd IUCN<http://www.iucnredlist.org>databases).
Distribution data weréhen integrated and represes&scolored potential distributiomaps

usinglevel 8 HydrdASINS (Lehner et al 2013)shapefilewherevery smallsubbasinswere



groupedwith their maindrainageor with other small drainages (especially along the coast)
Vector and raster map dataifn Earth topography layers made by Naturaltkar
<http://naturalearthdata.comvere also includetbr pictorial reasons

3. Results & Discussion

3.1. Phylogenies, species delineatiand distributions

The preliminary Bayesian Inference phylogeny (aatiashown) retrieved 12 cladémt included
FarEast Asian Unionidae taxavhich were considered for further phylogenetic and species
delineation analyses.

Composition, size, and parameters of all 13 datasets (12 COIl and 1 COI + 28S) together with the
partition schemes and nucleotide substitution models for all analyses are presented in Table 2. No
indels or stop codons were found in any of the COI datasets.

Molecular species delineation for the COI individual datasets revealed the exister®c&lbf 4
naive + 2 alien)MOTUs that are here recognizasispecies, thus exceeding previous estimations

of Unionidae species diversity in the regi@rable 3) Four of these MOTUs require a more
detailed investigation to clarify their taxonomic status: one withingbnusNodularia (here
namedNodulariasp. 1) and three withiRronodularia japanensi¢Lea, 1859)seeNodularia
andLamprotula+ Pronodulariasections below).

In the following, we present and disculssrevised systematics of the Far East Asian Uniaej

based on the first robust comprehensive phylogeny of this fauna (Hgsari comparative
morphological analyses. This includes tlsatiption of four new species and a new replacement
species nam@ne genus and one tribe, and the generic reamsiginof three other species (Table

3). The taxonomy ofhenewly described taxa is presented below in section 4. Taxonomic account
and a full taxonomic revision of all the Unionidae species from Far East Asia is presented in Sup.
Appendix |.Biogeographichpatterns indicate that the Unionidae fauna of Far East Asia is related

to that from China south to Vietnam until the Mekong River basin, which does not seem to contain

any of the FaEast Asian genera (but s€estaria section below).

Unionida Gray, 854 (combined (COI + 28S) dataset)

Both ML and Bl Unionida phylogenies on the combined dataset (COI + 28S) sheauppbrted
clades for all the Unionida families (Fig. 2). AIB Unionidae species here recognized from the
study area (Table 3) are rested to the subfamiliesinioninae Rafinesque, 1820 (33 spand
Gonideinag10 spp.XFigs. 3 and 4Table 3. The higheflevel relationships between the families
here retrieved should be evaluated with caution, given that within the Unionida tree these

associations have not been consistently retrieved and many contradictory hypotheses have been



generated using the conventional two threelocus reconstructions (Pfeiffer et al., 2019), such
as those in the present study. This should be attributed tmddeguacy of these molecular
markers in describing the true suprafamilial phylogeny of freshwater mussels, with a recent multi
locus phylogeny producing a different topology more consistent with some of the evolutionary
traits of the Unionidae.g. clustang into distinct cladeshe families bearing glochidiunfrom
thosewith lasidium larvae (Pfeiffer et al., 2019).

Unioninae Rafinesque, 1820

The Unioninae is divided into 9 clades corresponding to 8 previously described tribes and a new
tribe described tre for the first time, the Middendorffinaiiiibe nov. (Fig. 3 andSection 4.
Taxonomic accoult The Unioninae is represented by five tribes in the Asian Far East (Fig. 3).
Four of these tribes, Aculamprotulini, Cristariini, Lanceolariini, and Noduiaiiiclude species

from Far East Asia and others from mainland China and Vietnam east of the Mekong River basin.
The Middendorffinaiini tribe nov. contains a single speciddiddendorffinaia mongolica
(Middendorff, 1851)which is endemic to the study regi

AculamprotuliniHuang & Wu, 2019
The combined COI + 28S phylogenies support the recently described tribe Aculamprotulini with

a single genus, i.&culamprotula(Fig. 3).

AculamprotulaWu et al, 1999

The two(ML and BI) COI phylogenies for thAculamprotulagenusexhibitedsimilar topolmies,
retrieving six cladegjefined as MOTUs by all species delineation methods (Figlrgorrected
p-distances among the delineated MOTUs ranged from 3.7% (beAgetamprotulect. fibrosa

1 andA. cf. fibrosa2) to 11.8% (betweeA. tortuosa(Lea, 1865RandA. scripta(Heude, 1875)
(Sup. Table 1 The only species in this genus from the study afeaJamprotula coreana
(Martens, 1886)clusters witin the genus cladéFigs. 3 and 5). This speciegs originaly
distributed in Daedonggang River basin in North Korea and Hangang, Geumgang, and
Seomjingang Rivebpasingn South KoredFig. 5, Sup. Table  However, it has suffered a strong
declinebeingextirpatedfrom the Hangang River basiKifn et al., 2014NIBR, 2012 (Fig. 5).
Sequences from GenBaasldbmitted by various authors Asulamprotula fiborosgHeude, 1877)
from China, and herabelled asA. cf. fibrosasp. 1 andA. cf. fibrosasp. 2, respectively, require

a morethoroughstudy to clarify their tagnomic status.

Cristariini LopesLima, Bogan and Froufe, 201
Within Cristariini, all newly sequenced individuals from the gerfemauranodontaAnemina

Beringiang Buldowskia Cristaria, and Sinanodontacluster within the respective gema



represented bwell-supported clades (Fig. 3). The Cristariini is the most speciose tribe in the

Asian Far East with9(18 native plus one alien) valid species (Table 3).

AneminaHaas, 1969

Previous studies reported that in the study region, the spaugsina arcaformisis distributed
throughout East Russia, South Kgraad Japan (e.gsraf and Cummings, 2019; Kondo, 2008;
Starobogatov et al., 20Rdbut our results indicate that this species is restricted to Eastern South
Korea and Kyushisland in Japan (Fig.)6Additionally, our genetic data support the existence
of six furtherspecies that fall into three highly divergent clades in all phylogenies (Figs. 3 and 6
Table 3;andSup. Table3). The &istence of these three clades withineminasensu lato, here
recognized ashethree valid gener&nemina Amuranodontaand Buldowskia follows recent
results from Russia (Bolotov et @ubmitted.

The Aneminasensu stricto clade only includés arcaeformisand A. euscaphysvith a low
divergence level3.2% uncp-distance)Fig. 6;Sup. Tablel). The question of whether these two
taxa are separate species requires further investigation when considering their low genetic
divergenceand the fact that ABGD did not recowbem as separate MOTUs (Fig. 6).

Anemina araeformisis mainly distributed in China but has restricted distributions in the
Ungcheoncheon Drainage in South Korea and northern Kyushu Island inBap&n $up. Table

3).

Amuranodontavoskvicheva, 1973

The Amuranodontaclade is here consensuallytrieved as a single MOTU (Fig. 6). This genus
includes only one species, i&muranodonta kijaensioskvicheva, 1973ndemic to the Amur
basinin Russia and Chingrig. 6 Sup. Table).

BuldowskiaMoskvicheva, 1973

Buldowskiais the most speciose gen within Aneminasensu lato, with five species being
supporteased on the high divergence of COI and molecular speeiggation methodd-{g.

6; Sup Table 14 TheBuldowskiaclade is further divided to five clades, consensually defined
as MOTUs byall species delineation methods (Fig. 6). Uncorregetistances among the
delineated MOUs (here recognized as spegiganged from 4.7% (betweeBuldowskia
iwakawai comb. nov. and Buldowskia kamiyai sp. nov) to 13.7% (betweerB. shadini
(Moskvicheva,1973) and B. suifunica(Lindham, 1925) (Sup. Tablel). The phylogenetic
relationships among all species are still not well resolved, but tweswefiorted clades were
retrieved one betweeB. iwakawaicomb. nov.andB. kamiyaisp. nov.bath native to dpan;and
the other withB. flavotincta (Martens, 1905pand B. suifunicaoccurring in Korea and Russia,

respectively Fig. 6; Sup. Tabl8).



Buldowskia iwakawatomb. nov.andB. kamiyaisp. nov.present a disjunct distribution, wih
iwakawai comb. nov. occurring in a single South Korean basin, several Japanese basins in
western Honshu and Hokkaitklands and extendingp southern Sakhalin in Russiehd newly
described. kamiyaisp. nov.is endemic to river basins in northeast Honshu, Japan (Fighé).

other weltsupported clade clusteBuldowskiaflavotincta and Buldowskiasuifunicg which
exhibit allopatric distributions in mainland East Asia (Figs. 3 and 6; Table 3; Sup. Table 3). While
Buldowskia flavotincta is endemic to three major river basi (Hangang, Geumgang, and
Nakdonggang) in South Korea (Fig. 6; Sup. Tabl®3juifunicainhabits the Suifun/Razdolnaya
River basin and other coastal basins between North Korea and Russia (Fig. 6; Sup. Table 3).
Finally, Buldowskiashadinihas a wider idjunct distribution throughout the Amur River basin
and in the major river basins of South Korea (Fig. 6; Sup. Table 3), although data from North

Korea is lacking.

BeringianaStarobogatov, 1983

Within Cristariini, the COI + 28S phylogenies retrie\ggfingianain a divergent welsupported
clade, therefore reinforcing its separation fr&manodontaFig. 3) following Bolotov et al.
(Submitted.

Both COI ML and BI phylogenies for thgeringianagenusexhibit similar tomlogies, retrieving
four cladesecovered as separate MOTUSs by all species delineation methods (Elgcé)rected
p-distances among the delineated MOTUs (here recognized as speciEsx@a@mic account
sectior) ranged from 7.6% (betwe@&eringiana beringiangMiddendorff, 1851)andBeringiana
gosannensisp. nov) to 10.7% (betweerB. gosannensisp. nov.vs. Beringiana japonica
(Clessin, 18749)(Sup. Table 1

The systematics dBeringiana beringianahas been contentious over the last 100 years. While
most of the early authors had pldcé under the genudnodonta(e.g. Haas, 1969Simpson
1900), recent molecular works showed that the species is not closely tetatdtherAnodonta
species, with its closest relatives being members of the dgiinasodontgLopesLima et al.,
2017b) This has led to the reassignmenBotberingianato Sinanodontdy e.g. Williams et al.,
(2017) and Graf and Cummings (2019). Subsequently, Bolotov &udiniitted reassigned this
species to a separate genus, Beringiang based on a more comprelseze molecular and
morphological dataset, and this classification is supported by our phylogenetic analyses (Fig. 7).
Based on the currently available molecular d#&tapdonta japonicaClessin, 1874 is also
reassigned to the genBsringianaas well as tw newly described specid®eringianafukuharai
sp. nov.andBeringiana gosannensgp. nov.(see Taxonomic account section below).

All species within this genus are native to the study aBe&beringiana exhibits a wide
distribution range from Hokkaidtsland in Japan and the Primorigegion in Russia north to

Siberia East of the Lena River drainage, Kamchatka and East through the Aldanas to the



west coast of North America (Fig; %up. Tabled). As for the other three specideringiana
fukuhami sp. nov.is endemic to Kyushu and southern Hons$lands in Japan, although it has
been introduced to central Honshu and Hokkastands (Kondd ., pers. obs.; Fig. 7). Finally,
Beringiana gosannensgp. nov.andB. japonicaare endemic to the westeand eastern coastal
areas of Honshu Island, respectivdig( 7; Sup. Tabld).

Cristaria Schumacher, 1817

Both (ML and BI) COI phylogeniesetrievedfor the Cristaria genusexhibit similar topologies,
retrieving four clades that were defined as MOTHysall species delineation methods (Fig. 8).
Uncorrecteg-distances among the delineated MOTUSs (here recognized as species) ranged from
8.0% (betweeristaria plicata(Leech, 1814andC. clessin{Kobelt, 1879) to 11.5% (between

C. clessiniandC. cf. radiata Simpson, 1900(Sup. Table L

The genu<Lristaria is only represented by two species in the study re@lostaria plicatais
widely distributed across Asia, from East Russia to Southeast Asia (Fig. 8; Sup. Tabkhé&).
Asian Far Eas(C. plicataoccursin the Russian Primorye Region, South Korea in mainland Asia
and the western parts of Honshu Island of Japan, @hitdessinis endemic to the eastern coast
of the same island. Due to its ability to occupy anthropogenically altered, éewiionments
such as channels and pon@s plicata has been invading the eastern part of Honshu, new co
occurring with the endemi€. clessinin some regions (Kondo.Tpers. obs.Fig. 8 Sup. Table

5).

PletholophusSimpson, 1900

Based on molecular tag the specie€ristaria tenuigGray in Griffith & Pidgeon, 1833)as been
recently reassigned t®letholophus(LopesLima et al., 201B). The present COIl + &
phylogenies confirm thiseassignmentFig. 3).

Both ML and BI COI phylogenies foPlethologhuspresented similar topologies, retrieving two
clades that were recovered as MOTUs by all sgetéineation methods (Fig. 9)ncorrected
p-distance among the delineated MOTUs (here recognized as species) waSuips5%able L
The only species of th genusfound in the study area, i.dletholophus reinianugMartens,
1875) is endemic to the southern Japanese islante&yukyu archipelago and Kyushu, with

additional restricted populations in central Honshu (FiGup. Table b

Sinanodontavodell, 1945

Anodontine freshwater mussels are particularly difficult to separate based on morphological
characters, which has led to extensive misidentifications of species thighgroup Riccardi et

al, inpress. The genusinanodontavas erected tomcludeAsian species previously assigned to

the genug\nodontavodell, 1945. Since then, several species have been assigsiadriodonta



with the most recent molecular works showing the existence of multiple taxonomic units

(Bespalaya et al., 2018olot ov et al ., 2016; Bluangzey alE2@1D; a n d

Kondakov et al., 2018; Wu et al., 2018). Howegerere uncertainties regarding the true number
and composition of this genus remain (é&ggatov, 2007Graf and Cummings; 201®e and
Zhuang, 2013Kondo, 2008 MolluscaBase, 2019)

Both (ML and BI) COI phylogenies for th&inanodontagenus presented similar topologies,
retrieving ten clades that were defined as MOTUs by a consensus of all species delineation
methods five of which are pesent in the region, four native and one -native (Fig. 10).
Uncorrecteg-distances among the delineated MOTUSs (here recognized as species) ranged from
3.3% (betweer$. lauta(Martens, 1877pnd S. cf. woodianal) to 13.4% (betweef. angula
(Tchang, Li& Liu, 1965)andS.cf. elliptica (Heude, 1878)(Sup. Table 1L

The two Japanese endemic spe8amnodonta calipygo@obelt, 1879)andS. tumengHaas,

1910) comb. nov. (=S. ogurae(Kuroda & Habe, 1987)see SupAppendixl) form a welt
supported clde (Fig. 10) Snanodontacalipygoswas thought to be restricted the Lake Biwa

basin in central Honshu, Jap&ldondo, 2008) However due to the survey efforfer this study;

a new native, genetically unique populatiorSofcalipygosvas foundat thenortherntip of the
island(Fig. 10) Due to the low genetic divergenamly one of the species delineation methods
separats this northernpopulation as a distinct MOTU and we chose to keep this population
included inS. calipygos

Sinanodonta schrerikjLea, 1870)was recently separated frddn woodiandased on molecular

data Bolotov et al.. Submitted Sayenkoet al., 2017)Qurst udy conf i rms t hi s
status (Fig. 10Sup. Table Y. Thefourth Sinanodontaspecies native to the regiosn $. lauta

(Figs. 3and10). Sinanodonta lauthas been introduced to central Asia in the Yenisei River where

it established a population restricted to a thermally polluted river chaBo#tdv et al.,
Submitted Bespalaya et al., 2018)he last Sinano@nta species present in the region is
Sinanodontecf. woodianal (Fig. 10). Although hree distinct MOTUswvere recovered from
sequences identifieasS. woodianghere named. cf. woodianal, S.cf. woodiana2, andS.cf.
elliptica), only Sinanodontacf. woodianal specimen®ccurin the study area (Fig. 10n khe
absence of sequences and specimens from the type locality, it is impossible to determine which
of these three MOTUs represents the v8lidanodonta woodiandut Sinanodontaf. elliptica

is tentatively named here as sudhe to the partial original identification of sequenced specimens
asS. elliptica(Huang et al., 2019Nu et al., 2018).

Sinanodonta tumens endemic to Lake Biwa and effluents in central Honshu in Japan (Fig. 10).
Sinanodata calipygosalso occurs in Lake Biwa and effluentsut with a divergent lineage
occurring in the Aomorregion, in the northern tip of Honshu Isla&inanodonta calipygdsas

also been widely introduced to other areas of Honshu (Fig. 10). Two othérsspeeewider

distributions:Sinanodonta schrenkwith a disjunctive distribution in the Amur Basin and also in

So
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western river basins of the Korean Peninsula (Fig; 40)l Sinanodonta lautdeing present
across Kyushu, Honshu and Halitto islands in Japaand also irsouthern and eastern river
basins of the KoreaReninsula extending its range to coastal rivers northwest to Vladivostok
city, in Primorye RegiorfFig. 10).Finally, S.cf. woodianal occurs in central Honshdapan.
This species is highlynvasive,with a wide nomative range from Southeast Asia to Sunda
Islands and the Philippines (Fig. 1®Jithout comprehensive molecular samplingafanodonta
specimens throughout China, it is difficult to saysifcf. woodianal is native or invasiveéo
Japan. On one handhet speciesould ke endemic to China, with Japan bejpgrt of the invaded
range given thait only occurs in twemalldisjunct areas of Japaamdbeing sympatric with the
closely related congeneri. lauta On the otherthe sequences from Japanese specimaires
genetically divergent from thodeom the Yangtze Basin in China. Therefore, if maplotypes
similar to those from the invasive range are found after comprehensively surveying China, it may
indicatethat S. cf. woodianal is native to Japan. Until further data is available, we consider

Sinanodontaf. woodianal as nomativeto Japan.

Lanceolariini Froufe, Lopekima & Bogan, 2017

Due to the recent synonymization of the gewusonaia Conrad, 18565inder Lanceolaria
Conrad, 1853 Huang et al., 2019), the tribe Lanceolariini only contains the gemuseolaria
In the present COI + 28S phylogenies, all newly sequebaadeolariaspecies cluster within

the Lanceolariini clade (Fig. 3).

LanceolariaConrad, 1853

Both COI ML and BI phylogenies of théanceolaria genus presented similar tdpgies,
retrieving eight cladeslefined as MOTUSs by all species delineation methods, all of which present
a high divergence umTad®©l (O05.0%) (Fig. 11;
Uncorrecteg-distance among the delineated MOTUs (here recognized as species) ranged from
5.0% (betweerLanceolaria lanceolatglLea, 1865)and L. triformis (Heude, 1877)to 11.1%
(betweerL. cf. bilirata (Martens, 1902andL. oxyrhynchgMartens, 1861) FourLanceolaria
species are present in the study ateanceolaria grayi(Gray in Griffith & Pidgeon, 1833)ccurs
throughout east continental Asimom China to RussiaLanceolaria acrorrhynchgMartens,
1894)is endemic to the Korean Peninsula. The other two specielsitextutually exclusive
distributions in Japan,e. L. oxyrhynchais endemic to Honshu and Shikokslands andthe
recently describet. kihirai (Kondo& Hattori, 2019 is endemic t&Kyushu Island (Fig. 11Sup.
Table §.

Nodulariini Bogatov & Zatrevkin, 1987
Our combined COI + 28S phylogenies plageersiunioHabe, 1991into the tribe Nodulariini



together with the other three genera proposed by Huang et al. (201@yrignpsisSimpson,
190Q Nodularia, andSchistodesmuSimpson, 190@Fig. 3). Howeer, theNodulariini clade is
not well supported and a more robust phylogeny is needed to confirm the inclusiearsiunio
in this tribe. Within the Nodulariini clade, two wallpportedsubclades were retrieved, one
comprising the gener@uneopsisinversiunioand Schistodesmusnd the other one comprising
the single genullodularia Only species belonging toversiunioandNodulariaare represented
in the study area (Fig. 3). InterestingBuineopsis pisciculudieude, 1874jrom China clusters
with all Inversiuniospecies, thus deserving a future taxonomievauation (Fig. 3).

InversiunioHabe, 1991

Both COI ML and BI phylogenies for thiaversiunio genus presented similar topologies,
retrieving three clades that were defined as MOTUSs by twoisp delineation methods (Fig. 12).

A fourth MOTU was determined fomversiunio verrucosusondo, Yang & Choi, 2007
haplotypes that were not well resolved in the phylogeny (Fig. 12). Uncorpdisthnces among

the delineated MOTUs (here recognizedspscies) ranged from 2.3%nyersiunio reinianus
(Kobelt, 1879)andl. yanagawensigkondo, 1982) to 8.7% (betweem. jokohamensiglhering,
1893)andl. reinianug (Sup. Table 1)

Using the COI molecular data only, two main clades can be distingusieith three species,

i.e. Inversiunio reinianus+ |. verrucosus+ |. yanagawensisand another with only.
jokohamensiswithin the first clade, the species boundaries are difficult to delineate based on the
COl data alone since the divergences aygrgpecies are low 2:3.0% (Sup Table 1) and not all
species delineation methods separated these three MOTUs (Fig. 12). In the present study we
recognize the validity of these three species, Ingersiunio reinianust+ |. verrucosus+ |I.
yanagawensisbasedon morphological differences following Kondo et al. (2007) and Kondo
(2008), instead of considering them as divergent populatidtién |. reinianus However,
additional molecular analyses on this genus are required to confirm the status of theagdhree t
The fourlnversiuniospecies are endemic to the study area and have distinct distributions. While
Inversiunio verrucosuis endemic to the Seomjingang Basin in South Korea, the three remaining
species occur in distinct areas of Japawversiunio yangawensiss restricted tdyushu Island,
Shikoku Island and southern areas of Honshu Islanginianusis endemic to Lake Biwa Basin

and effluents in the center of Honshu Island, arpokohamensigccurs in the north of Honshu

and southern Hokkaidol&nds (Fig. 12; Sup. Table 9).

NodulariaConrad, 185&ndMiddendorffinaiaMoskvicheva & Starobogatov, 1973
Until recently, the validity of the genudiddendorffinaiawas contentious, and some authors
considered this genus a junior synonymWfio Retzius 1788 or Nodularia (e.g. Graf and

Cummings, 2019Haas, 1969). This was rejected by recent molecular studies that recognized



both genera as valiBflotov et al.,Submitted Klishko et al., 201R Our study confirmghe
validity of the genusiddendorfinaia, as sequenced specimendvifidendorffinaia mongolica

are very divergent from those of thNedularia or Unio clades (Figs. 3 and 13; Sup. Table 1).
Furthermore, the sequenceswitidendorffinaiaare not placed within the Nodulariini clade and
seem toepresent a new tribe named here as Middendorffinaiini (see Taxonomic account section;
Fig. 3).

Both COI ML and BI phylogenies for thdodularia and Middendorffinaiagenera presented
similar topologies, retrieving eight clades that were defined as MOTUs donsensus of all
species delineation methods (Fig. 1¥)hile the species delineation methods consensually
recognized a singlMiddendorffinaiaspecies (Fig. 13), the same methods identified seven
MOTUs within Nodularia (Fig. 13). Uncorrecteg-distance among the delineated MOTUs
within Nodulariaranged from 3.0% (betwedh douglasiadGray in Griffith & Pidgeon, 1833)

and Nodulariasp. 1) to 9.4% (betweeN. breviconchanom. nov. and Nodulariasp. 1 orN.
nipponensik (Sup. Table 1 Four of these MOWs are present in the study ar&dularia
douglasiaeexhibits a wide distribution from Vietnam in the squih Russia in theorth, also
occurringin two western basins of South Korea and the western basins of Kyushu and Honshu
islands (Fig. 13Sup. T#éle 10. Nodularia nipponensigMartens, 1877)s endemic to northern
Honshu and Hokkaidésland in JaparOur taxonomic investigation revealed that the name of
Nodularia sinuolata(Martens, 1905) is invalid and a new replacement niarhere given, i.e.
Nodularia breviconchanom. nov. (see details in section 4. Taxonomic account and Sup.
Appendixl). This species had already been recognized as valid by Lee (2017)eswuisic to

the Korean Peninsula as is another lineagBladularia (hereNodularia sp. 1). We refrained

from formally recognizing and describimg¢pdulariasp. 1lin the present study, due to the low
level of COI divergence (Sup. Table 1) and lack of apparent distinguishing morphological
characters fronN. douglasiaeThe sequenced specimerigtos lineage deserve a more detailed
future study to evaluate its taxonomic status. The single species Mittdendoffinaia, i.e. M.
mongolica presents a wide distribution in the Amur Basin and coastal areas of Eastern Russia
(Fig. 13; Sup. Table 10)

GonideinaéOrtmann, 1916

The Unionidae subfamily Gonideinae is here subdividdd five tribes, three of which
(Gonideini, LamprotuliniModell, 1942 and ChamberlainiinBogan, Froufe & Lopekiima,

2017 are represented in the study area (Fig. 4). fratlini and Gonideini tribes are widely
distributed in the Northern Hemisphere, whilst the Chamberlainiini is restricted to Asia {Lopes
Lima et al., 2017b).

Gonideini Ortmann, 1916



Koreosolenaiagen. nov.andParvasolenaidHuang & Wu, 2019

The combinedCOI + 28S phylogenies clustétarvasolenaia rivularis(Heude, 1877)and
Koreosolenaia sitgyensgp. nov.in a wellsupported clade (Bl only) together with two other Far

East Asian species, i.@©bovalis omiensigHeimburg, 1884pandInversidens brandti{Kobelt,

1879) and the South AsiaRtychorhynchus pfiste(Heude, 1874)within the Gonideini tribe

(Fig. 4).

Both (ML and BI) COI phylogenies oParvasolenaiaand Koreosolenaiagen. nov.presented

similar topologies, retrieving two clades that were defias MOTUSs by all species delineation
methods (Fig. 14). Uncorrectgddistance among the two MOTUSs (here recognized as species
from distinct genera, sesection 4Taxonomic accouis 11.2%.

Koreosolenaiayen. nov.includes a single species, ikoreosolenaia sitgyensigen. & sp. nov.,

which is endemic to the Hgang Geungang Nakdonggang, rad SeomjingangRiver basins of

South Korea (Fig. 14sup. Table 1L

Until recently, the genuSolenaiaConrad, 1869ncluded several taxa distributed acrossaAsi

from Far East Asia to India (Lopdésma et al., 2017b)Since then, new studies based on an
improved molecular and morphological dataset split the genus into several genera with smaller
rangesThe species in its western range in India and Myarsmand be reassigned t®alwantia

Prashad, 1919 (lvan Bolotov, pers. commhile some species in China and one in South Korea
were reassigned to the geervasolenaigHuang et al., 2019). Three species were included in
Parvasolenaiai.e. Parvasolenaia rivlaris and Parvasolenaia neotriangularisle & Zhuang,
2013from the Yangtze basin, arllarvasolenaia triangularigHeude, 1885)which has been
described and collected once from the upper Yangtze at the end of the 19th century and has never
been found sincéHe and Zhuang, 2013). Specimens collected in the early 1960s in a pond near
Seoul were assigned tBolenaia(now Parvasolenai triangularis based ommorphological
similarities with the type figure (Yoo and Habe, 1962). Recently, phylogenetic analgisetig
molecular data from botBolenaiarivularis r om t he mi d Elo¢ eVihan @t 2 e i amdy ud
from South Korea revealed that these two species formed @uwymibrted clade separate from

the clade containing the othBplenaiaspeciesBased onttis and similarities in shell shapg,

rivularis andS. triangularis together withS. neotriangulariswere then reassigned to the genus
Parvasolenaia(Huang et al., 2019). However, our detailed analyses on the South Korean
speci mns t of arévgaletl marphdogical differences with the type figurePof
triangularis (see Taxonomic account) that indicate that these species are not the same. A separate
species status Bf t hieaisSppptrtdd bysdiat evauld beda highly
uusual , disjunct di stherupperuangtzemand&duth Kdreia,svhidhbgse c i e s
never been recorded in the extensively surveyed, middle sections of the YamgiAéi(et al.,

2018; Huang et al., 2019). Additionally, genetic divergenc8®IRNA (that show none or very

little variation within freshwater mussel genera: Lopésa et al., 2017b; Bolotov et al., 2018)



is 4.4% betweeParvasolenaia rivularism nd t h e S dPuttiahgul#igdr. edrhi & str ong
supports thatP.tridngulai®o ult ehl Kmog e atno 6a di sti nct genu
above, we recognize the South Korean specimens as belonging to a neWgauselenaia
nov. gen.and speciekKoreosolenaia sitgyensgen. & sp. nov, formally describing them below

(see section 4. Taxonomic account).

ObovalisSimpson, 1900 ankhversidendHaas, 1911

The monotypic genu®bovalis contains only the Japanese ende®@ic omiensis(Fig. 4).
Originally described ablnio omiensidHeimburg, 1887 it was transferred to the geBbsvalis
by Simpson (1900) but then placed RseudodonGould, 1844as thesubgenusPseudodon
(Omiensi3 (Haas, 1969)However, our analyses revealed that the taxon is not closely related to
the othePseudodorspecies from Southeast Asia (Fig. 4), therefgeupporting its reassignment
back as a separate genus,Qbovalis

Two species are currently recognized withiimersidensthe Japanese enderibrandtii andl.
pantoensigNeumayr, 1899jrom the Yunnan Region in China (Fig. 15; Sup. Table 12¢r&'s
no available molecular data framversidens pantoensind so its placement withinversidens
still needs confirmation.

In our combined phylogenie§bovalisomiensisand Inversidens brandtiare placed within a
well-supported clade containing thepresentatives of the gen@&tychorhynchuSimpson, 1900

ParvasolenaiaandKoreosolenaiawithin the Gonideini tribe (Fig. 4).

LamprotuliniModell, 1942

This tribe contains three genera, LamprotulaSimpson, 1900PotomidaSwainson, 184@nd
Pronodularia (Huang et al., 2019;opesLima et al., 2017b;), as confirmed by the clustering of
all representatives of these genera in a-sgtiported clade in our COI28S phylogenies (Fig.
4).

LamprotulaSimpson, 1900 andronodulariaStarobogatov, 1970

Both COI ML and BI phylogenies dfamprotulaand Pronodulariagenera presented similar
topologies, retrievingix clades that were defined as MOTUSs by all species delineation methods
(Fig. 16). A seventh MOTU was determined f&ronodularia cf. japanensis(Lea, 1859)1
haplotypedut these haplotypes were not monophyletithe phylogeres (Fig. 16).
Uncorrectedp-distances among the delineated MOTUs withamprotularanged from 5.2%
(betweerl. leaii (Gray inGriffith & Pidgeon, 1833andLamprotula seonmensis(Kondo, Yang

& Choi, 2007)comb. nov) to 10.5% (betweeh. caveata(Heude, 1877andLamprotulasp.)

(Sup. Table 1 Uncorrectedp-distances among the delineated MOTUs witRionodularia

ranged from 4.1% (betweéh cf. japanensisl andP. cf. japanensis3) to 5.3% (betweeR. cf.



japanensi andP. cf. japanensis3) (Sup. Table 1

Previously tathis study, only one species bmprotulg i.e. L. gottsche(Martens, 1894)was
recognized in the study region, in South Koreay (Graf and Cummigs, 2019). In the present
study, we considdramprotula gottsche junior synonym ok. leaii, due to very low divergence

in COIl and morphological similarities between both species, following the opinion by Haas
(1969). Four species afamprotulawere present in our COI dataset, supported by all species
delineation method4:. leaii, L. caveata(Heude, 1877)an unknowrLamprotulaspecies (with
sequenced specimens having been identified aslbo#maii andL. caveatain the GenBank
databaseSup. Table 18 andL. seomjinensisomb. nov.from South Korea (Fig. 1&up. Table

13). The species previously nam@donodularia seomjinensis here reassigned to the genus
Lamprotulaas it falls within theLamprotulaspecies clade in both the COIl and COI + 28S
phylogenies.The endemic JapaneBeonodularia japanensis here divided into three potential
species, i.ePronodulariacf. japanensisl, 2, and 3 (Fig. 16Sup. Table 3). Future taxonomic
work is needed to resolve the validity and formally describe thetemtial species.

Five species from these two genera are present in the study area atletulaleaii is widely
distributed from Vietnam in the south to China and Korea in the nortteomjinensisomb.

nov. is restricted to the Seomjingang Riv@asin in South Korea (Fig. 16; Sup. Table 13).
Pronodulariacf. japanensisl exhibits an interesting phylogeographic structure, with one clade
being restricted to southwest Japan in Kyushu and Honshu Islands, and the other clade being
restricted to Shikokisland and the west coast of Honshu Island to the north (Fig. 16; Sup. Table
13). Pronodulariacf. japanensis? is endemic to the central regions of Honshu Island (Fig. 16;
Sup. Table 13). Finallypronodulariacf. japanensis3 only occurs in northeastefonshu Island

(Fig. 16; Sup. Table 13).

ChamberlainiinBogan, Froufe&& LopesLima, 2017
This tribe contains only two genef@hamberlainiaandSinohyriopsigFroufe et al., 2020; Huang
et al., 2019 opesLima et al., 2017b). Our COI + 28S phylogenierieved a welsupported

clade with representatives of these two genera (Fig. 4).

SinohyriopsisStarobogatov, 1970

The genuddyriopsisConrad, 1853ensu lato was recently split inttyriopsissensu stricto (for

the Southeast Asian and Sundaland spgeiedSinohyriopsigfor specieseast of the Mekong

River basin)Zieritz et al, 2018). Both(ML and BI) COI phylogenies for th&inohyriopsiggenus
presented similar topologies, retrieving three clades that were defined as MOTUs by a consensus
of all speies delineation methods (Fig. 17). Two additional MOTWsre retrieved
Sinohyriopsisf. cumingii(Lea, 1852 andS.cf. cumingii3, but respective haplotypes were not

well resolved in the phylogeny (Fig. 17). Uncorregbedistances among the delineatdOTUs



ranged from 2.7% (betweedinohyriopsis schlegel{Martens, 1861andS. cf. cumingii 3) to

8.9% (betweers. goliath(Rolle, 1904)andS.cf. cumingiil) (Sup. Table 1 Of the five defined
MOTUSs, onlySinohyriopsis schlegelind one of the lingges ofS. cumingiihereS.cf. cumingii

1) are present in the study area. Until the late 1960s, it was thougBiribhyriopsis schlegelii

was the Japanese insular form of the mainland ASianumingii(Haas, 1969). Since then,
Sinohyriopsis schlegelihas been recognized as separate species and considered the single
Sinohyriopsisspecies endemic to Japan (Kondo, 2QGgesLima et al., 2017b). However, in

the early 1990sSinohyriopsigumingii(here the MOTLS.cf. cumingiil: Fig. 17) was introduced

to Lakes Biwa and Kasumigaura for the pearl industry, where wild populations established and
hybridized with the local endemi8. schlegeli(Shirai et al., 2010). It is thought that only the
specimens from Lake Anenuma in north Honshu currently reprpseinohyriopsischlegelii

(Shirai et al., 2010)Since no morphological specimensSifiohyriopsisf. cumingiil, 2 and 3

were available to us, we refrained from further evaluating the taxonomic status of these lineages.
Curiously, Sinohyriopsisschigelii from Japan is more closely related to its Viethamese
congeneri&inohyriopsis goliatiiRolle, 1904)comb. nov.thanto the Chinese, Yangtze Riv8r
cumingiilineages (Fig. 17)Sinohyriopsis goliathpreviously considered a junior synonymSof
cumingii (Dang et al., 1980), is here erected from a synonym to a valid species (Fig. 17; Sup.
Table 14).

3.2. Biogeography

The Unionidae species richness of Far East Asia is considerably higher than previously assumed,
counting at least 43 rather than B@epreviously recognized species (Graf and Cummings, 2019;
MolluscaBase, 2019). A soutlorth gradient of decreasing species diversigppgarentcross

the study area. Japan is the country with the highest native species richness totalling 26 species,
of which 20 are endemic (when considering the tiresnodulariacf. japanensisMOTUs as

valid species) (Table 3). A lower richness is observed in South Korea with 16 native and 8
endemic species (consideriNgdulariasp. 1), and in Russia (East of Trarigbhba and the Lena

River basin) with only 10 native, and no endemics (Table 3).

Phylogeographic patterns of Unionidae in Japan largely follow those described in several groups
of freshwater fish (e.gNishimura, 1980; Watanabe, 2012). For example, théheastern
southwestern division, a major biogeographical boundary identified for the Japanese freshwater
fish fauna, is also seen in elgversiunioand Nodularia (Figs. 6 and 9), whilan eastvest
separation is seen in other genera, BujdowskisandBeringiana(Figs. 6 and .

The Korean Peninsula is also an area of high levels of endemism. Biogeographic patterns here are

difficult to interpret, however, probably because this region acts as a contact zone of several



distinct mussel faunas, includinigat of Russia to the north, the Yellow River basin in China to

the west and Japan to the south. This pattern isdeelimented for fish taxa (e.§ishimura,

1980; Mizuno,1987)but again poorly understood for freshwater mus<&istaria plicataand
Nodularia douglasiaepresent wide distributions, suggesting Japanese colonization via the
repeated connection of the Koredapan land bridge since at least the Miocene (Tominaga et al.,
2016). On the other hand, it is difficult to point towards a clear titreof expansion for other
freshwater mussel taxa, eBuldowskiaiwakawaicomb. nov.or Sinanodonta lautawhich are

present on both sides of the Korea Strait (Figs. 6 and 10). The biogeographic connections between
the Korean Peninsula and the Amur &nnorye in Russia, and the Yellow River basin in China,

are more unclear due to the lack of data from North Korea and China.

4. Taxonomic account

Family Unionidae Rafinesque 1820

Subfamily Unioninae Rafinesque, 1820

Comments: This subfamily includes deast nine tribes, five of which in the study aties,
AculamprotuliniHuang & Wu, 2019Cristariini LopesLima, Bogan& Froufe, 20Z%,
LanceolariiniFroufe, Loped.ima & Bogan, 2017, Nodulariini Bogatd Zatravkin, 1987 and
Middendorffinaiini LopesLima, Bolotov & Bogartrib. nov.

Distribution: Africa, Europe, Asia, North America

Tribe Cristariini LopesLima, Bogan & Froufe, 2017

Type GenusCristaria Schumacher, 1817

Type SpecieCristaria tuberculataSchumacher, 1817 Gristaria plicata(Leach, 184)
Comments: This tribe includes seven genefaeminaHaas, 1969Amuranodonta
Moskvicheva, 19738BeringianaStarobogatov in Zatvekin, 1983 BuldowskiaMoskvicheva,
1973 Cristaria Schumacher, 181 PletholophusSimpson, 1900andSinanodontaModell,
1945.

GenusBeringiana Starobogatov in Zatrawkin, 1983

Type SpeciesBeringiana beringiangMiddendorff, 1851)

Comments: This genus includes four speci@gringiana beringiangMiddendorff, 1851),
Beringiana japonicgClessin, 184}, and two species heresibeibed,Beringiana fukuharai

Sano, Hattori & Kond@p. nov.andBeringiana gosannensano, Hattori & Kond@p. nov.

Beringiana fukuharai Sano, Hattori & Kondo sp. nov.
Type locality: Nishida (34.074IN, 135.5396E), Yagicho, Nantan City, Kyot®refecture



Japan.

Type material: Holotype: OMNHMo 39101 Osaka Museum of Natural History, Jap88;5

mm x 48.9 mm x 29.1 mnfFig. 18A) collected at Nishida (34.074M, 135.5396E), Yagr

cho, Nantan City, Kyoto Prefecture on October 15, 1894helate Dr. Shuuichi Fukuhara.
Paratypes3 specimens (OMNHMo. 39102 to 39104) collected at the type locality on the same
day, bythe lateDr. Shuuichi Fukuhara.

Etymology: This species is dedicated to the late Dr. Shuuichi Fukuhara for his contribution to
our knowkdge of Japanese freshwater mdus

Diagnosis: This new species differs from congeneric speciesBi.beringianaB. japonicaand

B. gosannensisp. nov.by having an ovate shell, versus the elongated ovate shells in the other
species. However, morplogical variation in shell shape very large in this species. So, for
some specimens, accurate species identification by morphology alone is sometimes difficult.
This new species is genetically distinct from the other congeneric spgaiedltiple fixed
nucleotide substitutions in the COI gene fragn{€id. 7 andSup. Table 1L

Description: Shell ovate, slightly inflated, medium in size, usually not exceeding 10 cm in shell
length; anterior margin rounded, posterior margin slightly angulated; umbteditatsabout
onefourth of shell length. Surface with concentric ridges; epidermis blackish, but greenish
brown in young shells. No cardinals or laterals; musclesseay shallow and faint; nacre
bluish-white.

Habitat and ecology:Inhabit sanemud to mudsubstrata in ponds and creeks.

Distribution: Kyushu and southern Honshu islands in Japan.

Beringiana gosannensi$ano, Hattori & Kondo sp. nov.

Type locality: Gosannen (39.3688, 140.5504E), Misatacho, Senhokigun, Akita
PrefectureJapan.

Type material: Holotype: OMNHMo 39089 (Osaka Museum of Natural Histaigpan; 69.3
mm x 38.1mmx 22.7mm) (Fig. 18) collected at Gosannen (39.3656 140.5504E),
Misato-cho, Senhokigun, Akita Prefecture on March 31, 1994 the late DrShuuichi
FukuharaPaimtypes: 3 specimens (OMNMo. 39090 to 39092) collected at the type locality
on the same dayy the late Dr Shuuichi Fukuhara.

Etymology: This species name is derived from the namin@fype locality.

Diagnosis: This new species differs from congenespecies, i.eB. beringianaB. japonicaand
B. fukuharaisp. nov.by presentinga more elongated and compressed sitedllso has a high
genetic divergence from othBeringianaspecies by multiple fixed nucleotide substitutions in
the COI gene fragmel(Fig. 7 andSup. Table L

Description: Shell elongate ovate, compressed, medium in size, usually not exceeding 10 cm in

shell length; anterior margin rounded, posterior margin slightly angulated; umbo situated at



about ondfifth of the shell length. Suaice with concentric ridges; epidermis brownish. No
cardinals or lateralsgidductormuscle scarvery shallow and faint; nacre bluish.

Habitat and ecology:Inhabit sanemudto mud substrata in ponds and creeks.
Distribution: Western coastal basins of Hondklandin Japan.

GenusBuldowskiaMoskvicheva, 1973

Type SpeciesBuldowskia suifunicélLindholm, 1925)

Comments: This genus includes five speci@jldowskiaflavotincta(Martens, 1905),
Buldowskiashadini(Moskvicheva, 1978 Buldowskia suifunicéLindholm, 1925), one species
reassigned from the genAsodonta i.e. Buldowskia iwakawaiSuzuki, 1939fomb. nov, and

one species here described, Baldowskia kamiyaBano, Hattori & Kond@p. nov.

Buldowskia kamiyaiSano, Hattori & Kondo sp. nov.

Type locality: Marumoricho (37.9212N, 140.7504E), Miyagi PrefectureJapan.

Type material: Holotype OMNHMo 39097 Osaka Museum of Natural History, Jap&8;3
mmx 31.0mmx 21.3mm) (Fig. 18C) collected at Marumortho (37.9214N, 140.7504 E),
Miyagi Prefecture on February 3, 2008 the lateDr. Shuuichi Fukuhard&aratypes: 3
specimens (OMNHMo. 39098 to 39100) collected at the type locality on the saméebgldlge

late Dr. Shuuichi Fukuhara

Etymology: This species is dedicated to the late Mr. Satiiaimiya for his contribution to our
knowledge of Japanese freshwater mddéus

Diagnosis:This species is related to the congenBriowakawai(Fig. 6), but differed from it in
shell shape; elongated witimelevated umbonal areaB iwakawaj but ovage withaless
elevated umbonal areaB kamiyai It also has a high genetic divergence from other
Buldowskiaspecies by multiple fixed nucleotide substitutions in the COI gene fragfignt
andSup. Table 1

Description: Shell ovate, slightly inflat, medium in size, usually not exceeding 13 cm in shell
length; anterior margin rounded, posterior margin short and blunt, dorsal and ventral lines
nearly parallel; umbo situated near the eeat thedorsal line, slightly elevated; epidermis dark
brown.No cardinals or laterals; muscle sseery shallow and faint; nacre bluish.

Habitat and ecology:Inhabit sanemuddy to muddy substrata in ponds and creeks.

Distribution: Northeastiver basins of Honshlslandin Japan.

Tribe Middendorffinaiini Lopes -Lim a, Bolotov & Bogantribe nov.
Type GenusMiddendorffinaiaMoskvicheva & Starobogatov, 1973
Type Speciesvliddendorffinaia mongolicgMiddendorff, 1851)

Description: shell shape is elongate oval. Umbo sculpture is elongated wavy ridges or knobs,



weakly pesent in adult specimens. Pseudocardinal teeth are thickened, with the two teeth in the
left valve united. Pappilae in the incurrent aperture elongate slender and in two to three rows.
Based on COI sequence datadulariaandMiddendorffinaiaare separatend distinct clades
(Klishko et al., 2019). Molecular data presented I(€@I and 28Syonfirms that
Middendorffinaiaforms a clade separate frddodulariaandUnio (see Fig. 3).

Diagnosis:shell shape similar thodulariaandUnio crassusumbo sculpturén

Middendorffinaiais elongate wavy ridges whilodulariahas Wshaped ridges or large
chevron,Unio crassusas short or elongated wavy elevations frequently absent.
Middendorffinaiahas heavier pseudocardinal teeth in comparisonMittouglasiaeandU.
crassuswhich have thin lamellar pseudocardinal teeth and those in the left valve are separate.
Both MiddendorffinaiaandN. douglasiadave pappilae present on the incurrent and excurrent
apertures, but). crassudacks papillae in the excurrent apgg. InMiddendorffinaiathe

papillae of the incurrent aperture are elongated, simple and in two to three rowslwhile
douglasiaeare weaklydeveloped short, conic and in a single rdledulariahas knobs or

bumps at the base of papillae in the interioface of the excurrent aperture on a dark
background. These bumps are missing from MittdendorffinaiaandU. crassusUsing CO
sequence datdiddendorffinaiaandNodulariawere confirmed as separate genera (Klishko et
al. 2019). Our molecular data pemted here confirms three separate cladasddularia, Unio
andMiddenforffinaia recognized as separate clades and tribes (see Fig. 3).

Comments: This tribe includes only the monotypic gerigldendorffinaiaMoskvicheva &
Starobogatov, 1973.

Distributi on: East Asian Russia and China, including the Amur Basin and other coastal basins.

Tribe Nodulariini Bogatov & Zatrawkin, 1987

Type GenusNodulariaConrad, 1853

Type SpeciedNodulariadouglasiag Griffith & Pidgeon, 1833)

Comments: This tribe includeshe type genublodularia, CuneopsisSimpson, 1900,
InversiunioHabe, 1991andSchistodesmuSimpson, 1900

Distribution: China and East Asia in the Korean Peninsula, Japan, and Russia.

Nodularia breviconcha_ee, Kim, Bogan & Kondonom. nov.

= Unio douglaiaevar. sinuolatusMartens, 1905: 558 (necUnio sinuolataKister, 1833: pl. 5,

fig. 5).

Typelocalty: A FIl uC Naewingang bei Hat a Algvgsgetan, 23 0 m,
der MUndung des westlishen Zuflusses des Imjingang, 6 km von Ichhén,iPvinKk a n g w® nd o 0
[Korea] (Martens 1905:58).

Etymology: The new name for this species is derived from the relatively small size of the shell.



Comments: Unio douglasiaevar. sinuolatusMartens, 1905 is a primary junior homonym
preoccupied byJnio sinuolataKister, 1833 Nodularia brevichonchaom. nov.is proposed as
a replacement name fok. d. var.sinuolatusMartens, 1905. The senior homonyinio
sinuolataKister, 1833 is recognized today as a junior synonybnid crassushilipsson,
1788 (Haas, 1969).

Distribution: Nodularia breviconch@om. nov. is endemic to the Korean Peninsula

Subfamily GonideinaeOrtmann, 1916

Comments: This subfamily includes at least five tribes, three of which in the studyiarea,
ChamberlainiinBogan, Froufe&& LopesLima, 2017 GonideiniOrtmann, 1916, and
Lamprotulini Modell, 1942

Distribution: North Africa, Europe, Asia, North America

Tribe Gonideini Ortmann, 1916

Type GenusGonideaConrad, 1857

Type SpeciesGonidea angulatdlea, 1838)

Comments: This tribe includes aehst nine generthreeof which are represented in the study
area,nversidendHaas, 19110QbovalisSimpson, 1900, andoreosolenaid_ee, Kim, Lopes

Lima & Bogangen. nov.

GenusKoreosolenaid_ee, Kim, LopesLima & Bogan gen. nov.

Type SpecieKoreosol@maia sitgyensitee, Kim, Loped.ima & Bogangen. & sp. nov.
Comments: This tribe contains only the type spedi&seosolenaia sitgyensgen. & sp. nov.
Etymology: This genus name is a combination of the type locality country, i.e. Kooeag|,
its elorgated or tubular shaped]er), and naiadr(aia).

Diagnosis:The same as fordtype species (see belaw)

Distribution: The same as fordtype species (see below)

Koreosolenaia sitgyensisee, Kim, LopesLima & Bogan gen.& sp. nov.

Type locality: Dalcheon StreanfHangang River Basin(86.931019°N 127.931339°EJalmi
myeon, Chungjsi, South Korea.

Type material: Holotype: NNIBRIV28166 (Nakdonggang National Institute of Biological
ResourcesSouth Korepa(Fig. 18) collected aDalcheon Stream (36.2819°N
127.931339°E), Salminyeon, Chungjtsi, South Koreabn 26 August2019,by Dr. Sang Ki
Kim. Paratypse: South Korea: Dalcheon Stream, Salmyeon, Chungjsi, 36.931019°N
127.931339°E, 26.viii.2019, 6 specimehdN(BR-1VV28167, 28168, 2817ANCSM-11344],
113452,113453, Sang Ki Kim, JiHun Songand Seung Hyun Leeg. South Korea:



Pyeongchanggang River, Namyeon, Yeongwaebun, 37.203117°N 128.411598°E, 4.iv.2013,
1 specimen (NNIBRV28173), Sang Ki Kim and Byung Soo Chésg., South Korea: Dalcheon
Stream, Chilseongiyeon, Goesagun, 36.774166°N 127.841504°E, 17.ix.2012, 2 specimens
(NNIBR-1V28174; NCSM 1134514 Jin Hee Lee and Sang Ki Kiteg.

Etymology: The name of this species derived from the nanteeafildlife protection area
(Sitgye), its type locality.

Diagnosis:Koreosolenaia sitgyensgp. nov.differs from species withiRarvasolenaiai.e.P.
rivularis, andP. triangulariswhich havea straight dorsahargin ButK. sitgyensigen. & sp.
nov. andP. neotriangularishave a curved dorsalargin Koreosolenaiasitgyensigen. & sp.
nov.is distinguished fronf. neotriangularidy shell shape, which has a relatively short shell
length, height to length ratio ranged from 0.487 to 0.517 (vs 0.410 to 0.260 in
neotriangularis seeHe and Zhuag, 2013), high anterior margin and posterior end truncated.
Koreosolenaiasitgyensigen. & sp. nov.has a high genetic divergence fr@®arvasolenaia
species by multiple fixeducleotide substitutions in the COIl and 28S rRNA gene fragments
(Figs. 4 and 14Sup. Table 1

Description: Smaltsized mussel. Shell length 286D.6 mm, height 15i/80.6 mm, width 6.b
15.8 mm. Shelshapesubtriangular, elongated, inequilateral, narroameriorly, thin, rather
compressedAnterior end rounded. Dorsadargincurved, ventralmarginslightly concave.
Posterior end truncated, broader thtlamanterior end. Umbo not prominent, slightly elevated,
placed near anterior end. Surface smooth, with obscure radial ribe posterior slope,
posterior ridge narrowly roundeperiostracum lighbrown to black, young shells greenish
brown. Hinge slightly elevated. PseudocardirddsentNacre bluishwhite.

Habitat and ecology:Gaps between stones or gravel and rocky bottom substrate in medium,
flowing rivers.

Distribution: Uppe reaches of the Hangang, Geumgang, Seomjingang, and Nakdonggang
River basins in South Korea.

5. Conclusions

The phylogenetic and taxonomic results of the present study represent a sigadfi@arce in

terms of delineating taxa and areas of consematnportance for the Far East Unionidae. For
example, species from the gendrauranodontaObovalis Koreosolenaiagen. nov, and
Middendorffinaiaare phylogenetically unique and of special conservation concern. Given that
the conservation status assessta and legal protection policies generally use species as units,
the redefinition of species boundaries and distributions presented here should be considered for
future assessments and legal protection claims. For example, the conservation statys of newl

described and recognized species, e.g. wBeiringiang BuldowskiaandCristaria, should



now be evaluated independently with smaller ranges.

The study also highlights important diversity hotspots that should be prioritized for
conservation. For exanglthe Honshu, Kyushu and Hokkaido islands in Japan, and the Korean
Peninsula are areas of high species richness, high endemism and dramatic habitat loss for
freshwater mussels, and therefore urgently require conservation attention. Other areas, such as
the East Russian range, seem to be of less concern in terms of Unionidae conservation at the
moment considering the general wider range of species and lower intensity of human pressure.
The present study is an excellent baseline for future research. Thdutaie studies including
comprehensive field surveyisvestigations ofmuseuncollectionsand molecular phylogenies

based on high throughput molecular data are needed to confirm our classification and
assessment of species richness of the Unioniddmsafegion, assess the conservation status of
these species and potentially identify additional taxonomic unitglésarve legal protection.
Patterns of Unionidae diversity and distribution presented here will additionally be valuable for
future biogeoraphic works and delineation of protected areas for freshwater molluscs and

freshwater taxa in general.
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Figure 1. Map of the study area shaded in black. White dots reprdssiotation ofnewly
sequenced individuals or those previousguencesvith accurate GPS coordinates.
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Figure 2. Bayesian consensus tree inferred from the combined cytochrome ¢ oxidase subunit | +
28Sribosomal RNA gene fragments. The values above and beldwahehesndicate

Bayesian posterior probability percentage and Maximum Likelihood ultrafatdtiap values,
respectively. Values over 95% are represented by an asterisk. Each subfamily was collapsed for
pictorial purposes.
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Figure 3. Uncollapsed Unioninae clade (labeled 1) fromBlagresian consensus tree inferred

from the combined cytochromeogidase subunit | 28Sribosomal RNA gene fragments

depicted in Fig2. The values above theanchesndicate Bayesian posterior probability



percentage/Maximum Likelihood ultrafast bootstrap values. Values over 95% are represented

by an asterisk and tee <50% erased for clarity. Colour of the sequence codes refer to

specimens collected in Japan (greamd Korea (blue)
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Figure 4. Uncollapsed Gonideinae clade (labeled 2) fromBhagesian consensus tree inferred

from the combined cytochrome ¢ oxidas#unit | +28Sribosomal RNA gene fragments

depicted in Fig2. The values above tlianchesndicate Bayesian posterior probability

percentage/Maximum Likelihood ultrafast bootstrap values. Values over 95% are represented

by an asterisk and those <5@%¥ased for clarity. Colour of the sequence codes refer to

specimens collected in Japan (green), Korea (blue), and Russia (red).
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Figure 5. Bayesian Inference (Bl) and Maximum likelihood (ML) phylogga treeinferred

from the cytochrome c oxidase sulitu (COIl) gene fragmenspecies delineation of
Aculamprotulaspeciesand distribution map dkculamprotulaspecies present in the study area
Support values above the branches are percent posterior probabilities/Ulmafagaps.

Vertical bars coespond to molecular operational taxonomic units by various species
delimitation methods: red TCS (95%) greeni ABGD; bluei BINS of BOLD; andblacki
consensus. Support valued5% for both phylogenetic analyses are represented by an asterisk,
support alues <50% and those within each recognized MOTU were erased for clarity.
Distribution map ofAculamprotula coreanahowsthe original distributionin main river basins
shaded irblue; dark blue, extant distribution; light blue, extirpated randpte dos, newly

sequenced individuals.



Figure 6. Bayesian Inference (Bl) and Maximum likelihood (ML) phylogenetic inéerred

from the cytochrome c oxidase subunit | (COI) gene fragnspetcies delineation éfnemina

sensu lato species (genémaemina Amuranodonta andBuldowskid, and distribution magof

species present in the study ai®apport values above the branches are percent posterior
probabilities/ultrafasbootstrapsVertical bars correspond to molecular operational taxonomic
units by variouspecies delimitation methods: redCS (95%) greeni ABGD; bluei BINS

of BOLD; andblacki consensus. Support valued5% for both phylogenetic analyses are
represented by an asterisk, support values <50% and those within each recognized MOTU were
erase for clarity. Distribution maps of each species depict the potential distribution across the

main river basins in shaded colors, white dots represent newly sequenced individuals.



