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Abstract 18 

Corbicula clams were introduced during the 20th century into America and Europe, where they became 19 

notoriously successful invaders with a widespread, global distribution. Their ability to reproduce clonally through 20 

androgenesis (“all-male asexuality”) has been determinant in their invasive success, with only four invasive clonal 21 

lineages detected across Europe and America, one of which is very abundant and widespread on both continents. 22 

Due to their “all-male asexuality” and egg parasitism between distinct lineages, the evolutionary and geographic 23 

origins of the invasive androgenetic lineages have been challenging to identify. We analyzed here the patterns of 24 

allele sharing for different molecular markers among Corbicula individuals collected worldwide. We identify three 25 

distinct genetic pools containing androgenetic Corbicula lineages. While one sexual Corbicula species forms a 26 

distinct fourth genetic pool, the other sexual lineages cluster with the androgenetic ones based on shared alleles. 27 

One genetic pool contains most androgenetic lineages and sexual C. sandai from Lake Biwa in Japan, pointing to 28 

this lake as a likely origin of androgenetic Corbicula lineages. Although three distinct biogeographic origins of 29 

Corbicula androgenetic lineages have been identified, their recent radiation and cross-lineage genetic mixing 30 

hamper classical species delimitation within this clam genus.  31 
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Introduction 34 

 Androgenesis (also known as “all-male asexuality”) is an unusual reproductive mode in which the offspring 35 

inherits their entire nuclear genome from the gametes of their father only. Either maternal nuclear chromosomes 36 

are discarded from eggs, or oocytes are already ‘non-nucleated’ prior to fertilization (reviewed in Schwander & 37 

Oldroyd, 2016). The clam genus Corbicula is the only metazoan clade in which obligate androgenesis has been 38 

identified, with multiple lineages globally distributed and for which the underlying cytological mechanism is well 39 

described (Komaru et al. 2000; Ishibashi et al. 2002, 2003; Ishibashi & Komaru, 2006; Hotta & Komaru, 2018). 40 

Androgenetic Corbicula clams are hermaphroditic and produce offspring after fertilization of a congeneric oocyte 41 

by a biflagellate, unreduced sperm or through self-fertilization (Kraemer et al., 1986). The oocyte then undergoes 42 

an abnormal meiosis in which the rotation of the meiotic axis does not occur and all the maternal nuclear 43 

chromosomes are discarded from the egg as two polar bodies (Komaru et al. 2000; Hotta & Komaru, 2018). The 44 

zygote therefore inherits the mitochondria from the oocyte and the nuclear genome from the sperm (reviewed in 45 

Pigneur et al., 2012). Besides the hermaphroditic androgenetic lineages, sexual lineages are also found within the 46 

genus Corbicula and can occur in sympatry with androgens. Sexual Corbicula lineages appear to be dioecious, 47 

producing reduced, uniflagellate sperm prior to fertilization (Glaubrecht et al., 2006).  48 

Although androgenesis can be considered sexual from a functional and ecological perspective (eggs and sperm 49 

are required and fertilization does occur, albeit without karyogamy), androgenesis is asexual from a genetic point 50 

of view since the entire paternal nuclear genome is transmitted clonally. However, the retention of sexual features 51 

(i.e., meiosis and fertilization) in Corbicula clams results in egg parasitism with mitochondrial and/or nuclear 52 

capture (Hedtke & Hillis, 2011). Indeed, when androgenesis occurs between distinct genetic lineages of Corbicula, 53 

the nuclear genome of one lineage becomes associated with the mitochondria of another lineage, resulting in egg 54 

parasitism (characterized by “cytonuclear mismatch”) and increasing the diversity of mitochondrial sequences 55 

within a lineage (Figure 1a) (Lee et al., 2005; Hedtke et al., 2008; Pigneur et al., 2012). Moreover, in some cases 56 

(never quantified), maternal nuclear chromosomes may be partially retained and both maternal and paternal nuclear 57 

chromosomes inherited by the offspring resulting in an increased ploidy (Figure 1b) (Komaru et al., 2006). Such 58 

nuclear capture events, if they occur among Corbicula lineages, may generate nuclear diversity in otherwise 59 

asexually reproducing lineages (Hedtke et al., 2011) and may have contributed to polyploidy and genetic 60 

divergence among androgenetic Corbicula lineages (Pigneur et al., 2014; Schwander & Oldroyd, 2016).  61 

Altough Corbicula clams are native to Africa, Asia, Australia and the Middle East (Araujo et al. 1993), sexual 62 

Corbicula lineages have very restricted geographic distributions: Corbicula sandai is endemic to Lake Biwa in 63 
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Japan, Corbicula japonica is restricted to East Asian brackish water and a few sexual Corbicula lineages are 64 

restricted to Indonesia (Glaubrecht et al. 2006; Yamada et al., 2014). By contrast, androgenetic Corbicula have a 65 

widespread distribution across Asia and are successful invasive lineages in Europe, North America and South 66 

America where they have been introduced during the 20th century (Lee et al., 2005; Hedtke et al., 2008; Pigneur 67 

et al., 2014; Gomes et al., 2016). The ability of several Corbicula lineages to reproduce through androgenesis and 68 

to self-fertilize (Kraemer et al., 1986) has likely facilitated such a large and rapid spread. However, only few 69 

distinct invasive Corbicula lineages have been detected in the invasive range, all of them androgenetic. For 70 

instance, three invasive morphotypes have been reported from America: form A and form B from North America 71 

and form C from South America (Siripattrawan et al. 2000; Lee et al. 2005). In Europe, three distinct morphotypes 72 

have also been described: form R, form S and form Rlc (Renard et al. 2000, Pfenninger et al. 2002, Marescaux et 73 

al. 2010). These invasive forms appear to exhibit virtually no genetic diversity over their invasive range at all the 74 

nuclear and mitochondrial markers tested (Hedtke et al., 2008; Pigneur et al., 2014; Gomes et al., 2016), and seem 75 

to possess only four, unique mitochondrial COI haplotypes (Pigneur et al., 2012, 2014): haplotype FW5 (form 76 

A/R), haplotype FW17 (form C/S), haplotype FW1 (form B) and haplotype FW4 (form Rlc). As the latter two 77 

only differ at one SNP in COI, they were referred to as RlcB by Peñarrubia et al., 2017; however, we still 78 

distinguish these two forms in our present work because of their very distinct microsatellite genotypes and their 79 

different morphologies (Pigneur et al. 2014). When distinct invasive lineages are found in sympatry, cytonuclear 80 

mismatches and hybrids are often detected (Lee et al., 2005; Hedtke et al., 2008; Pigneur et al., 2012, Peñarrubia 81 

et al., 2017; Bespalaya et al., 2018). The fourth form (“form D”) described in North America (Tiemann et al. 2017) 82 

may also be a hybrid between form A/R and form B, as the morphotype is intermediate between these two forms, 83 

the COI being from form A/R (Siripattrawan et al. 2000; Pfenninger et al. 2002; Lee et al. 2005; Pigneur et al. 84 

2011a) and the 28S being found in form B (Hedtke et al. 2008) as well as in Asia (Komaru et al. 2013). 85 

This low diversity found in invasive Corbicula lineages is thought to result from the recent introduction of 86 

few individuals (in the 1920’s in America, in the 1980’s in Europe) and their rapid expansion through androgenetic 87 

reproduction (Mouthon, 1981, McMahon, 1892, Pigneur et al., 2014; Gomes et al., 2016; Bespalaya et al., 2018). 88 

In contrast, androgenetic Corbicula from Lake Biwa in Japan (native area) are characterized by a high genetic 89 

diversity, comparable to that of sexual Corbicula lineages (Pigneur et al., 2014). This could be the consequence 90 

of genetic captures by androgenetic lineages in the native range where many lineages co-occur, or indicate multiple 91 

transitions to asexuality from sexually reproducing populations (e.g. in ostracods, Bode et al., 2010; in Timema 92 

stick insect, Schwander & Crespi, 2009; van der Kooi & Schwander, 2014), or both. 93 
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Studies investigating the genetic relationships within the genus Corbicula using mitochondrial and/or nuclear 94 

phylogenies found that androgenetic Corbicula lineages are non-monophyletic (Hedtke et al., 2011; Pigneur et al. 95 

2011a, 2012, 2014; Peñarrubia et al., 2017). These observations could be explained either by a single origin of 96 

androgenetic Corbicula lineages, followed by independent nuclear capture events between sympatric lineages or 97 

by multiple, independent origins from diverse sexual lineages similarly followed by nuclear captures. Hedtke et 98 

al. (2011) proposed, based on phylogenetic reconstructions using nuclear markers, a common origin for the 99 

invasive androgenetic Corbicula lineages likely from a C. sandai ancestor based on the sharing of a common 100 

allele. The same authors suggested a second origin of androgenesis for the invasive form C/S since this lineage 101 

appeared to group with Corbicula moltkiana from Indonesia across their phylogenies. However, in the COI 102 

phylogenies of Pigneur et al., form C/S clustered with C. australis (2011a) or with C. fluminalis africana (2014). 103 

These phylogenetic discordances due to egg parasitism and hybridization among Corbicula species, have until 104 

now hampered the investigation of phylogenetic relationships between androgenetic and sexual Corbicula lineages 105 

(see Hedtke & Hillis 2011; Hedtke et al. 2011; Pigneur et al., 2012, 2014). Moreover, the origin of androgenetic 106 

lineages is not resolved yet.  107 

In the present study, the relationship among Corbicula lineages with different reproductive modes was 108 

investigated using haplowebs (Flot et al., 2010), an allele sharing-based approach to species delimitation that can 109 

delineate species regardless of their monophyly or lack thereof (Flot 2015). Haplowebs delineate fields for 110 

recombination (FFRs, Doyle 1995), i.e. groups of individuals that share a common allele pool (AP) distinct of 111 

those of other such groups. This method not only enabled us to study genetic relationships in Corbicula but also 112 

to pinpoint the origin of specific alleles and the genetic captures that have occurred between distinct lineages. The 113 

specimens used in this study were obtained from the worldwide distribution of Corbicula, focusing our sampling 114 

efforts on regions where there are multiple morphologically and genetically diverse Corbicula lineages, including 115 

sexual ones (C. sandai from Lake Biwa, estuarine C. japonica in Japan, and C. loehensis, C. possoensis, C. 116 

matannensis and C. moltkiana from Indonesia). Moreover, we also sampled co-occurring sexual and androgenetic 117 

Corbicula individuals, which is a critical source of information since sympatric populations including sexuals are 118 

putative hotspots for the origin of new asexual lineages (Simon et al., 2003).  119 
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Material and methods 120 

Specimen collection and characterization of reproductive mode.  121 

A total of 447 individuals from 48 distinct localities were collected across the geographic range of Corbicula, 122 

including both native and invasive areas (see Table S1) and preserved in 96% ethanol. Native Corbicula 123 

populations are defined here based on the sampled geographic localities. However, since invasive Corbicula 124 

lineages encompass a wide geographic distribution both in Europe and America, they are referred to as the four 125 

invasive forms (A/R, B, Rlc and C/S) previously described (Pigneur et al., 2014). 126 

The reproductive mode of invasive individuals was determined based on spermatozoa morphology (as in 127 

Pigneur et al., 2014) under the assumption that androgenetic individuals produce biflagellate sperm while sexual 128 

clams produce uniflagellate sperm (Komaru & Konishi, 1999). Owing to the very little genetic diversity observed 129 

within invasive lineages in previous studies (Lee et al., 2005; Hedtke et al., 2008; Pigneur et al., 2011a, 2014), we 130 

analyzed less than 10 individuals from each invasive form for further genetic analyses.  131 

For samples collected in Corbicula’s native range, the lineage identity was based on mitochondrial haplotype 132 

or on the literature. The reproductive mode was inferred from the sperm morphology when possible, from the 133 

literature available for the sampled population (lineage assignment and/or reproductive morphology) or, if these 134 

characteristics were indeterminate, classified as “undetermined”. We successfully retrieved sequences for at least 135 

one marker in a total of 348 individuals (Table S1). 136 

Genetic analyses.  137 

DNA isolation, markers amplification and sequencing.  138 

We extracted DNA either from the adductor muscles or from the foot using the DNeasy Blood and Tissue Kit 139 

(QIAGEN) following the manufacturer’s protocol. We sequenced four different markers: (1) a 545-bp fragment 140 

of the mitochondrial cytochrome c oxidase (COI) gene; (2) a 350-bp fragment of the nuclear 28S gene (28S); (3) 141 

a 623-bp fragment containing the third intron of the nuclear α-amylase gene (amy), and (4) a 341-bp fragment of 142 

the hypervariable putative intron of the α subunit of the adenosine triphosphate synthase (atps). PCR reactions for 143 

the four markers were carried out in a mix comprising 1-4 µl DNA, 1X Taq buffer (Promega), 0.2 mM nucleotides, 144 

0.3-0.5 µM of each primer and 0.1 unit of Taq polymerase (Promega) in a total volume of 25 µl. The PCR 145 

conditions and primers used for each marker are described in Supporting information 1. PCR products were 146 

purified and sequenced on an automated sequencer at Genoscreen (Lille, France) or Beckman Coulter Genomics 147 

(Bishop’s Strotford, United Kingdom).   148 
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Sequence editing, alignment and allele-sharing approach 149 

COI sequences were manually edited using BioEdit (Hall 1999) and tested for sample cross-contamination 150 

using AutoConTAMPR (https://github.com/jnarayan81/autoConTAMPR). Among the 182 individuals sharing 151 

haplotype(s) between different locations, 150 (82.4%) were included on this analysis, the COI sequences being 152 

not available for the remaining 32 individuals. No contamination was detected among these tested shared 153 

haplotypes. 154 

The nuclear alleles were retrieved from the forward and reverse chromatograms of each individual as 155 

described in Fontaneto et al. (2015), including chromatograms from 24 individuals from Hedtke (2009) and Hedtke 156 

et al. (2011). These sequences were assembled and cleaned using Sequencher 4 (Gene Codes). For most 157 

individuals, direct sequencing of nuclear genes yielded chromatograms with double peaks as expected for 158 

heterozygotes. When the sequences contained numerous double peaks over the entire chromatograms, thereby 159 

indicating length-variant heterozygotes, the two alleles were inferred following the procedure of Flot et al. (2006) 160 

implemented in CHAMPURU 1.0 (Flot 2007). Individuals presenting chromatograms with only one double peak 161 

were resolved ‘by eye’, whereas those with a few double peaks, as expected for heterozygotes with alleles of 162 

identical lengths, were resolved statistically using SeqPHASE (Flot 2010) and PHASE (Stephens et al., 2001) by 163 

taking the known alleles of homozygotes and length-variant heterozygotes into account. Only allele pairs with a 164 

PHASE posterior probability ≥ 90% were retained in the analysis. The chromatograms from Hedtke (2009) and 165 

Hedtke et al. (2011) represented three to seven cloned PCR products per individual and were not expected to have 166 

a double peak; single mutations found in only one clone were not retained as they could be the result of PCR error 167 

rather than biological signal. 168 

The absence of chimeric sequences in our genetic dataset was confirmed by using Automated Chimaera tool 169 

(default parameters) in RDP4 (Martin et al., 2015), a program designed to detect DNA recombination patterns 170 

(data not shown). 171 

Since androgenetic Corbicula clams are predominantly triploid (e.g. Lee et al., 2005; Hedtke et al., 2008), up 172 

to three alleles per nuclear locus were expected. However, examination of the chromatograms did not reveal triple 173 

peaks. The same pattern was observed in previous studies using microsatellite data (except for one marker, Pigneur 174 

et al. 2011b) and in the distribution of sequences from cloned amplicons (Hedtke et al., 2011). It is nevertheless 175 

possible that the procedure used here underestimated allelic diversity if null alleles failed to amplify during the 176 

PCR step. To validate our approach, we sequenced some American (2), European (2) and Malagasy (1) individuals 177 
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using both cloning (done twice) and direct sequencing of PCR products: the consensus sequences obtained from 178 

cloning PCR products were identical to the sequences obtained from direct sequencing (data not shown). 179 

All sequences retrieved within our study or provided by Shannon Hedtke (Hedtke et al. 2011) were compared 180 

to the Genbank dataset and new sequences were deposited on Genbank (accession numbers listed in Table S2). 181 

Allele sequences were aligned using the online service of MAFFT version 7 (Katoh et al. 2017) with default 182 

parameters. Indels were treated as a 5th character state in downstream analyses. Sequences found only in the native 183 

range of Corbicula (Asia, Africa and Australia) were defined as “native alleles”, whereas sequences present in the 184 

invasive region were called “invasive alleles” regardless of whether they were also found in the native region.  185 

We investigated allele sharing using the haploweb approach (Doyle, 1995; Flot et al., 2010) (Figure S1). The 186 

online tool HaplowebMaker (https://eeg-ebe.github.io/HaplowebMaker/) was used to build the raw haplowebs, 187 

which are haplotype networks on which curves are added connecting haplotypes found co-occurring in 188 

heterozygous individuals. A group of haplotypes linked together by heterozygotes forms an exclusive allele pool 189 

(AP), the corresponding groups of individuals is called a field for recombination (FFR) (akin to species, Doyle 190 

1995). The haplowebs were edited manually for visualization and uniformity purposes: each FFR was represented 191 

in a different color. The numerous singletons (alleles encountered only once in the whole dataset) were not 192 

considered in the analysis since they are not informative about allele-sharing. For this, we used the “Remove 193 

singletons” option implemented on the program, and default settings for the other parameters. 194 

Based on the allele-sharing information per marker provided by HaplowebMaker, we did build a 195 

“conspecificity matrix” as in Debortoli et al. (2016) using the newly developed online CoMa tool (https://eeg-196 

ebe.github.io/CoMa/) with no calculation on heterospecific pairs (option 1), i.e. no value was given to absence of 197 

sharing. In this matrix, the conspecificity score for each pair of individuals is the number of markers for which 198 

these individuals belong to the same FFR. As the COI marker is haploid, no FFR could be defined for this marker; 199 

the score was thus based on whether individuals share the same haplotype or not (score 0 or 1). After computing 200 

the matrix, rows and columns were reordered to maximize the scores along the diagonal using the hierarchical 201 

clustering method implemented in the R package ‘‘heatmap3’’ (Zhao et al. 2014). FFRs appear as blocks along 202 

the diagonal with high conspecificity scores within the blocks (and lower scores among them except when hybrids 203 

are present). 204 

Alleles shared between Corbicula lineages were also summarized and visualized in a circular plot using the 205 

command-line version of Circos (Krzywinski et al., 2009). All individuals sampled were included in the Circos 206 

except C. australis (ZMB106607) from Australia and C. fluminalis cunnigtoni (ZMB170399) from Congo because 207 
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these lineages yielded sequences for only one (28S) out of the four markers. Thirteen distinct groups were manually 208 

defined in the Circos plot to highlight the allele-sharing patterns for all four markers (COI, 28S, amy and atps). 209 

The four invasive forms were considered as four distinct groups, as well as the brackish water sexual lineage C. 210 

japonica. Native populations were defined based on the sampled geographic localities (Japan, Lake Biwa, Hawaii, 211 

Madagascar, Indonesia, Vietnam and South Africa). Due to the low number of individuals sampled, we combined 212 

the few individuals from Korea, Taiwan, Thailand and Philippines with those from China, all together in a group 213 

named “Asia”. 214 

Genetic diversity 215 

Nucleotide diversity and haplotype diversity (π and Hd, respectively) were calculated as the percentage of 216 

variable sites between 2 sequences (i.e., uncorrected pairwise distance) using DNAsp (Librado & Rozas 2009). 217 

Gaps were however not considered, underestimating the diversity among COI haplotypes and nuclear alleles. 218 

Results 219 

Genetic clustering of Corbicula lineages 220 

We successfully sequenced 252 COI fragments comprising 58 distinct haplotypes that differed at 111 221 

polymorphic sites (Table S1). For 28S, sequences from 274 individuals were obtained (136 alleles that differed at 222 

97 polymorphic sites). We obtained amy sequences from 230 individuals (90 alleles at 195 polymorphic sites). 223 

Finally, we amplified atps sequences from 239 individuals, which grouped into 189 alleles with 199 polymorphic 224 

sites (Table S1).  225 

A relatively high haplotype diversity (Hd) but a low nucleotide diversity (π) was found in Corbicula (Table 226 

1), indicating many low-frequency, genetically similar alleles. Numerous singletons were observed for each 227 

nuclear gene (97 allele sequences out of 136 for 28S, 52 out of 90 for amy and 164 out of 189 for atps). Finally, 228 

for all three nuclear markers, most Corbicula individuals were heterozygous: based on 28S and amy, only 15% 229 

and 18% of all tested individuals respectively were homozygous (41/274 and 42/230) while 36% (85/239) were 230 

homozygous for atps. 231 

Based on the exclusive allele pools retrieved by the haploweb analysis, only four FFRs were delineated in 232 

Corbicula for all three nuclear markers on all tested individuals from a worldwide sampling, including sexual and 233 

androgenetic lineages (Fig. 2). The conspecificity matrix combining data from all four markers (28S, amy, atps 234 

and COI) and excluding only the individuals for which no shared haplotype was retrieved (n=316), also found four 235 

main blocks corresponding to the four FFRs of the haploweb (Fig. S3).  236 
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FFR1 represents the brackish sexual lineage C. japonica that had no shared alleles with any other lineage and 237 

therefore clustered separately for all three nuclear markers (Fig.2, black clusters). This was confirmed by the 238 

mitochondrial COI network (Fig. 2d) and by the conspecifity matrix (Fig. S3). FFR2 includes the androgenetic 239 

Corbicula lineages from Vietnam clustering separately for the three nuclear markers tested (Fig.2, pink clusters). 240 

The single Korean individual shared a 28S allele (Vt10a; Table S1) with the Vietnamese individuals and therefore 241 

clusters with FFR2 only in the 28S haploweb (Figure 2a). The clustering of androgenetic Corbicula lineages from 242 

Vietnam with the single individual from Korea was also found in the COI network (Fig. 2d). Single individuals 243 

from the putative sexual Indonesian lineages, C. moltkiana and C. tobiae, also cluster with androgenetic 244 

Vietnamese individuals in the amy haploweb and in the conspecificity matrix since they shared the α-amylase 245 

allele Vt1a; the other tested genes of these Indonesian lineages contained singletons (Table S1; Fig. 2b; Fig. S3). 246 

FFR3 contains the invasive androgenetic form C/S from Europe and South America and C. fluminalis africana 247 

from South Africa for both nuclear genes amy and atps (sharing exclusively the amy allele C1a and the atps allele 248 

U3b, Fig.2b, c, orange clusters; Table S1). In the 28S haploweb, only four individuals of form C/S clustered 249 

separately in FFR3 (Fig. 2a). The other C/S individuals and C. fluminalis africana clustered within FFR4 (Fig. 2a) 250 

because these C/S individuals shared 28S allele C2a with three individuals (both US and Europe) of form A/R 251 

from FFR4 (ccc7, xx11 and ggg2; Table S1) and another allele C2b with all C. fluminalis africana individuals. 252 

When removing these three form A/R individuals from the 28S haploweb analysis, a new FFR appeared containing 253 

only the invasive androgenetic form C/S and C. fluminalis africana (FFR3’, green, Figure S2). This highlights an 254 

apparent hybridization event between forms A/R and C/S. This separate clustering of Corbicula lineages C/S and 255 

C. fluminalis africana was also found in the conspecificity matrix (Fig. S3) and confirmed by the mitochondrial 256 

COI network (Fig. 2d). Finally, the largest FFR4 in the haploweb analysis included, for all the markers, the sexual 257 

lineage C. sandai from Lake Biwa, as well as androgenetic individuals across the entire geographic distribution of 258 

the genus Corbicula, notably China, Taiwan, Japan including Lake Biwa, Hawaii, the Philippines, Madagascar, 259 

Congo and three out of the four invasive forms (forms A/R, B and Rlc (Fig. 2, purple clusters). This is because a 260 

few alleles found in the invasive forms A/R, B and Rlc (AA10a and AB15b for 28S, AA10b and DB23b for amy 261 

and the AB12a atps allele) are widespread, being found in these distinct locations in Asia and Africa (Table S1). 262 

However, no cluster assignment for atps could be given to the invasive form Rlc or to the Indonesian individuals, 263 

as their alleles are all singletons, or to C. sandai, as we were unable to amplify its atps marker. The fourth block 264 

in the conspecificity matrix corresponds to this FFR4. The red zones outside the four blocks in the matrix (Fig. 265 

S3) represent allele sharing signatures between FFRs: zone A is representing individuals with shared 28S allele 266 
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between FFR3 and FFR4 as explained previously, zone B represents individual 266690 from Korea, sharing amy 267 

and atps alleles with C. sp. form A/R from FFR4 and the 28S allele Vt10a from FFR2. 268 

In the haploweb approach, the minor FFRs composed of only one or two isolated individuals were not 269 

considered further as they did not give information about allele sharing. 270 

Allelic distribution in the genus Corbicula 271 

The Circos plot is a graphical visualization of the alleles shared between Corbicula individuals. For visual 272 

purpose, only shared alleles with the four invasive forms are colored (Fig. 3). Only the sexual C. japonica clustered 273 

in a separate group (FFR1) in the Circos plot, highlighting the absence of allele sharing. Within and between the 274 

other groups, alleles are shared among taxonomically distinct Corbicula populations. Notable, the androgenetic 275 

Vietnamese individuals (FFR2, Fig. 2) have a shared allele with sexual Indonesian lineages as well as with one 276 

Korean individual (Fig. 3, Table S1). C. sp. form C/S shared alleles with C. fluminalis africana from South Africa, 277 

but a few alleles of invasive form C/S are also retrieved in the invasive form A/R (28S allele C2a) and in Lake 278 

Biwa individuals from FFR4 (amy allele U4b) (Fig. 3, Table S1). The other three invasive forms A/R, Rlc and B 279 

shared alleles with Corbicula individuals from 18 different locations from Asia and Africa (Table S1), including 280 

the sexual lineage C. sandai (Fig. 3). 281 

Alleles and COI haplotypes commonly found in the invaded range (28S AA10a, AA10b, AB11a, AB15b, 282 

yy12a, ggg2a; amy AA10b, Db23b; atps ggg2a, AB12a, yy12b; COI FW5 and FW1) were present in at least two 283 

locations within the native range (Table S1) where these loci were generally heterozygous for two nuclear markers, 284 

associated with an unshared native allele. Indeed 27.5% and 29.7% native individuals are heterozygous with a 285 

widespread “invasive” allele and a unique native allele for 28S and amy respectively. The alleles found only in the 286 

native range of Corbicula (both in sexual and androgenetic lineages), had very narrow geographic distributions, 287 

restricted to one sampling location (Table S1).  288 

Some of these widespread “invasive” alleles were also shared among the different invasive lineages: for the 289 

28S gene, allele AA10a is shared by forms A/R and Rlc and is also found in sexual C. sandai; for the amy gene, 290 

forms A/R and B share the widespread allele AA10b, also found in sexual C. sandai (as observed by Hedtke et al. 291 

(2011)); the widespread amy allele Db23b was found in form Rlc and Japanese populations (except Lake Biwa) 292 

while form Rlc and B shared amy allele Db22b (also found in Lake Biwa) (Fig. 3; Table S1). 293 

The Japanese sampling location Seta River-Lake Biwa, which included the sexual C. sandai, had a relatively 294 

high proportion of unique native alleles (12/15 haplotypes for COI, 52/54 for 28S, 26/31 for amy and 21/22 for 295 

atps; Table S1), but also encompassed alleles from the four invasive lineages (Fig. 3). In the other Japanese 296 
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locations tested (except where C. japonica is found), alleles from the three invasive forms A/R, Rlc and B were 297 

found (Fig. 3). 298 

Discussion 299 

 Within the clam genus Corbicula, the sexual and androgenetic lineages are characterized by different 300 

reproductive, morphological and ecological features which have been used to delimit species (Glaubrecht et al. 301 

2003, Korniushin 2004, Lee et al. 2005, Rintelen & Glaubrecht, 2006, Marescaux et al. 2010). However, 302 

phylogenetic analyses using mitochondrial and nuclear genetic markers obtained incongruent relationships 303 

between these morphologically identified Corbicula species due to low bootstrap support and discordance between 304 

trees (see Hedtke et al. 2008, 2011; Pigneur et al. 2011a, 2012, 2014). The Corbicula taxonomy and the specific 305 

status of most freshwater lineages are therefore still debated and there is no consensus on how to name a particular 306 

Corbicula lineage. Even the traditional nomenclature of the four invasive androgenetic lineages, referring as form 307 

A/R, form B, form Rlc and form C/S (Siripattrawan et al. 2000; Lee et al. 2005, Marescaux et al. 2010) is 308 

challenged by some authors (form RlcB, Peñarrubia et al., 2017; form D, Tiemann et al. 2017). The haploweb 309 

approach used here, delineating groups of shared alleles on a worldwide sampling dataset of Corbicula, including 310 

many sexual and androgenetic lineages, found only four genetic clusters (or “fields for recombination”) within this 311 

genus (Fig. 2 and S3). One genetic cluster, FFR4, includes the sexual species C. sandai from Lake Biwa and both 312 

native and invasive androgenetic lineages (Fig. 2 and S3). These results highlight the cross-species genetic mixing 313 

and introgression events in the clam genus Corbicula hampering taxonomic species delimitations. Indeed, 314 

androgenesis in Corbicula results in hybridization and mitochondrial capture events, causing gene tree 315 

incongruences (Pigneur et al., 2011a, 2014; Hedtke & Hillis, 2011; Hedtke et al., 2011, Peñarrubia et al., 2017, 316 

Bespalaya et al., 2018) and pooling species within a same genetic cluster (Fig. 2, Fig. 3S). We therefore prefer to 317 

use the term “lineage” instead of species in Corbicula. While we cannot identify genetically distinct species in 318 

Corbicula, the allele sharing information obtained here can elucidate the geographic origin of androgenetic 319 

Corbicula lineages and reveal the recombination processes ongoing in androgenetic Corbicula. 320 

Distinct biogeographic origins of androgenetic Corbicula lineages 321 

Phylogenetic trees suggested separate geographic origins for the invasive lineages, with form A originating in 322 

Japan, forms B and Rlc from the Asian mainland (China, Korea, Vietnam) and form C from a C. moltkiana-like 323 

ancestor from Indonesia, although form C/S also clustered with other Corbicula lineages depending on the marker 324 

used (Siripattrawan et al. 2000, Park & Kim, 2003, Lee et al. 2005, Hedtke et al. 2011, Pigneur et al., 2014).  In 325 

this study, the haploweb approach and the conspecificity matrix gave consistent results for all markers tested. 326 
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Indeed, the haploweb approach applied on the nuclear markers found that all studied androgenetic Corbicula 327 

individuals cluster into three distinct genetic groups (Figures 2 & S3). Moreover, while C. japonica formed a 328 

distinct fourth genetic pool (confirmed by the COI network and the COI phylogenies, Fig 2d, Lee et al., 2005 329 

Glaubrecht et al., 2006; Hedtke et al. 2008, Pigneur et al., 2014; Bespalaya et al. 2018), all the other tested sexual 330 

lineages (C. sandai from Japan and C. loehensis, C. possoensis, C. matannensis and C. moltkiana from Indonesia, 331 

Table S1) clustered with androgenetic lineages. Our analyses therefore suggest at least three distinct biogeographic 332 

origins of androgenetic lineages within the genus Corbicula. First, a Southeastern Asian origin for the Vietnamese 333 

androgenetic Corbicula lineages is suggested by the sharing of a unique α-amylase allele with one individual of 334 

the sexual Indonesian lineage C. moltkiana and also with the Indonesian C. tobiae (unknown reproductive mode) 335 

(Fig. 2, Table S1). However, the COI network and the 28S haploweb clustered the Vietnamese androgenetic 336 

individuals with the Korean androgenetic individual, while the Indonesian lineages clustered separately (Fig 2a, 337 

d). We may therefore hypothesize that there has been partial nuclear DNA capture, or a hybridization event, with 338 

the sexual C. moltkiana at the origin of the Vietnamese androgenetic lineages or after its origin. Since we only 339 

analyzed single individuals from these distinct locations in Indonesia and Korea, the genetic relationships with the 340 

Vietnamese individuals are still unresolved and this region needs a more thorough sampling. Second, the invasive 341 

form C/S clusters exclusively with the South African C. fluminalis africana individuals (whose reproductive mode 342 

could not be identified) for all four markers tested (Fig. 2, Table S1). This confirms a distinct biogeographic origin 343 

for Corbicula form C/S from Africa or the Middle East, the current native range of the species named C. fluminalis 344 

(Korniushin 2004) which was suggested by Pigneur et al. (2014). Third, the largest genetic pool (FFR4), includes 345 

the sexual C. sandai from Lake Biwa, most Asian clams and three out of the four invasive androgenetic lineages 346 

(forms A/R, B and Rlc; Fig. 2). Indeed, the alleles found in the three invasive androgenetic forms A/R, B and Rlc 347 

are found in numerous native locations, including several Asian populations (China, Korea, Taiwan, Thailand, 348 

Philippines and Japan), Madagascar, Congo and Hawaii (Table S1). Because these alleles are identical across a 349 

wide geographic distribution of Corbicula, the shared history appears to be recent. Within this third cluster, the 350 

population from Lake Biwa is particularly genetically diverse with numerous private alleles (Table S1) but also 351 

encompassing most alleles found in invasive lineages A/R, B, and R1c (Fig. 3). Indeed, the majority of these 352 

“invasive” alleles are found in Japan and in Lake Biwa where androgenetic lineages co-exist with the endemic 353 

sexual lineage C. sandai (Figures 2 and 3; Table S1). More specifically, alleles of the amy gene belonging to the 354 

four, distinct invasive androgenetic Corbicula forms, three of the four COI haplotypes (belonging to forms A/R, 355 

B and Rlc) and 28S alleles from form B and A/R were retrieved in Lake Biwa (Table S1 and Figure 3). Our analysis 356 
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therefore points to Japan, and more specifically to Lake Biwa, as a hotspot for the origin of androgenetic Corbicula 357 

lineages (Figure 3; Houki et al., 2011). Repeated origins of asexual clones from a sexual relative have been 358 

observed in other taxa where sexual and asexual individuals co-occur (Simon et al., 2003; Bode et al., 2010; 359 

Neiman et al., 2010). Moreover, the studies of Komaru et al. (2012, 2013) found that androgenetic hermaphroditic 360 

individuals of C. leana shared 28S rDNA alleles with sexual C. sandai, both co-occurring in Lake Biwa. 361 

Nevertheless, we cannot argue that C. sandai itself is the direct ancestor of the studied androgenetic lineages as a 362 

number of morphological, cytological and biological features (e.g. biflagellate vs. uniflagellate sperm, dioecy vs. 363 

hermaphroditism, non-brooding vs. brooding) distinguish it from androgenetic clams (Glaubrecht et al., 2006). 364 

This lake however deserves a more detailed investigation. 365 

Two patterns were hypothesized to explain the origins of androgenetic Corbicula lineages (Hedtke et al. 366 

2011). If androgenetic lineages had a single origin from a sexual congener, followed by multiple, independent 367 

cross-lineage genetic exchanges through egg parasitism, we would expect all androgenetic clams sharing a 368 

common set of nuclear alleles and therefore constituting one unique genetic pool (or FFR) including their sexual 369 

ancestor. By contrast, androgenetic Corbicula lineages having multiple, independent origins from sexual 370 

congeners and evolving separately would be distinguished by distinct “fields for recombination”, each containing 371 

the potential sexual ancestor (Hedtke et al., 2011). Here, our results highlight three distinct genetic pools 372 

containing androgenetic lineages clustering with sexual Corbicula lineages or lineages whose reproductive mode 373 

still needs to be identified. While our results do not disentangle the origin of the peculiar reproductive mode of 374 

androgenesis in Corbicula, it shows for the first time the distinct biogeographic origins of androgenetic Corbicula 375 

lineages and highlights Lake Biwa, where sexual C. sandai occurs, as a potential hotspot for the origin of 376 

androgenetic lineages. 377 

Genetic captures among Corbicula lineages 378 

The invasive form C/S, found in Europe and South America, has an independent biogeographic origin in 379 

Africa or the Middle East. Despite belonging to a distinct allelic pool with C. fluminalis africana, the form C/S 380 

shares one allele (amy U4b) with a few individuals from Lake Biwa (Fig. 3, Table S1). The high level of divergence 381 

between this allele and the other amy haplotypes of form C/S (4.7%) suggests a potential genetic capture event 382 

between the Asian lineage from Lake Biwa or any androgenetic lineage carrying this allele and form C/S or its 383 

ancestor.  Forms A/R and C/S also share one 28S allele (Fig. 3, Table S1) and while they appear to have distinct 384 

biogeographic origins, they are found in sympatry throughout their invasive range (e.g. Lee et al., 2005; Hedtke 385 

et al., 2008; Pigneur et al., 2011, 2014). We therefore hypothesize post-introduction nuclear genetic exchanges (as 386 
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in Figure 1b) between these two invasive lineages. Individuals from invasive form B share alleles with form A/R 387 

(amy AA10b) and form Rlc (amy Db22a), the two latter also sharing an allele with each other (28S AA10a) (Fig. 388 

3 and Table S1). Hedtke et al. (2008) already observed genome captures between forms A and B. The ‘form D’ 389 

described in Tiemann et al. 2017 may also be a hybrid between these two forms. Furthermore, a sampling of 390 

invasive Corbicula lineages in the Iberian Peninsula revealed a large amount of heterozygous individuals 391 

displaying 28S alleles from form A/R associated to one allele of form Rlc or form C/S, sometimes even associated 392 

to the COI haplotype of the third lineage (Peñarrubia et al. 2017). Recently, in a man-made channel in Northern 393 

European Russia, all sampled Corbicula individuals belonged to two distinct invasive lineages apparently fixed 394 

for a mismatch between the mtDNA haplotype and morphotype. The first lineage belonged to morphotype Rlc 395 

associated to the FW5 haplotype of form A/R, the second lineage had morphotype A/R associated to FW17 COI 396 

haplotype of form C/S (Bespalaya et al. 2018). Out of twelve sampled locations in Europe where form A/R occurs 397 

in sympatry with another invasive form (C/S or Rlc), cytonuclear mismatches were detected at 8 locations and 398 

hybrids at 2 locations (Pigneur et al. 2014; Etoundi, pers. obs.). 399 

While the genetic diversity within the four androgenetic Corbicula forms in the invaded range in Europe and 400 

America is very low (Pigneur et al., 2014), androgenetic Corbicula lineages found in the native range, particularly 401 

Asia, are both genetically and morphologically diverse (e.g. Glaubrecht et al., 2003; Hedtke et al., 2011; Pigneur 402 

et al., 2014; Table S1). Interestingly, the most widespread alleles (28S AA10a and amy AA10b, Table S1) shared 403 

between all lineages and populations from FFR4 (Figures 2 and 3), belong to the invasive form A/R, being the 404 

widespread clone both in America and Europe (Pigneur et al. 2014). Moreover, Corbicula from Madagascar and 405 

Hawaii also shared the same allele. Two hypotheses could explain this pattern: (i) these widespread alleles 406 

represent shared ancestral alleles already present before the invasion and divergence towards other Asian countries, 407 

America and Europe; (ii) these alleles are signatures of nuclear genetic exchanges in contact zones. In addition, 408 

the Hawaiian population shared alleles with several Chinese populations (BA, Muj and FU) suggesting an invasion 409 

from China to Hawaii (Fig. 3, Table S1).  410 

We also found that both the invasive and native androgenetic Corbicula individuals are mostly heterozygotes 411 

(also confirmed by Pigneur et al., 2014; Peñarrubia et al. 2017). Hybridization or nuclear genetic capture events 412 

between lineages, which are more likely to occur in asexual organisms that retained sexual features (such as 413 

androgens where fertilization occurs, Figure 1), might facilitate the evolution of genetic diversity, enhanced 414 

heterozygosity and the occurrence of distinct alleles from different genetic lineages within one individual. 415 

Hybridization could be facilitated in an androgenetic system where distinct genetic lineages co-occur, but also in 416 
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populations where sexuals and asexuals are found in sympatry (such as Lake Biwa in Japan). It has indeed been 417 

demonstrated in Corbicula that egg parasitism of a distinct androgenetic lineage could be accompanied not only 418 

by capture of maternal mitochondrial DNA, but also of nuclear DNA, increasing the ploidy and the diversity of 419 

hybrids (Figure 1) (Hedtke et al. 2011, Peñarrubia et al. 2017, Bespalaya et al. 2018). The ancestral polymorphism 420 

(and heterozygosity) hereby obtained, is retained in asexuals and results in divergent alleles within individuals. 421 

Since many androgenetic Corbicula individuals are polyploid, we may hypothesize that many androgenetic 422 

Corbicula lineages appear to have originated through hybridization, or more particularly through partial nuclear 423 

captures following egg parasitism. 424 

Origin of androgenesis in Corbicula yet unresolved  425 

While hybridization has been demonstrated between distinct androgenetic Corbicula lineages (e.g. Pigneur et 426 

al. 2014), it is not known yet whether androgenesis in Corbicula has a single origin by one or more mutations 427 

affecting meiosis and spermatogenesis, or multiple origins as a result of repeated mutations or hybridization events 428 

between distinct sexual lineages (Hedtke et al. 2011; Pigneur et al., 2012, Lehtonen et al., 2013). Hedtke & Hillis 429 

(2011) suggest that mutations in genes for spindle fiber formation during meiosis could cause the evolution of 430 

androgenetic reproduction within the genus Corbicula, as this could both lead to unreduced sperm and the 431 

formation of polar bodies containing the entire maternal genome after fertilization (Figure 1). Even with a single 432 

origin, the ancestral androgenetic clone could spread and capture genomic portions of other Corbicula lineages, 433 

radiating and forming distinct androgenetic lineages. Contemporary populations of Corbicula are dominated by 434 

androgenetic lineages, and there are few populations where distinct sexual lineages live in sympatry. Again, Lake 435 

Biwa is of peculiar interest to investigate the transition mechanism in Corbicula between sexuality and 436 

androgenesis and our study here calls for further investigations of this lake system, while it is not the only region 437 

where androgenetic lineages appear to originate (as shown in this study).  438 
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Figure captions 642 

Figure 1: Schematic representation of the outcome of androgenetic reproduction between two distinct genetic 643 

Corbicula lineages (blue and red) (adapted from Pigneur et al. 2012). a) Offspring inherits the nuclear genome of 644 

the paternal lineage (red) and the mitochondrial genome of the maternal genome (blue), leading to a cytonuclear 645 

mismatch while the maternal nuclear chromosomes are expulsed as two polar bodies following fertilization (see 646 

Komaru et al. 1998). b) When maternal nuclear chromosomes (blue) are partially retained, the offspring will have 647 

a mixed (and usually polyploid) nuclear genome inherited from both maternal and paternal lineages (Komaru et 648 

al. 2006; Hedtke et al. 2011). The gamete size is not to scale. 649 

Figure 2: 28S (a), amy (b) and atps (c) haplowebs and COI (d) haplonet. The size of each circle is proportional to 650 

the frequency of the represented alleles/haplotypes (singletons were omitted). The number of mutational steps 651 

inferred by the median-joining algorithm is displayed on the lines connecting the haplotypes. For haplowebs, the 652 

curves connecting each pair of alleles co-occurring in heterozygous individuals are drawn (width proportional to 653 

the number of individuals in which the two alleles co-occur). The distinct fields of recombination (FFR) are 654 

highlighted in different colors. Name and origin of Corbicula lineages follow Table S1. The few individuals 655 

clustering individually are shown in light grey. 656 

Figure 3: Allele sharing among Corbicula. Groups are represented by circle arcs with a size determined by the 657 

number of alleles found in each group. Linking lines between these groups represent shared alleles, with these 658 

from C. sp. form A/R, B, C/S and Rlc respectively in red, blue, yellow and green. 659 

Table 1: Genetic diversity indices: haplotype diversity (Hd) and nucleotide diversity (π) for all Corbicula samples 660 

based on COI, 28S, amy and atps.  661 
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Supporting information 662 

Supporting information 1: PCR conditions for all markers used in this study. 663 

Figure S1: Schematic description of the haploweb method. 664 

Figure S2: 28S haploweb without hybrid individuals. 665 

Figure S3: Conspecificity matrix. Individuals are plotted against each other and conspecificity scores are attributed 666 

to each pair of individuals. These scores correspond to the number of times individuals were considered belonging 667 

to the same FFR, based on haploweb approach, and thus range from 0 (individuals were never found on the same 668 

FFR) to 4 (individuals belonging to the same FFR for all markers). Individuals are sorted using hierarchical 669 

clustering. 670 

Table S1: List of the 447 individuals collected for the present study and genetic results obtained for the 348 671 

analyzed individuals. The color code corresponds to the four invasive lineages: alleles retrieved from C. sp. form 672 

A/R are in red, these from C. sp. form B are in blue, these from C. sp. form C/S are in yellow and these from C. 673 

sp. form Rlc are in green. Shared allele from one population to another are in bold. 674 

Table S2: GenBank accession numbers, haplotype designation, taxon, reproductive mode and localities of the 675 

Corbicula spp. sequences used in the present study.    676 
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Figure 1: Schematic representation of the outcome of androgenetic reproduction between two distinct genetic Corbicula lineages (blue and red).

a) Cytonuclear mismatch. b) Hybridization. The gamete size is not to scale.
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Figure 2a: 28S haploweb. Median-joining haplotype network (haplonet) based on sequence alignments, with circle size proportional to the frequency of the represented alleles/haplotypes (singletons 

omitted). The number of mutation steps inferred by the median-joining algorithm is displayed on the lines connecting the haplotypes. The haplonet was subsequently converted into a haplotype 

web (haploweb) by drawing curves connecting each pair of alleles found co-occurring in heterozygous individuals, with a width proportional to the number of individuals in which the two alleles 

co-occur. This allowed the delineation of fields for recombination (FFRs), i.e. groups of individuals sharing a unique pool of alleles. These allele pools are highlighted in different colors. The few 

individuals clustering individually are shown in light grey. The name and origin of each Corbicula lineage follows the nomenclature of Table S1. 
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Figure 2b: amy haploweb. Median-joining haplotype network (haplonet) based on sequence alignments, with circle size proportional to the frequency of the represented alleles/haplotypes 

(singletons omitted). The number of mutation steps inferred by the median-joining algorithm is displayed on the lines connecting the haplotypes. The haplonet was subsequently converted into a 

haplotype web (haploweb) by drawing curves connecting each pair of alleles found co-occurring in heterozygous individuals, with a width proportional to the number of individuals in which the 

two alleles co-occur. This allowed the delineation of fields for recombination (FFRs), i.e. groups of individuals sharing a unique pool of alleles. These allele pools are highlighted in different 

colors. The few individuals clustering individually are shown in light grey. The name and origin of each Corbicula lineage follows the nomenclature of Table S1.  
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Figure 2c: atps haploweb. Median-joining haplotype network (haplonet) based on sequence alignments, with circle size proportional to the frequency of the represented alleles/haplotypes (singletons 

omitted). The number of mutation steps inferred by the median-joining algorithm is displayed on the lines connecting the haplotypes. The haplonet was subsequently converted into a haplotype 

web (haploweb) by drawing curves connecting each pair of alleles found co-occurring in heterozygous individuals, with a width proportional to the number of individuals in which the two alleles 

co-occur. This allowed the delineation of fields for recombination (FFRs), i.e. groups of individuals sharing a unique pool of alleles. These allele pools are highlighted in different colors. The few 

individuals clustering individually are shown in light grey. The name and origin of each Corbicula lineage follows the nomenclature of Table S1.  
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Figure 2d: COI haplonet. Median-joining haplotype network (haplonet) based on sequence alignments, with circle size proportional to the frequency of the represented alleles/haplotypes. The 

number of mutation steps inferred by the median-joining algorithm is displayed on the lines connecting the haplotypes. The colors used correspond to the FFR delimitation from the previous 

haplowebs, based on nuclear gene markers. The few individuals clustering individually are shown in light grey. The name and origin of each Corbicula lineage follows the nomenclature of Table 

S1. 
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Figure 3: Circos plot representing allele sharing among Corbicula. Groups are represented by circle arcs with a size determined by the number of
alleles found in each group. Linking lines between these groups represent shared alleles, with these from C. sp. form A/R, B, C/S and Rlc in red,
blue, yellow and green respectively.
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Table 1 

Haplotype and nucleotide diversity of Corbicula spp. based on COI, 28S, amy and atps markers 

 

COI 28S amy atps 

Haplotype diversity (Hd) 0.909 ± 0.010 0.953 ± 0.004 0.922 ± 0.007 0.956 ± 0.004 

Nucleotide diversity (π) 0.030 ± 0.002 0.018 ± 0.001 0.050 ± 0.004 0.148 ± 0.008 
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