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Despite that the exotic invasion and rapid range ex-
pansion of Asian freshwater Corbicula into new envi-
ronments have been of intensive research topic in 
freshwater ecology, the genetic structures of freshwa-
ter Corbicula in its native range remain poorly under-
stood. In this study, the genetic structures of two Ko-
rean freshwater Corbicula clonal lineages were charac-
terized by cross-referencing the nuclear genomic 
structures with mtDNA sequence analysis. In spite of 
substantial genetic differences (Nei’s D = 0.363−0.372) 
and a pronounced level of fixed allelic distinctions (in 
six of 20 allozyme loci) between Corbicula lineages, no 
lineage-specific mtDNA differentiation was observed. 
The evident disjunction between mtDNA sequences 
and nuclear genomes is a compelling evidence for the 
existence of interspecific nuclear hybrid genome struc-
tures, comprising different combinations of paternal 
and maternal contributions. This unusual novel find-
ing is the first case demonstrating that morphologi-
cally and allozymatically distinct, yet mitochondrially 
identical clonal lineages exist in the genus Corbicula. 
However, we could not find the ancestral species for 
these two clonal lineages in the present study, and the 
answer for this question must wait until the genetic 
structure of Asian Corbicula taxa is fully characterized. 
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Introduction 
 
The freshwater Corbicula is one of the most well-known 
‘biofouling’ pests that cause nuisance problems in fresh- 
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water systems in many countries of Europe and the New 

World (Araujo et al., 1993; Ituarte, 1994; Kijviriya et al., 
1991; McMahon, 1991; Morton, 1986; 1997). Despite that 
the invasion and its rapid expansion into new environ-
ments have been of intensive research topic in freshwater 
ecology, the genetic structures of freshwater Corbicula in 
its native range remain poorly understood. Over the last 
few decades, the existence of two morphotypes (white 
and purple morphs) in freshwater Corbicula has been re-
ported from a number of regional populations [North 
America (Hillis and Patton, 1982); Thailand (Kijviriya et 
al., 1991); Hong Kong (Tsoi et al., 1991); Taiwan (Ko-
maru and Konishi, 1999)]. A major distinction between 
the two morphs was made on the basis of color patterns of 
the inner shell surface and shell sculptures. Although 
morphological dichotomy of freshwater Corbicula forms 
is well documented by separate research groups, the con-
clusions on the occurrence of a single (Kijviriya et al., 
1991) or two distinct lineages (Hillis and Patton, 1982; 
Siripattrawan et al., 2000) appear far from being general-
ized, and cannot be applied to other unstudied populations 
because these studies showed inconsistent results depend-
ing on the regional populations used in allozyme and mi-
tochondrial analyses. 
   Similar to other regional taxa, most workers have un-
doubtedly agreed that two Korean morphotypes should be 
relegated to two separate species: C. fluminea (Müller, 
1774) (white morph) and C. leana Prime, 1864 (purple 
morph) (Choe et al., 1999; Kwon, 1990; Kwon et al., 
2001; Martens, 1905; Oyama, 1943). In contrast, Morton 
(1986) has proposed a single-species model for global 
freshwater members of this genus, including the Korean 
freshwater forms. However, Morton’s single-species hy-
pothesis, based primarily on morphological perspectives, 
has recently been challenged by genetic evidence. In an 
earlier allozyme study, Lee and Kim (1997) uncovered 
fixed allelic distinctions in a total of six loci, correlating 
with conchological distinction (white and purple morphs), 
which was interpreted as a reliable evidence for the exis-
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tence of two independent lineages in Korea, namely C. 
fluminea and C. leana. 
   A molecular survey of mitochondrial DNA has recently 
provided valuable insights into the long-standing debate 
on morphologically complicated species-level taxonomy, 
including that of Corbicula (Renard et al., 2000; Siripat-
trawan et al., 2000). In the present study, we re-visited 
this issue using an independent genetic dataset, mtDNA 
COI (mitochondrial DNA cytochrome c oxidase I) gene 
sequences. The COI sequences obtained from the two 
Korean freshwater Corbicula clonal lineages displayed a 
complete identity, demonstrating that morphologically 
and allozymatically distinct, but mitochondrially identical 
clonal lineages exist in the genus Corbicula. We further 
suggest that the two Korean freshwater Corbicula line-
ages are of inter-specific hybrid origin with different pa-
ternal ancestry. 
 
 
Materials and Methods 
 
Sampling  Materials for mtDNA typing in this study were the 
partial fractions of the individuals used by Lee and Kim (1997) 
in their allozyme study. Samples were taken from seven fresh-
water populations of Corbicula, covering a broad range of Ko-
rean freshwater forms (Table 1). In addition, a population (Lake 
Songji, Kangwon-do) of Korean estuarine sexual species C. 
japonica Prime, 1864 was included for genetic comparison with 
the Japanese congener.  
 
DNA sequencing and analysis  Twenty individuals from the 
North Han River and five from each of the other seven popula-
tions, including the brackish species C. japonica Prime, 1864 
were genetically characterized by amplifying and directly se-
quencing a homologous 614 nt fragment of the mitochondrial 
cytochrome oxidase I (COI) gene (corresponds to positions 
1,539−2,152 of Drosophila yakuba mtDNA sequence; Clary and 
Wolstenholme, 1985). PCR amplification and sequencing reac-
tion were performed using Folmer et al. (1994) primer set 
LCOI490 (5′-GGTCAACAAATCATAAAGATATTGG-3′) and 
HCO2198 (5′-TAAACTTCAGGGTGACCAAAAAATCA-3′). 
Details for the molecular techniques were referred to Park and 
O’Foighil (2000) and Whang et al. (2002). The COI sequences 
of Japanese freshwater triploid androgenetic C. leana and estua-
rine diploid sexual species C. japonica published in a previous 
study (Siripattrawan et al., 2000) were incorporated into the 
dataset for comparison with Korean populations. 
 
Allozyme typing  To illustrate allelic distinction between two 
morphotypes (white and purple morphs), we replicated allozyme 
typing for esterase (E.C. No.: 3.1.1.1) and 6-phosphogluconate 
dehydrogenase (E.C. No.: 1.1.1.43). 
 
Sperm morphology  Clams were collected alive from the North 
Table 1. The sampling sites and number of individuals se-

quenced for mtDNA COI gene fragment. 

Locality 
No. of inds.  
sequenced 

Occurrence 

North Han River, Kyunggi-do Province 
Lake Uiam, Kangwon-do Province 
M usim  S tream , C hungcheongbook-do  P rovince 
Tamjin River, Jeonranam-do Province 
Taehwa River, Kyungsangnam-do Province 
Lake Songji, Kangwon-do Province 
                              Total 

20 
5 
5 
5 
10 
5 
50 

 
� 
� 
� 
 
� 
 

Collection localities are represented by four different symbols: � 
(white morph, C. fluminea), � (purple morph, C. leana),     (sym-
patric occurrences of C. fluminea and C. leana), and � (estuarine 
form C. japonica). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. A. External and internal views of the shell types of 
freshwater Corbicula [Left, C. fluminea (white morph, Korea); 
Middle, C. leana (purple morph, Korea); Right, C. leana (Ja-
pan)]. B. The zymograms [Est-3, Est-4] showing the allelic dis-
tinctions and lineage-specific fixed heterozygosity between 2 
Korean Corbicula lineages [left 5 lanes (C. fluminea); right 5 
lanes (C. leana)]. 
 
 
Han River in September of 2001 and dissected for observation 
of sperm morphology. Sperms were extracted from the gonad of 
adult individuals. The pictures of biflagellate sperm of two mor-
photypes were taken using the DIC (differential interference 
contrast) microscope. 
 
 
Results and Discussion  
 
Within the Korean freshwater Corbicula population, we 
recognized two morphologically distinct forms, coupled 
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with the patterns in their inner shell coloration (Fig. 1A). 
Besides the color of the inner nacre surface, the two mor-
photypes differed from each other in the number of annuli 
of the outer surface and shell shape. While the white 
morph is somewhat laterally corpulent with sparsely or-
namented annuli in outer surface, the purple morph with 
its densely ornamented annuli is laterally compressed, and 
widens toward the anterior-posterior ends of the shell 
body. In this study, the two Korean freshwater morpho-
types of Corbicula were denoted C. fluminea (white 
morph) and C. leana (purple morph) respectively, in ac-
cordance with an earlier allozyme study (Lee and Kim, 
1997).  
   In our dataset of COI sequences, the genetic divergence 
level between haplotypes of the Korean and Japanese es-
tuarine diploid sexual species C. japonica was very low, 
with a maximum of four base substitutions (p = 0.005− 
0.007%) among pairwise comparisons. In contrast to the 
variations encountered among estuarine forms of C. ja-
ponica, only a single haplotype, and no intra- or inter-
population differences were observed from 45 individuals 
of seven freshwater local populations representing two 
Korean Corbicula lineages (C. fluminea and C. leana). 
This result was greatly unexpected, and differed from that 
of a previous allozyme study which showed pronounced 
allelic distinctions between the two lineages (Lee and 
Kim, 1997; see also Fig. 1B). Although a significant 
mtDNA difference was expected between these two line-
ages, our COI sequences displayed a complete identity, 
i.e., no lineage-specific mtDNA differentiation was dis-
covered. This disparity between mtDNA sequence uni-
formity and nuclear genetic differentiation was surprising, 
since the specimens for mtDNA typing in this study were 
the partial fractions of individuals used for the allozyme 
study which uncovered a pronounced level of fixed allelic 
distinctions at six of 20 allozyme loci (Lee and Kim, 
1997). Indeed, a parallel divergence of mtDNA sequences 
and nuclear genomes between the two morphologically 
distinct lineages has been recorded in North American 
Corbicula populations: allozyme studies revealed the 
fixed inter-morph differences in a total of six loci between 
two distinct North American forms (Hillis and Patton, 
1982; McLeod, 1986). Consistently, morphotype-specific 
mtDNA genotypes were disclosed in North America that 
differed by 2.85% in sequence, and were respectively 
identical to haplotypes discovered in Japanese C. leana 
and Korean C. fluminea (Siripattrawan et al., 2000; see 
Fig. 3). Therefore, our a priori expectation was that inter-
lineage mtDNA sequence differences between the two 
Korean morphotypes were nearly as divergent as those 
recorded between the two North American lineages. 
   The salient disjunction between the mtDNA/nuclear 
genomes was repetitively reproduced by our complemen-
tary re-performance of the mtDNA and allozyme typings  
 

    A                               B 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. The biflagellate spermatozoa of two Korean freshwater 
Corbicula lineages [C. fluminea (A), C. leana (B)]. Scale bars, 
10 µm. 
 
 
for two lineages (see Fig. 1B), indicating that it is real, 
not of experimental artifact. 

Cross-referencing the nuclear genomic structures with 
mtDNA uniformity encountered from two Korean line-
ages has a significant implication in their respective ge-
netic structures. In general, species-specific life history 
patterns and other biological attributes, such as dispersal 
modes, developmental and reproductive traits shown in 
many animal taxa, play important roles in shaping the 
genetic structures of contemporary populations (Avise, 
2000). In contrast to the results of the allozyme study, 
which uncovered fixed allelic differences in six of 20 al-
lozyme loci and substantial genetic differences (Nei’s D = 
0.363−0.372) between two Korean freshwater Corbicula 
lineages (Lee and Kim, 1997), our COI dataset revealed a 
complete mtDNA sequence identity. This apparent dispar-
ity between mtDNA sequence uniformity and nuclear 
genetic differentiation is not always implausible, when 
interpreted in conjunction with the reproductive traits and 
genetics of freshwater Corbicula lineages. Both Japanese 
C. leana and Korean C. fluminea are triploids, with a 
chromosomal complement of 54 (Okamoto and Arimoto, 
1986; Park et al., 2000), and the reproduction mode of 
Japanese C. leana is characterized as androgenetic (Ko-
maru et al., 1998). Like many other regional freshwater 
populations [North American C. fluminea (Kramer, 1983); 
Japanese C. leana (Komaru and Konishi, 1996), C. 
fluminea (Konishi et al., 1998), Taiwanese Corbicula 
(Komaru and Konishi, 1999); Australian C. australis 
(Byrne et al., 2000)], the triploid hermaphroditic two Ko-
rean freshwater Corbicula lineages produce a biflagellate 
sperm (Fig. 2), indicating that they maintain the clonal 
reproduction (Byrne et al., 2000; Siripattrawan et al., 
2000). In most animal taxa, the acquisition of clonal re-
production may be a consequence of hybridization be- 
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C. fluminea (KR)* TTGATCTGGTTTAATAGGAACTGCTTTTAGGGTAATTATTCGAATGGAGC  
C. leana  ..................................G...............  
C. japonica (KR1) ...G..........................A..................T  
C. japonica (KR2) ...G..........................A..................T  
C. japonica (JP)  ...G..........................A..................T  
 

                  100 
C. fluminea (KR)* TTGCTATTCCAGGGACTTTACTAGATGATGGGCAGTTGTATAATACTATT  
C. leana  ....................T..............C..............  
C. japonica (KR1) .A..................T.G........T..A..A............  
C. japonica (KR2) .A..................T.G........T..A..A............  
C. japonica (JP)  .A..................T.G........T..A..A............  
 
                  150 
C. fluminea (KR)* GTTACTGCTCATGCTTTAGTAATAATTTTTTTTTTAGTAATGCCAATAAT  
C. leana  ......................................G...........  
C. japonica (KR1) ..C....................G....................T..G..  
C. japonica (KR2) ..C....................G....................T..G..  
C. japonica (JP)  ..C....................G....................T..G..  
 
                  200 
C. fluminea (KR)* GATGGGTGGTTTTGGAAATTGACTTGTTCCATTAATGTTAAGGGCTCCTG  
C. leana  A.................................................  
C. japonica (KR1) A.....C..............G........T...........A.......  
C. japonica (KR2) A.....C..............G........T...........A.......  
C. japonica (JP)  A.....C..............G........T...........A.......  
 
                   250 
C. fluminea (KR)* ATATAGCTTTTCCACGATTAAATAATTTAAGATTTTGGCTTTTACCTATA  
C. leana  ................G.................................  
C. japonica (KR1) ....G........T...C.............G.....A...........G  
C. japonica (KR2) ....G........T...C.............G.....A...........G  
C. japonica (JP)  ....G........T.................G.....A...........G  
 
                   300 
C. fluminea (KR)* GCTATGCTTTTGTTAGTTAGATCGGCTTATGTTGAGAGTGGTGCTGGGAC  
C. leana  ..............G........A..........................  
C. japonica (KR1) ..............G..G..G..A...........A.....A........  
C. japonica (KR2) ..............G..G..G..A...........A.....A........  
C. japonica (JP)  ..............G..G..G..A..C........A.....A........  
 
                   350 
C. fluminea (KR)* TGGGTGGACTGTTTATCCTCCTCTTTCTAGAAATATTGCTCATTCTGGCC  
C. leana  ........................C.........................  
C. japonica (KR1) ...T..A.........................................T.  
C. japonica (KR2) ...T..A.........................................T.  
C. japonica (JP)  ...T..A.........................................T.  
 
                   400 
C. fluminea (KR)* CGTCAGTAGATTTAGCTATTTTTTCTCTTCATTTAGGGGGTATTTCTTCA  
C. leana  ......................C...........................  
C. japonica (KR1) .T..G........G.T.....................A...........T  
C. japonica (KR2) .T..G........G.......................A...........T  
C. japonica (JP)  .T..G........G.......................A...........T  
 
                   450 
C. fluminea (KR)* ATTTTAGCTTCAATTAATTTTGTTGTCACTAGATTTTGTATGCGTCCTGG  
C. leana  ..................................................  
C. japonica (KR1) .....G....................T.......................  
C. japonica (KR2) .....G....................T.......................  
C. japonica (JP)  .....G....................T.....G.................  
 
                   500 
C. fluminea (KR)* AGCGCAAAAGCTAATTCGGACTACAATGTTTATTTGATGTATTGTTGTAA  
C. leana  ...T.....A.....C..................................  
C. japonica (KR1) ...A.....AT.........................G........A....  
C. japonica (KR2) ...A.....AT.........................G........A....  
C. japonica (JP)  ...A.....AT.........................G........A....  
 
                   550 
C. fluminea (KR)* CTGGAATTTTGTTGATTATTGCAATGCCTGTGTTAGCTGGGGCTCTTACT  
C. leana  ...............................A..................  
C. japonica (KR1) ...............................A........A.........  
C. japonica (KR2) ...............................A........A.........  
C. japonica (JP)  ...............................A........A.........  
 
                  600 
C. fluminea (KR)* ATGTTGTTAACTGATCGTAATTTTAACACTTCATTTTTTGATCCGGTAGG  
C. leana  .....A............................................  
C. japonica (KR1) .....A...........A........T.................A..T..  
C. japonica (KR2) .....A...........A........T.................A..T..  
C. japonica (JP)  .....A...........A........T.................A..T..  
 
             614 
C. fluminea (KR)* TTTAGGGGATCCTT 
C. leana  C............. 
C. japonica (KR1) ......A....... 
C. japonica (KR2) ......A....... 
C. japonica (JP)  ......A....... 

Fig. 3. Alignment of the 614 nucleotide mt COI gene fragment 
sequenced for Korean Corbicula samples. Sequence compari-
sons between Korean C. fluminea and Japanese C. leana haplo-
types, and between Korean C. japonica and Japanese C. japon-
ica haplotypes are shown. The COI sequence obtained from two 
Korean morphotypes (white and purple morphs) is identical to 
the sequence indicated by C. fluminea (KR)*. Dots depicted in a 
sequence represent the same character state as that in the first 
sequence. KR, Korea; JP, Japan. The GenBank accession num-
bers: Korean C. fluminea (KR, AF196269), Japanese C. leana 
(JP, AF196268), Japanese C. japonica (JP, AF196271), Korean 
C. japonica [(KR1, AF367440); (KR2, AF367441)]. 

tween sexual species (Dawley, 1989; Vrijenhoek, 1994; 
Wilson and Hebert, 1992). Therefore, most clonal line-
ages carry a mix of the nuclear genomes of two or more 
sexual species (Avise et al., 1992). Although direct em-
pirical evidence that allows us to identify plausible pater-
nal ancestry is not yet available, the lineage-specific fixed 
heterozygosity observed in some loci [Mdh (Lee and Kim, 
1997); 6-pgd (not shown), Est-3, Est-4 (Fig. 1B)] is con-
sistent with our assumption that the two Korean freshwa-
ter Corbicula clonal lineages are of interspecific hybrid 
origin. 
   A number of studies, in general, show agreement be-
tween mtDNA and allozyme analyses but this is not al-
ways the case for asexually reproducing polyploid taxa 
with interspecific hybrid origin. If maternal transmission 
of mtDNA genome is the case for Corbicula, like almost 
the other animal taxa (Avise, 1986; Hayashi et al., 1978), 
the complete mtDNA uniformity found between the two 
Korean lineages likely reflects the evolutionary recency 
of common maternal origin. In contrast, the pronounced 
level of distinct allelic differences and substantial genetic 
differentiation in the nuclear genome structure discovered 
between two clonal lineages may result from different 
paternal ancestry. The evident discrepancy between 
mtDNA sequences and nuclear genomes revealed in this 
study provides a compelling evidence for the existence of 
interspecific nuclear hybrid genome structures, with dif-
ferent combinations of paternal and maternal contribu-
tions. This finding is the first atypical case demonstrating 
that morphologically and allozymatically distinct, but 
mitochondrially identical clonal lineages exist in the ge-
nus Corbicula. Our data further suggest that the two Ko-
rean freshwater Corbicula clonal lineages are of inter-
specific hybrid origin with different paternal ancestry. 
However, we could not find the ancestral species for these 
two clonal lineages in the present study, and the answer 
for this question must wait until the genetic structure of 
Asian Corbicula taxa is fully characterized. 
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