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Abstract

B ackgrou nd : T he  g e n u s  C orbicu la  is o n e  o f  t h e  m o s t  invasive g r o u p s  o f  molluscs.  It in c lu d es  b o th  sexual a n d  
a n d r o g e n e t i c  l ineages .  T he  p r e s e n t  s tu d y  re -a ssessed  t h e  d iffe ren t  m o r p h o ty p e s  a n d  h a p lo ty p e s  o f  W es t  E u ro p ea n  
C orbicu la  in o rd e r  to  clarify th e i r  t a x o n o m ic  iden tif icat ion  a n d  p h y lo g e n e t i c  re la t ionsh ips  w ith  A m erican  a n d  Asian 
C orbicu la  clam s. W e s tu d ie d  severa l p o p u la t i o n s  f rom  W es t  E u ro p ea n  river b as ins  (Meuse, Seine,  Rhine a n d  Rhone) 
t h r o u g h  an  "in tegra tive  ta x o n o m y "  a p p r o a c h .  W e c o m b i n e d  m o r p h o lo g y ,  partial m ito c h o n d r ia l  COI a n d  cyt b 

s e g u e n c e s  a n d  e le v en  m icrosa te l l i te  loci. F u r th e rm o re ,  w e  lo oked  for d i s c rep a n c ie s  b e t w e e n  m tD N A  a n d  nrDNA/ 
m o r p h o lo g y ,  indica tive  o f  a n d r o g e n e s i s  b e t w e e n  l ineages.

Results: T h ere  a re  t h r e e  C orbicula  m o r p h o ty p e s  in W es te rn  E u ro p e  a s so c ia ted  to  t h r e e  m ito c h o n d r ia l  l in eag es  a n d  
t h r e e  g e n o ty p e s .  Fo rm  R sh a re s  t h e  s a m e  COI h a p lo ty p e  as t h e  A m erican  fo rm  A a n d  t h e  J a p a n e s e  C. leana. Form 
S a n d  t h e  A m erican  fo rm  C h a v e  t h e  s a m e  h a p lo ty p e ,  a l t h o u g h  th e i r  m o r p h o lo g ie s  s e e m  d iv e rg e n t .  T h e  E u ro p ea n  
fo rm  Rlc b e lo n g s  t o  t h e  s a m e  m ito c h o n d r ia l  l in e a g e  as b o th  t h e  A m er ican  fo rm  B a n d  t h e  Asian C. flum inea. 

Interestingly,  w i th in  e a c h  h a p l o t y p e / g e n o t y p e  o r  l ineage ,  n o  g e n e t i c  diversity  w a s  fo u n d  a l t h o u g h  th e i r  invasive 
su c c e s s  is high . M oreover ,  w e  d e t e c t e d  rare m is m a tc h e s  b e t w e e n  m tD N A  a n d  n rD N A /m o rp h o lo g y ,  indicative  o f  
a n d r o g e n e s i s  a n d  m i to c h o n d r ia l  c a p tu r e  b e t w e e n  fo rm  R a n d  fo rm  S a n d  th e re fo re  c h a l len g in g  t h e  p h y lo g e n e t ic  
r e la te d n e s s  a n d  t h e  sp e c ie s  s ta tu s  w ith in  th is  g e n u s .  T he  g lobal  p h y lo g e n e t i c  analysis rev ea led  t h a t  t h e  sexual 
C orbicu la  l in e a g es  s e e m  res t r ic ted  to  t h e  na tive  a rea s  wh i le  th e i r  a n d r o g e n e t i c  relatives a re  w id e s p r e a d  a n d  h ighly  
invasive.

C onclus ions: W e clarified t h e  d isc re p a n c ie s  a n d  i n c o n g r u e n t  results  fo u n d  in t h e  l i terature  a b o u t  t h e  E u ro p ea n  
m o r p h o ty p e s  o f  C orbicu la  a n d  a s so c ia ted  m ito c h o n d r ia l  l ineages.  T he  t h r e e  W es t  E u ro p ea n  m o r p h o ty p e s  b e lo n g  to  
t h r e e  d is t inc t  n u c le a r  a n d  m i to c h o n d r ia l  l ineages .  H o w e v e r  m ito c h o n d r ia l  c a p tu r e  o c cu rs  in sy m p a tr ic  p o p u la t io n s  
o f  fo rm s  R a n d  S. T h e  sp e c ie s  s ta tu s  o f  t h e  m o r p h o ty p e s  th e re fo re  r e m a in s  d o u b t fu l .  M o re o v e r  t h e  a n d r o g e n e t i c  
l in e a g es  s e e m  w id e ly  d is t r ib u ted  c o m p a r e d  to  th e i r  sexual relatives,  s u g g e s t in g  t h a t  a n d r o g e n e s i s  a n d  invasive 
su c c e s s  m a y  b e  linked in t h e  g e n u s  Corbicula.

Background
The clams of the genus Corbicula are successful fresh 
and brackish w ater invaders considered ‘r’-strategists, 
with rapid maturation, high fecundity, and high dispersal 
[1-3]. These bivalves are benthic filter-feeders which can 
reduce phytoplankton density [4-6], compete with native
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o f Namur (FUNDP), Rue de Bruxelles, 61, 5000 Namur - Belgium

species [7,8] and damage industrial cooling systems [9]. 
The genus Corbicula is of particular interest both because 
of its diverse reproductive strategies (from free-swimming 
larvae to incubation of larvae in gills) [10] and because 
it contains sexual and asexual reproducing  lineages. 
The genus includes sexual dioecious species as well as 
herm aphrodites, w ith at least some or all of the latter 
reproducing through a rare form of asexual reproduction, 
known as androgenesis, in which offspring are clones 
of the ir father [11,12]. A ndrogenesis in Corbicula  is
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characterized by the fertilization of an oocyte by an unre­
duced sperm  (with a DNA content equal to the DNA 
content of a somatic cell). The maternal nuclear DNA is 
then entirely extruded as two polar bodies and only the 
‘male’ pronucleus rem ains and becomes the nucleus of 
the zygote [11-14].

Interestingly, androgenetic Corbicula lineages have 
biflagellate sperm while sexual ones are characterized by 
monoflagellate sperm [15-19].

The m odern native range of the genus Corbicula is 
Asia, the M iddle East, Australia and Africa but fossils 
have been reco rded  in Europe, N o rth  A m erica and 
Japan (reviewed in [20]). The first record of Corbicula 
outside its extant original range was in 1924 in British 
C olum bia [21,22]. The clam s th en  quickly spread 
throughout N orth America and arrived in South Am er­
ica in the 1970s [23] and in Europe in the 1980s [24].

A lthough  Corbicula  is one of the  m ost im p o rtan t 
invasive bivalve groups because of its ecological and 
economic impacts, the taxonomic status of the invaders 
remains unresolved, because, amongst others, the genus 
shows considerable phenotypic variation in shell shape 
and ornam entation, some of which ecophenotypic [25]. 
The first trad itio n a l m orphology-based  taxonom ic 
stud ies of A sian Corbicula  described approxim ately  
200 species [26-28]. However, subsequent studies based 
on shell characteristics [29], allozymes [25] or genetics
[30] suggested the occurrence of fewer species. In addi­
tion, both dioecious sexual and herm aphroditic clonal 
lineages were found in Asia [17,31] but their evolution­
ary relationships, taxonom ic status and nom enclature 
are still uncerta in . Park & Kim [31] s tud ied  several 
Asian populations of Corbicula  and showed th a t the 
estuarine  species form  a d is tin c t sister-c lade  of the 
freshw ater species w ith  two m ito ch o n d ria l lineages 
being the m ost common in freshwater habitats in Asia. 
W ithin these two major lineages, several haplotypes are 
also found in the invaded areas (America and Europe), 
e.g. haplotype FW1 in N orth  A m erica and haplotype 
FW5 in America and Europe [31] (Table 1).

In the New World, three shell morphotypes have been 
distinguished for invasive Corbicula [18]. The two North 
American m orphs show substantial morphological and 
genetic differences [32,33] with form A (also referred to 
as the “white form”) being apparently derived from popu­
lations of C. leana from Japan and form B (the “purple 
form ”) being derived from  populations of C. flum inea  
from China and/or Korea [34,19]. Both morphs have also 
been recorded in South America where a third, geneti­
cally distinct, morph also occurs (form C; [18]).

In Europe, Corbicula  clam s were first recorded  in 
French and Portuguese estuaries in 1980 [24]. They 
have subsequently succeeded in colonising many of the 
major European watersheds and can reach high densities

in som e rivers and lakes ([35-39], au th o rs’ personal 
observation). Ever since Corbicula was found in Europe 
in the 1980s, it has been debated which species invaded 
this continent and where they came from. A study [40] 
revealed two m orphotypes in several European rivers. 
They were identified as C. flum inea  and C. flum inalis. 
C. flu m in a lis  sensu stric to  is a herm aphroditic  form  
from Central Asia, the Caucasus and Middle East, char­
acterized by a high triangular shell [41]. Both m orpho- 
types found  in  E uropean  rivers w ere genetically  
characterized as two distinct genetic lineages based on 
allozymes and m itochondrial COI sequences. However, 
in the River Rhône, Renard et al. [40] found none of 
these two haplotypes but instead found a unique, third 
haplotype (COI haplotype IV) with the morphology of 
the “C. flum inea"  lineage (Table 2). Based on enzyme 
polym orphism  and RFLP analysis of the m itochondrial 
COI gene, this cryptic, unnam ed lineage was considered 
a separate species (”C. flum inea-like”) [40]. Pfenninger 
et al. [42] also conducted a genetic study on Corbicula 
including European sam ples. Two m orphotypes, the 
“round form” (R) and the “saddle form” (S), were found 
sympatrically in the River Rhine. Based on m itochon­
drial COI sequence data, the round form  (R) from  the 
Rhine has the haplotype H2 which is identical to haplo­
type I of Renard et al. [40], American form A [18,19,34] 
and Asian C. leana  haplotype FW5 [31,34]. However, 
form S from the Rhine, which is morphologically close 
to the C. flum inalis  of Renard et al. [40], has exactly the 
same COI haplotype (haplotype H4) as the third genetic 
lineage (haplotype IV) from  the Rhone and n o t the 
expected C. flum ina lis  haplotype. These COI data also 
indicate th a t the haplotype H4 of form  S, and hence 
Renard et al.’s [40] haplotype IV, is identical to the hap­
lotype C l of A m erican  form  C ([18,19]). M oreover, 
random  DNA am plification  fingerp rin ting  and ITS1 
RFLP analysis revealed the presence of cryptic hybrids 
between the R and S lineages from the River Rhine [42]. 
These hybrids could display either parental morphotypes 
or, in a few cases, interm ediate morphotypes. In Portu­
gal, the populations of Corbicula  from  the Lima and 
M inho rivers are morphologically distinct but have the 
same COI haplotype, identical to haplotype FW5 (the 
“form A - form R lineage”) [43]. The observed difference 
in shell shape and co lour has been a ttrib u ted  to  an 
adaptation  to  distinct ecological conditions, different 
origins and/or genetic alterations during distinct migra­
tion, or differential selection processes in the two rivers 
[43],

Revising the divergent results obtained by Renard et al.
[40] and Pfenninger et al. [42] for the “C. flum ina lis  - 
form S” morphotype (see also Table 2), it is still unclear 
which European morphotype of Corbicula corresponds 
to  w hich haplotype and w hat is the ir phylogenetic

http://www.biomedcentral.eom/1471
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Table 1 GenBank accession num bers, COI haplotype designation and localities of Corbicula spp. sequences included in 
phylogenetic analysis.

C ode1 Taxon Location H ap lo type  GenBank Sperm  m orphology

sandai A 

sandai B 

austr

C. sandai 

C. sandai 

C. australis

Japan

Japan

Australia

AF196272 

AF196273 

AF196274

m onoflagellate3 

m onoflagellate3 

Biflagel late4

FW1

FW1

C2

FW2

FW3

FW4

FW4

FW4

lindu

C. fluminea  

C. sp. (form B)

C. sp. (form C) 2 

C. sp.

C. sp.

C. fluminalis 

C. sp. (form Rio) 

C. subplanata  

C. linduensis

Korea 

USA 

A rgentina 

China 

China 

N etherlands 

See Table 4 

Indonesia 

Indonesia

B1-3

AFC 

AF5V 

AF519512 

AF457989 

AF457990 

AF269096-8 

GU721084 

DQ285602 

DQ285579

biflagel late3 “ 

biflagel late5

biflagel late0 

m onoflagellate7

FW5

FW5

FW5

FW5

FW5

FW7

FW8

H7

FW9

C. fluminea  

C. sp. (form A) 

C. sp. (form R) 

C. leana  

C. sp.

C. fluminea  

C. sp.

C. sp.

C. javanica

France 

USA 

See Tables 3, 4 

Japan 

Germ any 

France 

Taiwan 

Germ any 

Indonesia

A M  3

H2

AF269090-3 

AF519495-507 

GU721082 

AF196268 

AY097263-75 

AF269094 

AF457991 

AY097284 

AF457993

biflagel late5 

biflagel late0 

biflagel late3 “

FW 10

FW11

FW 12

FW 13

FW 14

FW 15

FW 16

C. sp.

C. sp.

C. sp.

C. sp.

C. fluminea  

C. sp.

C. sp.

Korea

China

China

China

Thailand

Vietnam

Vietnam

AF457992 

AF457994 

AF457995 

AF457999 

AF196270 

AF468017 

AF468018

FW17
FW17
FW17
FW17

H1

H5

H8

C. sp. (form S) 

C. fluminea-Wke 

C. sp. (form C) 

C. sp.

C. sp 

C. sp 

C. sp

See Tables 3, 4 

France (Rhone) 

A rgentina 

Germ any 

Germ any 

Germ any 

Germ any

2

IV

c
H4

GU721083

AF269095

AF519508

AY097277-81

AY097262

AY097282

AY097285

biflagel late0 

biflagel late5

H 18  

H25  

H 26  

flum inalis  A 

flum inalis  C 

H32  

japonica A 

Kor4 

KR1 

lam ar

C. sp.

C. sp.

C. sp.

C. fluminalis A 

C. fluminalis C 

C. sp.

C. japonica  

C. sp.

C. japonica  

C. lamarckiana

Israel 

France (Rhone) 

France (Rhone) 

China 

China 

Japan 

Japan 

Korea 

Korea 

Thailand

AY097295-8

AY097302

AY097303

AF457996

AF457998

AY097312

AF196271

EU090399

AF367440

DQ285578

m onoflagellate7

m onoflagellate7

m onoflagellate3
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Table 1 GenBank accession num bers, COI haplotype designation and localities of Corbicula spp. sequences included in 
phylogenetic analysis. (Continued)

Ioeh80 C. beltensis indonesia DQ285580 m onoflagellate3

loeh81 C. beltensis indonesia DQ285581 m onoflagellate3

m ata89 C. m atannensis indonesia DQ285589 m onoflagellate3

m ata63 C. m atannensis indonesia AY275663 m onoflagellate3

m ata65 C. m atannensis indonesia AY275665 m onoflagellate3

m ata92 C. m atannensis indonesia DQ285592 m onoflagellate3

m ata87 C. m atannensis indonesia DQ295587 m onoflagellate3

m ata94 C. m atannensis indonesia DQ285594 m onoflagellate3

posso C. possoensis indonesia DQ285598 m onoflagellate3

anom io C. anomioides indonesia DQ285605

m ada C. madagascariensis M adagascar AF196275

Neocorbicula limosa N. limosa A rgentina AF196277 m onoflagellate3

Sperm morphology is indicated if known: biflagellate sperm is considered as indicative for androgenesis [19], ’haplotype name used in the present study, 
2mitochondrial-morphotype mismatch, 3[15], 4[16], 5[18], 6present study, 7[41], 8[17], “androgenetic forms as evidenced by cytological studies [11,12].

relationship with American and Asian Corbicula clams. 
In Europe and America, m ost individuals of Corbicula 
that have the same morphotype also have the same mito­
chondrial haplotype. However a m ism atch betw een 
mtDNA and m orphotype may be observed because of 
androgenesis between distinct genetic lineages [18,19,44]. 
More specifically, an unreduced spermatozoon from one 
lineage can fertilize the  egg of ano ther lineage. The 
maternal nuclear DNA of the latter one will be extruded 
as two polar bodies bu t the m itochondria  will be 
retained, while only the ‘male’ pronucleus of the first line­
age will be involved in the zygote development [11,18,19]. 
This phenomenon has also been referred to as egg para­
sitism. In some rare cases, the maternal nuclear genome 
can be partially or totally retained, leading to a peculiar 
form of hybridisation [18].

F u rtherm ore , K om aru e t al. [45,46] observed in 
laboratory populations of C. leana and C. flum inea  that 
incom plete extrusion of the m aternal genom e occurs,

causing an elevation of ploidy level. Indeed, individuals 
of C. f lu m in e a  of several ploidy levels have been 
reported (2n: [47]; 3n: [48]; 4n: [48]).

The present study aimed at re-investigating the differ­
en t m orphotypes and haplotypes in W est European 
lineages of Corbicula in order to finally clarify their phy­
logenetic relationships with American and Asian clams. 
We applied an “integrative taxonomy” approach by study­
ing morphology and comparing it to molecular data [49]. 
More specifically, we used shell and sperm morphology, 
partial m itochondrial COI and cyt b sequences and, in 
addition, nuclear polymorphic microsatellite loci to study 
Corbicula spp. collected from  the W estern  European 
river basins M euse, Seine, Rhine and Rhone. In our 
phylogenetic dataset we included published COI haplo­
types of European, African, American, Asian and Austra­
lian lineages. M oreover, we explored the presence of 
mismatches between mtDNA and nrDNA /m orphotype 
(cytonuclear m ism atches) in E uropean populations,

Table 2 Comparison of th e  COI results for the  different Corbicula m orphotypes including the  previous 
nom enclature used.

Renard et al. 2000 [40] H aplotype I (FW5) C. fluminea Haplotype IV (FW17) C. 
fluminea-Wke (Rhone)

H aplotype V (FW4) 
C. fluminalis

Pfenninger e t al. 2002 [42] H aplotype H2 (FW5) Form R H aplotype H4 (FW17) 
Form S

Present study H ap lo type  1 (FW 5) Form R 
G enotype 1 

H ap lo type  2 (FW 17) Form R
(m t/m orplnotype m ism atch: 2 individuals) 

G enotype 1

H ap lo type  3 (FW 4) Form Rlc 
(Rhone) G enotype 3

H ap lo type 2 (FW 17) 
Form S G enotype 2

Asian haplotypes (Slrlpattrawan et al. 
2000 [34]; Park & Kim 2003 [31])

C. leana Haplotype FW5 C. fluminea  (FW1 ) C. subplanata  
H aplotype FW4

(H aplotype FW17)

American haplotypes (Lee et al. 2005 [18]) Haplotypes A1-13 (FW5) Form A H aplotype B1-3 (FW1) Form B Haplotype C1 (FW17) 
Form C

Representative COI haplotypes from each lineage have been included. See Table 1 and Fig. 2 for the whole data set. Genotypes (from microsatellite data) are 
indicated for each of the three forms investigated in the present study. Haplotype FW17 was not found in any Asian population but this nomenclature was used 
for the European haplotype IV [31].
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indicative of androgenesis between lineages and therefore 
challenging the sister-taxon relationships and the species 
sta tu s w ith in  the genus Corbicula. Furtherm ore, we 
emphasize the possible relationship between androgenesis 
and the invasive success of Corbicula clams.

Results
Morphological analysis
Two m ain  m orpho types have been d iscrim inated  
visually. They correspond to  the form s described by 
Pfenninger et al. [42]: a round  and broad  form  w ith 
deep ridges (round form, R) and a narrow  form  w ith 
closely spaced ridges (saddle form, S) (see [39] for pic­
tures of both  forms). Both forms occur syntopically in 
the H ollands Diep (Rhine-M euse delta), in the River 
Meuse (Belgium, Table 3) and in the Rivers Seine and 
Rhine (Table 4). The individuals from the River Rhone 
can be subdivided in to  two colour groups of form  R 
[36], viz. one with dark shells whose interior surface is 
white and purple (as in form R sampled elsewhere), the

Table 3 Sampling sites of Corbicula spp. in River Meuse.
Origin Location (collectors) Form  

(R, Rlc, 
S)

N COI

M euse Revi n R 5

(France) Vlreux-Molhaln R 7

Chooz R 2

M euse Heer-Aglmont R 7

(Belgium) Hastlère R 10

W aulsort R 12

Dlnant R 7

Houx R 8

Godin ne R 6

Rivière R 4

Tailfer R 8

Beez (provided by divers) R 3

Sclayn R 5

Huy R 6

Tihange (nuclear pow er plant) R and  S 17

(provided by C. Lamine - 
C. M artin)

Amay R and  S 22

Liège-Monsin R '

H e  r ma 11 e-so us-Arge n tea  u R 5

Lixhe R 7

M euse Cuijk R 8

(Netherlands) Alem R 8

Hollands D iep Moerdijk R and  S 7

(Rhlne-M euse
delta,

N etherlands)

(provided by M. Greijdanus - 
B. Reeze)

'M idden' (provided by B. Reeze) R and  S r

The sites are presented from upstream to downstream. Collector names are 
indicated when different from the authors. N COI = num ber of individuals 
sequenced for COI.

other w ith lighter shells whose interior is white-yellow 
(light form , Rlc). Form  Rlc from  the Rhone has also 
been recorded in the River G ardon (France, see [39]). 
M easurem ents were made on 429 specimens of Corbi­
cula from all sampled localities. The measurements pro­
vided in the literature for the lectotypes of C. flum inea  
Müller and C. flum inalis  Müller (collection of Universi- 
tetets Zoologisk M useum  of Copenhagen [20]) and the 
type specimen of C. leana Prime (original description of 
the species in [26]) were also included in the analysis. 
The two main forms identified a priori (R and S) could 
be distinguished on the basis of the Principal Com po­
nents Analysis (PCA) conducted on the three studied 
ratios (H/L, H /W  and L/W , see M ethods) (Figure 1). 
Form Rlc from  the Rhone was m orphom etrically close 
to form  R (Figure 1). W e therefore conducted a new 
PCA on these two forms exclusively (results not shown). 
This analysis still showed an overlap between the two 
forms but suggested that specimens of form Rlc have a 
significantly lower H/L ratio (analysis of variance, p < 
0.01). However, our study included only 14 specimens 
of form Rlc and a more extensive sampling is needed to 
test the differences with form R. The morphological dis­
tinction  betw een form s R and Rlc is mainly based on 
colour, especially of the inner shell. M oreover, we 
noticed tha t juvenile individuals of form  Rlc have an 
orange spot on their umbo (the dorsal shell protrusion) 
which is not observed for juveniles of form R (Pigneur 
LM & Marescaux J, personal observation).

The lectotype of C. flum inea  clustered with individuals 
of morphotypes R and Rlc on the biplot. The type speci­
m en of C. leana was found in the margin of the group 
composed of individuals of form  R only. The lectotype 
of C. flum in a lis  was found w ithin the group of speci­
m ens of form  S (Figure 1). The two individuals (M ol 
and Se26) showing a cytonuclear m ism atch (see COI 
and cyt b sequences analysis below) were m orphologi­
cally part of the R-Rlc group (Figure 1).

Sperm m orphology
The sperm  m orphology of the th ree m orphotypes of 
Corbicula (forms R, S and Rlc) was investigated because 
the biflagellate sperm  type has been recognized as a 
diagnostic m arker of androgenetic reproduction in this 
genus [15,16,18]. The analysis revealed biflagellate sper­
m atozoa in the three morphotypes of Corbicula (forms 
R, S and Rlc). These three form s thus seem to rep ro ­
duce th rough  androgenesis like the invasive lineages 
found in America [18].

COI and cyt b sequences analysis
COI and cyt b sequences were ob tained respectively 
from  215 and 41 specimens from  Meuse, Seine, Rhine 
and Rhone (Tables 3, 4). The analysis revealed only
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Table 4 Details of th e  populations of Corbicula studied.
River Country Location Form  

(R, Rlc, S)
Collectors N

COI / c y t b

M euse France See Table3 R See Table3 176/20 (Table 3)

Belgium R, S

Netherlands R, S

Seine France Poses R Authors 6/3

S 6/3

Rhine Germ any Köln R M. W eitere - C. Viergutz 10/5

S 3/3

Rhone France Creys R J. M outhon 5/2

Rlc 9/5

Origin, collector and number of individuals sequenced for COI and cyt b genes. (R = form R, S = form S, Rlc = form Rlc, N COI / cyt b = number of individuals 
sequenced for COI / cyt b).

three haplotypes each corresponding to one of the three 
m orphotypes. All individuals of a sam e m orphotype 
exhibited exactly the same haplotype (except for 2 indi­
viduals, see below). Sequence comparisons between the 
th ree  COI hap lo types revealed 22 variable sites

distributed throughout the sequenced fragment (681 bp) 
(A lignm ent provided in A dditional file 1). For cyt b, 
only 10 sites out of 326 were variable (Additional file 2). 
Since our cyt b sequences were relatively short (326 bp) 
and a low er num ber of sequences for th is gene are

CN -

Ol
LO

<

CM _i

-4 -2 0 2 4 6 8

Axis 1

F ig u re  1 R ela tio n sh ip  b e tw e e n  scores on  Axis 1 a nd  Axis 2 fo r  th e  P rinc ip al C o m p o n en ts  A nalysis  fo r  shell m ea s u re m e n ts  on  
429  specim ens o f C orb icu la  R in red, Rlc in blue an d  S in g reen  represent individuals o f form s R, Rlc and  S respectively. The type  specim ens 
o f C. fluminalis, C. fluminea  and  C. leana  are rep resen ted  by symbols. Mo1 and  Se26 are th e  tw o  individuals exhibiting a m itochondrial- 
m orpho type  mism atch.
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available for Corbicula, we have conducted the sequence 
analysis and the phylogenetic study with COI only.

One haplotype (COI haplotype 1) was found in all our 
sam pled populations. This haplotype 1 was exclusively 
found in form R and its nucleotide sequence is identical to 
European C. flum inea  (haplotype I, [40]) and haplotype 
H2 [41], the A m erican form  A [18,34], the Japanese 
C. leana [34] and the Asian haplotype FW5 [31] (Tables 1, 
2). We will refer to this COI haplotype as haplotype FW5 
which was a common code used in Park & Kim [31] for 
all individuals of Corbicula with this COI sequence.

The second haplotype (COI haplotype 2) was found in 
all specimens of form S and in two specimens of form R 
(Table 2). Haplotype 2 is identical to the European “C. 

flu m inea -like” COI haplotype IV from  the Rhone [40] 
and haplotype H4 found in form  S in the Rhine [42] 
and to the American form C [18] (Tables 1, 2). We will 
refer to this haplotype as haplotype FW17 as in Park & 
Kim [31]. Haplotype FW17 has no t been found in any 
Asian population [31].

We observed a discrepancy between the mitochondrial 
lineage and m orphology for two individuals of form  R. 
The first one was a single individual from  the River 
M euse at Fiège-M onsin (individual M ol) and the sec­
ond one is a single individual from the Seine (individual 
Se26). Both individuals had  the m orpho type R bu t 
exhibited the COI haplotype 2 (found in form  S). The 
sam e results were obtained for cyt b haplotypes. We 
sequenced both genes again on new tissue samples from 
these two individuals and obtained the same results.

Our third haplotype (COI haplotype 3) was exclusively 
found in the individuals of form  Rlc from  the Rhone 
while form  R from  this same site had the haplotype 1 
(FW5) (Table 2). Renard et al. [40] found COI haplotype 
IV in the five individuals studied from  the Rhone; we 
did no t find this haplotype IV in the new samples we 
obtained from  River Rhone. O ur haplotype 3 from  the 
Rhone is identical to the sequence of C. flum inalis  (hap­
lotype V) from Renard et al. [40] (Table 2). Therefore, 
there is a discordance between our haplotypes and those 
obtained by Renard et al. [40] for form S. The same dis­
crepancy was also repo rted  by Pfenninger et al. [42] 
(Table 2). O ur haplotype 3 is identical to the haplotype 
FW4 of the Indonesian C. subplanata [31,50] (Table 1). 
W e will here refer to haplotype FW4 as in Park & Kim
[31]. This haplotype FW4 clusters w ith the Am erican 
haplotype BÍ (identities: 636/637 bp) and C. flum inea  
from Korea (identities: 613/614 bp) (Figure 2).

O ur analysis yielded only th ree  haplo types for all 
studied individuals among the four sampled European 
rivers. Surprisingly, Pfenninger et al. [42] recorded a lar­
ger num ber of COI haplotypes, especially in the River 
Rhine. We aligned all of these haplotypes and observed 
that some sequences contain several Ns or are shorter

than m ost published sequences. W e therefore included 
only some representative haplotypes of that study in our 
M aximum Fikelihood (ME) and Bayesian Inference (Bí) 
analyses.

M itochondrial phylogeny (COI gene)
In to tal, 57 COI sequences of Corbicula available in 
GenBank, including those three sequences from the pre­
sent study, were included in the phylogenetic analysis 
(Table 1). Out of these 57 sequences, 47 COI haplotypes 
were defined (Additional file 1). From the 714 positions 
(562 excluding gaps or m issing data) including the 
outgroup, 158 sites were variable (28%). Only 13% of 
the sites rem ained variable w hen we excluded the 
outgroup, the estuarine lineages (see Figure 2) and C. 
madagascariensis.

Based on the lower value of Akaike information criter­
ion (AIC), the GTR+y model was selected for phyloge­
netic  analysis. N eocorbicula lim osa  was used as an 
outgroup. ME analysis and Bí gave a similar topology. 
The phylogenetic tree (Figure 2) shows two divergent 
clades: an “estuarine clade” (Asian C. flu m in a lis  and 
C. japonica) and a “freshwater clade”. W ithin this fresh­
water clade, C. madagascariensis is a sister-taxon to all 
o ther freshw ater lineages of Corbicula. In th is la tte r 
group, there is no clear geographic clustering of haplo­
types of Corbicula, highlighting their cosmopolitan dis­
trib u tio n . H ow ever the phylogenetic re la tionsh ips 
betw een the freshw ater lineages of Corbicula rem ain 
unresolved due to the low support (bootstrap and pos­
terior probabilities) obtained for most clades. The three 
haplotypes of our study (referred to as FW4, FW5 and 
FW17 as in Park & Kim [31]) are each associated with a 
distinct freshwater subclade. W ithin each of these sub- 
clades, there  are m ostly representatives of Corbicula 
w ith  biflagellate sperm  (see Table 1) suggesting tha t 
these lineages reproduce th rough  androgenesis [19]. 
How ever the  clade con ta in ing  haplo type FW 4 also 
includes C. linduensis which has monoflagellate sperm  
[17], suggesting that this latter reproduces sexually.

Microsatellites
N uclear m arkers w ere m ainly used in  th is  study  to 
investigate the observed m ism atches between mtDNA 
and nrD N A /m orphotype. For all eleven polym orphic 
micosatellite loci, the two individuals with m orphotype 
R and COI haplotype 2 (FW17) of form  S (individuals 
M ol and Se26) exhibited exactly the same microsatellite 
genotype as the  form  R individuals. T herefore, both  
individuals clearly belong to the form  R lineage at the 
m orphological and nuclear levels but have the form  S 
mitochondrial haplotype.

The same eleven microsatellite loci were also used to 
analyse several W est European individuals of Corbicula
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F ig u re  2  M a x im u m  L ike lih o o d  tre e  based on  a 5 6 2  b p  f ra g m e n t o f th e  m ito c h o n d r ia l COI g e n e  fro m  C o rb icu la  spp P osterio r 
probabilities from  Bayesian Inference (first) and  boo tstrap  values from  M aximum Likelihood (second) are indicated  for nodes found  in both 
analyses. S equence  o f Neocorbicula limosa  was used as an ou tg roup . See Table 1 for th e  origin of all th e  sequences. The th ree  European 
m orphotypes are Indicated (form R, form  S and  form  Rlc) and  th e  fram es are colour c o d ed  according  to  Fig. 1. Two individuals o f form  R 
exhib ited  th e  COI hap lo type o f form S (haplo type 2 =  FW17).

belonging to the three different morphotypes (Table 5). 
For microsatellite locus C1B03, forms R and S present the 
same alleles (heterozygous; 2 alleles) while for the loci 
C1A02, C1B11 and COI form s S and Rlc have the same 
allele size. Two loci (C1A01 and C1A03) did not amplify in 
form S, though they did amplify in the two specimens of 
form R with mtDNA COI haplotype 2 (as in form S). Two 
other loci (C1D06 and C1E01) did not amplify in form Rlc. 
The rem aining four m icrosatellite loci amplified in all 
three forms and revealed differences in allele size between 
form R, S and Rlc. Since the microsatellite library was con­
structed for form R [51], it is not surprising that, due to 
the genetic divergence between the three forms, some loci 
did not cross-amplify in form S or Rlc (Table 5).

Surprisingly, for each tested microsatellite locus, zero 
polymorphism was observed between individuals within 
each m orphotype originating from  different W est-

E uropean populations. Only three d istinct genotypes 
(genotypes 1, 2 and 3 for forms R, S and Rlc respectively) 
were identified. Bayesian clustering conducted using the 
STRUCTURE software revealed distinct categories, with 
the highest and m ost reliable probabilities for IO = 3 
(Additional file 3). This confirmed the observed differ­
ences between the three forms and the presence of only 
th ree invasive haplotypes/genotypes of Corbicula  in 
W estern Europe (Table 5).

These resu lts  are indicative of an overall very low 
genetic divergence within European Corbicula and could 
be related to their clonal reproductive mode.

Discussion
- Three European m orphotypes/haplotypes/genotypes
The dark-coloured form  R individuals we found corre­
spond morphologically to the description of C. flum inea
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Table 5 Characteristics of polymorphic microsatellite loci 
and amplification in th e  th ree  m orphotypes of Corbicula 
of W estern Europe.
Prim er nam e M orph otype R epeat type Ta (°C) N Size (bp)

CIA01 (gt)
R 53 27 198

S/R 53 2 198

S 53 23 -

Rlc 53 15 196

CIA02 (tg)
R 53 27 110-114

S/R 53 2 110-114

S 53 23 112-116

Rlc 53 15 112-116

CIA03 (tg)
R 53 27 192-194

S/R 53 2 192-194

S 53 23 -

Rlc 53 15 190

CIB03 (ag) (ga)

R 53 27 233-239

S/R 53 2 233-239

S 53 23 233-239

Rlc 53 15 239

CIB11 (ca)

R 53 27 311

S/R 53 2 311

S 53 23 311-313

Rlc 53 15 311-313

CIC01 (gt)
R 53 27 175-179

S/R 53 2 175-179

S 53 23 173-175

Rlc 53 15 173-175

CIC08 (ct) (ct)

R 55 27 216-220

S/R 55 2 216-220

S 55 23 260-306-(316)

Rlc 55 15 306

CIC12 (ae)

R 53 27 226

S/R 53 2 226

S 53 23 226-228

Rlc 53 15 230

C ID06 (gegt)

R 53 27 199-207

S/R 53 2 199-207

S 53 23 237

Rlc 53 15 -

CID12 (gtgc)

R 53 27 274-278

S/R 53 2 274-278

S 53 23 264-274

Table 5 Characteristics of polym orphic m icrosatellite loci 
and am plification in th e  th ree  m orphotypes of Corbicula 
of W estern Europe. (Continued)

Rlc 53 15 274

CIE01 (tg)
R 53 27 213

S/R 53 2 213

S 53 23 209

Rlc 53 15 -

Ta = annealing temperature, N = number of individuals genotyped, Size = allele 
(s) size(s). S/R represents the two individuals with the  COI haplotype 2 (like in 
form S) and the morphotype R. "R", "S" and "Rlc" refer to  the three West 
European morphotypes.

in [36,41,42]. Our morphological analysis did not provide a 
strong taxonomic assignment although the type specimen 
of C. leana was plotted near the group including form R. 
The sequence of haplotype 1, found in all studied indivi­
duals of form R in Europe (except the two “mismatches”), 
was identical to Asian haplotype FW5. Those results are 
congruent w ith those of S iripattraw an et al. [34] and 
Hedtke et al. [19] which concluded that populations of 
American form  A (and therefore the European form  R) 
are derived from populations of C. leana (haplotype FW5) 
from Japan. O n the basis of these COI results, the Eur­
opean form R would not correspond to C. flum inea  sensu 
stricto as previously assumed. Regarding the genotyping 
results, all 27 individuals of form  R had one specific 
nuclear genotype (genotype 1) for the 11 tested loci.

The individuals of form  S (Meuse, Seine and Rhine 
rivers) correspond morphologically to Corbicula f lu m i­
nalis as defined by Renard et al. [40] and Korniushin
[41]. Our morphological analysis, through the PCA, also 
showed similarity between the European form S and the 
lectotype of C. flum ina lis  from M esopotamia. The COI 
haplotype 2 found in form S was identical to haplotype 
FW17 and to American haplotype C l (of form C). Inter­
estingly Park & Kim [31] already highlighted tha t no 
A sian haplo type co rresponds to  haplotype FW17. 
Genetic and morphological data of specimens from the 
native area of C. flum inalis  (Middle East, Caucasus and 
C entral Asia) are needed to  confirm  the taxonom ic 
assignm ent of the E uropean form  S/A m erican form  
C. O ur results also suggest that form S does not corre­
spond to  C. flu m in a lis  sensu Park & Kim [31]. This 
Chinese, estuarine C. flum inalis  was found in the same 
m itochondria l clade as C. japonica  (Figure 2). K or­
n iush in  [41] already reconsidered  th is form  as C. 
cf. japonica  on the basis of anatom y and reproductive 
features. The genotyping resu lts  show ed th a t all 23 
E uropean individuals of Corbicula of form  S had the 
same, d istinc t nuclear genotype (genotype 2) for the 
9 m icrosatellite loci tha t amplified in form  S although 
these nuclear markers were developed for form R.
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W e obtained new samples from  the Rhone and our 
analysis revealed the p resence of two d istin c t COI 
lineages in this river: (i) the haplotype 1 (FW5) in indivi­
duals of form R and (ii) the haplotype 3 (FW4) found in 
specimens of form  Rlc exclusively. The European light 
form Rlc had the same COI haplotype as the Indonesian 
C. subplanata, and was closely related to the American 
form B and Corbicula flum inea  from Asia [19,34]. Glau- 
brecht et al. [10,17] already made the assum ption that 
C. subplanata would be conspecific with the widespread 
C. f lu m in e a . H edtke e t al. [19] concluded  th a t the 
American form B would be derived from populations of 
the Asian lineage C. flum inea. As in form S, 9 microsa­
tellite loci amplified in European form Rlc and revealed 
a third distinct genotype (genotype 3), being identical in 
all tested individuals of form Rlc.

The overall low genetic divergence betw een and 
within the three forms and the possibility of a peculiar 
hybridization through androgenesis between forms (see 
below) suggest that invasive lineages of Corbicula may 
represent a polymorphic species complex. Therefore we 
propose to  use the nom enclature  “form  R”, “form  S” 
and “form Rlc” for the three W est-European lineages of 
Corbicula.

- Unravelling discordant COI results
The sequence of haplotype 3 (FW4) we found in form 
Rlc (Rhone) was identical to the C. flum ina lis  - haplo­
type V and n o t to  the expected haplotype IV of the 
R hone found  by R enard  e t al. [40]. T his re su lt of 
R enard  e t al. [40] is co n tras tin g  w ith  ou r da ta  and 
those of Pfenninger et al. [42]. Moreover, Renard et al. 
[40] included 6 individuals of the C. flu m in a lis  form  
(form  S) from  the  M euse (N etherlands) b u t th e ir  
sequence (COI haplotype V) does no t correspond  to 
the  one we found (haplotype 2) in  our sam pling  of 
morphotype S and it does not correspond to haplotype 
H4 from  form  S published  by P fenninger e t al. [42] 
(see Table 2). W e do no t have any evidence of tem ­
poral changes in the studied populations and we there­
fore hypothesize a m ism atch  betw een the published 
sequences and the ir associated nam es/populations in 
the paper of Renard et al. [40]. M ore specifically, the 
COI sequence assigned to C. flum in a lis  (haplotype V) 
in their publication actually belongs to the individuals 
from  the Rhone (their th ird  unidentified lineage) and 
corresponds to  our form  Rlc (also from  the Rhone), 
while the ir sequence of haplotype IV (Rhone) co rre­
sponds to their specimens of C. flum ina lis  as Pfennin­
ger et al. [42] and this study dem onstrated. In Table 2, 
we p re se n t a sum m ary  of the  in co n g ru en ce  and a 
com parison  of E uropean, A m erican  and A sian COI 
haplotypes of Corbicula.

- IV Iitochondrial/m orphotype-nuclear mismatch
In Europe and N o rth  A m erica, m ost individuals of 
Corbicula  w ith  the sam e m orpho type belong to  the 
same m itochondrial lineage ([18,19,42], this study). In 
addition, in this study we have preliminary indications 
that the same Corbicula m orphotype also belongs to a 
single genotype although m ore individuals should be 
investigated . H ow ever, we detec ted  a discrepancy 
between the mitochondrial lineage and, the morphology 
and the nuclear lineage of two specim ens of form  R, 
one from the Meuse and one from the Seine, two of the 
three rivers where we found forms R and S in sympatry. 
These individuals with m orphotype R exhibit the m ito­
chondrial haplotype of form S (for both cyt b and COI) 
bu t all polym orphic m icrosatellite m arkers identified 
a form  R nuclear DNA origin (genotype 1) for bo th  
specimens. In the absence of recent nuclear exchange 
between the morphotypes, the observed mismatch could 
be explained by double uniparental inheritance (DUI), 
population polymorphism in the ancestor of the species 
or egg parasitism between the species [19]. Hedtke et al. 
[19] did not find any evidence of DUI in individuals pre­
senting a m tD N A /m orphotype mismatch. The hypoth­
esis of a polymorphic ancestor was rejected on the basis 
of their phylogenetic analysis [19]. H edtke et al. [19] 
therefo re  concluded  th a t th is  observed discrepancy 
could only be the consequence of an androgenetic “egg 
capture": after fe rtiliza tion  betw een  the u n reduced  
sperm of one haplotype and the egg of a distinct haplo­
type, the m aterna l n uclear DNA from  the egg is 
extruded. The descendant therefore contain  paternal 
nuclear DNA while they retain the m aternal m itochon­
drial DNA, resu lting  in  a cy tonuclear m ism atch  as 
observed here for two individuals.

A similar cytonuclear mismatch was observed in some 
A m erican  popu la tio n s betw een form s A and B and 
betw een form s B and C living in sym patry  [18,19]. 
Discrepancies between nuclear and mitochondrial phylo­
génies have already been reported for Corbicula [42,44]. 
A ccording to  ou r m itochondria l phylogeny and our 
microsatellite data, the disjunction found in our two sin­
gular individuals would imply a spermatozoon of lineage 
R that “parasitized” an egg of lineage S.

- Androgenesis and invasiveness
In freshwater ecosystems, Corbicula flum inea  sensu lato 
is considered  one of the  m ost invasive species [3] 
because of its large geographic dispersal and invasive 
behaviour [3,20,24]. The invasive success of lineages of 
Corbicula  is a ttrib u ted  to  th e ir  following biological 
traits: rap id  grow th and m atu ra tion , high fecundity, 
excellent d ispersal capacities and association  w ith 
human activities [3]. However, their unique reproductive
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m ode m ight also play a role in  the  invasiveness of 
lineages of Corbicula while this has never been high­
lighted. O ur phylogenetic analysis (Figure 2) dem on­
strates that the “freshwater clade” includes both sexual 
dioecious and androgenetic lineages. The sexual lineages 
are mostly restricted to limited Asian areas, e.g. C. san­
dai which is endemic to Lake Biwa (Japan) or C. m atan­
nensis which is endemic to Indonesia. Moreover, it has 
been shown that, on a lim ited spatial scale, the lacus­
trine  lineages of Corbicula from  Sulawesi (Indonesia) 
form well-defined genetic clades [50] while identical or 
closely related haplotypes of the androgenetic lineages 
are found over large geographic distances, both in the 
native and invaded regions ([31,50], this study). This 
emphasizes that androgenesis seems to favour the inva­
sive success of these clams. M ore specifically, androge­
netic Corbicula are herm aphrodites and capable of self- 
fertilization. Therefore, a single individual may easily 
found a new population if the conditions are favourable. 
This is one of the main advantages of asexual as com ­
pared to sexual lineages [52].

In addition, our genetic analysis of European popula­
tions of Corbicula revealed an absence of polymorphism 
w ith in  each form . M any invasive species escape low 
levels of genetic  diversity  owing to  m ultip le  an d /o r 
repeated in troduction  events [53,54]. On the contrary, 
there is a “prevalence of genetic bottlenecks” in invasive 
species with several species showing a low genetic diver­
sity but a high invasive potential [55]. This is considered 
the “genetic paradox of invasive species” [55-58]. In the 
case of Corbicula, further investigations should assess 
the genetic diversity of the native populations to deter­
m ine w hether the  invasive form s have en coun tered  
genetic bottlenecks or not. Due to androgenesis several 
of the lineages in the native area may indeed contain a 
low genetic diversity. W hatever the origin of their low 
genetic diversity, invasive lineages of Corbicula represent 
one of those examples of “genetic paradox”. Phenotypic 
plasticity, which is particularly high in molluscs, might 
have played an im portant role in the adaptation to and 
colonization of new environm ents as dem onstrated in 
m any o ther invasive species [59-61]. In o ther words, 
those three invasive clonal lineages of Corbicula, parti­
cularly form R dominating in W estern Europe, could be 
“general purpose genotypes” or even “super-genotypes” 
associated w ith high levels of plasticity in response to 
fluctuating environmental conditions [62,63].

However, a certain level of genetic diversity in Corbi­
cula  may be found in  the  com bination  of a nuclear 
genome of one lineage w ith a new m itochondrial gen­
ome of a different lineage as a result of androgenesis 
between lineages. This may provide a higher advantage 
to androgenetic lineages com pared to o ther asexually

reproducing species. M itochondrial capture has already 
been pointed out as dispersal strategy in the endangered 
cypress tree Cupressus dupreziana. This androgenetic 
organism produces diploid pollen that may in turn  ferti­
lize the ovule of the related, common species Cupressus 
sempervirens. This latter species, then, acts as a surro­
gate m other [64,65]. Moreover, androgenesis allows an 
elevation of ploidy when there is mixing of nuclear gen­
om es during  incom plete  ex trusion  of the m aternal 
nuclear genome [19,45,46].

- A ndrogenetic species: the pitfall o f m itochondrial 
phylogenies
Several studies revealed m itochondrial/m orphotype dis­
crepancies in populations of Corbicula w here distinct 
form s live in  sym patry  ([18,19,42], th is study) and 
hypothesized that it was the consequence of an androge­
netic egg parasitism ([18,19], this study). We would like 
to highlight here that this type of mitochondrial capture 
could lead to inaccurate species delimitation. The m ito­
chondrial gene tree only traces the maternal lineage and 
it is, in the case of androgenesis, misleading for species 
relationships. U ntil now, m ost phylogenetic studies in 
Corbicula have relied mainly or solely on mitochondrial 
data, b u t th is  can resu lt in  the  grouping  of d istinc t 
nuclear lineages in  the  sam e m itoch o n d ria l cluster. 
T herefore  the use of an “in tegrative taxonom y” 
approach as developped here, com bining nuclear and 
m itochondrial data along with morphology, is essential 
to verify the phylogenetic relationships within androge­
netic taxa such as Corbicula. Moreover, we suggest that 
due to  these pecu liar hybrid iza tion  events betw een 
lineages as a consequence of an androgenetic mode of 
reproduction, invasive European Corbicula should be 
considered as a polymorphic species complex including 
three distinct clusters. For example, the European form 
S and the  A m erican  form  C have the sam e COI 
sequence but appear very different on the basis of shell 
m orphology com pared to pictures of form C from Lee 
et al. [18]. The observed differences in shell shapes 
could be related to phenotypic plasticity, bu t alterna­
tively, form s S and C could also belong to  d is tinc t 
nuclear lineages sharing the same m itochondrial DNA 
through androgenesis. The same hypothesis seems con­
firmed by preliminary results in the COI cluster “form B
- form Rlc”. These m orphs can easily be distinguished: 
the form B from the Americas has a deep purple inner 
shell surface while the form Rlc from Europe has a whit­
ish inner shell surface. The assessment of cross-amplifi­
cation of microsatellite loci in American forms revealed 
that form B and form Rlc have distinct genotypes [51]. 
They therefore belong to distinct clusters at the nuclear 
level.

http://www.biomedcentral.eom/1471


Pigneur e t a l. BMC E vo lu tionary  B io logy  2011, 11:147
http://ww w.biom edcentra l.eom /1471 -2148/11 /147

Page 12 o f 15

Conclusions
The three different m orphotypes of Corbicula found in 
Europe are clearly d istinc t at the m itochondria l and 
nuclear level. The European form  S seem s related  to 
C. flu m in a lis  on the basis of m orphology while m ito­
chondrial data suggest that forms R and Rlc are derived 
from the androgenetic C. leana and C. flum inea  respec­
tively. Elowever th is  taxonom ic assignm ent rem ains 
u n certa in  and, due to  the  weak phylogenetic signal 
among freshwater Corbicula, these could be considered 
as a polym orphic species complex. M oreover, species 
delineation in Corbicula is even more complicated since 
we have to take into account the possibility of andro­
genesis and egg capture between the different morpho- 
types as observed in  th is  study  for two individuals. 
Eledtke e t al. [19] also dem o n stra ted  th a t nuclear 
exchange is possible and that the nuclear DNA of the 
American Corbicula form B originated from hybridiza­
tion  of separate nuclear lineages. As a consequence, 
taxonomic assignment in androgenetic lineages based on 
mitochondrial phylogeny only may be biased, and using 
an “integrative taxonomy” approach combining nuclear 
and m itochondrial data along with morphology may at 
least avoid the pitfall of pooling divergent evolutionary 
nuclear lineages. W e therefore recom m end using the 
proposed nom enclature form  R, form  S and form  Rlc 
for convenience in differentiating the three invasive Eur­
opean Corbicula lineages.

Furthermore our phylogeny highlights that the cosmo­
politan, invasive form s of Corbicula have identical or 
closely related haplotypes and seem to be androgenetic 
while the sexual, dioecious lineages seem restricted to 
the native Asian areas. Androgenesis would thus play an 
im p o rtan t role in  the  invasive success of Corbicula  
clams, especially because they are herm aphrodites and 
capable of self-fertilization.

Methods
Specimen collection
Live specimens were collected from  23 localities in the 
M euse river in France, Belgium and the N etherlands 
(Table 3), and from one site in the Seine river in France 
(Table 4). Additional specimens from one locality in the 
Rhine and one in the Rhone were obtained (Table 4). Spe­
cimens were immediately processed or preserved in 96% 
ethanol prior to analysis. Individuals from the Meuse and 
Seine rivers were collected in fish bypasses with a handnet 
or directly from the river bottom  with a handnet, or dug 
out from the sediment with an Eckman dredge.

M orphological analysis
The shell m orphology of the d ifferent m orphs from  
Meuse, Rhine, Rhone and Seine rivers was analysed. The 
shells of 429 individuals were measured for length (L),

height (H) and w id th  (W) w ith a calliper: “L” is the 
maximal anteroposterior dimension, “H ” is the maximal 
dorsoventral dimension and “W ” is the maximal width 
of the valves. We also included published measurements 
of the lectotypes of C. flum inea  and C. flum ina lis  [20] 
and of the original description of C. leana [26]. A Prin­
cipal Com ponent Analysis (PCA) was carried out using 
the table of the three m orphom etric ratios (H/L, H /W  
and L/W ). Calculations were perform ed and graphics 
drawn using R software with the ade4 package [66]. The 
function “dudi.pca” was used to  apply the PCA to the 
co rre la tion  m atrix . Scores from  axis 1 w ere p lo tted  
against those from  axis 2, each p o in t was identified  
individually.

Sperm m orphology
Biflagellate sperm  is indicative of androgenesis in the 
genus Corbicula  [15,16,18]. W e analysed the sperm  
m orphology of specim ens of form  R (Meuse, N = 4), 
form S (Rhine and Seine, N = 5) and form Rlc (Rhone, 
N = 3). To isolate and observe the spermatozoa, a pro­
tocol was adapted  from  several stud ies [67-69]. The 
individuals preserved in absolute ethanol were opened 
and the visceral mass, which includes the gonads, was 
cut. The tissue was collected in a tube and collagenase 
resuspended in RPMI was added (final concentration: 1 
mg/1). The tissue was sheared and collagenase-RPM I 
mix was added to a final volume of 600 pi. The prepara­
tion was then incubated at 45°C until complete degrada­
tion. The samples were centrifuged during 3 minutes at 
3000 rpm . One drop of the undernatan t was put on a 
glass slide and observed under a light m icroscope at 
100 X magnification.

Gene am plification and sequencing
Total genomic DNA was extracted from  the adductor 
muscles or the foot of 215 individual specimens (fresh 
or preserved in 96% ethanol) using the DNeasy blood & 
tissue kit (Qiagen) according to the manufacturer’s pro­
tocol. A fragment of 710 bp of the m itochondrial cyto­
chrome c oxidase subunit I (COI) gene and a fragment 
(430 bp) of the cytochrome b (cyt b) gene were ampli­
fied by Polymerase Chain Reaction (PCR) using the pri­
m ers LCOI490 and H C 02198  [70] and, UCYTB151F 
and UCYTB270R, respectively [71]. Amplifications were 
perform ed in  25 pi to ta l volum e including 0.5 pi of 
gDNA, lx  GoTaq Green reaction buffer (Promega), 200 
pM of dNTPs (Promega), 0.5 pM of both prim ers and 
0.1 U of GoTaq DNA polymerase (Promega). PCR con­
ditions were: 4 min at 94°C followed by 30 cycles of 45 
s at 94°C, 45 s at annealing tem perature (45 °C for COI 
and 42°C for cyt b) and 45 s at 72°C, and then  a final 
extension of 10 m in at 72°C. PCR products were puri­
fied and sequenced w ith each universal prim er on an

http://www.biomedcentral.eom/1471


Pigneur e t a l. BMC E vo lu tionary  B io logy  2011, 11:147
http://ww w.biom edcentra l.eom /1471 -2148/11 /147

Page 13 o f 15

au tom ated  ABI3730XL G enetic A nalyzer (M acrogen 
Inc.). COI and cyt b sequences w ere deposited  in 
GenBank [GU721082-GU721084; JF518976-JF518978]. 
Sequences were visualized and aligned using BioEdit 
7.0.5.3 [72],

Phylogenetic analyses [COI)

The evolutionary model for the phylogenetic analysis of 
COI sequences was selected using jM odelTest 0.1 soft­
ware [73]. M aximum-likelihood trees were constructed 
with PhyML 2.4.5 software and bootstrap values were 
obtained for 1,000 replicates [74]. A Bayesian Inference 
(Bí) analysis was perform ed using MrBayes 3.1.2 [75]. 
W e ran  four independent analyses w ith four M arkov 
Chain Monte Carlo (MCMC) each, for 4 million genera­
tions. Trees and param eters were sam pled every 100 
generations. To ensure stabilization, we discarded the 
first 25% of sam pled trees. The rem aining trees were 
used to com pute a consensus tree. The split frequency 
was below  0.01. For all analyses, pub lished  COI 
sequence of Neocorbicula limosa  was used as an ou t­
group. A total of 54 sequences from  several Corbicula 
lineages available on GenBank were included (origins in 
Table 1). Trees were visualized using MEGA4 [76].

M icrosatellite study
W e used eleven microsatellite loci described in Pigneur 
et al. [51] to analyze individuals of the three observed 
European m orphotypes (see Table 5 for the num ber of 
tested  individuals). Regarding the sam ples from  the 
Meuse, Rhone and Rhine, the individuals analyzed in the 
present study are different from those used in Pigneur et 
al. [65]. For each locus, the amplification was performed 
in 10 pi to ta l volum e including 0.5 pi of gDNA, lx  
G oTaq reaction  buffer (Promega), 200 pM of dNTPs 
(Promega), 0.5 pM of both primers and 0.1 U of GoTaq 
DNA polymerase (Promega). The forward primers were 
5’ fluorescently labelled and fitted w ith a G TTTC TT 
PIG-tail. Amplification by PCR was performed as follows: 
4 min at 94°C followed by 30 cycles: 45 s at 94°C, anneal­
ing for 45 s and 72°C for 45 s, and then a final extension 
of 12 min at 72°C. The fragments were analysed on an 
ABI 3130XL Genetic Analyzer with GeneScan-500 (LIZ) 
size standard (Applied Biosystems). Results were visua­
lized using GENEMAPPER software (Applied Biosys­
tem s). A dditionally, the m icrosatellite  resu lts were 
analyzed using Bayesian clustering with the STRUCTURE 
software version 2.0 [77] to define the num ber of cate­
gories (K) of individuals. STRUCTURE was run  for 10 
repetitions of each K from 1 to 5 assuming admixture. 
Analysis was performed using a burn-in period of 50,000 
followed by 200,000 MCMC repetitions.

Additional material

A dditional file 1: A lignm ent file o f th e  47 COI h ap lo ty p es  o f 
Corbicula  spp . used  in th e  p re sen t study

A dditional file 2: A lignm ent file o f th e  th ree  cyt b  seq u e n ces  o f  th e  
th ree  E uropean m orp h o ty p es  o f Corbicula  (R, S and  Rlc).

A dditional file 3: Estim ated p o pu la tion  stru c tu re  o f  Corbicula  spp . 
fo r K = 3 and  m ean Ln P(D) ±SD for 10 replicates a t each  level o f  K 
c lusters  (from 1 to  5).
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