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Abstract: Reliable banding techniques are a major necessity for genetic research in oysters. In this study, we carried
out the cytogenetic characterization of four oyster species (family Ostreidae) using restriction endonuclease treatments.
Chromosomes were treated with three different restriction enzymes, stained with Giemsa, and examined for banding
patterns. The following species were studied: Crassostrea gigas (2n = 20; total number of bands with ApaI, 74; HaeIII,
61; PstI, 76), Crassostrea angulata (2n = 20; ApaI, 62; HaeIII, 61; PstI, 55) (subfamily Crassostreinae), Ostrea edulis
(2n = 20; ApaI, 82; HaeIII, 59; PstI, 66), and Ostrea conchaphila (2n = 20; ApaI, 68; HaeIII, 62; PstI, 69) (subfamily
Ostreinae). Treatment of samples with ApaI, HaeIII, and PstI produced specific banding patterns, which demonstrates
the potential of these enzymes for chromosome banding in oysters. This is of special interest, since it has been recently
shown in mammalian chromosomes that restriction enzyme banding is compatible with fluorescence in situ hybridiza-
tion. This study therefore provides a fundamental step in genome mapping of oysters, since chromosome banding with
restriction enzymes facilitates physical gene mapping in these important aquaculture species. The analysis of the
banded karyotypes revealed a greater similarity within the genera of Crassostrea and Ostrea than between them.
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Résumé : Des techniques fiables d’analyse caryotypique sont nécessaires afin de pousser plus avant la recherche géné-
tique chez les huîtres. Dans ce travail, les auteurs ont réalisé une caractérisation cytogénétique de quatre espèces
d’huîtres (famille des ostréidés) à l’aide de traitements avec des enzymes de restriction. Les chromosomes ont été trai-
tés avec trois enzymes de restriction différentes, colorés au Giemsa et examinés pour la présence de bandes. Voici les
résultats pour chacune des espèces : Crassostrea gigas (2n = 20; nombre total de bandes avec ApaI, 74; HaeIII, 61;
PstI, 76), Crassostrea angulata (2n = 20; ApaI, 62; HaeIII, 61; PstI, 55) (sous-famille des Crassostreinae) Ostrea edu-
lis (2n = 20; ApaI, 82; HaeIII, 59; PstI, 66) et Ostrea conchaphila (2n = 20; ApaI, 68; HaeIII, 62; PstI, 69) (sous-
famille des Ostreinae). Les traitements avec les enzymes de restriction ont produit des bandes spécifiques, ce qui dé-
montre l’utilité potentielle de ces enzymes pour la révélation de bandes chromosomiques chez les huîtres. Ceci est par-
ticulièrement intéressant suite à la récente démonstration, sur des chromosomes de mammifères, que la révélation des
bandes résultant de ces traitements aux enzymes de restriction est compatible avec l’hybridation in situ en fluorescence.
Cette étude fournit une assise importante en matière de cartographie génomique chez les huîtres puisque le marquage
des chromosomes à l’aide d’enzymes de restriction facilitera la cartographie physique chez ces espèces importantes en
aquaculture. L’analyse des carytoypes ainsi marqués a révélé une plus grande similarité au sein des genres Crassostrea
et Ostrea qu’entre eux.

Mots clés : Ostréidés, Crassostrea, Ostrea, marquage chromosomique, marquage in situ par digestion avec des enzymes
de restriction.
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Introduction

According to the morphologically based classification of
Harry (1985), the family Ostreidae includes three
subfamilies, Lophinae, Ostreinae (flat oyster species), and
Crassostreinae (cupped oyster species). Recent techniques
such as molecular phylogenetic analysis has provided novel
insights into oyster evolution and systematics within the
subfamily Ostreinae (Jozefowicz and O’Foighil 1998;
O’Foighil and Taylor 2000) and the subfamily Crassos-
treinae (Littlewood 1994; Lapègue et al. 2002; Boudry et al.
2003). Karyological analysis among cupped (Ladron de
Guevara et al. 1996; Leitão et al. 1999a) and flat oysters
(Leitão et al. 2002) has proven complementary to these ap-
proaches and has provided additional evolutionary infer-
ences. However, no detailed cytogenetical analysis was
performed until now between these two subfamilies.

The genus Crassostrea (subfamily Crassostreinae) and
Ostrea (subfamily Ostreinae), which include most of the
commercially important oyster species, share a common dip-
loid chromosome number of 2n = 20, and their karyotypes
include almost only metacentric and submetacentric chromo-
somes (Thiriot-Quiévreux 2002). Interspecific karyological
differences consisted of the occurrence and differing propor-
tions of these morphological types.

The precise identification of individual chromosomes and
of particular regions of the chromosomes in these two
subfamilies is necessary to elucidate the karyotype evolution
and phylogenetic relationships within the family Ostreidae.

The first studies, on bivalve chromosomes, mainly con-
cerned data on chromosome number and gross morphology
(Longwell et al. 1967; Ahmed 1973). Later, the development
of banding techniques, which allowed chromosome identifi-
cation in karyotypes, began to be applied in bivalves (for a
review, see Thiriot-Quiévreux 1994). Recent molecular (e.g.,
fluorescence in situ hybridization (FISH)) and banding tech-
niques (e.g., G or C banding) have contributed to a better
identification of whole chromosomes or specific parts of
them, allowing more reliable intra- or interspecific compari-
sons of genetic resources for taxonomical or chromosomal
manipulation purposes (e.g., Mendez et al. 1990; Insua and
Méndez 1998; Wang and Guo 2001; for a review, see
Thiriot-Quiévreux 2002).

However, the classical cytogenetic technique used until
now for the identification of all individual chromosomes in
karyotypes of oyster species, G banding (Leitão et al.
1999b), presents some disadvantages such as limited
reproducibility, large time investment required, and the fact
the banding is often lost during the in situ hybridization
(FISH) procedure.

In higher vertebrates including humans, a variety of tech-
niques have been developed to facilitate precise identifica-
tion of individual chromosomes (Babu 1988). In situ
digestion with restriction endonucleases (REs), which cleave
DNA at specific target sequences, has been shown to pro-
duce consistent banding patterns in fixed mammalian and in-
sect chromosomes (Marchi and Mezzanote 1988). However,
this technique has rarely been applied to bivalves, as only
two species have been investigated so far. Martinez-Lage et
al. (1994) and Gajardo et al. (2002) have obtained specific
chromosome bands by digestion with REs in the mussel

Mytilus galloprovincialis and the scallop Argopecten
purpuratus, respectively.

RE banding presents a major advantage, since it has been
recently shown in mammals that restriction enzyme banding
is compatible with FISH (Chaves et al. 2002). Moreover, the
combined use of different REs can also be useful in the de-
tection of different classes of heterochromatin not revealed
by standard banding techniques.

In the present study, we applied RE banding to oysters for
the first time. We applied three REs, ApaI, HaeIII, and PstI,
to fixed metaphase chromosomes of Crassostrea gigas
Thunberg and Crassostrea angulata Lamarck (belonging to
the subfamily Crassostreinae) and of Ostrea edulis Linné
and Ostrea conchaphila Carpenter (belonging to the
subfamily Ostreinae) to evaluate the potential of this tool in
genetic research in oysters.

Material and methods

Biological material
Specimens of the Californian Olympia oyster O. concha-

phila, parental oysters (G0), were imported from the Pacific
Institute (Olympia, Washington). Oysters were strictly con-
fined to the quarantine facilities of the IFREMER hatchery
of La Tremblade, Charente-Maritime, France, according to
ICES recommendations. After reproduction, the progeny
(G1) was used in this experiment. Specimens of C. gigas
were collected from the Seudre estuary, Charente-Maritime,
France, where this species was introduced from Japan
(Grizel and Héral 1991) and is currently farmed on a large
scale. Specimens of C. angulata were collected in Setubal
bay (Portugal) and then acclimated at the IFREMER hatch-
ery. Specimens of O. edulis were produced at the IFREMER
hatchery where each taxa was reared before the experiment.

Chromosome preparation
Whole juvenile animals (approximately 2.5 cm length)

were incubated for 7–9 h in a 0.005% solution of colchicine
in seawater. Because cell cultures are not yet available for
molluscs, we used growing somatic tissues such as gills as a
source of mitoses. After dissection, the gills were treated for
30 min in 0.9% sodium citrate in distilled water. The mate-
rial was fixed in a freshly prepared mixture of absolute alco-
hol and acetic acid (3:1) with three changes of 20 min each.
Fixed pieces of gill from each individual were dissociated in
50% acetic acid with distilled water solution. The suspen-
sion was dropped onto heated slides at 44 °C and air dried
(Thiriot-Quiévreux and Ayraud 1982). The slides were kept
at –20 °C until further used.

In situ RE digestion
Slides were aged for 6 h, in a dry incubator at 65 °C, be-

fore RE treatment.
The REs used (ApaI, HaeIII, and PstI) were diluted in the

buffers indicated by the manufacturer (Invitrogen, Life Tech-
nologies), and final concentrations of 30 U were obtained
per 100 µL. The 100 µL of each one of these solutions was
placed on slides and covered with coverslips. These slides
were incubated in a humid chamber for 16 h at 37 °C. Con-
trol slides were subjected to the same treatment as described
above but incubated only with buffer. The slides were then
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washed in distillated water, air-dried, and stained with
Giemsa (1% solution, diluted in phosphate buffer at pH 6.8).

Microscopy and image processing
Images of metaphases of all the four species banded with

each one of the three REs were acquired with a CCD camera
(Axiocam, ZEISS) coupled to a ZEISS Axioplan 2 imaging
microscope. Digitized photographs were printed from Adobe
Photoshop (version 5.0) using only contrast and colour opti-
mization functions that affected the whole of each image.

Karyotypes analysis
The karyotypes of the four species were organized follow-

ing previously published results. The karyotype of C. gigas
consists of 10 metacentric chromosome pairs, that of
C. angulata has nine metacentric chromosome pairs and one
submetacentric (No. 8) chromosome pair (Leitão et al.
1999a), that of O. edulis has five metacentric (Nos. 1, 2, 3,
5, and 6) and five submetacentric (Nos. 4, 7, 8, 9, and 10)
chromosome pairs (Thiriot-Quiévreux 1984), and the that of
O. conchaphila includes six metacentric (Nos. 1, 2, 4, 6, 8,
and 10) and four submetacentric (Nos. 3, 5, 7, and 9) chro-
mosome pairs (Leitão et al. 2002).

We analysed for constructing the ideograms 20 cells/karyo-
types of C. gigas, 20 cells/karyotypes of C. angulata, 15
cells/karyotypes of O. edulis, and 10 cells/karyotypes of
O. conchaphila.

Results

All of the REs tested yielded specific banding patterns.
Moreover, the banding patterns were consistent between
members of homologous pairs. The in situ RE experiments
performed with the three REs (ApaI, GGGCC/C; HaeIII,
GG/CC; PstI, CTGCA/G) were compared with control treat-
ments on slides from the four species. Control slides were
tested with the same treatment as the in situ restriction band-
ing slides (with the respective RE) but incubated only with
buffer. In all cases, there was no banding pattern induced in
the chromosomes, and all chromosomes (from the four spe-
cies, with the buffers from the three REs) showed a Giemsa
standard staining.

Examples of banded metaphases with the three REs are
given in Fig. 1. Karyotypes with consistent banding patterns
between homologous pairs are shown in Fig. 2.

All of the results are assembled and summarized in Fig. 3,
which shows the haploid distribution of chromosomal bands
in the four oyster species for each of the three enzymes
tested. All of the enzymes tested (ApaI, HaeIII, and PstI) in
the chromosomes of the four species produced a banding
pattern along the length of each of the chromosomes
(Fig. 3). The banding produced was sufficient to identify all
chromosomes of the four species and organize their respec-
tive karyotypes (Figs. 2 and 3).

All three REs used (ApaI, HaeIII, and PstI) in the chro-
mosomes of the four species demonstrated interstitial,
centromeric, and telomeric bands along the chromosomes.
The REs used did not apparently induce the formation of G-
or C- like banding pattern if we compare them with previous
work published on the karyotypes of the three species
C. gigas, C. angulata, and O. conchapila, where classical

cytogenetical banding techniques (G and C banding) were
performed (Leitão et al. 1999b, 2002).

Figure 4 is a schematic representation of the in situ re-
striction banding patterns obtained for the three REs in each
one of the four oyster species. For the construction of the
ideograms, we only described the number of bands and each
band’s relative position; the intensity of the bands was not
considered. The intensity of the bands in RE treatments
seems to be related to the type of counterstain used (e.g.,
Giemsa or fluorochroms) (Gosálvez et al. 1991). Further-
more, there is no agreement with the correlation between the
loss of DNA extraction (after RE treatment) and the reduc-
tion in the staining (Gosálvez et al. 1991). Several authors
demonstrate that the loss of DNA after a RE digestion can
increase the capacity of the stain to bind to a specific chro-
mosome region (Gonsálvez et al. 1991; Nieddu et al. 1999).
Therefore, it seems reasonable not to consider intensity of
bands in the construction of ideograms but only their pres-
ence and position (see Fig. 4).

The comparison of the ideograms (and restriction in situ
chromosomes, cf. Fig. 3) between C. gigas and C. angulata
using the three different REs (Fig. 4) demonstrates that this
technique is reproducible. All corresponding chromosomes
between two species (e.g., chromosome 1 from C. gigas and
chromosome 1 from C. angulata; chromosome classification
from the previous standardization of the respective karyo-
types (see Leitão et al. 1999b)) showed a different banding
pattern with all three enzymes. Moreover, chromosome 10,
the only chromosome that showed similar longitudinal dif-
ferentiation between C. gigas and C. angulata in all three
REs tested, exhibits its own banding pattern for each enzyme
in each species (Fig. 4).

The general analysis of the in situ restriction banding pat-
terns between the chromosomes of C. gigas and C. angulata
(Fig. 4) reveals that PstI induces the better banding pattern
distinction between the two species karyotypes followed by
ApaI and finally HaeIII. PstI induced a very different band-
ing pattern both in terms of bands relative position and in
terms of the total number of bands observed in the two ideo-
grams.

The banding pattern comparison between O. edulis and
O. conchaphila (Figs. 3 and 4) demonstrated that with all
three REs tested, the respective in situ restriction banding
pattern is characteristic for each enzyme and species. Never-
theless, ApaI seems to be the best enzyme for a easy identi-
fication of the two individual karyotypes.

The analysis of each individual chromosome in O. edulis
and O. conchaphila (Figs. 3 and 4) reveals that using HaeIII
and PstI REs, chromosomes 8, 9, and 10 present the closest
in situ restriction banding patterns (Figs. 3 and 4).

Finally, the karyotypes and ideograms (Figs. 3 and 4)
were very different for each genus. Moreover, any one of the
three REs used could be adequate for the identification of
the karyotypes of species from the two genera.

Discussion

REs have been used on chromosomes of several species
(from plants to animals) to produce in situ cleavage of the
DNA molecule housed in the chromosome, which is visible
as  a  longitudinal  differentiation  of  the  chromosomes  or  a
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banding pattern (in situ restriction banding pattern; for a re-
view, see Gosálvez et al. 1997). This technique has been
used in several applications from clinical (human chromo-
somes; Babu 1988) to more fundamental studies of chromo-
some evolution (Pieczarka et al. 1998) and chromosome
structure (Mezzanote et al. 1985; Gosálvez et al. 1991),
among others (Chaves et al. 2000). In bivalves, this tech-
nique has only been applied in two bivalve species,
M. galloprovincialis (Martinez-Lage et al. 1994) and
A. purpuratus (Gajardo et al. 2002). In both cases, specific

chromosome bands were obtained after digestion with REs;
however, no chromosome evolution studies had yet been
performed with this technique in this group.

The application, for the first time in this study, of the
three REs ApaI, HaeIII, and PstI to the chromosomes of four
oyster species, C. gigas, C. angulata (subfamily Crasso-
streinae), O. edulis, and O. conchaphila (subfamily
Ostreinae), produced specific banding patterns. All three
REs induced an in situ restriction banding pattern suitable
for the organization of the respective karyotypes (Figs. 1–3)
in the chromosomes of the four species analysed. Moreover,
the banding pattern obtained is consistent between chromo-
somes homologous pairs (Fig. 2). Therefore, this technique
is demonstrated to be a reliable and a more expeditious tech-
nique (compared with the classical banding techniques) for
oyster chromosome banding.

This is far more important because until now, only one
technique, G banding, allowed the identification of all indi-
vidual chromosomes in oysters and consequently the prepa-
ration of accurate karyotypes and description of the
respective ideograms. In oysters, very few studies were per-
formed with G banding: in Crassostrea virginica (Rodri-
guez-Romero et al. 1979; Leitão et al. 1999b) and in
C. gigas and C. angulata (Leitão et al. 1999b). This is prob-
ably due to the several difficulties with its application, men-
tioned previously in the Introduction.

As seen in the Results, the application of the REs ApaI,
HaeIII, and PstI to the four oyster species studied provided
three new different patterns of chromosome identification
(one for each restriction enzyme) for each of the four spe-
cies.

The in situ restriction banding technique also presents
other advantages, since it can be used simultaneously with
FISH techniques (Chaves et al. 2002). Furthermore, as tissue
culture protocols are not yet available for oysters, the chro-
mosomes are prepared directly from the animals and are of
poor morphology. The in situ restriction banding technique
preserves the morphology of chromosomes better (compared
with other classical banding methods), representing an addi-
tional advantage for the identification of oyster chromo-
somes, especially when using additional techniques such as
FISH and C banding (Chaves et al. 2002).

The comparative analysis between the RE ideograms from
C. gigas and C. angulata reveals different restriction in situ
banding patterns for the same RE in analysis and among dif-
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Fig. 1. Examples of banded metaphases with the three REs. (a) Metaphase of C. gigas banded with ApaI; (b) metaphase of
C. angulata banded with HaeIII; (c) metaphase of O. conchaphila banded with PstI.

Fig. 2. Examples of two diploid banded karyotypes, (a) a diploid
karyotype of O. edulis banded with ApaI and (b) a diploid
karyotype of C. gigas banded with HaeIII. These examples are
presented to show the banding pattern consistency between ho-
mologous pairs.



ferent REs (Fig. 4). The exception was chromosome 10,
which showed similar longitudinal differentiation, for the
same RE, between the two species being compared (Fig. 4).

The same in situ restriction banding pattern for chromosome
10 suggests a similar base composition between the respec-
tive chromosomes of the two species and therefore a com-
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Fig. 3. Haploid distribution of chromosomal bands in the four oyster species for each of the three enzymes tested.



© 2004 NRC Canada

786 Genome Vol. 47, 2004

Fig. 4. Schematic representation of the in situ restriction banding patterns obtained for the three REs (ApaI, HaeIII, and PstI) in each
one of the four oyster species.



mon origin. Consequently, chromosome 10 seems to be the
chromosome most conserved between C. gigas and
C. angulata. On the other hand, the general dissimilar re-
striction in situ banding pattern between C. gigas and
C. angulata suggests that these species are two different
cytotypes. This is of special interest, since these two taxa
have often been considered to be the same species (Menzel
1974), can hybridize with not apparent pre- or postzygotic
reproductive barriers (Huvet et al. 2001; Huvet et al. 2002),
and have only recently been differentiated by mitochondrial
DNA analysis (Boudry et al. 1998; O’Foighil et al. 1998;
Boudry et al. 2003) and karyotype analysis (Leitão et al.
1999a, 1999b).

The comparison of the ideograms from O. edulis and
O. conchapila (Fig. 4) reveals a higher degree of divergence
than that between C. gigas and C. angulata (Fig. 4). In addi-
tion, only chromosomes 8, 9, and 10 from O. edulis and
O. conchapila with the REs HaeIII and PstI showed a more
related in situ restriction banding pattern. These results are
in accordance with our previous results (Leitão et al. 2002).
Additionally, they are also in accordance with phylogenetic
data showing that there is a higher phylogenetic distance be-
tween O. edulis and O. conchaphila (7.4% DNA sequence
divergence for 16S; Jozefowicz and O’Foighil 1998) than
between C. gigas and C. angulata (0.5–1% DNA sequence
divergence for 16S; Boudry et al. 2003).

Our results also suggest that for karyotype identification
between C. gigas and C. angulata, PstI is the best RE and
for chromosomes from O. edulis and O. conchapila, the RE
most adequate should be ApaI.

The general evaluation of the comparative analysis among
all restriction in situ ideograms from the studied four species
showed different banding patterns (more dissimilar than the
ones from classical banding techniques). These results sup-
port the hypothesis that the chromosomes and karyotypes of
Crassostrea and Ostrea species evolved by chromosomal re-
arrangements. Since the fundamental chromosome number
(2n = 20) has been previously been shown to be the same
and the chromosome form is similar among the species of
Crassostrea and Ostrea (for a review, see Thiriot-Quiévreux
2002) and, in parallel, we have shown that the in situ restric-
tion banding patterns are different, it seems reasonable to as-
sume that chromosomal rearrangements, such as inversions
or reciprocal translocations, explain the chromosome and
karyotype evolution of these two genera.

Besides the value in offering a new approach to specific
problems in oyster taxonomy, this technique may also be
very useful in other studies of more economic or ecological
importance. The use of REs could, for instance, provide a
more rapid method of identification of the missing chromo-
somes in the study of the economically important
aneuploidy phenomenon reported in oysters (Leitão et al.
2001) and also provide a very valuable technique for chro-
mosome segregation studies on commercially important
triploid and tetraploid oysters (Guo and Allen 1997).

Restriction enzyme banding also has the advantage of be-
ing compatible with FISH (Chaves et al. 2002), allowing si-
multaneous banding and application of FISH. Moreover, this
technique demands only one round of observation and mini-
mal extra preparation steps. Consequently, the in situ restric-

tion banding technique will facilitate the physical gene map-
ping in this group.

Furthermore, the fact that each enzyme provides a differ-
ent model of chromosome identification will allow the
choice of the most adequate for the comparison between dif-
ferent species (e.g., as seen in the Results, PstI seems to be
the more adequate for the interspecifc comparison between
C. gigas and C. angulata), for example, in hybrid studies or
hybrid breeding or stock conservation programs.

The applications of restriction enzyme chromosome band-
ing are therefore diverse and seem to offer a new approach
to specific problems in oyster taxonomy and genetics.
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