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Abstract: We have analysed a centromeric satellite DNA family that is conserved in several 
commercial and non-commercial oyster species (Ostrea edulis, O. stentina, Crassostrea angulata, C. 
gigas, C. gasar, C. ariakensis, C. virginica and C. sikamea). This satellite DNA family is composed of 
AT-rich repeat sequences of 166±2 bp and presents a 9-bp motif similar to the mammalian CENP-B 
box. The homology of oyster HindIII satellite DNA with satellite DNAs from other bivalves and its 
relation to a part of a mobile element suggest the existence of an ancient transposable element as a 
generating unit of satellite DNA in bivalve molluscs. Taking advantage of its degree of conservation in 
oyster species, we have used this element as a taxonomic marker. This marker clearly supports a high 
degree of differentiation between O. edulis and O. stentina, and, conversely, upholds the contention 
that C. gigas and C. angulata are the same species. Finally, we have used HindIII satellite DNA as a 
phylogenetic marker between these species, revealing two clades, one formed by Asiatic species (C. 
angulata, C. gigas and C. ariakensis) and another by the European, American and African species (O. 
edulis, C. virginica and C. gasar, respectively).   
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1. Introduction 

One of the most characteristic features of the eukaryotic genomes is the presence of a 

variety of repetitive sequences of several types. Among repetitive DNAs, tandemly 

arranged highly repeated sequences or satellite DNA (Ugarkovic and Plohl, 2002) are the 

main constituents of the heterochromatin. Thus, different satellite DNA families 

equilocally accumulate in different regions of the eukaryote chromosomes, mainly at 

centromeres and in subtelomeric regions (Charlesworth et al., 1994). Several questions 

remain unresolved concerning the role of these types of sequences within genomes, 

notably those related to the formation and expansion of a satellite DNA family and its 

possible function. 

Forces governing satellite DNA appearance and amplification are not well understood. 

An accepted hypothesis suggests the continuous evolution of satellites from pre-existing 

satellites, through replication slippage and unequal crossing-over mechanisms (Ugarkovic 

and Plohl, 2002). However, based on recent data, alternative hypotheses are plausible. 

Thus, new data support the idea that some satellite DNA families originated from 

retroelements (Batistoni et al., 1995; Kapitonov et al., 1998). Such satellite DNAs could 

have originated from interspersed retrotansposons by means of unequal crossing-over 

(Kapitonov et al., 1998), although alternative mechanisms might be operating. 

Satellite DNA sequences within genomes, as opposed to the negative view of these 

sequences as junk DNA, may participate in several cellular processes, as proposed for 

centromeric DNAs. Centromere-associated satellite DNA could establish a structural context 

for the action of conserved motifs, such as CENP-B box of alpha-satellite DNA (Schueler et 

al., 2001). On the other hand, due to the higher rates of sequence change than in any other 

parts of the eukaryotic genomes, satellite DNA has been used as a molecular marker for 

taxonomic and phylogenetic studies (Stepien and Kocher, 1997; Urgaković and Plohl, 2002). 

In particular, among molluscs, comparative studies of satellite DNA sequences have been 
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made in abalone (Muchmore et al., 1998), scallop (Canapa et al., 2000) and mussels 

(Martínez-Lage et al., 2002). 

We have analysed an oyster's satellite DNA family, concluding that it has been derived 

from a retroelement. Given its presence in several oyster species, we have used it as a marker 

to clarify several controversial taxonomic aspects. Finally, we have tried to use these 

sequences as a marker for phylogenetic inference. 

 

 

2. Materials and methods 

2.1. Sampling and DNA extraction 

We analysed a total of 8 oyster species obtained from different locations (Table 1). 

Genomic DNA from abductor muscle of freshly captured oysters (O. edulis and O. 

stentina) was purified as in Winnepenninckx et al. (1993). The biological material from C. 

angulata, C. gigas and C. gasar had been classified by PCR-RFLP of mitochondrial 

cytochrome oxidase I gene sequence (mtCOI; Boudry et al., 1998; Lapègue et al., 2002). 

The remaining samples (C. ariakensis, C. sikamea and C. virginica) were identified 

according to the information provided by the suppliers. Some of these species are of 

considerable commercial interest: O. edulis (European flat, or edible, oyster), C. virginica 

(American, or eastern, oyster), C. gigas (Pacific, or Japanese, oyster) and C. angulata 

(Portuguese oyster). 

 

2.2. Identification and amplification of satellite DNA 

Monomeric units of satellite DNA were located within genomic O. edulis DNA by 

digestion of mixed DNA from 2-3 individuals with a variety of restriction endonucleases 

and electrophoresis in agarose gel with ethidium bromide. The most prominent band 

visible under UV light was excised from the gel and purified using GFX PCR DNA and 
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Gel Band Purification Kit (Amersham Biosciences). Purified fragments were then ligated 

to the pUC19 vector and cloned in competent DH5-α cells (Gibco BRL). Minipreparations 

were made using Perfectprep Plasmid Mini (Eppendorf) and recombinant plasmid 

carrying the monomeric sequences were identified after screening with the purified band 

by dot-blot hybridisation. The probe was labelled using the non-radioactive method ECL 

Direct Nucleic Acid Labelling and Detection Systems (Amersham Biosciences). The same 

probe was used in Southern-blot analysis to check the tandem organization of the repetitive 

sequence in the genome of O. edulis. 

The cloned monomeric sequences were aligned by Megalign program of DNAstar 

package (LASERGENE). The alignment was used to design the primers OsedAdir (5’-

TCGGATGGGGCCACAATA-3’) and OsedArev (5’-TGGTTCTTGAGAAGAAGA-3’) 

which were used in PCR amplification of the satellite DNA family in the remaining 

species. Amplification was carried out from 25-100 ng oyster DNA from 2-3 individuals as 

a template in 50 µl volume containing 100 ng of each primer, 10 mM dNTPs, and 1.25 

units of Taq polymerase (Amersham Biosciences) in Taq buffer. The PCR was conducted 

with an initial denaturation at 94ºC for 5 min, 40 cycles of denaturation at 94ºC for 1 min, 

annealing at 55ºC for 1 min and extension at 72ºC for 1 min, and a final step at 72ºC for 10 

min in a GeneAmp 2700 Applied Biosystems thermocycler. The amplified products were 

separated electrophoretically, purified from agarose gels and cloned in a pGEM-T Easy 

Vector System (Promega). The protocols were carried out following the manufacturer’s 

recommendations for each kit. 

 

2.3. Sequence analysis 

Multiple-sequence alignments were performed again using Megalign program of 

DNAstar package (LASERGENE). Neighbour-joining phylogenetic analyses were carried 
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out using the MEGA package (Kumar et al. 2001). The distance method was used due to 

the features of satellite DNA families: short length, high variability between the 

monomeric units of the different species and the unequal rates of sequence change among 

lineages (Kumar et al., 2001). Genetic distances were calculated according to Kimura’s 2-

parameters (Kimura, 1980). The study of the transition stages of concerted evolution of the 

HindIII tandem repeat family was made according to Strachan et al. (1985). This analysis 

compares the variation pattern at each nucleotide position (considered independently) of a 

DNA shared by two species; the sequences from two species are compared and each 

nucleotide position is classified in one of six different homogenisation stages (Transition 

Stage 1-6). For a given nucleotide position, the TS1 shows complete homogeneity across 

all clones of a pair of species while the new mutations gradually spread throughout the 

sequences of one species, these being termed TS2, TS3, TS4, TS5 (mutations in a minority 

of positions in clones of one species while the other species remains homogeneous for the 

base in the position to positions diagnostic for each species), and TS6 which groups all 

subsequent mutations beyond this point. 

 

 

3. Results and discussion 

3.1. Characterization and conservation of the HindIII satellite DNA 

We searched for satellite DNA sequences within the genome of O. edulis by means of 

genomic-DNA digestions with 20 restriction endonucleases (AluI, BamHI, BclI, BglII, 

CfoI, DraI, EcoRI, HaeIII, HindII, HindIII, HinfI, HpaII, MspI, NdeII, PstI, PvuII, RsaI, 

SacI, SspI and XbaI) and subsequent electrophoresis on agarose gels of the generated DNA 

fragments. Among the different enzymes used, the digestion performed with HindIII, DraI, 

BclI, HinfI and HaeIII generated a canonical pattern of satellite DNA sequences visible in 

the gels as an intense band of about 170 bp over the rest of the DNA smear. We followed a 
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conventional cloning approach for the 170-bp fragments and we obtained the sequences of 

a total of 8 monomeric units of the HindIII satellite DNA from O. edulis. After a search of 

the EMBL/GenBank databases, we found that these sequences are closely similar to the 

HaeIII satellite DNA previously cloned from the oyster species C. gigas (Clabby et al., 

1996). This satellite DNA is located at the centromeres of the chromosomes of that species 

(Wang et al., 2001).  

Although different, a related satellite DNA was also found within the genome of Donax 

trunculus (Plohl and Cornudella, 1996) (Fig. 1A). To analyse the degree of conservation of 

this satellite DNA, we searched the genomes of several oyster species for its presence. 

Thus, by means of dot-blot and of Southern-blot hybridisations, using the HindIII 

monomeric units of O. edulis as a probe, we demonstrated the presence of the HindIII 

satellite DNA within the genomes of several oyster species of the genera Ostrea (O. 

stentina) and Crassostrea (C. angulata, C. gigas, C. gasar, C. ariakensis and C. virginica) 

(all species studied except C. sikamea; see below for this one). Therefore, we designed a 

pair of specific primers for PCR amplification of the HindIII satellite DNA from these 

species. The PCR products were cloned and 4-8 monomers from each species were 

sequenced and analysed. We have obtained the sequence of a total of 46 monomers from 

the total of the 7 species. 

A remarkable feature of this satellite DNA in all the species is that the repeat units 

possess a list of several molecular specifics, which are in common with satellite DNAs 

located in eukaryotic centromeres. Thus, the sequence length of the monomers was 166±2 

bp and they were rich in AT base pairs (63% on average). Several runs of A/T bp are 

visible. These two characteristics are related to the capacity of the repeat unit to acquire 

stable curvatures, this being an important feature for centromeric DNAs (Radic et al., 

1992). Furthermore, we found that a highly characteristic sequence motif of 9 bp 

(TATGAAAGC) is conserved (Fig.1A). It has been proposed that this motif could have an 
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important role in the centromeric function as it has been found to be conserved in several 

vertebrate and invertebrate centromeric DNA satellites and is related to the core sequence 

of the CENP-B centromeric motif of primates and to the CDEIII region of Saccharomyces 

cerevisiae (Canapa et al., 2000). These characteristics together with the degree of 

conservation of this satellite DNA and the location at the centromeres of the chromosomes 

of the oysters (Wang et al., 2001) might indicate a role of this satellite DNA in the 

centromeric function. 

A second remarkable homology was found for the HindIII sequences of the oysters 

with a MITE element of the Zea mays genome (56%; Fig. 1B). In the same way, the 

comparison of the HindIII sequences with a recently reported MITE-like transposable 

element found within the genome of the American oyster C. virginica (Gaffney et al., 

2003) revealed the homology between the two elements (Fig. 1C). Specifically, the O. 

edulis HindIII monomer is 58% similar to the CvA element of C. virginica (Fig. 1D). 

Gaffney et al. (2003) found this homology also between CvA and the centromeric satellite 

DNA of C. gigas. This transposable element was also found in the bivalve Anadara 

trapezia (Gaffney et al., 2003). 

The homology between the oyster HindIII satellite DNA and the satellite DNAs of 

other bivalve species such as Donax trunculus, and the homology of all of them with the 

transposable element CvA characterised in C. virginica (Gaffney et al., 2003), supports the 

existence of an ancient transposable element which would have acted as a generating 

element of satellite DNAs in bivalve molluscs. A homologous transposable element to 

CvA might be present in the genome of oysters. In fact, when we used C. sikamea genomic 

DNA as a template for PCR with the HindIII primers, we amplified a homologous element 

to CvA instead of HindIII satellite (data not shown).  

Many reports have demonstrated that diverse mobile elements are stable structural 

components of the heterochromatic regions of the eukaryotic genomes (reviewed in 
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Dimitri and Junakovic, 1999). In fact, formation of heterochromatin appears to have some 

sort of sequence requirement, which is met by at least some transposable elements (Dimitri 

and Junakovic, 1999). However, until now, little evidence has supported the idea that 

retroelements may serve as a basic core of satellite monomers, and, therefore, a 

relationship between retroelements and satellite DNA formation. In fact, recent reports 

indicate that satellite DNAs are derived from retroelements such as SINEs (Batistoni et al., 

1995) or LINEs (Kapitonov et al., 1998). Although satellite DNAs could be derived from 

short fragments "captured" when retroelements could be acting in repair mechanisms, the 

most plausible explanation (and certainly this can be applied to the oyster satellite DNA) 

would be that these types of satellite DNAs originated by means of unequal crossing-over 

from interspersed retroelements (Kapitonov et al., 1998). 

 

3.2. The use of HindIII satellite DNA as a molecular marker 

Figure 2 shows the relationships between all the 46 HindIII monomeric units analysed 

in the present paper. As can be seen in this figure, the satellite monomers group together by 

taxonomic affinity in most cases. However, the sequences of Ostrea edulis are not only 

differentiated from the sequences of the rest of sequences of Crassostrea species but also 

of O. stentina. At the larva stages O. edulis (the European flat oyster) is very difficult to 

distinguish from O. stentina, a species without commercial interest but coexisting in the 

wild with the former (Amezcua et al.,1999). This similarity poses a serious problem when 

wild spat of O. edulis are collected for farming. Some molecular data (allozymes and 

mitochondrial DNA) (Amezcua et al., 1999; Comesaña et al., 2001) have begun to provide 

tools to solve the problem. The HindIII satellite DNA provides an additional marker for 

their taxonomic identification because these sequences are highly differentiated between 

O. edulis and O. stentina. In fact, the most unexpected result presented in the Fig. 2 is that 

the species of Ostrea are not grouped together, and this result can be explained by the 
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classification in which O. edulis and O. stentina are grouped in different genera-O. edulis 

in Ostrea and O. stentina in Ostreola (Harry, 1985). However, the apparent close 

relationship between O. stentina and C. gigas and C. angulata species remains 

unexplained. 

One more serious exception with respect to the taxonomic affinity of the HindIII 

sequences is that of C. gigas and C. angulata, for which the tree in Fig. 2 shows two 

clades. The reason for this is the presence of two HindIII satellite DNA subfamilies within 

these two species. Thus, we divided the sequences from these two species into two 

subgroups: those of the subfamily 1 and those of the subfamily 2. The difference between 

the two sequence types is based on the existence of 16 fixed differences (Fig. 3) that 

appear as diagnostic sites for each subfamily. However, even between these two 

subfamilies, there is no difference between the two species. In fact, within each clade, the 

sequences of the two species are intermixed. Current data on C. angulata and C. gigas do 

not clearly differentiate between them. Morphological studies in adults and spats (Ranson, 

1960), fertilization experiments (Huvet et al., 2001, Huvet et al., 2002), karyotype analysis 

(Leitão et al., 1999) and allozyme markers (Buroker et al., 1979; Mattiucci and Villani, 

1983) place the two taxa in the same species. Nevertheless, other data (ecophysiological 

characteristics) support the idea that they are two different species, such as the high 

capacity for nutrient assimilation and growth (see Haure et al., 2003), low parasitic-disease 

susceptibility, and high salinity and temperature tolerance of C. gigas with respect to C. 

angulata (Haure et al., 2003), combined with genetic differences in mtCOI (Ó Foighil et 

al., 1998; Boudry et al., 1998). However, these latter results are not inconsistent with the 

possibility of only one species. In fact, in C. virginica populations from the Gulf of Mexico 

and the Atlantic coast of America show differences in ecophysiological characteristics and 

mitochondrial haplotypes, and they are not considered two different species (McDonald et 

al., 1996). Another factor to consider is the lack of reproductive barriers between the two 
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taxa. Again, this is not completely conclusive. For example, mussels M. edulis, M. 

galloprovincialis and M. trossulus can hybridise and they are considered three different 

species (López et al., 2002). In our case, HindIII satellite DNA cannot differentiate these 

two taxa. Hence, our results are consistent with previous morphological, genetic and 

hybridisation data cited above showing the very close relationship between C. angulata 

and C. gigas and indicating that they are not in fact two different species. 

With respect to the tree of the Fig. 2, its topology is noteworthy, since the two 

subfamilies from C. angulata and C. gigas are grouped in two different clusters, associated 

with the sequences from C. ariakensis the subfamily 1, and with O. stentina sequences the 

subfamily 2 (Fig. 2). The sequences of O. edulis, C. virginica and C. gasar are grouped in 

a sub-clade which constitute a clade with the sequences of C. ariakensis and subfamily 1 

from C. angulata and C. gigas. In fact, the positions that define the subfamilies in C. 

angulata and C. gigas are also present in the sequences of the remaining species: O. 

stentina have the ones corresponding to subfamily 2 and the remaining species present 

mainly the nucleotides corresponding to subfamily 1 of C. angulata and C. gigas. We 

could draw some phylogenetic conclusions from this tree. However, the bootstrap values 

are low for many of the tree branches, making any phylogenetic conclusions from this tree 

tentative. Moreover, the clustering might be initially influenced by the existence of two 

HindIII satellite DNA subfamilies and the presence of paralogous sequences in the tree 

shown in this figure. Taking into account the orthology and paralogy between these 

sequences, we have analysed the differences between sequences and we have found 

genetic levels of intraspecific variability lower than levels of interspecific genetic 

distances, which is reflected in the tree of the Fig. 2 where the sequences are grouped by 

taxonomic affinity, with the exception of C. angulata and C. gigas, due probably to their 

scant genetic differentiation. With the exception of these two species, the analysis shows 
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than HindIII sequences evolve in a concerted way and can be used as a molecular marker 

for phylogenetic analysis. 

In this sense, we used a consensus sequence representative of each species to give 

information regarding the phylogenetic relationships between the oyster species analysed. 

Fig. 3 shows the HindIII consensus sequences obtained for each of the seven species. For 

C. gigas and C. angulata, we defined two consensus sequences, each one for each HindIII 

subfamily. The phylogeny obtained using orthologous sequences pertaining to subfamily 1 

(subfamily 2 is present only in C. gigas and C. angulata themselves and also in O. 

stentina) is illustrated in the Fig. 4. We found that the sequences type 1 of C. gigas (Pacific 

oyster) and C. angulata (Portuguese oyster) are closely related to C. ariakensis, an Asiatic 

species. The other clade found in the tree reveals that O. edulis (European oyster), C. gasar 

(African oyster) and C. virginica (American oyster) constitute a strongly supported 

monophyletic group of species. These groups are consistent with previous results based on 

mitochondrial and nuclear markers. The grouping of HindIII sequences of the Portuguese 

oyster (C. angulata) together with C. gigas and C. ariakensis confirm the Asiatic origin of 

the former species, in accord with Ó Foighil et al. (1998). The closest relationship between 

Asiatic species within Crassostrea genera obtained by us, was probed using the mtCOI 

gene and the 16S rRNA gene (Ó Foighil et al., 1998; Lapègue et al., 2002) and the nuclear 

28S rRNA gene sequences (Littlewood, 1994). Still, the paraphyletic situation of 

Crassostrea species when the Asiatic and Pacific oyster are analysed together with species 

belonging to both Ostrea and Saccostrea genera has also been described (Littlewood, 

1994; Ó Foighil and Taylor, 2000). These two works are based on partial 28S rRNA gene 

sequence. Therefore, our results based on rapidly evolving satellite DNA confirm the 

closer relationship of C. gasar and C. virginica with O. edulis than with the Asiatic 

species, apparently due to the relative isolation of the Atlantic oysters from the Pacific 

ones. 
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To confirm the accuracy of the consensus sequences estimated for each species, we 

developed a study of the transitional stages of concerted evolution for the oyster HindIII 

sequences (Strachan et al., 1985) (Table 2). Most of the comparisons between species gave 

a percentage of TS 4, 5 and 6 (sites for which the process of intraspecific sequence 

homogenisation and interspecific divergence is complete or nearly so) correlated with the 

number of differences found between the consensus sequences established for each 

species. However, we found that the differences between C. angulata and C. gigas are 

minimal and that all the sites fall within stages 2 or 3. This low degree of differentiation 

led to only four nucleotide differences when comparing C. gigas 1 with C. angulata 1 

(subfamily 1 sequences), and two when comparing C. gigas 2 with C. angulata 2 

(subfamily 2 sequences) (Fig. 3). In any case, these differences between consensus 

sequences represent sites not clearly homogenized and differentiated between the two taxa. 

This result supports our conclusion using HindIII satellite sequences concerning low 

genetic differentiation between C. angulata and C. gigas. 

 

3.3. Conclusions 

In summary, we conclude that: (1) The satellite DNA family that we have studied in 

oysters, the HindIII family, is conserved in all the species analysed and preserves several 

molecular specifics common to centromeric satellite DNAs. (2) The presence of the 

HindIII satellite DNA in the oyster genomes, the homology with satellite DNAs from other 

bivalves and the homology of all of them with a transposable oyster element appears to 

indicate the existence of an ancient transposable element, which acted as a generating 

element of satellite DNAs in bivalve molluscs. (3) The HindIII satellite DNA is a useful 

marker for taxonomic identification to uncover phylogenetic relationships between species 

of the Ostrea and Crassostrea genera. (4) The results that we have found using the HindIII 

satellite DNA relegate C. angulata and C. gigas to the same species. 
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Table 1. Information concerning the oyster species analysed, including the GenBank 

accession numbers of the HindIII sequences. 

 

Species Common 
name Clones Accession 

number Origin Population

O. edulis European 
flat oyster 

Oed8, Oed9, Oed30, 
Oed37, Oed38, 
Oed41, Oed86, 
Oed105 

AJ601406 to 
AJ601413 Huelva, Spain Hatchery 

O. stentina Provence 
oyster 

Ost4, Ost5, Ost6, 
Ost22, Ost37 

AJ604556 to 
AJ604560 Huelva, Spain Wild 

CaCad22, CaCad87, 
CaCad93, CaCad23, 
CaCad21, CaCad24 

AJ601422 to 
AJ601427 Cádiz, Spain Wild 

C. angulata Portuguese 
oyster CaKao19, CaKao23, 

CaKao42 
AJ601428 to 

AJ601430 Kaoshiung, Taiwan Wild 

CgArc46, CgArc47, 
CgArc83, CgArc104, 
CgArc37, CgArc99 

AJ601431 to 
AJ601436 Arcachon, France Wild 

C. gigas Pacific 
oyster CgHir42, CgHir81, 

CgHir97 
AJ601437, 
AJ604547, 
AJ604548 

Hiroshima, Japan Wild 

C. gasar Mangrove 
oyster 

Cgas39, Cgas52, 
Cgas65, Cgas89 

AJ601418 to 
AJ601421 Casamance, Senegal Wild 

C. ariakensis Suminoe 
oyster 

Car1, Car2, Car3, 
Car4, Car65, Car70, 
Car81 

AJ604549 to 
AJ604555 New Jersey, USA Hatchery 

C. sikamea Kumamoto 
oyster 

Cs20, Cs35, Cs43, 
Cs98 - California, USA Hatchery 

C. virginica American 
oyster 

Cv26, Cv44, Cv52, 
Cv55 

AJ601414 to 
AJ601417 

New Brunswick, 
Canada Wild 
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Table 2. Percentage of transition stages (TS) (Strachan et al., 1985) calculated from the 

pairwise comparisons of orthologous HindIII monomeric sequences. Note that the closest 

species show neither ST5 nor ST6 in the analysis (marked with *). The more differentiated 

the species, the higher the TS5 and TS6 values reflected in the comparison between their 

sequences. Species are denoted by their generic and specific initials (Oed, O. edulis; Ost, 

O. stentina; Ca, C. angulata; Cg, C. gigas; Cga, C. gasar; Car, C. ariakensis; Cv, C. 

virginica), and for C. angulata and C. gigas also by a number indicating the subfamily 

type. N= number of nucleotides compared. 

 

 TS1 TS2 TS3 TS4 TS5 TS6 N 

Oed-Ca1 50.29 20.36 6.58 2.39 7.18 3.59 167 

Oed-Cg1 38.09 27.97 0.59 2.97 2.97 1.19 168 

Oed-Cga 57.14 19.64 1.19 2.98 4.17 3.57 168 

Oed-Car 37.50 20.83 4.17 4.76 1.79 3.57 168 

Oed-Cv 58.93 19.05 1.19 3.57 4.17 2.98 168 

Ca1-Cg1* 45.50 32.33 2.37 1.19 0.00 0.00 168 

Ca1-Cga 57.73 5.95 7.14 2.97 11.90 2.38 168 

Ca1-Car 45.83 23.21 11.31 0.59 0.59 0.00 168 

Ca1-Cv 61.90 4.16 8.33 4.16 11.90 1.78 168 

Cg1-Cga 47.33 23.07 0.59 4.73 5.32 2.36 169 

Cg1-Car* 34.91 30.77 2.36 0.00 0.00 0.00 169 

Cg1-Cv 46.15 24.26 0.59 4.14 7.10 1.18 169 

Cga-Car 46.43 19.64 6.55 6.55 5.95 1.19 168 

Cga-Cv 86.14 10.84 1.20 0.60 0.60 0.00 166 

Car-Cv 48.21 22.62 7.14 6.55 5.95 1.79 168 

Ost-Ca2 49.70 29.58 4.73 3.55 0.00 1.18 169 

Ost-Cg2 58.92 22.02 4.76 3.57 1.78 1.19 168 

Ca2-Cg2* 44.91 33.53 4.18 0.00 0.00 0.00 168 
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(A) 
 

Oed consensus    28   GAAAATCTTT AAAAATCTTC TTCTCAAGAA CCACTGAGCC AGAAAAGC-T GAGATTTATA   88 
pDTE24-6         115  GAAAATTTAA AAAAATCTTC TTCTCCAAAA CTACTGGGCC ATAATTCAAT AATATTTTTA   75 
                      ****** *   ********** ***** * ** * **** *** * **     *  * **** ** 
 
Oed consensus    89   T-GAAAGCTT TCTTATATAG TGCAGATTCT AAATTGTTAA AAT                    131 
pDTE24-6         76   CAGAAATGGT CCTTAGGTGA CCCTCTTTCA AGTTTGTTCA GAT                     12 
                        ****   *  ****  *     *   ***  *  ***** *  ** 
 

 
 (B) 
 

Oed consensus         TCAAAGTTTT ACAT-ACAAA TATATAGGGA AAATCTTTA- AA--AATCTT CTTCTCAAGA   60 
MPIF284               TATAAGTTAT ACATCGGAAA AATAACATGT AAATCTATAG AATCAATTTC CATCTC--TC  
                      *  ***** * ****   ***  ***    *  ****** **  **  *** *  * **** 
 
Oed consensus         ACCACTGAGC CAGAAAAGCT GAGATTTATA TGAAAGCTTT CTTATATAGT GCAGATTCTA  120 
MPIF284               ACC-CCGTG- AATTTAAGAT –AGATTTATA TGATAACTTT GGAAAGTGGT GGA-ATGCCA 
                      *** * * *   *   *** *  ********* *** * ****    *  * ** * * ** * * 
 
Oed consensus         AATTGTTAAA ATCATGGCCC CCGGGGGTCG GATGGGGCCA CAATAGGGGA             170 
MPIF284               CATTCTAAAA AA-ATAATCT ATTCCATTAG TAAGATTCCA --ATTCCTTA 
                       *** * *** *  **   *         * *    *   ***   **     * 

 
 

(C)  
 

Oed consensus         TCAAAGTTTT ACATACAAAT ATATAGGGAA AATCTTTAAA AATCTTCTTC TCAAGAACCA   60 
CvA                   --AAATAGTG A-----AAAT ACATTGACGA AAT--TTAAA AATCTTCTTC TCCAGAACCA 
                        ***   *  *     **** * ** *   * ***  ***** ********** ** ******* 
 
Oed consensus         CTGAGCCAGA AAAGCTGAGA TTTATATGAA AGCTTTCTTA TATAGTGCAG ATTCTAAATT  120 
CvA                   CTGGGCCAAT TTCAACCAAA CTTGGCACAA AGCATCCTTG GGTGAAGGGG ATTC-AATTT 
                      *** ****          * *  **     ** *** * ***    *   *  * **** ** ** 
 
Oed consensus         GTTAAAATCA TGGCCCCCG- GGGGTCGGAT GGGGCCACAA TAGGGGA                167 
CvA                   GTTCAAATGA AGGGCCCCGA AATTTTCCAA GGGGAGATAA TTACG-- 
                      *** **** *  ** *****      *   *  ****  * ** *   *   

 
 

Microsatellite (25 bp)  
(D)
O. edulis Hind III 
satellite monomer

C. virginica CvA 
transposable element 

64%
identity

58%
identity

91 bp130 bp 91 bp 

Repetition unit
156 bp 

17 bp   ACAG and ACGG (ACG/AGG)   44 bp   AA

..........................
Repetition site

(2-6 repetition units) 

 
 
Fig. 1. Alignment of O. edulis HindIII satellite DNA with homologous sequences. The 

figure shows the alignment of the 103 homologous nucleotide positions of O. edulis 

consensus sequence and D. trunculus (pDTE24-6) monomeric unit of satellite DNA (A), 

the alignment of complete HindIII monomeric unit with a MITE of Z. mays (MPIF284) (B) 

and with the transposable element CvA of C. virginica (C). In bold, the nine-bp motif 

similar to the mammalian CENP-B box. Last diagram (D) shows the location of 

homologous zone between O. edulis HindIII satellite and C. virginica CvA transposable 

element. 
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 Oed8
 Oed38
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 Cv44
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 Cv26
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Fig. 2. Neighbour-joining tree of the 46 HindIII satellite DNA monomers using the 

Kimura-2 parameters method. Bootstrap values supporting each node are presented to the 

left of the tree branches. The name of the specimens corresponds to first letter of genus and 

species. In the case of C. angulata and C. gigas, the name from the population is also cited. 

The final number identifies the clone. Sequences obtained by Clabby et al., (1996) (marked 

with *) have been included. Our analysis reveals that the high divergence found by these 

authors was because these clones belong to different subfamilies: H1.6 and H1.20 belong 

to subfamily 1 and H1.13 and F2.18 to subfamily 2. 
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                             *                           * 
C.angulata1     TTGAATTTTT ACATAGGAAT ATATAGAGTA AATCTTTAAA AATCTT-CTT CTCAGAAACC   60 
C.gigas1        .C...A.... .......... .......... .......... ......-... .......... 
C.ariakensis    .C........ .......... .......... .......... ......-... .......... 
O.edulis        .CA..G.... .....CA... ......G.A. .......... ......-... ....AG.... 
C.virginica     .CA..G.... .T..T.A... G.....GAA. .......... ......-... ....AG.... 
C.gasar         .CA..G...A ....T.A... G.....GAA. .......... ......-... ....AG.... 
C.angulata2     .C-..G.... .......... ........A. .......... ......-... ....A....T 
C.gigas2        .C-..G.... .......... ........A. .......... ......-... ....A....T 
O.stentina      .C-..G.... .......... ........A. .......... ..A...T... ....A....T 
 
                 * **             *    *  ***                                 **  
C.angulata1     AATCAGCCAG GAAAGCTGAA ACTTGTGTGG AAGCATCCTC AGGTAGTGTA GATTCAAAGT  120 
C.gigas1        .T........ .......... .......... .......... .......... .......... 
C.ariakensis    ...T...... .......... ....A..... .......... .......... .......... 
O.edulis        .C.G...... A........G .T..A.A..A ....T.T..T .TA.....C. .....T..A. 
C.virginica     .C.G.A.... A.G..A.... .T..A..... ...GT..T.T ..AA...... .....T..A. 
C.gasar         .C.GGA.... A.G..A.... .T..A..... ...GT..T.T ...A...... .....T..A. 
C.angulata2     .T.TG..... A......C.. .T.AAAA... .......... .......... .......GT. 
C.gigas2        .T.AG..... A......C.. .T.AAAA... .......... ..A....... .......GT. 
O.stentina      .TGAC..... .......C.. .T.AAAA... .......... ...A....A. T...TTTGT. 
 
                   **         ** 
C.angulata1     TGTGAAAATC ATGACCCCCA GGGGTA-GGG TGGGGCCACA ATGGGGGG-              169 
C.gigas1        .......... .........G ......-... .......... ........- 
C.ariakensis    .......... .........G ......-... ..A....... ..T.....- 
O.edulis        ...T...... ...G.....G .....C-..A .......... ..A-....A 
C.virginica     ...TC..... .........G ...-..A... .......... .-.A....A 
C.gasar         ...TC..... .........G ...-..A... .......... .-.A....A 
C.angulata2     ...TC..... ...GT....G ......-... .......... ........A 
C.gigas2        ...TC..... ...GT....G ......-... .......... ........A 
O.stentina      ...TC..... ...GT....G ......-... .A........ G.A.....A 

 

Fig. 3. Aligned HindIII satellite DNA consensus sequences of the seven oyster species 

studied. The complete HindIII sequence of C. angulata subfamily 1 is shown. Dots denote 

nucleotides that are the same as the first sequence and dashes denote gaps. Below the 

sequences (*) marks the 16 positions for subfamily 1 and 2 defined in C. angulata and C. 

gigas and present in the remaining species. 
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Figure 4. Phylogenetic tree of the oyster species analysed as deduced from their HindIII 

subfamily 1 monomeric sequences using the Neighbour-joining phylogenetic-inference 

method and the Kimura-2 parameters model. Bootstrap values supporting each node are 

presented to the left of the tree branches 
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