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Mitochondrial DNA from the scallop Pecten
maximus: an unusual polymorphism

detected by restriction fragment length
polymorphism analysis
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We present an analysis of mitochondrial DNA diversity within the scallop Pecten inaximus.
Twenty-seven individuals of Pecten maximus were sampled from three populations from the
west coast of Brittany (France) and their mtDNA assayed for restriction site polymorphism.
Thirty-four variable and conserved cleavage sites have been mapped. They occur in the coding
region as well as in the noncoding one, which has also previously been shown to be variable in
length. Nucleotide divergence between two P maximus mtDNA types can reach 3.4 per cent
and the nucleotide diversity is 1 per cent. Data using seven restriction endonucleases clearly
distinguished 27 genotypes; each individual possessed a unique mitochondrial genotype. Phylo-
genies derived from mtDNA restriction analysis are not concordant with data on reproductive
behaviour or ecological studies. The three populations sampled present similar distributions of
the different mitochondrial genotypes, although the scallop stock of the Bay of Saint Brieuc is
considered, from physiological parameters, to be genetically distinct from all other populations.
Therefore, we suggest that P maximus should fall into category IV of phylogeographical
pattern, i.e. continuous mtDNA genotypes with a high gene flow.
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Introduction

The most widely encountered representative of the
family Pectinidea (Mollusca, Bivalvia) on the
western coast of France is the scallop, Pecten
maximus, a commercially important species. This
species is restricted by suitable habitat and is
capable of forming sustainable yields, although
prone to overfishing.

Both natural and hatchery-reared populations of
F maximus have been the subject of genetic studies
based on protein electrophoresis (Beaumont, 1991;
Beaumont ci' al., 1993), reproductive cycle (Cochard
& Devauchelle, 1993) and variations in ecological
reproduction (Mackie & Ansell, 1993). The most
interesting of all these studies is the specific repro-
ductive behaviour of the scallop originating from the
Bay of Saint Brieuc of the Brittany area. The P
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maximus individuals native to St Brieuc exhibit a
well-synchronized and unique massive spawning
during a short period in the summer. Spawning of
scallops from other populations, including those of
neighbouring areas (e.g. Rade of Brest), is much less
synchronized and extends over a long period (Paulet
et al., 1988). It was proposed that genetic as well as
environmental parameters were responsible for
differences in reproductive behaviour. In contrast,
data on allozymes suggest a high genetic similarity
among all the populations, including those trans-
planted at spat or juvenile stage from Scottish and
Irish areas to St Brieuc Bay (Beaumont et al., 1993).

Biochemical methods such as protein electro-
phoresis have contributed greatly to the understand-
ing of population genetic and phylogenetic
relationships (Avise ci' al., 1979). Recently analyses
involving the restriction enzyme assay of mitochon-
drial DNA have increased dramatically. Indeed,
mtDNA offers some major advantages over the bulk
of the cell nuclear DNA. Because it is predomi-
nantly transmitted through the oocyte cytoplasm, it
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is maternally inherited (Giles et al., 1980) without
undergoing the gene shuffling that can obscure the
evolutionary trail of nuclear genes. However, bipar-
ental transmission of mtDNA to the eggs has been
rigorously assessed in Mytilus, but no recombination
has been detected between different mtDNA line-
ages (Zouros et al., 1992, 1994a,b; Skibinski et al.,
1994). This peculiar situation does not hold for P
maximus (Rigaa, 1994). Although in invertebrates
mtDNA does not evolve faster than nuclear DNA
(Monnerot et al., 1990), its variations remain an
important source of information for relationships
between populations or species.

The purpose of this investigation was to assess
mtDNA restriction site polymorphism (through
RFLP) in three populations of P maximus, collected
from Brittany on the west coast of France, in order
to explore any correlations between mtDNA varia-
tions and the reproductive behaviour of individuals
originating from different geographical sites. In
addition, the survey may shed some light on the
evolutionary relationships of scallop populations.

Materials and methods

The scallop (Pecten maximus) individuals involved in
this study originated from three localities (Fig. 1) in
Brittany, France (Brest area, Saint Brieuc Bay and
Glénan Islands). mtDNA was isolated individually
from fresh muscle (10—20 g) and purified as
previously described by Rigaa et a!. (1993).

Restriction enzyme digestions were carried out to
completion with seven endonucleases (AvaI, AvaIl,
BclI, BglII, EcoRI, Hindill and HpaI) following the
supplier's instructions. Products of digestion were
end-labelled with a radioactive mixture of four

Fig. 1 Map of Brittany. The geographical origins of
scallop Pecten maximus samples are indicated with arrows:
Saint Brieuc Bay, Brest area and Glénan Islands.
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dNTPs in the presence of DNA polymerase I
(Kienow fragment). mtDNA fragments were then
separated by electrophoresis on 1 per cent agarose
and 6 per cent acrylamide gels and visualized by
autoradiography. Mapping of the restriction sites for
Aval, BclI, BglII, EcoRI, HindIlI and HpaI was by
single and double digest analysis.

Phylogenetic relationships were determined using
the PAUP program for maximum parsimony analysis
(Swofford, 1990). The total number of minimal trees
was determined by the branch and bound method.
The minimal length tree found after 10 replicate
random heuristic searches was taken as the initial
upper boundary for the branch and bound search. In
addition, a 50 per cent majority rule consensus tree
was generated from 1000 bootstrap replicate heur-
istic searches. Nei nucleotide distances and standard
errors were calculated using the RESTSITES program
version 1.2 (Nei & Miller, 1990).

Results
Seven endonucleases (Aval, Avail, BclI, BglII,
EcoRI, Hin dIll and HpaI) were chosen, among the
23 assayed, to study the polymorphism of mtDNA
from 27 specimens. Four base recognition cleavage
site endonucleases were discarded because they
yielded too many small fragments (less than 2 kb),
leading to poor resolution on gels. The different
patterns obtained are shown in Table 1 (for Avail)
and in Fig. 2 (for the other enzymes, see further). A
total of 40—56 fragments were scored per individual,
resulting in a survey of 254 nucleotides on average,
i.e. 1.2 per cent of the 21.6 kb as the modal size of
the P maximus mitochondrial genome (Rigaa et al.,
1993).

Among these seven enzymes, A vail reveals the
most variable patterns (11), eight of them (D, E, F,
G, H, I, J and K, Table 1) being found only once.
BglII, HpaI and HindIII are less polymorphic restric-
tion endonucleases, each revealing only three rare
patterns (Table 2).

Considering the data as a whole, the composite
mtDNA genotype of each individual was determined
(Table 2). Twenty-seven genotypes were observed
for the 27 individuals sampled.

Mapping of polymorphic sites has been under-
taken to estimate accurately the nucleotide diverg-
ence between the different mtDNA types. The
numerous Avail fragments did not permit a reliable
mapping of the corresponding restriction sites by
single and double digest analysis. The sites recog-
nized by this restriction endonuclease were conse-
quently discarded for further analysis. Figure 2
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Table 1 Restriction patterns for Avail endonuclease obtained for Pecten maximus

A B C D E F G H I J K

LF LF LF LF LF LF LF LF LF LF LF
2550 2550 2550 2550 2550 2550 2550 2550 2550 2550 2550
2450 2450 2450 2200 2450 2450 2450 2450 2450 2450 2450
1500 1500 1500 1500 1350 1500 1500 1600 1500 1500 1800
1350 1350 1350 1350 2x1250 1350 1350 1500 1350 1450 1600

2x1250 2x1250 2x1250 2x1250 1100 2x1250 2x1250 1350 2x1250 2x1250 1500

1100 1100 1100 1100 1000 1100 1100 2x1250 1100 1100 1350

1000 1000 800 800 900 800 1000 1100 1000 1000 2x1250
500 500 500 500 600 500 970 1000 500 500 1100

400 300 400 400 500 300 500 500 100 400 1000

100 2x100 200

100

250

200

100

400

100

200

2x100
470

400

100

400

100

500

400

100

LF, the largest fragment of each pattern; it depends on the total size of the mitochondrial genome. LF has the following
sizes (in kb) for the patterns: A Ss =6.6, A S = 8.2, A M = 9.7, A L 11.3 and A SI = 12.3; B Ss = 6.6 and B M 9.7;
CS = 8.2 and C M = 9.7; D S, E S, F S and J S = 8.2; G I = 7.3; H S = 6.6; I M = 10.1; K S = 4.7 kb.

presents the relative location of AvaI, Bc/I, BglII,
EcoRI, HindIII and HpaI restriction sites taking into
account the length variability (Ss, S, I, M, L and SI
refer to the different molecule sizes as previously
defined in Rigaa et at., 1993). The relative lack of
restriction sites within the noncoding region is
relevant to its nucleotide content (Rigaa et at.,
1993), as in Drosophila (Solignac et al., 1986).

Twenty-three out of the 38 sites considered
outside of the repeats were conserved in mtDNA
from the 22 samples analysed completely and the
remaining 15 sites were polymorphic, both
conserved and polymorphic sites being regularly
distributed all along this domain of the mtDNA
molecule (Fig. 2).

One EcoRI polymorphic site was shown to be
carried by every copy of the 1.6-kb repeat unit
present in the corresponding molecules (profile C,
Fig. 2) and consequently counted only once. The
presence/absence of this site is independent of the
size of the genome and thus of the number of the
repeat units.

All but one Aval polymorphic sites are located
within the repeats area. Because they might lead to
ambiguous interpretations arising from the repeat
process they were not considered for either tree
building or distance calculation.

Figure 3 represents a phylogenetic tree obtained
from an analysis using PAUP (Swofford, 1990). The
displayed tree comprises a consensus of the 17
shortest length trees and illustrates the relationships
between composite genotypes. Individuals from each
population of P maximus are not clearly clustered

on the tree upon either the RFLP patterns, the sizes
of the genomes or the geographical origins. The only
two subdivisions include samples from Brest and St
Brieuc with different genome sizes.

Nucleotide distances between individuals can
reach 3.4 per cent with 1.3 per cent,
1.1±1.3 per cent and 0.7±0.4 per cent for the
divergences (corrected values) Glénan—Brest, Brest—
St Brieuc and Glénan—St Brieuc, respectively. The
nucleotide diversities are, respectively, 0.6, 1 and 1.1
per cent for the populations from Glénan, Brest and
Saint Brieuc, with 1 per cent as the overall value.
The differences between the three populations are
not significant (Fisher—Snedcor test).

Discussion

The mtDNA polymorphism for AvaI, Avail, Bc/I,
BglII, EcoRI, Hindlil and HpaI sites was examined
in three scallop populations from different locations
on the western coast of France: Brest area, Saint
Brieuc Bay and Glénan Islands.

Two domains have been recognized previously in
the P maximus mitochondrial genome (Rigaa et at.,
1993, 1995): a noncoding domain, in which varia-
tions in the copy number of a 1.6-kb unit are
responsible for an important length polymorphism;
and a coding domain with no length variations.
Nucleotide substitutions inferred from restriction
site polymorphism and mapping appear to occur in
both domains, without relationships with the size of
the molecules. These two mutational phenomena,
leading, respectively, to size and endonuclease cleav-
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age site polymorphisms, are likely to be inde-
pendent.

In the noncoding region, the presence/absence of
multiple sites, one on each repeat unit, can be inter-
preted by the copy of an original unit carrying the
corresponding mutation. Alternatively, this can be
caused by a homogenization of the repeat units after
the occurrence of a mutation in one of them. Both
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Fig. 2 Maps of the different mito-
chondrial types of Pecten maximus.
The maps are based on the recogni-
tion sites for six restriction enzymes.
The genome is linearized at the HpaI
site located 104 nucleotides down-
stream from the beginning of the
coding region. The fragment sizes are
in kb. For each set of maps the name
of the enzyme considered is written
at the top. For each type the first
letter refers to differences in sites and
the last one(s) to differences in
length as already published: Ss = 20
kb, S = 21.6 kb, I = 22.2 kb, M = 23.2
kb, L = 24.8 kb and SI = 25.8 kb
(Rigaa et a!., 1993). Bars with arrows
stand for the 1.6-kb repeated units
located in the unique length variable
domain.
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proposals are in accordance with the concerted
evolution concept (Solignac et al., 1986). As a conse-
quence, estimates of nucleotide distances have to
take into account only one mutation event at the
locus considered: this has been done for EcoRI. The
situation is more complex for some AvaI poly-
morphic sites within the repeats (Fig. 2) and homol-
ogous sites are difficult to appraise.
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Table 2 Composite mtDNA genotypes observed in the three geographical samples of Pecten inaximus. The entire
mitochondrial genome sizes are referred to as: Ss, supershort; S, short; M, medium; I, intermediate; L, long; SI, superlong.
Individual number 6 is heteroplasmic for short and supershort mitochondrial genomes (Rigaa et al., 1993). An alphabetical
character is assigned to each unique restriction pattern (see Table 1 and Fig. 2)

Glénan Brest Saint Brieuc

individual 1 2 3 4 5 6 1 2 3 4 5 6 7 8 9 10 11 12 13 1 2 3 4 5 6 7 8
Size SsMMMMSMSLSSI Ss/S SSI S S S MMS S MSLMS
AvaI NDAANDAABACAD A AAE A A A AAA ND FAAAA
Avail B AA B ADAAAAA A JCG E F A A CH K AFA IA
BclI NDB BNDAAAAAAA A AAA ND B ND A CA B AAAAA
BglII A AA A AAABAAA A AAA A A B CAA A DAAAA
EcoRl C BA A ACBADBA A ACB A C D D CB A DCBAB
Hindill NDAANDAABAAAA A AAA A A A AAA A AAADC
HpaI NDAANDAAAACDA B AAA A A A A AA A AAABA
ND, patterns not determined.

Based on the restriction analysis of the mitochon-
drial genome, the sequence divergence of P
maximus mtDNA can be as high as 3.4 per cent
(corrected value) with a nucleotide diversity of 1 per
cent. Convergent losses or gains of restriction sites
are not uncommon features of mtDNA evolution
(Avise, 1991). Hypervariable restriction sites are
identified by the fact that their states (loss or gain)
occur in two or more of the mtDNA assemblages
assayed (see patterns for BglII). This hypervariability
leads to the impossibility of constructing a very
parsimonious tree. mtDNA site polymorphism is
thus greater in P maximus than in most other scal-
lops so far studied: Gjetvaj et al. (1992), in an analy-
sis of six species (including P maximus), report
restriction site polymorphism only for Argopecten
irradians; however, nothing is said about its
frequency. The high level of polymorphism
described here could arise from different rates of
evolution within the Pectinidae family or from
special features of P maximus populations.

In spite of the existence of a large restriction site
polymorphism of mtDNA from I? maximus, there is
no clear evidence for site heteroplasmy. Such a
phenomenon is not impossible, but probably occurs
at low frequency. One species, Chiamys islandic,
among the seven studied by Gjetvaj et at. (1992)
exhibited site heteroplasmy for one individual
among 119. Site heteroplasmy exists at high
frequency in mussels (and other molluscan bivalves)
and has been experimentally related to biparental
mitochondrial inheritance (Fisher & Skibinski, 1990;
Hoeh et at., 1991; Zouros et at., 1992, 1994a,b;
Skibinski et at., 1994). It so far seems that paternal

inheritance is limited to the mussel family; it has
been observed neither in Pecten maximus (this study)
nor in other scallop species (Gjetvaj et at., 1992;
Boulding et at., 1993; Repin & Brykov et at., 1993).
Thus, neither a high evolutionary rate nor paternal
transmission can account for this unusual intraspe-
cific diversity, the origin of which remains to be
understood.

The organization of the genetic diversity revealed
in our mtDNA assay does not reflect the fine-scale
geographical patterns apparent from the reproduc-
tive behaviour of the three populations of P
maximus. Strong evidence has been reported to
support genetic isolation of the population from
Saint Brieuc (Paulet et at., 1988; Cochard & Devau-
chelle, 1993). The St Brieuc native scallops have a
very discrete reproductive period in the summer, in
contrast to scallops in most other areas, which have
spawn over a long period of the year. Mackie &
Ansell (1993) have concluded that important
elements of the reproductive cycle are under genetic
control and that the St Brieuc population, with its
unique cycle, should be genetically distinct from
other populations. However, genetic differentiation
is evidenced by neither allozyme data (Beaumont et
a!., 1993) nor the RFLP analysis of mtDNA
presented in this paper. Indeed, and contrary to
earlier estimates, recent studies of intra- and inter-
populational allozyme variability of P maxirnus from
areas in Ireland, Scotland and Brittany (Beaumont
et al., 1993) have shown an overall deficiency of
heterozygotes with no geographical differentiation.
Although heterozygote deficiency is a common
phenomenon in bivalves, it has been demonstrated
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Although mtDNA characteristics are useful for
the study of phylogenetic relationships or population
differentiation of species (Blot et al., 1990; Reeb &
Avise, 1990), the specific forces underlying the
evolutionary changes of mtDNA (mutation, selec-
tion, founder effect and genetic drift) could be quite
distinct from those acting on the nuclear genome.
Thus patterns of mtDNA differentiation will not
necessarily coincide with patterns of morphological
and nuclear differentiations as shown by this study.
Bonaud et at. (1994) have described an example of
the discrepancy between taxa positions of large
molluscan Cephalopoda based on morphological and
mitochondrial DNA analyses.

Whatever the difference between allozyme and
mtDNA, this study demonstrates that, from the
point of view of stock discrimination in this species,
mtDNA analysis is likely to be more useful than
allozyme analysis. The rare variants observed for
some endonucleases (see Table 2) constitute poten-
tial markers allowing the study of genetic characters
and their interactions with local environmental
factors and provide the possibility of restocking new
localities.

Experiments involving the transfer of spat from
the St Brieuc population scallops to other sites and
farming them at least for more than one generation
are required to assess the relative importance of
genetic (bottlenecks, genetic drift, different selective
forces acting on mtDNA genotypes) and environ-
mental factors acting on the gametogenesis cycle.
Also, the real absence of genetic discontinuity of I?
maximus populations, as judged by mtDNA studies,
suggests rather an adaptation of the Saint Brieuc
population of scallops to the local ecological factors
of this geographical area. Such an adaptation,
characterized by the specific reproductive behaviour
of this scallop population, is not apparently accom-
panied by allozyme polymorphism or by mtDNA
variation. Furthermore, the interaction of genetic
and environmental factors (temperature, food and
salinity) and their influences on the gametogenesis
cycle for different scallop species is still poorly
understood and may fluctuate among different
populations of the same species (Latrouite &
Claude, 1979; Barber & Blake, 1991).
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to be accompanied by significant intra- and inter-
population differentiation for mitochondrial haplo-
types in mussels (Blot et a!., 1990; Karakausis &
Skibinski, 1992).

The lack of macrogeographical structuration of
mtDNA haplotypes seems to be a feature of species
with high gene flow. Therefore, R maximus should
be placed in category IV of the phylogeographical
pattern as described by Avise et a!. (1987), i.e.
continuous mtDNA genotypes through geographical
regions. This leads to the conclusion that the
analysed populations of R maximus constitute a
single genetic pool with regard to their mitochon-
drial genomes.
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Fig. 3 Phylogenetic tree obtained from maximum parsi-
mony analysis using PAUP. It is based on the individual
polymorphic restriction sites mapped in Fig. 2 except that
of Aval to avoid any ambiguity. A branch and bound
search retained the 17 shortest trees. The tree displayed
represents a consensus of those shortest length trees. The
tree has a consistency index (CI) of 0.824 and homo-
plasmy index (HI) of 0.176. Excluding uninformative
characters, CI = 0.7 and HI = 0.3. The retention index
(RI) = 0.769. The first letter indicates the geographical
origin of the specimen: G, the Glénan Islands; B, Brest
area; S, Saint Brieuc Bay. The number refers to the indivi-
dual within the population. The following letter(s) refer to
the size of the mt genome: Ss, supershort; S, short; M,
medium; I, intermediate; L, long; Sl, superlong. Hetero-
plasmy is observed for B6, which carries Ss and S
genomes (Table 2 and Rigaa et a!., 1993). Individuals for
which data are missing (Gi, G4, BlO, B12 and S3) have
not been taken into account.
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