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Heterozygote deficiency and population
structure in the bivalve Ruditapes decussatus
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The genetic structure of the bivalve Ruditapes decussatus from a Mediterranean lagoon was investi-
gated at seven enzymatic loci. Samples of adults collected at the same period in different localities
were genetically homogeneous. Slight allele frequency differences were observed between two
annual cohorts of spat. Differences were observed between presumed cohorts of a large multi-
cohort sample of adults. Heterozygote deficiencies were observed in multicohort samples of adults,
but were not detected in cohorts of spat, nor in one sample of adults which presumably consisted of
one single cohort. Thus, a relationship was found between genetic and demographic structures and
is suggested to rely on the existence of differences arising through selection.
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Introduction

Reproductive features of numerous marine bivalve
species should illustrate the classical panmictic model
of population genetics. These include: release of the
gametes and external fertilization, mixing and disper-
sion of eggs and larvae, and a long planktonic larval
stage, probably dispersed by currents in what one can
presume to be a random fashion over large distances
before (presumably) random settling. In natural
populations of bivalves, one should then observe geno-
type frequencies close to those expected under the
Hardy—Weinberg model. However, considerable data
show that departure from Hardy—Weinberg expecta-
tions, expressed as a deficiency of heterozygous pheno-
types at several routinely studied enzymatic loci, is the
rule in bivalves (Zouros & Foltz, 1984; Foltz, 1986a
and b; Colgan, 1987). Equally surprising are similar
observations on natural populations of species that
feature the same life-history characteristics as
dioecious bivalves, namely sexuality, high rates of
reproduction and high dispersal ability: crustaceans
(Homarus: Hedgecock eta!., 1977; Euphausia superba:
Schneppenheim & MacDonald, 1984), echinoderms
(Ophiomusium lymani: Murphy et a!., 1976; Costa &
Bisol, 1978), polychaetes (Hyalinoecia tubi cola:
Manwell & Baker, 1969), gastropods (Cerithium: Ritte
& Pashtan, 1982), and flat fishes (Solea vulgaris:
Kotulas, 1989).

One of the possible causes of heterozygote
deficiency at a locus may be that sampling is of a
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mixture of individuals from two or more sub-popula-
tions which differ in allele frequencies (the Wahiund
effect). For this to occur, drastic changes in allele
frequencies over small geographical distances,
genotype-dependent differences in time of spawning,
or differential selection in time or space on clusters of
larvae, which then settle at the same place, are needed.
Despite the numerous reports of heterozygote
deficiencies in marine invertebrates, especially in
bivalves, few studies have attempted to document the
role of the Wahlund effect (Tracey et aL, 1975; Koehn
et al., 1976; Gosling & Wilkins, 1985). Elsewhere, the
Wahlund effect was rejected simply on the basis of a
genetic homogeneity observed over large distances
(Koehn eta!., 1973; Zouros & Foltz, 1984).

The present work is an investigation of the genetic
structure of a local population of the marine bivalve
Ruditapes decussatus. In particular, it investigates to
what extent a Wahiund effect, resulting from possible
differences in allele frequencies (1) over the study area
and (2) between presumed consecutive settling cohorts,
may account for heterozygote deficiencies in this
species.

Materials and methods

The bivalve studied

Ruditapes decussatus (the 'palourde') is a dioecious
species, although rare juvenile hermaphroditism has
been reported (Lucas, 1968). Post-larval individuals
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become totally sedentary shortly after metamorphosis.
Groups of adults frequently consist of a few tens to
several hundreds of individuals distributed over a few
square metres. Spawning involves the liberation of
about one million oocytes per female in a single spawn
(P. Borsa & A. Diter, unpublished). Fertilization takes
place in the surrounding water. Eggs develop to veliger
larvae, which remain planktonic for c. 10 days at 25°C,
until complete development and growth of the foot. We
observed that in hatchery conditions, about 10% of the
larvae accomplish successful metamorphosis. The
densities observed in spat ulteriorly do not vary very
much. Therefore, high mortality rates occur before or
early after settlement. Spawning was observed in the
lagoon of Thau in early summer 1987 during a sudden
increase in water temperature: it affected all the adults
in various parts of the lagoon within less than 1 week.
Thus, a cohort seemingly results from a unique repro-
ductive event being very localized in time and therefore
it is likely to consist of individuals all of the same age.

Fig. 1 Map of the Etang de Thau and location of the seven
sampling sites of R. decussatus (see text).

Sampling

The study site was the Etang de Thau, a marine lagoon
located on the French Mediterranean coast (43°20'N;
3°40'E) (Fig. 1).

Nine samples of palourdes were collected by sieving
the sediment through a 2-mm mesh. The seven sampl-
ing sites, located along the shore (Fig. 1), were: 1:
Mourre Blanc, 2: Bouzigues, 3: Pointe Balaruc, 4:
Balaruc-Port, 5: Balaruc-Z.I., 6: Barrou, 7: Lido. Two
different samples were collected at sites 4 and 5
(numbered, 4, 4' and 5, 5', respectively). Samples 1—5
and 7 consisted of adults collected between May and
early August 1987. Samples 4' and 6 consisted of spat
settled in summer 1987 and collected early in the
following December. Analysis of the distribution of
shell lengths (measured for each individual using a
Vernier caliper) showed that all samples of adults were
plurimodal (consisting of several cohorts) except
sample 3 (monomodal: one presumed single cohort).
The sample taken at locality 2 was large enough to
compare the genetic compositions of its various (age
correlated) size categories. The distribution of shell
lengths in sample 4' and in sample 6 was monomodal,
indicating that each consisted of individuals resulting
from a single spawn. Sample 5' consisted of spat settled
in summer 1988 and collected in early February 1989.
For the latter sample, the 1988 cohort was separated
from the overlapping 1987 cohort on the basis of shell
length by using the statistical procedure of Bhatta-
charya (1967) (Fig. 2). In addition, small-sized indivi-
duals showing more than one growth-check ring (that
corresponding to winter 1988—1989), were discarded
on the basis that they were 1987 individuals that had
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Fig. 2 Method of Bhattacharya(1967) for identification of
the 1988 cohort (sample 5') out of a sample of R. decussatus
(Balaruc Z.l., Feb. 1989) containing individuals from both
1987 and 1988 settlements, on the basis of shell length.
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been included in the 1988 category as a result of their
shell length. Therefore, sample 5' was constituted of
0+ (1988), newly settled individuals, and perhaps by a
few 1 + (1987) individuals which did not clearly exhi-
bit more than one growth-check ring. All results con-
cerning demographic analyses appear in Borsa (1990).

Analysis of genetic polymorphism

The specimens were stored at —30°C until just before
dissection and electrophoresis. The adductor muscle
and the digestive gland from each individual were
homogenized separately in 10 mrvt Tris/HC1/EDTA,
pH 6.8 buffer, at a ratio of approximately 1:1 w/v, and
centrifuged at 7,000 g for 3 mm (except for the three
samples of spat, for which this protocol was carried out
with the whole individual dissected from its shell). The
supernatant was used as the enzyme extract. Electro-
phoresis was carried out on horizontal gels of 12%
hydrolysed potato starch. Staining was performed for
six enzymes (isocitrate dehydrogenase, malate
dehydrogenase, phosphoglucomutase, esterase D,
leucine aminopeptidase and glyoxalase), involving
seven presumed polymorphic loci [Id/il and Idh2,
Mdlii, Pginl, EstD, Lapi and Gb, respectively, here
numbered as in Borsa & Thiriot-Quiévreux (1990)].
Electrophoresis buffers, running methods and staining
reagents were those used by Borsa & Thiriot-
Quiévreux (1990), following recipes and methods
detailed in Pasteur eta!. (1988).

In bivalves, genetic determinism of either IDH,
MDH, PGM, EST-D or LAP phenotypes was found
likely to involve one single Mendelian gene (Beaumont
eta!., 1983; Hvilsom & Theisen, 1984; Foltz, 1986b).
This is assumed to be the case in the palourde. No
breeding experiments have been attempted for testing
Mendelian determinism of GLO phenotypes, but, in
the palourde, the latter conformed with typically
observed patterns of co-dominant allozyme inheri-
tance.

For each sample, the fixation index per locus (Fis:
Wright, 1965) was estimated by using a weighted
average of the Fis calculated for each allele (Kirby,
1975). Global estimations of the 'F-statistics', namely,
Fit, Fis and Fst, over either loci or samples, were done
following the method and the corrections proposed by
Weir & Cockerham (1984). Following the same
authors, variances around these multilocus or multi-
samples, monolocus F values were obtained through a
jackknife procedure. Testing for significance of devia-
tions from Hardy—Weinberg expected frequencies
(Fis— 0) was done according to Brown (1970). For F
values over several loci, a t-test was performed. Posi-
tive Fis values indicate a departure from Hardy—

Weinberg expectations towards a heterozygote
deficiency, negative values an excess. Positive Fst
values indicate allelic differences between samples
whereas the Fst value between samples belonging to
the same population or to undifferentiated populations
is expected to be zero. Negative Fst values may arti-
factually appear, owing to the computation method of
its estimator.

Chi-square of Workman & Niswander (1970) was
used in order to test for significance of Fst values when
the sizes of the samples compared were similar and the
allelic data did not involve rare alleles. Otherwise, a
homogeneity chi-square test was performed on allelic
sizes with pooling of the rare alleles with alleles
encoding common electromorphs of the closest
mobility. It is worth noting that the statistical power of
such a test must be low. This is also crucial when
testing deviations from Hardy—Weinberg expected
frequencies (Majumder & Chakraborty, 1981).

Results

Fixation index

Fis values for each of the different samples of
palourdes are presented in Table 1. Some positive Fis
values were from very to highly significantly different
from zero (Table 1). No significant negative value was
observed. Moreover, distribution of Fis under
panmixia is biased towards negative values at loci for
which gene frequencies are extreme (Majumder &
Chakraborty, 1981; Cuguen et al., 1988), as is the case
for loci Idhi, Mdhl and Gb. Therefore, actual
negative Fis values are expected to be, on average, even
fewer than we estimated. Fis over all loci were positive
(except for samples 3 and 5'), and one of these (for
sample 2) was significant (P <0.05; Student—Fisher t-
test, 6 df). Though one would expect to observe by
chance three significant values at P 0.05 in a table of
62 tests and, subsequently, these should be handled
with care, the results indicate an overall tendency for
departure from Hardy—Weinberg expectations towards
heterozygote deficiency: five out of the seven loci
examined in R. decussatus were out of Hardy—
Weinberg equilibrium, all towards homozygote excess,
in one or more (out of nine) samples studied. It is worth
considering, however, the locus Gb as a peculiar case
since this locus was the only one to exhibit a strong
heterozygote deficiency in every sample. The Fis
values recalculated over all loci except Gb (Table 1)
yet did not noticeably decrease except for samples 4'
and 6 (spat). For a table of k tests the variable

=
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follows a 1(0, 1) distribution under the null hypo-
thesis of equilibrium. Considering the means over all
loci, its value was significant (r—3.095; P<0.01).
Considering all loci except Gb, a positive value was
still observed: r= 1.594, though on the boundary of
significance (P 0.055; one-tailed standard normal
deviate).

From Table 1, it also appears that sample 3 and the
three samples of spat, namely, 4', 5' and 6 (all four
monomodal) exhibited the four lowest Fis values, while
the other five samples, namely, 1, 2, 4, 5 and 7 (all
plurimodal) exhibited the five largest values. Respec-
tively, considering the mean fixation index values over
all loci, =r0.645 (F>0.51) for the four monomodal
samples and E=3.576 (P<0.001) for the other five
samples. Considering all loci except Gb, we had:
e= —0.102 (P>0.91) and E2.23 (P<0.03), respec-
tively.

Spatialstructure

F-statistics values, estimated on a 'spatial' sampling that
consisted of six samples (1—5, 7), collected in summer
1987, are presented in Table 2. At four loci (Idhi,
MdhJ, Pgml and Gb) the Fit values were high. For
locus Gb, Fit was significant at the P= 0.05 level. The

Table 2 Parameters of spatial genetic structure of the
palourde R. decussatus in the Etang de Thau. (Samples 1—5
and 7 were taken into account. See text for details.)
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Fig. 3 Size classes (presumed cohorts) observed within
sample 2 of R. decussatus (Bouzigues, June 1987) deter-
mined by the method of Bhattacharya (1967).

estimated overall Fit value was therefore high:
Fit— 0.063, although on the boundary of significance
(P= 0.05 2, 6 df, t-test). No Fst value differed signifi-
cantly from zero. Therefore, departure from
Hardy—Weinberg expectations was to be found within
each sample (as in Table 1) whereas heterogeneity
between samples did not occur or was too slight to be
detected.

Genotypic structure of a mu/ticohort sample

Sample 2, which showed a significant positive Fis value
(Table 1), consisted of three presumed cohorts that
were individualized using Bhattacharya's method (Fig.
3), and of remnants of other cohorts that were
discarded for the calculations detailed below. Fis and
Fst were estimated for each cohort. Mean monolocus
values over all three cohorts are presented in Table 3.
The estimated Fst value at locus Idhi was very signifi-
cant (Workman & Niswander's chi-square: x2 = 13.40,
4 df; P <0.01), thus indicating differences between
cohorts. The other monolocus Fst values were not
significant. But Fis values remained high, particularly
for loci Id/il and Mdhl. For example, on the basis of
the allele frequencies at locus Idhi in the youngest and
the oldest cohorts of sample 2, respectively 0.951 and
0.8 18 for the most common allele, 0.049 and 0.182 for
the other alleles, the heterozygote deficiency resulting
from the mixture in equal proportions of the two
cohorts (each supposed at equilibrium) would only be
Fis 0.044.

Comparison of monocohort spat samples

Table 4 reports the results of two pairwise comparisons
between the different samples of spat. The comparison

Table 3 Estimated Fis and Fst values for sample 2 of
R. decussatus (Bouzigues, June 1987) after its separation
into three cohorts. n =average sample size per cohort. The
significance of Fis was tested assuming that FiS[ is normally
distributed under equilibrium, and the mean Fis through
Student—Fisher t-test, 6 df. The significance of Fst was tested
using the chi-square of Workman & Niswander (1970)

Locus n Fis Fst

Idhi 35.3 0.3831* 0.0316**
Idh2 35.7 —0.0438 ns 0005Sf
Mdhl 35.7 0.1821 ns 0.0039ns
Pgml 36.7 0.0145 us (—0.0118)ns
EstD 36.0 0.0805 ns (— 0.0070) ns
Lap! 36.7 0.0174ns (—0.0069)ns
Gb 35.0 0.0395ns (—0.0107)ns

Mean 0.06 18 ns (— 0.0024) us
s.d. 0.0346 0.0070

s.d. = Standard deviation.
ns =Not significant.
*P<005; **P<0O1; fP<0.10.

Table 4 Fst values for pairwise comparisons of samples of
spat of R. decussatus (4' and 6: 1987; 5': 1988). Level of
significance obtained using homogeneity chi-square test

Locus

Comparison

4'vs.6 (4'+6)vs.5'

Idhi (— 0.0056) ns 0.0025 ns
Idh2 (—0.0035)ns (—0.0021)ns
Mdhl (—0.0027) ns (— 0.0049) ns

PgmI 0.0054 ns 0.0160f
EstD (—0.0016)ns 0.0000ns
Lapi (—0.0030)ns (—0.0032)ns
Gb (—0.0008)ns (—0.0038)ns

Mean (—0.0014)ns 0.OOllns

ns =Notsignificant.
tP<0.1.

between samples 4' and 6 involves one single cohort of
individuals, which presumably settled simultaneously
in summer 1987. It also compares the pooled sample
of individuals settled in 1987 (4' + 6) to the sample of
individuals settled in 1988 (5'). Mean Fst values were
higher (though no one significant) in column 2 (1987
vs. 1988) than in column 1(1987, Barrou vs. Balaruc),
which suggests perhaps an interannual difference but
no intra-annual intersites differences. Monolocus Fst
could indicate a slight interannual difference at locus
Idhi (not significant) and a larger differene at locus
Fgml (homogeneity chi-square: 3.39, 1 df; P< 0.07).
The two pairwise comparisons 4' vs. 5' and 6 vs. 5' were

a
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0
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made for the locus Fgm] and yielded the following
results. Fst= 0.034 (significant: P< 0.03) between
samples 4' and 5' and Fst =0.003 between samples 6
and 5' (the latter value being non-significant, owing
perhaps to relatively small sample sizes). The differ-
ence at locus Pgrnl between the 1988 sample (5') and
the Balaruc-plage 1987 sample (4') would lead to a
heterozygote deficiency of Fis =0.023 if equal propor-
tions of the two 1-year classes (each at equilibrium)
were mixed into a single sample.

Discussion

Our data for Ruditapes decussatus (a venerid) provide
further evidence for generalized heterozygote
deficiency at enzymatic loci in bivalves, as found for
pectinids (Beaumont & Beveridge, 1984; Foltz &
Zouros, 1984), mytilids (Koebn et a!., 1973; Tracey et
al., 1975; Koehn et a!., 1976; Yamanaka & Fujio,
1984; Gosling & Wilkins, 1985; Colgan, 1987) and
ostreids (Wilkins & Mathers, 1973; Singh & Zouros,
1978; Buroker eta!., 1979). However, in our samples,
heterozygote deficiencies (locus Gb being excluded)
were absent, or at most very slight, in juveniles and on
average smaller than those characterizing samples of
larger (older) individuals. This apparently contradicts
the models proposed by Koehn et a!. (1973) and Blanc
& Bonhomme (1987), in which the selective advantage
of the homozygotes during early development is
compensated for by heterozygote superiority in later
life, and departs from the widespread observation of a
greater excess of homozygotes in small individuals than
in the larger (Koehn et al. 1973; Johnson & Utter,
1975; Tracey et a!. 1975; Koehn et a!. 1976; Singh-
Zouros 1978; Zouros et a!. 1980; Beaumont, 1982;
Zouros & Foltz, 1987), but see Wilkins (1978).

We attempted to estimate the possibility of the
existence of either spatial or temporal differences
between population subunits, respectively geographical
(sampling sites) or temporal (cohorts). In this respect,
we shall refer to 'spatial' and 'temporal' Wahiund
effects.

Apart from the Wahlund effect, and as inbreeding in
R. decussatus is excluded owing to its reproductive
biology, different explanatory hypotheses about the
origin of the deficit (particularly at locus Gb, where it
was systematically observed) can be raised and
summarized as the following: (1) misscoring of null
heterozygotes as homozygotes, (2) selection against
heterozygotes before recruitment and (3) assortative
fertilization.

I Foltz (1986a; 1986b) stressed the possibility that
the deficiencies may be due to the occurrence of null

alleles, where null homozygotes are lethal and null
heterozygotes mistakingly scored as active homo-
zygotes. However, according to this hypothesis, one
must admit either to the existence of a high mutation
rate regularly generating new deficious genes or that of
a strong selection favouring the null heterozygote.
Nevertheless, the null allele hypothesis cannot be ruled
out in R. decussatus until controlled pair crosses have
been performed.
2 Selection against heterozygotes during the larval
stage or early after settlement seems to contradict the
usually observed positive relationship between hetero-
zygosity and fitness (reviewsin Mitton & Grant, 1984
and Zouros & Foltz, 1987). However, explanatory
models, based on selection against heterozygotes
during the larval stage, have been proposed (Singh &
Green, 1984; Blanc & Bonhomme, 1987) and still
remain to be tested.
3 An observation of preferential fertilization was
reported in the American oyster Crassostrea virginica
(Longwell & Stiles, 1973) but the heterogametic
crosses were favoured, not the homogametic ones.

Some arguments exist against the role of a 'spatial'
Wahlund effect in generating heterozygote deficiencies
in our samples. First, the variation in allele frequencies
between samples collected over the whole lagoon was
not significant. Second, since larvae may originate from
a much larger geographical area, we attempted to
compare the allelic frequencies in Thau with those in
neighbouring lagoons. No differences were found with
a sample collected in the the Etang du Prévost (Worms
& Pasteur, 1982), located c. 25 km from the Etang de
Thau and connected to it by a navigation canal and
indirectly by the sea. Moreover, only very slight differ-
ences with remote populations, such as that of the Ebra
Delta, Spain, were observed (Jarne et al., 1988). The
occurrence of a spatial microdifferentiation can also be
excluded, since each sample consisted of individuals
collected in a single patch, i.e. within a few square
metres, where the environmental conditions (substrate,
tidal level) were assumed to be homogeneous.

Paradoxically, genetic differences were detected
between cohorts within a sample ('temporal' Wahlund
effect). Our results suggest that the individuals in a
single sample may be members of various age-classes
that differ in allelic frequencies. Such differences could
have arisen through differences in selection from year
to year, from one spawn to the next within a year, or
from one cluster of larvae to the other within the same
spawning period. Another possible cause for these
differences could be genetic drift, generated by small
effective numbers of breeders. Due to the high number
of eggs per female, and to the extremely high level of
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mortality until recruitment, variance in the number of
successful offspring per female must be high. Likewise,
the number of successful larvae per group of breeders
from which they originate may vary considerably from
one group to the other. Such conditions may contribute
to reduce the effective sizes of breeding units.

However, the deficiencies expected under the model
of admixture of differentiated populations were far
lower than those actually observed. A Wahlund effect,
due to the differences observed at one locus (Idhi)
between two presumed cohorts of sample 2, would
have consisted of an expected heterozygote deficiency
of far less amplitude (by factor 10) than the observed
deficiency in this sample. Moreover, an important
departure from Hardy—Weinberg expectations
remained within each presumed cohort. Likewise, the
expected Wahiund effect resulting from the difference
at locus Pgml between the two consecutive annual
cohorts of spat would have consisted of a hetero-
zygote deficiency value which, once again, was much
lower than that actually observed in several samples.

A major result of the present study is that a relation-
ship exists between the demographic structure and the
level of heterozygote deficiency: all three samples of
spat and also sample 3, each consisting of a single
monomodal cohort and presumed to result from a
single spawn, did not exhibit heterozygote deficiencies
(Gb excluded), whereas significant heterozygote
deficiencies appeared in the other samples, consisting
of individuals belonging to overlapping size (age)
classes. This strongly suggests that heterozygote
deficiencies may actually be the consequence of differ-
ences between cohorts. The observation of small
differences between consecutive cohorts of spat would
support this hypothesis, but larger differentiation
(which could not be detected in the present work) is
required to account for the deficits observed in multi-
cohort samples of adults. The latter might be the con-
sequence of increased differential selection between
cohorts during the benthic stage.

In conclusion, the geographical homogeneity of R.
decussatus in the Etang de Thau and in the neighbour-
ing lagoons eliminates the possibility of any 'spatial'
Wahlund effect. Additional data will be required to
confirm the possible occurrence of a 'temporal'
Wahiund effect due to differences between settling
cohorts, although we expect that it will be slight. An
artifact which could be due to the occurrence of null
alleles seems unlikely (although this will require experi-
mentation to be confirmed). Thus, we conclude that
selection could play a major role in generating hetero-
zygote deficiencies in R. decussatus, at least indirectly
through a differential effect on cohorts of different
ages.
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