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ABSTRACT: Twelve locations of Mytilus galloprovincialis were sampled in lagoons and along the sea-
side in southern France. Lagoons represent a habitat with widely varying ecological conditions. Each
lagoon has its own characteristic range of salinities and temperatures which fluctuate throughout the
year. We studied several fundamental parameters of the population genetics of M. galloprovincialis at
8 enzymatic loci (genetic differentiation between locations, heterozygote deficits, selection, linkage
disequilibrium) and investigated whether they are influenced by the high spatial and temporal insta-
bility of the lagoons (brackish water). In contrast to what could be expected based on the correspond-
ing literature, we found no evidence for genetic differentiation, either among lagoons or between
lagoons and the seaside. There was, thus, no evidence of selection on any of the loci studied.
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INTRODUCTION

Lagoons of the Gulf of Lions (Mediterranean,
France) are shallow with depths ranging between 1
and 3 m (Quignard & Zaouali 1980, Bourquard 1985).
Ecological factors vary strongly within and among
lagoons. Some lagoons have freshwater inflow from
creeks, and in all lagoons salinity differs locally due to
subterranean freshwater inflow. In addition, the
amount of freshwater inflow varies with season.
Marine water influences to some extent the salinity of
lagoons by seeping through the barriers, as their sedi-
ment composition does not totally prevent water
exchange. But most of the water exchange with the
seaside is limited to narrow channels. Even though the
tide is low in the Mediterranean, tide currents and cur-
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rents triggered by winds transport marine water into
the lagoons (Bourquard 1985), leading to measurable
changes in salinity and temperature. In each lagoon,
the salinity gradient between the channel connecting
it with the seaside and its freshwater inputs is stable
although salinity can vary considerably. Benthic com-
munities differ according to these salinity ranges.

Few studies have been done up until now on the
population genetics in lagoons. In the Mediterranean
only 2 bivalves (Ruditapes aureus and R. decussatus)
from 1 lagoon (Etang de Thau} have been analysed
(Borsa & Thiriot-Quiévreux 1990, Borsa et al. 1991).
Studying the genetic structure of oyster population of
lagoons of southern Texas, USA, King et al. (1994)
found differentiation between lagoons, a result of
importance for fishery and conservation.

Compared with lagoons, the seaside has rather sta-
ble ecological factors (temperature or salinity). One
could thus expect to find (1) a genetic differentiation
between lagoons and seaside and (2) a higher genetic
heterogeneity within lagoons for species inhabiting
both environments.
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Mytilus galloprovincialis (Lmk) displays a wide dis-
tribution and it is found from the Mediterranean Sea to
the Atlantic Ocean and the English Channel. Bivalve
life history could illustrate a panmictic model: gametes
are released in the sea before an apparent random
external fertilisation. After a 3 to 7 wk long planktonic
stage (Bayne 1976) during which larvae are probably
dispersed by currents, an apparently random settle-
ment occurs. Paradoxically, many studies concerning
allozyme variability in marine bivalves revealed local
heterozygote deficiencies (see Zouros & Foltz 1984 for
review). On the other hand numerous studies have
shown evidences for selection on electrophoretic loci
in bivalves (Koehn & Mitton 1972, Koehn et al. 1976,
1980, Koehn 1978, Gartner-Kepkay et al. 1983, Singh &
Green 1984, Diehl et al. 1985, Hawkins et al. 1986,
McDonald & Siebenaller 1989, Gaffney 1990, Karl &
Avise 1992, David et al. 1995). In this study we investi-
gate the population genetics of 8 polymorphic enzy-
matic loci in M. galloprovincialis from 12 sites of the
Gulf of Lions. We examine population differentiation
and heterozygote deficiency, and look for possible
effects of selection on allelic frequencies and on link-
age disequilibria. Special interest is given to the Lap
locus as several studies have reported selection on an
allele at this locus (Koehn et al. 1976, 1980, Hilbish &
Koehn 1985, McDonald & Siebenaller 1989).

MATERIALS AND METHODS

A total of 12 samples (50 individuals each) of the
bivalve Mytilus galloprovincialis were taken along the
French coast during the spring of 1996 (Fig. 1). Special

interest was given to the sampling of populations of
lagoons. Salinity (Fig. 1) was determined using a man-
ual refractometer Atago S/MILL. Four samples were
collected in the zone where a channel coming from a
lagoon flows into the sea. An additional 7 samples
were taken from 5 different lagoons connected to these
channels. In January 1997 an additional sample was
taken further away from the lagoons at Banyuls-sur-
Mer for comparison (BYM, Fig. 1). Starch gel elec-
trophoresis was performed in accordance with the pro-
tocol described in Pasteur et al. (1988). A total of 8 loci
with known polymorphism was chosen (Beaumont et
al. 1989, Coustau et al. 1991). These loci were esterase
(Est-D, EC 3.1.1.1), glucose phosphate isomerase (Gpj,
EC 5.3.1.9), isocitrate dehydrogenase (/dh, EC 1.1.1.42),
mannose-6-phosphate isomerase (Mpi, EC 5.3.1.8),
octopine dehydrogenase (Odh, EC 1.5.1.11), and the
peptidases Pep-A (EC 3.4.-.-, substrate Val-Leu), Pep-
D (EC 3.4.-.-, substrate Phe-Pro), leucine aminopepti-
dase (Lap, EC 3.4.11.1). We also tried to study the phos-
phoglucomutase locus (Pgm, EC 2.7.5.1), but obtained
only unstable and non-repeatable phenotypes. It was
therefore excluded from the study. All alleles were
numbered according to their increasing anodal mobil-
ity.

Linkage disequilibria were tested by the exact test
for genotypic linkage disequilibrium of the program
GENEPOP V3.1 (Raymond & Rousset 1995).

Canonical Correspondence Analysis (CCA) was car-
ried out to study population structure, using the
CANOCO program (Ter Braak 1986, 1987, 1995).
Genotypes of individuals were utilised for the CCA.
Only individuals for which all loci could be scored
were included in the analysis. As a result all individu-
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als from Banyuls-sur-Mer (BYM, Fig. 1) had to be
excluded, since Pep-D could not be analysed in this
sample for technical reasons. For this CCA analysis,
genotypes with a frequency lower than 5% of the total
number of individuals were excluded to avoid a bias
due to rare alleles. The significance of the canonical
axes was tested with a Monte Carlo permutation test
(Ter Braak 1987, 1995). This also allowed estimation of
the 95% confidence intervals of the centroid of each
population.

Genetic differentiation was studied with F-statistics
(Wright 1965). The Program Genepop V3.1 was used to
estimate Weir & Cockerham's (1984) unbiased estima-
tors of F-statistics (f for Fj; and 6 for F,). This program
also performs the score test (U-test) (Rousset & Ray-
mond 1995) to test if heterozygote deficiencies are sig-
nificant. This test provides an exact p-value for less
than 5 alleles, following the enumeration method
described by Louis & Dempster (1987), or an unbiased
estimate of this probability for more alleles through the
Markov chain method (Guo & Thompson 1992). For
population differentiation an unbiased estimate of the
p-value of a log-likelihood (G) based exact test is per-
formed (Goudet et al. 1996). As a global test over all
loci we also used the permutation procedure of indi-
viduals among samples (10000 permutations) with the
program Fstat-V1.2 (Goudet 1996).

The correlation between genetic differentiation and
salinity differences of pairs of samples was analysed by
means of Mantel tests (Manly 1985) computed with the
software npSTAT V2.95 (PRAXEME R&D™).

To compare the level of heterozygote deficiencies
between the seaside and lagoons we used permutation
tests performed by the software npSTAT V2.95 (PRAX-
EME R&D™). A 2-sample test was used to study the
differences between the multilocus estimates of F (5
measures in the sea, 7 measures in lagoons). A paired
sample test was used to analyse the difference
between the multi-sites estimates of Fj (8 measures).
The possible link between f and salinity was also stud-
ied using a Spearman rank correlation 2-tailed tests
performed with the same software. The estimates of
null allele frequencies explaining heterozygote deficits
were calculated following Brookfield’s (1996} proce-
dure, assuming all missing data correspond to null
homozygotes.

Multiple testing enhances type [ error. We thus
applied the sequential Bonferroni procedure when
necessary (Holm 1979) (see Rice 1989).

RESULTS

The allelic frequencies of the 8 enzymatic loci stud-
ied are given in Table 1.

Linkage disequilibrium

The statistical independence of loci was not rejected
for any pair of loci at the Bonferroni level (for 28 pairs
of loci o' = 0.05/28 = 0.00179).

Canonical Correspondence Analysis

Fig. 2 shows a graphic representation of the results.
The centroid of each population is surrounded by its
95 % confidence interval. A Monte Carlo test permut-
ing individuals among population showed that the
axes of the CCA could not explain differentiation
between populations (eigenvalue = 0.016, p = 0.25 for
Axis 1, eigenvalue = 0.014, p = 0.36 for Axis 2, eigen-
value = 0.012, p = 0.71 for Axis 3 for 1000 permuta-
tions). This can be seen in the overlapping circles of
the 95% confidence intervals. Nevertheless, the over-
all test on the first 4 axes was significant {p = 0.04),
indicating an overall structure that cannot be ex-
plained in a simple way.

AXIS 2

O Scaside
O Lagoon *

Fig. 2. Graphical representation of the results of Canonical

Correspondence Analysis. Centroids of every population are

surrounded by the 95% interval of confidence of their posi-
tion. For abbreviations see Fig. 1

F-statistics

Overall loci, pairwise comparisons between samples
were not significant at the Bonferroni level for the 66
pairs, o' = 0.05/66 = 0.0007.

A comparison of the pooled lagoon samples with the
pooled seaside samples for every locus gave no signif-
icance at the Bonferroni level (a' = 0.05/8 = 0.006) and
no Fyestimates higher than 0.003. Furthermore, over-
all loci did not provide a significant result either (8 =
0.001; p = 0.107).
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Table 1. Mytilus galloprovincialis. Allele frequencies of the investigated loci. Alleles are numbered according to their increasing
anodal mobility., Sampling sites as in Fig. 1. N: number of individuals analysed. Enzymes as in ‘Material and methods’
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50
0.07
0.92
0.01

50
0.98
0.02

50
0.15
0.2
0.65

50
0.02
0.79
0.19

50
0.01
0.17
0.39
0.25
0.14
0.04

49
0.02
0.939
0.041

50
0.02
0.07
0.49
0.28
0.14

50
0.01

0.43
0.06

PM

50
0.05
0.92
0.03

50
0.97
0.03

50
0.19
0.17
0.64

50
0.04
0.75
0.15
0.06

50

0.22
0.34
0.22
0.2

0.02

50
0.01
0.9
0.09

50
0.01
0.14
0.49
0.24
0.12

50
0.02
0.61
0.27
0.09
0.01

CE CM B1E
50 50 50
0.11 0.11 0.11
0.88 0.82 0.89
0.01 0.07 0
50 50 50
0.97 0.93 0.98
0.02 0.07 0.01
0.01 0 0.01
50 50 50
0.08 0.21 0.17
0.23 0.21 0.24
0.69 0.58 0.59
0 0 0
50 50 50
0.04 0.05 0
0.69 0.79 0.84
0.22 0.09 0.14
0.05 0.07 0.02
0 0 0
50 50 50
0 0 0.01
0.13 0.16 0.23
0.44 0.47 0.43
0.3 0.21 0.24
0.12 0.15 0.08
0.01 0.01 0.01
50 49 50
0.01 0 0.02
0.95 0.929 0.93
0.04 0.071 0.05
50 50 50
0.02 0.05 0.01
0.11 0.06 0.07
0.62 0.54 0.56
0.19 0.23 0.26
0.06 0.12 0.1
50 50 50
0.06 0.04 0.05
0.41 0.46 0.36
0.43 0.4 0.43
0.1 0.1 0.16
0 0 0

Sample site
B2E BM B3E GRE GE GM BYM

50 50 50 50 50 50 50
0.06 0.09 0.13 0.15 0.06 0.08 0.04
0.94 0.91 0.85 0.83 0.92 0.92 0.92

0 0 0.02 0.02 0.02 0 0.04

50 50 50 50 50 50 50
0.94 0.95 0.92 0.95 0.94 0.94 0.98
0.06 0.04 0.07 0.05 0.06 0.06 0.02

0 0.01 0.01 0 0 0 0
50 50 50 50 50 50 50
0.08 0.2 0.18 0.14 0.14 0.15 0.16
0.19 0.19 0.19 0.28 0.25 0.31 0.27
0.72 0.61 0.63 0.58 0.6 0.54 0.57
0.01 0 0 0 0.01 0 0
50 50 50 50 49 50 50
0.06 0.03 0.03 0.01 0.031 0.01 0.02
0.8 0.77 0.85 0.79 0.776 0.78 0.79
0.12 0.17 0.1 0.16 0.163 0.14 0.14
0.02 0.03 0.02 0.03 0.031 0.07 0.05
0 0 0 0.01 0 0 0
50 48 50 50 50 50 47
0.01 0 0 0 0.01 0.02 0.021

0.08 0.219 0.23 0.16 0.15 0.12 0.17
0.49 0.354 0.42 0.46 0.45 0.39 0.415
0.23 0.271 0.22 0.26 0.21 0.33 0.266

0.19 0.135 0.12 0.1 0.15 0.14 0.096
0 0.021 0.01 0.02 0.03 0 0.032
49 50 50 50 49 50 50

0.01 0.01 0.04 0.03 0.031 0.03 0.03
0.878 0.92 0.93 0.95 0.939 0.92 0.92
0.112 0.07 0.03 0.02 0.031 0.05 0.05

50 50 50 48 39 45 0
0.05 0 0.03 0.021 0 0.011 -
0.09 0.09 0.05 0.188 0.077 0.067 -
0.51 0.41 0.55 0.469 0.577 0611 -
0.24 0.37 0.29 0.229 0.244 0.244 -
0.11 0.13 0.08 0.094 0.103 0.067 -

50 50 49 50 50 50 50
0.04 0.01 0.02 0.04 0.01 0.02 0.07
0.49 0.51 0.388 0.42 0.49 0.48 0.43
0.36 0.43 0.51 0.46 0.41 0.44 0.37
0.11 0.05 0.082 0.08 0.09 0.06 0.12

0 0 0 0 0 0 0.01

The Mantel test performed on 6 over all loci and
salinities was not significant (G = 0.96, p = 0.17).

There was a strong and highly significant heterozy-
gote deficiency over all loci and populations (f = 0.09,
p = 0); however, it was very variable among loci and

among populations (Figs. 3 & 4).

No significant difference in the level of heterozygote
deficiency could be found between seaside and
lagoons among sites on the multilocus estimates (2-
sample permutation test, p = 0.97) or among loci in the
multi-site estimates (permutation test for paired series,
p = 0.7). The correlation between fand salinity was not
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Fig. 4. F;; estimates (f) for each sample over all loci. The p-
value for the significance of heterozygote deficiency is indi-
cated above each bar. For sample abbreviations see Fig. 1
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Fig. 5. Representation of the correlation between salinities (in
g %e 1) and the variance of f (F;; estimate) among loci

significant (Spearman rank correlation rg = 0.12, p =
0.27). However, we found a significant negative corre-
lation between the variance of f among loci and salin-
ity (rs = -0.64, p = 0.038) (Fig. 5). Decreasing salinities
correspond to larger differences in f among loci.

The differentiation displayed by the Lap locus
between pooled seaside samples and pooled lagoon

samples was weak and not significant (6 = 0.003; p =
0.0743). At this locus, differentiation is expected to
occur between seaside and lagoon samples (Koehn et
al. 1976, 1980, Hillbish & Koehn 1985). Among the 34
possible paired comparisons between seaside and
lagoon samples, 3 p-values (8.8%) are below 0.05.
This is not significantly different to what was
expected following the null hypothesis with a 5%
type I error (binomial probability p = 0.24). The Man-
tel test comparing 6 and salinity differences between
the different pairs of samples (G = 0.04, p = 0.49) did
not provide any further evidence for selection at the
Lap locus.

DISCUSSION AND CONCLUSIONS
Genetic structure of the populations

Studying the population structure of oysters in
Lagoons of Texas, King et al. (1994) found significant
differentiation with a mean F,, estimate of 0.164. The
lagoons of Texas are up to 10 times older than those
involved in the present study. Estimates range from
20000 to 50000 yr for the oldest lagoons, but this sys-
tem is also very dynamic due to hurricanes and can
change a lot over time (King pers. comm.).

There are several studies (e.g. Quesada et al
1995a,b) that demonstrate major intraspecific genetic
changes in Mytilus galloprovincialis associated with
sharp ecological changes.

Our study did not find strong evidence of genetic
differentiation, either between lagoon samples, or in
comparisons of seaside with lagoon samples. Summar-
ising the graph of the CCA (Fig. 2), some population
pairs can differentiate significantly, but due to the
large data set, we were able to show that the other
populations occupy intermediate positions indepen-
dent of geography, or of the ecology of the different
lagoons and the sea. The fact that the CCA found no
axis differentiating between populations, but that it
still found an overall significant differentiation for the
first 4 axes, indicates that differentiation exists but fol-
lows factors that were not taken into account (i.e.
unknown). Several reasons could prevent the popula-
tions from differentiating strongly. First of all, the his-
tory of the lagoons is very recent. Also, selecting fac-
tors could vary between years. In addition, larvae from
seaside populations can settle in lagoons, and even lar-
val exchange between lagoons is possible. Bourquard
(1985) describes several meteorological situations
which could lead to fish larvae exchange between
lagoons. Another important factor is mussel farming in
some lagoons and at the seaside. Breeding stock is
being exchanged between different sites and with
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other Mediterranean countries (Italy) (Renaud pers.
obs.).

Most studies investigating allozymes of bivalves
found heterozygote deficiencies. Nevertheless, com-
parison between studies is difficult as calculations and
tests differ. To overcome this problem Raymond et al.
(1997) re-analysed large data sets of mussels from the
Mytilus edulis complex. They found that in the existing
literature heterozygote deficiencies were rather under-
estimated. In our samples heterozygote deficiencies
varied greatly between loci and sampling sites. The
Wahlund effect could be one explanation, though if
this were the case, we should find a higher level of het-
erozygote deficiency in lagoons because of their
higher ecological heterogeneity (coexistence of differ-
ent cohorts selected under different conditions); how-
ever, we did not find this in our study. Furthermore,
pooling seaside samples with lagoon samples does not
increase F; estimates (no evidence for a Wahlund
effect). Also, influences from lagoons or coastal sites
with mussel farming cannot be excluded. As we could
not differentiate between cohorts, interference by a
temporal Wahlund effect should be considered as a
possible explanation, as suggested in studies on other
marine molluscs (Johnson & Black 1984, Borsa et al.
1991, Lewis & Thorpe 1994, David et al. 1995). Null
alleles could partly explain the heterozygote deficien-
cies. The number of expected null homozygotes for
each locus (using Brookfield's [1996] procedure} is
always higher than the observed one, except for Pep-A
(data not shown), suggesting that null alleles are at a
lower frequency than that required to compensate all
the heterozygote deficiency. A clear tendency does not
emerge from the correlation between F;; and the num-
ber of putative null homozygotes (expected to be posi-
tively correlated) in each population (Spearman rs =
-0.12, p = 0.71) or each locus (rs = 0.012, p = 0.5). Nev-
ertheless, this hypothesis cannot be fully excluded, nor
can Chakraborty's (1989) hypothesis of molecular
imprinting.

Selection

In a review on the hybridisation of Mytilus gallo-
provincialis with M. edulis at the Atlantic coast, Gard-
ner (1994) describes M. galloprovincialis as less toler-
ant to estuarine conditions (desalinisation and
fluctuations of salinity). In Mediterranean lagoons, on
the other hand, we found M. galloprovincialis at very
low salinities at sites where strong fluctuations of salin-
ity are known to occur.

Koehn et al. (1976, 1980) showed selection for the
Lap-94 allele of Mytilus edulis along the east coast of
the USA. McDonald & Siebenaller (1989) found the

same allele in M. trossulus. Its frequency differed
between marine and estuarine samples on the west
coast of the USA (Oregon). Even though we sampled
sites with low and variable salinity, we did not find evi-
dence for selection either on any Lap allele or on the
other loci of M. galloprovincialis. As we had no sam-
ples from the USA, we could not check whether the
Lap-94 allele is present in M. galloprovincialis. It could
be that the Lap-94 allele does not exist in M. gallo-
provincialis. Indeed, in a world-wide study of Mytilus
sp., McDonald et al. {1991) did not find this allele in M.
galloprovincialis from the northern hemisphere. Nev-
ertheless, the fact that the variance of f among loci
decreases with salinity may be an indication of some
selective factors affecting differentially the different
loci in time or in space in lagoons (corresponding to our
lowest salinities} while acting homogeneously within
the seaside (our highest salinities). The influence of
salinity on allozymes does not appear as a rule in M.
galloprovincialis as for other bivalves (Michinina &
Rebordinos 1997).

Several investigations were made to study linkage
disequilibria in Mytilus edulis (Mitton & Koehn 1973,
Ahmad & Hedrick 1985, Beaumont 1994) with contra-
dictory conclusions. Here, we found no evidence for
linkage disequilibrium at any pair of loci. Thus, we
found no indication that the heterogeneous environ-
ments where mussels were sampled selected for any
linkage disequilibrium between the different loci.

Balancing selection acting on allozymes would be
expected to act in different directions in the sea and in
lagoons. Our results do not confirm the existence of
selective factors such as were suggested by other
works (e.g. Karl & Avise 1992).

In conclusion, a genetic heterogeneity is displayed
between some pairs of Mytilus galloprovincialis sam-
ples but without any clear connection to geographical
distances, degree of isolation or ecological factors {dif-
ferent lagoons and seaside) (Fig. 2). The sampled area
does not correspond to a hybrid zone between differ-
ent mussel taxa (Sanjuan et al. 1994), which could have
partly helped to interpret our results. Samples were
also large enough to prevent type II errors. According
to Goudet et al. (1996) simulations, a F;, as low as 0.026
should have been detected at the 0.05 significance
level in almost all cases with our sampling design. It is
possible that artificial migrations caused by man partly
explain our results (Wahlund effects and lack of coher-
ent differentiation). However, the large variances
observed from one site to another, and from one locus
to another, remain difficult to interpret and it is proba-
ble that, as suggested by Raymond et al. (1997,
numerous different factors have to be considered,
many of which have not yet been identified and, thus,
are difficult to take into account.
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