Helgoldnder Meeresunters. 51, 107-124 {1997)

( HELGOLANDER MEERESUNTERSUCHUNGEN
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ABSTRACT: The European Mytilus galloprovincialis Lmk. and M. edulis L. coexist and hybridize in
different proportions in extended areas of the British and Atlantic French coasts. M. galloprovincia-
lis typical allozymes seem to predominate in wave exposed areas, al high levels of attachment
and in targer mussels in the British hybrid zone. Mussel samples from exposed and sheltered areas,
200 m apart, and from high and low levels of attachment were collected from a location of the French
hybrid zone in 1988-92. Pure M. galloprovincialis and M. edulis populations were also taken as con-
trols. Diagnostic enzyme loci for both Mytilus (EST-D*, LAP-1*, MPI*, ODH*) and AP-1*, LAP-2*
and PGM * loct were studied. The frequencies of the M. galloprovincialis typical alleles were signi-
ficantly greater in exposed populations than in sheltered samples (e.g. 0.729 to 0.803 vs 0.192 to
0.581 for EST-D*90), and at high level of attachment than at low level for the sheltered area (e.g.
0.581 vs 0.192 for EST-D"90}. Putative M. galloprovincialis was more abundant on the exposed co-
ast (0.591 and 0.702) than on the sheltered shore, where it predominated at the high shore but not
at the low shore location (0.371 vs 0.045). Significantly positive correlations between shell length and
typical M. galloprovincialis compound allele frequencies were found only for populations from
exposed areas. Relationships between the Mytilus genetic differentiation and ecological factors are
discussed.

INTRODUCTION

Mytilus galioprovincialis Lmk. and M. edulis L. are two European musseis which
coexist and hybridize in varying proportions in some areas of the British and Continental
or Atlantic French coast (Hoeh et al., 1991; Sanjuan et al., 1994; see Gardner, 1992, 1994;
Gosling, 19923, b; Seed, 1992). In the British Isles, typical alleles of M. galloprovincialis
seem to predominate at wave-exposed sites whereas the typical alleles of M. edulis pre-
dominate in sheltered locations (Gosling & Wilkins, 1977, 1981; Skibinski et al., 1983).
Nevertheless, no clear evidence of this feature was found in mixed populations from S. W.
and N.E. England (Skibinski & Roderick, 1991). Moreover, in S.W. England, M. gallo-
provincialis seems to be the more abundant form at high levels of the shore in exposed
areas (Skibinski, 1983), and probably in sheltered ones (Skibinski & Roderick, 1991). In
W. Ireland, high M. galloprovincialis allele frequency was also found higher up the shore
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for the ODH * locus but not for the EST-D * locus, both diagnostic loci for M. galloprovin-
cialis and M. edulis {Gosling & McGrath, 1990}. Moreover, typical M. galloprovincialis
alleles occur at higher frequency in large mussels than in small individuals from S.W. and
N.E. English populations (Skibinski, 1983; Gardner & Skibinski, 1988; Skibinski & Rode-
rick, 1991) but this correlation was not observed for W. Irish mussel populations (Gosling
& McGrath, 1990). A selective mortality hypothesis in favour of M. galloprovincialis has
been proposed to explain the different proportions of typical alleles of M. galloprovin-
cialis and M. edulis according to ecological factors (salinity, wave exposure and height of
attachment) and shell size (Skibinski, 1983; Gardner & Skibinski, 1988; Skibinski & Ro-
derick, 1991; Gosling, 1992b; Gardner, 1994).

In the French hybrid zone, different proportions and degrees of hybridization of
both Mytilus forms have been reported depending on the location (Coustau et al., 1991;
McDonald et al., 1991; Sanjuan et al., 1994). Nevertheless, at present no detailed studies
on the relationships of this genetic differentiation and ecological factors are available.
Knowledge of the influence of ecological factors on the different proportions of M. gallo-
provincialis and M. edulis and their degree of hybridization outside the British hybrid
zone may be important to help us understand the dynamics of the hybrid zone of both
Mytilus taxa.

The main aim of this work was to study the microgeographic genetic differentiation
of allozyme loci in mussel populations from the Continental or Atlantic French hybrid
zone in relation to wave exposure and level of attachment. Samples from exposed and
sheltered areas (only about 200 m apart) and from high and low levels of attachment were
analysed for diagnostic loci for Mytilus galloprovincialis and M. edulis (EST-D*, LAP-1°*,
MPI* and ODH*) and for AP-1°, LAP-2* and PGM " loci.

MATERIALS AND METHODS

Mussel populations were sampled in a location (Capbreton, C__) of the Continental
or Atlantic French hybrid zone of Mytilus galloprovincialis Lmk. and M. edulis L. (Fig. 1;
Table 1). Mussels were collected from a wave-exposed area (breakwater) and from a shel-
tered one (channel of Capbreton), about 200 m away, in April 1992 (except CFA which
was sampled in March 1988). Samples were taken at random at high and low levels of
attachment (Table 1; Fig. 1). Two pure M. galloprovincialis samples (GA1, GA2), collected
in July and March 1992, and a pure M. edulis (ME), collected in March 1990, were also
studied for comparison (Fig. 1, Table 1). The mussels were brought alive to the laboratory
and frozen at —70 °C until required.

Horizontal starch-gel electrophoresis was carried out on 10 to 12 % gels at 4 °C using
standard techniques (Harris & Hopkinson, 1976; Murphy et al,, 1990). Portions of the
digestive gland were homogenized in an equal volume of 0.01 M dithiothreitol solution
and centrifuged at 8000 x g for 7 min. The supernatant was used as enzyme source for
seven enzyme loci: Aminopeptidase-1 (AP-1°), Esterase-D (EST-D*), Leucine amino-
peptidase-1 (LAP-1*), Leucine aminopeptidase-2 (LAP-2*), Mannose-6-phosphate iso-
merase {MPI*), Octopine dehydrogenase (ODH*), Phosphoglucomutase (PGM*). EST-
D, LAP-1°, MPI* and ODH " are partially diagnostic loci between Mytilus galloprovin-
cialis and M.edulis (Ahmad & Beardmore, 1976; Skibinski et al., 1978, 1980, 1983; Grant
& Cherry, 1985; Varvio et al., 1988; Sanjuan et al., 1990). Electrophoretic procedures and



Microgeographic allozyme differentiation

!

Atlantic Ocean
N M. edulis

L 450 N Hybrid zone
Capbreton
GA1 C2
GA2
Iberian Peninsula
- 36°

= M. galloprovincialis

36°-

109

@m| >
P

o
Ca_
Atlantic CFA
Ocean Capbreton

Fig. 1. A: geographic distribution of Mytilus galloprovincialis and M. edulis on the S.W. European
coasts, pointing out the continental hybrid zone of both Mytilus (redrawn from Sanjuan, 1992) and
pure M. galloprovincialis (GA1, GA2) and Capbreton (C_) sites. B: sample sites are shown in Cap-
breton (CFA and C4_: exposed samples; C3_ sheltered samples). Pure M. edulis were taken from

The Netherlands (ME)
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Table 1. Populations from the continental hybrid zone of Mytilus galloprovincialis and M. edulis

(CFA, C4_, C3_) with pure M. galloprovincialis (GA_) and pure M. edulis (ME) as control popula-

tions. Degree of wave exposure and level of attachment are given for each population. N is the
sample size and Code is a population code

Degree of exposure and
Populations Code N level of attachment
Rande B(Ria de Vigo) GA1l 133 sheltered, low
Patos B{Ria de Vigo) GA2 126 semi-exposed, low
Capbreton FA breakwater CFA 133 exposed, high
Capbreton 4 A breakwater C4A 123 exposed, high
Capbreton 4B breakwater C4B 133 exposed, low
Capbreton 3A channel C3A 124 sheltered, high
Capbreton 3B channel C3B 132 sheltered, low
The Netherlands, cuiture ME 34

terminology were basically those described in Ahmad et al. (1977) and Skibinski et al.
(1980) for AP-1*, EST-D*, LAP-1", LAP-2* and PGM*; Grant & Cherry (1985) for ODH ",
and Sanjuan et al. {(1990) for MPI*. Notation for allozymes were based on recommenda-
tions of Shaklee et al. (1990).

Estimation of F in each population was carried out by a stalistic developed by
Robertson & Hill (1984). This statistic is an unbiased estimate of F, and a significance test
exists which has a higher statistical power than the usual chi-square test (Robertson &
Hill, 1984; Sanjuan et al., 1990). The F statistic was used to measure the deviation of ge-
notype frequencies from Hardy-Weinberg expected proportions; positive values indica-
ted a deficit of heterozygotes, and negative values an excess. Comparisons among po-
pulations were made by homogeneity chi-square test of allele frequencies. Estimates of
the null hypothesis probability were made by Monte Carlo simulation because of the ex-
pected low values (Roff & Bentzen, 1990).

Estimation of Nei's genetic distance (Nei, 1972) from the allele frequencies at the se-
ven loci was carried out among all pairs of populations. A hierarchical cluster analysis
using the unweighted pair-group method with arithmetic averaging (UPGMA) was ap-
plied to the matrix of pairwise genetic distances (Sneath & Sokal, 1973; Dunn & Everitt,
1982). The cophenetic correlation coefficient was calculated and was used as a measure
of the goodness of fit of the dendrogram to the original matrix of distances (Sneath & So-
kal, 1973). The samples were also ordinated with a non-metric multidimensional scaling
upon the distance matrices. The stress, which is a measure of the goodness of {it of the
distances in the final configuration with the observed distances, was also calculated. A
minimum spanning tree was superimposed on the non-metric multidimensional scaling
plot to graphically detect local distortions (Dunn & Everitt, 1982; Reyment et al., 1984,
Rohlf, 1990).

The frequencies of alleles at each diagnostic locus (EST-D*, LAP-1*, MPI* and
ODH") were pooled to form three synthetic alleles (g, ‘e, “0}). The *g synthetic allele
included those alleles at high frequencies in Mytilus galloprovincialis (EST-D *90,
MPI*100, LAP-1"104 and LAP-17108 pooled and GDH*100 and ODH *129 pooled); the
“e alleles included those alleles at high frequencies in M. edulis (EST-D *100, MPI*200,
LAP-1°96 and LAP-1-100 pooled and ODH"115); the ‘0o alleles included other alleles.
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The *gand e synthetic alleles for each locus were averaged over the four diagnostic loci
to calculate mean *G and °“E compound alleles according to the method of Skibinski
(1983). A hybrid index or composite genetic index using the 4 diagnostic loci was also
applied to identify the mussel forms according to Sanjuan et al. (1994). The hybrid index
score for each individual could range from -8 to +8. Individuals with values between
-8 and -5 were regarded as putative M. galloprovincialis, between +5 and +8 as putative
M. edulis, and individuals with 0 value and tetraheterozygotes “eqg as hybrids. Corrected
normalized values were used for individuals where one locus was unscored.

The shell length of the mussels from 4 mixed populations {C4A, C4B, C3A, C3B) was
measured to study the relationship between the frequency of Mytilus galloprovincialis
typical alleles and shell length. Length categories of 0.5 cm interval were considered. For
this particular analysis, a larger number of small and large individuals were chosen from
each population to increase the sample size of smallest and largest length categories. The
frequencies of "G and °E compound alleles were calculated for each length category.
Linear regression between frequency of *G allele arcsin transformed and the mid-point
of each length category was made (see Gardner & Skibinski, 1988).

Most genetic analyses were performed with GENET-2 (Quesada et al.,, 1992) and
Zaykin & Pudovkin {1993) computer programs. Multivariate analyses were carried out
using the NTSYS-pc computer program (Rohlf, 1990) and conventional statistical calcu-
lations with SPSS/PC package {Nie et al., 1875).

RESULTS

Allele frequencies at diagnostic (EST-D*, LAP-1*, MPI*, ODH *) and non-diagnostic
loci (AP-1°, LAP-2*, PGM *) for analysed samples are shown in Table 2. Allele frequen-
cies for diagnostic loci for pure Mytilus galloprovincialis (GA_) and pure M. edulis (ME)
populations agreed with those previously reported (see Gardner, 1992; Gosling, 1992b;
Sanjuan et al., 1994). Populations from the hybrid zone (C__} showed most abundant
alleles for both diagnostic and non-diagnostic loci in intermediate frequencies between
those for pure control populations (GA_ and ME). For example, for EST-D * locus, the EST-
D*90allele had a frequency of about 0.900 for the M. galloprovincialis populations (GA_),
0.074 for the M. edulis control population (ME), and ranged from 0.803 to 0.192 for
populations from the hybrid zone (C__) (Table 2).

The Robertson & Hill (1984) estimate of F per locus in each population is shown in
Table 3. Mixed populations from the sheltered area (C3_) showed significant positive
F values for at least three of the four diagnostic loci but it was not detected for non-
diagnostic loci (AP-1*, LAP-2", PGM*). These results and their intermediate frequencies
between pure Mytilus galloprovincialis (GA_) and M. edulis (ME)samples, may be rela-
ted with a Wahlund effect, because larger differences in the allele frequencies for
diagnostic loci than for non-diagnostic loci exist for pure M. galloprovincialis and M. edu-
lis (Table 2). Two mixed populations from the exposed area (C4_) and a control M. gallo-
provincialis (GA2) showed significant positive Fvalues for at least two diagnostic loci. On
the other hand, LAP-1* and ODH" loci showed significant positive F values for five of a
total of eight samples including pure M. galloprovincialis and M. edulis populations.

The UPGMA dendrogram (Fig. 2A) showed the deepest dichotomy (genetic distance
= 0.58) between a small group, which included the control Mytilus edulis (ME) and a
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Table 2. Allele frequencies at diagnostic loci for Mytilus galioprovincialis and M. edulis (EST-D",
LAP-1°, MPI[*, ODH"*) and at AP-1*, LAP-2* and PGM " loci for mussel populations from the hybrid
zone of M. galloprovincialis and M. edulis (C_). Pure M. galloprovincialis (GA_) and M. edulis (ME)
samples are given as control populations. N is the sample size. Population codes as in Table 1

Populations
Locus GA1l GA2 CFA C4A C4B c3a C3B ME
EST-D*

*76 0.000 0.012 0.000 0.000 0.000 0.008 0.004 0.000

*82 0.056 0.047 0.027 0.029 0.012 0.024 0.011 0.000

*87 0.004 0.000 0.000 0.008 0.000 0.000 0.000 0.000

90 0.902 0.894 0.803 0.781 0.729 0.581 0.192 0.074

‘93 0.004 0.004 0.004 0.008 0.012 0.004 0.000 0.000
*100 0.034 0.043 0.159 0.174 0.244 0.378 0.771 0.897
*107 0.000 0.000 0.008 0.000 0.000 0.004 0.015 0.015
‘110 0.000 0.000 0.000 0.000 0.004 0.000 0.008 0.015

N 133 126 132 121 129 123 133 34
LAP-1"

‘93 0.000 0.008 0.000 0.009 0.000 0.000 0.000 0.015

‘96 0.024 0.000 0.011 0.017 0.043 0.052 0.118 0.162
*100 0.077 0.086 0.226 0.132 0.177 0.326 0.630 0.794
*102 0.008 0.000 0.000 0.004 0.012 0.004 0.000 0.000
*104 0.350 0.500 0.344 0.423 0.350 0.304 0.160 0.015
*108 0.516 0.391 0.419 0.397 0.409 0.304 0.092 0.015
*110 0.024 0.016 0.000 0.017 0.008 0.009 0.000 0.000

N 123 64 93 117 127 115 119 34
MPI*

‘25 0.013 0.012 0.000 0.000 0.000 0.000 0.000 0.015
"100 0.970 0.938 0.975 0.858 0.792 0.679 0.252 0.044
‘200 0.017 0.049 0.025 0.138 0.208 0.321 0.744 0.941
‘300 0.000 0.000 0.000 0.004 0.000 0.000 0.004 0.000

N 117 81 20 123 120 120 129 34
ODH*

*80 0.004 0.011 0.006 0.004 0.008 0.012 0.000 0.031

*95 0.000 0.000 0.000 0.013 0.000 0.000 0.000 0.000
*100 0.428 0.447 0.500 0.491 0.432 0.354 0.176 0.000
*102 0.004 0.000 0.000 0.000 0.004 0.008 0.004 0.000
*112 0.000 0.000 0.000 0.009 0.004 0.000 0.000 0.000
‘115 0.174 0.117 0.256 0.222 0.252 0.439 0.748 0.938
“120 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000
‘129 0.390 0.404 0.237 0.256 0.282 0.183 0.069 0.031
‘140 0.000 0.021 0.000 0.004 0.019 0.004 0.000 0.000

N 132 94 78 117 133 123 13t 32
AP-1"

‘86 0.000 0.000 0.000 0.004 0.000 0.000 0.000 0.000

‘93 0.015 0.004 0.027 0.004 0.011 0.024 0.008 0.000
*100 0.389 0.419 0.454 0.451 0.489 0.463 0.682 0.735
*108 0.374 0.335 0.313 0.325 0.299 0.297 0.205 0.221
*114 0.187 0.185 0.149 0.167 0.163 0.167 0.072 0.015
‘122 0.031 0.052 0.053 0.045 0.038 0.049 0.034 0.029
‘128 0.004 0.004 0.004 0.004 0.000 0.000 0.000 0.000

N 131 124 131 123 132 123 132 34
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Table 2 {continued)

Populations

Locus GA1l GA2 CFA C4A C4B C3A C3B ME
LAP-2*

*90 0.000 0.004 0.000 0.012 0.000 0.008 0.013 0.015

‘95 0.044 0.044 0.071 0.041 0.064 0.065 0.126 0.076
*100 0.492 0.504 0.457 0.516 0.557 0.569 0.559 0.606
1102 0.000 0.004 0.000 0.012 0.004 0.008 0.000 0.000
‘105 0.440 0.425 0.429 0.382 0.341 0.319 0.286 0.258
*107 0.000 0.004 0.000 0.004 0.000 0.000 0.000 0.000
“110 0.024 0.013 0.043 0.033 0.034 0.032 0.017 0.045

N 125 114 127 123 132 124 119 33
PGM*

‘88 0.004 0.000 0.000 0.000 0.000 0.000 0.004 0.000

‘92 0.008 0.022 0.008 0.020 0.011 0.016 0.023 0.000

‘96 0.149 0.163 0.111 0.139 0.158 0.133 0.106 0.188
*100 0.617 0.511 0.603 0.598 0.602 0.565 0.617 0.646
“102 0.000 0.022 0.024 0.012 0.008 0.000 0.011 0.021
*104 0.210 0.253 0.246 0.217 0.199 0.250 0.223 0.146
107 0.012 0.017 0.000 0.012 0.015 0.032 0.011 0.00¢
110 0.000 0.011 0.008 (1.000 0.008 (0.004 0.004 3.000

N 124 89 63 122 133 124 132 24

mixed population from the sheltered area (C3B), and another group, which included the
M. galloprovincialis control populations (GA_) and the remaining mixed populations
(CFA, C4A, C4B, C3A). In this latter group, the population from the sheltered area and
with high level of attachment (C3A) was separated from most samples. The 2-dimensio-
nal projection plot of the non-metric multidimensional analysis and the superimposed mi-
nimum spanning tree showed that the populations from the hybrid zone were situated in
an intermediate position between the extreme M. galloprovincialis (GA_) and M. edulis
(ME) control populations (Fig. 2B). The population from the sheltered area and with low
level of attachment (C3B} was near the ME control population. The populations on the
exposed shore (CFA, C4_) were close to the GA_ control populations, whereas the popu-
lation from the sheltered area and high level of attachment (C3A) had an intermediate
position between the sheltered population with low level of attachment (C3B) and the
samples from exposed area (CFA, C4_). The intermediate position of the C3A sample
could be a consequence of the intermediate allele frequencies for diagnostic loci (EST-
D* LAP-1°, MPI[*, ODH"} between those samples from exposed area (CFA, C4_) and
those from the sheltered area and low level of attachment (C3Bj (see Table 2). The same
topolegy and ordination of samples was obtained when the genetic distances were cal-
culated using only the diagnostic loci {data not shown). These data revealed the distinct
Mytilus composition of each sample from the hybrid zone.

The frequencies of the synthetic alleles for each locus (g, e, "o} are shown in
Table 4. Populations from the hybrid zone (C__) showed intermediate allele frequencies
between those of pure Mytilus galloprovincialis and M. edulis. Populations from the ex-
posed shores (CFA, C4_) showed *g allele frequencies (0.714 to 0.975) near those of
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Table 3. Estimates of the F statistics for each locus after Robertson & Hill (1984) with standard error

(SE) for F = 0 for populations from the continental hybrid zone of Mytilus galloprovincialis and

M. edulis (CFA, C4_, C3_), and pure M. galloprovincialis (GA_) and pure M. edulis (ME). Popula-
tion codes as in Table 1

Populations

Locus GA1 GA2 CFA C4A C4B C3A C3B ME
EST-D*

F -0.047 -0.048 -0.004 0.140 0.423*** 0.277°" 0.234** -0.071

SE 0.061 0.063 0.087 0.091 0.088 0.090 0.087 0.172
LAP-1°

F 0.194°° 0.512*"* 0.159" 0.051 0.019 0.123°  0.243"** 0.242

SE 0.064 0.088 0.073 0.065 0.051 0.054 0.053 0.172
MPI*

F 0.328°*° -0.048 0.000 0.185* -0.006 0.144 0.200* -0.001

SE 0.065 0.111 0.224 0.090 0.091 0.091 0.088 0.172
ODH*

F 0.107 0.091 0.153 0.178** 0.213*** 0.142" 0.245*°* 0.507°*"

SE 0.062 0.073 0.080 0.065 0.061 0.064 0.062 0.125
AP-1"

F ~-0.056 0.025 0.045 -0.016 0.004 0.010 -0.028 0.047

SE 0.050 0.052 0.050 0.052 0.050 0.052 0.050 0.172
LAP-2*

F 0.160* -0.050 0.066 0.063 0.185*** 0.036 -0.086 -0.052

SE 0.063 0.066 0.051 0.052 0.050 0.052 0.065 0.101
PGM*

F -0.060 0.134 0.064 0.126°  0.090 0.031 0.041 0.030

SE 0.064 0.075 0.089 0.064 0.061 0.052 0.062 0.144

*P<0.05 *'P<0.01 °**P<0.001 (significance levels for X* test)

M. galloprovincialis control populations (GA_; 0.818 t0 0.970) and greater than those from
the sheltered area (C3_; 0.192 to 0.679). In the sheltered area, the population from low le-
vel of attachment (C3B) showed ‘g allele frequencies about 0.192 to 0.252, near those of
M. edulis conirol population (ME; 0.030 to 0.074), whereas the population from high
level (C3A) showed intermediate "g allele frequencies (0.537 to 0.679) between C3B sam-
ple (0.192 to 0.252) and those from the exposed area (CFA, C4_; 0.714 to 0.973).

The distributions of the hybrid index for each sample are shown in Figure 3. The CFA
sample was not considered in this and subsequent analyses because it was collected at a
different date (March 1988). The histogram for Mytilus galloprovincialis (GA1l) and
M. edulis (ME) control populations showed a unimodal distribution with a mode at -8 va-
lue (51 % of individuals) and +8 value (74 % of individuals), respectively (Fig. 3A). One
individual had 0 value, but it was not an "eg tetraheterozygote. The mixed populations
(C_) showed bimodal or trimodal distributions (Fig. 3B). The modes with the highest fre-
quencies were at -8 value for C4A, C4B and C3A with 46 %, 33 % and 22 % of sampled
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Genetic distance (Nei, 1972)
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Fig. 2. A: UPGMA dendrogram; B: non-metric multidimensionat scaling plot of mussel populations

from the continental hybrid zone (C__) and pure Mytilus galloprovincialis (GA_) and M. edulis (ME}

upon genetic distances (Nei, 1972) using alleles frequencies at seven enzyme loci (AP-1°, EST-D",

LAP-1* LAP-2*, MPI*, ODH" and PGM *). The cophenetic correlation coefficient for the UPGMA

dendrogram was r = 0.829. The final stress for the non-metric multidimensional scaling analysis was

S = 0.007, which means an excellent adjustment. Minimum spanning tree was superimposed on the
non-metric multidimensional scaling plot. Population codes as in Table 1

individuals respectively, and at +8 value for C3B with 30 %. The other modes were at 0
value for C4A (9 %) and C3A (20 %), at 2 value for C4B (8 %) and at -2 and -4 value for
C3B (5 %) populations. C4A and C3B populations seem to show also a weak third mode
at 8 (2%) and -8 (4 %) values, respectively. These results clearly suggested that each
mixed sample comprises a mixture of M. galloprovincialis, M. edulis, hybrid and intro-
gressed forms in varying proportions.

The distributions of putative Mytilus galloprovincialis (Mg), putative M. edulis (Me)
and their hybrids (H) for mixed populations {C__} are compared in Table 5. Putative
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Table 4. Frequencies of the synthetic alleles *g (typical of Mytilus galloprovincialis), *e (typical of

M. edulis} and ‘o {others) for populations from the hybrid zone of M. galloprovincialis and

M. edulis (CFA, C4A, C4B, C3A, C3B) and for pure M. galloprovincialis (GA1, GA2) and M. edulis
(ME) populations as control. N is the sample size. Population codes as in Table 1

Populations
Locus GAl GA2 CFA C4A C4B C3A C3B ME
EST-D-
‘g 0.902 0.894 0.803 0.781 0.729 0.581 0.192 0.074
e 0.034 0.043 0.159 0.174 0.244 0.378 0.771 0.897
‘o 0.064 0.063 0.038 0.045 0.027 0.041 0.038 0.030
N 133 127 132 121 129 123 133 34
LAap-1-
‘g 0.866 0.891 0.763 0.820 0.760 0.609 0.252 0.030
‘e 0.102 0.086 0.237 0.150 0.220 0.378 0.748 0.956
‘o 0.033 0.023 0.000 0.030 0.020 0.013 0.000 0.015
N 123 64 93 117 127 115 119 34
MPI*
‘g 0.970 0.938 0.975 0.858 0.792 0.679 0.252 0.044
‘e 0.017 0.049 0.025 0.138 0.208 0.321 0.744 0.941
‘o 0.013 0.012 0.000 0.004 0.000 0.000 0.004 0.015
N 117 81 20 123 120 120 129 34
ODH
‘g 0.818 0.851 0.737 0.748 0.714 0.537 0.244 0.031
e 0.174 0.117 0.256 0.222 0.252 0.439 0.748 0.938
"0 0.008 0.032 0.006 0.030 0.034 0.024 0.008 0.031
N 132 94 78 117 133 123 131 32

M. galloprovincialis was clearly the most abundant form in exposed populations (C4_)
(70.2% and 59.1 %), whereas it was at lower frequencies in sheltered samples
{C3_)}{37.1 % and 4.5 %). Significant differences in the distribution of putative M. galio-
provincialis (Mg}, M. edulis {Me} and hybrids {H} were found between exposed and shel-
tered samples for high and low level of attachment (Table 5). Also significant differences
in the allele frequencies of diagnostic loci were detected between exposed and sheltered
populations on high level shore (EST-D* X? = 16.2, P<0.001; LAP-1*X*=17.8, P< 0.001;
MPI*X?=12.7, P<0.01; ODH* X*=16.5, P< 0.01} as well as at low level of attachment
(EST-D*X*=80.8, P<0.001; LAP-1*X?=70.7, P<0.001; MPI* X>*=72.4, P<0.001; ODH"
X? = 69.3, P < 0.001). For non-diagnostic loci, significant differences were detected only
for AP-1"locus (X? = 10.8, P < 0.05) at low level of attachment. In relation to the level of
attachment, putative M. galloprovincialis was more abundant at high level of attachment
both at exposed (70.2 % vs 59.1 %) and sheltered (37.9 % vs 4.5 %) sites, but significant
differences were found only among sheltered populations (C3A vs C3B). Significant dif-
ferences in allele frequencies at diagnostic loci for homogeneity chi-square test were de-
tected among sheltered populations (C3A vs C3B) (EST-D* X? = 44.72,P < 0.001; LAP-1"*
X% =345 P<0.001; MP[* X® =457, P< 0.001; ODH" X* = 29.3, P < 0.001) and also for
the non-diagnostic AP-1* locus (X* = 14.0, P < 0.05). Hybrid individuals exhibited the
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Fig. 3. Histograms showing the distributions of the hybrid index for (A) pure Mytilus galloprovin-
cialis (GA1) and M. edulis (ME) control populations and for (B) four populations from the hybrid zone
(C_). N is the number of individuals. Population codes as in Table 1

highest frequency (12.9 %) in the C3A sample (high level of attachment of the sheltered
population).

The relationship between the frequency of the compound allele of Mytilus gallopro-
vincialis ( “G) and the shell length for populations from the hybrid zone is shown in Fig-
ure 4. An increase of "G allele frequency with length may be observed for exposed sam-
ples (C4_), but it was not clear for sheltered samples (C3_). Linear regression analysis be-
tween mean compound *G allele frequency arcsin transformed and mid-point of each
shell length category showed significant positive correlation coefficients only for the ex-
posed populations (Table 6), where the M. galloprovincialis form is the most abundant
(see Table 5).
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Tabie 5. Distribution and percentage of putative Mytilus galloprovincialis (Mg}, putative M. eduiis
(Me) and 1ts putative hybrids (H) for four populations of the hybrid zone (C4A, C4B, C3A, C3B),
according to the degree of wave exposure and the level of attachment to the shore. An individual
was considered putative M. galloprovincialis (Mg) when the hybrid index was between -5 to -8,
putative M. edulis (Me) between +5 to +8, and hybrids (H) when it was zero and tetraheterozygote.
The percentage of each taxon in respect of the sample size is given in parentheses. The homoge-
neity chi-square test values among pairs of populations are also given {X?). N is the sample size.
Population codes as in Table 1

Degree of Level of attachment
Exposure High level Low level X?
Exposed: C4A population C4B population
Mg 85 (70.2 %) 78 (59.1 %)
H 8( 6.6%) 6(4.5%) 0.4
Me 3( 2.5%) 4( 3.0%])
N 121 132
Sheltered: C3A population C3B population
Mg 46 (37.1 %) 6( 4.5%)
H 16 (12.9%) 3(23%) 78.6°
Me 17 (13.7 %) 78 (59.1 %)
N 124 132
X* 2267 129.5° "
*P<0.05 **P<0.01 ***P<0.001 (significance levels for X" test)

Table 6. Linear regression of the arcsin transformed of the G compound allele frequency against
mid-point of shell length category for four populations from the hybnd zone {C4A, C4B, C3A, C3B).
Population codes as in Table 1

Population Intercept Slope Coefficient(r) Significance
C4A 0.7044 0.1431 0.9354 i
C4B 0.7816 0.1071 0.8475 .
C3A 0.6539 0.0662 0.4421 ns
C3B 0.3027 0.0919 0.5708 ns
** P<0.01 (significance level for Ftest; ns = no significant level)

DISCUSSION

Clear genetic microdifferentiation depending on ecological factors and shell size was
found in populations from a location of the continental European hybrid zone of Mytilus
galloprovincialis and M. edulis (see Fig. 1). The UPGMA dendrogram and the multidi-
mensional scaling plot showed that populations from an exposed shore (CFA, C4A, C4B)
were grouped with those of M. galloprovincialis control populations (GA1, GA2) (Fig. 2A,
B); one population from a sheltered area and with a low level of attachment (C3B) was
grouped with the M. edulis control population [ME); and the other sheltered population
with a high level of attachment (C3A) had an intermediate position (Fig. 2B). The rela-
tionship among samples seems to depend on the proportions of the typical M. gallopro-
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vincialis and M. edulis alleles at the diagnostic enzyme loci, and consequently on the pro-
portions of both Mytilus forms. Typical M. galloprovincialis alleles for diagnostic loci
showed significantly higher frequencies for exposed samples (CFA, C4_) than for shelte-
red populations (C3_) (Table 2, 4). The present results from continental mixed Mytilus po-
pulations are in accordance with those found in Irish and English hybrid zones for dia-
gnostic loci {(Gosling & Wilkins, 1977, 1981; Skibinski et al., 1983; but see Skibinski & Ro-
derick, 1991). On the other hand, non-diagnostic loci (AP-1*, LAP-2*, PGM") did not
show significant differences between exposed and sheltered populations, except AP-1*
for samples with a low level of attachment. These latter results contrast with those gene-
tic differences found between exposed and sheltered Irish populations at LAP-2* and
PGM " loci (Gosling & Wilkins, 1981). The proportion of putative M. galloprovincialis in-
dividuals was significantly higher in exposed populations than in sheltered samples se-
parated by only 200 m (see Table 5}. These results are in accordance with the ratios of
M. edulis and M. galloprovincialis, as identified on morphological bases, varying accor-
ding to the wave exposure in the French hybrid zone (Seed, 1972). Consequently, it seems
that the predominance of M. galloprovincialis on wave-exposed coasts is a general phe-
nomenon in the European hybrid zone of M. galloprovincialis and M. edulis (cf. Gosling,
1992b; Gardner, 1994). It has been suggested that the M. galloprovincialis form has an
advantage in exposed regions and differential viability is thought to be the most impor-
tant cause (Skibinski, 1983; cf. Gosling, 1992b; Gardner, 1994). The strength of attach-
ment to the substrate is greater in M. galloprovincialis than in M. edulis (Gardner & Ski-
binski, 1991; Willis & Skibinski, 1992). In addition, the shell shape of M. galloprovincia-
lis may be particularly well suited for exposed locations (cf. Gosling, 1992b; Gardner,
1994). If the wave action acts as a selective agent in exposed areas, the greater strength
of attachment to the substrate gives M. galloprovincialis an adaptive advantage, and it
can explain the present results. Salinity variation could explain differences in the gene-
tic composition between exposed and sheltered shore mussels (see Gardner, 1994), but
the sheltered shore investigated in this work is very close to the exposed shore studied
(200 m; Fig. 1B), and the possible freshwater input does not seem to strongly affect the
salinity conditions because a marine lake joins the freshwater stream before it flows into
the Capbreton channel. Nevertheless, the factors which result in the reduced presence of
M. galloprovincialis at most of the sheltered sites of the hybrid zone are still unknown
(Gosling, 1992b; Gardner, 1994).

The frequencies of the Mytilus galloprovincialis typical alleles were greater in mus-
sels with a high level of attachment than in those with a low level, in both exposed and
sheltered areas; but significant differences were found only in the sheltered populations
(Table 2, 4). This may be a consequence of the significantly higher proportion of putative
M. galloprovincialis at high shore (37.9 %) than at low shore locations (4.5 %) for shelte-
red populations (Table 5). A greater frequency of M. galloprovincialis typical alleles at se-
veral diagnostic loci were also found for mussels higher up the shore than those lower
down on English exposed and sheltered coasts {Skibinski, 1983; Gardner & Skibinski,
1988; Skibinski & Roderick, 1991), but amongst Irish exposed populations, genetic diffe-
rences were only observed at the ODH * locus but not at the EST-D * locus (Gosling & Mc-
Grath, 1990). The degree of exposition to wave action in the investigated exposed shore
may be different from that of the English and Irish reported sites, and this, together with
the fact that mussels at the high shore were not the upper mussels, could be a cause of
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these distinct results. Moreover, at some exposed sites, wave action may affect in a simi-
lar and homogeneous way both high and low level areas and it could be hiding the effect
of other factors which could make those areas different environments. In sheltered sites,
such as enclosed bays or estuaries, other ecological factors such as salinity fluctuations,
aerial emersion, or temperature could overlap the wave action effect as a selective force
(cf. Gosling, 1992b; Gardner, 1994). Genetic differences related to shore height have been
suggested to derive from recruits composed of genetically distinct coherts which seitle
preferentially at different levels on the shore or from recruits genetically homogenous but
once settled diverge genetically over time due to different selective pressures such as air
exposure (Gosling & Wilkins, 1985; Gosling & McGrath, 1990: Gosling, 1992b; Gardner,
1894)}. At present, it is clearly not possible to disregard one of these hypotheses. However,
M. galloprovincialis maintains a higher feeding rate and a net energy balance, compa-
red with M. edulis, under temperature conditions between 20°C and 25°C, and these are
clearly important characteristics that determine the capacity of this form to thrive in
warm-temperate waters (Hilbish et al., 1994). In addition, M. galloprovincialis may be
better able to withstand longer periods of emersion than M. edulis {(Gosling, 1892b).
These abilities of M. galloprovincialis could be useful for life higher up on the shore in
sheltered areas, where there are periods of time in which mussels are exposed to the air,
and the temperature of the water inside the valves increases. Consequently, wave action
may not be the main selective agent related to shore height on sheltered coasts, and other
factors such as air exposure and temperature may play a role in furthering the different
survival of both forms of mussels. Again, different viability may be involved in the high
level of attachment on sheltered shore to the advantage of M. galloprovincialis. However,
no clear factors explain the predominance of M. edulis at low shore locations on shelte-
red coasts (cf. Gosling, 1992b; Gardner, 1994).

A positive correlation between the frequency of the typical compound allele of
Mytilus galloprovincialis (G *) and shell length was found, but only for exposed popula-
tions {Table 6, Fig. 4). These results are in line with those found for English populations
{Skibinski, 1983; Gardner & Skibinski, 1988; Skibinski & Roderick, 1991; Gardner et al.,
1993). No such correlation was found for Irish exposed populations (Gosling & McGrath,
1990), and it may be explained because only a low percentage of mussels greater than
6 mm in length were considered (Gardner, 1994}. The mussels studied in this investiga-
tion ranged from 10 to 60 mm, and the correlation was found for exposed populations.
Local environmental conditions, such as different degrees of wave exposure, or different
degrees of hybridization could explain these different results. A higher viability coeffi-
cientin M. galloprovincialis than in M. edulis regarding the strength of attachment of the
byssus has been suggested to explain the correlation phenomenon (cf. Gosling, 1992b;
Gardner, 1994). This hypothesis could explain why that correlation is found in exposed
environments and not in sheltered ones, as a consequence of the strong effect of wave
action as a selective force in exposed areas but not in sheltered ones.

With regard to the stability of the hybrid zone in time, homogeneity chi-square test
for allele frequencies at diagnostic and non-diagnostic loci showed no significant dif-
ferences between populations from the same place sampled in 1988 (CFA) and 1992
(C4A) (data not shown; see Table 2j. This can be taken as evidence that both samples
exhibit short-term temporal genetic stability and supports the idea that My#ilus hybrid
zones are stable in structure (Gardner & Skibinski, 1988; Beaumont et al., 1989; Gardner
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et al., 1993). Nevertheless, Viard et al. (1994) report strong genetic changes in time in
their samples in the French hybrid zone after 3 years, but ecological data are not repor-
ted. Considering the microhabitat differences found for Mytilus mixed populations, care
must be taken to choose the same sample area in different years, and it could explain this
latter discordant result.

The environmental factors which may cause the genetic differences between expo-
sed/sheltered and high/low shores can interact making it difficult to foresee the genetic
composition of the Mytilus mixed populations. Coustau et al. (1991) note that the distri-
bution of nine populations along the French hybrid zone does not correspond with a geo-
graphical gradient. No details of physical conditions at each site are given, and no con-
clusions concerning the relationship of ecological factors and genetic differentiation can
be reached from this study. Moreover, these above described results contrast with the
gradient observed in the M. galloprovincialis typical alleles for mixed populations from
the southern limit of M. edulis (South French hybrid zone) in the same environment
(Sanjuan et al.,, 1994). Results of this latter report and present data agreed with the
Mytilus hybrid zone being considered a mosaic hybrid zone, where its structure is strong-
ly influenced by the underlying mosaic of environmental variation (see Gardner, 1994
and references therein). More detailed genetic studies covering different sites of the con-
tinental hybrid zone and considering ecological factors may clarify the micro- and
macrogeographic differentiation of the French hybrid zone of M. galloprovincialis and
M. edulis.
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