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Abstract:

Coastal and estuarine areas in the Bay of Biscay are essential nursery habitats for sole (Solea solea).
Using three intronic markers, we investigated patterns of genetic differentiation among cohorts of
juveniles (0+, 1+, sub-adults) inhabiting four major nurseries in the Vilaine and Loire river estuaries,
the Pertuis d'Antioche strait, and the Gironde estuary. Genetic differentiation was not significant for the
age 0- and 1-groups, but was among sub-adult samples (BWC = 0.017; P = 0.031). Hierarchical
analyses of genotypic frequencies by nested multivariate ANOVA using redundancy analysis indicated
that northern nurseries of Loire and Vilaine rivers had different patterns of genotypic variation with age
than southern nurseries of the Pertuis d'Antioche and Gironde estuaries (F = 1.36; P = 0.007). Bay of
Biscay nurseries appeared to be spatially structured between a southern and a northern group that
exhibit different genotypic distributions. Genetic drift and gene flow explains this pattern poorly, but a
statistical test (P < 0.035) suggested that the metallothionein (MT) locus may be significantly impacted
by selection in southern estuaries. As metallothionein is involved in heavy-metal detoxification, and
southern nurseries are known to be affected by cadmium, this indicates a possible correlation between
observed genotypic distributions and some nursery habitat features in sole. Some selective patterns
might also be proposed to explain patterns of linkage disequilibrium observed at amylase loci in three
of the four nurseries.
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1. Introduction

The common sole, Solea solea (L., 1758), is a demersal flatfish of commercial interest in the Eastern
Atlantic and in the Mediterranean, with up to 55,000 tons harvested yearly over the last twenty years
(http://www.fao.org). The sole is characterized by a type Il survivorship curve (i.e. high fecundity and high
juvenile mortality), with high number (>100,000) of egg produced by mature females. As for many flatfish,
coastal habitats comprise important nurseries for juveniles of the common sole (Koutsikopoulos et al. 1989;
Le Pape et al. 2003a). Adult sole spawn during the first months of the year, then pelagic eggs and larvae
transform into juvenile benthic fish that concentrate in shallow waters and estuaries from May to July.
Juveniles remain in coastal waters for 2 to 3 years until they reach maturity and migrate to deeper waters.
Biological and ecological knowledge has accumulated about sole in the Bay of Biscay, specifically to define
population dynamics (e.g. recruitment variability) and biological features (e.g. growth, condition factor) of
sole across nurseries, and to accurately identify the value of each nursery (Arbault et al. 1986;
Koutsikopoulos et al. 1989, 1991, 1995; Dorel et al. 1991; Amara et al. 1994, 2000; Le Pape et al. 2003a, b,
c; Gilliers et al. 2006, Laffargue et al. 2007). Genetic knowledge is, however, still relatively scarce, mainly
reporting broad-scale panmixia of sole populations in the area (allozymes: Kotoulas et al. 1995; RAPDs:
Exadactylos et al. 2003). However, these studies did not fully consider how genetic drift, selection, and gene
flow might affect dynamic processes such as colonisation of nurseries by larvae, and might reflect patterns
of gene flow across nurseries and/or local selective processes during the juvenile stage. As sole nursery
habitats in shallow-water estuaries and bays can be are strongly impacted by human activities (Boutier et al.
2000), an analysis of patterns of genetic variation can also provide insights into how this might influence
genetic structure. For example, Marchand et al. (2003) compared populations of European flounder
(Platichthys flesus) from contaminated and unpolluted sites of the Bay of Biscay. They revealed correlations
between genotypic (allozymic) frequencies, proxies of fithess such as growth rate, and contamination
typology. These results suggested different selective pressures on flounder depending on the habitat they
colonised. As for sole, sardine (Sardinus pilchardus) is considered a panmictic stock in the Bay of Biscay
(Laurent et al. 2006). However, authors demonstrated clinal patterns of genetic variation at some allozymic
loci that correlated with physical features such as the distance to the coast or longitude, and with biological
features such as age and length of the individuals. Available data therefore suggest that features of marine
habitats can be linked to genetic variation in several fish species, both in the Bay of Biscay, as well as in
other areas, as revealed by various genetic markers (e.g. Bekkevold et al. 2005 [microsatellites]; Hemmer-
Hansen et al. 2007 [microsatellites and one intronic locus])).

In sole, a recent investigation involving intronic markers suggested that local genetic variability among
cohorts may exceed genetic variation at wider geographical scales (Rolland et al. 2007). Such observations
are classically interpreted as chaotic genetic patchiness (CGP), which is believed to reveal temporal and
spatial variation in recruitment. CGP sensu Johnson and Black (1982) refers to cases in which unpatterned
(i.e. not geographically structured, not habitat-dependent) genetic variation can be observed at a local scale
among freshly recruited larvae/juveniles. Such differentiation among recruits is probably due to the
unpredictability of reproduction in the marine environment, which results in a large variance of an
individual's contribution to a cohort. This leads to significant local genetic differentiation due to genetic drift
within one single adult panmictic population (‘sweepstake reproductive success’; Hedgecock 1994; Hellberg
et al. 2002, a model that hence has affinities with the ecological match/mismatch hypothesis [Cushing,
1990]). Successive waves of arrival composed of more or less related individuals may also create temporal
genetic heterogeneity as reported in various invertebrates (e.g. David and Jarne 1997; Flowers et al. 2002;
Virgilio et al. 2006) and vertebrates (e.g. Ruzzante et al. 1996; Planes and Lenfant 2002, Selkoe et al.
2006). CGP might also originate from patterns of gene flow among individuals originating from distinct
populations (e.g. So et al. 2006), or be due to ‘patterned’, habitat dependent selective processes (e.qg.
Koehn et al. 1980). Such patterning is due to selective, differential survival of genotypes after recruitment
(Johnson and Black 1982, 1984). In the acorn barnacle, Véliz et al. (2004) reported that mechanisms
explaining temporal genetic differentiation would likely be dependent on the study area, with patterns of
genetic differentiation that were mainly explained by genetic drift in one area, whereas selective habitat
patterning of genetic variability might predominate in other habitats. Indeed, Véliz et al. (2004) emphasized
the importance of studying temporal patterns of genetic variability in several locations, to ensure that
mechanisms that affect one population in a given locale (i.e. random drift or selection) might also act in
another place. Such examples are rare in the literature, because often only a single local population is
considered (Planes and Lenfant 2002, Pujolar et al. 2006). Conversely, the above-mentioned study by
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Marchand et al. (2003) on flounder suggested that selective processes might occur within each estuary but,
as sampling occurred only once, the possibility of genotypic divergence due to differential recruitment by
larvae cannot be totally excluded.

In the present study, we investigated temporal patterns of genotypic diversity in sole at three intronic
markers over four nurseries grounds. Our objective was to decipher the putative role of ‘unpatterned’ CGP
due to random colonisation of nurseries by larvae, and possible habitat-mediated selective pressures, on
observed patterns of genetic variation during juvenile growth on each nursery.

2. Materials and methods

2.1. Study area and juvenile nursery fidelity

Sole spawning and nursery grounds are clearly separated in the Bay of Biscay. Spawning grounds are
located 80 to 100 km from the coast, at depths between 40 to 70 m (Arbault et al. 1986), whereas the main
nursery grounds are located in bays or straits (Pertuis d’Antioche, Vilaine), and in estuaries (Loire, Gironde)
(Le Pape et al. 2003a; Fig. 1). Such nurseries can be considered as ‘source’ habitats, separated by ‘sink’
habitats where population densities are lower due to absence of large river plumes (e.g. Le Pape et al.
20034, c). Colonisation of coastal nurseries is a single annual event (Amara et al. 1994) and, as far as we
know, no particular behavioural component can be identified. Nurseries are considered not to exchange
individuals after settlement (e.g. Dorel et al. 1991; De Pontual et al. 2000). For instance, otolith
microchemistry profiles of 0- or 1-group juveniles from the Loire and the Gironde, indicate that juveniles
could easily be assigned to their nursery of origin irrespective of their age De Pontual et al. (2000).
However, a recent study by Vinagre et al. (2008) in the Tagus estuary (Portugal) also suggests that 0-group
individuals harbored high site fidelity, but that site fidelity was consistently lower for the 1-group juveniles.
Such a result suggests that gene flow might occur across adjacent sole nurseries separated by a few
kilometers (=10km), probably once individuals reach a certain size. Note that studies by De Pontual et al.
(2000) and Vinagre et al. (2008) did not consider identical spatial scales (=10km vs >100km). This suggests
that migration, and hence gene flow, could depend on the scale of the study.

2.2. Sampling

Four coastal nurseries were sampled using beam trawl, namely, the Vilaine estuary, the Loire estuary, the
Pertuis d’Antioche, and the Gironde (mouth of the river Garonne) (Fig. 1). Sampling took place during two
successive years (2000, 2001) for all sites except the Gironde (2000) (Table 1). Distinct cohorts were
sampled (2000: sub-adults [age 2+, standard length >22cm] taken before offshore spawning migration;
2001: 0- and 1-groups). Fish were aged using size distributions and, because size classes did not overlap
(bimodal distribution), confusion between 0- and 1-age groups was considered unlikely (data not shown). 0-
group fishes represented new-settlers. 1-group fish have been interpreted as individuals that settled in
2000, and had already spent one year on the nursery. In the Gironde estuary, samples represented sub-
adults (age 2+) whereas younger individuals were likely from the O-group. As only two samples were
considered in Gironde instead of three in other areas, the Gironde samples were not considered in
subsequent statistical analyses (see below). Thirty individuals were analysed per sample, leading to a total
of 330 genotyped individuals.

2.3. Genetic analyses

Pieces of preserved muscle (either dried, frozen, or in ethanol) were analysed for genetic variation at three
nuclear-DNA intronic loci using EPIC-PCR (exon-primed intron crossing — polymerase chain reaction)
following Rolland et al. (2007). This included the intron of the metallothionein gene, and the third intron of
pancreatic a-amylase genes. Two amylase loci are co-amplified with the same set of primers, as such loci
belong to a multigenic family (Bouneau et al. 2003). Further cloning of alleles indicated that sequences of
each amylase locus were clearly different and impossible to align (JL Rolland and B Guinand, unpubl.



results). Size differences in amylase alleles (= 100bp) made misattribution to one or the other locus
extremely unlikely.

Deviations from Hardy-Weinberg expectations (HWE) within samples were investigated using Weir and
Cockerham’s (1984) f using Genetix (v.4.05; Belkhir et al. 2000; http://www.univ-montp2.fr/~genetix/). Test
of the null hypothesis of no significant departure from HWE (f=0) was performed by randomly permutating
alleles from the original matrix of genotypes using the appropriate procedure in Genetix. Levels of
population differentiation were investigated using Weir and Cockerham’s (1984) @&yc, an estimator of
Wright's (1951) F. In this study we report mainly on levels of genetic differentiation among samples from
the same age class (0+, 1+, sub-adults). To investigate patterns of genetic differentiation, we also carried
out a nested multivariate ANOVA (MANOVA) by canonical redundancy analysis (classically abbreviated as
RDA for Redundancy Discriminant Analysis) using the program NesAnova (Legendre 2002;
http://www.bio.umontreal.ca/casgrain/fr/labo/). MANOVA-RDA can test multivariate hypotheses in structured
experimental designs (i.e. using main and nested factors of ANOVA models). In our study, sampling sites
(Vilaine, Loire and Pertuis d’Antioche) were considered as main factors, and cohorts (sub-adults, 0- and 1-
groups) as the nested factor. MANOVA-RDA is powerful for balanced data (i.e. equal sample sizes), but
much more difficult to handle for unbalanced data (Legendre and Anderson 1999, their Appendix C). This
explains why all our samples were initially standardized to thirty individuals, and why Gironde samples were
not considered in this particular multivariate analysis (two sub-samples instead of three in other
populations). Significance of Fisher's F values were tested under permutations (generally 5000 replicates;
see Results for details) included in the NesAnova program, and initially described in Legendre and
Anderson (1999).

Using Genetix, we also investigated patterns of linkage disequilibrium (LD) in each sample using the method
of Weir (1979). We also performed a multiallelic monolocus neutrality test, the Raufaste-Bonhomme test
(hereafter, the RB-test) as described in Arnaud-Haond et al. (2003). This test considers the properties of two
multiallelic estimators of Fg , those of Weir and Cockerham (8yc, 1984) and of Robertson and Hill (6ky; as
defined in Weir and Cockerham, 1984). These estimators have been shown to respond differently to various
selection regimes, because rare and frequent alleles are affected differently (Raufaste and Bonhomme
2000). The RB-test represents the difference between éyc and 6ky, whose distribution can be approximated
by simulations under the null hypothesis of neutrality, in a finite island model, at migration—drift equilibrium.
The model assumes that populations belong to the same metapopulation at HWE. The parameters of the
simulations (initial allelic frequencies and migration rate) are chosen to fit, at best, the observed values of
Bvc and éky. The test-statistic was then calculated with the respective estimated @-values for each locus in
the data set. A significant departure (a = 0.05; one-tailed test) of the observed value from the simulated
distribution could be interpreted as evidence for non-neutrality of the distribution of allele frequencies at the
locus concerned. This test was performed with the program Neutrallelix (http://www.univ-
montp2.fr/genetix/labo.htm). One thousand replicates were carried out in simulations. Migration rate
between local populations in the metapopulation was set to m = 0.10 (sufficient gene flow to avoid genetic
differentiation), and initial allelic frequencies were considered as being homogeneous over the
metapopulation.

We tested for Wahlund effect in all individual populations using the program Partition v.2.0 (http://www.univ-
montp2.fr/~genetix/partition/partition.htm). This program implements the Bayesian method of sample
partitioning described in Dawson and Belkhir (2001). Using Markov Chain Monte Carlo procedure, this
provides an estimate of the posterior probability that one sample is composed of k panmictic groups. We
searched for associated probability that samples which demonstrated significant multilocus departure from
HWE were composed of two groups (k = 2) vs only one group (k = 1). Except once (see Results), we did not
expand analysis for further values of k, the goal being only to demonstrate whether samples were
heterogeneous or not (i.e. composed of several recruiting cohorts as expected in CGP). Thirty thousand
observations of the Markov Chain were carried out when estimating posterior probabilities for k = 1 or 2.
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3. Results

3.1. Linkage disequilibrium and Hardy-Weinberg equilibrium

LD between the two amylase loci was significant (P = 0.002), but not for other locus comparisons (Table 2).
This peculiar disequilibrium was observed in 4 of 11 samples, including 2 over 3 samples from Pertuis
d’Antioche, but also in sub-adult samples from the Vilaine and Loire (Table 2).

Only two populations demonstrated significant departures from HWE, sub-adult and 1-group samples from
the Loire (Table 1). Single-locus approaches demonstrated heterogeneity among loci for departure of HWE,
with locus MT showing 6 out of 11 cases of significant departures whereas locus Am2B3-1 did not (Fig. 2).
Wahlund tests suggested that, with the exception of the Loire River, all samples were a panmictic unit
(Table 1). The positive Wahlund effect found in the Loire River sample may be viewed as significant (p(k=2)
= 0.452; Table 1). However, further test with k=3 and k = 4 demonstrated that probabilities never departed
significantly from equiprobability (p = 0.33, and 0.25, respectively). In such cases, the lowest value of k
should be preferred. Hence, significant departures from HWE observed in Fig. 2 were probably not due to a
Wahlund effect. As a Wahlund effect is unlikely, observed deviations from HWE may be due to the presence
of null alleles, especially at locus MT. This hypothesis was also unlikely, because significant heterozygote
deficiencies were not observed in all samples and locations (6 over 11 cases; Fig. 2), nor in a larger survey
of sole populations using this locus (Rolland et al. 2007). It was therefore difficult to imagine a null allele
specific to the Bay of Biscay population. A close examination of Fig. 2 highlights different trends in f-values
across samples. For example, f values at locus MT demonstrated the same pattern of variation in the Loire
and Vilaine estuaries: low f values and no significant departure from HWE for O-group individuals sampled in
2001, but significantly large f values indicating heterozygote deficiencies in sub-adults and 1-group
individuals (Fig. 2). Although no significant departure from HWE was observed, a similar pattern of variation
in f values was also observed for Loire and Vilaine samples at locus Am2B3-2 (Fig. 2). Concurrently, the
pattern of variation in observed f values was totally distinct for samples from the Pertuis d’Antioche area
compared to the pattern in Loire and Vilaine (Fig. 2). Although only two samples were available, patterns
observed for the Gironde samples indicated that variation in observed f values was more similar to the
pattern of the Pertuis d’Antioche than to the other nurseries areas.

3.2. Spatial genetic differentiation

The MANOVA-RDA demonstrated no significant effect of the main factor (site), but a significant effect of the
nested factor (cohort within site; P = 0.007) (Table 3). This indicated an absence of population subdivision
among Vilaine, Loire, and Pertuis samples, but significantly distinct genotypic patterns within replicated
estuary samples (Gironde samples were excluded due to unbalanced pattern in sampling scheme; see
Materials and Methods). This result was confirmed by traditional &yc estimates that demonstrated no
significant differentiation among nurseries (8yc = 0.007, Gyc = 0.009, NS; with and without considering the
Gironde samples, respectively). Single-locus analysis using MANOVA-RDA found a significant effect of the
main factor for locus Am2B3-2 only (P = 0.038), but not for other loci (details not shown). Results agreed
with traditional estimates of multilocus genetic differentiation such as 8yc, which also did not show evidence
for overall genetic differentiation (Rolland et al. 2007). &y for locus Am2B3-2 was significant (Gyc = 0.022;
P = 0.028), whereas estimations for other loci were not (data not shown).

Given that changes in f values were different among nurseries (Pertuis d’Antioche vs Loire and Vilaine;
details above and Fig. 2), we recomputed nested MANOVA-RDA for each pair of estuaries. In such pairwise
comparisons, the main factor was never significant (results not shown), but the nested factor ‘cohort within
site’ was significant for both the Pertuis d’Antioche-Vilaine and the Pertuis d’Antioche-Loire comparisons (P
= 0.005; P = 0.014, respectively; 5000 bootstrap replicates). The nested factor was only marginally
significant when using nested MANOVA-RDA among samples of the Vilaine and Loire estuaries (P = 0.061;
20000 bootstrap replicates in this case to ensure precision of the estimated P-value). Hence, these pairwise
comparisons demonstrated that patterns of genotypic differentiation between cohorts where distinct
between southern Pertuis d’Antioche strait and the northern estuaries (Loire and Vilaine). Conversely, the
Loire and Vilaine samples were not genetically distinct from each other, but also did not differ on how
genotypic variation was partitioned among sampled cohorts. Overall, results from various nested



MANOVA's and inspection of trends in observed f values (Fig. 2) suggest that northern (Loire + Vilaine) and
southern (Pertuis d’Antioche + Gironde) samples differed in their genotypic compositions.

3.3. Temporal genetic differentiation

Multilocus genetic differentiation among samples from the same age-class showed increasing values of Gyc,
associated with significant differentiation among sub-adult samples (among 0-group samples: &yc = 0.0099,
P= 0.080; among 1-group samples: 8yc = 0.0106, P = 0.083; among sub-adults samples without Gironde
sample: Gyc = 0.0125, P = 0.032; among sub-adults samples with Gironde sample: Gyc = 0.0174; P =
0.031).

3.4. RB-test

Finally, the RB-test revealed that locus Am2b3-2 could have been affected by selection (P = 0.017) when all
eleven samples were considered in the metapopulation (excluding Gironde samples did not change the
outcome of the test; P = 0.021). Other loci were not significant at the nominal « = 0.05 level (locus MT: P =
0.113; locus Am2B3-1: P = 0.446). As results from RDA-MANOVA suggested that northern and southern
samples may have distinct genotypic compositions (above), we also tested for selection after pooling the
northern Loire and Vilaine samples on the one hand, and the southern Gironde and Pertuis d’Antioche on
the other hand. Only locus MT provided significant results (P = 0.032; P = 0.035, when excluding Gironde
samples from pooled southern populations), indicating potential for selection acting on this locus.

4. Discussion

Prior to discussing the results, it is important to note that, in this study, sub-adults were caught in 2000 but
the other age-classes in 2001. We have not, therefore, observed the development of genetic differentiation
in a single generation over time, but compared genetic differentiation over two generations. Nevertheless,
sub-adults fished in 2000 that reached maturity when leaving the nurseries would contribute to the 0-group
juveniles that were fished on nurseries in 2001. This leads to ‘temporal connectivity’ among some samples
but not among others. Results should be interpreted with appropriate caution, in light of this particular
sampling scheme.

4.1. Genetic differentiation in Bay of Biscay sole: departure from panmixia

Population genetic studies by Kotoulas et al. (1995), Exadactylos et al. (2003), and Rolland et al. (2007)
using various different genetic markers indicated panmixia of sole populations in the Bay of Biscay. Our
results strengthen this view as the site effect was not significant in MANOVA-RDA (Table 3) and in Gyc
multilocus estimates (Ayc = 0.007, NS). Our results indicate that genetically distinct subpopulations (sub-
adults) in 2000 that subsequently reached maturity would contribute to panmictic colonisation of nurseries
by larvae in 2001 (&yc = 0.0099, P= 0.080). This supports ecological observations on the sole life-cycle,
which indicate mixing of eggs over offshore spawning grounds (Arbault et al. 1986; Koutsikopoulos et al.
1995).

Nevertheless, genetic differentiation was not significant in the 0- and 1-groups, but was significant among
sub-adults (8yc = 0.0174; P = 0.031), suggesting that panmixia might be modulated across age-classes. A
panmictic model is also challenged by the significant differentiation among genotypic distributions within
sites (Table 3). Despite lack of temporal connectivity among samples, the results suggest that differentiation
might arise over time as larvae and then juveniles inhabit nurseries. Such differentiation could result from
low recruitment for one generation, with the other generations possibly not affected. For example, low
recruitment over each nursery would cause low local effective population size and favour genetic drift, so
promoting the spatial genetic isolation observed among sub-adults samples. Seasonal egg and larval
production is often mistimed with favourable conditions for survival in marine fishes (match-mismatch
hypothesis; Cushing 1990), and successful recruitment in sole would depend on planktonic survival,
condition at metamorphosis, and further productivity of the nursery at the onset of colonisation. This could
lead to CGP originating from one panmictic population provided that a quite small number of progenitors are
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finally involved in local recruitment. In another generation, such local effective population sizes could be
higher when recruiting another cohort, drift then being less likely, so producing genetic homogeneity over
nurseries as observed for the 0- and 1-groups. Nevertheless, in the Bay of Biscay sole, eggs and larvae are
not considered to be the most important bottlenecks to recruitment (Koutsikopoulos and Lacroix 1992).
Metamorphosis is not considered a limiting factor either (Amara et al. 2000; Amara and Galois 2004), but it
is access to the benthic environment that appears to be the key to successful recruitment (e.g. Le Pape et
al. 2003c; Couturier et al. 2007). Proxies of juvenile survival (density estimates) indicated that such
variability is dampened in the Bay of Biscay sole (Le Pape et al. 2003c; Désaunay et al. 2006). Drift is
therefore unlikely to explain temporal patterns of genetic differentiation in Bay of Biscay sole. Hence, despite
the lack of full ‘temporal connectivity’ across our samples, CGP alone can probably not explain the observed
patterns of genetic differentiation.

If drift is unlikely, kin structure (relatedness; i.e. settlement of related individuals from several ‘families’ in
each area) does not arise in sole. Relatedness of individuals would contribute to a Wahlund effect, and
increase f in 0-group samples (Hoarau et al. 2005). Kin structure as the source of a Wahlund effect is not
supported by our results for several reasons. Firstly, the partitioning study did not indicate that samples
were composed of a mix of ‘families’ (Table 1). However, the reliability of partition detection in the context of
panmixia are questionable, and the detection of relatedness would require more polymorphic loci (Blouin et
al. 1996). Secondly, any pattern of relatedness would be more accurately detected among the 0-group
individuals, but only the Pertuis d’Antioche sample at locus MT demonstrated a significant value of f for
individuals of the 0-group (Fig. 2). Other significant values concentrate in 1-group and sub-adult individuals
(Fig. 2). Finally, if genotypic structure of cohorts varied among sites because of site-specific patterns in
relatedness, we should expect a significant effect of this factor in nested MANOVA-RDA for each pairwise
comparison (i.e. genotypic distribution observed at each nursery would be specific because patterns of
relatedness effect would be nursery-specific). Despite an almost significant probability estimate (P = 0.061),
the Vilaine and Loire estuaries tended to demonstrate similarities in genotypic distributions rather than strict
independence. Similar genotypic distributions among estuaries rules out the relatedness hypothesis as
individuals from the Loire and the Vilaine are not the progeny of the same low number of progenitors. This
suggests gene flow or similar selective pressures among northern Bay of Biscay nurseries. Hence,
arguments accumulate against a role for genetic drift and ‘unpatterned’ CGP.

Fig. 2 highlights shared patterns of co-variation in genotypic distributions among Vilaine and Loire samples,
especially at locus MT (i.e. when one sample from one estuary presented a high [low] f at a given locus, the
corresponding sample in the other estuary also often displayed a comparable f). Concurrently, among sub-
adult samples, values of f at loci MT and Am2B3-2 for the Vilaine and Loire nurseries were in opposition
with the values observed in Pertuis d’Antioche and Gironde samples (Fig. 2). Similarity among the set of
northern nurseries as opposed to the southern one(s) indicates that genotypic exchanges are
geographically “patterned” in sole. This also suggests gene flow or similar selective pressures among
northern Bay of Biscay nurseries.

4.2. Gene flow and selection among and within northern and southern sets of nurseries

Revealing the respective roles of gene flow versus selection is always difficult. In sole, northern nurseries
are physically connected through freshwater inputs of the Loire’s river plume in the Bay of Vilaine, and a
similar phenomenon is observed for the southern Garonne and Pertuis d’Antioche nurseries (see Lazure
and Jegou 1998, and references therein). This may facilitate the exchange of individuals among
neighbouring nurseries, explaining the similar genotypic distributions observed for the Loire and the Vilaine
(see above). On the other hand, waters of the Loire and Garonne rivers do not mix, their river plumes are
never connected (Lazure and Jegou 1998). As the southern and northern nurseries are separated by
unsuitable habitats for juveniles (Fig. 1), this makes gene flow among the northern and southern nurseries
unlikely, and so explains the distinct genotypic distributions between them. Otolith microchemistry also
found no evidence for exchange of individuals between the Loire and the Gironde (De Pontual et al. 2000).
Overall, this implies that juvenile migration among nurseries is a scale-dependent process, which would
explain why genotypic distributions are similar at a local scale where juvenile migration is possible, but
distinct at a wider scale where it is not. At the scale of a few kilometers, Vinagre et al. (2008) suggested that
migration across nurseries is also dependent on age, with 1-group sole juveniles exhibiting less site fidelity
that the O-group. If we accept that the ability of juveniles to migrate is age-dependent, this may explain why
the Wahlund effect measured by f-values was sometimes larger in the 1- and 2-group juveniles, because
these are composed of distinct groups of individuals, and also explain the patterns of co-variation previously
observed among each set of nurseries (Fig. 2). Nevertheless, if the results support a role for differential
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gene flow among nurseries, gene flow alone cannot explain why sub-adults were genetically differentiated in
our study.

The proposition that differential selection might shape observed genotypic distributions across cohorts in the
southern and northern nurseries can be supported by further interpretation of the genetic results, in light of
existing environmental knowledge. The RB-test indicated that two loci might potentially be responding to
selection: locus Am2B3-2 when samples were considered separately, and locus MT when northern and
southern samples were pooled. These loci demonstrated significant deviations from HWE (Fig. 2),
suggesting that results from the RB-test and patterns of genotypic distributions that underly f values are
linked. Metallothionein genes are known to be strongly involved in detoxification of cadmium (e.g. Roesijadi
1996; Solé et al. 2004), and the Gironde estuary is polluted by heavy metals, principally cadmium, zinc and
copper (Grousset et al. 1999; RNO 2004a). Such pollutants are not restricted to the estuary, but also
strongly affect the neighbouring Charente Straits (Boutier et al. 2000). By contrast with these southern
nurseries, the Loire estuary has a diffuse pollution dominated by polycyclic aromatic hydrocarbons and
polychlorinated biphenyls (RNO 2004b). Organochlorine pesticides are the major contaminants of the bay of
Vilaine (Forget et al. 2003). Hence, the northern and southern nurseries experience different
ecotoxicological stresses, and different potential selective pressures on genotypic distributions at MT locus
are not unlikely. Allozyme data indicating pollution-related shifts in the distribution of particular genotypes
have been reported for flounder in French Atlantic estuaries, including differences between the Loire and
Gironde estuaries (Marchand et al. 2003). Furthermore, genetic variation at the MT locus consists of
variation at two short mononucleotidic microsatellites (poly-T) present in the intronic sequence of the gene
(J.-L. Rolland, B. Guinand, F. Bonhomme, unpublished). Such variations are known to potentially affect
exon splicing of numerous genes, leading to aberrant functioning when facing different challenges (e.g.
Niksic et al. 1999). Further studies are necessary to investigate this phenomenon.

Unlike for the MT locus, the current understanding of fish amylases is incomplete (Krogdahl et al. 2005), and
molecular or genetic analyses of amylase genes in marine teleosts are scarce (Douglas et al. 2000; Ma et
al. 2004). The adaptive significance of peculiar genotypes have not yet been reported in fishes, although
there has been work on one marine species (e.g. Prudence et al. 2006). Nevertheless, despite the limited
knowledge on amylase, the pattern of LD between the two co-amplified amylase genes deserves some
attention (Table 3) because these patterns may reflect an impact of selection. Thus, it is interesting that
significant LD were observed among samples of sub-adults in most populations except Gironde, but not
among 0- and most 1-group fish. This suggests that individuals which survived at least two winters
possessed particular allelic associations for amylase loci (Table 3). Such an epistatic interaction between
amylase loci during the course of development has been investigated in Drosophila melanogaster, and
indicated that preferential allelic associations among loci was an adaptive response to specific feeding
environments encountered by local populations (e.g. Araki et al. 2005, and references therein). Since
linkage disequilibrium among amylase loci was predominantly found in 1-group juveniles and sub-adults, but
not in the O-group, it would be possible to interpret the LD at those loci as arising by a similar foodweb-
linked process. Thus, significance of the RB-test and significant genetic differentiation (&yc = 0.022; P =
0.028) at locus Am2B3-2 can be interpreted as supporting selective pressures occurring on the amylase in
sole.

4.3. Future directions

Overall, the results presented here provide a clearer picture of spatio-temporal patterns of genetic variation
in the Bay of Biscay sole. They allow us to propose a model synthesising current understanding of sole
population genetics (Fig. 3). This scheme involves different nurseries of different qualities (e.g., source and
sink) and transient processes (migration/gene flow across nurseries when possible; relative importance of
drift and selection across generations that could potentially turn a source habitat into a sink and vice-versa).
Support for the model proposed in Fig. 3 will be provided by further investigation. In the context of stock
management, it would be important to estimate the contributions of the different nurseries or groups of
nursery to the spawning population, to assess more precisely the contribution of each nursery to successive
generations. This would provide better understanding of the connectivity between the juvenile and the adult
phases (Able 2005), and of the value of each nursery (Beck et al. 2001). Concurrently, as estuarine habitats
and associated nurseries are highly impacted by both anthropological and natural factors (Roessig et al.
2004), better knowledge of the genes involved in responses to stress (e.g. temperature, pollutants, hypoxia)
in each habitat would provide essential insights into the potential genetic bases of adaptation in sole. In
flatfishes, gene expression data in the natural environment have been investigated for the American winter
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flounder (Straub et al. 2004) and the European flounder (Williams et al. 2003, 2005; Marchand et al. 2006),
and are certainly adaptive (Larsen et al. 2007). Indeed, fish are increasingly recognised as excellent models
for environmental genomics (Cossins and Crawford 2005), and the sole provides an interesting species
upon which to investigate links between phenotypes, genotypes, and fithess.
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Tables

Table 1:
year pop. multilocus f + 95% CI p(k=1) p(k=2)
2000 Vilaine SubAd 0.194  (-0.029 - 0.393) 0.794 0.206
2001 Vilaine 0 -0.018 (-0.181-0.115) 0.990 0.010
" Vilaine 1 0.101  (-0.077 - 0.233) 0.985 0.015
2000 Loire SubAd 0.253  (0.064 - 0.404) 0.548 0.452
2001 Loire O 0.016  (-0.167 - 0.181) 0.989 0.011
" Loire 1 0.240  (0.044 - 0.408) 0.969 0.031
2000  Antioche SubAd -0.037  (-0.204 - 0.107) 0.988 0.012
2001 Antioche 0 0.084  (-0.124 - 0.258) 0.990 0.010
" Antioche 1 0.118  (-0.041 - 0.249) 0.982 0.018
2000  Gironde SubAd -0.067  (-0.218 - 0.043) 0.975 0.025
" Gironde Juv 0.048  (-0.102 - 0.158) 0.985 0.015

Table 1: Multilocus estimates of f (x 95% CI; significant value are indicated by italics) for each sample, and

probability that each sample is made of k= 1 or k=2 panmictic or quasi-panmictic groups using Partition.
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Table 2:

All samples Vilaine Loire Antioche Gironde
SubAd O+ 1+ SubAd 0+ 1+ SubAd 0+ 1+ SubAd Juv
MT - Am2B3-1 0.356 0.346 0.379 0.189 0.489 0.476 0.227 0.358 0.694  0.655 0.366 0.446
MT - Am2B3-2 0.354 0.433 0.993 0.913 0.026 0.084  0.068 0.932 0.938 0.045 0.400 0.827
Am2B31 -
Am2B3-2 0.002 0.013 0.903 0.263 0.002 0.257 0.191 0.037 0.098 0.025 0.121 0.217

Table 2: P-values (o = 0.05) for significant linkage disequilibrium sensu Weir (1979) for each pair of locus, in each sample. Significant values are given in italics.
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Table 3:

Source of variation df Sum of Squares Mean Square F p- value
Main factor 2 0.00542 0.00271 0.90840 0.622
(site)
Nested factor 6 0.01790 0.00298 1.35943 0.007**
(cohorts within site)
Within subgroups 216 0.47405 0.00219
Total 224 0.49737

Table 3: Results from hierarchical (nested) MANOVA-RDA across samples from the Vilaine and Loire
estuaries, and Pertuis d’Antioche Straits. Gironde samples were not included as such analysis necessitate
balanced data (Legendre and Anderson 1999). Significance of F was assessed by permutations (5000

replicates).
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Fig. 1: Map of the study area. Grey levels indicate the estimated density of juveniles along the coast,

delineating the areas used as nurseries along French coastline of Bay of Biscay (adapted from Le Pape et
al. 2003a).
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Fig. 2
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Fig. 2: Observed values of multilocus f for each locus and for each sample. Asterisks indicate significant
departures from HWE after sequential Bonferroni correction for multiple tests (*** : P<0.001; **: P<0.01; *:
P<0.05). Brackets indicated tests that were significant without considering correction for multiple test. The
Gironde sample fished in 2001 being a mix of 0- and 1-group juveniles (Table 1), it is represented between
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Fig. 3: A proposed model of sole population function in the Bay of Biscay based on genetic data and
ecological knowledge. A: colonisation of main northern and southern Bay of Biscay nurseries by larvae
originating from one single spawning ground, then from a single panmictic population. Larvae do not
establish or poorly establish in some areas, due to poor habitat suitability for juvenile growth. Genetic drift
may operate at this stage: individuals that establish at one nursery may reflect only one portion of the
available genetic variability in some generations. B: Local process in each set of nurseries, including
potential selection in the nurseries, possible local exchange among geographically clustered nurseries that
must be facilitated by connection of river plumes or other physical processes, but absence of gene flow
among the northern and southern nurseries. C: When leaving the nurseries, sub-adults possess distinct
genetic backgrounds, as expressed by distinct grey levels, depending on their own history (A and B; then
influenced by drift, gene flow, and/or selection). D: sub-adults derived from the different areas will mature,
then mate randomly on spawning grounds. Sexual reproduction can rupture pre-existing genetic adaptation
if individuals from different nurseries mate randomly. Conversely, sexual reproduction among individuals
from the same nursery may favor locally adapted genetic associations, but random colonisation of nurseries
by larvae of the next generation may take ‘pre-adapted’ individuals to the wrong local environment. Such
individuals are then locally maladapted, have lower fitness and die (cross).

19



	1. Introduction
	2. Materials and methods
	2.1. Study area and juvenile nursery fidelity
	2.2. Sampling
	2.3. Genetic analyses

	3. Results
	3.1. Linkage disequilibrium and Hardy-Weinberg equilibrium
	3.2. Spatial genetic differentiation
	3.3. Temporal genetic differentiation
	3.4. RB-test

	4. Discussion
	4.1. Genetic differentiation in Bay of Biscay sole: departure from panmixia
	4.2. Gene flow and selection among and within northern and southern sets of nurseries
	4.3. Future directions

	Acknowledgements
	References
	Tables
	Figures
	p1.pdf
	Estuarine, Coastal and Shelf Science
	Genetic structure of the common sole (Solea solea) in the Bay of Biscay: Nurseries as units of selection?


