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INTRODUCTION

Biological factors (life history, demography) and
environmental factors (oceanic hydrology, environ-
mental stress and fishing) shape the genetic structure
of marine fish populations. Recent genetic studies

have demonstrated that population subdivision in
marine fishes can be observed at limited geographi-
cal scales, ranging from tens to a few hundred kilo-
meters (e.g. Nielsen et al. 2004, Olsen et al. 2008),
despite the potential for extensive gene flow be -
tween populations in marine ecosystems. Further-
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est heterozygosities in the more polluted populations (Seine, Tamar) and marked differentiations
compared to the other group of populations (Mondego, Vilaine, Canche). The pattern of variability
observed for the AMP-deaminase suggests that in chronically contaminated flounder populations,
cocktails of pollutants act as selective agents directly or indirectly on this locus.
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more, the adaptive significance of population struc-
ture in marine fishes is becoming evident, based on
the divergence of phenotypic traits (Hutchings et
al. 2007, Larsen et al. 2007). Efforts to manage and
conserve coastal fish species are urgently needed
because this resource is particularly subject to (1)
increasing impacts of global climate change (Harley
et al. 2006) and (2) possible anthropogenic stressors
at local scales; thus, the scientific community must
better understand how some populations can main-
tain their resilience in the face of environmental
degradation (Sgro et al. 2011).

Estuarine fishes displaying a wide geographical
distribution and the ability to cope with contrasting
environments are excellent candidates to explore
evolution in populations particularly subjected to
warming, chemical stress and hypoxia. In this study,
we explored the genetic structure of a typical cata -
dromous flatfish, the European flounder Platichthys
flesus (Linnaeus, 1758), which spawns at sea from
January to March in western Europe and has a
pelagic larval life of 1 mo and a juvenile life of
approximately 2 yr in estuaries. Homing behaviour
was detected for the flounder in the Tamar estuary
(England), where most adults return to their original
estuarine range after spawning (Dando 2011). Finally,
the European flounder is closely linked to naturally
fragmented estuarine systems, allowing environ-
mental conditions to produce noticeable phenotypic
differences and possibly local adaptations.

The flounder is widely distributed in Europe from
Norway to Portugal, where its abundance has de -
creased since the early 1990s, particularly in the Tejo
estuary (Portugal). This rarefaction in Portuguese
waters was associated with an increase in water tem-
perature caused by climate change (Cabral et al.
2007), and at the moment, the distribution of Pla -
tichthys flesus in Portugal is limited to the north and
central coast. In a northern region, the Bay of Biscay,
the negative impact of warming on abundance and
occurrence of boreal flatfish species was also clearly
detected from 1987 to 2006; indeed, the abundance
of northern temperate species, like P. flesus, de -
creased in this region and was negatively correlated
with temperatures in their year of birth (Hermant et
al. 2010).

Several investigations on the genetic structure of
the European flounder have been conducted over the
western and northern European coasts, from Finland
to Portugal. Regarding allozymes, Borsa et al. (1997)
observed (1) a significant but reduced geographic
differentiation and (2) a weak pattern of isolation by
distance, from the south-western Baltic Sea to south-

ern Portugal. On the other hand, no clear indication
of mtDNA differentiation was detected in that study.
Using microsatellites on an extensive data set of
flounder populations (from Finland to the Bay of Bis-
cay, including western and eastern Baltic), Hemmer-
Hansen et al. (2007a) detected a reduced allelic
diversity in the extreme parts of the distribution area,
and a higher genetic structure than Borsa et al.
(1997); they identified several barriers restricting
gene flow between Trondheim and Lake Pulmanki,
and between Trondheim and the North Sea, and
 several relatively isolated populations (Faroe Islands,
eastern Baltic). In the previous study (Hemmer-Hansen
et al. 2007a) the geographical distance was signifi-
cantly associated with genetic divergence among the
subset of samples, excluding the more isolated popu-
lations; the authors suggested a potential association
between latitude and genetic structuring among the
populations in the Atlantic, with the temperature
 gradient along latitudinal clines being the probable
cause for generating such genetic structure.

Other population genetics investigations on the
European flounder suggested that selective pressure
due to contamination of estuaries could induce adap-
tive responses of the populations. Hence, Marchand
et al. (2003, 2004, 2010) emphasised an increase in
the frequency of particular alleles or genotypes dis-
playing a better capacity to cope with chemical
stress, but these authors also demonstrated a physio-
logical cost of tolerance to toxicants. In 2 other
 studies on Platichthys flesus, Hemmer-Hansen et al.
(2007b) and Larsen et al. (2007) confirmed the great
capacity of this species to adapt to contrasting envi-
ronments. These last 2 studies highlighted the
genetic basis of the adaptation of flounder to the par-
ticular environment of the Baltic Sea compared to the
North Sea (reduced salinity, more or less chronic
Hsc70 hypoxia, highly variable temperature), by ana -
lysing the polymorphism of 1 candidate gene (Hsc70)
and using microarray analysis.

In the present study, we analysed the genetic struc-
ture of Platichthys flesus in environmentally contrast-
ing estuaries located along a latitudinal cline from
England to Portugal (i.e. the southern limit of the dis-
tribution area of this northern temperate species).
Five estuaries were chosen because of the  levels of
contaminants, the possibility of hypoxia and the lati-
tudinal cline. Our main objective was to explore the
genetic structure of European flounder populations
faced with climate change and anthropogenic stres-
sors, using 3 kinds of genetic markers: (1) A mito-
chondrial marker, cytochrome c oxidase subunit I
(COI), considered to be selectively neutral: the rela-
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tive haplotype frequencies of COI in different popu-
lations were used to infer historical relationships
between populations; the mtDNA markers have been
successfully applied in phylogeographic studies (Avise
1994), although it is evident that se lective pressure
can act on them (Ballard & Melvin 2010); (2) 8 micro -
satellites, considered to be selectively neutral: these
can be useful markers for phylogeographic studies,
but their high variability allowed us to explore the
recent evolutionary history of populations and to look
for possible genetic structure considering regional
spatial scales; (3) Finally, we explored the polymor-
phism of a new candidate gene, the AMP-deaminase
isoform 1 (AMPD1: aminohydrolase, adenosine 5’-
mono phosphate deaminase, isoform 1, EC 3.5.4.6) in -
volved in the energetic metabolism and particularly
in the stabilization of the adenylate energy charge
(Chapman & Atkinson 1973, Yoshino & Muramaki
1981) and in the control of the purine nucleotide
cycle (Lowenstein 1972). AMPD1 variability was ana -
lysed in the flounder populations; our hypothesis was
that possible selective pressure induced by environ-
mental stress could affect this gene.

MATERIALS AND METHODS

Field collection

Juvenile Platichthys flesus (average estimated age =
9 mo, average total length = 10 cm) were trawled
from September to November 2009 in 5 European
estuaries located along a latitudinal cline: the Tamar
(England), the Canche, Seine and Vilaine (France)
and the Mondego (Portugal; Fig. 1, Table 1). Ap -
proximately 50 fish were collected in each estuary
(Table 1), and during the dissection in the field, 1 fin
fragment was collected from each fish and stored in
95% ethanol.

All 5 estuaries presented a latitudinal gradient of
temperature and different contaminant loads. The
Tamar River (basin area = 10 000 km2) is im pacted by
a high metal contamination linked to ancient mining
activities (Pulsford et al. 1992). The Canche (basin
area = 1274 km2) is a small estuary characterized by
little urban development and no industrialization
(Amara et al. 2007), so it is considered as a reference
site. The Seine estuary (basin area = 78 650 km2) is
affected by heavy chemical stress linked to high
 population density, numerous industrial activities
and intensive agriculture across the drainage area
(Gilliers 2004, Cachot et al. 2006). The Vilaine catch-
ment (area = 10 500 km2) is mainly subjected to

impacts from agricultural activities and thus to pesti-
cide contamination (Forget 1998, SAGE Vilaine
1999). Moreover, a dam is located 12 km upstream
from the mouth of the Vilaine estuary which stops
the inflow of saline waters into the system; in summer
months, this situation can lead to stratification of the
water mass in the estuary and eutrophication, and
thus to severe hypoxic crisis (Menesguen et al. 2001).
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Fig. 1. Platichthys flesus. Sampling locations of European 
flounder

Collection site Sampling Micro- COI AMPD1
date satellites

Tamar (England) Nov 2009 43 44 41
Seine (France) Oct 2009 42 50 46
Canche (France) Nov 2009 48 50 46
Vilaine (France) Oct 2009 44 44 40
Mondego (Portugal) Sep 2009 47 46 48

Table 1. Platichthys flesus. Fish sampling sites and number
of individuals analysed for each genetic marker. COI: cyto -
chrome c oxidase subunit I; AMPD1: AMP-deaminase 

isoform 1
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The Mondego catchment (area = 6670 km2) shows a
generally reduced eutrophication level, and is sub-
ject to moderate levels of toxics linked to agriculture,
aquaculture and industrial activities (França et al.
2011).

mtDNA COI and AMPD1 variability

Genomic DNA was extracted from fin clips using
AcroPrep™ 96-well filter plates (1 ml) with 1 µm
glass fibre media (PALL® 5051), following the proto-
col of Ivanova et al. (2006).

Choice of markers

A fragment of the mitochondrial COI gene was
amplified by real time PCR (qPCR) using the primers
Fish-F2 and Fish-R2 (Table 2) described by Ward et
al. (2005). These primers amplified a 689 bp region of
the COI gene. At the same time, a qPCR amplifica-
tion of a 160 bp region of the AMPD gene (GenBank
accession number: AY660016) previously described
(Thebault et al. 2010) was performed using Platich thys
flesus-specific primers, PfAMPD1_F and PfAMPD1_R,
de signed by Primer Express software (Table 2). The

AMPD gene of P. flesus presents 66% homology
with the human AMPD1 gene. This gene has a size of
6370 bp from the 5‘ untranslated region to the
sequence of the polyA. It contains 12 exons separated
by 11 introns. We decided to work on exon 1 (160 bp),
because it showed a robust polymorphism in previ-
ous work on flounder populations, with 4 genotypes
identified by single-strand conformation polymor-
phism in the Seine and Vilaine populations (A. L.
Meistertzheim pers. obs.).

PCR for high-resolution melting (HRM) analysis

Real time PCR reactions were carried out in 96-
well plates on a Light Cycler TM 480 Instrument
(Roche) with the primers mentioned in the previous
section. The reactions were performed in a 15 µl vol-
ume containing the HRM master mix (Roche) using
the Resolight® set of fluorescent dyes, 3.0 mM
MgCl2, 0.5 µM of each primer and 15 ng of DNA.
Reaction mixtures were overlaid with mineral oil to
prevent evaporative losses ensuring melting profile
uniformity. The amplification protocol consisted of a
10 min pre-incubation at 95°C, followed by 40 cycles
using the following conditions: denaturing step at
95°C for 15 s (ramp rate, 4.4°C s−1), touchdown

annealing from 65 to 53°C for
15 s (ramp rate, 2.2°C s−1) and
extension at 72°C for 20 s (ramp
rate, 4.4°C s−1). The HRM geno-
typing method included in the
LightCycler 480 v. 1.5.0 soft-
ware was used to analyse the
PCR products based on the mel -
ting curves. Prior to obtaining
HRM curves, the PCR products
were incubated at 95°C for
1 min, followed by a hy brid i -
zation step of 40°C for 1 min.
Melting curves were then gen-
erated by ramping from 65 to
95°C at 0.02°C s−1, taking 25
acquisitions per each degree
centigrade. HRM cur ves were
plotted using the automated
grouping option in the LightCy-
cler 480 v. 1.5.0 software. This
protocol de tects 100% of het-
erozygous and 75% of homo -
zygous variants. Homo zygous
variants were de tected a sec-
ond time at 100% by adding
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Primer Sequence Annealing Multiplex
temp. (°C)

STPFL001_F 5’ CATCAAAGCATGAAACCC 3’ 54 to 49 Multiplex 1
STPFL001_R 5’ CTGGCCCAAGTGGAGCAT 3’ 54 to 49 
PFSCU4_F 5’ TGGGCCGACGTGAAATAGT 3’ 54 to 49 
PFSCU4_R 5’ TGCTACTGGCTTTGTGATTT 3’ 54 to 49 
STPFL004_F 5’ ATGAGGACGTGGATGTTCTTC 3’ 54 to 49 
STPFL004_R 5’ CCCCTATCTCTGCTTAATGTTCAC 3’ 54 to 49 

PFSCU8_F 5’ ACCGCAGTTCATTGTTTGTG 3’ 54 to 49 Multiplex 2
PFSCU8_R 5’ TTGGAGGGTTCCATTCTGTG 3’ 54 to 49 
PFSCU3_F 5’ CAGTGTAATGACCACACACCA 3’ 54 to 49 
PFSCU3_R 5’ CTGGACAAATAAGCATCCAAG 3’ 54 to 49 
STPFL025_F 5’ TTCAACAATGACCAAGGGGCATCA 3’ 54 to 49 
STPFL025_R 5’ TTTGCAATCTTGTAACACCTGAGA 3’ 54 to 49 

PFSCU1_F 5’ CTATCATGTCCCAGGGTGAA 3’ 54 to 49 Multiplex 3
PFSCU1_R 5’ AGATGGAGGAGGTGGAGGAG 3’ 54 to 49 
PFSCU7_F 5’ GGCTCTACCCAACACCCATA 3’ 54 to 49 
PFSCU7_R 5’ CCATCACCTTGCTCTACTCAAG 3’ 54 to 49 

Universal 1 5’ TCGGATAGCTAGTCGT 3’ 54 to 49 
Universal 2 5’ CTGGCCGTCGTTTTAC 3’ 54 to 49 
Universal 3 5’ TAGTCGACGACCGTTA 3’ 54 to 49 
Fish-F2 5’ TCGACTAATCATAAAGATATCGGCAC 3’ 65 to 53 
Fish-R2 5’ ACTTCAGGGTGACCGAAGAATCAGAA 3’ 65 to 53 
PfAMPD1_F 5’ ATGGACGACTTTGAGCTTCCTG 3’ 65 to 53 
PfAMPD1_R 5’ CACCCTTTCTCCTGACCTGG 3’ 65 to 53

Table 2. Primer sequences and annealing temperatures for all primers used in the study
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wild-type reference DNA in the tube as described
previously (Meistertzheim et al. 2012).

Identification of variants

The Gene Scanning module of the LightCycler
480 v. 1.5.0 software was designed to improve the
discrimination ability between variants. For this pur-
pose, melting curve data were manually adjusted,
and fluorescence-normalized conditions were estab-
lished (Meistertzheim et al. 2012). Clustering ob tained
by HRM was compared with the PCR fragment se -
quence. When all variants had been ob tained, a sam-
ple of every variant was sequenced to verify the
sequence associated with each variant. Thus, 21 vari-
ants identified for the COI gene as well as 25 variants
identified for the AMPD1 gene were sequenced.

DNA sequencing

DNA fragments amplified by real time PCR were
cleaned using a PCRµ96 Filter Plate (Millipore)
according to the manufacturer’s protocol, eluted in
20 µl of MilliQ water and sequenced. Sequencing
reactions were performed on purified PCR products
with the use of the sequencing reagent BigDye V3.1
(Applied Biosystems) and the forward primer previ-
ously used for the qPCR assay. The initial phase of
denaturation (2 min at 96°C) was followed by 40
cycles of 96°C for 30 s, 50°C for 30 s and 60°C for
4 min. The sequences were generated on an ABI
3730 automated sequencer (Applied Biosystems).

Microsatellite variability

First, 30 previously published Platichthys flesus
microsatellites were tested (Dixon 2003, Casas et al.
2005, Tysklind et al. 2009). PCRs were conducted on
a GeneAmp PCR system 9700 (Applied Biosystems)
and optimized for each locus on 8 randomly selected
samples using specific published primers (forward
primers were modified with the addition of a univer-
sal tail at the 5’ end) and fluorescent dye-labelled
universal primers (Schuelke 2000, Chang et al. 2004).
PCR products were analysed on 1.5% agarose gels
stained with ethidium bromide. Electrophoresis was
performed at 130 V for approximately 30 min in 0.5%
Tris-Borate–EDTA (TBE) buffer and then visualized
under UV light. Only loci with clearly defined bands
were retained for subsequent steps. For each se -

lected locus, microsatellite alleles were then visual-
ized using an ABI 3130 Genetic Analyzer (Applied
Biosystems) in order to estimate the allele size range
and detect potential stuttering. Finally, 8 polymor-
phic loci presenting low stutter bands were retained
for this study: PFSCU1, PFSCU3, PFSCU4, PFSCU7,
PFSCU8, STPFL001, STPFL004 and STPFL 025 (Dixon
2003, Casas et al. 2005; our Table 2).

To proceed with the routine PCRs and frag -
ment analyses, the 8 forward primers were labelled
(Table 2). PCR reactions were performed in a total
reaction volume of 10 µl, using 1 µl of 10× buffer,
0.40 µl of MgCl2 (25 mM), 0.37 µl of a pool of dNTP (2
mM, Uptima), 0.05 µl of labelled forward primer and
reverse primer, 0.05 µl of Taq polymerase (5000u
Uptima), 1 µl of template DNA (5 ng µl−1) and 6.18 µl
of MilliQ water. Touchdown PCR conditions con-
sisted of an initial denaturing step at 94°C (3 min) fol-
lowed by 5 cycles at 94°C (30 s), 54 to 49°C (30 s;
−1°C cycle−1) and 72°C (30 s), followed by 30 cycles
at 94°C (30 s), 53°C (30 s) and 72°C (30 s). A final
elongation step at 72°C (5 min) ended the PCR. PCRs
were performed as simplex, and PCR products were
diluted at 1/200. Three multiplex fragment analyses
were performed using 1 µl of each of 3 diluted PCR
products pooled together (Table 2) into 10 µl of for-
mamide (Applied Biosystems) and 0.2 µl of a 50 to
500 bp size standard (GeneScan™-500 LIZ™) in
order to score micro satellite alleles on the Genetic
Analyzer. Microsatellite alleles were scored using
Gene Mapper® Software v. 4.0 (Applied Biosystems).

Data analysis

COI

COI sequences of 639 bp were reconstructed using
both direction sequences and aligned with the align-
ment function of GENEIOUS Pro 5.3.4 (Biomat-
ters™). Haplotype (h) and nucleotide (π) diversity
 values were calculated for each location using ARLE-
QUIN v. 3.5.1.2 (Excoffier & Lischer 2010). The most
 relevant substitution model was tested with jModel-
Test v.0.1.1 (Posada 2008). Among the models pro-
posed by ARLEQUIN, the best model was either that
of Tamura & Nei (1993) according to Akaike’s in -
formation criterion corrected for small sample sizes
(AICc) or the Kimura 2-parameter model with the cri-
terion BIC. Both  models provided equivalent results,
so only Tamura-Nei genetic distances were used
in the presented analyses to estimate the nucleotide
diversity.
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The genetic structure of Platichthys flesus was in -
vestigated along the western European coast, from
England to Portugal. Relationships among haplo-
types were analysed in a parsimony network esti-
mated with TCS v. 1.12 (Clement et al. 2000) using
the statistical parsimony procedure (Templeton et al.
1992, Crandall et al. 1994). Fisher’s exact tests of pop-
ulation differentiation (FST) based on haplotype fre-
quencies (Raymond & Rousset 1995, Duran et al.
2004) were performed in ARLEQUIN to test the null
hypothesis of random haplotype distribution among
sampling locations. The significance of individual
tests was tested by comparison with simulated distri-
bution constructed from 10 000 random permutations
of the original data matrix. ARLEQUIN was also used
to calculate the pairwise genetic distances (FST) ac -
cording to the model of Tamura & Nei (1993). The
significance of the genetic distances was tested by
10000 random permutations of the original data
matrix. Corrections for multiple simultaneous tests
were performed by calculating the q-value (using the
R package QVALUE) of each test, which measures
the minimum false discovery rate (FDR) that is in -
curred when calling that test significant (Storey 2002).

We performed a multidimensional scaling (MDS)
analysis using the function Classical (metric) Multidi-
mensional scaling (CMD scale) in the R package
(Ihaka & Gentleman 1996) stats, also known as prin-
cipal coordinate analysis (Gower 1966) on linearised
pairwise FST (FST /1 − FST) (Slatkin 1995) to assess
whether any indications for group structure could be
observed. Analyses of molecular variance (AMOVA;
Excoffier et al. 1992) were also performed in ARLE-
QUIN on a linearised distance matrix to quantify the
level of genetic differentiation among and within
groups previously identified by MDS. We executed
16 000 permutations to guarantee having less than
1% difference with exact probability in 99% of cases
(Guo & Tompson 1992, Duran et al. 2004). In addi-
tion, to  verify isolation by distance we tested the cor-
relation between linearised pairwise distances and
geographic distances be tween locations (measured
as the shortest distance between 2 locations along
the coastline) with a Mantel test (Mantel 1967) imple-
mented in ARLEQUIN, and significance was tested
by 10 000 permutations.

Microsatellites

Allele frequencies and the observed and expected
heterozygosity values were calculated in GENETIX
v. 4.04 (Belkhir et al. 1996–2004). FST (index of

genetic differentiation) and single- and multilocus
FIS (indicating heterozygote deficiency/excess) were
estimated (Weir & Cockerham 1984) using
GENETIX v. 4.04. Deviation from the Hardy-Wein-
berg equilibrium (HWE; Fisher’s exact test) and
gametic disequi librium (Fisher’s exact test) among
loci were tested using GENEPOP v. 4 (Raymond &
Rousset 1995, Rousset 2008). Both tests were cor-
rected for multiple simultaneous tests by calculating
the q-value of each test (Moran 2003). The boot-
strap method was chosen as  recommended by
Storey (2002) for a  limited number of p-values. The
q-values were  calculated using the R package
QVALUE (www. r-project.org, Storey 2002). Null
allele frequencies were calculated based on Brook-
field (1996) using the program MICRO-CHECKER
(Van Oosterhout et al. 2004). Allele frequencies
were then used to calculate pairwise genetic dis-
tances DC (Cavalli-Sforza & Edwards 1967) using
GENETIX v. 4.04. The significance of the genetic
distances was tested by 10 000 permutations of indi-
viduals be tween populations. Correlation of genetic
over geographical distances (measured as the
shortest distance be tween 2 locations along the
coastline) for all pairs of populations was tested
with the Mantel permutation procedure available
in GENETIX v. 4.04. To assess whether any indica-
tions for group structure could be observed, we
performed an MDS analysis on the linearised pair-
wise genetic distances (Gower 1966).

AMP deaminase

Full sequences of the fragment of AMPD1 exon 1
were reconstructed using both direction sequences
and then aligned with GENEIOUS Pro 5.3.4. As for
microsatellites, allele frequencies and the observed
and expected heterozygosity values were calculated
in GENETIX v. 4.04; deviation from HWE (Fisher’s
exact test) and gametic disequilibrium (Fisher’s
exact test) among loci were tested using GENEPOP
v. 4. Both tests were corrected for multiple simulta-
neous tests by calculating the q value of each test,
which measures the minimum FDR as explained for
the COI data. Allele frequencies were then used to
calculate pairwise genetic distances DC (Cavalli-
Sforza & Edwards 1967) using GENETIX v. 4.04
(Belkhir et al. 1996–2004). The significance of the
genetic distances was tested by 10 000 permutations
of individuals between populations. Isolation by dis-
tance was tested with the Mantel test, as described
for the microsatellite data.

262



Calvès et al.: Genetic structure of southern European flounder

RESULTS

COI

Genetic diversity within populations

We obtained 639 bp sequences of COI correspon-
ding to 21 groups identified by HRM analysis stem-
ming from the 5 populations (Tamar, Canche, Seine,
Vilaine, Mondego). Among the 21 individuals, we
found a total of 4 haplotypes (COI-Pf01, COI-Pf02,
COI-Pf03, COI-Pf04), indicating a small degree of
polymorphism. The sequences have been deposited
in the GenBank database (accession numbers JN -
859191, JN859192, JN859193, JN859194). We found
a total of 3 polymorphic sites, but all mutations
resulted in synonymous substitutions (Fig. 2).The sta-
tistical parsimony procedure produced a ‘star-like’
network; the most frequent haplotype was located in
the central position of the network and was sur-
rounded by low-frequency haplotypes displaying a
divergence of 1 mutation. Two common haplotypes
were found in each location, and 1 private haplotype
was found in Vilaine (Fig. 3).

Numbers of analysed individuals (n), haplotypes
(Nh) and polymorphic sites (Np), and haplotype diver-
sity (h) and nucleotide diversity (π) values per loca-
tion are given in Table 3. The haplotype diversity
appeared moderate and did not display a latitudinal
pattern over the data set, ranging from 0.375 to 0.508,
whereas the nucleotide diversity was globally low,
but higher in the northern populations (Tamar and
Canche: π = 0.0008) compared to the other popula-
tions (π = 0.0006).

Genetic structure

The pairwise genetic comparisons (FST) revealed
limited differentiation (Table 4) involving several
pairs of populations (Tamar/Canche; Tamar/
Vilaine; Vilaine/Mondego); however, these
differentiations were non-significant. A pair
of populations (Tamar/ Seine) showed a sig-
nificant differentiation confirmed by the
exact tests based on p-values; this trend was
not confirmed after the correction for multi-
ple tests (Table 4).

The MDS analysis stressed the relative iso-
lation of the Tamar population from the other
populations (Fig. 4). The analysis of the dis-
tribution of the genetic variability between
the Tamar and the group of 4 other popula-
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Fig. 2. Platichthys flesus. Haplotype sequences of cyto-
chrome c oxidase subunit I (COI). Values correspond to the
numbering of the base pairs (bp) in the 689 bp sequences
(5’3’), and boxes indicate the position of the polymorphic sites

Tamar

Canche

Seine

Vilaine

Mondégo

COI-Pf04

COI-Pf01

COI-Pf02
COI-Pf03

Fig. 3. Platichthys flesus. Haplotype network of cytochrome
c oxidase subunit I (COI) constructed with the parsimony
method of Templeton et al. (1992) for 5 populations of Euro-

pean flounder

Population n Nh Np h π

Tamar 44 3 2 0.4683 (0.0766) 0.000802 (0.000767)
Canche 50 3 2 0.5086 (0.0474) 0.000843 (0.000789)
Seine 50 3 1 0.4286 (0.0532) 0.000673 (0.000686)
Vilaine 50 3 2 0.3754 (0.0756) 0.000605 (0.000645)
Mondego 50 3 2 0.4175 (0.0685) 0.000674 (0.000688)

Table 3. Platichthys flesus. Genetic diversity (cytochrome c oxidase
subunit I, COI) of the studied populations, showing sample size (n),
number of haplotypes (Nh), number of polymorphic sites (Np), haplo-
type diversity (h) and nucleotide diversity (π). Standard deviation 

is given in parentheses
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tions, performed with an AMOVA, explained 2.95%
of the total genetic variance in Pla tichthys flesus (FCT

= 0.029, p = 0.24), confirming the reduced genetic
structure over the data set.

The Mantel test revealed a lack of correlation
between geographic distances and pairwise Slatkin’s
linearised FST values (r = −0.48, p = 0.84).
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Fig. 4. Platichthys flesus. Multi-dimensional scaling (MDS)
on pairwise FST (cytochrome c oxidase subunit I, COI) for 

the 5 populations studied

Population Parameters Locus Multilocus
STPFL001 PFSCU4 PFSCU3 STPFL025 PFSCU7 PFSCU1 PFSCU8 STPFL004

Tamar NA 20 5 3 4 7 14 6 26 9.1
Ho 0.767 0.512 0.256 0.488 0.628 0.791 0.744 0.744 0.628
He 0.86 0.524 0.268 0.505 0.746 0.772 0.667 0.732 0.616
FIS +0.108 +0.023 +0.045 +0.034 +0.160* −0.024 −0.117 −0.017 0.029

Canche NA 17 4 3 7 7 13 7 27 8.875
Ho 0.708 0.583 0.479 0.708 0.708 0.75 0.792 0.646 0.641
He 0.823 0.52 0.381 0.602 0.668 0.768 0.708 0.712 0.671
FIS +0.141* −0.123 −0.260*** −0.179* −0.061 +0.024 −0.120 +0.094 −0.037

Seine NA 16 3 4 5 7 12 4 20 7.9
Ho 0.814 0.488 0.372 0.558 0.674 0.697 0.767 0.744 0.625
He 0.872 0.475 0.368 0.571 0.62 0.699 0.652 0.806 0.639
FIS +0.067 −0.029* −0.026 +0.023 −0.088 0.002 −0.180 +0.078 −0.010

Vilaine NA 14 2 5 4 9 12 6 27 8.4
Ho 0.795 0.682 0.364 0.568 0.613 0.75 0.545 0.841 0.638
He 0.813 0.505 0.355 0.515 0.714 0.754 0.672 0.836 0.644
FIS +0.022 −0.356 −0.010 −0.104 +0.142* +0.005 +0.190 –0.006 0.001

Mondego NA 10 4 5 5 7 12 5 22 7.5
Ho 0.681 0.489 0.447 0.596 0.723 0.745 0.681 0.851 0.645
He 0.802 0.536 0.399 0.546 0.681 0.788 0.653 0.814 0.651
FIS +0.152* +0.088 −0.120 −0.091 −0.064 +0.055 −0.044 −0.046 0.001

Total NA 35 10 7 9 12 22 9 22 8.35
Mean Ho 0.753 0.551 0.384 0.584 0.669 0.747 0.706 0.765 0.635
Mean He 0.834 0.512 0.354 0.548 0.686 0.756 0.670 0.780 0.644

Table 5. Platichthys flesus. Genetic diversity (microsatellites) of the studied populations. Number of alleles (NA), observed (Ho),  and
unbiased (He) heterozygosities and FIS for each location and each locus. FIS was estimated according to Weir & Cockerham (1984)
and was tested using the Markov chain method with 5000 iterations (*p < 0.05; ***p < 0.001). Bold indicates FIS values that 

remained significant after q-value correction

Tamar Canche Seine Vilaine Mondego

Tamar – 0.035 0.035* 0.008 0.005
Canche 0.143 – −0.013 0.019 −0.004
Seine 0.030 0.386 – 0.000 −0.014
Vilaine 0.091 0.129 0.344 – −0.016
Mondego 0.225 0.559 0.567 0.801 –

Table 4. Platichthys flesus. Genetic differentiation (cyto -
chrome c oxidase subunit I, COI) of the studied pop ulations.
Pairwise FST (above diagonal) and p-values of the pairwise
exact tests of population differentiation (below  diagonal), *p
< 0.05. p-values did not remain significant 

after q-value correction
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Microsatellites

Genetic diversity within populations

The microsatellite variability of Platichthys flesus
appeared to be heterogeneous, with the total number
of alleles per locus ranging from 7 (PFSCU3) to 35
(STPFL001) and the mean observed heterozygosity
per locus varying between 0.384 (PFSCU3) and 0.765
(STPFL004) (Table 5). For each locus, the genetic
diversity observed within samples was of the same
magnitude over the whole data set.

Of the 8 microsatellites screened, 5 (STPFL001,
PFSCU3, PFSCU4, STPFL025 and PFSCU7) exhib-
ited substantial departures from HWE for 1 or 2 loca-
tions (Table 5). The mean allelic richness appeared
higher in the northern estuaries Tamar and Canche
(8.87 < r < 9.12) relative to the other populations 
(7.5 < r < 8.3). The mean observed heterozygosity
(Ho) was similar in the 5 estuaries (0.62 < Ho < 0.67).
The multilocus statistics (Table 5) detected no sig -
nificant deviation from HWE, regardless of the con-
sidered estuary (multilocus FIS = 0). The software
MICRO-CHECKER did not detect a significant de -
parture from HWE linked to null alleles.

Genetic structure

The estimation of FST showed a significant multi-
locus differentiation over the entire data set (θ =
0.010, p < 0.05), confirmed by the multi-locus exact
test of genetic differentiation (p = 0.010; Table 6). The
loci STPFL001, PFSCU3, PFSCU4, PFSCU7, PFSCU1
and STPFL004 displayed a significant global genetic
differentiation between the populations, confirmed
after the correction for multiple tests (Table 6).

Pairwise estimations of FST showed a significant
differentiation mainly between Mondego and the
other estuaries, and between Vilaine and Canche
(Table 7). Over the 10 pairs of populations consid-
ered, 8 pairs displayed a significant genetic differen-
tiation, confirmed after the correction for multiple
tests.

The MDS analysis confirmed the isolation of Mon-
dego from a group of northern estuaries and stressed
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STPFL001 PFSCU4 PFSCU3 STPFL025 PFSCU7 PFSCU1 PFSCU8 STPFL004 All loci

θ 0.030*** 0.008 0.005 −0.002 0.012*** 0.007* 0.027 0.008* 0.010*
Exact test 0.000  0.014 0.011 0.077 0.002  0.000 0.131 0.000 0.010

Table 6. Platichthys flesus. Genetic differentiation (microsatellites) of the studied populations. Single- and multi-locus
global assessment of genetic differentiation between samples using: (1) FST estimated with Weir & Cockerham‘s θ and tested
using 10 000 permutations (*p < 0.05; ***p < 0.001) and (2) exacts tests of genetic differentiation tested with the Markov 

chain method using 5000 iterations (bold indicates significant q-values)

Tamar Canche Seine Vilaine Mondego

Tamar – −0.002 0.001 0.002 0.021***
Canche 0.931 – 0.001 0.005** 0.027***
Seine 0.009 0.000 – 0.004 0.022***
Vilaine 0.129 0.000 0.000 – 0.013***
Modego 0.000 0.000 0.000 0.000 –

Table 7. Platichthys flesus. Genetic differentiation (micro -
satellites) of the studied populations. Estimation of FST (θ;
above diagonal) and exact tests of genetic differentiation
(below diagonal) for each pair of locations. Pairwise θ values
were calculated according to Weir & Cockerham (1984) and
were tested using 10 000 permutations (**p < 0.01; ***p <
0.001). Pairwise  exact tests were tested using the Markov
chain method with 5000 iterations (bold indicates significant 

q-values)
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the particular genetic status of the Seine within this
group (Fig. 5). Finally, the Mantel test highlighted a
significant correlation between geographical dis-
tances and linearised θ (Z = 688.695; p = 0.04), sug-
gesting an isolation by distance of flounder popula-
tions throughout the coastal European waters.

AMPD1

Allele sequencing

First, 25 HRM variants were detected among the
whole data set. After sequencing of the previous 25
HRM variants, we obtained 5 real genetic variants
(AMPD1-Pf01; AMPD1-Pf02; AMPD1-Pf03; AMPD1-
Pf04; AMPD1-Pf05, Appendix 1). We detected 2
polymorphic sites in positions 33 and 96 in the 160 bp
sequences (5’3’). Mutations were all identified as
synonymous, except for allele 1 detected in locus
96, which displayed a polymorphism resulting in a
modification of the corresponding amino acid (Fig. 6).

Genetic diversity within populations

Regardless of the locus considered, 2 alleles were
detected per locus and per location (Table 8). Ho was
quite variable between the different populations
(0.31 < Ho < 0.60 for locus 96 where Seine > Tamar >
Mondego > Vilaine > Canche; 0.12 < Ho < 0.25 for
locus 33 where Vilaine > Canche > Seine > Mondego
> Tamar). The 2 loci showed substantial departures
from HWE (Table 8). An exact test for gametic dis-
equilibrium was performed and showed a link be -
tween the 2 loci (p = 0.03), located on the same exon
and separated by 63 bp.

Genetic structure

Weir & Cockerham’s θ showed a significant global
multi-locus genetic differentiation over the entire
data set (θ = 0.021, p < 0.05), confirmed by the exact
test of genetic differentiation (p = 0.018; Table 9).
Considered individually, locus 96 showed a signifi-
cant global θ value of 0.033 confirmed by the exact
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Fig. 6. Platichthys flesus. Allelic sequences of AMP-deaminase
isoform 1 (AMPD1). Values correspond to the numbering of
the base pairs (bp) in the 160 bp sequences (5’3’), and boxes 

indicate the position of the polymorphic sites

Population Parameters AMPD1
Locus 33 Locus 96

Tamar NA 2 2
Ho 0.119 0.523
He 0.113 0.413
FIS −0.051*** −0.272***

Canche NA 2 2
Ho 0.163 0.306
He 0.151 0.290
FIS −0.079*** −0.057

Seine NA 2 2
Ho 0.155 0.600
He 0.145 0.480
FIS −0.073*** −0.252***

Vilaine NA 2 2
Ho 0.250 0.364
He 0.221 0.301
FIS −0.132*** −0.211***

Mondego NA 2 2
Ho 0.120 0.420
He 0.113 0.358
FIS −0.054*** −0.176***

Total NA 2 2
Mean Ho 0.16158 0.4427
Mean He 0.14902 0.36842

Table 8. Platichthys flesus. Genetic diversity (AMPD1) of the
studied populations. Number of alleles (NA), observed (Ho)
and unbiased (He) heterozygosities and FIS for each loca-
tion and each locus. FIS was estimated according to Weir &
Cockerham (1984) and was tested using the Markov chain
method with 5000 iterations (***p < 0.001). Bold  indicates FIS

values that remained significant after q-value correction. 
AMPD1: AMP-deaminase isoform 1

Locus 33 Locus 96 All loci

θ −0.006 0.033* 0.021*
Exact test 0.539 0.004 0.018

Table 9. Platichthys flesus. Genetic differentiation  (AMP-
deaminase isoform 1, AMPD1) of the studied populations.
Single- and multi-locus global assessment of genetic differ-
entiation between samples using: (1) FST estimated with
Weir & Cockerham‘s θ and tested using 10 000 permutations
(*p < 0.05) and (2) exact tests of genetic differentiation
tested with the Markov chain method using 5000 iterations 

(bold indicates significant q-values)
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test (p = 0.004) which remained significant after q-
value correction. On the other hand, no significant
differentiation over the whole data set was detected
for locus 33 (Table 9).

The following analyses of genetic differentiation
were carried out considering only locus 96, because
this explained the whole differentiation between
pop ulations. Pairwise Weir & Cockerham’s θ under-
lined some significant genetic structure (Table 10),
with the Seine estuary being significantly differenti-
ated from the Canche, Vilaine and Mondego estuar-
ies. The previous pattern was confirmed by the exact
pairwise test of genic differentiation and remained
significant after q-value correction (Table 10). The
MDS analysis confirmed the particular genetic status

of the Seine compared to a group of estuaries com-
posed of the Vilaine, Canche and Mondego; the
Tamar estuary was located between the Seine and
the previous group (Fig. 7). The Mantel test did not
show any correlation with geographical distances
(Z = 30806.543, p > 0.05).

DISCUSSION

Phylogeography of Platichthys flesus

The mtDNA loci are generally considered appro-
priate markers for inferring historical processes, thus
allowing researchers to explore the phylogeography
of numerous marine species widely distributed along
European coasts (Gysels et al. 2004, Roman & Pa -
lumbi 2004, Larmuseau et al. 2010). In this study on
Platichthys flesus, the analysis of mtDNA se quences
identified from England to Portugal revealed (1)
moderate haplotype diversity and reduced nucleo-
tide diversity over the whole data set, and (2) ‘star-
like’ haplotype networks. This shallow population
genetic architecture has classically been observed
for numerous fish species with respect to mtDNA
markers, and is probably linked to catastrophic re -
ductions in population size or local extinctions during
the Pleistocene glaciation, followed by a post-glacial
range expansion (Grant & Waples 2000).

Furthermore, in this study, (1) the nucleotide diver-
sity of the flounder was moderately higher for the
northern populations (Tamar, Canche) compared to
the southern group (Seine, Vilaine, Mondego), and
(2) genetic differentiation between populations was
very reduced, confirming previous results obtained
on flounder mtDNA in the same area (Borsa et al.
1997); however, we observed a relative isolation of
the Tamar estuary compared to the other sites.

The second type of genetic marker used in this
work (microsatellites) can also be useful for phylo -
geographic studies and particularly for inferences on
history of populations and possible founder events.
Thus in this work, we confirmed higher genetic
diversity for the Tamar and Canche compared to
other populations, regarding the allelic richness of
microsatellites. A convergent result was obtained by
Hemmer-Hansen et al. (2007a), who detected higher
flounder microsatellite diversity in the North Sea
and declining diversity in the extreme parts of the
sampling area.

In the phylogeography of European marine fishes,
it is commonly accepted that the British and Irish ice
sheet extended to around 52° N at the time of the last
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Fig. 7. Platichthys flesus. Multi-dimensional scaling (MDS) 
on pairwise FST (AMP-deaminase isoform 1, AMPD1)

Tamar Canche Seine Vilaine Mondego

Tamar – 0.026* 0.015 0.021 −0.000
Canche 0.079 – 0.101*** −0.009 −0.001
Seine 0.198 0.001 – 0.091*** 0.050***
Vilaine 0.147 1.000 0.002 – 0.002
Mondego 0.398 0.380 0.019 0.474 –

Table 10. Platichthys flesus. Genetic differentiation (AMP-
deaminase isoform 1, AMPD1) of the studied populations.
Estimation of FST (θ; above diagonal) and exact tests of ge-
netic differentiation (below diagonal) for each pair of loca-
tions. Pairwise θ values were calculated according to Weir &
Cockerham (1984) and were tested using 10 000 permuta-
tions (*p < 0.05; **p < 0.01; ***p < 0.001). Pairwise exact tests
were tested  using the Markov chain method with 5000 itera-

tions (bold indicates significant q-values)
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glacial maximum (LGM: 22 000 yr BP), and that pos-
sible refugia were located in the southern North Sea
and alongside unglaciated regions of the southern
British Isles (Finnegan 2009). We suggest that the
southern British Isles were major refugia for flounder
during the LGM and thus could explain the higher
genetic variability detected in the Tamar and Canche
in terms of mtDNA and microsatellites. During the
deglaciation period, the colonization of new habitats
towards the north and south could be associated with
founder events, and thus could have led to re duced
genetic variability.

Genetic structure of Platichthys flesus populations

The microsatellites used in this study are generally
considered as neutral markers subjected to high
mutation rates, and thus are more appropriate than
mtDNA for investigating recent events which con-
tributed particularly to the genetic divergence of
populations during the post-glacial period (Grant &
Waples 2000).

In the present study, a low number of significant
deficits of heterozygotes was observed for particular
micro satellite loci. The problem of a heterozygote
deficit for microsatellite loci is well documented in
marine fish (O’Connell & Wright 1997, Karlsson &
Mork 2005). Although factors such as inbreeding, the
Wahlund effect, homoplasy or selection can explain
deficits, they are frequently linked to an artifact of
the PCR amplification process, i.e. to the presence of
null alleles. The software MICRO-CHECKER was
tested on the flounder data set and did not detect a
significant departure from HWE linked to null alle-
les. Furthermore, in this study, the flounder popula-
tions were considered to be at HWE, thus reflecting
the equilibrium between migration versus drift, clas-
sically observed for neutral markers.

The genetic variability (multilocus allelic richness
and heterozygosity) was identical in the southern
flounder populations of the data set (Seine, Vilaine,
Mondego). Thus, genetic variability of the population
was apparently maintained at the southern limit of
the distribution area for the flounder (the Mondego
estuary in Portugal). The flounder was clearly af -
fected by global warming over the European coasts,
thus for the period 1978 to 1997, clear changes were
detected in the density of Platichthys flesus, which
decreased in the Tagus estuary and, in contrast,
increased in the northern Elbe estuary (Thiel et al.
2003); furthermore, the abundance of flounder has
decreased to extremely rare since the early 1990s in

the Tagus, and its distribution in Portugal is now lim-
ited to the north and central coasts (Cabral et al.
2001, 2007). The Mondego estuary is located 150 km
north of the Tagus and, at the moment, probably har-
bours one of the most southern functional flounder
populations in Europe.

In a review on the clinal patterns of genetic varia-
tion across species ranges, Hardie & Hutchings
(2010) showed that most studies are consistent with
the general perception that peripheral populations
are less genetically variable than those inhabiting
central areas; this decrease is particularly associated
with stochastic processes (founder effects, genetic
drift, isolation and/or low gene flow) which occur in
marine and freshwater environments.

We suggest that the current maintenance of the
genetic diversity of flounder in the Mondego could
be linked to the absence of frequent demographic
bottlenecks in this population and thus to a limited
possibility of genetic drift or inbreeding leading to a
loss of genetic variability. Furthermore, the recent
rarefaction of the flounder along the coast of Portu-
gal, and the fact that the Mondego population could
be related by gene flow to northern populations less
exposed to thermal stress (Morais et al. 2011), could
delay the potential impact of global warming on the
demography and the genetic variability of this peri -
pheral population.

Over the sampled area, from England to Portugal,
we detected moderate but significant genetic differ-
entiation between the populations, based on micro -
satellite variability (FST = 0.01 with p < 0.001). This
level of genetic differentiation is comparable to that
detected by Hemmer-Hansen et al. (2007a) for
flounder from Norway to the Bay of Biscay; these
authors occasionally observed higher levels of dif-
ferentiation (0.03 < FST < 0.09), but only for compar-
isons involving the highly isolated populations of
the data set (Faroe Islands, Lake Pulmanki) or popu-
lations reflecting particular adaptations to brackish
environments (i.e. the benthic spawners in the inner
Baltic Sea). Based on the pairwise exact test of
genetic differentiation in our study, we confirmed
that most of the differences were statistically signifi-
cant, as previously shown by Hemmer-Hansen et al.
(2007a) over northern populations. The genetic
structure detected for the flounder is thus moderate
but significant and robust over the whole distribu-
tion area. This differentiation between populations
is probably related to the specificity of the flounder
biological cycle, including (1) spawning at sea in
moderate water depths (20 to 50 m), sometimes at
the mouth of the estuaries, (2) a trend towards hom-
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ing back to the natal spawning site, and (3) a 2 yr
juvenile stage within the estuaries (Dando 2011)
where diversifying selection can operate in various
environmental contexts. On the other hand, the
genetic structure of a species phylogenetically close
to the flounder, the plaice Pleuronectes platessa, ap -
peared very reduced over the same area (from
 Norway to the Bay of Biscay), with no differentiation
detected between the Irish Sea, the Baltic Sea and
the majority of the North Sea samples (Was et al.
2010); this result is mainly related to the less pro-
nounced links of the plaice to estuarine systems and
possibly to a lack of natal homing.

This study on flounder genetics was conducted
in the south of the distribution area and underlines
the particular genetic status of the southern popula -
tion: the Mondego (pairwise differentiation involving
Mondego: 0.014 < FST < 0.027). Geographical dis-
tance is probably not a major structuring factor for
the flounder populations, as the Mantel test was sig-
nificant over the whole data set, but became non-sig-
nificant among the subset of samples excluding the
Mondego. Our results agree with those of Hemmer-
Hansen et al. (2007a) for the flounder where the geo -
graphical distance was significantly associated with
genetic distances but was lost when corrected for
 latitudinal differences between samples.

We suggest that the flounder’s strict links with
estuaries or freshwaters at the juvenile stage, its
 limited average annual migration distance (<32 km,
Summers 1979) and its reduced ability to migrate
over deep seas (Aro 1989) could be the major factors
structuring populations over the distribution area.
Between England and Portugal, a major break in
flounder habitat could be suggested in the southern
Bay of Biscay linked to (1) the Capbreton canyon
(Gonthier et al. 2006) and (2) the limited capacity of
the Basque Country estuaries as nursery areas. Fur-
thermore, a significant increase in the sea surface
temperature in the southern Bay of Biscay for the
period 1972 to 1993 (Désaunay et al. 2006), leading to
a severe reduction in the abundance of flounder in
this zone (Hermant et al. 2010), could contribute to
the reduction in gene flow between the Bay of Biscay
and Portugal.

Possible selective pressure on flounder populations

In this study, we considered the characterization of
a partial genomic sequence of the white muscle
AMPD in Platichthys flesus, revealing a high degree
of conservation of both sequence and structural

organization in comparison to the sequence of Rattus
norvegicus (Thébault et al. 2010). We explored the
polymorphism of exon 1 (160 bp) of the AMPD1
which codes for an important energy-related enzyme,
involved in the stabilization of the adenylate energy
charge. We detected 2 single nucleotide polymor-
phisms on the AMPD1 exon in positions 33 and 96,
with each locus displaying 2 alleles shared by the
 different populations.

Contrasting levels of heterozygosity were detected
for locus 96 in the whole data set; heterozygosity var-
ied from 0.60 to 0.31, with the following classifica-
tion: Seine > Tamar > Mondego > Vilaine > Canche.
We observed that the first 4 estuaries displayed an
excess of heterozygotes, whereas the Canche was at
HWE. The previous ranking of the estuaries could be
linked to a decreasing gradient of contamination.
The Seine experiences diffuse contamination similar
to that reported in heavily polluted estuaries of North
America (Munschy et al. 1997), and the Tamar dis-
plays high metal contamination linked to ancient
mining activities (Pulsford et al. 1992). The Mondego
and the Vilaine estuaries show moderate levels of
organic chemicals (polychlorinated biphenyls and
polycyclic aromatic hydrocarbons), and seasonal high
level of pesticides as a result of intensive agriculture
(Evrard et al. 2010, França et al. 2011). The Canche
estuary is considered to be a pristine system, charac-
terized by low levels of organic and metal pollutants
(Amara et al. 2007). We suggest that this increasing
heterozygosity for locus 96 in the flounder popula-
tions, following the contamination gradient, could be
the result of selective pressure induced by the con-
taminants on this locus or on a linked locus. Contrast-
ing levels of heterozygosity were also de tected in
flounder populations for locus 33 (0.12 < Ho < 0.25),
although we are unable to formulate a hypothesis on
the observed population ranking: Vilaine > Canche >
Seine > Mondego > Tamar.

A significant multilocus level of genetic differenti-
ation was detected in the whole data set. A signifi-
cant linkage disequilibrium was observed between
the 2 loci, and thus we analysed the genetic structure
linked to locus 96 which mainly contributed to the ge -
netic structure; the differentiation linked to locus 33
was not significant. Significant and relatively high
values of genetic differentiation were observed based
on the pairwise estimations involving the Seine estu-
ary (0.015 < FST < 0.101). The MDS diagram showed
growing genetic distances between the following
pairs of populations, Seine/Tamar, Seine/Mondego
and Seine/Vilaine-Canche, confirming the popula-
tion ranks based on the heterozygosity of locus 96.
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Finally, over the whole data set, we observed dis-
cordant patterns of variation considering the candi-
date gene, the AMPD1 locus 96 and the neutral
markers (microsatellites). These results could indi-
cate that selective forces have shaped the genetic
population structure given by the polymorphism of
the AMPD1, the genetic structure explained by the
microsatellites being suggestive of stochastic forces
(founder effects, migration and genetic drift). In fact,
we suggest that the genetic differentiation of AMPD1
locus 96 potentially reflects the existence of cocktails
of pollutants acting as selective agents in chronically
contaminated populations in estuaries; we propose the
hypothesis of a possible ‘resistant character’ associ-
ated with the heterozygosity of this locus in contami-
nated systems. The polymorphism observed at locus
96 showed different mutations, with 1 mutation lead-
ing to an amino acid change; we suggest that the
selective pressure could act directly on this locus or
indirectly through the hitch-hiking phenomenon.

This study confirms previous works showing that
selective pressure of contrasting environments (vari-
able levels of contaminants, reduced salinities, more
or less chronic hypoxia, highly variable temperature)
could potentially induce adaptive responses of the
flounder populations (Marchand et al. 2004, 2010,
Hemmer-Hansen et al. 2007b). However, the hypoth-
esis of selective pressure induced by the contami-
nants and acting on locus AMPD1 should be con-
firmed in the near future, considering genotype−
phenotype couplings in the field; such explorations
were conducted in the past on flounder populations
where differential tolerances to chemical stress were
detected among genotypes (Marchand et al. 2004).

Perspectives

This study incorporating a phylogeographical frame -
work and a population genetics approach based on
neutral markers and a candidate gene confirms that
the European flounder is probably an excellent can-
didate species to explore the adaptive responses of
fish populations facing climate change and anthro-
pogenic stressors in southern Europe.

Genetic monitoring of southern fish populations
directly subjected to global warming must be con-
ducted on a finer regional scale (Schwartz et al. 2007)
and should explore how connectivity between popu-
lations could be altered by changes in ocean temper-
ature (Kelly & Eernisse 2007, O’Connor et al. 2007).

If the neutral genetic diversity appears not to be
reduced at the moment in the southern flounder pop-

ulations, surveys must be developed to monitor pop-
ulation abundance and contemporary effective popu-
lation size for early detection of population declines
in this area (Waples & Do 2010, Antao et al. 2011).

The analysis of the variability of several traits (e.g.
gene expression, physiological responses and life
history traits) across environmental clines should
yield important information; in particular, common
garden experiments can help to distinguish genetic
responses (potentially adaptive) from environmental
effects and phenotype plasticity (Larsen et al. 2007,
Hardie & Hutchings 2010). Thus, we are currently
conducting a common garden experiment on floun-
der to explore the possibility that peripheral popula-
tions compared to core populations may be differen-
tially adapted for survival in harsh environments.
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>AMPD-PF01
1 GACTTTGAGCTTCCTGTAAAGGGTCTGTACCGCGCCCTGACCATCAGGGAGAAGTACATGAGGCTGG

68 CCTATCAGCGCTTCCCACGCACGGCCTCSCAGTACATGCGTGAAATGGAAGGGGAGAGCTTCAAACC
135 TGAGGACCAGGTGCAGCCAGGTCAGG
>AMPD-PF02

1 GACTTTGAGCTTCCTGTAAAGGGTCTGTACCGCGCCCTGACCATCAGGGAGAAGTACATGAGGCTGG
68 CCTATCAGCGCTTCCCACGCACGGCCTCCCAGTACATGCGTGAAATGGAAGGGGAGAGCTTCAAACC

135 TGAGGACCAGGTGCAGCCAGGTCAGG
>AMPD-PF03

1 GACTTTGAGCTTCCTGTAAAGGGTCTGTACCGYGCCCTGACCATCAGGGAGAAGTACATGAGGCTGG
68 CCTATCAGCGCTTCCCACGCACGGCCTCCCAGTACATGCGTGAAATGGAAGGGGAGAGCTTCAAACC

135 TGAGGACCAGGTGCAGCCAGGTCAGG
>AMPD-PF04

1 GACTTTGAGCTTCCTGTAAAGGGTCTGTACCGYGCCCTGACCATCAGGGAGAAGTACATGAGGCTGG
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135 TGAGGACCAGGTGCAGCCAGGTCAGG

Appendix 1. Platichthys flesus. Sequences of different alleles of AMP-deaminase isoform 1 (AMPD1, 160 bp)
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