I ( ES International Council for
the Exploration of the Sea
( I E M Conseil International pour
I'Exploration de la Mer

ICES Journal of Marine Science (2018), 75(2), 675-689. d0i:10.1093/icesjms/fsx160

Original Article

Seascape genetics of a flatfish reveals local selection under high
levels of gene flow

Eveline Diopere"’, Sara G. Vandamme'?, Pascal I. Habliitzel', Alessia Cariani’,
Jeroen Van Houdt®, Adriaan Rijnsdorp™®, Fausto Tinti?,
FishPopTrace Consortium, Filip A. M. Volckaert"”* and Gregory E. Maes"*®

"Laboratory of Biodiversity and Evolutionary Genomics, University of Leuven, B-3000 Leuven, Belgium

2Institute for Agricultural and Fisheries Research (ILVO), B-8400 Oostende, Belgium

3Department of Biological, Geological and Environmental Sciences, University of Bologna, 1-40126 Bologna, Italy

“Center for Human Genetics, Genomics Core, O&N 1, University of Leuven/UZ Leuven, B-3000 Leuven, Belgium

>Wageningen Marine Research, NL-1970 AB lJmuiden, The Netherlands

SAquaculture and Fisheries Group, Wageningen University, NL-6700 AH Wageningen, The Netherlands

’Department of Marine Sciences, University of Gothenburg, CeMEB, SE-405 30 Géteborg, Sweden

8Centre for Sustainable Tropical Fisheries and Aquaculture, Comparative Genomics Centre, College of Marine and Environmental Sciences, James
Cook University, Townsville 4811 QLD, Australia

*Corresponding author: tel: +32 16 32 39 72; fax: +32 16 32 45 75; e-mail: filip.volckaert@kuleuven.be

Present address: Flemish Government, Division of Area Development, Department of the Environment, Environmental Planning and Projects,
Koning Albert I-laan 1-2 box 72, B-8200 Bruges, Belgium.

*Present address: North Western Waters Advisory Council, c/o Bord lascaigh Mhara, Crofton Road, Dun Laoghaire Co., Dublin, Ireland.

Diopere, E, Vandamme, S. G, Habliitzel, P. I, Cariani, A, Van Houdyt, J, Rijnsdorp, A, Tinti, F.,, FishPopTrace Consortium, Volckaert, F. A. M,,
and Maes, G. E. 2017. Seascape genetics of a flatfish reveals local selection under high levels of gene flow. — ICES Journal of Marine Science, 75:
675-689.

Received 28 December 2016; revised 1 July 2017; accepted 10 July 2017; advance access publication 25 August 2017.

Local adaptation is often found to be in a delicate balance with gene flow in marine species with high dispersal potential. Genotyping with
mapped transcriptome-derived markers and advanced seascape statistical analyses are proven tools to uncover the genomic basis of biologi-
cally relevant traits under environmental selection. Using a panel of 426 gene-linked single nucleotide polymorphisms (SNPs), we scanned 17
samples (n =539) of sole (Solea solea L.) from the Northeast Atlantic Ocean and applied a node-based seascape analysis. Neutral loci con-
firmed a clear distinction between the North Sea—Baltic Sea transition zone and the other Eastern Atlantic samples. At a more subtle level,
the latter unit split in an English Channel and North Sea group, and a Bay of Biscay and Atlantic Iberian coast group. A fourth group, the Irish
and Celtic Sea, was identified with 19 outlier loci. A pattern of isolation by distance (IBD) characterized the latitudinal distribution. Seascape
analyses identified winter seawater temperature, food availability and coastal currents to explain a significant component of geographically
distributed genetic variation, suggesting that these factors act as drivers of local adaptation. The evidence for local adaptation is in line with
the current understanding on the impact of two key ecological factors, the life-history trait winter mortality and the behaviour of inshore/off-
shore spawning. We conclude that the subtle differentiation between two metapopulations (North Sea and Bay of Biscay) mirrors local adap-
tation. At least three genomic regions with strong population differentiation point to locally divergent selection. Further functional
characterization of these genomic regions should help with formulating adaptive management policies.
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Introduction

Understanding the mechanisms behind oceanic environmental
variation and the emergence and maintenance of locally adapted
populations is of great relevance for guiding adaptive manage-
ment practices in exploited species. The strength of local adap-
tation is dependent on the interaction between connectivity,
population size, and environmentally and human induced pres-
sures. The initial paradigm that marine populations lacked the
potential for local adaptation due to large gene flow, became
gradually substituted by the observation of many potential
causes for genetic discontinuities (Palumbi, 2003; Selkoe et al.,
2016). In addition, the large effective population size of many
marine populations allows for a rich source of standing genetic
variation for selection to act upon. Local adaptation is only
likely to evolve faster than neutral differentiation when diver-
gent selection is stronger than both the random effects of drift
and the homogenizing effects of gene flow (Hauser and
Carvalho, 2008). Hence, the presence of local marine popula-
tions has been increasingly attributed to locally adapted groups
of individuals (Bernatchez, 2016).

Genomic architecture and linkage disequilibrium play an im-
portant role in balancing selection and adaptation with genetic
exchange (Stern and Orgogozo, 2008). Islands of selection across
the genome may be observed when gene flow is high (Guo et al,
2016). After all, loci subject to strong selection will tend to di-
verge independently from other genes, and highly divergent geno-
mic regions are expected under reduced gene flow due to genome
hitchhiking (Nosil and Feder, 2013). In the case of marine organ-
isms we have learned that (i) marine taxa may be highly struc-
tured despite the well-connected environment (Lamichhaney
et al., 2012); (ii) standing genetic variation plays an important
role in adaptation (Bernatchez, 2016); (iii) ecotypes may evolve at
discrete genomic regions (Pujolar et al., 2014); (iv) but more
commonly the genetic response might be distributed over a large
number of loci (Bernatchez, 2016); and (v) local environmental
factors play an important role in gene-environment responses
(Berg et al., 2015).

Clues on the adaptive role of particular genomic regions or
outlier loci in non-model organisms can be derived by combining
information on (i) the putative contribution of environmental
variation to genetic variation (Fraser, 2013); (ii) genomic archi-
tecture (e.g. genomic islands) (Le Moan et al., 2016); (iii) gene
function (Feder and Mitchell-Olds, 2003); and (iv) experimental
evolution. More specifically regions under influence of divergent
selection are likely to show increased differentiation relative to re-
gions under neutral evolution (Limborg et al, 2012). Seascape ge-
nomics is an approach to analyse genome-wide variation in
relation to habitat features such as temperature, currents and
community parameters (Vandamme et al, 2014; Selkoe et al,
2016). Hence, it reveals the genomic basis of biologically relevant
traits and their association with the environment. This enables
the analysis of the proportional contribution of neutral differenti-
ation and directional selection to the micro-evolution of ex-
ploited marine populations at much higher spatio-temporal
resolution (Berg et al., 2015).

Flatfishes are a group of benthic fishes with variable depen-
dency on coastal regions to complete their life-cycle, hence ex-
hibiting various levels of connectivity and environmental
selection (Hemmer-Hansen et al., 2007; Vandamme et al., 2014).
Their life-cycle is partitioned into a spawning, nursery and
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juvenile stage, which allows for various levels of spatial differenti-
ation and adaptation. Hence, we expect flatfish populations to
micro-evolve under dispersal limitation through models of isola-
tion by distance (IBD) and local adaptation (Cuveliers et al.,
2012; Orsini et al., 2013).

The flatfish sole (Solea solea L.; Soleidae; Pleuronectiformes)
plays a crucial role in the benthic food web of shelf regions of
the Northeast Atlantic Ocean; the highest sole biomass is
reached in the North Sea and English Channel. Selective pres-
sure is high due to historically high fishing mortality
(Lescrauwaet et al., 2013). Although most sole stocks have re-
sponded positively to adaptive management strategies over the
past few years, several either remain overexploited or are recov-
ering (ICES, 2016).

Molecular studies aiming at identifying stock structure in sole
along the north eastern Atlantic coasts were implemented under
the implicit assumption of neutral evolution (Kotoulas et al.,
1995; Guinand et al., 2008; Cuveliers et al., 2012). Using mito-
chondrial (cytochrome b) and nuclear (microsatellite) variation
Cuveliers et al. (2012) identified three genetic subpopulations,
namely the North Sea—Baltic Sea transition zone, the North Sea
and the Bay of Biscay. The authors also suggested a fourth puta-
tive population in the Celtic and Irish Sea, although weakly sup-
ported with a low number of neutral markers. Considering the
many spawning grounds and high potential for dispersal (Burt
and Milner, 2008; Lacroix et al., 2013), the question remained
whether biologically meaningful differences existed at a finer scale
if functional variation was evaluated. Such approach has increa-
singly often been shown to be efficient and feasible in marine fish
populations (Bernatchez, 2016).

Local selection pressure may be substantial for two reasons.
Environmental heterogeneity may induce selection and result in
local adaptation (Yeaman and Whitlock, 2011) and environmen-
tal heterogeneity across the wide distribution range of sole is sub-
tle but biologically meaningful. There is a large difference in
ecology between northern populations living in colder environ-
ments and southern populations living in warmer environments.
Temperature affects natural mortality, the onset of spawning, egg
hatching, the duration of the pelagic phase, recruitment variabil-
ity, metabolism, and hypoxic tolerance (Fonds, 1979; Teal et al.,
2008; Fincham et al., 2013; Mollet et al., 2013). Hence sole stocks
differ phenotypically at life-history traits (LHT) such as relative
fecundity, egg size, growth, and maturation rate (Rijnsdorp and
Vingerhoed, 1994; Mollet et al. 2013). Northern populations ac-
quire energy and invest in reproduction at higher rates than
southern populations. The former also had an intrinsic tendency
to mature earlier (Mollet et al,, 2013). Higher mortality in north-
ern populations during cold winters might be one of the key dri-
vers of the geographical variation in growth and maturation of
sole. Mollet et al. (2013) attribute the population differences in
phenotype to genetic factors.

Another ecological factor impacting flatfish populations is the
positive relation between recruitment level and nursery area
[nursery size hypothesis (Rijnsdorp et al, 1992)]. Nursery
grounds in the northern range are close to the spawning grounds,
reducing the impact of currents and increasing larval survival re-
lative to initial recruitment (Rijnsdorp et al., 1992; Lacroix et al.,
2013; Heessen et al., 2016). Populations in the southern range
(Bay of Biscay) spawn offshore and larvae are advected inshore to
the estuarine nurseries, where initial phenotypic variability tends
to decrease (Amara et al., 2000).
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The above mentioned differences in life-history traits and
behaviour raise the questions (i) whether there is support for lo-
cal adaptation of sole across the continental shelves of the
Northeast Atlantic Ocean under a background of IBD, (ii) which
environmental factors play a role in adaptation, and (iii) which
regions of the sole genome are involved.

To answer these questions, we aimed at identifying putative
footprints of selection under an IBD model by applying a genome
scan on sole. We sampled the spawning and feeding grounds
throughout the full range in the Northeast Atlantic Ocean and
genotyped all individuals with transcriptome-derived Single
Nucleotide Polymorphism (SNP) markers using a genome scan.
Unlike Nielsen et al. (2012) who attempted with the same data set
to assign individual sole to their spawning population based on a
few well-chosen population samples from the North Sea and
Celtic/Irish Sea, this study provides a population genomic analy-
sis in an environmental context (seascape genomics) of all popu-
lations of the Northeast Atlantic Ocean. In order to partition
geographical, environmental and genetic variation, a redundancy
analysis, and Similarity Network Fusion analysis were imple-
mented. We interpret our results in view of the biological traits of
sole and integrate them in the growing knowledge of functional
adaptive divergence in marine species with high gene flow.

Methods

Samples

In total, 650 individual sole were collected from 17 geo-
referenced sampling sites in the Baltic-North Sea transition zone
(TRANS), North Sea, Irish Sea, Celtic Sea, English Channel, Bay
of Biscay, and Portuguese waters between 2003 and 2009 (Figure
1 and Table 1). The 17 samples were collected by contracted com-
mercial vessels or during research surveys and used in Nielsen
et al. (2012) for other purposes. Whole fish were immediately fro-
zen or a fin tissue sample was collected onboard and preserved in
96% pure ethanol.

DNA extraction, genetic markers, and data quality
Extracted DNA of TRANS, North Sea, Irish Sea, Celtic Sea, and
English Channel was available from Cuveliers et al. (2012). DNA
of the other samples was extracted according to Cuveliers et al.
(2012). Individual fish were genotyped at 426 validated muscle
transcriptome-derived SNPs (see Supplementary Table S1 for ac-
cession numbers at the dbSNP database at www.ncbi.nlm.nih.
gov/SNP) with the GoldenGate™ (Illumina) high-throughput
genotyping assay. SNP discovery and genotyping procedures are
detailed in Nielsen ef al. (2012), whose SNP panel was retained in
this study. The muscle transcriptome was targeted for its rele-
vance to growth, a major target of adaptation under latitudinal
environmental variation. Genotypes were visually checked with
the GenomeStudio™ (Illumina) genotyping module and if ne-
cessary the clustering of homozygotes and heterozygotes was
edited. Based on test analyses with various thresholds for missing
values (for details see Supplementary File), all SNPs were kept but
individuals with more than 10% missing values were removed, re-
sulting in a dataset of 539 individuals. The average sample size
was 30 individuals per sampling location with a minimum of 16
individuals (Table 1). Overall, we selected the same 1,536 putative
SNPs as in Nielsen et al. (2012) from the transcriptome and 426
SNPs were used for further original analyses following validation
(see Nielsen et al., 2012).
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Genetic diversity, Hardy—Weinberg equilibrium and
linkage disequilibrium

Estimates of genetic diversity, observed, and expected heterozy-
gosity were calculated for each sample both multi-locus and
single-locus in GENETIX v4.5 (Belkhir et al, 2004). Hardy—
Weinberg Equilibrium (HWE) was evaluated for each SNP and
sampling location, using exact tests based on heterozygote deficit
or excess as implemented in the software GENEPOP v4.2
(Raymond and Rousset, 1995). To correct for multiple testing the
Benjamini—-Hochberg procedure, controlling for the false discov-
ery rate (FDR; §=0.05), was used (Benjamini and Hochberg,
1995).

Linkage among loci was inferred from (i) the presence of mul-
tiple SNPs on the same contig or linkage group (Diopere et al,
2014), and (ii) statistical tests for linkage disequilibrium.
Statistical significance was assessed for each SNP pair at each
sampling site with GENEPOP v4.2. Significance thresholds were
adjusted using a FDR approach (8 =0.05). To assess the effect of
linkage on inferences of population structure, matrices of pair-
wise Fgr-values were calculated using Arlequin v3.5 (Excoffier
and Lischer, 2010) based on all SNPs and only unlinked SNPs
(i.e. not on the same contig or linkage group), respectively. The
two Fsr-matrices were compared statistically with a Mantel test
and visually with a Procrustes superimposition of multi-
dimensional scaling (MDS) plots using the vegan package
(Oksanen, 2011) in R (R Development Core Team, 2011).

Outlier analyses

There are multiple challenges to detect outlier loci that are puta-
tively under selection: false positives, genotyping errors, popula-
tion structure, variation in mutation rate and sensitivity (Narum
and Hess, 2011). Since the importance of these issues is data-
dependent, several methods have been developed for outlier de-
tection. In a simulation study by (Narum and Hess, 2011), the
coalescence-based FDIST2 algorithm and the Bayesian regression
approach of BAYESCAN performed better than the coalescence
method implemented in Arlequin (Foll and Gaggiotti, 2008;
Excoffier and Lischer, 2010). We therefore limited our analysis to
these two methods to identify loci not matching with neutral ex-
pectations. First, the FDIST2 method was used as implemented in
the software package LOSITAN (Antao et al., 2008). Here, coales-
cence simulations were used to simultaneously compare Fgr and
heterozygosity of individual loci assuming neutrality (mutation-
drift equilibrium in a symmetric island migration model). While
being robust to non-equilibrium conditions, this method has
been reported to be sensitive to demographic fluctuations (popu-
lation size changes) among populations and hierarchical genetic
structure, which may result in the detection of false outliers (Berg
et al., 2015). Outliers were considered significant after correcting
for multiple testing using a FDR approach at §=0.05. We per-
formed 10° simulations on all populations to calculate a confi-
dence interval of 95%.

Second, a Bayesian regression approach implemented in the
software BAYESCAN was used as in Nielsen ef al. (2012). It is
based on locus-population Fsr coefficients, which are decom-
posed into a locus-specific component (o), shared by all popula-
tions, and a population-specific component (), shared by all
loci, using a logistic regression. When “alpha” is necessary to ex-
plain the observed pattern of diversity, departure from neutrality
is assumed. All parameters that can be set in the software
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Figure 1. Location of the 17 sampling sites and mean sea surface temperature in January 2012 in the Northeast Atlantic. Colours of sampling

sites are scaled according to cluster membership probabilities in the StrucTure analyses for the outlier dataset. Irish Sea samples have been
appointed to cyan, TRANS samples to magenta and SOUTH samples to yellow. All other locations are represented as a mix of these three
base colours in accordance with the individual Q-values in StrucTure. For site codes see Table 1.

Table 1. List of Solea solea samples with sampling and genetic diversity information.

Sample  Sample group Area* ICES area  Latitude  Longitude  Year-month N Nmv  He H,

STO TRANS Transition Baltic Sea (1) lll.a 55.65 10.76 2007-10 40 27 034 035
KAT TRANS Transition Baltic Sea (1) lll.a 57.16 11.65 2007-11 40 35 034 035
SKA TRANS Transition Baltic Sea (1) lll.a 57.78 9.99 2007-11 40 29 034 034
GER NS German Bight (2) IV.b 54.52 7.89 2008-11 40 29 035 035
NOR NS Southern North Sea (2) IV.c 52.92 224 2008-08 28 27 035 034
BEL8 NS Southern North Sea (2) IV.c 51.39 3.17 2008-05 40 35 035 035
BEL9 NS Southern North Sea (2) IV.c 5122 2.83 2009-05 24 24 035 034
THA NS Southern North Sea (2) IV.c 51.47 133 2007-08 40 40 035 035
ECH CHANNEL Eastern English Channel (3) Vild 50.78 1.48 2008-07 40 38 035 035
WCH CHANNEL Western English Channel (3) Vil.e 49.66 —2.13 2009-09 40 40 035 0.35
GAS SOUTH Bay of Biscay (4) Vlll.a 45.92 —1.69 2009-02 40 39 0.35 0.34
SIL SOUTH Bay of Biscay (4) VIIl.b 43.55 —1.57 2003-05 39 25 0.35 0.34
SPA SOUTH Bay of Biscay (4) Vill.c 43.6 —8.86 2009-04 40 40 035 034
POR SOUTH Portugese waters (5) IXa 42.14 —9.28 2009-03 40 35 0.34 0.33
LIS SOUTH Portugese waters (5) IXa 38.35 —9.35 2003-05 39 16 034 033
IS ICS Irish Sea (6) Vil.a 52.21 —5.33 2008-03 40 33 0.34 0.35
(& ICS Celtic Sea (6) Vil.g/f 50.81 —5.01 2008-04 40 27 0.33 036

Sample acronym, sampling area, ICES area, latitude/longitude (decimal notation), sampling time, sample size before (N) and after (N,,,,) removing individuals
with >10% missing values, expected (H,) and observed (H,) heterozygosity are reported.
*The prior location name used in STRUCTURE is given in brackets.
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were left as default, for example, the “prior odds for neutral
model = 10.” The FDR was set at 5%, meaning that markers with
a g-value lower than 0.05 were considered as outlier.

Information on the genomic position of the outliers was
sourced from the linkage map of sole (Diopere ef al., 2014). The
functional significance of outlier loci was retrieved after a Basic
Local Alignment Search as described in Milano et al. (2011).

Genetic population structure

Genetic differentiation between sampling sites was investigated
using pairwise Fsr values calculated with the software Arlequin
v3.5 at a significance level of a0=0.05 (Excoffier and Lischer,
2010) for both neutral and outlier SNPs. Significance thresholds
were adjusted using a FDR approach (6=0.05).The resulting
pairwise Fgr matrix were subjected to a Principal Coordinates
Analysis (PCoA). The Cailliez-correction method was applied to
avoid negative eigenvalues. The first and second principal coordi-
nates were plotted to visualise genetic population structure.
Furthermore, we estimated and confirmed the number of geneti-
cally distinct populations using a Bayesian individual-based clus-
tering method as implemented in the software STRUCTURE v2.3.3
(Pritchard et al, 2000). Following a burn-in of 2*10*% 10> MCMC
iterations were run for a number of K (ranging from 1 to 10)
clusters. Ten replicates were run for each K for the outlier loci.
Admixture was used in the ancestry model, given the high degree
of gene flow in sole, as well as information on the sampling loca-
tion to assist clustering (see Table 1). The latter option allowed
for a better performance in datasets with weak structure (Hubisz
et al., 2009). Allele frequencies were considered correlated among
populations. To determine the most likely number of clusters of
individuals based on the multi-locus genotypes, the K value with
the largest log-likelihood using a Bayesian approach was selected
(Evanno et al., 2005).

To test for isolation by distance (IBD) patterns, we compared
pairwise Fsp values with shortest waterway distances using a
Mantel-test as implemented in the mantel-function in the R-
package vegan (Oksanen, 2011) in R. Statistical significance was
assessed with 1000 permutations of the data. We repeated the
analysis after exclusion of the TRANS samples.

Environmental associations

To identify the factors that are potentially involved in the differ-
entiation among populations, we performed a node-based sea-
scape analysis, linking spatial and environmental variables with
genetic variation (Selkoe ef al., 2008). This was achieved through
(i) a distance-based redundancy analysis (RDA), a constrained
ordination method that explores the relationship between re-
sponse and explanatory matrices and (ii) a latent factor mixed
model (LFMM) analysis (Frichot et al., 2013). Partial RDA analy-
ses were conducted to partition the relative contribution of space
(S) and environment (E) on genetic differentiation among sam-
pling sites. To do so, a pairwise Fep-matrix was subjected to a
Principal Coordinates Analysis (PCoA). The axes of this PCoA
constitute the dependent variables of the RDA. Spatial explana-
tory variables were represented by the four most important
Moran’s eigenvector maps (MEMs) (Dray ef al., 2006) with posi-
tive eigenvalues. MEMs are eigenvectors of a Principal
Coordinates Analysis, which was performed on a matrix with the
geographically shortest waterway distance between sampling sites.
Since dispersal is more likely among close neighbours, the
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original distance matrix was first truncated to retain only short
distances. Analyses were performed using the PCNM and vegan
packages (Oksanen, 2011) in R (R Development Team, 2011).

Environmental data was downloaded from the Environmental
Marine Information System (EMIS) of the Joint Research Centre
(JRC) of the European Commission. Among all parameters avail-
able, seven were selected for their known influence on the distri-
bution of sole or other marine species, and their variance across
sampling locations (Vandamme et al., 2014). They include bot-
tom (SBT) and surface (SST) temperature (°C), bottom salinity
(SBS, psu), mixed layer depth (MLD, m), maximum density gra-
dient (MDG, kg m *), chlorophyll a concentration (CHL, mg
m?), surface productive layer (SPL, m) and latitude as a proxy
for day length, and other seasonal features (see Supplementary
File). Since there is a pronounced seasonal variation of tempera-
ture in the study area, seasonal averages were used instead of
yearly averages. To account for variability between years, the data
represented averages over 10years from 1998 to 2007 for MLD,
MDG, SBS, and SBT and from 2002 to 2011 for SST, CHL, and
SPL. More details on the environmental variables are provided in
Supplementary File. To reduce the dimensionality of the environ-
mental data, a PCA (Principal Component Analysis) was
performed. Upon visual inspection of the eigenvalues, the four
most important PCs (accounting for 95.2% of the explained vari-
ation) were used for RDA and variation partitioning. Analyses
were performed using the vegan package (Oksanen, 2011) in R (R
Development Core Team, 2011). As the sampling period spans a
7-year period from 2003 to 2009, we repeated the variation parti-
tioning including the year effect encoded as dummy-variables.

Associations between environmental variables and particular
loci were investigated using LEFMM (Frichot et al., 2013). This
method uses latent factors to correct for population structure
while fitting a linear regression between allele frequencies and en-
vironmental variables. First the analysis was conducted including
all 17 sites and all loci (thus including both “neutral” and outlier
loci). Like for the RDA, the dimensionality of the environmental
data was reduced using PCA. The number of genetic units was set
at two, reflecting the genetic differentiation between the Baltic
Sea and the remaining sites. The analysis was conducted using the
R package LEA (Frichot and Francois, 2015). This method imple-
ments a MCMC algorithm which was run 5*10° times after a
burn-in of the same length. To avoid pseudo-replication (the
number of genotypes greatly exceeds the number of independent
observations of the environmental variables), one individual was
randomly drawn from each location for the analysis. The process
was repeated 100 times. A FDR approach was used to correct for
multiple testing. Since the LFMM did not identify any candidate
locus, we repeated the analysis using only the non-Baltic sites. For
this analysis, the absence of major genetic discontinuities was
assumed.

Similarity network fusion

Geographic clusters of sites with excess similarity of outlier loci
compared to neutral loci might be taken as an indication of local
adaptation, especially when this excess can be linked to local envi-
ronmental conditions. Here, we used Similarity Network Fusion
(SNF; Wang et al., 2014) to identify such clusters. First, distance
matrices were calculated for environmental data, neutral loci and
outlier loci. For standardization of the environmental data, each
variable was transformed to zero mean and unit variance before
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calculating Euclidean distances among sites. For neutral and out-
lier loci, Fgy values were used. These distance matrices were con-
verted into affinity matrices using the affinityMatrix function in
the R-package SNFtool (Wang et al., 2015). Subsequently, a non-
linear message-passing method (Wang et al.,, 2014) implemented
in the SNF function (Wang et al, 2015) was used to iteratively
update a pair of networks (environment + neutral SNPs or envi-
ronment + outlier SNPs, respectively) to resemble to one another
more until they converged to a single fused network. This resulted
in two fused similarity networks: one for neutral SNPs and one
for outlier SNPs. To distinguish between patterns of neutral gene
flow and local adaptation, the weights of the edges of these two
similarity networks were compared. We are currently not aware
of a statistical significance test for this comparison. Edges sup-
ported by weights 10% higher than in the other fused network
were considered supported only by the focal fused network
(Wang et al., 2015). Edges supported only by the environ-
ment + outlier SNPs network can be assumed to indicate similar
(i.e. more similar than expected under neutral gene flow) outlier
allele frequencies due to similar environmental selection.

Results

Genetic diversity, Hardy—Weinberg equilibrium and
linkage disequilibrium

The observed and expected multi-locus heterozygosity per sample
for the 426 validated SNPs ranged between 0.33 and 0.35 and
0.33 and 0.36, respectively (Table 1). Single-locus heterozygosity
values are listed in Supplementary Table S1. A total of 6,947 tests
were performed to screen for deviations from HWE. After correc-
tion for multiple testing only two tests remained significant, both
for the same locus (SNP558) at sites STO and SKA.

Among the 1,538,925 linkage disequilibrium tests that were
performed to evaluate statistical linkage between loci, in total
61,692 (4%) had a p-value lower than 0.05. After correction for
multiple testing this number decreased to 282. This panel in-
cluded 61 different SNP pairs that showed linkage of which 13
had a significant test result in more than half of the sampling
sites. This was not unexpected as the 426 SNPs originated from
334 different contigs; 273 were single-marker contigs and 61 con-
tigs had multiple SNPs. Out of the 282 significant linkage disequi-
librium tests, 159 (56%) were between SNPs from these multi-
marker contigs and therefore physically closely linked. High con-
gruence was observed between Fgp-matrices based on the dataset
including all SNPs and the dataset excluding SNPs originating
from multi-marker contigs (Mantel test, r=0.990, p<0.0001;
MDS plots and results of Procrustes superimposition
(Supplementary File).

Outlier analysis

We detected 19 outliers, of which 13 were suggested by both out-
lier methods (Table 2). Twice, two outliers were located on the
same contig. Seventeen of the 19 outliers were positioned on
seven different linkage groups of the sole genome map. Twelve
outliers clustered in three linkage groups: LG2 (6), LG4 (3), and
LG6 (3). Fifteen outliers were annotated, of which cytokeratin 13
was assigned to two linkage groups (LG2 and LG4, with LG2 in-
cluding three linked loci). Two loci (LG6) were annotated to tro-
ponin C skeletal muscle (Table 2). We proceeded with all 19
outliers to maximise information.
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Genetic population structure

Pairwise Fgr values of the neutral loci ranged from 0 to 0.0126; the
overall Fsr value amounted to 0.007. Of the 136 site-pairs, 49 were
statistically differentiated (p < 0.05), of which 39 involving samples
from the transition zone (Supplementary File and Table S5). The
TRANS samples also featured as a separate group on the first ge-
netic principal coordinate of a PCoA. A geographical gradient sug-
gesting isolation by distance) occurred between NS (group 2) and
SOUTH (group 3) (Figure 2). Bayesian cluster analysis based on
the dataset of neutral (non-outlier) markers identified two groups:
(i) the TRANS samples and (ii) the remaining samples, namely the
North Sea (NS), Easter English Channel (ECH), Irish and Celtic
Sea (ICS), and Western English Channel + Bay of Biscay and
Portuguese waters (WCH + SOUTH) (Figure 3A). The most likely
number of clusters, selected by choosing K with the largest log-
likelihood, was either K=3 or 6, with for the K =3 case the
TRANS samples being unambiguously assigned to a single cluster
and SOUTH samples separating weakly (Figures 1 and 3A). Here
the NS/CHANNEL/ICS samples took an intermediate position,
with evidence for a cline between the northern sample from
German Bight (GER) and the CHANNEL samples.

On the other hand, the dataset of 19 outlier loci showed evi-
dence of a more subtle genetic structure. Pairwise Fsp values
ranged from —0.008 to 0.247 with 99 significant Fgr values
(Supplementary File and Table S6), most of them between sam-
ples from different groups (i.e. TRANS vs. NS, TRANS vs. ICS,
TRANS vs. SOUTH, NS vs. ICS, NS vs. SOUTH, and ICS vs.
SOUTH). The overall Fst value amounted to 0.046. Assignment
analysis with STrucTURE based on the outlier loci showed a most
probable number of clusters at K=2 with the TRANS samples
representing a distinct cluster (Figures 1 and 3; Supplementary
File). Upon closer inspection, within the NS group, the southern-
most samples (i.e. ECH, THA, BELS8, and BEL9) were somewhat
more associated with the SOUTH group than the northern North
Sea samples (GER and NOR), suggesting a population break in
the North Sea (Figure 3B). In the PCoA plot, the TRANS and ICS
samples positioned as distinct clusters (Figure 2). The NS,
CHANNEL, and SOUTH samples represented a north-south cline
with the German Bight (GER) and Portuguese sample (LIS) at
each end. The Eastern English Channel sample (ECH) clustered
with the NS samples, whereas the Western English Channel sam-
ple (WCH) was found south of this gradient. In addition, the
clusters were more separated from each other than on the PCoA
plot of the neutral dataset, hence four clusters can be proposed:
TRANS, NS + ECH, ICS, and SOUTH + WCH.

We found a significant IBD pattern with both the full dataset
(r=0.746, p=0.001) and after exclusion of the TRANS samples
(r=0.790, p=0.001), with an excess of genetic differentiation in
comparison with an IBD model between TRANS and Atlantic sam-
ples. A similar excess can be observed among regional clusters outside
the TRANS area for outliers but not for neutral SNPs (Figure 4).

Associations between genetic and environmental
variation

We used RDA to associate genetic variation with environmental and
spatial variability. Environment and space explained 65.0% of the ge-
netic variation at neutral SNPs among sites (Table 3). Unlike the en-
vironment, the contribution of space for neutral variation is highly
significant. The combined contribution of environment and space
was much larger (42.2%) than their unique contributions (8.6% for
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Table 2. Outlier SNP loci detected with LOSITAN and BAYESCAN (**) in the global genome scan of sole; *|: outlier detected in LOSITAN. *b:

outlier detected in BAYESCAN.

Locus Outlier Fst LG cMm Contig Annotation
SNP1199 *| 0.012 LG1 387 Phosphodiesterase 4D interacting protein
SNP1354 o 0.132 LG2 89.2 C13543 Cytokeratin 13

SNP1353 * 0.101 LG2 89.2 C13543 Cytokeratin 13

SNP573 * 0.042 LG2 89.2 Cytokeratin 13

SNP1129 * 0.041 LG2 89.2 Histidine-rich calcium binding protein
SNP1478 * 0.027 LG2 89.2 Nucleoside diphosphate kinase b
SNP1432 *b 0.027 LG2 89.2 Unknown

SNP609 * 0.042 LG4 29.5 C78890609 Valosin-containing protein

SNP789 > 0.041 LG4 295 C78890609 Valosin-containing protein

SNP933 o 0.046 LG4 295 Cytokeratin 13

SNP116 o 0.029 LG5 0 Unknown

SNP678 * 0.008 LG5 373 Unknown

SNP228 o 0.054 LG6 59 Troponin C skeletal muscle

SNP200 o 0.041 LG6 59 Troponin T skeletal muscle

SNP737 *b 0.027 LG6 59 Troponin C skeletal muscle

SNP1347 b 0.078 LG12 0 Unknown

SNP1168 *b 0.029 LG21 219 Adenovirus E1B 19 kDa protein-interacting protein 3-like
SNP1466 . 0.068 n/a n/a Gelsolin

SNP1200 *b 0.021 n/a n/a Synaptic glycoprotein 2

Individual Fsr value. LG (linkage group) and cM (centiMorgan) refers to the position on the linkage map of sole (Diopere et al, 2014); loci on the same contig
are listed by number. n/a: SNPs not included in the linkage map. Loci were annotated with BLASTN (NCBI).
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Figure 2. Plots of Principal Coordinates Analysis (PCoA) illustrating similarities among sampling locations in allele frequencies of neutral (left

panel) and outlier (right panel) SNP loci.

space (significant) and 14.3% for environment (not significant), in-
dicating that the effect of space and environment is highly inter-
twined). Genetic variation at outlier SNPs might have an even better
fit with space and environment, but test results were not significant
(Table 3). Sampling year accounted for 37.9% and 59.0% of the ge-
netic variation at neutral and outlier SNPs, respectively. However,
these effects were highly intertwined with space and environment
and the pure effect of sampling year accounted for only 0.12% and
0%, respectively.

The LFMM identified two candidates, other than those identi-
fied in the outlier analysis, potentially under environmental

selection (SNP62: p-value= 1.42%107°, z-score=1.717; and
SNP267: p-value =2.88%10">, z-score=—0.251). A BLAST-
search identified a 92% similarity of the SNP267 sequence with
the gene encoding fructose-bisphosphate aldolase A in Japanese
rice fish (Oryzias latipes). The other locus remains unidentified.

Similarity network fusion

The neutral SNPs did not support clear clusters of sites except for
the three southernmost sites along the Iberic coasts. Strong simi-
larity tended to be supported between geographically close sites,
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Figure 3. Results from individual based clustering analyses with STrucTure for two data sets of Solea solea based on (a) neutral (K =2, 3, and
6) and (b) outlier SNP markers (K =2 and 3). Each bar represents an individual with its probability of membership to one the hypothetical
clusters. See Table 1 for code assignment and more information on the samples.

whereas frequent weak connections were found between the
southern (SOUTH) and northern sites (NS, CHANNEL, and ICS;
Figure 5A). In contrast to the neutral SNPs, the outliers sup-
ported a tight clustering among southern (SOUTH) and northern
sites (NS, CHANNEL and ICS; Figure 5B). The absence of edges
between these realms indicated an excess of environmentally me-
diated differentiation for outlier SNPs compared to neutral ones.
The NS and TRANS sites do also form distinct clusters, but out-
lier loci followed the pattern of neutral divergence (Figure 5C),
and the effect of adaptive divergence could therefore not be dis-
tinguished from dispersal limitation.

Discussion

Our study provided evidence for subtle, but nevertheless biologi-
cally relevant genetic structure in sole of the Northeast Atlantic
Ocean, contributing to the growing knowledge on environmen-
tally driven genetic differentiation. We showed that a combina-
tion of neutral (dispersal limitation) and adaptive processes
(temperature and dispersal behaviour) shape the genetic structure
of an important member of the demersal flatfish community.

The subtle population structure of sole

We confirmed and provided more in depth understanding on spa-
tial population structure of sole in the study area than suggested by
Cuveliers et al. (2012). Our analysis with a set of neutral SNP
markers revealed two levels of structure. The North Sea—Baltic Sea
transition zone is clearly distinguished from other north eastern
Atlantic samples. At a more subtle level the North Sea, English
Channel, Irish Sea, and Celtic Sea are distinguished from a

southern unit including the Bay of Biscay and Portuguese waters.
The combination of space and environment were important factors
influencing the genetic pattern, with space explaining most of the
genetic variation. Much of it correlated with a gradient from the
north eastern North Sea along the English Channel to the Bay of
Biscay—Portuguese waters, confirming an isolation-by-distance
(IBD) model of population differentiation (Kotoulas et al, 1995,
Cuveliers et al, 2012). However, a subset of 19 outlier SNPs
sourced from an extensive set of gene-linked markers revealed a
fourth population of sole inhabiting the Irish and Celtic Sea, first
suggested by Cuveliers et al. (2012) unit. Also, the seascape analysis
pointed to an important contribution by the environment, which
suggests local adaptation among sole populations.

Our study extends previous knowledge on sole population bi-
ology and dynamics. First, we identified the geographically iso-
lated sole of the Irish and Celtic Sea as a distinct population. This
matches with its discrete spawning sites (Fox er al., 2000) and the
genetically discrete populations of dab Limanda limanda
(Tysklind et al, 2013) and turbot Scophthalmus maximus
(Vandamme et al, 2014) in the Irish Sea and Bristol Channel.
Biologically significant is the tide-driven coastal flow and baro-
clinic currents in the Irish and Celtic Sea. For example dispersal
of cockle larvae (Cardium edule) from southern Wales is more
likely in a western than eastern direction (Coscia et al., 2013),
while selective tidal current transport was modelled to retain ju-
venile plaice Pleuronectes platessa (Fox et al., 2006). The distinct-
ness of the stocks around the British Isles made it feasible with
the SNP genotypes used in this study to trace individual sole of
the southern North Sea and Irish and Celtic Sea (Nielsen et al.,
2012).
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Figure 4. Isolation by distance for neutral and outlier SNP datasets. Filled circles, triangles and rhombuses depict distances within clusters,
while other symbols (open circles, triangles, and crosses) indicate distances between clusters. Upper panel: an excess of genetic differentiation
in comparison with an IBD model can be identified between the TRANS and the remaining sample sites (Atlantic) as between-cluster
differentiation exceeds within-cluster differentiation independent of geographic distance. Lower panel: a similar excess of genetic
differentiation can be seen among regional clusters outside the TRANS area for outliers, but not for neutral SNPs.

Table 3. RDA analysis of neutral (407 SNPs) and outlier (19 SNPs) datasets, partitioning the explained variation by space (S), environment (E),
both space and environment (S + E), space corrected for environment (S|E), environment corrected for space (E|S), the shared effects
between environment and space (S N E), and the residual effects.

Neutral SNPs Outlier SNPs

Effect Num DF Den DF adj R? F-value P-value Num DF Den DF adj R? F-value P-value
Space 4 12 0.508 1.578 0.005 4 12 0.741 0914 0.750
Environment 4 12 0.564 1.246 0.125 4 12 0.757 0.992 0.410
S+E 8 8 0.650 1.522 0.010 8 8 0.798 0918 0.760
SIE 4 12 0.086 1.564 0.035 4 12 0.041 0.883 0.580
E|S 4 12 0.143 1.306 0.190 4 12 0.058 0.941 0.600
SNE 0.422 0.700

Residuals 0.350 0.202

The columns point to the degrees of freedom in the numerator (Num DF), the degrees of freedom in the denominator (Den DF), the adjusted correlation coef-

ficient (adj R?), the F-value and the P-values (when significant they are indicated in bold).

Second, the genetic profile of the Western English Channel was
transitional with evidence for admixture between the Gulf of Biscay
and Eastern English Channel. The Ushant tidal front separates the
tidally mixed Channel waters from the stratified Celtic Sea. It is also
the boundary between the Boreal and Lusitanian biogeographical
provinces (Ayata et al., 2010). Here, coastal waters are highly dy-
namic; cyclonic eddies, tidally induced mixing, and a north eastern
residual current influence connectivity (Savina and Ménesguen,

2008). But history might also have influenced the isolation and sub-
sequent discreteness of sole populations. Similar to other taxa
(Maggs et al., 2008), sole recolonised the northern range after the
Last Glacial Maximum (LGM) following the retreating ice cap and
the rising sea level, hence inducing a pattern of isolation by distance
with subsequent local adaptation.

Third, sole inhabiting the north eastern North Sea (German
Bight) segregated spatially from those of the southern North Sea.
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Figure 5. Fused similarity networks of environmental data and neutral and outlier SNPs. The three panels show edges supported by (a) a
fused similarity network of environment + neutral SNPs, (b) a fused similarity network of environment + outlier SNPs, or (c) both fused
similarity networks, respectively. Thick and intensely coloured lines indicate high similarity among site-pairs. The thickness and intensity of
the edges corresponds to similarities in a fused network of environment and both neutral and outlier SNP datasets. Networks were drawn

using the ggraph package (Epskamp et al., 2012) in R.

It matches with the pattern observed in sole but genotyped with
microsatellites, turbot Scophthalmus maximus (Vandamme et al.,
2014), shore crab Carcinus maenas (Moksnes et al.,, 2014) and
Individual Based Modelling (L. Barbut, pers. comm.). These po-
pulations respond to the absence or presence of stratification
along the Frisian hydrographic front located west of Texel (NL).
An alternative explanation is the close association of sole with es-
tuaries and coastal waters (Kostecki et al., 2012). Topography
(the shallow Wadden Sea) and freshwater discharge from several
large rivers might be conducive to the discreteness of the German
Bight population. The distribution of nursery grounds and bio-
physical modelling of larval dispersal supports the presence of
such regional groups (Lacroix et al., 2013).

Fourth, the strongest signal of neutral and putative adaptive
genetic structure was observed in the North Sea—Baltic Sea transi-
tion zone. The pattern might be attributed to three factors, either
single or in combination (Johannesson and André, 2006;
Vandamme et al, 2014). First, geographically and hydrodynami-
cally, the Skagerrak-Kattegat population (TRANS) is isolated. It
occupies the easternmost edge of the distribution without enter-
ing the brackish Baltic Sea. That edge populations typically have a
genetic make-up with a lack of rare alleles and reduced genetic
variability (Swaegers et al, 2014) is not substantiated here
(Supplementary Table S1). Second, local population density is
low and census population size small compared to the North Sea
ecoregion. Spawning stock biomass (SSB) of sole has dropped by
30% from historically high levels of 3,880 tonnes in 1992 to 2,749
tonnes in 2016 and the stock has been exploited at unsustainable
levels of fishing mortality (0.558 in 1993 and 0.113 in 2015)
(ICES 2016). During the past 100 years sole catches have varied
and were, proportionally to plaice catches, considerably influ-
enced by the Northern Hemisphere Temperature Anomalies
(Sparrevohn et al, 2013). Third, the unique environment of the
salinity transition between the North Sea and Baltic Sea may have
led to local adaptation in sole, similar to many taxa (Johannesson
and André 2006; Limborg et al., 2012).

Genetic evidence of isolation by distance
Isolation by distance (IBD), which reflects the limited exchange
of individuals between geographically adjacent populations, is
supported by extensive evidence (Johannesson and André, 2006;
Wright et al., 2015). Evidence of IBD for sole is convincingly
based on allozyme markers (Kotoulas et al, 1995), nuclear
markers (microsatellites), hundreds of neutral SNP markers (this
study), but not cytoplasmic (mitochondrial DNA) markers along
the coasts of the Northeast Atlantic Ocean (Cuveliers ef al.,
2012). Our statistical evidence is supported by empirical dispersal
distances of up to 150 km by adults (Burt and Milner, 2008) and
up to 30km by juveniles on the nursery grounds (Le Pape and
Cognez, 2016), modelled larval dispersal of maximally 140-
300 km depending on the spawning ground (Lacroix et al., 2013)
and modelled gene flow of two to five times the mean distance of
larval dispersal (Palumbi, 2003). In addition, local coastal features
such as fronts at the contact of mixed and stratified waters off
Texel and Brittany, and the patchy distribution of feeding
grounds, influence dispersal (Rijnsdorp et al, 1992; Burt and
Milner, 2008). Moreover, IBD might occur in a metapopulation
context, where populations exchange genes at a rate proportional
to the geographic distance between them. Evidence for a metapo-
pulation structure is available from temporally variable connec-
tivity (Lacroix et al, 2013), a patchy distribution of habitats, a
life-cycle closely associated with the dynamics of benthic commu-
nities, and in the Bay of Biscay and Mediterranean Sea with estua-
rine environments (Le Pape ef al., 2003; Darnaude et al., 2004).
The annual variation in recruitment (Rijnsdorp et al, 1992;
Engelhard et al., 2011; Fincham et al., 2013) points to source-sink
dynamics (Kritzer and Sale, 2004). The characteristic migration
dynamics of sole linked to a triangular life-cycle with distances
between spawning grounds in the order of 100 km, leaves oppor-
tunities for the exchange of individuals between population units.
There might be concerns for those cases where population
units don’t match with stocks, the units considered in manage-
ment (Reiss et al., 2009). The management units of sole along the
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Northeast Atlantic Ocean have a finer resolution than the four
(meta)population units (which might be called stocks) we suggest
(Heessen et al., 2015; ICES 2016). This evidence combined with
the IBD pattern would suggest that management advice should
systematically take into account adjacent management units.
Some of the metapopulations are too small and isolated to be
fished intensively (e.g. Irish Sea and Skagerrak), with no evidence
from adjacent stocks supplementing them. However there is no
clear evidence of genetic diversity loss judged from earlier indices
of genetic diversity and effective population size in sole (Cuveliers
et al., 2011; but see Cuveliers et al. (2012) for possible explana-
tions, although overall evidence of genetic erosion in overfished
species is still growing worldwide (Pinsky and Palumbi, 2014).

Growing evidence of local adaptation

Our network analysis pointed to an excess of neutral gene flow
between the English Channel and the Bay of Biscay compared to
gene flow at outlier loci when environmental parameters are con-
sidered simultaneously. Temperature, typically varying on a lati-
tudinal gradient, and the surface productive layer, a proxy for
food availability and the presence of predators, appear to be the
main factors discriminating the populations.

Support for local adaptation in sole was provided by several
lines of environmental and biological evidence. First, the key abi-
otic factor temperature varies on a latitudinal gradient, tracing
the coasts of the Northeast Atlantic Ocean. It influences in many
regards the biology of sole, for example its life-cycle (Teal et al,
2008), winter survival (Rijnsdorp et al., 1992), initiation of spring
spawning (Fonds, 1979; Rijnsdorp and Vingerhoed, 1994), timing
of peak spawning (Fincham et al., 2013) and regional variability
in spawning (Rijnsdorp et al., 1992). Temperature affects the
wind regime and hence mixing of the water column, which is cru-
cial for the survival of ichthyoplankton (Lacroix et al., 2013).
Also larval development time (Fonds, 1979), juvenile growth rate
and habitat quality of the nursery grounds (Teal et al., 2012) are
influenced by temperature. Thus, temperature has a direct impact
on the fundamental niche and hence geographical distribution.
Local evidence might attribute the differences in life-history traits
of sole to acclimation, but given the geographical consistency ad-
aptation is also contributing (Fincham et al., 2013; Mollet et al,
2013). Molecular support is provided by the association of allelic
variation in the gene encoding fructose-bisphosphate aldolase,
part of the Calvin cycle, with a latitudinal gradient. Expression of
this gene is seasonally up-regulated in rainbow smelt (Osmerus
mordax) in winter and believed to play an important role in cold-
adaptation (Richards et al., 2010).

Second, coastal ecosystems are differentiated latitudinally and
in an inshore-offshore direction, impacting the habitats occupied
by the various life-stages of sole (Kostecki et al., 2012). Southern
habitats are classified as temperate warm (Lusitanian) biogeo-
graphical provinces while more northern habitats as temperate
cold (Boreal); transition between both occurs in the western
English Channel. Most significant is that sole spawn offshore in
the Bay of Biscay and are advected inshore (Amara et al., 2000),
while nurseries in the English Channel and North Sea are in pro-
ximity of the spawning grounds (Rijnsdorp et al., 1992; Heessen
et al., 2015). Plankton community composition, differing in both
provinces, determines first feeding success of the larvae (Fonds,
1979). Similarly, sandy and sandy-muddy benthic communities
determine survival of the newly settled larvae (Eriksson et al.,
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2010). Hence, the southern and northern early life history pat-
terns match exactly with the two ecographical groups appearing
from our adaptive genetic analysis.

Third, changes in North-South phenology influence larval sur-
vival. The surface productive layer correlates with fish larval sur-
vival (Pepin, 1993), larval growth rate (Le Pape and
Bonhommeau, 2015) and (sub)adult growth rate (Teal et al,
2012). However, the plankton community and its productivity
have changed since the 1970s (Beaugrand et al., 2009), affecting
on their turn fish productivity. For example the growth rate of
sole and plaice has accelerated in the 1960s and 1970s and
dropped in the 1980s (Rijnsdorp et al., 2004). Since 1970 the date
of recruitment and hence of first feeding has advanced in four of
the seven sole stocks in the Northeast Atlantic Ocean (Fincham
et al., 2013). Overlap varies among years as phytoplankton dy-
namics are linked to wind mixing and irradiation (Siegel et al.,
2003), while sole spawning is triggered by temperature. Hence cli-
mate change may affect the match between prey and fish larva
[match-mismatch hypothesis (Cushing, 1969)]. The latter repre-
sents the ecological equivalent of the genetic sweepstake hypothe-
sis, where some parents have a higher stake in determining cohort
strength either through fertility or survival (Hedgecock, 1994).
High mortalities, when there is a poor match with the prey field,
are equivalent to enhanced selection pressure and hence survival
of the most adapted, with some families contributing more than
others. This might contribute to the variable cohort structure of
sole (Heessen et al., 2015; ICES 2016) and explain the correlation
of Virtual Population Analysis estimates of recruitment at age 1
with modelled connectivity under historical and future climate
scenarios (Lacroix ef al., 2013; Lacroix et al., in press).

Fourth, functional annotation of genetic markers showing
footprints of selection provides opportunities for molecular char-
acterisation and functional understanding (Feder and Mitchell-
Olds, 2003). Here, among the 15 annotated outlier loci, all iso-
lated from a muscle transcriptome library, most genes were not
unexpectely growth-related. However, growth together with go-
nadal maturation features among the most selection-responsive
metabolic traits, which in poikilotherms is under the environ-
mental control of temperature (see above). The troponin T fast
skeletal muscle isoform, a regulatory protein involved in the con-
traction of skeletal muscle, has been attributed a role in the
growth of Atlantic halibut Hippoglossus hippoglossus (Campinho
et al., 2007), in the spermatogenesis of Senegalese sole Solea sene-
galensis (Forné et al, 2011) and in the metamorphosis of com-
mon sole (Focant et al, 2003). The cytoskeletal protein
cytokeratin 13 is expressed in internal stratified and mucus-
secreting epithelia of fish (Chua and Lim, 2000). The thus far
poorly explored functional role of genomic architecture in sole is
expected to be crucial in understanding adaptation. A first step
has been made with the construction of a linkage map (Diopere
et al, 2014) and the characterization of the transcriptome
(Benzekri et al, 2014). However, a full understanding of single-
locus (hard sweep) and polygenic (soft sweep) adaptation re-
quires high resolution genome mapping (Bernatchez, 2016).

The above mentioned evidence points to the importance of
adaptive responses under changing conditions and their signifi-
cance for fisheries management. However, exploited stocks are
subjected to additional anthropogenic pressures such as pollu-
tion, habitat modification and fishing pressure. The latter has led
to the observation of reduced growth and earlier maturation in
fish (Jorgensen et al., 2007), including in sole (Mollet et al,


Deleted Text: ,
Deleted Text: &thinsp;
Deleted Text: &thinsp;
Deleted Text: &thinsp;
Deleted Text: &thinsp;
Deleted Text: (
Deleted Text: )

686

2007). This suggests that the sole genome adapts directionally
through the sorting of alleles, recombination, and epigenetics.
Therefore, functional impacts might be suspected in the most
heavily exploited sole stocks, such as the North Sea. Most notice-
ably, the introduction of heavy demersal fishing gear in the 1960 s
had a major impact on the benthic communities and exerted a
strong selection pressure (Thurstan et al., 2010; Diopere, 2014).

Conclusions

Although sole of the Northeast Atlantic Ocean inhabit an envi-
ronment with high potential for gene flow, a combination of iso-
lation by distance and local adaptation along a latitudinal
gradient structures the populations. Each of the metapopulations
of the North Sea and the Bay of Biscay match with a distinct
spawning behaviour and winter mortality. We identified a few of
the loci potentially involved in adaptation, but genotyping at a
higher marker density, combined with experimental testing in
common garden settings (de Villemereuil et al., 2016), modelling
with integrated genetic dynamic energy budgets (DEB) (Teal
et al., 2012) and/or molecular physiological experiments should
elucidate other standing questions. They include population-
specific timing of the spawning season in relation to local plank-
ton production, the offshore/inshore spawning strategy and the
impact of intensive resource exploitation.

Supplementary data
Supplementary material is available at the ICESJMS online ver-
sion of the manuscript.
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