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Abstract
Next-generation sequencing and the collection of genome-wide data allow identifying
adaptive variation and footprints of directional selection. Using a large SNP data set
from 259 RAD-sequenced European eel individuals (glass eels) from eight locations
between 34 and 64oN, we examined the patterns of genome-wide genetic diversity
across locations. We tested for local selection by searching for increased population
differentiation using FST-based outlier tests and by testing for significant associations
between allele frequencies and environmental variables. The overall low genetic differentiation found (FST = 0.0007) indicates that most of the genome is homogenized by
gene flow, providing further evidence for genomic panmixia in the European eel. The
lack of genetic substructuring was consistent at both nuclear and mitochondrial SNPs.
Using an extensive number of diagnostic SNPs, results showed a low occurrence of
hybrids between European and American eel, mainly limited to Iceland (5.9%),
although individuals with signatures of introgression several generations back in time
were found in mainland Europe. Despite panmixia, a small set of SNPs showed high
genetic differentiation consistent with single-generation signatures of spatially varying
selection acting on glass eels. After screening 50 354 SNPs, a total of 754 potentially
locally selected SNPs were identified. Candidate genes for local selection constituted a
wide array of functions, including calcium signalling, neuroactive ligand–receptor
interaction and circadian rhythm. Remarkably, one of the candidate genes identified is
PERIOD, possibly related to differences in local photoperiod associated with the >30°
difference in latitude between locations. Genes under selection were spread across the
genome, and there were no large regions of increased differentiation as expected when
selection occurs within just a single generation due to panmixia. This supports the
conclusion that most of the genome is homogenized by gene flow that removes any
effects of diversifying selection from each new generation.
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Introduction
Identifying which regions of the genome are under
selection is essential for understanding the selective
pressures acting upon natural populations and distinguishing between neutral and adaptive genetic variation
(Nielsen 2005; Stapley et al. 2010; Radwan & Babik
2012; Bourret et al. 2013). Species that occupy heterogeneous environments (i.e. temperature, salinity) along
their geographical distribution experience spatially
varying selective pressures, often resulting in local
adaptation of ecologically important traits (Kawecki &
Ebert 2004; Fraser et al. 2011). Beginning with Levene
(1953), a number of studies have shown that balancing
selection due to spatial heterogeneity is an important
mechanism responsible for the maintenance of genetic
polymorphism (reviewed in Hedrick 2006). While polymorphism in a varying environment may be maintained
even when dispersal results in complete mixing of the
gene pool, in such case localities will not differentiate
genetically and there will be no local adaptation
(Kawecki & Ebert 2004). Recent population genomic
studies predict the observation of single points of selection across the genome when gene flow is high, as loci
subject to strong selection will tend to diverge independently from other genes, while highly differentiated
genomic regions due to genome hitchhiking are
expected with reduced gene flow (Feder & Nosil 2010;
Yeaman & Otto 2011; Yeaman & Whitlock 2011; Feder
et al. 2012). Genomic regions displaying increased differentiation referred to as genomic islands of divergence
have been observed in many taxa from fungi (Ellison
et al. 2011) and invertebrates (Nosil et al. 2008; Nadeau
et al. 2012) to fishes (Hohenlohe et al. 2010; Jones et al.
2012a,b; Bradbury et al. 2013; Gagnaire et al. 2013;
Hemmer-Hansen et al. 2013) and humans (Hoffer et al.
2012).
An excellent opportunity to study the interplay
between spatially varying selection and gene flow exists
in the European eel (Anguilla anguilla), a putatively
panmictic species occupying a broad range of habitats
from subarctic environments in Iceland, Norway and
northwestern Russia to subtropical environments in
North Africa and the Mediterranean Sea. The European
eel is a facultative catadromous species with a complex
life cycle, spawning in the remote Sargasso Sea and
spending most of their life in continental (fresh, brackish and coastal) waters (Van den Thillart et al. 2009).
After spawning, larvae are advected towards the coasts
of Europe and North Africa, where they arrive following first the Gulf Stream and later the North Atlantic
Drift Current. Upon reaching the continental shelf,
larvae metamorphose into glass eels and move into continental growth habitats, settle and become pigmented
© 2014 John Wiley & Sons Ltd

yellow eels. After a period of intense feeding of (on
average) 7 years for males and 11 years for females,
they metamorphose into partially mature silver eels that
migrate back to the Sargasso Sea covering a distance of
5000–6000 km, spawn and die (Van den Thillart et al.
2009). In the Sargasso Sea, European eel spawns in
partial spatial and temporal sympatry with its sister
species, the American eel Anguilla rostrata, which
provides opportunity to interbreed. European and
American eels are known to hybridize, but hybrids
have been reported almost exclusively in Iceland (Avise
et al. 1990; Albert et al. 2006; Pujolar et al. 2014).
Despite the broad geographical distribution of the
species, the European eel is regarded as a textbook
example of panmixia, with the existence of a single randomly mating population. In the most comprehensive
study to date genotyping over 1000 individuals at 21
microsatellite loci, Als et al. (2011) showed a very low
and nonsignificant genetic differentiation between
geographical locations across Europe and a lack of
substructuring among larvae collected in the Sargasso
Sea, providing very strong support for panmixia. In
American eel, the recent study of C^
ote et al. (2013)
genotyping over 2000 individuals representing 12
cohorts at 18 microsatellite loci over a large geographical scale in North America showed a total lack of
genetic differentiation among samples, hence providing
decisive evidence for panmixia in American eel. In contrast, significant geographical clines at some allozyme
loci have been detected in both European (Maes &
Volckaert 2002) and American eels (Koehn & Williams
1978). Moreover, Gagnaire et al. (2012a) found evidence
for spatially varying selection at 13 of 73 candidate
genes showing correlations between allele frequencies
and environmental variables across the entire distribution range of American eel, particularly determined by
temperature regimes. In the case of eels, owing to the
apparent panmixia and random larval dispersal across
habitats, any signature of spatially varying selection in
a given generation is expected to be lost in the subsequent generation (Gagnaire et al. 2012a), hence preventing heritable trans-generational local adaptation.
This study aimed at investigating the influence of
spatially varying selection on genetic diversity and
potential adaptive divergence in European eel using a
population genomics approach. The fact that most
population genetic studies in eels have used neutral
markers prompts for the investigation of the potential
influence of natural selection on the genetic variation of
the species.
Our first goal was to validate the lack of background
level of neutral differentiation between locations, and
for that we used a RAD-sequencing approach (Baird
et al. 2008; Hohenlohe et al. 2010; Davey et al. 2011) to

2516 J . M . P U J O L A R E T A L .
Table 1 Sampling details including number of European eel (glass eels) individuals, geographical coordinates, sampling date and
sea-surface temperature (oC) at river mouth averaged across the 10, 30 and 90 days preceding sampling date
Location

Code

N

Coordinates

Sampling date

Temp-10 day

Temp-30 day

Temp-90 day

Vogslækur, Iceland
Ringhals, Sweden
Lough Erne, Northern Ireland
Burrishoole, Ireland
Gironde, France
Canet, France
Valencia, Spain
Oved Sebou, Morocco

ICE
RHG
LG
BG
GG
CAG
VG
MOR

34
30
33
29
37
32
31
33

64°690 N/22°330 W
57°210 N/12°270 E
54°460 N/7°770 W
53°900 N/9°580 W
44°860 N/0°420 W
42°700 N/3°150 E
39°460 N/0°240 W
34°260 N/6°700 W

2/7/2001
15/3/2008
1/7/2008
14/3/2005
16/4/2008
23/1/2008
15/1/2010
28/4/2001

9.53
4.76
13.93
9.36
11.55
12.73
14.06
17.53

9.38
4.77
13.81
9.79
11.78
12.61
14.16
17.82

8.45
4.19
13.85
9.57
11.26
13.24
15.05
17.57

identify 453 062 SNPs from 259 individuals sampled
from eight locations across the species range. As part of
testing the panmixia hypothesis, we were interested in
testing whether genetic differentiation was consistent at
nuclear and mitochondrial loci. We were also interested
in testing for the presence of hybrids across Europe to
assess whether hybridization could have influenced
results, using diagnostic SNPs between European and
American eels.
Our second goal was to contrast the outcome of
neutral vs. adaptive differentiation in European eel.
Using a subset of 50 354 SNPs with minor allele frequency >0.05, we tested for single-generation footprints
of spatially varying selection with two main analytical
approaches, one that identifies outliers as those markers
with greater differentiation among all SNPs and a second based on determining positive associations between
SNP frequencies and environmental variables. Following the positive associations observed by Gagnaire et al.
(2012a) in American eel, variables used were degrees
north latitude, degrees east/west longitude and sea-surface temperature at river mouths, corresponding to the
sampling locations. Candidate genes were functionally
annotated to assess potential functions of genes under
selection. We specifically wanted to test whether genes
under selection were grouped into clusters/islands as
observed in other species (Nosil et al. 2008; Hohenlohe
et al. 2010; Jones et al. 2012a,b; Nadeau et al. 2012;
Bradbury et al. 2013; Gagnaire et al. 2013; Hemmer-Hansen
et al. 2013) or more spread across the genome as
expected to occur within just a single generation under
a panmixia scenario.

ranging from Iceland to Morocco (Table 1; Fig. 1). All
samples were glass eels collected during January in the
Mediterranean and March/April in the Atlantic, except
samples from Iceland and Northern Ireland, which
were collected in July. Genomic DNA was extracted
using standard phenol–chloroform extraction.

RAD tag sequencing, RAD data analysis and SNP
identification
Genomic DNA from each individual was digested with
restriction enzyme EcoRI. RADs for all 259 European eel
individuals were sequenced (10 individuals per lane)
on an Illumina Genome Analyzer II by Beijing Genomics Institute (BGI, Hong Kong) using paired-end reads
(for details see Pujolar et al. 2013).
Sequence reads from the Illumina runs were sorted
according to barcode tag. Sequences were quality-filtered

Vogslgakur
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Lough Erne
Burrishoole

Gironde
Canet

Valencia

Materials and methods
Oved Sebou

Sampling
A total of 259 European eel (Anguilla anguilla) individuals were collected for RAD sequencing at eight locations
across the geographical distribution of the species,
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Fig. 1 Sampling locations of European eel (glass eel).
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using FASTX-Toolkit (http://hannonlab.cshl.edu/fastxtoolkit), and reads with ambiguous barcodes/poor quality were removed from the analysis. Any read that
presented a single nucleotide position with a Phred
score lower than 10 was eliminated. This corresponds
to the threshold generally used in SNP discovery studies (Van Bers et al. 2010; Ellison et al. 2011; Scaglione
et al. 2012; Wagner et al. 2012). Final read length was
trimmed to 75 nucleotides to reduce sequencing errors
present at the tail of the sequences (Pujolar et al. 2013).
For SNP calling, only the first (left) paired read was
used due to the lower coverage of the second pairedend reads (Etter et al. 2011).
The un-gaped aligner BOWTIE version 0.12.8 (Langmead et al. 2009) was used to align sequence reads to
the European eel genome draft (www.eelgenome.com),
which consists of 179 Mbp of small contigs and
923 Mbp of larger contigs or scaffolds (Henkel et al.
2012). A maximum of two mismatches between the
individual reads and the genome were allowed. Reads
with alternative (two or more) alignments were
excluded to avoid paralogous sequences.
Reference-aligned reads were processed using the
ref_map.pl pipeline in STACKS version 0.9995 (Catchen
et al. 2013). First, exactly matching reads were aligned
together into stacks and subsequently merged to form
putative loci. A minimum stack depth of 10 reads was
used. Subsequently, a maximum-likelihood framework
was used to call SNPs, and a catalogue was built of all
existing loci and alleles against which all individuals
were matched. Finally, the program Populations in
Stacks was used to process all the SNP data across
individuals.
Prior to the SNP analysis, loci in the catalogue were
further filtered to remove paralogs and otherwise spurious loci according to the following three criteria: (i) loci
with higher-than-average number of reads were
excluded, because an extremely high coverage might be
an indication of the presence of more than one locus
(twice the standard deviation from the mean number of
reads was used as threshold); (ii) loci with more than
two alleles were eliminated because those might result
from sequencing errors; and (iii) loci deviating from
Hardy–Weinberg equilibrium (HWE), tested using
GENEPOP version 4.2 (Raymond & Rousset 1995), were
excluded after adjusting significance levels for multiple
comparisons using the sequential Bonferroni technique
(Rice 1989). As a final filtering step, minimum percentage of individuals in a population required to process a
locus was set to 66.67%.
RAD analysis was also conducted separately for
mitochondrial SNPs by aligning all reads against the
European eel mitogenome (GenBank Accession no.
NC_006531) in BOWTIE.
© 2014 John Wiley & Sons Ltd

SNP analysis
Genome-wide measures of genetic diversity, including
nucleotide diversity (Π) and observed (Ho) and
expected (He) heterozygosities, were calculated in
Stacks (Table 2). Differences in genetic diversity among
samples were tested by one-way ANOVA using STATISTICA
version 6.0 (StatSoft Inc). Deviations from HWE, differences in allele and genotype frequencies among samples,
F-statistics for all samples and all sample pairs and isolation by distance (IBD) were tested using GENEPOP (Raymond & Rousset 1995). In all cases, significance levels
were corrected for multiple comparisons using the
sequential Bonferroni technique (Rice 1989). Pairwise
FST values were used to conduct a multivariate ordination by multidimensional scaling (MDS) analysis using
STATISTICA. IBD was tested using Mantel test (Mantel
1967) by correlating linearized genetic distance (FST/
(1FST)) vs. geographical distance (shortest waterway
distance in kilometre between sample pairs). All analyses were conducted considering (i) all nuclear DNA
sequences and (ii) all mitochondrial sequences.
Finally, we tested the presence of hybrid individuals
in the data set using STRUCTURE v.2.3.4 (Pritchard et al.
2000). For this purpose, the analysis also included a
sample of 30 RAD-sequenced American eel (yellow and
glass eels) Anguilla rostrata individuals collected in
Quebec, Nova Scotia and Florida (Pujolar et al. 2013). A
preliminary analysis was conducted using 20 random
European and American eel individuals to identify
diagnostic species-specific SNPs fixed at different alleles
in each species (FST = 1) following the same approach
as in Pujolar et al. (2014). We identified a total of 2148
diagnostic SNPs between European and American eels
that were used for hybrid identification in the data set.
The analysis in STRUCTURE was performed using
1 < k < 9, with 10 replicates per k to check the consistency of results. We assumed an admixture model and
uncorrelated allele frequencies, and we did not use
population priors. A burn-in length of 100 000 steps followed by 1 million additional iterations was performed.
The most likely k was determined using the criterion of
Evanno et al. (2005). The presence and nature of hybrids
was further tested using the Gensback setting in
STRUCTURE. When using prior population information for
individuals, the program tests whether each individual
has an immigrant ancestor in the last G generations,
where G = 0 corresponds to the individual being an
immigrant itself. The analysis was performed with G = 5.

Tests for local selection
Evidence of local selection was tested by searching for
increased population differentiation using FST-based
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Table 2 Diversity indices across European eel (glass eels) samples considering (i) nuclear DNA sequences and (ii) mitochondrial
sequences
Nuclear
Location

N

Ho

Vogslækur, Iceland
Ringhals, Sweden
Lough Erne, Northern Ireland
Burrishoole, Ireland
Gironde, France
Canet, France
Valencia, Spain
Oved Sebou, Morocco

34
30
33
29
37
32
31
33

0.036
0.039
0.033
0.036
0.035
0.036
0.035
0.036

Mitochondrial
U

He
(0.006)
(0.007)
(0.006)
(0.007)
(0.006)
(0.006)
(0.006)
(0.006)

0.040
0.041
0.038
0.039
0.039
0.039
0.039
0.040

(0.008)
(0.008)
(0.007)
(0.008)
(0.007)
(0.007)
(0.008)
(0.008)

0.041
0.042
0.039
0.040
0.034
0.040
0.034
0.041

U

He
(0.008)
(0.008)
(0.008)
(0.008)
(0.008)
(0.008)
(0.008)
(0.008)

0.056
0.056
0.064
0.050
0.064
0.068
0.069
0.067

(0.012)
(0.006)
(0.009)
(0.006)
(0.007)
(0.010)
(0.008)
(0.010)

0.057
0.057
0.065
0.051
0.065
0.070
0.070
0.068

(0.012)
(0.005)
(0.009)
(0.007)
(0.008)
(0.010)
(0.008)
(0.010)

MNA

TNA

1.34
1.54
1.51
1.44
1.56
1.46
1.46
1.59

55
63
62
59
64
60
60
65

Ho, observed heterozygosity; He, expected heterozygosity; U, nucleotide diversity; MNA, mean number of alleles; TNA, total number
of alleles.
Standard deviation in parentheses.

outlier analyses implemented in LOSITAN (Antao et al.
2008) and BAYESCAN (Foll & Gaggiotti 2008) and by testing for significant associations between allele frequencies and environmental variables using BAYENV (Coop
et al. 2010). Loci showing either significantly greater
population differentiation or significant covariance with
environmental variables relative to reference SNP distributions were considered candidates for being under
local selection. In all three approaches, only SNPs with
a minor allele frequency >0.05 were included in the
analysis.
The selection detection workbench LOSITAN (http://
popgen.eu/soft/lositan/) uses a coalescent-based simulation approach to identify outliers based on the distributions of heterozygosity and FST (Beaumont &
Nichols 1996). First, LOSITAN was run using all SNPs to
estimate the mean neutral FST as recommended by
Antao et al. (2008). After the first run, the mean neutral
FST was recomputed by removing those SNPs outside
the confidence interval to obtain a better approximation of the mean neutral FST. This mean was then used
to conduct a second and final run of LOSITAN using all
SNPs. An estimate of P-value was obtained for each
SNP. We used a strict threshold of 0.995 and a false
discovery rate of 0.1 to minimize the number of false
positives.
Outlier SNPs were also detected using the Bayesian test of Foll & Gaggiotti (2008) implemented in
BAYESCAN
(http://cmpg.unibe.ch/software/bayescan/).
The method is based on a logistic regression model that
separates locus-specific effects of selection from population-specific effects of demography. Loci under selection
are detected after comparing the posterior probabilities
of a neutral model considering only population-specific
FST parameters and a model including selection via a

locus-specific FST component to describe the observed
allele frequencies. Outlier analysis was conducted on
the whole data set divided according to sampling location. BAYESCAN runs were implemented using default
values for all parameters, including a total of 100 000
iterations after an initial burn-in of 50 000 steps. A
q-value of 10% was used.
As an alternative to these FST-based outlier tests, we
also searched for SNP–environment associations using
BAYENV (Coop et al. 2010), which tests for covariance
between candidate SNP allele frequencies and environment variables that exceed the expected covariances
under genetic drift. In the first step, the program is run
to estimate the covariate matrix using an MCMC algorithm. In the second step, the program is run to estimate the Bayes Factors (BF) for the environmental
variables of interest. A BF >3 was considered indicative
of an allele frequency correlation with an environmental
variable. Results were compared over five independent
runs for consistency. Environmental variables used
included degrees north latitude, degrees east/west
longitude and sea-surface temperature at river mouth
averaged across the 10 days, 30 days and 3 months
preceding the sampling date. Temperature data were
obtained from the IRI (International Research Institute
for Climate and Society) Climate Data Library (http://
iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCDC/.
OISST).
Gene predictions for the European eel genome
(http://www.zfgenomics.org/sub/eel) were used to
establish the genomic position of the candidate SNPs
for local selection using a custom-made script. SNPs
were considered to be located in a gene when
included in complete coding sequences (CDS) and exonic and intronic regions. Functional annotation of
© 2014 John Wiley & Sons Ltd
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these genes was obtained using the BLAST2GO suite
(G€
otz et al. 2008), which conducts BLAST similarity
searches and maps Gene Ontology (GO) terms to the
homologous sequences found. Only ontologies with Evalue < 1E-6, annotation cut-off >55 and a GO weight
>5 were considered for annotation. A more systematic
functional interpretation of the set of candidate genes
was obtained using the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway approach for higherorder functional annotation implemented in the
Database for Annotation, Visualization and Integrated
Discovery (DAVID) web-server v6.7 (http://david.abcc.
ncifcrf.gov). Zebrafish Danio rerio was used as reference genome for annotation. Prior to the analysis in
DAVID, a local BLAST was conducted for significant
matches directly against zebrafish Ensembl proteins
using BLASTX. Zebrafish Ensembl Gene IDs were
obtained from the corresponding Ensembl protein
entries using the BIOMART data mining tool in the Ensembl website (http://www.ensembl.org/biomart/).
Gene functional analysis in DAVID was conducted defining the zebrafish IDs corresponding to those genes
including a locally selected SNP as ‘Gene list’ and the
zebrafish IDs corresponding to all genes as ‘Background’. Standard settings of gene count = 2 and
ease = 0.1 were used.
Finally, the patterns of differentiation across genome
regions were characterized to test whether genes
putatively under selection were grouped into clusters
(genomic islands of differentiation) or more scattered
across the genome. We estimated the levels of genetic
differentiation between populations by calculating average FST for 50-kb genomic sliding windows. Alternative
sliding windows (100 and 200 kb) were also tested. FST
was calculated between the two most ecologically and
geographically differing locations, Iceland and Morocco.
Windows were restricted to the 30 longest scaffolds
(903 936–2 025 234 bp) from the European eel draft
genome.

Results
RAD sequencing
Sequencing of the RAD libraries generated an average
of 9.59 million reads of 90 bp per individual. After
trimming sequences to 75 bp and quality filtering, on
average, 7.90 million (82.19%) reads per individual
were retained. Mean quality score of the retained reads
was 38.65, with a GC content of 41.1% (Table 3). An
average of 69.96% of the quality-filtered reads aligned
to the European eel draft genome and 4.46% of the
reads were discarded due to alternative (two or more)
alignments.
Aligned reads were assembled into an average of
526 821 stacks and subsequently into a set of 335 343
loci (Table 3). A total of 118 016 (35.5%) reads per individual were discarded due to insufficient depth of coverage. Loci with a minimum stack depth of 10 reads
were retained to construct a catalogue of 527 504 loci,
using a total of 80 individuals (10 individuals per location). Prior to SNP discovery, loci were further filtered
to minimize errors in sequencing, alignment or assembly. First, 815 loci showing >57.35 reads (twice the standard deviation from the mean number of reads,
19.16  19.09) were discarded, as a higher-than-average
number of reads suggest the presence of more than one
locus. Second, 40 270 loci showing three alleles per individual were eliminated. Third, 1749 loci not adjusting
to Hardy–Weinberg proportions after Bonferroni correction were also removed, representing either loci at
which all individuals were heterozygotes or loci at
which one single individual was homozygote for an
allele not observed in the rest of the individuals.
Finally, after a filtering step selecting only loci genotyped in >66.7% of individuals in all sampling locations,
a total of 72 932 loci were retained for SNP discovery.
Using the program Population in Stacks, a total of
453 062 SNPs were discovered. After aligning against

Table 3 Statistics describing the distribution of different properties of RAD sequences after each step of filtering (FASTX-Toolkit),
alignment to the eel draft genome (BOWTIE) and assembly into loci (Ref_map.pl)
FASTX
Raw reads
9593701

Filtered reads
7899505

BOWTIE
Reads
7899505

Aligned
5527660

REF_MAP
Reads
5527660

Stacks
526821

© 2014 John Wiley & Sons Ltd

% Eliminated
17.81
% Aligned
69.96
Loci
335343

Mean Q
38.65
Nonaligned
2018833
Loci used
217326

Q1
37.97

Med
39.40

Q3
40.22

% Nonaligned
25.59
% Loci used
64.50

%A
29.5

%C
20.7

Discarded
353042
Loci discarded
118016

%G
20.4

%T
29.3

% Discarded
4.46
% Loci discarded
35.50
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the European eel mitogenome, a total of 11 loci and 41
SNPs were identified as mitochondrial.

(a)

Genetic diversity and differentiation
Measures of genetic variability across locations considering all identified SNPs are summarized in Table 2. No
differences in values of observed heterozygosity
(Ho = 0.038–0.039), expected heterozygosity (He = 0.038–
0.041) and nucleotide diversity (Π = 0.034–0.042) were
found across locations (P > 0.05 in all comparisons). No
differences were observed when Ho, He and Π were
calculated using all (fixed and variable) positions. Similarly, genetic diversity was similar across locations
(He = 0.056–0.069; Π = 0.051–0.070) when considering
only mitochondrial RADs (41 SNPs at 11 loci).
When investigating the genetic structure among locations, all pairwise FST comparisons were not significant
(P > 0.05), with an average pairwise FST value of 0.0007.
Comparison of allele frequencies across locations
showed highly significant differences at only 26 of
453 062 SNPs after Bonferroni correction for multiple
testing. An MDS plotting the first and second coordinates obtained from pairwise genetic distances showed
all samples clustering together fitting no apparent geographical pattern (Fig. S1a, Supporting information). A
Mantel test showed no correlation between genetic and
waterway distances (r = 0.232; P = 0.250), which
suggests no IBD pattern (Fig. 2a).
When considering only mitochondrial markers (41
SNPs), genetic differentiation was low (FST = 0.0002),
and no significant differences were found when comparing allele frequencies across locations after Bonferroni correction. However, pairwise FST values were
significant at five of 28 comparisons, all involving
Iceland. Concordantly, Iceland was the most distant
sample in the MDS analysis (Fig. S1b, Supporting information) and also contributed to the observed positive
but nonsignificant pattern of IBD (r = 0.311; P = 0.107;
Fig. 2b).
Using 2148 species-diagnostic nuclear SNPs with an
FST value of 1 between the two species, STRUCTURE was
used to investigate the possible presence of admixed
individuals in the data set. A scenario with two groups
(K = 2) corresponding to the two species was inferred
to be the most likely (Fig. 3). Occurrence of hybrids
was low, with a total of three admixed individuals
found within European eel: one from Gironde with an
admixture proportion of 0.053 (0.037–0.070) and two
from Iceland with admixture proportions of 0.190
(0.176–0.218) and 0.192 (0.176–0.217), respectively. Additionally, three individuals (two from Canet and one
from Ringhals) presented an admixture proportion of
0.03. Within American eel, one single admixed individ-

(b)

Fig. 2 Mantel test correlating pairwise linearized genetic distances (FST/(1FST)) vs. geographical distances (shortest waterway distance in kilometre) between all glass eel sampling
locations considering (a) all RAD sequences and (b) mitochondrial RAD sequences only.

ual was found, with an admixture proportion of 0.056
(0.041–0.073). Using the Gensback setting in STRUCTURE,
the two admixed individuals from Iceland were classified as first-generation backcrosses, while the admixed
individual from Gironde was classified as a third-generation backcross, same as the admixed American eel
individual.
Finally, all individuals were identified as European
or American eel on the basis of the mitochondrial RADs
(Fig. 3). Five of 41 SNPs were diagnostic, that is, fixed
at different alleles. All European eels plus the three
hybrids from Iceland and Gironde showed the European
eel-diagnostic mitochondrial alleles, except one individ© 2014 John Wiley & Sons Ltd
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(b)
Fig. 3 Admixture analysis using STRUCTURE. (a) Individuals were assigned on the basis of the most likely K (in this case, K = 2). Each
vertical line represents one individual, partitioned into segments according to admixture proportion of European eel (AA; green) and
American eel (AR; red). Locations are labelled as in Table 1. (b) Identification of all individuals as European or American eel on the
basis of the mitochondrial RADs is also included (bottom panel).

ual from Lough Erne identified as pure European eel
on the basis of all nuclear loci presenting the five American eel-diagnostic mitochondrial alleles. All American
eels plus the admixed American eel individual showed
the American eel-diagnostic mitochondrial alleles,
except one individual identified as pure American eel
on the basis of all nuclear loci that presented the five
European eel-diagnostic mitochondrial alleles.

Local selection
In all tests for local selection, a total of 50 354 SNPs
with a minor allele frequency >0.05 were included in
the analysis. Using LOSITAN, a total of 670 SNPs representing 639 unique loci were identified as outliers possibly under directional selection, after applying a
significance level of 0.995. A smaller number of outlier
loci were identified using BAYESCAN: 33 SNPs representing 30 unique loci, all of which were part of the outliers
identified using LOSITAN. As expected when considering
that both LOSITAN and BAYESCAN are FST-based methods,
all outliers showed high FST values (0.04–0.12) compared
with the background FST.
Bayesian tests for SNP–environment associations in
BAYENV identified a total of 87 candidate SNPs representing 74 unique loci: 12 SNPs representing 12 unique
loci associated with latitude, 29 SNPs representing 28
unique loci associated with longitude and 51 SNPs
representing 49 unique loci associated with temperature, with a few SNPs being correlated with more than
one variable. Highly similar results were obtained
when using the three temperature data sets (last
10 days, last 30 days and last 90 days prior to sampling), with only eight nonshared candidate SNPs
across data sets.
Collectively, a total of 754 potentially locally selected
SNPs were identified, only three of which were common to both FST-based and SNP–environment association approaches. These three SNPs showed both strong
SNP–environmental correlations (BAYENV) and increased
FST relative to the reference-based threshold (LOSITAN
and BAYESCAN). By contrast, 84 candidate loci exceeded
the reference-based significance threshold solely for the
© 2014 John Wiley & Sons Ltd

BAYENV test of environmental association, without being
significant outliers in FST.
When genomic position of the locally selected SNPs
was investigated, a hit with a gene was obtained for
39.8% of the SNPs. Thus, no hits were obtained for
60.2% of the SNPs, although 10.2% were located in
upstream (5000 bp) regions of the genes. Most hits
represented intronic regions (86.9%), with CDS and
exons representing only 7.8% and 5.3% of the hits,
respectively.
Among hits, 255 (65.4%) were associated with one or
more among 1476 unique GO terms, for a total of 2628
term occurrences. Subsequently, the KEGG pathway
approach for higher-order functional annotation was
implemented using the tool DAVID. Using zebrafish as
reference genome, a total of 335 zebrafish genes homologous to European eel were mapped to KEGG pathways. Enriched KEGG pathways using a standard
setting of gene count = 2 are summarized in Table 4.
The pathway with the highest number of genes was
neuroactive ligand–receptor interaction (eight genes),
including several genes implicated in behaviour such as
dopamine receptor, glutamate receptor subunit AMPA3
and alpha-1D adrenoreceptor. Other pathways of particular interest were calcium signalling pathway (six
genes) and circadian rhythm (two genes), including
PERIOD.
Finally, average FST values calculated using a 50-kb
sliding window were plotted for the 30 longest scaffolds (Fig. 4). FST was low throughout the scaffolds,
with just a few narrow peaks. No regions of the
scaffolds with pronounced divergence peaks were
observed, consistent with panmixia removing any effect
of diversifying selection from each new generation.
Similar results were obtained when using alternative
(100 and 200 kb) sliding windows.

Discussion
Further evidence for genomic panmixia
This study represents the first high-density SNP-based
genome scan of genetic diversity and differentiation in
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Table 4 KEGG pathways and genes identified using the FST outlier approach implemented in
associations with environmental variables in BAYENV

LOSITAN/BAYESCAN

and by testing for

KEGG pathway

Gene

Approach

Calcium signalling pathway

ATPase, Ca++ transporting, cardiac muscle, slow twitch 2a
Calcium channel, voltage-dependent, L type, alpha 1S subunit
Calcium channel, voltage-dependent, L type, alpha 1S subunit, a
Similar to N-methyl-D-aspartate receptor channel subunit epsilon 1
Similar to Neuromedin-K receptor (NKR)
Similar to alpha-1D adrenoreceptor
Dopamine receptor D1
Gamma-aminobutyric acid (GABA) A receptor, alpha 1
Glutamate receptor, ionotropic, AMPA 4b; glutamate receptor,
ionotropic, AMPA 4a; glutamate receptor, ionotropic, AMPA 2a;
glutamate receptor, ionotropic, AMPA 1b; glutamate receptor,
ionotropic, AMPA 1a; similar to glutamate receptor, ionotropic, AMPA
4; glutamate receptor, ionotropic, AMPA 3b; glutamate receptor,
ionotropic, AMPA 3a
Pyrimidinergic receptor P2Y, G-protein coupled, 4-like
Similar to adenosine A1 receptor
Integrin, alpha 5
Phosphatase and tensin homolog B
Talin 1
V-crk sarcoma virus CT10 oncogene homolog (avian)-like
V-raf murine sarcoma viral oncogene homolog B1
Calpain 2, (m/II) large subunit, like
C-terminal binding protein 2
MAD homolog 2 (Drosophila)
Secreted frizzled-related protein 1
Wingless-type MMTV integration site family, member 7b
Wingless-type MMTV integration site family, member 8b
UDP-N-acetyl-alpha-D-galactosamine: polypeptide Nacetylgalactosaminyltransferase 7
WD repeat domain 51B, like
Period circadian protein homolog 2
Period circadian protein homolog-like 2

FST
FST
FST
FST
FST
FST
FST
FST
FST

Neuroactive ligand–receptor
interaction

Focal adhesion

Wnt signalling

Mucin-type O-glycan biosynthesis

Circadian rhythm

outlier
outlier
outlier
outlier
outlier
outlier
outlier
outlier
outlier

FST outlier
FST outlier
FST outlier
BAYENV

FST
FST
FST
FST
FST
FST
FST
FST
FST

outlier
outlier
outlier
outlier
outlier
outlier
outlier
outlier
outlier

BAYENV

BAYENV
BAYENV

FST outlier

KEGG, Kyoto Encyclopedia of Genes and Genomes.

the European eel. All analyses of genetic diversity,
genetic differentiation and isolation by distance are consistent with the interpretation of genomic panmixia that
European eels sampled along the coasts of Europe and
northern Africa belong to a single spatially homogenous
population. The low levels of genetic differentiation in
our study, revealed by both nuclear (FST = 0.0007) and
mitochondrial loci (FST = 0.0002), are concordant with
the recent study of Als et al. (2011), the most extensive
study to date in terms of spatial sampling, which
showed nonsignificant genetic differentiation among
samples using 21 microsatellite loci, with an FST value
of 0.00076 among larvae in the Sargasso Sea and
0.00024 among glass eels samples across Europe. Very
low mean FST values have also been reported in all
other studies on European eel that included large numbers of sampling sites and individuals (e.g. Wirth &
Bernatchez 2001: FST = 0.0017; Dannewitz et al. 2005:
FST = 0.0014; Maes et al. 2006: FST = 0.0099), the only

exception being a recent study showing a microsatellite
FST value of 0.02 (this about 10 times more than
reported in other studies) and a mitochondrial FST of
0.11 (Baltazar-Soares et al. 2014).
Random mating and larval dispersal may lead to the
lack of spatial structure found in European eel despite
its broad geographical distribution from Iceland to
Morocco. While congregating at a single dominant
spawning site could lead to panmixia, the vastness
(c. 3 9 106 km2) and heterogenous hydrographic structure of the Sargasso Sea plus changes in oceanographic
conditions caused by ocean-atmospheric regime shifts
may affect the location of spawning areas by silver eels
(Friedland et al. 2007). Based on the occurrence of eel
larvae, it has been proposed that particular thermal
fronts within the subtropical convergence zone characterized by steep temperature and salinity gradients
are used by eels to locate spawning areas and facilitate mating (McCleave 1993; Munk et al. 2010).
© 2014 John Wiley & Sons Ltd

L O C A L S E L E C T I O N I N T H E E U R O P E A N E E L 2523
scaffold1

scaffold11

scaffold14

scaffold141

scaffold142

scaffold178

scaffold196

scaffold2

scaffold21

scaffold24

scaffold254

scaffold27

scaffold3

scaffold30

scaffold31

scaffold34

scaffold36

scaffold4

scaffold46

scaffold5

scaffold54

scaffold6

scaffold63

scaffold68

scaffold7

scaffold75

scaffold79

scaffold8

scaffold84

scaffold90

0.015
0.010
0.005
0.000
–0.005
–0.010

FST

0.015
0.010
0.005
0.000
–0.005
–0.010
0.015
0.010
0.005
0.000
–0.005
–0.010
0.015
0.010
0.005
0.000
–0.005
–0.010
0.015
0.010
0.005
0.000
–0.005
–0.010
500 1000 1500 2000

500 1000 1500 2000

500 1000 1500 2000

500 1000 1500 2000

500 1000 1500 2000

500 1000 1500 2000

bp (x1000)

Fig. 4 Plots of average FST calculated using a 50-kb sliding window for the 30 longest scaffolds in the European eel genome.

Hydrographic profiling studies show that the position
and strength of the thermal fronts are highly variable
and unstable (Munk et al. 2010), which suggests no possibilities of philopatry of adults to the original birthplace within the Sargasso Sea and hence random
mixing of individuals. In regard to larval dispersal,
despite circulation patterns and oceanic currents in the
Atlantic Ocean being complex, it is well established that
European eel larvae are advected towards Europe following the Gulf Current and the North Atlantic Current
(Lecomte-Finiger 1994). An alternative shorter transatlantic journey following the Subtropical Counter Current towards the Azores and Europe has been proposed
for southern European eels (Munk et al. 2010) that
would explain the observed highly significant heterogeneity in size and condition between Mediterranean and
North European glass eels (Pujolar et al. 2007), with
Mediterranean samples showing smaller size and condition. A shorter transatlantic migration route for Mediterranean larvae was also indicated in the modelling
study of Kettle & Haines (2006). The putative existence
of different larval migratory routes contrasts with the
lack of spatial genetic structure in our study, in which
European eel samples were compared with the largest
number of markers to date. In accordance with Als et al.
(2011), this seems to indicate that larval migration is
random and that any segregation of individuals that
might occur in the Sargasso Sea (either spatial or temporal) is not reinforced by larval homing to the parental
original freshwater habitat.
© 2014 John Wiley & Sons Ltd

Low occurrence of hybrids in Europe
Our study identified a total of 2148 SNP markers that
were diagnostic between European and American eels
(FST = 1 as they were fixed for different alleles), which
were used for hybrid identification. Admixture analysis
showed a low level of hybridization, with three hybrids
among European glass eels (two in Iceland and one in
Gironde) and one single hybrid among American eels.
We observed a hybrid occurrence of 5.9% in Iceland
that fits the values found in previous studies, ranging
from 2–4% to 15.5% (Avise et al. 1990; Albert et al. 2006;
Pujolar et al. 2014). By comparison, four out of 225
(1.8%) individuals were identified as hybrids in mainland Europe, one individual with a 0.05 admixture proportion and three individuals with a 0.03 admixture
proportion. The low occurrence of hybrids in mainland
Europe is in agreement with the recent study of Als
et al. (2011) that identified 0.2% of hybrids (one in Ireland and one in Belgium) using 21 microsatellites. Collectively, our data corroborate previous findings that a
moderate percentage of Icelandic eels have American
eel ancestry, showing that a much lower percentage of
eels in mainland Europe is of admixed origin.
The low occurrence of hybrids in mainland Europe
also suggests strong natural selection against hybrids.
As a consequence of reduced hybrid viability and/or
fertility, hybridizing individuals usually experience
several costs that result in selection against heterospecific pairing (i.e. development instability; Coyne & Orr
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2004). Recently, Gagnaire et al. (2012b) identified a possible cytonuclear incompatibility between North Atlantic eels after showing that positive selection has
operated on both the mitochondrial atp6 gene and its
nuclear interactor atp5c1. However, our data show that
individuals presenting the nuclear genome of one species and the mitogenome of the other species are viable.
One individual from Lough Erne (Northern Ireland)
presented a pure European nuclear genome, but an
American mitogenome. The reverse pattern was also
observed, and European eel mtDNA was found in an
individual with a pure American nuclear genome. This
suggests that, albeit rare and sporadic, hybridization
over several generations is possible and can occur in
both directions.

Single-generation signatures of selection
Considering the high historical effective population size
estimated for the European eel (from 100 000 to 1 9 106
individuals; Pujolar et al. 2013), random drift is expected
to be negligible, while natural selection (together with
gene flow) would be the major force determining allele
frequency differences, in a pattern that is expected to
vary from locus to locus. Effectively, the great majority of
SNPs in our study showed no appreciable differences in
allele frequencies among sampling locations, whereas a
small set of SNPs showed significantly high genetic
differentiation, consistent with the action of natural
selection.
The low levels of baseline differentiation (FST of
0.0007) found in the European eel with no highly differentiated genome regions except a few narrow peaks
suggest that most of the genome is homogenized by
gene flow. When gene flow is high, strong divergence
selection acting directly on individual target genes that
diverge independently from other genes is expected
(i.e. direct selection with no hitchhiking), while genomic
islands of divergence due to genome hitchhiking are
expected in the case of reduced gene flow (Feder et al.
2012). The observation of single points of selection
rather than regions (islands) under selection in our
study is in agreement with panmixia in the European
eel.
After screening over 50 000 SNPs with a minor allele
frequency >0.05, we identified several candidate genes
possibly undergoing divergent selection associated with
the highly variable environmental conditions used by
the European eel along its geographical range. Our
results are in accordance with the study of Gagnaire
et al. (2012a) in American eel, which showed significant
correlations between allele frequencies at 13 loci and
the same variables used in our study (temperature,
latitude and longitude).

We found large variation between the approaches
used (FST outlier vs. environment association methods),
and few SNPs were identified as targets of local selection by both methods. This is in agreement with recent
studies in which genes that showed positive SNP–environment associations were not outliers in analyses of
population structure (Hancock et al. 2010; Ma et al.
2010; Keller et al. 2012), which suggests that the SNP–
environment association approach is more sensitive to
subtle/gradual shifts in allele frequencies and may be
complementary (rather than concordant) to FST-based
outlier methods when testing for selection (Coop et al.
2010). Nevertheless, some of the putative targets of local
selection in our study showed both high FST and SNP–
environment associations, including genes in two
important pathways, calcium signalling and circadian
rhythm.
Calcium serves a number of functions in fish and
controls processes as diverse as fertilization, development, learning and memory, mitochondrial function,
muscle contraction and secretion (Berridge et al. 2000).
It is also recognized as very important in ion exchange
and osmoregulation. Spatially varying selection in
regard to osmoregulation seems plausible in the European eel, because the species is facultatively catadromous and can occupy either freshwater or salt water
(i.e. marine and brackish) habitats (Daverat et al. 2006).
Within the circadian rhythm pathway, the gene that
showed the strongest and most consistent evidence for
local selection across all analyses was the central circadian gene PERIOD (per), showing both a highly
increased population differentiation in the outlier FST
approach and a strong pattern of covariance with two
environmental variables, temperature and latitude
(allele frequencies ranged from 0.12 in Ringhals to 0.02
in the Mediterranean locations and Morocco). Many
organisms exhibit circadian rhythms based on 24-h
intervals regulated by endogenous biochemical
oscillators or clocks that enable organisms to organize
physiological and behavioural processes to occur at biologically advantageous times in a day (Hastings et al.
1991). Changing photoperiod lengths can also be an
important environmental cue controlling seasonal activities. Clocks can be synchronized with environmental
factors, most notably changes in temperature and light
intensity, which is consistent with the statistical association in our study between PERIOD allele frequencies
and temperature and latitude. PERIOD could be under
local selection, in this case related to differences in local
photoperiod associated with the >30° difference in latitude between the geographically most extreme locations
(Iceland vs. Morocco).
The remaining genes showed high FST but no SNP–
environment associations, including many genes associated
© 2014 John Wiley & Sons Ltd
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with behaviour, namely dopamine receptor DRD1, glutamate receptor subunit AMPA3 and alpha-1D adrenoreceptor. Dopamine and glutamate are neurotransmitters
mediating a wide range of actions, including stress and
aggressiveness and also locomotion and exploring
behaviour. Social behaviour related to aggressiveness
(agonistic behaviour) could be important for food accessibility and size-related sex determination in eels.
Alpha-1D adrenoreceptors are also involved in a variety
of stimulus-induced changes in locomotor behaviours.
It should be noted that due to the methodological
approach used (i.e. RAD sequencing), SNPs under
selection could be underestimated because only a portion of the restriction fragments will be located in actual
gene-coding regions.

Impossibility of local adaptation
High gene flow associated with the particular life history characteristics of eels prevents heritable trans-generational local adaptation. Genomic panmixia suggests
that larval dispersal is random and there is no larval
homing to the parental original freshwater habitat. As a
consequence, the offspring of surviving individuals
experiencing specific local conditions (e.g. high temperature) have no chance to return to the parental habitat in
which the phenotype was originally advantageous and
selected for. Despite evidence for single-generation footprints of spatially varying selection, local adaptation is
impossible in the case of eels and locally adapted SNPs
in a given generation may not be favoured by selection
in the next generation. In fish, a similar scenario in
which strong selection occurs in every generation was
suggested for lagoon populations of the European sea
bass Dicentrarchus labrax (Lemaire et al. 2000). As spawning only occurs at sea, any adaptation to the lagoon
environment is lost as surviving young adults migrate
from the lagoons to the open sea to mate with individuals from marine populations. Spatially and temporally
varying selection has also been reported previously in
several marine invertebrates, including blue mussel
(Mytilus edulis) (Koehn et al. 1976) and acorn barnacle
(Semibalanus balanoides) (Veliz et al. 2004).
The resilience of a species depends on its vulnerability in the face of environmental changes, which can lead
to either genetic (local adaptation) or plastic (phenotypic plasticity) responses (Hoffmann & Willi 2008).
Heritable local adaptation can allow species to cope
with environmental variability. This has been shown in
the mummichog Fundulus heteroclitus, in which local
populations have evolved pollution tolerance allowing
them to survive concentrations of contaminants that are
lethal to populations from clean environments, in a
response that is not plastic but adaptive and heritable
© 2014 John Wiley & Sons Ltd

(Nacci et al. 2010; Whitehead et al. 2011). Gagnaire et al.
(2012a) argued that locally selected polymorphisms are
not easily maintained by spatially varying selection in
the panmictic American eel and that under such conditions phenotypic plasticity provides a more functionally
adaptive response to spatial environmental variation.
As such, high phenotypic plasticity could explain the
presence of eels in extremely heterogenous environments across Europe in terms of salinity, temperature,
substrate, depth or productivity, as well as the large
variance observed in life history traits such as age at
maturity or growth rate.

Conclusions
Analysis of hundreds of thousands of SNPs provides
compelling support for the notion that European eel is
a panmictic species. Panmixia at the genomic level
agrees with previous genetic studies using neutral
markers (microsatellites and AFLP) and is also concordant with the hybrid ecological-genetic model of Andrello et al. (2011). Mitochondrial SNPs in our study also
showed no differentiation (41 SNPs: FST = 0.0002),
which contrasts with the significant differences recently
reported by Baltazar-Soares et al. (2014), with a mitochondrial FST of 0.11. Reasons for such a high discrepancy between studies are unclear; they might be related
to differences in sample sizes, but this clearly deserves
further investigation.
The results also demonstrate that the occurrence of
hybrids between European and American eel is rare
outside Iceland. Nevertheless, the extensive number of
SNPs allows for tracking hybridization several generations back in time and indicates the presence of introgressed individuals that may contribute to genuine
gene flow between the species. Despite panmixia, some
genes are identified that are candidates for being under
local selection within generations. By considering their
functions and the ecological and geographical diversity
covered by the sampled sites, it is also biologically
plausible that they are indeed under selection.
Although phenotypic plasticity undoubtedly plays a
major role in the persistence of eels in a range of highly
variable environments, the present study and the
related study by Gagnaire et al. (2012a) of American eel
draw attention to the importance of spatially and temporally varying selection in high gene flow organisms,
among which European and American eel represent
extreme cases. Future work directions include testing
whether the same genes are under spatially varying
selection in glass eels and yellow/silver eels or whether
the response involves a different set of genes. The latter
option seems plausible considering the different selective pressures that affect eels in early vs. late life stages.
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