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Abstract

The study of phenotypic variation patterns among populations is fundamental to elu-
cidate the drivers of evolutionary processes. Empirical evidence that supports ongo-
ing genetic divergence associated with phenotypic variation remains very limited for
marine species where larval dispersal is a common homogenizing force. We present
a genome-wide analysis of a marine fish, Labrus bergylta, comprising 144 samples dis-
tributed from Norway to Spain, a large geographical area that harbours a gradient
of phenotypic differentiation. We analysed 39,602 biallelic single nucleotide poly-
morphisms and found a clear latitudinal gradient of genomic differentiation strongly
correlated with the variation in phenotypic morph frequencies observed across the
North Atlantic. We also detected a strong association between the latitude and the
number of loci that appear to be under divergent selection, which increased with dif-
ferences in coloration but not with overall genetic differentiation. Our results dem-
onstrate that strong reproductive isolation is occurring between sympatric colour
morphs of L. bergylta found at the southern areas and provide important new insights
into the genomic changes shaping early stages of differentiation that might precede

speciation with gene flow.

KEYWORDS
assortative mating, colour vision, gradient of phenotypic and genomic differentiation, partial
reproductive isolation

of speciation have involved retrospective approaches, whereby the

The formation of new species involves the evolution of reproductive
isolation between populations, a complex and continuous process
that gives rise to biodiversity. Despite extensive studies, the nature
and time course of the genetic changes underlying speciation re-
main unclear, especially during early stages (Ravinet et al., 2017; Via,
2009). To date, the majority of studies analysing the genetic basis

mechanisms of speciation were reconstructed retroactively after
the speciation process was completed (Via, 2009). Early stages of
genomic differentiation provide rare windows into early barriers
to gene flow that precede speciation, and represent excellent op-
portunities to detect genomic elements that may be under diver-
gent selection, before these are overwritten as the process evolves
(White et al., 2020). The analysis of partially reproductively isolated

Laura Casas and Pablo Saenz-Agudelo, listed in alphabetical order, contributed equally to this study.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2021 The Authors. Molecular Ecology published by John Wiley & Sons Ltd.

Molecular Ecology. 2021;30:1281-1296.

wileyonlinelibrary.com/journal/mec 1281


www.wileyonlinelibrary.com/journal/mec
mailto:﻿
https://orcid.org/0000-0001-6617-8731
mailto:﻿
https://orcid.org/0000-0001-8197-2861
https://orcid.org/0000-0001-5660-5322
https://orcid.org/0000-0002-5411-6741
https://orcid.org/0000-0002-2760-8169
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lalaucas@gmail.com
mailto:pablo.saenzagudelo@gmail.com

CASAS ET AL.

1282
—I—WI |l A& MOLECULAR ECOLOGY

morphotypes can contribute to disentangle genetic changes contrib-
uting to reproductive isolation from genetic differences between
species that accumulate after speciation is complete.

Current knowledge of the patterns and processes of species
origin is heavily biased toward terrestrial and freshwater species
(Miglietta et al., 2011). Insights into speciation remain a critical
knowledge gap in the marine environment, where data are scarce
and practically restricted to adaptation to new ecological settings
(for example: spawning depth (Momigliano et al., 2017); depth distri-
bution of nests, nest site substrate and timing of reproduction (Crow
et al., 2010); shifts in coral habitats (Munday et al., 2004); and life-
history differences (Puritz et al., 2012)). Nonetheless, speciation can
still proceed in the face of gene flow in the absence of absolute phys-
ical isolation barriers, not only as a by-product of local adaptation
but also driven by a morphological trait under divergent selection,
for example body colour pattern (Elmer et al., 2009; Puebla, 2009;
Puebla et al., 2007, reviewed in Servedio et al., 2011).

Colour polymorphism in fish is well documented, but the se-
lective forces allowing the phenotypic diversity to persist within
populations remain poorly understood. The hypothesis that colour
polymorphism can act as a precursor to speciation has recently
gained momentum (MclLean & Stuart-Fox, 2014); however, partial
reproductive isolation does not always lead to complete speciation
but might instead be maintained as intermediate stages along the
speciation continuum for millions of years (Seehausen et al., 2014).

Experimental evidence of mate choice being driven by visual
cues has been gathered for a handful of species that mate assor-
tatively based on coloration patterns such as hamlets or cichlids
(Domeier, 1994; Puebla et al., 2007, 2012; Salzburger et al., 2006;
Seehausen, 1997). In some of these well-studied species, genetic
variability on key-site amino acids known to tune spectral sensitivity
of visual pigment (opsin) genes that mediate vision has been asso-
ciated with mating preferences (Hench et al., 2019; Kamijo et al.,
2018; Seehausen et al., 2008; Terai et al., 2006). However, it is un-
certain whether divergence in this set of genes is general among
fishes that display assortative mating with respect to variation in
coloration, and whether this group of genes is associated with a
reduction in levels of gene flow (Nosil et al., 2009). Moreover, im-
portant questions about the genomic architecture of speciation in
the face of gene flow remain. Two hypotheses that represent the
ends of a continuum are currently supported by different studies (re-
viewed by Nosil & Feder, 2012). Some recent speciation events seem
to be characterized by highly differentiated genomic regions that are
strongly clustered (called “genomic islands”) (Malinsky et al., 2015;
Puebla et al., 2014) whereas other studies report a widely scattered
differentiation across the genome (Michel et al., 2010; Seehausen
etal., 2014).

Colour polymorphism is frequent in labroids and can occur
both as sexual dichromatism or as sex-independent variation. The
former is widespread in polygamous wrasses although the Ballan
wrasse (Labrus bergylta), a temperate protogynous hermaphrodite
with territorial males that engage in elaborate courtships with sev-
eral females, displays the second (Darwall et al., 1992). L. bergylta

occurs throughout coastal waters along the eastern Atlantic from
Morocco to Norway, including Madeira, the Azores and the Canary
Islands (Quignard & Pras, 1986). This teleost is characterized by a
highly variable colour pattern (Costello, 1991; Villegas-Rios, Alonso-
Fernandez, Fabeiro, et al., 2013) and vast differences in the relative
abundance of conspecific colour variants throughout its distribution
range. In the Spanish coast, only the two extremes of this colour
polymorphism coexist in sympatry. No intermediate phenotypes are
found in these latitudes and the two ends of this phenotype—namely
plain and spotted—are even named differently by local fishermen
and sold separately (Villegas-Rios, Alonso-Fernandez, Fabeiro, et al.,
2013). Intermediate morphotypes can be found in increasing fre-
quency northwards. In the northernmost areas, intermediate phe-
notypes dominate, and “pure” plain or spotted morphs are extremely
rare.

Major differences in the life-history traits and demography be-
tween both colour morphs from NW Spain have been described,
with spotted individuals attaining larger sizes at age, investing fewer
resources in reproduction, and changing sex at larger sizes and older
ages than plain individuals (Villegas-Rios et al., 2014; Villegas-Rios,
Alonso-Fernandez, Dominguez-Petit, et al., 2013; Villegas-Rios,
Alonso-Fernandez, Fabeiro, et al., 2013). Several mechanisms can
explain the persistence of both colour morphs, including nonran-
dom mating or frequency-dependent selection by predation, among
others. Still, based on our field observations, we hypothesize that
plain and spotted morphotypes mate assortatively along coastal NW
Spanish waters.

Previous multilocus genetic analysis (185, COI, control region,
S7) failed to reveal consistent differences between the two colour
morphs (Almada et al., 2016, 2017) while microsatellites showed sig-
nificant but low levels of genetic differentiation between spotted
and plain individuals with only a small percentage of the variation ex-
plained by the morphotype (Quintela et al., 2016). High-throughput
genomic approaches provide a higher resolution to unravel genomic
differences between potentially nascent species, often minimally di-
verged from a genomic perspective, offering a unique opportunity
to shed light on early barriers to gene flow and its underlying mech-
anisms (Seehausen et al., 2014).

Genome scans carried out on a genome-wide scale can reveal
regions of genomic divergence between populations in the early
stages of speciation, both in sympatry and in allopatry, even in the
face of gene flow (Wolf et al., 2010). Here, we explore the genomic
structure of a geographically variable colour polymorphism using
L. bergylta as a case study. The geographical context harbours sym-
patric (plain-spotted), parapatric (separate locations within a pu-
tative population; Vigo [Spain] and Malpica [Spain]) and allopatric
populations that together with the presence of different degrees of
differentiation across the distribution range provide the necessary
preconditions to test if genomic differentiation is associated with
colour differences.

We use restriction-site-associated DNA sequencing (RAD-seq)
to scan the genome of individuals displaying plain, spotted and in-
termediate colour morphs sampled in eight locations across the
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North Atlantic displaying a phenotypic variation continuum. RAD-
seq can finely characterize genetic variation at tens of thousands of
loci across the genome (Hohenlohe et al., 2010; Keller et al., 2013)
and detect genomic elements that may be under divergent selec-
tion. We assess if genomic patterns of differentiation correlate with
phenotypic variation in coloration across the distribution range of
L. bergylta. We also use this genomic data set to evaluate different
scenarios potentially leading to the latitudinal degree of differenti-
ation observed. Moreover, we evaluate if there are genetic differ-
ences between colour morphs in 10 opsin genes, key components
of the visual system, since a strong coupling between vision and pig-
mentation genes would be indicative of assortative colour mating as

a mechanism driving the observed reproductive isolation.

2 | MATERIAL AND METHODS

2.1 | Ethics statement

Samples from Spanish and Norwegian waters were collected from
local fishers. Specimens from France were sampled from seven com-
mercial fishing vessels (ENEZ C, Enfant du vent, Mariva, L'Espoir,
Aelnol, Vizaya and Christalou). Irish samples were obtained from
sport fishers under individual recreational fishing permits. The

(a)

described scientific sampling did not require ethical permission ac-

cording to the applicable international, EU and national laws.

2.2 | Sampling strategy
A total of 150 samples were collected from five regions across eight
locations (Figure 1b; Table S1): Spain (Vigo), Spain (Malpica), France
(Camaret, Concarneau, Lorient), Ireland (Dunmore East) and Norway
(Flodevigen, Grimstad) spanning nearly the entire distribution range
of the ballan wrasse in the North Atlantic. Due to the strong seden-
tary behaviour and very small home range displayed by the ballan
wrasse (Villegas-Rios, Alds, et al., 2013), the two populations sam-
pled at both southernmost locations (Vigo and Malpica; ~120 km
apart) were analysed separately, to account for potential parapa-
try. All other specimens from geographical locations separated by
distances less than 100 km (three French and two Norwegian sites,
respectively) were grouped and analysed together to reveal broad
latitudinal differentiation patterns rather than local differences.
Overall, all specimens were photographed and classified
as spotted or plain. Individuals were categorized as spotted (S)
if they displayed clear white spots around all or most of their
body. Plain individuals (P) were those that lacked this coloration
pattern (Figure 1a; Table S1). In Spain, both colour morphs are

plain morphotype (P75)

plain morphotype (P100)

. ol " plain morphotype (P50)
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FIGURE 1 Colour morphs and geographical origin of the specimens of Labrus bergylta analysed in this study. (a) L. bergylta colour morphs:
on the left, “pure” plain and spotted patterns, with a colour index of 100; on the right plain and spotted morphs with different colour
indexes: the top individual corresponds to plain 75 where the body is plain and the fins display a spotted pattern; the middle specimen is
plain 50 where half of the body shows a plain pattern and the fins, head and superior lateral line correspond to a spotted pattern; the bottom
specimen corresponds to a spotted 75 where the phenotype is spotted in all regions except the belly. (b) Map showing the sampling sites of
the specimens of L. bergylta analysed in this study [Colour figure can be viewed at wileyonlinelibrary.com]
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conspicuous, fish with intermediate colorations are absent, and
the two are landed separately. Therefore, a balanced number of
both was collected at Vigo and Malpica. In the other three regions
(France, Ireland and Norway), this dichotomy in pigmentation dis-
sipates and colour morphs are landed together (see Figure 1a),
so sampling consisted of collecting all landed fish and assigning
the morph during processing. One specimen from France and 18
from Norway could not be classified with full certainty into one
of these two categories. To maximize sample size and account for
this uncertainty when assigning specimens to either colour cat-
egory, specimens were additionally assigned a colour index. The
purpose of this was to fine-tune the classification and provide
the reader with a simple guide of the distribution of colour as-
signation incertitude among our samples. Thus, the sample codes
include the letters P and S to indicate the dominant phenotype
(plain and spotted respectively), followed by a number that corre-
sponds to the approximate percentage of the body dominated by
that particular phenotype (e.g., P75 indicates that plain morpho-
type dominates ~75% of the body). For the principal components
and clustering analyses only, specimens that were not assigned to
P100 or S100 were grouped as intermediate () to facilitate visu-
alization. Fish specimens were fin-clipped and preserved in 99%
ethanol (Ambion) until DNA extraction.

2.3 | RAD library construction and sequencing
Genomic DNA of specimens was extracted from the preserved fin
clips using a DNeasy Blood & Tissue Kit (Qiagen). The quality and
concentration of genomic DNA were checked using a Bioanalyzer
2100 (Agilent) and a Qubit fluorometer (Invitrogen) before library
creation.

Approximately 1 pg of purified DNA per sample was processed
to obtain four RAD libraries, two of them including 45 individuals
and the remaining two 30 individuals. Genomic DNA from each in-
dividual was digested at 37°C for 15 min with the restriction endo-
nuclease Sphl (GCATG|C recognition site) (NEB). Modified lllumina
adapters containing five nucleotides of barcode sequence unique
(P1 adapters) to an individual in the library were ligated with T4 DNA
ligase (NEB) to allow sample multiplexing. Ligation reactions were
cleaned using the Agentcourt AMPure XP system (Beckman Coulter),
followed by two rounds of purification in 80% ethanol. Each sample
was quantified again using a Qubit fluorometer (Invitrogen) before
sample multiplexing. The pooled samples were then sheared using
a Covaris S-Series ultrasonicator and size-selected to isolate DNA
fragments spanning 300-500 bp by agarose gel electrophoresis.
The Zymoclean Large Fragment DNA Recovery Kit (Zymo Research)
was used to purify and recover the DNA from the gel following the
manufacturer's instructions. The NEBNext Ultra DNA Il Library Prep
Kit (lllumina) was then used for end repair and dA-tailing, followed
by the P2 adaptor ligation step to enable selective PCR (polymerase
chain reaction). The reactions were then purified with a QlAquick
column (Qiagen).

The samples were amplified using the NEBNext DNA Library
Prep Master Mix Set by 10 cycles of PCR following a scaled-down
version of the manufacturer's protocol. Next, the samples were pu-
rified by agarose gel electrophoresis followed by cleaning with the
Zymoclean Large Fragment DNA Recovery Kit (Zymo Research) to
obtain the sequencing libraries. The obtained RAD libraries were se-
quenced on six lanes on a HiSeq2000 platform (Illumina) in 100-bp
paired reads, at the KAUST Bioscience Core Laboratory.

2.4 | Single nucleotide polymorphism
(SNP) genotyping

Raw reads were analysed in stacks 2.0 (Catchen et al., 2011). We
used the “process_radtags” program to demultiplex, filter and trim
to a common 95-bp length. Retained reads from all samples were
analysed for building loci and calling SNPs de novo using the “de-
novo_map.pl” pipeline. The parameters used were those by default
except that we increased the number of mismatches between stacks
within individuals to 4 (-M flag). The number of mismatches between
stacks to build a locus in the catalogue was set to 4 (-n flag) follow-
ing guidelines in Paris et al. (2017), and allowed for the inclusion of
paired-end data in the gstacks module. These values of the -M and-n
parameters were chosen as the best combination based on explora-
tory runs that evaluated combinations of -M (1-8) and -n (1-8) per-
formed with a subset of the data set. Finally, data were filtered using
the “populations” module. We only kept loci that were present in all
geographical locations, and at least in 90% of samples within each
one of them. We also kept loci with a maximum observed heterozy-
gosity of 0.6 and minimum allele frequency of 0.05. We randomly
selected only one SNP within each RAD locus to avoid spurious link-
age disequilibrium of SNPs found in the same locus. The final SNP
genotype matrix was exported as a VCF file. The “populations” mod-
ule was also used to estimate population-level summary statistics,
including observed and expected heterozygosities, genetic diversity
(7), and F statistics.

2.5 | Inferring population genetic structure

2.5.1 | Principal components analysis

Genetic relationships among all individuals were characterized by
principal component analysis (PCA) of the genotype covariance
matrix. The structure of genetic diversity across all samples was
summarized using the “glPca” function of the R package ADEGENET
(Jombart et al., 2010).

2.5.2 | Clustering analysis

To further characterize genetic structure across sampling sites
we used the Sparse Non-Negative Matrix Factorization (sNMF)
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algorithm implemented in Lea (R package for Landscape and Ecological
Associations studies) (Frichot & Francois, 2015). Briefly, SNMF esti-
mates individual admixture coefficients based on sparse non-negative
matrix factorization algorithms (Frichot et al., 2014). We first run the
sNMF algorithm for values of K from 1 to 12 with four different values
of alpha (a regularization parameter): 1, 10, 100 and 1000. A value of
alpha = 10 produced the lowest cross-entropy scores for all values of
K (Figure S1) and was thus used to estimate individual ancestries. All
other parameters were left at their default values (tolerance = 0.00001,

percentage of masked genotypes = 0.05, iterations = 200).

2.6 | Estimating phylogeny and population history
We conducted a phylogenetic analysis based on the consensus
sequences consisting of all concatenated variant sites exported in
phylip format. Maximum likelihood analyses were performed with
IQTrRee 1.6.10. First, we ran a model selection procedure with SNP
ascertainment bias correction. Then we searched for the best tree
using 1000 ultrafast bootstrap replicates and 10,000 iterations
(Hoang et al., 2018; Kalyaanamoorthy et al., 2017; Nguyen et al.,
2015). The SYM+ASC+G4 model of sequence evolution was se-
lected according to the Bayesian information criterion (BIC) and
Akaike criterion.

We built a population tree to examine the population history and
infer patterns of genetic admixture among plain and spotted spec-
imens from the five regions using the program Treemix version 1.13
(Pickrell & Pritchard, 2012) allowing for the inclusion of both diver-
gence and gene flow. We tested if a simple bifurcating population
tree could explain the observed genetic variation in the data (the
amount of genetic drift that explains the divergence among popula-
tions), or if additional migration events improved the fit of the model
to the data. To this end, we first built a maximum-likelihood tree
for all 10 samples assuming that all SNPs were independent (we did
this because the available reference genome to map our SNP data
is highly fragmented and because we used only one SNP per locus).
We set the Norwegian populations as the root of the tree because
sequence data (Almada et al., 2017; D'Arcy et al., 2013) suggest that
Norwegian haplotypes are the most ancestral when other labrids are
used as outgroups (data not shown). The confidence of the topol-
ogy of the tree was assessed with the bootstrap option (resampling
blocks of 500 SNPs). We then built trees with a different number of
migration events (one to nine) and evaluated the amount of variance
explained for each addition (estimated using the R script that is pro-
vided with Treemix). Three-population tests implemented in TREEMIX
were then used to explore the robustness of the inferred migration
events (Reich et al., 2009).

2.7 | Screening for loci under positive selection

We tested for the presence of loci that exhibited deviations
from neutral expectations. We did this by performing pairwise

comparisons of all 10 samples (five regions [Vigo, Malpica, France,
Ireland, and Norway] and two morphotypes per locality [plain and
spotted]) using two independent approaches. First, we used the R
package outrLaNk (Whitlock & Lotterhos, 2015). This package uses
likelihood on a trimmed distribution of F¢ to infer the distribution of
F¢; for neutral markers and then detect outliers. We set to 0.05 the
fraction of loci that were trimmed from both the lower and the upper
ends of the range of F¢; before applying the likelihood function. The
minimum heterozygosity required before including calculations from
a locus was set to 0.1, and the false discovery threshold was set to
0.05 to correct for multiple tests. We also used the program BAYEs-
caN 2.1 (Foll & Gaggiotti, 2008), setting the prior odds of the neutral
model to 100 and leaving the remaining parameters with default val-
ues, including setting a false discovery threshold = 0.05 to control
for multiple tests. For both approaches, we recorded the number
and identity of the outlier loci that resulted in each pairwise compar-
ison. We evaluated the relationship between pairwise genetic dis-
tance (Fs7) and the number of outlier loci obtained with each method
as a function of geographical distances separating comparisons by
phenotype (spotted-spotted; spotted-plain; plain-plain). We then
performed a Multiple Matrix Regression with Randomization (Wang,
2013) to compare, in a quantitative framework, the relationship
between genetic and geographical distances among the previously
mentioned phenotype combinations. Since previous results indi-
cated that Norwegian samples are highly divergent from the rest, we
included in the model one slope and intercept for pairwise compari-
sons that included one of the Norwegian samples, and one slope and
intercept for pairwise comparisons that did not (this also includes
the Norway plain-spotted comparison).

2.71 | Locating and functionally annotating
outlier loci

Finally, to test if outlier loci were physically grouped or scattered,
we retrieved the consensus sequences of all outlier loci following
(Casas et al., 2018) and aligned them to the draft genome of L. ber-
gylta (BallGen_V1) (Lie et al., 2018). Although this genome is highly
fragmented, the alignment of outliers provides a rough idea of the
degree of clustering of these SNPs and the identity of genes in the
regions where they are located. BLASTN (BLAST+ version 2.8.1) with an
e-value cutoff of 1e-35 was used to map the contigs to the reference
genome and for annotation against the nr database using default pa-
rameters (Altschul et al., 1990).

2.8 | Characterization of visual opsin genes in
L. bergylta

Opsin gene sequences and their copy number were identified com-
paring the L. bergylta draft genome against the sequences of known
fish opsin genes by TBLASTX (e-value < 1e-5) and BLASTN (e-value < 1e-5)
as described by Lin et al. (2017) (Table S2). Primer sequences were
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designed based on the predicted coding sequences. The genes were
amplified as either one (LWS1, LWS2, Rh1, Rh2-3 and Rh2-4), two
(Rh2-2, SWS1a and SWS1b) or three (Rh2-1, SWS2B) fragments, de-
pending on the size of the introns and the presence of multiple cop-
ies. A complete list of primers and their amplification conditions is
provided in Table S2. The genomic DNA of 10 individuals (five plain
and five spotted) from the south (Vigo and Malpica) was used in the
analysis. Additionally, opsin LWS1 was analysed in five individuals
from Norway displaying different colour indexes (P50, P75, P100,
S75 and S100). Amplification of the opsin genes with a unique copy
in the L. bergylta genome was performed in volumes of 25 ul con-
taining 100 ng of DNA using the Qiagen Tag DNA Polymerase by
following the manufacturer's recommendations. Opsin genes with
multiple copies, LWS and Rh2, were amplified using the Platinum
SuperFi DNA Polymerase (Invitrogen). Bands were excised from
the gel and cleaned using a QlAquick Gel Extraction Kit (Qiagen).
These were then cloned using a TOPO TA Cloning Kit (Invitrogen)
and transformed into TOP10 chemically competent cells according
to the manufacturer's instructions. Ten white colonies per individ-
ual were selected, and plasmid DNA was isolated using a PureLink
Quick Plasmid Miniprep Kit (Thermo Fisher Scientific). Sequencing
reactions were carried out in both directions using the same primer
pairs used for amplification and universal primer M13, respectively.
Consensus sequences were produced using cLusTALx software (ver-
sion 2.1) and included sequences for all introns except the first in-
tron in SWS1 that was over 3000 bp of repetitive sequence. Their

identities were confirmed by BLAST searches against GenBank.

3 | RESULTS

3.1 | SNP genotyping

We obtained a total of 1,877,808,569 paired-end sequences. From
these, 84% passed our quality filters and were built into stacks. The
mean number of reads retained per sample was 12,518,724 (min:
345,032; max: 40,914,585). The mean depth of coverage per sample
was 17.29x (min: 4.79x; max: 55.31x). The final catalogue consisted
of 466,953 loci, composed of 147,377,536 bp. Of these, 1,765,665
were variable. We excluded six samples that had a depth of cov-
erage <10x or that had more than 5% missing data. From the 144
individual samples remaining in the data set, 113,055 loci passed
population (present in all sites) and sample (present in 90% of sam-
ples) constraints. These included 48,996,128 bp, of which 39,602
were variable biallelic SNPs that complied with the remaining filter-
ing constraints. These constitute the final data set used in further
analyses (see Table S1 and supporting materials for a full description
of data statistics).

We calculated the mean heterozygosity and genetic diversity (z)
across all 39,602 loci for the 144 individuals according to their geo-
graphical origin (Figure 1b) and their assigned phenotype (P or S) as a
proxy of the genetic variability within the populations. Interestingly,
the mean heterozygosity in specimens from Norway was lower than

in individuals from all other locations (Figure S2). The same was ob-

served for genetic diversity (Table S3).

3.2 | Inferring population genetic structure

3.2.1 | Principal components analysis

A PCA performed with all loci revealed different groupings ac-
cording to the populations and morphs. The first component (PC1;
Figure 2a,b) separated samples from Norway from the rest. Principal
component 2 (PC2) grouped samples by morphotype with plain and
spotted morphotypes from both Spanish localities occupying op-
posite ends of the distribution (Figure 2a,c). All other samples from
France and Ireland fell in between. The third component (PC3) fur-
ther separated samples from Spain (irrespective of the phenotype)
from samples from Ireland and France, which clustered together
(Figure 2b,c). The combination of PC2 and PC3 (Figure 2c) separates
both morphotypes from Spain and to some degree samples from
France and from lIreland, but samples from France displaying the
plain morphotype cluster with those from Ireland. Principal compo-
nent scores were visualized also with samples classified according
to the assigned colour indexes (P100, P75, P50, S75, $100), but no
evidence of unaccounted genetic variation associated with these in-

termediate phenotypes was found (Figure S3).

3.2.2 | Clustering analysis

Clustering of samples by Hardy-Weinberg equilibrium (HWE) with
sNMF revealed that values of K = 2-4 were the most likely configu-
ration according to the cross-entropy criterion (Figure S1). Individual
ancestry coefficients for K = 2 to K = 5 are shown in Figure 2d.
Genetic clusters identified by sNMF are congruent with PCA re-
sults, separating the samples from south, central and north Atlantic
European waters (Figure S4). For K = 2, there is a clear separation of
Norwegian samples from all the rest irrespective of the phenotype.
For K = 3, samples from both locations in Spain are separated by
phenotypes, while samples from France and Ireland display different
levels of admixture. Interestingly, admixture is more pronounced in
Ireland where all samples tend to group with the genetic cluster as-
sociated with the plain phenotype. In France, despite admixture, an-
cestry coefficients match specific phenotypes except for five plain
specimens and one specimen with an intermediate phenotype (P75)
that displayed spotted ancestry. Finally, K = 5 separates all samples
by location and not by phenotype, except for the two sites in Spain
where they are only separated by phenotype.

3.3 | Estimating phylogeny and population history

Phylogenetic analyses (maximum-likelihood) based on the se-
quences of 70,468 concatenated loci were carried out to estimate
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the phylogenetic relationships among individuals of L. bergylta
(Figure S5). We found strong support for the genetic differen-
tiation of plain and spotted individuals in Spain, moderate support
for France and Ireland, and a complete mix of both phenotypes in
Norway. Norwegian samples appear to be highly distinct from the
remaining samples.

Finally, the TrReemix population tree inferred without admixture
events (Figure 3a) was congruent to the results obtained with the
PCA (Figure 2a-c). Norwegian samples appear as the most divergent
populations. The second split separates samples from Spain (plain
phenotype) from the rest of the populations. Further splits include
populations from Ireland and France (both phenotypes), and the last
split includes populations from Spain of the spotted phenotype. This
tree explains 99.8% of the variance in relatedness between popula-
tions. Although the variance explained with the null model was high,
it was not evenly distributed (Figure 3b), and thus we proceeded to

add migration events. We only report alternative models with one
and two migration events (Figure 3c,d) as they explained 99.9% of
the variance. Both migration events suggest gene flow from spotted
to plain populations (France to France and Spain to Norway). Three
population (f3) tests associated with these events were all significant
(p <.00001; Table S4).

3.4 | Screening for loci under positive
selection

To explore whether differential selection is acting on the colour
morphotypes, we evaluated the relationship between pairwise
F¢r and geographical distance, which differed among phenotype
comparisons. A significant positive isolation by distance (IBD) re-
lationship was found for spotted-spotted comparisons regardless


www.wileyonlinelibrary.com

1288 CASAS ET AL.
\WAIB 2A%& MOLECULAR ECOLOGY
(a) (b)
No-S
No-S
No-P 6.9 SE
No-P I
Vi-P s
Migration FR-S B
Weigoh; . - 6958
' - |-
0 Frs l
Vi-S
vi-s -~ [
: H =
10s.e. Ma-S
’ ! ! ! ! ! ! ‘ O L . S N N R W R
0.000 0005 0.010 0015 0020 0025 0030 0035 S g g g g £ g s s
(c) No-S (d) No-S
No-P No-P
Vi-P Vi-P
Ma-P Ma-P
Migration Migration
weight weigth
I05 Io.s
0 Vi-S 0 Vi-S
Ma-S Ma-S
H H
10se. Fr-S 10s.e. Fr-S
I T T T T T T 1 r T T T T T T 1
0.000 0.005 0.010 0.015 0020 0.025 0.030 0.035 0.000 0005 0.010 0015 0020 0025 0030 0.035

Drift parameter

Drift parameter

FIGURE 3 Population relationships and migration events inferred by Treemix. Inferred population trees without (a) and with one (c) and
two (d) migration events. The migration arrows are coloured according to their weight, where the weight is correlated with the ancestry
fraction. Horizontal branch lengths are proportional to the amount of genetic drift that has occurred in each branch. (b) The distribution of
scaled residual fit from the maximum-likelihood tree shown in (a). Codes are as follows: S - spotted, P - plain; Vi (Vigo, Spain); Ma (Malpica,
Spain); Fr (France); Ir (Ireland); No (Norway) [Colour figure can be viewed at wileyonlinelibrary.com]

of whether the data set included or excluded Norway (common
slope = 0.000086; p < .001). The IBD slope was not different
from zero for either spotted-plain comparisons (with Norway:
p = .540; without Norway: .884) or plain-plain comparisons (with
Norway: p = .529; without Norway: .076; Figure 4, Table 1). These
results indicate stronger restrictions to gene flow between spot-
ted populations compared with plain. Pairwise outlier analyses
using two different programs revealed the presence of up to 435
outliers (total of different outliers identified by both programs).
We found differences between the number of outliers detected
with ouTtrLANK and BavescaN. Only 46 outliers were common be-
tween both approaches. However, both approaches concurred
in that (i) very few outlier loci were detected in spotted-spotted
or plain-plain comparisons; (ii) the top 10 ranked spotted-plain
comparisons in terms of number of outliers involved at least one

sample from Spain and did not involve samples from Norway; and

(iii) spotted-plain comparisons with the highest number of outliers
involved sites that were less than 750 km apart, and the number of
outliers decreased sharply in comparisons separated by more than
750 km (Figure 4, Table 1). Interestingly, the comparisons with the
highest pairwise F¢; values were not the ones that displayed the
highest number of outliers (Figure Sé).

In Figure 5 we present frequencies of all 46 loci detected by the
two outlier detection methods used, for plain and spotted individ-
uals separately from all five geographical locations sampled in the
study. All of them show a remarkable gradual change in allele fre-
quencies associated with the distribution range. While both para-
patric Spanish populations (Vigo, Malpica) show allelic frequency
patterns close to fixation between opposite alleles in each sym-
patric morphotype (plain-spotted), this correlation is lost north-
wards in France, Ireland and Norway. It is important to note that
in Norway usually the allele associated with the plain phenotype
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in the southern regions is present in higher frequency, sometimes
near fixation. Thus, allele frequencies of outlier loci change across
the geographical range of L. bergylta, displaying a clear latitudinal
gradient.

3.4.1 | Locating and functionally annotating
outlier loci

The draft genome of L. bergylta provided a platform for mapping of
outlier loci to investigate their genomic distribution. All outlier loci
mapped to the L. bergylta genome with very high statistical supports
(e-values > e-38; Table S5). A clear nonrandom distribution across
the genome was detected, with outliers being clustered into con-
tiguous regions. Half of the outliers were mapped to 16 scaffolds
out of 13,467, representing 3.85% of the total genome size (Table
Sé). Each of these scaffolds contained between nine and 30 outli-
ers, which also displayed a nonrandom spatial distribution (see Table
S7 and Figure S7). To investigate the identity of the outlier loci, the
assembled RAD contigs flanking each outlier SNP were annotated
(Table S5). Out of the 435 outlier loci, 26.2% (114) showed signifi-
cant similarity to known protein coding sequences. However, only

Geographic distance (Km x 100)

42 of these had query coverages higher than 50%. Therefore, the

identity of these predictions should be interpreted with caution.

3.5 | Characterization of visual opsin genes in
L. bergylta

RADseq only allows a partial exploration of the genome, and
functional annotation of the amplified regions did not reveal any
well-known genes underlying sensory mate choice. Although the
mechanisms underlying mate preference behaviour are largely un-
known, divergent visual preferences have been linked to changes
in visual perception in several fish species (Hench et al., 2019;
Seehausen et al., 2008). Based on these studies, we investigated
whether the visual system in L. bergylta could be acting as an early
driver of the genetic differences detected between plain and spotted
morphotypes. Individuals from the southern regions of the distribu-
tion range were analysed to explore a potential divergent evolution
of vision-related genes in relation to colour patterns.

The ballan wrasse exhibits a diverse palette of visual genes,
including LWS1, LWS2, Rh1, Rh2-1, Rh2-2, Rh2-3, Rh2-4, SWS1A,
SWS1B and SWS2B, with one of the long wavelength-sensitive
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TABLE 1 Summary of pairwise comparisons between plain-spotted phenotypes of Labrus bergylta across the North Atlantic. Ma indicates
Malpica, Vi indicates Vigo

Site 1
Spain (Ma)
Spain (Vi)
Spain (Vi)
Spain (Vi)
Spain (Ma)
(Vi)
Spain (Ma)
Spain (Ma)
Spain (Vi)
(Vi)
France
Spain (Ma)
Spain (Ma)
Spain (Ma)
Spain (Vi)
Spain (Vi)
France
Ireland
Spain (Ma)
Spain (Ma)
France
Spain (Vi)
Spain (Vi)
Spain (Vi)
France
Ireland
Spain (Ma)
Spain (Ma)
France
Ireland
France
Spain (Vi)
Ireland
Spain (Ma)
Spain (Vi)
Spain (Vi)
Spain (Vi)
Spain (Vi)
Spain (Vi)
Spain (Ma)
France
France

France

Site 2
Spain (Ma)
Spain (Ma)
Spain (Ma)
France
France
Spain (Vi)
Ireland
France
Ireland
France
Ireland
Norway
Norway
Norway
Norway
Norway
Norway
Norway
France
Norway
Norway
Norway
Norway
France
Norway
Norway
France
Ireland
Norway
Norway
France
Ireland
Norway
Ireland
Spain (Ma)
France
Ireland
Spain (Ma)
Ireland
Ireland
Ireland
Ireland

Ireland

Pheno 1?

Spotted
Plain
Spotted
Plain
Plain
Spotted
Spotted
Spotted
Spotted
Spotted
Spotted
Spotted
Spotted
Plain
Plain
Spotted
Plain
Plain
Spotted
Plain
Spotted
Spotted
Plain
Plain
Spotted
Spotted
Plain
Spotted
Plain
Plain
Spotted
Plain
Spotted
Plain
Spotted
Spotted
Spotted
Plain
Plain
Plain
Spotted
Plain

Plain

Pheno 2°

Plain
Spotted
Plain
Spotted
Spotted
Plain
Plain
Plain
Plain
Plain
Plain
Plain
Spotted
Plain
Plain
Plain
Plain
Plain
Spotted
Spotted
Plain
Spotted
Spotted
Plain
Spotted
Spotted
Plain
Spotted
Spotted
Spotted
Plain
Spotted
Plain
Spotted
Spotted
Spotted
Spotted
Plain
Plain
Plain
Spotted
Spotted

Plain

OUTFLANK®

280
273
192
273
345
184
141
143
0
16
185

O O O O o o o

-
[oe]

O O O »r O O uun O O O o

217

O O O O O O O o o o o o

BAYESCANd

199
188
139
119
116
116
102
96
4
27
25
23
17
15
14
12
12
12

[N
o

O O O O O O O O O P N N DN W W W W M 1 1 O © 0V O

For®

0.0175
0.0167
0.0159
0.0115
0.0121
0.0150
0.0139
0.0118
0.0125
0.0105
0.0057
0.0582
0.0591
0.0504
0.0504
0.0575
0.0479
0.0487
0.0062
0.0512
0.0518
0.0585
0.0512
0.0047
0.0524
0.0542
0.0052
0.0119
0.0489
0.0498
0.0035
0.0057
0.0534
0.0061
0.0001
0.0053
0.0097
0.0004
0.0039
0.0042
0.0035
0.0008
0.0007

Distf
0
127
127
706
619

995
619
1111
706
515
2083
2083
2083
2172
2172
1466
1209
619
2083
1466
2172
2172
706
1466
1209
619
995
1466
1209

1111
1209
995
127
706
1111
127
1111
995
515
515
515

(Continues)
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TABLE 1 (Continued)

Site 1 Site 2 Pheno 1° Pheno 2°
Ireland Ireland Spotted Plain
Norway Norway Spotted Plain

2Phenotype 1.

bPhenotype 2.

“Number of outlier loci detected by ouTFLANK.
dNumber of outlier loci detected by savescan.
CPairwise Fgr.

fGeographical distance (km).
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FIGURE 5 Allele frequency shifts at outlier loci across the distribution range. Blue dots indicate estimated major allele frequency per
population of the 46 outlier loci that were common to both outlier detection methods. Black lines describe the trajectories (allele frequency
changes) for each locus from south (Vi) to north (No). Sampling sites are indicated on the x axis and frequencies are presented separately for
plain and spotted morphotypes. Codes are as follows: Vi, Vigo (Spain); Ma, Malpica (Spain); Fr, France; Ir, Ireland; and No, Norway [Colour

figure can be viewed at wileyonlinelibrary.com]

opsins, LWS1, having undergone pseudogenization (Table S2).
Analysis of the sequences for all opsin genes in specimens from the
south revealed only minor differences in intronic regions at the nu-
cleotide level compared to genomic reference sequences. Inferred
amino acid sequences were found to be conserved for all opsin
genes between both morphotypes, while the pseudogene LWS1 re-
ported in the genome assembly appeared to be fully functional (i.e.,
no premature stop-codon was found in its coding region). This result
was double-checked by inferring the genomic sequence of LWS1 in
five individuals from Norway because this is the geographical origin
of the BioSample (SAMEA3939555) used for genome sequencing.

4 | DISCUSSION

The genome-wide analysis of sympatric, parapatric and allopatric
populations of L. bergylta revealed a complex pattern of genetic dif-
ferentiation that is highly congruent with the observed geographical
gradient of morphological variation of the species. Our results also
indicate the presence of a northern and genetically distinct lineage
with lower genetic diversity that probably reflects the complex de-
mographic history of the species. We can think of at least three al-
ternative competing scenarios that could explain these results: (i) an

early-stage scenario of speciation where the strength of reproduc-
tive isolation among morphotypes declines drastically with latitude;
(ii) early divergence of the Norwegian population, followed by the
divergence that originated the two morphs in the south, with subse-
quent secondary contact between these southern populations; and
(iii) early divergence of the Norwegian population, and early stages
of ecologically driven speciation in the south. Given that the data
and analyses presented in this work might not be sufficient to un-
ambiguously rule in favour of one of them, the results are discussed
below in the context of these alternative scenarios.

Our results unambiguously reveal a clear latitudinal gradient of
genomic admixture strongly correlated to the variation in pheno-
typic morph frequencies observed across the distribution range of
the species in the North Atlantic. Specimens sampled in southern
areas (Vigo and Malpica [Spain]) showed a strongly bimodal geno-
typic clustering with no signs of admixture that closely mirrored the
two distinct morphotypes that characterize this region (except for
one spotted individual in Vigo that displayed around 45% of the plain
ancestry). In addition, the strong signatures of divergent selection
revealed by the outlier analyses and the low overall genomic differ-
entiation among samples of the same morphotype in different loca-
tions suggest strong reproductive isolation between morphotypesin
the south. Similar results have been reported in the arc-eye hawkfish


www.wileyonlinelibrary.com

CASAS ET AL.

1292
—I—WI |l A& MOLECULAR ECOLOGY

with colour morphs inhabiting the same area exhibiting higher ge-
netic divergence than the same morphs in different geographical re-
gions (Whitney et al., 2018). In contrast, specimens from the central
and northern areas showed higher proportions of genetic admixture,
in agreement with the decrease in the relative frequency of “pure”
morphs and the increase of mixed phenotypes. Interestingly, out-
lier analyses indicated that signatures of divergent selection (out-
liers) were rare or absent when comparing these populations, even
when comparisons involved the most divergent locations (Norway).
Furthermore, our pairwise F¢; comparisons and IBD analyses among
samples of the same morph suggested that early developmental
stages of this species from different localities and phenotypes can
travel vast distances (Galarza et al., 2009). The reproductive strategy
of the ballan wrasse includes a relatively long larval stage (Ottesen
et al., 2012), which is consistent with our IBD results. TREeMix analysis
supports two discrete migration events from the southern spotted
populations towards the central and northern plain populations. It
is important to note that TREEMIX assumes that migration occurs at
discrete points in time, and deviations from this assumption can
result in biased interpretations. Therefore, these results should be
interpreted with caution (Pickrell & Pritchard, 2012). We do note,
however, that these results indicate that migration occurs only from
southern to northern populations. All these results strongly suggest
an increasing degree of reproductive isolation from north to south.
We hypothesize that this possibly reflects the effects of different
local selection pressures, more intense in the southern regions, pre-
venting mating between plain and spotted phenotypes, compared
to higher latitudes where specimens from different morphs do not
show reproductive isolation even with the occasional migrant that
appears to be arriving sporadically from southern localities.
Northernmost populations showed no difference in genetic
composition despite having some degree of colour differences. This
pattern could be the result of either lack of assortative mating in
these populations or recent admixture between both morphs in
the northernmost populations. However, the overall lower genetic
diversity of Norwegian populations compared to all other samples
contrasts with the higher genetic diversity expectations of recent
admixture between divergent lineages (Comeault & Matute, 2018;
Rius & Darling, 2014). Also, mitochondrial haplotypes of Norwegian
populations are the most ancestral when other labrids are used as
outgroups, suggesting that these populations are older and have
been isolated longer than the other populations analysed. The low
heterozygosity of Norwegian samples is also indicative of small ef-
fective population sizes or historical bottlenecks. Specimens from
these Norwegian localities were also the most genetically distinct
when compared to the rest of the samples, suggesting minimal gene
flow between these populations and those located in lower latitudes
of the distribution range. Interestingly, there was little evidence of
loci that did not meet neutrality expectations for comparisons that
involved samples from Norway; despite that, mean genomic differ-
entiation of the same comparisons was the highest. These results
indicate that neutral evolutionary processes have most likely shaped
the divergence of these populations and coincide with previous

studies in L. bergylta reporting a strong level of genetic differenti-
ation between Norway and southerly European locations (Almada
etal., 2016, 2017; D'Arcy et al., 2013). This phylogeographical break
might be associated with a frontal system, known as the Ushant
front, occurring along the northwestern Brittany coast. It has been
described as a biogeographical transition zone between the temper-
ate and cold-temperate areas, acting as a barrier for larval transport
and connectivity in several organisms, including invertebrates (Jolly
et al., 2005) and fish (Zarraonaindia et al., 2012).

The data presented here also allow us to explore the genomic
architecture of genomic differentiation in this system. Major ques-
tions remain concerning how differences are arrayed and embedded
within the genome, and thus how genomes evolve during popula-
tion divergence (Nosil & Feder, 2012). Two contrasting hypotheses
defined by islands of divergence in a few genomic regions versus
divergence spread across the genome are currently supported by
different studies (Gagnaire et al., 2013; Malinsky et al., 2015; Michel
et al., 2010; Puebla et al., 2014; Seehausen et al., 2014). Most out-
lier loci detected in our analysis were clustered in narrow regions,
supporting the view of high differentiation in a few regions of the
genome. Here, different colour morphs from the south seem to be
characterized by low genome-wide differentiation levels with ge-
nomic differences located in “islands of divergence” that are not
randomly distributed across the genome. These results are compati-
ble with the hypothesis of early stages of sympatric divergence that
might precede speciation. Our findings are in line with a growing
number of genomic studies of speciation (Hench et al., 2019; Larson
et al., 2017; Marques et al., 2016; Sodeland et al., 2016), and support
the view that functional reproductive isolation can persist in sym-
patry in a backdrop of extraordinary genomic similarity.

These modifications of the genetic structure underpin the dif-
ferentiation between the two discrete morphs not only in colour and
life-history traits but also in behaviour, according to our hypothesis
of colour assortative mating. Both morphotypes coexist in sympatry
with complete habitat overlap, and despite their differences in life-
history strategies, the timing and duration of the spawning season
coincide (Villegas-Rios, Alonso-Fernandez, Dominguez-Petit, et al.,
2013). Thus, we propose that body colour may be playing a pivotal
role in facilitating speciation in the absence of impermeable geo-
graphical barriers, similarly to African lake cichlids where sexual se-
lection on coloration has been shown to promote speciation (Kusche
et al.,, 2015; Miyagi et al., 2012; Seehausen et al., 2008; Wagner
et al., 2012). Although our data do not resolve the intrinsic mech-
anism associated with colour polymorphism and genetic differenti-
ation, one appealing explanation for the observed gradient is that a
combination of genetic and environmental factors influences colour
pattern. Thus, differences in mating signals and preferences evolve
because of divergent selection between habitats (Nosil & Feder,
2012). There is ample evidence of the evolution of reproductive iso-
lation related to colour variation linked to environmental differences
in fishes such as sticklebacks (Boughman, 2001), cichlids (Maan &
Seehausen, 2010), snappers (Lythgoe et al., 1994), bluefin killifish
(Fuller & Travis, 2004) and sailfin silversides (Gray et al., 2008). All
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these have in common that colour variations were associated with
differences in water attributes that change the way different colours
are perceived by conspecifics and appear to have driven reproduc-
tive isolation and genetic divergence. In sampled southern latitudes,
competition for mating opportunities could be playing a role in dif-
ferentiation in L. bergylta. While in hybridizing populations males
compete for the same females, the competition pressure diminishes
when colour patterns diverge, favouring the two differentiated
morphs ahead of intermediate phenotypes (e.g., the Lake Malawi
cichlid Metriaclima mbenijii and threespine stickleback; Bolnick et al.,
2016; Pauers et al., 2008). Aggression biases could therefore have
promoted the early establishment of new colour morphs, and facili-
tated coexistence among reproductively isolated phenotypes, while
hampering intermediate morphs. Moreover, disruptive selection
may favour extreme phenotypes in specific environments where in-
termediate phenotypes lie at a fitness minimum and are disfavoured
(Hirsch et al., 2013).

In our study, we tested whether partial reproductive isolation
between morphs could have its origin in mating preferences driven
by differences in the spectral tuning of opsins that influence colour
vision. Indeed, variation in visual pigment sensitivity of cone opsins
has been proposed as a mechanism explaining mate-choice deci-
sions in various fish species leading to speciation processes (Hench
et al.,, 2019; Kamijo et al., 2018; Kawata et al., 2007; Sakai et al.,
2018; Seehausen et al., 2008; Terai et al., 2006). In L. bergylta, the
nucleotide and predicted amino acid sequence of all opsin genes
were found to be conserved between both sympatric morphotypes
regardless of the geographical origin of the specimens. These re-
sults are at odds with the hypothesis that differences in the visual
system promote reproductive isolation between plain and spotted
individuals. Nonetheless, other mechanisms of tuning colour vision,
such as differences in the relative expression of the opsin repertoire
between both morphs, may also be implicated. The vast majority
of studies reporting speciation driven by structural molecular dif-
ferences in colour vision in sympatry have analysed species inhab-
iting heterogeneous light environments, but all of them have also
focused on retrospective analyses (Meier et al., 2017; Sakai et al.,
2018; Seehausen et al., 2008; Terai et al., 2006, 2017). Alternatively,
differences in opsin coding sequences might happen at later stages
of speciation or require an ecological speciation by adaptation to dif-
ferent environments.

Our results indicate that in this widely distributed species, its
evolutionary history results in a geographical mosaic of genotypes
that reflects the movement of genes, the impact of genetic bottle-
necks and the effects of local selection pressures (Sork, 2016). The
genetic differentiation and signatures of selection between sympat-
ric spotted and plain morphs uncovered here suggest reproductive
isolation taking place in the southern areas of the distribution range
covered in the present study, which is also reflected in life-history
differences between both morphs (Villegas-Rios, Alonso-Fernandez,
Fabeiro, et al., 2013; Villegas-Rios, Alds, et al., 2013). These find-
ings are consistent with theoretical expectations of an early phase
of sympatric speciation in the face of gene flow. Nonetheless, in

the absence of evolutionary history data, we cannot completely
rule out alternative scenarios of allopatric isolation of Norwegian
populations or southern plain and spotted morphs followed by sec-
ondary contact. An initial period of allopatry, however, would have
resulted in the accumulation of differences in the absence of gene
flow, producing a neutral genome-wide signature of divergence, and
potentially with certain loci accumulating faster as a consequence of
divergent selection if environmental conditions differ among differ-
ent locations (Nosil et al., 2009). Our results do not seem to favour
this scenario, as the number of outliers is the highest among dif-
ferent morphotypes that cohabit in the same space in Spain, where
morphological differentiation is more pronounced, but genome-
wide levels of differentiation are lowest. In contrast, outliers are
nearly absent among comparisons that involve Norwegian samples
despite having the highest genome-wide levels of differentiation. It
is possible that the combination of high genome-wide differentiation
in Norway compared to other regions and lack of signatures of diver-
gent selection (outliers) is the result of the combination of selective
forces acting in allopatry, whose signals have been eroded because
of small effective population sizes in these northern populations by
strong past bottlenecks.

Finally, although our data cannot rule out with certitude either
one of the “early phase of sympatric speciation with gene flow” or
“allopatric divergence followed by secondary contact” scenarios,
both share underlying mechanisms driving divergence and provide
essential information on the mechanistic aspects of the architecture
of reproductive isolation and early stages of speciation at the ge-
nomic level (Foote, 2018). Thus, this study system is useful to shed
light on speciation mechanisms regardless of the origin of the di-
vergence and the evolutionary fate of the plain and spotted colour
morphs, which is beyond the scope of this study. Future analyses, in-
cluding demographic history reconstruction and mating preference
trials, could provide novel insights about the origin and maintenance

of the patterns described here.
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