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Abstract

Gene flow has tremendous importance for local adaptation, by influencing the fate
of de novo mutations, maintaining standing genetic variation and driving adaptive
introgression. Furthermore, structural variation as chromosomal rearrangements
may facilitate adaptation despite high gene flow. However, our understanding of the
evolutionary mechanisms impending or favouring local adaptation in the presence
of gene flow is still limited to a restricted number of study systems. In this study,
we examined how demographic history, shared ancestral polymorphism, and gene
flow among glacial lineages contribute to local adaptation to sea conditions in a ma-
rine fish, the capelin (Mallotus villosus). We first assembled a 490-Mbp draft genome
of M. villosus to map our RAD sequence reads. Then, we used a large data set of
genome-wide single nucleotide polymorphisms (25,904 filtered SNPs) genotyped in
1,310 individuals collected from 31 spawning sites in the northwest Atlantic. We re-
constructed the history of divergence among three glacial lineages and showed that
they probably diverged from 3.8 to 1.8 million years ago and experienced secondary
contacts. Within each lineage, our analyses provided evidence for large N, and high
gene flow among spawning sites. Within the Northwest Atlantic lineage, we detected
a polymorphic chromosomal rearrangement leading to the occurrence of three hap-
logroups. Genotype-environment associations revealed molecular signatures of local
adaptation to environmental conditions prevailing at spawning sites. Our study also
suggests that both shared polymorphisms among lineages, resulting from standing
genetic variation or introgression, and chromosomal rearrangements may contribute

to local adaptation in the presence of high gene flow.
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1 | INTRODUCTION

Local adaptation plays a critical role in organisms’ response to the
spatiotemporal variation of their environment (Blanquart, Kaltz,
Nuismer, & Gandon, 2013; Kawecki & Ebert, 2004; Savolainen,
Lascoux, & Merild, 2013). A population is considered to be locally
adapted when individuals have a higher fitness in their home en-
vironment than their counterparts from other populations experi-
encing different environmental conditions (Savolainen et al., 2013).
Local adaptation relies on three forms of genetic variation: de novo
mutations, standing genetic variation, and adaptive introgression
(Savolainen et al., 2013; Tigano & Friesen, 2016). Classic population
genetics theory states that de novo mutations are the raw source of
genetic adaptation (Barton, 1998; Kaplan, Hudson, & Langley, 1989;
Smith & Haigh, 1974) for which empirical evidence has been pre-
viously reported (e.g., Linnen, Kingsley, Jensen, & Hoekstra, 2009).
Nevertheless, increasing evidence suggests that standing genetic
variation plays a central role in adaptation (Bitter, Kapsenberg,
Gattuso, & Pfister, 2019; Haenel, Roesti, Moser, MacColl, &
Berner, 2019; Jones et al., 2012; Lai et al., 2019) and might allow
faster adaptation to a new environment than de novo mutation
(Barrett & Schluter, 2008). Finally, adaptive introgression may also
contribute to local adaptation when new mutants or variants from
standing genetic variation with beneficial effects on fitness are in-
troduced in the population through interbreeding with related taxa
(Hedrick, 2013; Oziolor et al., 2019; Racimo, Sankararaman, Nielsen,
& Huerta-Sanchez, 2015).

Gene flow, which is determined by organisms' dispersal capacity
and land/seascape resistance, have tremendous effects on local ad-
aptation (Lenormand, 2002; Tigano & Friesen, 2016). When selection
is spatially heterogeneous but temporally constant, gene flow may
erode local adaptation by swamping local alleles or impose a fitness
cost to dispersers (Blanquart & Gandon, 2011; Lenormand, 2002). In
the case of de novo mutations, simulation-based studies have found
that the interplay between selection s and the rate of gene flow m
is the strongest determinant of whether a beneficial de novo muta-
tion establishes in a population. A de novo mutation is most likely to
establish when s is greater than m (Lenormand, 2002; Wright, 1931;
Yeaman & Otto, 2011), or otherwise it will be swamped from the
local genetic pool. By contrast, directed gene flow may favour local
adaptation when organisms’ dispersal decisions (i.e., context-depen-
dent dispersal; Clobert, Le Galliard, Cote, Meylan, & Massot, 2009)
are adjusted according to local fitness prospects, leading to habitat
matching choice (Edelaar, Siepielski, & Clobert, 2008), a process that
has been reported in various taxa (e.g., Camacho & Hendry, 2020;
Jacob et al., 2017; Lowe & Addis, 2019). Furthermore, gene flow can
contribute to increase and/or maintain standing genetic variation on
which selection can act, thus increasing the potential for local ad-
aptation (Monnahan, Colicchio, & Kelly, 2015; Prezeworski, Coop,
& Wall, 2005; Tigano & Friesen, 2016). In the case of polygenic ad-
aptation in particular, high heritable genetic variation may provide
a pool of potential combinations of small-effect alleles determining

the expression of fitness-related traits (Csilléry, Rodriguez-Verdugo,

Rellstab, & Guillaume, 2018; Hancock, Alkorta-Aranburu, Witonsky,
& Di Rienzo, 2010; Pritchard & Di Rienzo, 2010). Lastly, gene flow
may also favour the introduction of beneficial variants from related
species (i.e., adaptive introgression), the chance of fixation of intro-
gressed alleles depending on the hybridization frequency and fitness
of F, hybrids and backcrosses (Hedrick, 2013).

Three mechanisms allow maintenance of local adaptation despite
the presence of gene flow: (a) linkage with an already diverged locus,
(b) increased resistance to gene flow following secondary contact
due to genetic incompatibilities, and (c) competition among genomic
architectures including mechanisms that reduce or suppress recom-
bination (Tigano & Friesen, 2016). In the last few years, molecular
ecologists have paid increasing attention to the third mechanism and
have shown that chromosomal rearrangements, which involve struc-
tural changes such as inversion, fusion, fission and translocation, may
be a critical driver of local adaptation (Faria, Johannesson, Butlin, &
Westram, 2019; Wellenreuther & Bernatchez, 2018; Wellenreuther,
Mérot, Berdan, & Bernatchez, 2019). Low recombination within
chromosomal rearrangements may lead to independent evolution
of the affected genomic regions despite high gene flow in the rest
of the genome (Faria & Navarro, 2010; Wellenreuther et al., 2019),
which allows the expression of specialized phenotypes associated
with local adaptation (Berg et al., 2017; Mérot et al., 2018; Wellband
etal., 2019; Westram et al., 2018).

To date, empirical work focusing on the joint inference of local
adaption and demographic history in the presence of high gene flow
has been limited to a restricted number of study systems (e.g., in
fishes: Barth et al., 2017; Le Moan, Bekkevold, & Hemmer-Hansen,
2019; Pettersson et al., 2019; Tine et al., 2014). Marine organisms are
relevant biological models to address this issue because many species
experience highly heterogeneous sea conditions potentially acting
as selective agents, yet displaying very weak genetic differentiation
due tolarge N, and high connectivity associated with strong dispersal
capacities (Bradbury, Laurel, Snelgrove, Bentzen, & Campana, 2008;
Laporte et al., 2016; Palumbi, 1992; Selkoe et al., 2016; Xuereb,
Kimber, Curtis, Bernatchez, & Fortin, 2018). Capelin (Mallotus vil-
losus) is a key-forage fish species (Buren et al., 2014) that displays
such characteristics typical of marine organisms. Using mitochon-
drial DNA (mtDNA), microsatellite and amplified fragment length
polymorphism (AFLP) markers, previous studies have shown that
capelin is characterized by high genetic diversity and weak local
genetic structure, suggesting large N, and high gene flow (Colbeck,
Turgeon, Sirois, & Dodson, 2011; Praebel, Westgaard, Fevolden, &
Christiansen, 2008). At a larger scale, three genetically divergent,
parapatric glacial lineages have been reported in the North Atlantic
and Arctic seas without apparent physical or geographical barriers
separating them (Dodson, Tremblay, Colombani, Carscadden, &
Lecomte, 2007). Within each lineage, capelin experiences spatio-
temporally variable sea conditions that could be important selective
drivers (Carscadden, Frank, & Leggett, 2001; Rose, 2005). Following
the prenuptial migration, adults may reproduce at sites located in
a continuum spanning from the intertidal (i.e., beach spawning

sites) to the benthic zone from 1 to 280 m (i.e., demersal-spawning
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sites) that differ strongly in terms of biotic and abiotic conditions
(Nakashima & Wheeler, 2002). Environmental variation is especially
high in the intertidal zone where the survival and/or development
of embryos and larvae depends on temperature, salinity and trophic
productivity (Frank & Leggett, 1981a, 1981b, 1982; Leggett, Frank,
& Carscadden, 1984; Preaebel,
Fevolden, 2013; Purchase, 2018). The position along the gradient of

Christiansen, Kettunen-Praebel, &

water depth as well as the sea conditions prevailing in the intertidal
zone are expected to exert strong selective pressures on local popu-
lations. This offers a suitable system to investigate connectivity and
adaptation at different scales in a marine ecosystem, between and
within lineages. Studies that have previously focused on inter- and
intralineage genetic variation in the capelin were undertaken before
the “genomic era,” which hampered the investigation of complex
scenarios of divergence history and the search for molecular signals
(including chromosomal rearrangements) associated with adaptation
to sea conditions.

In this study, we examined how shared polymorphisms among
the three aforementioned glacial lineages and chromosomal rear-
rangements underlie local adaptation to prevailing sea conditions

2381
MOLECULAR ECOLOGY gAWYA R B =A%

in capelin spawning sites. We used a large data set of genome-wide
single nucleotide polymorphisms (SNPs) from 1,310 fish collected
at 31 spawning sites throughout the Northwest Atlantic and Arctic
waters. First, we confirmed the existence of the three glacial lin-
eages (Northwest Atlantic lineage, NWA; Greenland lineage, GRE;
and Arctic lineage, ARC) identified by Dodson et al. (2007) by an-
alysing the pattern of genetic diversity and differentiation in the
whole study area (Figure 1). Then, we inferred the demographic
history of the three lineages using joint Site Frequency Spectrum
(jSFS) for each pair of lineages. We took into account the con-
founding effect of barriers to gene flow, which affects the rate of
migration (Barton & Bengtsson, 1986), and the confounding effect
of linked selection, approximated as a reduction in local effective
population size N, (Charlesworth, Morgan, & Charlesworth, 1993).
We then analysed in detail the genetic structure within the NWA
lineage (Figure 1). In particular, we detected the molecular signa-
ture of putative chromosomal rearrangements (absent in the other
glacial lineages). We next examined the molecular signature of
local adaption by identifying outlier loci putatively associated with
the spawning site position along the water depth gradient (three
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FIGURE 1 Map of the study area. A total of 31 sampling locations were considered in the distribution range of three glacial lineages
(NWA, ARC and GRE) of capelin (Mallotus villosus). In the NWA lineage distribution range, we sampled individuals according to three types

of spawning sites: beach-spawning sites, shallow-water demersal sites, and deep-water demersal sites. In the ARC lineage, the two sampling
sites are very close together (few kilometres) and cannot be distinguished on the map [Colour figure can be viewed at wileyonlinelibrary.com]
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categories of sites: beach spawning sites, demersal shallow-water
sites and demersal deep-water sites) and environmental variables
in beach spawning sites, including temperature and trophic pro-
duction. We also evaluated the contribution of ancestral poly-
morphisms to local adaptation by examining an excess of shared
polymorphisms among lineages at outlier loci associated with en-
vironmental factors. Finally, we explored the role of the chromo-
somal rearrangement on local adaptive variation by determining

the proportion of candidate loci included in this genomic region.

2 | MATERIALS AND METHODS
2.1 | Genome sequencing and draft assembly

A first draft version of the capelin genome was constructed and
used for the major purposes of mapping our RAD sequence reads.
To estimate the chromosome-scale position of each SNP on the draft
genome, we performed a synteny analysis with four other fish ge-
nomes. This allowed us to attribute each of the capelin contigs to
one of the 24 orthologous chromosomes, that is to the chromosome
with the longest total alignment across the four species. Capelin ge-
nome sequencing and assembly and syntheny analysis are described

in details in the Supporting Information methods section).

2.2 | Sampling area and genotyping-by-
sequencing approach

2.2.1 | Sampling area and molecular analyses

A total of 1,359 capelins were sampled from 31 sites in the
Northwest Atlantic, both in Canadian and Greenland waters
(Figure 1; Table Sé6), which were expected to include representa-
tives from the three lineages according to a previous study using
mtDNA and microsatellite genetic markers (Dodson et al., 2007).
We sampled 25 spawning sites within the presumed NWA line-
age including three demersal shallow-water sites, three demer-
sal deep-water sites and 18 beach spawning sites. These sites
were located in four geographical regions (Figure 1): Kuururjuaq,
Labrador, Newfoundland and St. Lawrence. In parallel, we sampled
two sites (beach-spawning fishes) within the presumed range of
the ARC lineage and four offshore sampling sites in the range of
the GRE lineage. The median sample size was 46.5 (range: 19-50)
individuals per site. Fish were collected during the breeding period
(captured by hand at beach spawning sites and using nets at de-
mersal spawning sites) and sexed, and a piece of fin was preserved
in RNAlater.

Both DNA extractions and library preparation were performed
following protocols fully described elsewhere (e.g., Moore et al,,
2017; Rougemont et al., 2019). The methods are detailed in the
Supporting Information methods section. A scheme presenting all

analyses performed in our study can be found in Figure S13.

2.2.2 | DNA sequencing, genotyping and
diversity analysis

Barcodes were removed using cutapbapT (Martin, 2011) and trimmed
to 80 bp, allowing for an error rate of 0.2. They were then demul-
tiplexed using the “process_radtags” module of stacks version 1.44
(Catchen, Hohenlohe, Bassham, Amores, & Cresko, 2013) and aligned
to the capelin draft genome assembly using swa-mem (Li, 2013) with
default parameters. Then, aligned reads were processed with stacks
version 1.44 for SNP calling and genotyping. The “pstacks” module
was used with a minimum depth of three and up to three mismatches
were allowed in the catalogue creation. We then ran the “popula-
tions” module to produce a vcf file that was further filtered using py-
thon (https://github.com/enormandeau/stacks_workflow) and bash
scripts. SNPs were kept if they displayed a read depth greater than
five and less than 70 (based on the mean distribution of read depth
computed with vcrrooLs), the latter being set to control for paral-
ogy and highly repetitive regions. Then, SNPs present in a least 70%
in each sampling location and with heterozygosity lower than 0.60
were kept to further control for paralogues and Hardy-Weinberg
disequilibrium (Dorant et al., 2019; Rougemont et al., 2019). The re-
sulting vcf file comprised 550,724 SNPs spread over 27,442 loci and
was further filtered prior to being used for demographic inferences
with dadi (see filtering details provided in the Supporting Information
methods section). This vcf file was then subsampled to meet the dif-
ferent assumptions (in particular, the use of unlinked SNPs) of the
models underlying the different population genetic analyses per-
formed as described below. We therefore kept one single SNP per
locus (the one with the highest minor allele frequency) and further
removed SNPs with r? values <.2 using pLINK in sliding windows of 50
SNPs. Finally, we excluded any SNPs not present in at least 90% of
the total data set, resulting in a final vcf of 25,904 high quality SNPs.

2.3 | Hierarchical patterns of population
genetic structure

2.3.1 | Genetic differentiation between
glacial lineages

We documented the extent of genetic differentiation among line-
ages using the whole data set (i.e., the 31 sampling sites, Table 1). A
principal component analysis (PCA) was performed to investigate the
molecular variation among individuals using the R package Adegenet
(Jombart, 2008). Then, we quantified ancestry and admixture pro-
portion using the snmf function included in the R package LEA
(Frichot & Francois, 2015), with K-values from 1 to 10. We estimated
ancestry coefficients for all levels of K and obtained cross-valida-
tions using the cross-entropy criterion with 5% masked genotypes.
Next, we quantified the level of genetic differentiation among sam-
pling sites using the Fy; estimator (Weir & Cockerham, 1984) in the
sTaMPP R package along with 95% confidence intervals using 1,000
bootstraps (Pembleton, Cogan, & Forster, 2013).
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TABLE 1 Parameter estimates under the best demographic models for each of the three lineages

NWA versus GRE GRE versus ARC NWA versus ARC
best SC2N2m SC2N2m IM2N2m
rof 131,000 [11,000-250,000] 208,000 [72,760-343,000] 155,000 [102,000-208,000]

N1 828,000 [397,000-1,259,000] 592,000 [521,000-662,000] 1,329,000
[1,166,000-1,491,700]

N,2 311,000 [162,000-460,000] 348,000 [239,590-456,000] 226,000 [211,000-241,000]

m1 0.000001 [0-0.000003] 0.0000003 [0-0.000001] 0.0000006 [0-0.000002]

m2 0.0000016 [0-0.000003] 0.0000002 [0-0.000003] 0.0000001 [0-0.0000003]

m.1 0.000009 [0-0.00004] 0.000002 [0-0.00003] 0.0000006 [0-0.000004]

m.2 0.00002 [0-0.00008] 0.000003 [0-0.00009] 0.000001 [0-0.000006]

Topiit 1,785,000 [811,000-2,758,000] 2,700,000 [2,119,900-3,280,000] 3,760,000
[3,697,000-3,823,000]

T.. 898,000 [0-1,807,000] 775,000 [732,000-818,000] NA

hrf 0.10 [0.03-0,17] 0.24[0.23-0.25] 0.12 [0.00-0.24]

P 0.53 0.57 0.01

Q 0.46 0.57 0.5

N,1and N,2, effective population size of the compared pair, Nref = effecitve population size of the ancestral (reference) population; m1 « 2 and
m2 « 1, migration from population 2 to population 1 and migration from population 1 to population 2. m_12 and m_21, effective migration rate
estimated in regions undergoing reduced introgression; Tsp"t: time of split of the ancestral population in the two daughter species; T, , duration
of secondary contact; P, proportion of the genome freely exchanged (1 - P provides the proportion of the genome non-neutrally exchanged); Q,
proportion of the genome with a reduced N, due to selection at linked sites (1 - Q provides the proportion of the genome neutrally exchanged);

hrf = Hill-Robertson factor representing the reduction of N, in the region ( Q) with reduced N,. Values in brackets provide confidence intervals

around the estimated parameters.

2.3.2 | Geographical and habitat-dependent genetic
structure within lineages

A second PCA was executed for each of the three lineages separately
to examine within-lineage genetic variation. Admixture analyses
were conducted only on the NWA lineage to examine intralineage
genetic structure. We did not analyse intralineage structure for ARC
and GRE because of the limited number of sampling sites (two and
four, respectively) and the absence of any genetic structure based
on PCA results (Figure S4). Moreover, we quantified F.; estimates
among all sampling sites, and between demersal and beach spawn-
ing sites more specifically.

In addition, we tested for patterns of isolation-by-distance (IBD)
within the NWA lineage separately for neutral SNPs and SNPs pu-
tatively under divergent selection using a procedure detailed in the
Supporting Information methods section. IBD was tested using a linear
model in which pairwise F¢; (F¢;/(1 - F¢;)) was included as the response
variable and the Euclidean distance (z-score) was incorporated as an
explanatory term. The significance of the effect of Euclidean distance
was assessed using adjusted R? and ANOVA with an F-test.

2.3.3 | Population structure as revealed by
haplogroup distribution in the NWA lineage

Within the NWA lineage, we detected three genetic clusters
using a PCA (hereafter called haplogroupl, haplogroup2 and

haplogroup3), which occurred in all sampling sites across the range
of the NWA lineage but were absent in the other two lineages. This
pattern was also supported by a clustering analysis performed for
the NWA lineage alone (see Results). This signature may be due to
a chromosomal rearrangement (i.e., three haplogroups with higher
heterozygosity for the heterokaryote and lower heterozygosity for
the two homokaryotes; Berg et al., 2017; Wellband et al., 2019).
We thus performed the following analyses to confirm this hypoth-
esis. We identified a set of SNPs mainly located in Chr2 and Chr9
associated with these haplogroups based on their loadings along
the PC1 axis (Figures S4 and S5). We tested whether the heterozy-
gosity of those SNPs differed between haplogroups using a beta
regression model; heterozygosity was included in the model as the
dependent variable and the haplogroup as discrete explanatory
variable. Furthermore, for each sampling site, we tested for Hardy-
Weinberg equilibrium when considering the haplogroups as dif-
ferent karyotypes of a putative rearrangement using a chi-square
test and a ternary plot implemented in the R package HARDYWEINBERG
(Graffelman, 2015).

Next, we examined if the assignment probability of individu-
als to the haplogroups depended on their sex. We built a logistic
regression model for each haplogroup in which individual assign-
ment to the haplogroup was coded as a binary response variable
(0

discrete explanatory variable. Moreover, we investigated how the

not assigned to the haplogroup; 1 = assigned) and sex as a

frequency of the haplogroup within sampling sites was affected

by the spawning habitat (deep-water and shallow-water demersal
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sites were merged into a single category to increase the power
of the analysis). In addition, we examined how temperature and
chlorophyll concentration in beach spawning sites influenced
haplogroup frequency. The marine data layers were downloaded
from Bio-ORACLE (http://www.bio-oracle.org/) and the two en-
vironmental variables were extracted using the R package spMpRre-
picTors (Bosch, Tyberghein, & De Clerck, 2017); we present the
environmental data in Table S5. We used a linear model where the

haplogroup1 +N /
N,o:)] Was included as the response variable and spawning hab-

frequency of haplogroups 1 and 2 [(2 x N haplogroup2
itat, temperature and chlorophyll concentration as explanatory
variables. Each explanatory variable was introduced separately in
the model to avoid model over-fitting. The significance of explana-
tory variable effects was evaluated using adjusted R and ANOVA
with an F-test.

2.4 | Demographic history of divergence in 5adi and
identification of interlineage outliers

2.4.1 | Divergence history of the three
capelin lineages

We reconstructed the most likely demographic history using 5adi
(Gutenkunst, Hernandez, Williamson, & Bustamante, 2009). We
compared four alternative models of historical divergence: (a) a
model of Strict Isolation (Sl), (b) a model of divergence with con-
tinuous gene flow or Isolation with Migration (IM), (c) a model of
divergence with initial migration or Ancient Migration (AM) and (d)
a model of Secondary Contact (SC) (fully described in Figure S3).
These models incorporate the confounding effects of selection
at linked sites locally affecting N, and the effect of differential
introgression (i.e., due to barriers to gene flow accumulated dur-
ing population divergence; Barton & Bengtsson, 1986; Roux
et al., 2014) affecting the rate of migration (m) along the genome
(Le Moan, Gagnaire, & Bonhomme, 2016; Rougemont et al., 2017;
Tine et al., 2014). Model choice was performed using the Akaike
information criterion (AIC), AAIC and AIC weights. We attempted
to estimate biological parameters assuming a generation time of
3.8 years (Dodson et al., 2007) and a standard mutation rate value
of 1e-8 mutation/bp/generation. Furthermore, we performed ad-
ditional analyses of the possible confounding effect of the two
chromosomal blocks (on separate Chr2 and Chr9) The modelling ap-
proach is detailed in the Supporting Information methods section.
Finally, to obtain an overview of the overall levels of divergence
among the lineage we computed the net sequence divergence (D,)
as well as level of absolute sequence divergence (ny), the former
being informative of the position of a pair of populations along the
speciation continuum (Roux et al., 2016). We used the vcf haplo-
type file obtained from stacks and computed these summary statis-
tics using mscaLc (Roux et al., 2011) to account for missing data and

integrate the length of each RAD locus.

2.4.2 | Coalescent simulations and identification of
interlineage outliers

We used the demographic parameter estimates along with their
standard deviation under each best model for each pair of lineages
to perform 4,000,000 coalescent simulations using the coalescent
simulator ms (Hudson, 2002). We assumed a strictly neutral model
with homogeneous population size and homogeneous migration
rate. For each SNP, we computed levels of expected heterozygo-
sity (Hg) as well as Weir & Cockerham's F¢; estimator between line-
ages. As proposed by Beaumont and Nichols (1996) we computed
F¢; quantiles in heterozygosity intervals of 0.025. Unlike several
methods that rely on simplistic demographic models, this approach
use an explicitly fitted model and considers the uncertainty sur-
rounding parameter estimates (Leroy et al., 2019). Loci departing
from our neutral envelope (outside the 99.99th upper quantiles of
the conditioned Fg; distribution) were inferred as candidate outli-
ers. Finally, we used the sequences of the markers potentially under
divergent selection between the three lineages to perform a BLAST
search (Altschul, Gish, Miller, Myers, & Lipman, 1990). More specifi-
cally, we extracted a 1-kb-long sequence on each side of the SNPs of
interest. Then, we performed blasts of those sequences against the
NCBI NR database. To consider a SNP further, we required a BLAST
length of at least 80 bp and an e-value of 1e-10. Next, to identify
nonsynonymous mutations, we blasted the FasTa sequences against
the reference transcriptome. We kept hits with at least 90% similar-
ity and a minimum amino acid sequence length alignment of 25. Both
variants of each SNP were used with the BLAST results against the
transcriptome and translation results were compared pairwise. For
each locus, results were only kept if the lowest e-value hit for both

variants was the same (i.e., same protein name and length).

2.5 | Searching for signals of local adaptation
patterns within the NWA lineage

2.5.1 | Genotype-environment associations and
local adaptation to spawning habitat

We examined the molecular signature of local adaptation to spawn-
ing sites within the NWA lineage only, because not enough sampling
sites were available within the other two lineages. More specifically,
we aimed to detect outlier loci associated with spawning habitats
distributed along a water depth gradient: the beach spawning site
located in the intertidal zone, the demersal spawning site in shal-
low water (from 2 to 5 m), and the demersal spawning site in deeper
water (from to 10 to 20 m). As recommended by Forester, Lasky,
Wagner, and Urban (2018), we used a combination of latent factor
mixed models (LFMMs; Frichot & Francois, 2015; Frichot, Schoville,
Bouchard, & Francois, 2013) and partial redundancy analysis (pRDA,;
“rda” function in the R package vecan; Lasky et al., 2012, Forester
et al., 2018) to detect candidate loci.
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We ran LFMMs in the R package LEa. Models were parameterized
using the K-value (K = 2) obtained in our previous clustering analyses
in Lea (Figure 3c). By doing so, we accounted for the genetic varia-
tion associated with the haplogroups in our analyses of genotype-
environment associations. We ran each model 10 times with 5,000
iterations and a burnin of 2,500. The median of the squared z-scores
was used to rank loci and to calculate a genomic inflation factor to
evaluate model fit (Francois, Martins, Caye, 2016).

We used a pRDA to detect multilocus outliers that were asso-
ciated with spawning habitats after controlling for the haplogroups
(see Forester et al., 2018; Legendre & Legendre, 2012 for details).
The standard deviation of marker scores was multiplied by 3.5 to
establish the multilocus outlier detection p-value at .001 (Forester
et al., 2018). We retained the outliers that were detected by both
LFMMs and pRDA to reduce the number of false positives as recom-
mended by Forester et al. (2018) and represented the overlap with a
Venn diagram. For each outlier locus associated with spawning hab-
itats, we performed enrichment tests as detailed in the Supporting

Information methods section.

2.5.2 | Genotype-environment associations and
local adaptation to environmental conditions in beach
spawning sites

We investigated the molecular signature of adaptation to local envi-
ronmental conditions across beach spawning sites within the NWA
lineage (i.e., 19 sampling sites). We considered two environmental
variables: sea surface temperature and chlorophyll concentration as
a proxy for trophic productivity, which may have dramatic effects
on embryonic and larval performances (Frank & Leggett, 1981a,
1981b, 1982; Leggett et al., 1984). The correlation between temper-
ature and chlorophyll concentration (r = .47) was relatively low (for
a discussion on multicollinearity in ecological studies, see Dormann
et al., 2013). For this reason, these two variables were simultane-
ously introduced in the pRDAs presented below. We determined
candidate loci associated with the two variables using a combination
of LFMM and pRDA. In LFMM, the variables were introduced one by
one in the models to identify the candidate loci associated with each
variable. We then used the same procedure described for spawning

site analyses for go_enrichment and blasting.

3 | RESULTS
3.1 | Draft genome assembly and statistics

The resulting draft genome assembly was 490 Mbp with a N50 con-
tig size of 230 kbp. Running Busco with the Actinopterygii data set on
the assembly found 4,070 complete (89%), 209 fragmented (4.5%)
and 305 missing genes (6.5%) out of a total of 4,584 genes searched.
The genome assembly is available at https://doi.org/10.6084/
m9.figshare.9752558.

3.1.1 | Genetic differentiation between
glacial lineages

The raw vcf file from stacks contained 1,081,533 SNPs spread on
67,305 loci before filtration. After filtration, we kept a final set of
25,904 SNPs spread on 25,904 loci (see details in Methods). The
mapping rate of our GBS data on the draft genome was 74%. The
median number of reads per sample was 1,033,000 and the median
depth was 21.

A high and heterogeneous level of differentiation was found
along the genome for the comparison between lineages (Figure S1).
The first and second axes of the PCA explained 8.2% of the genetic
variation (Figure 2a) and they supported the pattern found with
Fsr (see below). The ARC lineage was the most divergent among all
three lineages. The clustering analysis also supported the existence
of three lineages (K = 3) with an absence of admixture between lin-
eages (Figure 2c).

Measures of net sequence divergence (d,) which, unlike F¢;, are
not affected by variation in the common ancestor, revealed a level of
net divergence that was about twice as high between the ARC and
the GRE lineages (d, = 0.00146) and between the ARC and NWA lin-
eages (d, = 0.00140) compared to that between the GRE and NWA
clades (d, = 0.00067). The same was true for ny values with values
of 0.0032, 0.0041 and 0.0041 between NWA and GRE, ARC and
NWA, and ARC and GRE, respectively. Moreover, the mean F¢; was
0.2435 between NWA and GRE, 0.3783 between NWA and ARC,
and 0.4106 between GRE and ARC (Figure 2c), thus revealing a high
level of genetic differentiation for a marine species (DeWoody &
Avise, 2000).

3.1.2 | Geographical and habitat-dependent genetic
structure within lineages

At the intralineage level, pairwise F¢; values between sampling sites
were three orders of magnitude lower than observed between the
three lineages (Figure 2b). Mean F was 0.0033 within the GRE line-
age (ranging from 0.0021 to 0.0054) and 0.0044 in the ARC lineage
(only two sampling sites in this lineage). Within the NWA lineage,
mean Fq was 0.0010 (ranging from O to 0.0090); 91% of the F; esti-
mates had a p-value <0.01 and a 95% confidence interval (Cl) that did
not include O (Table S13). Within the NWA lineage, mean Fy; among
shallow-water spawning sites and among deep-water demersal sites
was 0.0019 and 0.0017, respectively, whereas it was 0.0029 among
beach spawning sites. Mean F¢; between shallow-water demersal
sites and beach sites and between deep-water demersal sites and
beach sites was 0.0031 and 0.0027, respectively.

We then tested for IBD within the NWA lineage, using neu-
tral loci and loci under selection (detailed methods are given in
the Supporting Information methods section, and Figure S12).
Combining BAYEscAN and pcADAPT revealed a total of 12,600 puta-
tively neutral SNPs while each method revealed respectively 20 and

42 SNPs putatively under divergent selection (additional results are
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FIGURE 2 Genetic structure and differentiation among the three lineages (NWA, GRE and ARC) of capelin (Mallotus villosus). (a) Principal
component analysis (axes 1 and 2) showing the genetic variation among the lineages. (b) Heatmap of F¢; between and within three lineages.
(c) Clustering analysis performed using the Lea R package [Colour figure can be viewed at wileyonlinelibrary.com]

given in the Supporting Information results section). We detected a
weak signal of IBD using the two sets of markers (with SNPs under
divergent selection: F = 5.38, R?=0.01, p =.02; with neutral SNPs:
F=3.89,R?=0.01, p = .05) (Figure $12).

3.1.3 | A putative chromosomal rearrangement
associated with population within the NWA lineage

The PCA performed for the GRE and ARC lineages did not resolve
any genetic structure (Figure S4). By contrast, the PCA revealed
pronounced genetic structure within the NWA lineage (Figure 3a),
with three genetic clusters along PC1 (explaining 0.3% of the vari-
ation). The distribution of the clusters did not show any geographi-
cal pattern (Figure 3b, but see below). A set of 248 SNPs displayed
the highest loading along the first axis. Mapping of these 248 SNPs
revealed that 85% of them were preferentially located on ancestral
chromosomes Chr2 (n = 74 SNPs) and Chr9 (n = 139 SNPs), whereas
an average of two SNPs was mapped on the remaining chromo-

somes. The PCA performed for Chr2 and Chr9 separately showed

similar clustering patterns (Figures S10 and S11). Altogether, these
observations raised the hypothesis that such genetic substructure
may be due to a chromosomal inversion in Chr2 and Chr9 that could
be fused in the capelin; alternatively, it could be two covarying chro-
mosomal inversions or a polymorphic fusion. We thus considered
the three clusters as three haplogroups. Based on the PCA, 57% of
the individuals were assigned to haplogroupi1, 38% to haplogroup2
and 5% to haplogroup3.

SNPs with the highest levels of differentiation between hap-
logroups were also predominantly located on Chr2 and Chr9
(Figure 4). The highest level of genetic differentiation was observed
between haplogroups 1 and 3, with a genome-wide F¢; of 0.0047
but with an Fy; 50 times higher (0.29) when we only considered
the SNPs located in the Chr2-Chr9 rearrangement (Figure S9). This
was higher than the differentiation observed between each hap-
logroup and the two other lineages for the same genomic region (Fg;
haplogroupl and GRE = 0.055; F¢; haplogroupl and ARC = 0.012;
F¢r haplogroup3 versus GRE = 0.072; F¢; haplogroup3 versus
ARC = 0.148). The beta regression model also indicated that the
heterozygosity of the SNPs from Chr2 and Chr9 differed among
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FIGURE 3 Spatial variation of the putative chromosomal rearrangement (involving chromosomes 2 and 9) within the NWA lineage of
capelin (Mallotus villosus). (a) Principal component analysis (axes 1 and 2) showing the three clusters of individuals corresponding to the three
haplogroups. (b) Relative proportion of the three haplogroups among the 25 sampled spawning sites throughout the distribution area of the
NWA lineage. (c) Ancestry proportion ordered by haplogroups from clustering analyses. (d) Frequency of the rearrangement in the demersal
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spawning site on the rearrangement frequency. (e) Heterozygosity analysis focused on the contigs contained in the potential chromosomal
rearrangement in chromosomes Chr2 and Chr9. We provide the results of the beta regression model: intercept for haplogroupl, and the
slope coefficients for haplogroup2 and haplogroup3, and their associated standard error and statistical test (z statistic and p-value) [Colour
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haplogroups (Figure 3e; Table S2): it was highest in haplogroup2 and
similar in haplogroupl and haplogroup3. The clustering approach
also supported the existence of these haplogroups. We detected
two genetic groups (K = 2) across all sampling sites. All individuals
of haplogroupl are contained in one genetic group whereas all the
individuals of haplogroup2 and haplogroup3 are admixed with the
other genetic group (Figure 3c). Moreover, when considering hap-
logroupl and haplogroup3 as the homokaryotes and haplogroup2
as the heterokaryote for the putative rearrangement, there was no
deviation from Hardy-Weinberg equilibrium at any sampling site
(Table S12), suggesting Mendelian inheritance of markers found in
this rearrangement. Altogether, these observations suggest that

haplogroup2 may represent a group of heterozygotes bearing two,

perhaps partially nonrecombining, versions of haploblocks that exist
in the homozygote state in haplogroups 1 and 3.

Haplogroups 1 and 2 were present in 100% of the sampling
sites, while haplogroup3 occurred in only 78% of the sites. The
frequency of haplogroups varied among sampling sites (Figure 3b):
the proportion of individuals in haplogroupl ranged from 35% to
73%, from 24% to 52% for haplogroup2, and from 0% to 21% for
haplogroup3. Logistic models indicated that the probability that
an individual was assigned to haplogroupl or haplogroup2 (en-
compassing 95% of the individuals) was not influenced by its sex
(haplogroupl: F=0.33,p =.33; haplogroup2: F = 0.69, p = .41). The
probability that an individual was assigned to haplogroup3 was
-0.97 +0.34, F = 8.73, p = .003), although

sex-dependent (4

males —


www.wileyonlinelibrary.com

2388
—I—W[ |l DA4= MOLECULAR ECOLOGY

CAYUELA ET AL.

this was probably due to the small number of individuals as-
signed to haplogroup3. Furthermore, linear models indicated that
the frequency of the putative rearrangement differed between
spawning habitats (Figure 3d). The frequency of haplogroups 1
and 2 combined was higher in beach spawning than in demer-
sal sites (both deep-water and shallow-water sites combined)
(df = 24, F = 6.74, p = .02). However, the rearrangement frequency
was not influenced by temperature (df = 18, F = 0.67, p = .42) or
chlorophyll concentration (df = 18, F = 0.08, p = .83). Additional
PCA, performed for the three haplogroups separately, suggested
the absence of underlying genetic structure in the NWA lineage
(Figure S6).

3.2 | Demographic history of divergence
3.2.1 | History of divergence among glacial lineages

The divergence history inferred with dadi revealed the occurrence
of ongoing gene flow between all three lineages. In two interlineage
comparisons, GRE versus NWA lineages and GRE versus ARC line-
ages, the models of secondary contact including both linked selection
and variable introgression rate among loci (“SC2N2m”) received the
highest statistical support (WAIC = 1; Table S3; Figure 5). In the com-
parison of the NWA versus ARC lineages, the model of isolation with

migration including both linked selection and variable introgression

FIGURE 4 Manhattan plots of the Fg;
values between the three haplogroups
within the NWA lineage of capelin
(Mallotus villosus). The external circle
shows the F¢; between haplogroups 1
and 2. The medium circle shows the F¢;
between haplogroups 1 and 3. The central
circle shows the Fy; between haplogroups
2 and 3. Capelin contigs were placed

into 24 ancestral chromosomes based on
synteny with four related species. Contigs
that were not assigned to a chromosome
were aggregated in the group ChrU.

As the order of the contigs within the
chromosomes was not conserved and
was not always consistent among genome
comparisons, contigs were ranked
according to their size. SNPs having F¢;
<0.25 are shown in grey, SNPs with F¢;
ranging from 0.25 to 0.50 are shown in
yellow, and SNPs with F¢ higher than
0.50 are shown in red [Colour figure can
be viewed at wileyonlinelibrary.com]
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rate among loci (“IM2N2m”) received the highest statistical support
(WAIC = 1; Table S3). These results were robust to the confounding
effect of the putative chromosomal rearrangement defined above
(Supporting Information methods section, Table S3 and Figure S8).
Parameter estimates revealed that the NWA and ARC lineages
diverged ~ 3.8 million years ago (Ma; 95% Cl: 3.6-3.8 Ma). The
GRE lineage was inferred to have diverged from the ARC lineage
~2.7 Ma (95% Cl: 2.1-3.2 Ma). The NWA versus GRE compari-
son indicated a divergence time of ~1.8 Ma (95% Cl: 0.8-2.8 Ma).
These split times were older when we removed Chr2 and Chr9
and when we separated by haplogroup, with respective averaged
values of 4.3 Ma for the NWA versus ARC split and 2.5 Ma for
the NWA versus GRE split (Table S4). This suggests a more recent
time to the most recent common ancestor (TMRCA) for Chr2 and
Chr9. Gene flow was asymmetric and heterogeneous. Indeed,
under SC, on average half of the genome displayed a reduced
introgression rate, while our inference under IM2N2m indicated
that 99% of the genome displayed reduced introgression. The
rate of introgression under IM2N2m between the NWA and ARC
lineages appears to be an order of magnitude lower than in other
comparisons (Table S4). Finally, in all comparisons, our inference
suggested that approximately half of the genome might be af-
fected by selection at linked sites resulting in a reduced effective
population size at such sites (Table 1). Our estimates of effective
population sizes were high, varying from 220,000 (SD = 7,600)
in the ARC lineage under IM2N2m to more than 1,330,000
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FIGURE 5 Demographic divergence among lineages of capelin (Mallotus villosus): simplified representation of the best demographic
model (left panel), observed and best fitted jSFS obtained from dadi to unravel the demographic histories of the three lineages (middle
panels) and residuals of the fitted models (right panels). The best model was the SC2N2m (model of secondary contact including both

linked selection and variable introgression rate among loci) in the comparison between ARC versus GRE and GRE versus NWA, whereas the
IM2N2m model (model of isolation with migration including both linked selection and variable introgression rate among loci) best fits the
data in the ARC versus NWA comparison. Left panel: N;, N, and N, represent the respective effective population size of the two descending
populations and of the ancestral lineage. The black and red arrows (mij) represent the migration rate from population j into population i.

T

(SD = 82,000) in the NWA lineage under the same model (Table 1;
see also Table S4 for details of parameter estimates when sepa-
rating by haplogroups).

3.2.2 | Candidate loci driving genetic divergence
among lineages

Based on the parameters estimated with dadl, we performed coa-
lescent simulations to compute a neutral envelope of differentiation
conditioned on expected heterozygosity. After excluding markers
with reduced heterozygosity (H; < 0.10), a total of 2085, 622, and
330 markers departed from neutrality in the GRE versus ARC, NWA
versus ARC and NWA versus GRE comparisons, respectively. These
were all randomly distributed across the reconstructed chromo-
somes (Table S7). Of these, 276 were shared outliers between GRE
versus ARC and NWA versus ARC, 130 were shared between NWA
versus ARC and NWA versus GRE, and 114 were shared between

spiit = sPlitting time. T, = time of secondary contact [Colour figure can be viewed at wileyonlinelibrary.com]

GRE versus ARC and NWA versus GRE. A total of seven outliers were
shared in all three pairwise comparisons, such that only a few out-
liers should be affected by background selection (see Discussion).
A total of 118 outliers were fixed (i.e., Fg; = 1) between the GRE
and ARC lineages, no outliers were fixed in the other two pairwise
comparisons, and F¢; values were less pronounced in comparisons
involving the NWA clades. Significant sLasT searches (e-value < 1e™°
and length > 90) were obtained for 688 loci, with a total of 43 pu-
tative nonsynonymous mutations. These significant hits were also
randomly distributed in the genome (Table S7) and associated with
various biological processes (Table S8). The SNPs associated with
the putative chromosomal rearrangement on Chr2 and Chr9 were
significantly enriched with outliers when compared to the rest of
the genome for the comparison between GRE and NWA (Fisher's
exact test, p < .0001) as well as between ARC and NWA (Fisher's
test, p = .0006), but not in the comparison between ARC and GRE
(Fisher's test, p = .7038) as expected given that this rearrangement is
absent in these lineages.
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3.3 | Genotype-environment associations in the
NWA clade

3.3.1 | Outlier loci associated with
spawning habitats

Inthe pRDA, genetic variance was significantly explained by spawn-
ing habitat (i.e., beach spawning, shallow-water demersal and
deeper-water demersal sites; overall significance, df = 2, F = 1.58,
p <.001). We detected 407 and 1,737 outlier SNPs associated with

spawning habitat using pRDA (overall significance, df = 2, F = 1.12,
p < .001) and LFMM, respectively (Figure 6). A total of 108 SNPs
were detected by the two methods; 26% of the SNPs detected
with pRDA were also detected using LFMM. Respectively, 5% and
9% of the 108 loci were located in the genomic regions of Chr2
and Chr9 associated with the haplogroups. Outlier loci were in ex-
cess in these genomic regions compared to the rest of the genome
(see Fisher's test results in Table 2). Furthermore, 85% and 55%
of the outlier SNPs were polymorphic (allelic frequency [AF] >0)
in the GRE (mean AF = 0.28) and ARC lineages (mean AF = 0.26),

a
@ .
Temperature =
L] -g
- o
2 225 LI B
3 =
=) o
=)
’T 154 . ° . . 15
*e [} °
o, . . ‘o, Cee 10
°
7.5 Ty e
o & &% 5
0
(b) 30+
Chlorophyll 320
° ® 52
383
2 22.5- . was
. o L=<
G:)S ® o o ° g -
S ° e ® °
| 15 25
° . % -. ¢ o ° G :
¢ % " ° e . e o . 20
e . * . LY o
7548 : " . . " - e ."‘. 15
° o %, ¢
Py} 10
05

ks

IIIIII IlIII] III IIIH IIIIIHI IIIII‘ IIlI I IIIII I]IIH IIIIIIIII IIIIII IIIII lH]I IIIII IIII I IIII III IIII“III II II II|| III -I

iiiiiim

(c) 307 . .
Spawning habitat L
o L]
~ 22.5- °
& ‘ . .
2 .
(=)
-9) L]
[ LE . % o

Shsdiadiici

IIlII I IIIIII\I |IIl I IIII[I IIHlI II[II ] IIIIIII I\II IIIIIIIIIII lll II| IIlIHI IIIII] I]I IIll IllII II II IIII lll -I <+

RDA
407
(17.1%)

SNP density

-0

20
-40

[j‘ 60

80

-100

T T

2 3

T
9

T
1 4 5 6 7 8

Chromosomes (Chr)

T
10 11 12 13 14 15 16 17 18 19 20 21 2223 24 Un

FIGURE 6 Molecular adaptation to local environmental conditions in the capelin (Mallotus villosus). (a) SNP outliers associated with
temperature: the Manhattan plot show p-values from LFMM analyses for SNPs detected as outliers by both pRDA and LFMM (shown in
red) and the others (shown in grey). Venn diagrams show the outlier loci detected with either LFMMs or pRDA, or both—the percentage
corresponds to the proportion of outliers detected by each method and the two methods combined. The map shows the spatial variation
in temperature. (b) SNP outliers associated with chlorophyll concentration. (c) SNP outliers associated with spawning habitats. Note that
contigs were placed on a chromosome but the order of contig themselves may not be accurate. The SNP positions here should not be
interpreted as physical positions on the chromosomes [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE 2 Enrichment of SNP outliers in
the potential chromosomal rearrangement
in chromosome Chr2 and Chr9 and in

shared polymorphisms with the ARC Enrichment

and GRE lineages; also presented are the

results of Fisher's tests (odds ratio and Chromosomal
rearrangement

p-values)
Shared polymorphism
with ARC

Shared polymorphism
with GRE

Shared polymorphism
with GRE and ARC

respectively. Fisher's tests (Table 2) revealed an excess of shared
polymorphism within both lineages at outlier loci associated with
spawning habitat. We identified 112 transcripts in the 1-kbp win-
dow around the outlier loci enriched in various cellular and mo-

lecular processes (Table S9).

3.3.2 | Outlier loci associated with
temperature and chlorophyll concentration within
beach-spawning sites

In the pRDA, the genetic variance was significantly explained by the
two environmental variables (overall significance, df = 2, F = 1.09,
p <.001). A total of 197 and 1,930 outlier SNPs were associated with
temperature based on pRDA and LFMM, respectively (Figure 6). A
total of 85 SNPs were identified by the two methods; 43% of the
SNPs identified with pRDA were also detected using LFMM. Among
those 85 SNPs, 7% and 2% respectively occurred within the genomic
regions of Chr2 and Chr9 associated with the haplogroups. Fisher's
tests indicated the outlier loci were in excess in these regions com-
pared to the rest of the genome (Table 2). Furthermore, 76% and 47%
of the SNPs were polymorphic in the GRE (mean AF = 0.220) and
ARC lineages (mean AF = 0.22), respectively. Fisher's tests showed
an excess of shared polymorphism for both lineages at these outlier
loci (Table 2). Within the 1-kbp window around the outlier loci, we
detected 77 transcripts that were enriched in cellular and molecular
processes (Table S10).

We also identified 186 and 2,079 outlier SNPs associated with
chlorophyll concentration with pRDA and LFMM, respectively
(Figure 6). A total of 88 SNPs were identified using the two ap-
proaches; 47% of the SNPs detected with pRDA were also detected
using LFMM. Among those 88 SNPs, 2% and 5% were present in the
genomic regions Chr2 and Chr9 associated with the haplogroups.
However, outlier loci were not in excess in these genomic regions
(Table 2). Furthermore, 91% and 55% of the SNPs were polymorphic
in the GRE (mean AF = 0.26) and ARC lineages (mean AF = 0.23) re-
spectively. Fisher's tests showed an excess of shared polymorphism
for both lineages in outlier loci (Table 2). We detected 93 transcripts
within the 1-kbp window around the outlier loci that were enriched

in cellular and molecular processes (Table S11).
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Type of spawning

Chlorophyll Temperature site

Ratio p Ratio p Ratio p

0.35 16 0.10 <.0001 0.09 <.0001

0.31 <.0001 0.42 .0001 0.31 <.0001

0.10 <.0001 0.19 <.0001 0.18 <.0001

0.12 <.0001 0.36 <.0001 0.22 <.0001
4 | DISCUSSION

Our results revealed a complex demographic history of divergence
among the three capelin glacial lineages. Models of secondary con-
tact including both linked selection and variable introgression rates
among loci received highest statistical support. They suggest that
the lineages are old, having diverged from 3.8 to 1.8 Ma depending
on the pair of clades considered. Using coalescent simulations, we
also identified a set of candidate loci driving the genetic divergence
among lineages and that might be involved in their reproductive iso-
lation. These observations support the hypothesis that these line-
ages may in fact represent cryptic species of capelin or at the very
least indicate that these lineages are part of an ongoing speciation
process. Within lineages, our analyses revealed large N, and weak
genetic divergence among sampling sites, typical of other marine
fishes. In the NWA lineage, a chromosomal rearrangement probably
appeared during the interlineage divergence process, resulting in the
existence of three haplogroups spread across most spawning sites of
the NWA lineage, but showing differences in frequencies between
capelin from different spawning habitats. Genotype-environment
associations revealed molecular signatures of local adaptation to
sea conditions prevailing at spawning sites. Importantly, our study
suggested that shared polymorphism among glacial lineages and
chromosomal rearrangements occurring in NWA might have broadly
contributed to the genetic polymorphisms involved in local adapta-

tion in the presence of high gene flow.

4.1 | Anongoing speciation process among lineages

Our modelling approach supports the hypotheses that (a) the three
lineages have diverged in allopatry, (b) gene flow during the second-
ary contact eroded past differentiation and resulted in heterogenous
differentiation along the genome, and (c) such differentiation is
also probably driven by linked selection in the form of either back-
ground selection (Charlesworth et al., 1993) or hitchhiking (Smith &
Haigh, 1974). It was previously shown that neglecting these two ef-
fects can lead to bias in demographic inference in terms of model
choice, false inference of ongoing gene flow or, by contrast, infer-

ence of the absence of gene flow while the genome might still be
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semipermeable (Cruickshank & Hahn, 2014; Ewing & Jensens, 2016;
Roux et al., 2016; Souza et al., 2013). The growing number of stud-
ies that have used this approach (e.g., Leroy et al., 2019; Rougemont
& Bernatchez, 2018; Roux et al., 2014; Roux et al., 2016; Roux,
Tsagkogeorga, Bierne, & Galtier, 2013) found increased support
for models of secondary contact or have demonstrated difficulty in
distinguishing models of secondary contact from models of sympa-
tric divergence with gene flow (i.e., IM models). Moreover, the role
of linked selection is increasingly recognized as being implicated in
observed patterns of genome-wide divergence (Burri, 2017; Burri
et al.,, 2015; Stankowski et al., 2019; Wang, Street, Scofield, &
Ingvarsson, 2016). Here, our approach does not allow a fine quan-
titative estimation of linked selection and future studies could be
undertaken to address this question.

Overall, our demographic reconstruction suggests a rela-
tively long period of divergence, compatible with a level of di-
vergence more typical of interspecific rather than intraspecific
variation (Hedges, Marin, Suleski, Paymer, & Kumar, 2015; Roux
et al., 2016). This divergence has resulted in pronounced contem-
porary genome-wide differentiation randomly distributed across
the genome. Accordingly, coalescent simulations have suggested
the existence of putative outliers (i.e., departing from the neutral
envelop). These outliers were spread randomly among and within
chromosomes, as expected under the genic view of speciation
(Coyne & Orr, 2004; Wu, 2001). The divergence process has prob-
ably favoured the establishment of a barrier to gene flow result-
ing in restricted gene flow along the genome. To our knowledge,
such levels of restricted gene flow between parapatric lineages
have rarely been documented in a strictly marine species (Gagnaire
et al., 2018; Le Moan et al., 2016), thus raising the hypothesis that
these three lineages may actually be cryptic species of capelin oc-
curring in the North Atlantic and Arctic oceans. Further refinement
would be required to improve our demographic reconstructions. In
particular, three-population models and the inclusion of ghost pop-
ulations (Slatkin, 2005) may provide a richer picture of the diver-
gence history of capelin lineages. Moreover, further experimental
studies should formally test the hypothesis that limited gene flow
and the absence of current admixture (based our clustering analy-
ses) among lineages result from pre- or post-zygotic reproductive

isolation.

4.2 | A potential chromosomal rearrangement in the
NWA lineage

Our PCA revealed the existence of three haplogroups occurring at
variable frequencies among sampling sites. This observation sug-
gests the presence of a chromosomal rearrangement characterized
by a lower recombination rate compared to the rest of the genome,
although PCA is not the most effective tool to detect structural
variants (Li & Ralph, 2019; but see Ma & Amos, 2012). Indeed, the
signal left by inversions cannot easily be distinguished from long

haplotypes under balancing selection or simply regions of reduced

recombination (Lotterhos, 2019). Here, however, our synteny analy-
sis indicates that the loci included in the putative chromosomal rear-
rangement are located in Chr2 and Chr9 of the Esox lucius genome.
The PCA executed for Chr2 and Chr9 separately also displayed the
same haplogroup pattern. Assuming that Chr2 and Chr9 are com-
pletely fused in the capelin, this suggests the existence of a poly-
morphic chromosomal inversion in the NWA lineage. Alternatively,
it could be two covarying chromosomal inversions or a polymorphic
fusion.

Our analyses indicated that such genomic regions, regardless
of their true nature, are absent in ARC and GRE lineages. Given
the large N, of these lineages, it is unlikely that polymorphism
within this region was lost due to genetic drift during lineage di-
vergence. Instead, we hypothesized that the putative rearrange-
ment appeared in the NWA lineage ~2.8 Ma after the split from
the ARC lineage but almost concomitantly with the GRE split from
the NWA.

Future work based on whole genome resequencing and long-
read data will allow us to clarify the nature of the putative re-
arrangement (chromosomal fusion or inversion) and quantify its
exact size, and identify the genes that are located within this
region. Furthermore, exciting questions regarding the age of the
putative rearrangement, its ancestry, and the possible associa-
tion with individual phenotype (e.g., morphological, physiological
and life history traits) could be addressed with such additional
sequencing data.

4.3 | High gene flow among spawning sites
within lineages

Our study has highlighted weak, yet significant genetic variation
within the NWA lineage. These results are also congruent with many
studies on marine organisms (excluding reef species) that reported
low genetic variation across large geographical areas (e.g., fishes:
Lamichhaney et al., 2012; crustaceans: Benestan et al., 2016; mol-
luscs: Van Wyngaarden et al., 2017; for a review, see Kelley, Brown,
Therkildsen, & Foote, 2016). The weak intralineage genetic differ-
entiation within NWA partly results from large historical effective
population sizes in the three lineages. Furthermore, the low IBD de-
tected using neutral markers suggests high dispersal among spawn-

ing sites that led to pronounced gene flow.

4.4 | Habitat matching choice and adaptation to
local marine conditions

Beyond weak genetic structure at the scale of the NWA geographi-
cal range of distribution, we detected loci under putative divergent
selection associated with spawning habitats. As adult capelin were
captured at spawning sites during breeding season, this pattern
could result from habitat matching choice (Edelaar et al., 2008). This

mechanism implies that individuals disperse towards reproductive
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sites that maximize their breeding performances, which allows
local adaptation despite high gene flow (Edelaar et al., 2008; Jacob
et al., 2017). As individual habitat choice does not always match
optimal environment conditions (i.e., partial habitat matching) or
because a population may contain both specialist and generalist in-
dividuals (Jacob et al., 2017), it may result in weak genetic structure
due to large effective population size and/or gene flow between the
two habitats.

Our results and previous studies suggest that capelin could
be adapted to spawning site characteristics. The breeding sites of
beach-spawning capelin located in the intertidal zone are exposed to
weather variation (e.g., temperature, wind) that strongly affects em-
bryonic and larval growth and survival, as well as swimming perfor-
mance during larval dispersal (Frank & Leggett, 1981a, 1981b, 1982;
Leggett et al., 1984). Beach spawning sites also display more variable
and higher water temperatures than demersal sites (Nakashima &
Wheeler, 2002), which may sometimes lead to dramatic mortality
events before larval hatching (Leggett et al., 1984). Interestingly, a
previous study has suggested that embryos from beach-spawning
capelin have a faster growth rate than those of demersal capelins
(Nakashima & Wheeler, 2002), which might indicate local adapta-
tion allowing an accelerated development in the intertidal zone. In
parallel, our results indicate that candidate loci potentially under di-
vergent polygenic selection (i.e., covarying markers of small effects
detected both by pRDA and LFMM) and associated with spawn-
ing habitat are involved in a broad range of biological processes
(Table S9) driving cell resistance to environmental stress. Together,
these results raise the hypothesis of habitat matching choice and ad-
aptation to local environmental conditions prevailing at beach and
demersal spawning sites. Yet, as the number of demersal sites was
limited (six versus 18 beach sites) in our study due to sampling con-
straints, we encourage future work to identify additional genotype-
environment associations to validate the putative candidate outliers
detected in our study.

Our study also suggests a similar mechanism of adaptation to
the conditions of temperature and trophic productivity experienced
in beach spawning sites. We detected two markers under putative
divergent selection associated with water temperature and local-
ized in genomic regions (a narrow window of 1 kbp) that contain
genes involved in growth regulation (thermodependent in fishes,
Pauly, 1980) and response to UV radiation (Table S4). Overall, these
results are in accordance with previous studies on capelin showing
that water temperature and trophic productivity strongly affect
embryonic and larval growth and survival, as well as the swimming
capacity of larvae during the drift phase following hatching (Frank &
Leggett, 1981a,1981b, 1982; Leggettetal., 1984). However, although
our findings are consistent with previous GBS studies suggesting an
environmentally driven signature of molecular adaptation in marine
organisms (e.g., Benestan et al., 2016; Bradbury et al., 2010; Stanley
et al., 2018; Xuereb et al., 2018), they suffer from the limitations
already reported in RAD-seq analyses, especially the nonexhaustive
genome sampling that prevents a full assessment of candidate loci

(Lowry et al., 2017) and are limited by the accuracy of genome scan
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approaches (Pavlidis, Jensen, Stephan, Stamatakis, 2012). Moreover,
the complex demographic history among the three lineages, have
likely favored the accumulation of intrinsic reproductive barriers.
These complicated further the distinction between intrinsic versus
exctrinsic barriers (i.e. ecologically driven) (Bierne, Welch, Loire,
Bonhomme, & David, 2011). Indeed, the former migh be reused ac-
cross different geographic contexts and involved or confonded with
the latter (Bierne et al. 2011, Riquet et al. 2019). Further whole ge-
nome resequencing combined with functional validations and exper-
imental work may provide a more exhaustive picture of candidate

loci and could help validate our findings.

4.5 | Contribution of genomic background to
local adaptation

Our analyses suggested that shared ancestral polymorphisms may
play a central role in local adaptation to sea conditions, as predicted
by theory (Barrett & Schluter, 2008; Hedrick, 2013). Indeed, 85%
and 55% of the markers putatively under divergent selection and
associated with the type of spawning site were polymorphic in the
GRE and ARC lineages, respectively. In addition, 76% and 47% of
the candidate outliers related to temperature, as well as 91% and
55% of the outliers associated with trophic productivity, were also
polymorphic in the GRE and ARC lineages, respectively. Importantly,
we consistently found an excess of shared polymorphisms with both
lineages in this set of outlier loci. Therefore, these results, combined
with the observed level of divergence (at least 2 million years de-
spite all uncertainties) and low migration rate among lineages, sup-
port the hypothesis that these shared variants are probably standing
variants inherited from the last common ancestors of these lineages
(Lai et al., 2019). Alternatively, they may have originated in a single
lineage and then spread among lineages via introgression following
secondary contact (Welch & Jiggins, 2014). Lastly, as it is the case for
any other studies based on reduced representation sequencing data,
the SNP outliers are probably neutral hitchhiker loci linked to the
direct target of selection (Bierne et al. 2011). To distinguish among
the different hypotheses above, whole genome data, combined with
methods to distinguish among soft versus hard selective sweep,
would be needed (e.g. Kern & Schrider, 2018). Further use of coa-
lescent methods would also allow us to directly infer the age of the
variants relative to the most recent common ancestor of the lineage
(Albers & McVean, 2020).

Our analyses also indicated that a non-negligible proportion of
outlier markers associated with the type of spawning site (8%), tem-
perature (7%), and trophic productivity (2%) is located in the putative
chromosomal rearrangement. For both the type of spawning site and
temperature, outlier loci were in excess in the genomic regions con-
tained in the chromosomal rearrangement compared to the rest of
the genome. These results thus appear to be consistent with previ-
ous work suggesting that chromosomal polymorphism may facilitate
thermal adaptation despite high gene flow in marine fishes (Barth
et al., 2017; Wellband et al., 2019). However, future work based on
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whole genome resequencing data should be conducted to more ac-
curately assess the contribution of the putative rearrangement to
local adaptation, especially by identifying the type of rearrangement
detected in our study and as well as its characteristics (i.e., size and

content), and its effects on capelin phenotype and performance.
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