MOLECULAR ECOLOGY

Molecular Ecology (2013) 22, 5577-5593

doi: 10.1111/mec.12500

Parallel and nonparallel genome-wide divergence among
replicate population pairs of freshwater and anadromous
Atlantic salmon

CHARLES PERRIER,* VINCENT BOURRET,* MATTHEW P. KENT+ and LOUIS BERNATCHEZ*
*Institut de Biologie Intégrative et des Systemes (IBIS), Université Laval, Québec City, Québec, Canada, G1V 0A6, tDepartment
of Animal and Aquaculture Sciences, Centre for Integrative Genetics (CIGENE), Norwegian University of Life Sciences, PO Box
5003, Aas 1432, Norway

Abstract

Little is known about the genetic basis differentiating resident and anadromous forms
found in many salmonid species. Using a medium-density SNP array, we documented
genomic diversity and divergence at 2336 genetically mapped loci among three pairs of
North American anadromous and freshwater Atlantic salmon populations. Our results
show that across the genome, freshwater populations have lower diversity and a smal-
ler proportion of private polymorphism relative to anadromous populations. Moreover,
differentiation was more pronounced among freshwater than among anadromous pop-
ulations at multiple spatial scales, suggesting a large effect of genetic drift in these iso-
lated freshwater populations. Using nonhierarchical and hierarchical genome scans, we
identified hundreds of markers spread across the genome that are potentially under
divergent selection between anadromous and freshwater populations, but few outlier
loci were repeatedly found in all three freshwater-anadromous comparisons. Similarly,
a sliding window analysis revealed numerous regions of high divergence that were
nonparallel among the three comparisons. These last results show little evidence for
the parallel evolution of alleles selected for in freshwater populations, but suggest
nonparallel adaptive divergence at many loci of small effects distributed through the
genome. Overall, this study emphasizes the important role of genetic drift in driving
genome-wide reduction in diversity and divergence in freshwater Atlantic salmon pop-
ulations and suggests a complex multigenic basis of adaptation to resident and anadro-
mous strategies with little parallelism.
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Introduction

Delineating the genetic basis of neutral and adaptive
divergence of populations is a central objective of
evolutionary biology. On the one hand, when popula-
tions experience different environments, local selection
regimes can drive phenotypic divergence and modulate
the underlying genomic architecture promoting local
adaptation and ultimately initiating evolutionary diversi-
fication and speciation (Schluter 2000; Wu 2001; Kawecki
& Ebert 2004; Nosil et al. 2009). In addition, facultative
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long-distance migrations among breeding and feeding
sites may also lead to adaptive genomic divergence and
evolutionary diversification due to selection on the
‘migration gene package’ (Colbert et al. 2001; Jonsson &
Jonsson 2011; Liedvogel et al. 2011). On the other hand,
neutral processes (e.g. effects of random dispersal and
drift) also shape the genomic composition of populations.
Therefore, a critical assessment of the mechanisms driv-
ing neutral and adaptive genomic divergence is required
to delineate the relative importance of such processes in
wild, isolated populations. Such knowledge of the histori-
cal and contemporary processes that shaped the genomic
architecture of populations is also increasingly consid-
ered for the management and conservation of wild
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populations (Fraser & Bernatchez 2001; Nielsen et al.
2009; Seeb et al. 2011).

Local adaptation in salmonids and particularly in
Atlantic salmon has been widely documented (Taylor
1991; Garcia de Leaniz ef al. 2007, Dionne et al. 2008;
Fraser et al. 2011; Bourret et al. 2013a,b). Environmental
conditions can differ among populations and impose
differential selection on life-history characteristics. In
fact, numerous studies documented phenotypic adapta-
tions associated with migration in salmonids (Schaffer
& Elson 1975; Stabell 1984; Hansen et al. 1993; Quinn
1993; Dittman & Quinn 1996; Jonsson & Jonsson 2011).
The capability to migrate from freshwater to saltwater
and vice versa involves morphological, behavioural and
physiological adaptations (Folmar & Dickhoff 1980),
including differential expression of genes involved in
osmoregulatory functions (Hubert et al. 2007; Seear et al.
2010; Boulet et al. 2012). Some of these traits have been
shown to be highly heritable (Hara et al. 2007; Nichols
et al. 2008; Duston et al. 2011), which support their
potential for selection across populations. The avenue
of high-resolution genome-wide studies now allows
improving our knowledge on the underlying genetic
bases of differentiation between resident and anadro-
mous (migratory) salmonids. For instance, Hecht et al.
(2013) and Hale et al. (2013) identified many loci associ-
ated with migratory traits distributed throughout the
genome, suggesting a complex, genome-wide multigenic
basis of migration in the rainbow trout (Oncorhynchus
mykiss). Several studies also documented that SNPs tag-
ging alleles for Na/K ATPase, a candidate gene for dif-
ferences in salinity tolerance, were repeatedly found to
be highly differentiated between marine and freshwater
stickleback populations (Hohenlohe et al. 2010; DeFaveri
et al. 2011; Jones et al. 2012; Deagle et al. 2013).

Salmonids are also recognized for the near-ubiquitous
occurrence of freshwater (resident) and anadromous
(migratory) populations within the same species
(Fleming & Reynolds 2004). While most Atlantic salmon
populations are anadromous, the isostatic rebound fol-
lowing the last glaciation led to the independent emer-
gence of landlocked populations, which complete their
entire life cycle exclusively in freshwater (Ward 1932;
Berg 1985; King et al. 2007). Previous studies largely
based on a few number of microsatellite loci have
reported strong genetic divergence between these popu-
lations and their anadromous counterparts, while also
showing a reduced genetic diversity in freshwater pop-
ulations (Tessier & Bernatchez 1999, 2000; Saisa et al.
2005; Tonteri et al. 2007; Ozerov et al. 2010; Bourret et al.
2013b). Besides, several studies have shown that fresh-
water individuals differ in a similar manner from their
anadromous counterparts for multiple traits including
morphology (smaller size), development rates and

osmoregulation-related traits (Taylor 1991; Kazakov &
Veselov 1998; Hendry et al. 2003). Remarkably, several
studies found that some individuals from freshwater
populations have lost the ability to prepare for saltwater
by upregulating osmoregulatory functions and do not
survive saltwater transfer (Burton & Idler 1984; Nilsen
et al. 2003, 2007). Therefore, it is relevant to document
the patterns of genomic divergence between anadro-
mous and freshwater Atlantic salmon populations to
look for outlier markers or genomic regions that may be
implicated in the repeated phenotypic divergence and
the adaptation of these populations to a resident strat-
egy.

In this study, we used a combination of recently
developed genomic tools for North American Atlantic
salmon including a 6-k SNP array (Bourret ef al. 2013b)
and a high-resolution linkage map (Brenna-Hansen
et al. 2012) to study neutral and adaptive divergence
underlying genetic differentiation and adaptations
between populations with divergent life histories. We
genotyped three pairs of freshwater and anadromous
Atlantic salmon populations from Québec, Canada, to
assess their respective genome-wide diversity and
divergence among populations. We specifically aimed
to (i) compare the levels of genetic diversity among
freshwater and anadromous populations and determine
the extent of polymorphism exclusive to each group; (ii)
compare levels of divergence between freshwater and
between anadromous populations at multiple spatial
scales; (iii) test for evidence of parallel and nonparallel
adaptive divergence among anadromous and freshwa-
ter populations through the identification of divergent
outlier markers and genomic regions; and (iv) identify
biological functions potentially under selection.

Material and methods

Study sites and samples

A total of 203 sexually mature (>40 cm total length)
Atlantic salmon sampled from 10 sites (19 to 25 individu-
als per site) were included in this study (Fig. 1, Table 1).
We sampled two population from the Musquaro River
basin and eight populations from the Saguenay River
basin (Fig. 1). In particular, we sampled an anadromous
population from the Musquaro River (population n°1;
ANA1), a freshwater population from Musquaro Lake
(n°2; FRE1), four proximate anadromous populations
from four rivers flowing into the Saguenay Fjord (n°3, 4,
5, 6; ANA2) and four proximate freshwater populations
from tributaries of Lake St Jean draining into the
Saguenay River (n°7 corresponding to group FRE2 and
n°8, 9, 10 corresponding to group FRE3). The Saguenay
River basin and Musquaro River basin are located

© 2013 John Wiley & Sons Ltd
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Fig. 1 Map of study locations. Population 1: Musquaro River, 2: Musquaro Lake, 3: Sainte Marguerite R., 4: Petit Saguenay R., 5:
Saint Jean R., 6: Mars R., 7: Métabetchouane, 8: Aux saumons R., 9: Ashuapmushuan R., 10: Ouasiemsca R. ANA1, ANA2, FRE],
FRE2 and FRE3 correspond to group of populations being used in hierarchical analyses.

Table 1 Number of individuals genotyped (N) at 2336 poly-
morphic SNPs (MAF >0.05 per population or overall), number
and proportion of polymorphic SNPs and expected heterozy-
gosity (HE)

Polymorphic SNPs Hg over
the 2336

Number Proportion SNPs

Group  Population n

ANA1 1 25 1837 0.79 0.216
FRE1 2 19 910 0.39 0.128
ANA2 3 20 2005 0.86 0.225
4 20 1995 0.85 0.226

5 20 2042 0.87 0.223

6 20 1998 0.86 0.230

FRE2 7 20 673 0.29 0.090
FRE3 8 19 870 0.37 0.115
9 20 850 0.36 0.113

10 20 856 0.37 0.114

Overall 10 203 2336 1.00 0.168

approximately 850 km apart on the north shore of the St.
Lawrence River estuary. The Saguenay Fjord was the
most important colonization route used by anadromous

© 2013 John Wiley & Sons Ltd

fish to colonize Lake Saint Jean from 10 250 BP to 7350 BP
(Bernatchez 1997). Waterfalls that rose during postglacial
continental rebound represent impassable barriers for
upstream migration of anadromous fish to lakes in both
systems. On the basis of seven microsatellite loci, the
Métabetchouane population (FRE2) has been previously
found to be highly differentiated from the three other
populations from the Lake St Jean (FRE3), possibly due to
independent colonization events (Tessier & Bernatchez
2000). FRE2 and FRE3 were thus used as a local replicates
for testing divergence among freshwater and anadromous
populations for the Saguenay-Lake St Jean system.

Genotyping

DNA samples from populations 1 and 2 were extracted
as reported by Dionne et al. (2008), and DNA samples 3
to 10 were extracted using a phenol-chloroform
protocol as reported in Tessier & Bernatchez (2000).
Individuals were screened for 5568 SNP markers
according to the manufacturer’s instructions using the
[Mlumina infinium assay (Illumina, San Diego, CA, USA)
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and version 2 of the Atlantic salmon SNP array, follow-
ing the procedure described by Bourret et al. (2013b).
Briefly, 55% of the markers were derived from
expressed sequence tag (EST); 43%, from genome com-
plexity reduction (GCR); and the remaining 2%, from
other SNP sources. The markers were discovered using
both anadromous and freshwater individuals originat-
ing from European and North American populations.

Quality control filters and marker positioning

Markers identified as multisite variants, paralogous
sequence variants and failed assays were removed fol-
lowing the quality control procedure described by
Bourret ef al. (2013b). PowerMAKER (Liu & Muse 2005)
and R (R core development team) were used to filter
data as follows: (i) heterozygote frequencies >50% were
excluded; (ii) loci with call rates <95% were excluded
(i.e. 95% of the individuals were successfully genotyped
for each locus); (iii) individuals with call rates <90%
were excluded (i.e. 90% of the SNPs successfully ampli-
fied in individual sample); (iv) SNPs were additionally
filtered for a minor allele frequency of 0.05 over all pop-
ulations or per population. For subsequent analyses on
subsets of data (e.g. pairwise Fsr, genome scans and
sliding window analyses), we filtered by a global minor
allele frequency of 0.05. The extent of linkage disequilib-
rium between markers was estimated using POWERMAKER
through the measure of SNPs’ pairwise D’. The poly-
morphic SNPs were positioned on the Atlantic salmon
linkage map (Brenna-Hansen et al. 2012). The map com-
prised 27 linkage groups with length ranging from 41.6
to 124.0 cM, for a total map length of 2179 cM.

Overall, 2336 SNPs were retained after filtering to
estimate the genetic diversity among samples. SNPs
were widely distributed across the linkage map, with
32 to 167 markers per linkage group, 86 in average
(Fig. 2), resulting in an average resolution of 0.90 cM
between loci. SNPs therefore exhibited low linkage dis-
equilibrium (Fig. S1, Supporting information).

Measure of genetic diversity

We measured expected heterozygosity within each
population using ARLEQUIN 3.5 (Excoffier & Lischer
2010). Data normality was confirmed using Shapiro—
Wilk normality tests, and Student’s t-test was used to
compare expected heterozygosity among freshwater
and anadromous populations. Average expected het-
erozygosity was reported for each linkage group and
population. For the three pairs of anadromous and
freshwater populations, we also described the distri-
bution of genetic diversity as the proportions of
shared polymorphism (both alleles found within both

environments), parallel fixation (a single identical
allele found within both environments), antagonistic
fixation (a single and different alleles found in each
environment) and polymorphism exclusive to one of
the two environments (SNPs with two alleles in fresh-
water populations, but a single allele in anadromous
ones and vice versa).

Measures of divergence among populations

To provide an overview of population structure, we
measured pairwise D, genetic distance (Nei et al. 1983)
using SNPs that were found to be neutral among fresh-
water and anadromous populations or among distant
freshwater and anadromous populations (procedure to
detect outliers detailed in the next section). The result-
ing genetic distance matrix was used to construct a
neighbour-joining (N]) phylogram using Meca 4.0.1
(Tamura et al. 2007). Confidence of tree topology was
obtained by resampling over loci with 1000 bootstrap
replicates.

The program Structure (Pritchard et al. 2000) was
used to delineate genetic clustering of individuals and
to identify putative migrants. This analysis was per-
formed using an admixture model and a number of
genetic clusters (k) from one to 10 and 10 replicates for
each k. The Structure analysis was restricted to SNPs
that were found to be neutral based on genome scan
analysis. Each run started with a burn-in period of
50 000 steps followed by 300 000 Markov Chain Monte
Carlo (MCMC) replicates. To determine the best num-
ber of clusters, we inspected likelihood values com-
puted by Structure and used the delta k statistic
(Evanno et al. 2005). We ran Structure hierarchically,
first on all the populations and then only on the four
populations from the Lake St Jean (FRE2 and FRE3).
For this second analysis, we only included SNPs that
did not show evidence of divergent selection among
FRE2 and FRE3 or within FRE3.

To estimate the extent of genetic differentiation (Fsr,
Weir & Cockerham 1984), we used ARLEQUIN 3.5
(Excoffier et al. 2009).

Identification of outliers SNPs and genomic regions

To identify SNPs potentially under divergent selection,
we applied both the Fdist and hierarchical Fdist
(Excoffier et al. 2009) genome scan methods imple-
mented in ARLEQUIN 3.5. In hierarchical Fdist, migration
rates among groups are different than migration rates
among populations within groups, allowing for the
detection of outlier loci in systems where a hierarchical
population structure is expected. To compare the extent
of divergence among populations at multiple spatial

© 2013 John Wiley & Sons Ltd
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Fig. 2 Upper panel: number of SNPs polymorphic exclusively in anadromous populations, exclusively in freshwater populations or
in both types of populations. Lower panel: average expected heterozygosity at each linkage group for the five groups of anadromous
(blue bars) and freshwater (green bars) Atlantic salmon populations considered.

scales, we computed the following comparisons: among
proximate anadromous populations (Fsr within ANA2),
among proximate freshwater populations (Fsr within
FRE3 and Fct between FRE2 and FRE3), among distant
anadromous populations (Fcr between ANA2 and
ANA1), among distant freshwater populations (Fcr
between FRE1, FRE2 and FRE3). Then, we estimated
divergence among anadromous and freshwater popula-
tions using either the hierarchical method or the nonhi-
erarchical method. To perform hierarchical tests, we
first estimated Fgr between ANA1 and FRE1, Fcr
between ANA2 and FRE2 and Fct between ANA2 and
FRE3. Nonhierarchical comparisons were achieved by
estimating Fsrs between all anadromous and freshwater
populations for the following pairs: ANA1-FRE1, each
of the ANA2-FRE2 pairs and each of the ANA2-FRE3
pairs. We used a 0.05 significance level to identify out-
lier SNP markers. SNPs potentially under divergent
selection in the several freshwater/anadromous com-
parisons with a p-value less than 0.05 were considered
as parallel outliers potentially under divergent selection
in freshwater and anadromous environments. Fgr and
Fcr values as well as outlier loci were positioned on the
Atlantic salmon linkage map to observe the spatial dis-
tribution of divergence and to investigate any potential
clustering of outliers.

© 2013 John Wiley & Sons Ltd

As an alternative to single-locus outlier tests, we
used a kernel-smoothing moving average approach
(similarly to Hohenlohe et al. 2010; Gagnaire et al.
2013) to document relatively large genomic regions
potentially influenced by divergent selection and to
generate genome-wide distributions of the divergence
estimates (measured as Fgr and Fcr) across LGs. The
window length was set to 1 cM. Markers included
within 3 cM regions covering both sides of the win-
dow were also considered in the average. We per-
formed 10 000 permutations to estimate local P-values.
This analysis allows for the identification of genomic
regions with a higher proportion of SNPs showing
elevated or decreased divergence, which are suggestive
of divergent or balancing selection, and is complemen-
tary to the single-locus genome scan previously
described.

Gene ontology and SNP annotation

Blast2go (Gotz et al. 2008) was used to associate gene
ontology (GO) annotation terms with SNPs. A homol-
ogy search was first performed through a BLAST
(Altschul et al. 1990) search of the available flanking
sequences for each SNP on the NCBI public database
with the e-value threshold set to 1 x 10 '°. Blast2go
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then retrieved GO terms associated with the obtained
BLAST hits. The output GO annotations were then clas-
sified by biological processes, molecular functions and
cellular components for the most general (level two)
terms of each category. To identify signatures of diver-
gent selection on key biological processes or functions,
we determined whether any biological processes,
molecular functions or cellular components were over-,
equally or under-represented among the outliers herein
identified when compared to all retained SNPs. This
was done by means of the Fisher’s exact test corrected
for multiple tests by applying a false discovery rate
(FDR) of 0.05 (Benjamini & Yekutieli 2001).

Results

Genome-wide diversity within populations

Overall, freshwater populations exhibited lower propor-
tions of private polymorphism compared with anadro-
mous populations and also had a lower expected
heterozygosity. On average, the number of polymorphic
SNPs was reduced by more than twofold (from 1.68 to
2.56 depending on the population pairs) in freshwater
populations compared with anadromous populations
(Table 1, Fisher’s exact test, P-values <0.0001). Over the
entire data set, a much larger number of SNPs were
exclusively polymorphic within anadromous popula-
tions (n = 873; 37.4% of the polymorphic SNPs) than in
freshwater ones (n = 14; 0.6%) (Table 2, Fisher’s exact
test, P-values <0.0001). This pattern was consistent
across all LGs, with 22-56% of the SNPs per LG being
polymorphic in anadromous populations only, com-
pared with 0-3% of the SNPs being exclusively poly-
morphic within freshwater populations (Fig. 2; Fisher’s
exact tests: P-values <0.05). Moreover, across the three
pairs of anadromous and freshwater populations, no
SNPs were found to be exclusively polymorphic in all
freshwater populations, but 526 (51.3%) were repeatedly

found to be exclusively polymorphic in anadromous
populations (Table 2). Finally, no SNPs were differen-
tially fixed among anadromous and
populations.

Accordingly, freshwater populations showed on aver-
age, and for each comparison, a much lower expected
heterozygosity (Hg) than anadromous populations
(Table 1; t-tests: all P-values <0.0001). Moreover, while
Hg was not different among anadromous populations
(t-tests: all P-values >0.1), Hg was lower in FRE3 than
in FRE1 and lower in FRE2 than in FRE3 (t-test,
P-val<0.05). At almost of the LGs and for almost all
population pairs, Hg was lower in freshwater than in
anadromous populations. Depending on the LG, we
found 1.39-3.25 times lower Hg in freshwater than in
anadromous groups of populations (Fig. 2; 75 of 81
comparisons were significant, t-tests: P-values <0.05).
While we found a high correlation between SNPs Hg
reduction in freshwater compared with anadromous
populations in geographically close population pairs
(Fig. 3, r*=0.543, P <0.001), no correlation was
observed for distant pairs (> = 0.002, P > 0.10 for both
comparisons). A similar pattern was found when com-
paring average Hg differences per LG (> =0.62,
P <0.001 for close populations and 7> = 0.030 and 0.07,
P > 0.10 for distant ones).

freshwater

Genome-wide differentiation among populations

The neighbour-joining tree and clustering analysis
(Fig. 4) illustrate the large divergence among freshwater
populations, but a relatively small divergence among
anadromous populations. Furthermore, structure analy-
sis identified two putative migrants (g values of, respec-
tively, 1.00 and 0.98 with confidence intervals <0.05
around estimates) from a freshwater (FRE1) to an anad-
romous population (ANA1), and no migrants from
anadromous into freshwater populations were detected

(Fig. 4b). Finally, pronounced differentiation was

Table 2 Distribution of polymorphism between anadromous and freshwater populations: Number and proportion of SNPs for which
the polymorphism was found (i) in both anadromous and freshwater populations (shared polymorphism); (ii) in anadromous popu-
lations only (exclusive to anadromous); and (iii) in freshwater populations only (exclusive to freshwater). The numbers and propor-
tions are given for the overall populations, for ANA1-FRE1, for ANA2-(FRE2-FRE3) and in parallel for these two groups of

populations
ANA-FRE ANAT-FRE1 ANA2—(FRE2-FRE3) Parallel
N Proportion* N Proportion* N Proportion* N Proportion*
(i) Shared polymorphism 1449 0.620 873 0.466 1022 0.452 499 0.487
(ii) Exclusive to anadromous 873 0.374 964 0.514 1222 0.540 526 0.513
(iii) Exclusive to freshwater 14 0.006 37 0.020 19 0.008 0 0.000

*Proportion relative to the number of polymorphic SNPs in the considered comparison.

© 2013 John Wiley & Sons Ltd
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Fig. 4 (a) Neighbour-joining tree on Nei’s
genetic distances among the 10 Atlantic
salmon populations based on 1817 puta-
tively neutral markers (see Methods)
with bootstrap values based on 1000 rep-
licates, (b) Bayesian individual assign-
ment using Structure for the 10
populations and 1817 putatively neutral
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observed between FRE2 and FRE3 although they are
geographically close (Fig. 4).

There was a gradual increase in genetic differentia-
tion among the several pairs of populations compared
(Fig. 5), with a mean Fsy of 0.013 among proximate
anadromous populations (among ANA2 populations), a
Fsr of 0.090 among freshwater populations comprised
in FRE3, a Fcr of 0.097 among distant anadromous
populations (ANA1-ANA2), a Fcr of 0.144 among
neighbouring freshwater populations (FRE2-FRE3) and

© 2013 John Wiley & Sons Ltd

markers and (c) for the 4 populations
‘ from the Lake St Jean and 832 putatively
8 neutral markers.

a Fcr of 0.340 between distant freshwater populations
(FRE1-FRE2-FRE3). Genome-wide genetic differentia-
tion among anadromous and freshwater populations
was globally similar for the three comparisons, with
mean Fgr of 0.174 (ANA1-FRE1), 0.173 (ANA2-FRE2)
and 0.186 (ANA2-FRE3). No SNPs showed the maximal
Fsr value of 1 among anadromous and freshwater
populations, the largest values being 0.85, 0.98 and 0.95
in comparisons ANAI1-FRE1l, ANA2-FRE2 and
ANA2-FRE3, respectively. SNP differentiation among
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Fig. 5 Genome-wide pattern of divergence among freshwater and anadromous populations and for the three pairs of anadromous
and freshwater populations, and red circles indicate outliers SNPs potentially under divergent selection (P < 0.05) for each compari-
son. Green and blue circles indicate, respectively, parallel divergent outliers and true parallel divergent outliers (P < 0.05) among the

three anadromous and freshwater populations (P > 0.05).

freshwater and anadromous population pairs was corre-
lated among geographically close populations, but not
between distant ones (Fig. 3). Similarly, while we found
a significant correlation in the average divergence per
LG between close anadromous and freshwater popula-
tions pairs (> = 0.26, P < 0.01), the correlation was not
significant among distant pairs of populations
(P > 0.10).

Detection of outlier SNPs and outlier genomic regions

The several genome scans we performed revealed weak
parallelism in outlier SNPs from different population
pairs. Among the five comparisons involving either
anadromous or freshwater populations at small or large
spatial scales (Fs ANA2, Fcr ANA1-ANA2, Fsr FRE3,

Fcr FRE2-FRE3, Fer FRE1-FRE2-FRE3), genome scans
detected 69 to 178 outliers potentially under divergent
selection (Table 3), but none were found across all com-
parisons. There was a trend for a higher proportion of
outliers in comparisons involving freshwater compared
with anadromous populations (Table 3). There was also
a trend for a higher proportion of outliers in compari-
sons involving distant pairs compared with proximate
populations.

Hierarchical genome scans performed among pairs of
freshwater and anadromous populations detected a total
of 303 SNPs potentially under divergent selection, that
is, 117, 116 and 145 per genome scan between ANA1-
FRE1, ANA2-FRE2 and ANA2-FRE3, respectively
(Table 3). Among these SNPs potentially under diver-
gent selection, 60, 37 and 39 SNPs were monomorphic in
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Table 3 Genome scans summary. Number, proportion and divergence among populations (Fsr) are reported for the overall SNPs
and for the SNPs classified as potentially under divergent selection for the several comparisons

Polymorphic
SNPs (MAF  Potentially under divergent
>0.05) selection P < 0.05
N Fsr N Proportion* Fsr
Similar migratory ~ Regional grouping  Fsr ANA2 1730  0.013 104 0.060 0.082
strategy (AMOVAs) Fer ANAT-ANA2 1791 0.097 153 0.085 0.445
Fsr FRE3 811  0.090 69 0.085 0.317
Fer FRE2-FRE3 824  0.144 75 0.091 0.638
Fcr FRE1-FRE2-FRE3 1103 0.340 178 0.161 0.782
Anadromous Fsr ANA1-FRE1 1378 0174 117 0.085 0.580
vs. freshwater For ANA2-FRE2 1695 0.173 116 0.068 0.747
Fer ANA2-FRE3 1529  0.186 145 0.095 0.604
Parallel ANAT-FRE1/ANA2-FRE2 1094  0.182 14 0.013 0.682
Parallel ANA1-FRE1/ANA2-FRE3 1032  0.180 16 0.016 0.649
Parallel ANA2-FRE2/ANA2-FRE3 1489  0.187 58 0.039 0.736
Total 2002  0.178 303 0.151 0.622
Parallel 1015 0.187 12 (5**)  0.012 0.696
Pairwise tests Fsr 12 1378 0174 117 0.085 0.580
Fsr 3-7 1474 0238 251 0.170 0.612
Fsr 47 1493  0.227 230 0.154 0.617
Fsr 57 1493 0226 204 0.137 0.637
Fsr 6-7 1497 0223 223 0.149 0.608
Fsr 3-8 1509 0210 180 0.119 0.608
Fsr 4-8 1537 0.204 186 0.121 0.586
Fsr 5-8 1533 0.198 180 0.117 0.581
Fsr 6-8 1529 0.200 159 0.104 0.607
Fsr 3-9 1494 0211 224 0.150 0.584
Fsr 4-9 1521 0.207 206 0.135 0.575
Fsr 59 1526 0.228 186 0.122 0.608
Fsr 6-9 1522 0231 185 0.122 0.620
Fsr 3-10 1504  0.210 189 0.126 0.608
Fsr 4-10 1539 0.202 199 0.129 0.579
Fsr 5-10 1526 0225 188 0.123 0.587
Fsr 6-10 1525 0.227 208 0.136 0.565
Total 1990 0.175 688 0.346 0.602
Parallel 730  0.241 4 (1*)  0.005 0.796

*Proportion relative to polymorphic SNPs retained for each comparison.
**True parallel (not divergent between distant freshwater and anadromous populations).

freshwater, compared with 4, 4 and 5 SNPs mono-
morphic in anadromous populations, respectively. Aver-
age genetic differentiation ranged from 0.580 to 0.747
among these divergent outliers for the three compari-
sons. For most of the outlier SNPs, the allele found in
large frequency in freshwater was also normally found
in anadromous populations at relatively low frequencies
(Fig. S2, Supporting information). These divergent out-
liers were widely distributed throughout the genome
without clear clustering on specific linkage groups or
obvious parallelism among population comparisons
(Fig. 5 & Table 4). The number of SNPs repeatedly found
among comparisons was lower for distant pairs (from 14
to 16 SNPs) than for proximate pairs of populations (58

© 2013 John Wiley & Sons Ltd

SNPs). Only 12 SNPs were found to be potentially under
divergent selection among the three comparisons with
an average Fgr of 0.696 (allele frequencies depicted in
Fig. S3, Supporting information). These 12 outliers
were monomorphic in at least one of the three com-
parisons between anadromous and freshwater popula-
tions. These 12 SNPs were located on nine different
LGs (Fig. 5 & Table 4). However, seven of these 12
SNPs were also detected as outliers among anadro-
mous populations or among freshwater populations
and were consequently not considered as parallel out-
liers. The remaining five most likely targets of parallel
divergent selection were distributed on four LGs:
SSA10, SSA12, SSA13 and SSA18 (Fig. 5 & Table 4).
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Nonhierarchical genome scans among anadromous
and freshwater populations yielded a comparable num-
ber of outlier SNPs and Fgr values and similarly indi-
cated limited parallelism among comparisons with four
of the 688 outliers being repeatedly found among the 17
comparisons (Table 3). A total of 75% of the 688 diver-
gent outlier SNPs were detected from one to seven
times as outliers over the 17 comparisons (Table S1,
Supporting information). The four SNPs repeatedly
identified as outliers across the 17 genome scans were
also identified using the hierarchical genome scans.

The sliding window approach identified 17, 25 and
51 islands of divergence among ANAI-FRE],
ANA2-FRE2 and ANA2-FRE3, respectively (Fig. 6 &
Table 4). These regions ranged from 1 to 12 cM per
comparison. Only three of these regions located on
SSA08 (Fig. S4, Supporting information), SSA14 and
SSA26 were repeatedly found among the three pairs of
anadromous and freshwater populations. However,
these three regions were also found as divergent among
distant freshwater populations. Among all the single-
locus outliers found among anadromous and freshwater
pairs of populations, 44%, 32% and 79% were found
within islands of divergence in ANA1-FRE1l, ANA2-
FRE2 and ANA2-FRE3 comparisons. Among the five
divergent outliers found to be parallel among the
three pairs of anadromous and freshwater populations
in genome scans, three, one and four outliers were
localized within islands of divergence between
ANA1-FRE1, ANA2-FRE2 and ANA2-FRE3 compari-
sons, respectively, remaining outliers being found out-
side the genomic islands of divergence identified
through the sliding window analysis.

SNPs annotation

Overall, the BLAST yielded 838 SNPs (36% of all SNPs)
with significant hits (e-value <1 x 10719, which were
associated with a total of 9380 GO terms. An enrich-
ment analysis did not indicate significant over- or
under-representation of any biological process or func-
tion among outliers identified. Among the 12 divergent
outliers common to all three freshwater-anadromous

SSA01 SSA03 SSA05 SSA07 SSA09

SSA11  SSA13

comparisons, three were associated with retinol metabo-
lism, oligosaccharide biosynthesis and histone ubiquiti-
nation. Retinol metabolism was the only annotation
found among parallel divergent outliers.

Discussion

This study provides evidence for a large effect of
genetic drift, but limited evidence for parallel diver-
gence from standing genetic variation in freshwater
Atlantic salmon populations by combining linkage map
information and genotypes for 2336 SNP markers in
several population pairs of anadromous and freshwater
Atlantic salmon. A salient result of this study was the
huge decrease in standing genetic variation and
increased divergence observed among freshwater popu-
lations when compared to anadromous populations.
The fact that freshwater population sizes were low and
fluctuated (Fortin et al. 2009) may have played a central
role in the decay of genetic diversity in these popula-
tions. An absence of gene flow into freshwater popula-
tions was supported by the nonexistence of putative
migrants from anadromous to freshwater population,
consistent with the presence of impassable waterfalls,
and may also explain a large part of the divergence and
diversity reduction in freshwater populations. Our
results are congruent with Tessier & Bernatchez (2000)
who reported significantly reduced diversity among
freshwater populations of Lake St Jean using six micro-
satellite loci. Tonteri et al. (2007) also reported a similar
pattern of reduced diversity at microsatellites in fresh-
water Atlantic salmon populations compared with
anadromous populations in Northern Europe. More-
over, the extent of reduction in diversity in freshwater
populations reported in this study is comparable to val-
ues reported in European landlocked populations using
a similar SNP array (Bourret ef al. 2013b). In the same
way, lower levels of genetic variation have also been
observed in freshwater stickleback compared with mar-
ine populations, consistent with potential founder
effects and increased genetic drift during colonization
of freshwater habitats (Jones et al. 2012; Deagle et al.
2013). This general pattern of loss of diversity in fresh-

SSA15 SSA17  SSA19 SSA21 SSA23  SSA25 SSA27
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Fig. 6 Summary of the islands of divergence found using the sliding window analysis for the three anadromous vs. freshwater
comparisons and for the comparisons of distant anadromous and freshwater groups of populations.
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water populations was observed in interspecific com-
parisons of marine, anadromous and freshwater fish
species (DeWoody & Avise 2000), highlighting the
importance of the connectivity among populations for
maintaining their genetic diversity. Finally, few alleles
exclusive from freshwater were found. In addition,
these polymorphisms were not found repeatedly across
the three comparisons. This is congruent with the rela-
tively recent colonization of freshwater lakes that may
have left little chance for adaptive mutations to occur.
From a management perspective, due to this important
divergence of freshwater populations, freshwater popu-
lations should be considered as independent conserva-
tion units (Ozerov et al. 2010). Moreover, the relatively
low diversity observed in these populations may
increase the risks associated with inbreeding, cautioning
for stringent angling regulations and for maximizing
genetic diversity of the local population while stocking
(Fraser 2008; Araki & Schmid 2010).

Interestingly, the genetic structure found among the
populations inhabiting the tributaries of Lake St Jean
was much higher than among the anadromous popula-
tions at similar and larger spatial scales. This result is
consistent with the significant genetic structure reported
for this lake by Tessier & Bernatchez (2000) as well as
in North European lakes (Ozerov ef al. 2010). In addi-
tion to the effect of genetic drift, it is likely that the
divergence among proximate freshwater populations
within a single lake may be magnified by low gene flow
among these populations. Obviously, the nearly absence
of gene flow from anadromous populations within
these freshwater populations may have enhanced this
divergence. Moreover, relatively high philopatry of
freshwater salmon among adjacent lacustrine popula-
tions could have been enhanced by the preferential use
of different lacustrine feeding areas that salmon use in
these lakes (Potvin & Bernatchez 2001). Such powerful
discrimination of adjacent populations from the Lake St
Jean using SNPs may allow us to better investigate sev-
eral aspects of the biology of these populations (e.g.
mixed stocks analysis of the fish recreationally caught
to document their migrations and adjust fisheries regu-
lation) (Potvin & Bernatchez 2001; Smith & Campana
2010; Ackerman et al. 2011; Seeb et al. 2011).

Given the high genetic drift expected in freshwater
populations, notably due to founding effects and fixa-
tion events, identified outliers may include numerous
false positives (Narum & Hess 2011). Indeed, identify-
ing true outlier loci and genomic regions is extremely
challenging in such isolated populations with high level
of neutral divergence (Le Corre & Kremer 2012; Bierne
et al. 2013; Fourcade et al. 2013). Moreover, populations
with low effective population size harbour fewer
mutations and have a lower probability adaptive allele

fixation compared with populations with larger effec-
tive sizes (Olson-Manning et al. 2012). Importantly, the
reduced diversity and very low occurrence of private
polymorphisms in freshwater populations may imply
that adaptive divergence may have occurred principally
through directional selection on standing variation car-
ried by founding individuals (Barrett & Schluter 2008).
Besides, if instead of a single colonization event, two
colonization events led to the settling of FRE2 and FRE3
groups of populations in the Lake St Jean (Tessier &
Bernatchez 2000), one may expect relatively low paral-
lelism in adaptive divergence and the among outliers
identified between ANA2-FRE2 and ANA2-FRE3.
Indeed, in the case of such double colonization, despite
comparable selection regimes, the standing variation
transported by founders and the subsequent genetic
drift may both have been contrasted. Potential effect of
drift and of adaptive divergence among anadromous
populations may also be considered in this exploration
of repeated adaptive divergence among freshwater and
anadromous populations. Indeed, we documented a rel-
atively high divergence among distant anadromous
populations, although it was much lower than among
distant freshwater populations. Furthermore, potential
local adaptation has been recently documented by
means of population genomics among North American
populations, suggesting associations between poten-
tially adaptive divergence and climate (Bourret et al.
2013a). Overall, despite hundreds of markers and doz-
ens of genomic regions showing significant signature of
selection among freshwater and anadromous popula-
tions in the genome scan and sliding window analyses,
we found very limited evidence for parallel signatures
of selection between the three freshwater and anadro-
mous comparisons.

Nevertheless, the proportions of total outliers and of
parallel outliers identified here were consistent with
existing genome scans among pairs of European fresh-
water and anadromous Atlantic salmon populations
(Bourret et al. 2013b). Similarly, searching for adaptive
divergence among recently landlocked O. mykiss and
their migratory ancestors, Hecht et al. (2013) detected
hundreds of loci that were associated with migratory
traits. From a spatial perspective across the genome,
while several studies have found clear restricted geno-
mic regions showing repeated divergence between
groups of populations under different ecological pres-
sures (Hohenlohe et al. 2010; Deagle et al. 2012; Brad-
bury et al. 2013), outliers were found here to be spread
across the genome, and we did not find evidence for
large parallel genomic regions showing higher diver-
gence than expected. However, using replicates and
hierarchical tests helped to filter a few parallel candi-
date markers implicated in parallel adaptive divergence
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in freshwater. These SNPs repeatedly found to be
under potentially divergent selection among anadro-
mous and freshwater populations are the most likely
to be directly or indirectly associated with targets of
selection between life histories. Indeed, the demonstra-
tion of parallel evolution for a trait in repeated selec-
tive environments is often taken as strong evidence for
local adaptation (Deagle et al. 2012, 2013; Hohenlohe
et al. 2012; Prunier et al. 2012). For example, Deagle
et al. (2013) repeatedly found several markers (e.g.
SNPs in Na/K ATPase) potentially under divergent
selection between numerous marine and freshwater
populations, but found typically marine alleles present
in a few freshwater lakes. However, the SNPs repeat-
edly identified here as outliers were not associated
with any obvious relevant biological function in the
context of ecological divergence among freshwater and
anadromous Atlantic salmon populations. We suggest
that the overall targets of selection we were able to
highlight in this study should be further investigated
when complete genomic information is made available
(Lien et al. 2011; Brenna-Hansen et al. 2012; Gutierrez
et al. 2012).

Even though many of the nonparallel outliers detected
in this study may have been caused by genetic drift
either in freshwater or in anadromous populations,
some of them may also be indicative of a nonparallel
genetic basis underlying parallel or nonparallel pheno-
typic divergence across multiple population pairs of
freshwater and anadromous Atlantic salmon. First,
numerous phenotypic traits differ between anadromous
and resident Atlantic salmon, not only migration behav-
iour and salinity tolerance, but also growth, maturation,
iteroparity rate, temperature tolerance, etc. The presence
of multiple nonparallel outlier loci and regions may thus
reflect different extent of directional selection among
freshwater and anadromous populations for these vari-
ous traits. Second, many phenotypic traits are controlled
by a large numbers of loci with small effects (Atwell
et al. 2010; Davies et al. 2011). Therefore, the large pro-
portion of nonparallel outliers spread across the genome
may be consistent with the fact that adaptation to anad-
romous and resident life cycles involves different com-
plex traits influenced by numerous loci. Accordingly,
there are an increasing number of studies finding similar
nonparallelism in outlier genes among replicate popula-
tion pairs showing parallel phenotypic divergence (DeF-
averi et al. 2011; Kaeuffer et al. 2012; Roesti et al. 2012;
Gagnaire et al. 2013). More specifically, our results are in
line with those of Hecht et al. (2013) who found numer-
ous nonparallel outlier loci between migratory steelhead
and recently isolated resident rainbow trout, suggesting
a complex genetic basis for migration. This is also con-
sistent with the existence of multiple chromosome-wide

© 2013 John Wiley & Sons Ltd

QTL for Na/K ATPase activity and blood plasma osmo-
lality found over nine linkage groups in Atlantic salmon
(Norman et al. 2012). These results are overall in line
with the notion that different evolutionary pathways
may often cause parallel physiological adaptation to het-
erogeneous habitats within the global distribution of a
species.

While several markers showed high level of diver-
gence among freshwater and anadromous populations,
no differential fixation was observed for these outliers.
Within freshwater populations, the presence of anadro-
mous alleles at low frequencies may indicate that evolu-
tionary processes initiated during the colonization of
the lakes are still going on. Besides, the presence of
freshwater alleles at low frequencies in anadromous
populations may originate from asymmetric gene flow
from freshwater into anadromous populations. Indeed,
two putative migrants from Musquaro Lake to Musqu-
aro River were have been detected in this study. Such
asymmetric dispersal from freshwater to anadromous
Atlantic salmon populations has also been documented
in other anadromous populations from Quebec
(L. Bernatchez, unpublished data) and is expected given
the low probability for the fish to jump upstream over
high waterfalls, but the real possibility to drift down
stream. Overall, the presence of freshwater alleles at
low frequencies within anadromous populations is con-
sistent with the ‘transporter’ hypothesis (Schluter &
Conte 2009) proposing that freshwater alleles return to
the ocean where they persist at low frequency, before
being selected to high frequency in newly colonized
freshwater habitats. Therefore, such continuous asym-
metric gene flow from freshwater to anadromous popu-
lations may result in the maintenance of putatively
adaptive freshwater alleles in anadromous populations,
which may become available for rapid adaptation dur-
ing the colonization of new freshwater habitats. This
mechanism could be reinforced by the relatively high
gene flow among anadromous populations (Tonteri
et al. 2007; Bourret et al. 2013a,b).

Overall, we detected large and genome-wide effects
of genetic drift in freshwater populations resulting in
high and mostly nonparallel genetic divergence among
freshwater and anadromous populations as well as
among freshwater populations of Atlantic salmon. This
study also illustrates that delineating the influence of
drift, parallel and nonparallel evolution remains a major
challenge in the case of small isolated populations and
may notably require the analysis of more independent
replicates (Deagle et al. 2013) and confirmation of
results by means of elaborated simulations (Le Corre &
Kremer 2012; Bierne et al. 2013; Fourcade et al. 2013).
Besides, the role of plasticity in the establishment of
phenotypically differentiated resident and anadromous
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populations must not be neglected and could be
assessed using, for example, reciprocal transplants
(McCairns & Bernatchez 2012). Lastly, the study of
Atlantic salmon sympatric freshwater and anadromous
populations that coexist in some rivers (Power et al.
1987; Verspoor & Cole 1989; Fleming 1996) may also
allow performing powerful genotype-phenotype associ-
ation tests to detect polymorphisms implicated in the
divergence and maintenance of these resident and
anadromous forms. In conclusion, this study empha-
sizes the important role of genetic drift in driving ge-
nome-wide reduction in diversity and divergence in
freshwater Atlantic salmon populations. Nevertheless,
the few SNPs and genomic regions repeatedly identified
as potential divergent outliers may represent key targets
of divergent selection. Furthermore, while nonparallel
outlier SNPs and genomic regions may be often associ-
ated with the effect of drift, they may also be implicated
in divergent evolution between freshwater and anadro-
mous populations, in line with the fact that adaptation
to such divergent life cycles might be influenced by
numerous loci. This study might therefore suggest a
complex polygenic basis of adaptation to resident and
anadromous strategies, as would be predicted by quan-
titative genetics theory (Hohenlohe et al. 2012; Le Corre
& Kremer 2012).
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