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Selective breeding practices in Atlantic salmon aquaculture have been carried out intensively since the 1970s.
Along with the phenotypic improvement of fish, we expect to observe genomic regions showing evidence of se-
lection for traits related to growth and age at sexual maturation, as well as traits involved in the domestication
process. This is mainly linked to the increase in the frequency of favourable alleles at loci that affect the traits
of interest in the breeding population. In this studywe searched for signatures of selection in the Cermaq Atlantic
salmon broodstock, a Mowi strain, which was derived from wild Norwegian populations, and is now farmed in
British Columbia, Canada. A 6.5K SNP array was used to genotype 202 fish from the Cermaq population, and
the genotypes were compared with four wild populations from Norway. We used three methods based on FST
values to detect signatures of selection. Forty four markers showing divergence in allele frequency were identi-
fied as outliers by the three detection methods, suggesting the presence of signatures of selection in the Cermaq
population relative to their wild counterparts. Markers identified as outliers are associated with molecular func-
tions that could be related to the selection for economically important traits (e.g., growth) as well as the domes-
tication process (e.g., response to pathogens and environmental stressors). Of particular interest were three
outlier markers that had been previously associated with grilsing (i.e., early sexual maturation) an undesirable
trait, which has been heavily selected against in Atlantic salmon aquaculture. This study provides clear evidence
of the presence of signatures of selection and domestication in a farmed Atlantic salmon population.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Atlantic salmon genetic improvement has been practiced since the
early 1970s when the first breeding trials began in Norway (Gjedrem,
2012). Since then, more than a dozen breeding programs have been
established (Rohe et al., 2009), and traits such as growth rate, age at sex-
ual maturity, pathogen resistance, flesh colour and fat content have
been included in the breeding goal. The selection responses in salmo-
nids have been higher than in other animal species, due to higher genet-
ic variability and greater fertility, which allow the application of higher
selection intensity. For instance, in Norwegian domesticated strains, the
response to selection for growth related-traits was found to be greater
than 10% in the first few generations (Gjedrem and Baranski, 2010).
After more than a half a century of Atlantic salmon aquaculture and
even considering the short period of time duringwhich they have expe-
rienced intense artificial selection (approximately 12 generations of
captive breeding for one Norwegian strain), it can be assumed that the
allele frequency of selected loci and the levels of genetic variation
. This is an open access article under
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have been affected within populations as a consequence of the domes-
tication process. This includes the adaptation to new farming environ-
ments and intensive selection for economically important production
traits.

Genetic improvement in livestock is mainly driven by increasing the
frequency of favourable alleles at loci that affect the traits of interest in
populations (Bijma, 2012). The magnitude of these increases is mainly
determined by allele substitution effects and allele frequencies at
these loci, along with the intensity and accuracy of artificial selection
(Falconer and Mackay, 1996). Accordingly, if a population is heavily se-
lected for a particular trait, then there is a higher chance of some alleles
reaching fixation. At the same time, aquaculture practices may inadver-
tently decrease the genetic variation present in farmed stocks. Unless
accurate pedigree records are maintained, there is a probability of
selecting related individuals as parents, thereby increasing inbreeding.

A series of events may occur in genomic regions of populations af-
fected by intensive selection. For instance a “hard sweep” is the process
that occurs when the genetic variation in selected regions is disrupted
leading to an association between an adjacent locus and the selected
site. On the other hand, there is another scenario known as a “soft
sweep”, in which more than one positive allele can be present within
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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the selected locus and a drastic reduction in genetic variation in the ge-
nomic region does not occur. Soft sweeps involve variants at a selected
locus, and therefore theymay producemany different haplotypes at the
closely linked sites. Additionally,when adaptation occurs by selection of
polygenic traits, it generally induces an increase in the allelic frequency
of several loci, which have a favourable effect on the trait. These alleles
do not necessarily reach fixation and the haplotype pattern corresponds
to several partial selection signatures or multiple “partial sweeps”
(Pritchard et al., 2010). Signatures of selection are genomic regions
which contain DNA sequences affecting genetic variation of characters
that have undergone natural or artificial selection (Qanbari et al.,
2012). Such signatures may be identified using genomic information
and different analytical approaches (Lopez et al., 2015). This is possible
because selection can affect the DNA sequence at a particular region.
This is known as the "hitchhiking effect" (Smith and Haigh, 1974).
This leaves a “footprint” or “signature” around the selected gene variant,
which yields a specific and detectable genomic sequence pattern
(Pennings and Hermisson, 2006).

Previous studies have shown evidence of directional selection in
genomic regions of farmed Atlantic salmon when compared to
their wild counterparts (Vasemägi et al., 2012) or when comparisons
are made among pairs of farmed populations (Martinez et al., 2013),
even when a limited number of markers is used. Using a SNP chip,
Karlsson et al. (2011) were able to identify a panel of 60 markers
capable of differentiating farmed Atlantic salmon from wild popula-
tions in Norway. However, they did not provide evidence of
significant genetic differentiation between them. Based on these ob-
servations it has been suggested that genetic differences on a geno-
mic scale, between Norwegian farmed and wild populations are the
result of small allele frequency changes at a large number of loci,
rather than large allele changes at few loci.

The development of technologies for typingdensemarker genotypes
provides the opportunity to simultaneously analyse thousands of SNPs
and more precisely identify regions of the genome that show evidence
of selection. These tools have already been used for the analysis of
many livestock species such as cattle, sheep, pig and chicken (Ai et al.,
2013; Kijas et al., 2012; Qanbari et al., 2012, 2014; Ramey et al., 2013),
by performing genome-wide scans comprising from hundreds of thou-
sands to millions of SNPs. The identification of selection signatures may
help to unravel the genetic factors and mechanisms involved in impor-
tant biological traits, because these regions might have adaptive and
functional relevance underlying their selection (Nielsen et al., 2007). At-
lantic salmon provide an excellent model for studying the effects of
early selection and the domestication process, as some of their popula-
tions have been domesticated very recently in their evolutionary history
and there is the availability of both domesticated and wild populations
from the same lineage. This study was designed to detect signatures of
domestication and early selection processes in Atlantic salmon using
an Illumina iSelect SNP-array (Kent et al., 2009) in order to get a better
understanding of Atlantic salmon adaptation to a farming environment
and high selection pressures for production traits.

2. Materials and methods

2.1. Farmed fish samples and wild fish genotype data

The Atlantic salmon used in these analyses were part of a commer-
cial broodstock program initiated by Cermaq Canada in 1995 and
based on the Mowi strain of Atlantic salmon (imported to British
Columbia, Canada in the mid 1980s). The Mowi strain was established
in the late 1960s with a major contribution from the River Bolstad, in
the Vosso watercourse, and the River Aaroy with additional contribu-
tions from wild salmon captured in the sea near Osterfjord and Sotra
inwesternNorway (Glover et al., 2009; Verspoor et al., 2007). Consider-
ing the time since the Mowi strain was established, we estimate that it
has gone through approximately 12 generations of selection, seven of
Please cite this article as: Gutierrez, A.P., et al., Evidence of recent signatur
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these in Norway and five in Canada. The Cermaq population has been
selectively bred for faster growth and reduced early sexual maturation.
We chose 202 parents from the 2005 broodstock year. DNA from all 202
fish was obtained from fin-clips using the DNeasy Blood & Tissue Kit
(Qiagen) and then sent for genotyping. SNP genotyping was carried
out at CIGENE, Norwegian University of Life Sciences, Ås using an Atlan-
tic salmon 6.5K Illumina iSelect SNP-array (Kent et al., 2009), described
by Lien et al. (2011). The level of relatedness of the 202fishwas estimat-
ed from a genomic kinship matrix based on identity-by-state (IBS)
values obtained using the GenABEL package implemented in R. The
mean value was −0.0025 with a median of −0.0069, indicating low
levels of relatedness.

To perform comparative analyses we used the genotype data from
four Norwegian wild Atlantic salmon populations available at the
Dryad Digital Repository (http://datadryad.org), obtained and made
publicly available by Bourret et al. (2013). The wild populations were
identified according to the region of origin (Fig. 1), as follows: Tana
(TAN) with 29 individuals (1), Gaula (GAU) with 43 individuals (2),
Laerdaselva (LAR) with 25 individual (3) and Numedalslagen (NUM)
with 43 individuals (4), giving a total of 140 wild samples, which to-
gether comprised the WILD dataset. More details regarding these wild
populations can be found in Bourret et al. (2013). These populations
were chosen to provide a good representation of the wild populations
in Norway (based on their geographical provenance) for comparisons
with the Mowi strain, which can be considered as initially being a com-
posite strain established with contributions from different Norwegian
rivers.

For comparative purposes, the data-sets fromboth, theWILD set and
the Cermaq populations were filtered to keep only the shared markers.
Thesemarkerswere used in the subsequent analyses, after filtering for a
call rate threshold of 95%.

2.2. Basic population genetic statistics and structure

Deviations from Hardy–Weinberg equilibrium (HWE) were tested
with the exact test (Guo and Thompson, 1992), as implemented in
GENEPOP 3.4 (Rousset, 2008) and Arlequin 3.5 (Excoffier and Lischer,
2010). Genetic differentiation between populations was measured
with pairwise FST estimates (Weir and Cockerham, 1984), using
Arlequin 3.5 (Excoffier and Lischer, 2010). Genetic distances between
populations were estimated based on Nei (1972), implemented in the
R package adegenet (Jombart, 2008). Inbreeding coefficients (FIS) were
calculated using the R package Demerelate (Kraemer and Gerlach,
2013).

Population structure was inferred from the SNP markers using a hi-
erarchical Bayesian modelling construct in the program STRUCTURE
(Pritchard et al., 2000; Falush et al., 2007), using a burn-in of 100,000 it-
erations and running 100,000 iterations (K=2). Thenwe conducted an
individual-based principal component analysis (PCA) implemented in
the R package adegenet (Jombart, 2008). We used the function
find.clusters to estimate the optimal number of groupswith the Bayesian
Information Criterion (BIC)method, andwe used the function a.score to
determine the optimal number of discriminant functions to retain
(Jombart et al., 2010).

2.3. Detection of FST outlier loci

Three different tests for the detection of loci subject to directional se-
lection during domesticationwere used. These tests are based on differ-
ent assumptions, but rely on the rationale that directional selection
increases genetic differentiation between populations and reduces var-
iation at linked loci, providing additional support for the identification
of outlier loci. For the first stage of the analyses, the data from the four
wild Atlantic salmon populationswere grouped into one set of 140 sam-
ples (WILD) that was compared against the dataset from the 202
farmed samples.
es of selection during domestication in an Atlantic salmon population,
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Fig. 1. Map showing sample sites of Norwegian wild populations. Numbers 1, 2, 3 & 4 represent Tana (TAN), Gaula (GAU), Laerdaselva (LAR) and Numedalslagen (NUM) populations,
respectively.
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The first method used was implemented in Arlequin 3.5 (Excoffier
and Lischer, 2010). This program uses a similar algorithm to the n-
island model of FDIST (Beaumont and Nichols, 1996) but accounts for
historical meta-population structure with a hierarchical island model
(H) (Excoffier et al., 2009), which aims to reduce the number of false
positive FST outlier loci. Arlequin runs based on the assumption that
the average migration rate between populations on different islands is
lower than that between demes on the same island and also that the
heterozygosity between populations can be inferred using the heterozy-
gosity within a population (Excoffier and Lischer, 2010). Significance of
outlier SNP markers was assessed by running 50,000 simulations, 100
demes and 20 groups.

The secondmethod used to detect footprints of selection also uses a
hierarchical-Bayesian model that is similar to the original FST-outlier
test, FDIST (Beaumont and Nichols, 1996). Using a logistic regression
model, FST is broken down into two effects: a locus effect and a popula-
tion effect, relaxing the assumption of a symmetrical island model by
allowing for population structure asymmetries and implemented in
BayeScan (Foll and Gaggiotti, 2008). The program calculates the Poste-
rior Odds (PO), from the posterior probability of a particular locus
being under selection using a value of prior odds equivalent to 10:1 by
comparing models with and without a selection term and by using the
proportion of loci with a strong increase in FST relative to other loci
Please cite this article as: Gutierrez, A.P., et al., Evidence of recent signatur
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among the Markov Chain Monte Carlo outputs of its simulations. The
analyses were run with the default settings and a locus was considered
to be under strong selection if log10 (PO)was ≥2 and under decisive se-
lection if log10 (PO) was ≥3.

The thirdmethodwe usedwas to run the analysis using Arlequin 3.5
(Excoffier and Lischer, 2010), but not using the hierarchical island
model (nH), whichwould only simulate a finite islandmodel. The anal-
ysis simulations were run using the same specifications used for the
Arlequin (H) method.

For a second stage, we performed FST outlier analyses for the Cermaq
population compared to each of the four wild populations (Fig. 1). In
this case, only BayeScan was used for analyses, using the same setting
as in the previous analysis.

2.4. SNP annotation and Gene Ontology

Markerswere assigned to their respective chromosomal position ac-
cording to the previously described Atlantic salmon linkagemap, which
contains ~5650 SNPs and was constructed using genotyping data from
143 families comprising 3297 fish (Lien et al., 2011). This map contains
29 linkage groups, each of which was assigned to its specific chromo-
some according to the nomenclature established by Phillips et al.
(2009). Markers that were not located on the map were only assigned
es of selection during domestication in an Atlantic salmon population,
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Table 2
Population differentiation values based on Nei genetic distances and FST.

Population Population differentiation

TAN GAU LAR NUM Cermaq WILD

TAN 0 0.0348 0.0451 0.0409 0.0699 –
GAU 0.0482 0 0.0171 0.0224 0.0401 –
LAR 0.0644 0.0178 0 0.0313 0.0413 –
NUM 0.0660 0.0274 0.0404 0 0.0512 –
Cermaq 0.1161 0.0722 0.0728 0.0833 0 0.039
WILD – – – – 0.0692 0

Nei genetic distance values are shown above the diagonal. FST values are shown below the
diagonal. All FST values were significant (p b 0.001).
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to a chromosomeby identifying theAtlantic salmon genome contig con-
taining them, available at www.asalbase.org.

The nucleotide sequences corresponding to the SNPs that showed a
significant association were compared by BLAST against information
from the Atlantic salmon genome sequencing project v1.0 (Davidson
et al., 2010), which is publicly available at ASalBase (www.asalbase.org)
and NCBI (http://www.ncbi.nlm.nih.gov/Traces/wgs/?val=AGKD). SNP
markers were then assigned to a specific whole genome shotgun
(WGS) contig by sequence similarity searches. WGS contigs were anno-
tated using an in-house annotation pipeline (trutta.mbb.sfu.ca) and
BLASTn alignments.

Blast2go (Conesa et al., 2005) was used to obtain the Gene Ontology
(GO) annotation (Ashburner et al., 2000). Homology searchingwas first
realized through a BLAST search of the available flanking sequences for
each SNP on the NCBI nr public database with the e-value threshold set
to 1×10E−10. Blast2go then retrieved GO terms associated with the
BLAST hits.

3. Results

3.1. Data management

Genotype data from wild and farmed samples were compared and
organized for comparative purposes. Data from wild populations ob-
tained from Bourret et al. (2013) contained genotypes from 6176
markers, whereas the Cermaq dataset only contains 5568 markers.
After comparison, a total of 5088 markers were shared between both
datasets. Filtering for a minimum call rate (N0.95), showed that 4905
markers passed the threshold among the datasets.

3.2. Population differentiation and genetic structure

Within population observed and expected heterozygosity levels
were similar across the four wild and the farmed populations
(Table 1). The dataset comprising all wild populations (WILD) however,
showed a slightly lower level of observed heterozygosity (0.331) than
expected (0.338). The heterozygosity levels of the Cermaq (farmed)
population were lower than the individual wild populations but higher
than theWILD population dataset. On the other hand, inbreeding values
(FIS) show that all populations show low or negative values of inbreed-
ing (Table 1).

Between population comparisons based on FST values show low
levels of differentiation between the wild populations. It should be
noted however, that the LAR, NUM and GAU populations showed a
lower level of differentiation between one another (FST 0.017–0.040)
than they did to the TAN population (FST 0.048–0.065) (Table 2). This
observation can be explained by considering the geographical locations
of these populations (Fig. 1). LAR, NUM and GAU are all Atlantic Ocean
populations whereas TAN is a Barents-White Sea population. Compari-
son of the LAR, NUM and GAU populations against the Cermaq popula-
tion showed a lower level of differentiation (FST 0.072–0.083) than did
Table 1
Genetic diversity (heterozygosity), Inbreeding coefficient (FIS) and HardyWeinberg Equi-
librium (HWE) values for the analysed populations.

Population Genetic diversity FIS (p-value) HWE
(mean p-value)

Ho He

TAN 0.351(0.176) 0.344(0.149) 0.036(0.278) 0.508
GAU 0.351(0.159) 0.352(0.145) 0.0021(0.278) 0.517
LAR 0.358(0.165) 0.357(0.145) −0.0037(0.303) 0.513
NUM 0.354(0.171) 0.346(0.148) 0.041(0.266) 0.499
Cermaq 0.346(0.160) 0.340(0.151) −0.008(0.247) 0.481
WILD 0.332(0.157) 0.339(0.153) 0.049(0.218) 0.457

Observed (Ho) and expected (He) heterozygosity values (with standard error in parenthe-
ses). FIS (Inbreeding coefficient, mean p-values are shown in brackets indicating low level
of significance. HWE mean p-values for each population.

Please cite this article as: Gutierrez, A.P., et al., Evidence of recent signatur
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the TAN population (FST 0.116). Additionally, Nei genetic distance
values showed a similar pattern in terms of the distance between TAN
and the other wild populations, and also their distance to the Cermaq
population. The Cermaq population appears to be genetically more dis-
tinct compared to all four Norwegian wild populations (Table 2 and
Fig. S1).

Structure analysis showed the presence of two main clusters differ-
entiating the fourwild populations from the Cermaq population, but not
from one another (Fig. 2). Similarly, PCA analysis revealed three clus-
ters, according to the lowest BIC, classified along the two first principal
components, which explained 64.13% and 25.97%, respectively of the
total genetic variation among individuals (Fig. 3).

3.3. Outlier marker detection between the WILD dataset and Cermaq
population

Outlier detection analyses were carried out using two groups: the
first comprised the genotypes from the four wild populations (LAR,
NUM, TAN and GAU, 140 individuals referred to as WILD), and the sec-
ond the genotypes from the Cermaq population (202 individuals). Anal-
yses were performed using two different programs associated with
three approaches. From these three approaches, 44markers were iden-
tified as outliers by all three methods (Table 3 and Fig. 4). In particular,
analysis performed using BayeScan detected 46 outlier markers. Of
these, 31 showed evidence of decisive selection (log10 (PO) ≥ 3) and
four showed strong evidence of selection (log10 (PO) = 2–2.99). The
remaining markers showed little evidence of selection even though
they were detected as outliers (Table 3). The second approach, using
Arlequin (H) detected 105markers showing apparent evidence of selec-
tion (Table S1), and only five markers were uniquely detected as out-
liers using this method. The third approach, using Arlequin (nH),
detected 107 markers as outliers according to their p-value (p b 0.01).
This method detected the highest number of outliers, as shown in
Table S2 and Fig. 4. Of these, 98 were common to the Arlequin H (Hier-
archical model) method, and only nine markers were not detected by
any of the othermethods (Fig. 4). A graphical representation of the out-
lier detection obtained from Arlequin and BayeScan methods is shown
in Fig. S2.

3.4. Outlier marker detection between the four wild populations and the
Cermaq population

Given the robust conservative results that BayeScan gave for the
analysis of the WILD dataset, we decided to use it for the detection of
outliers in the Cermaq population compared to each of the four wild
populations from Norway. The analyses provided similar results to the
analysis performed using the dataset of the combinedwild populations.
Numerous markers detected as outliers for the WILD dataset were also
detected in this analysis (Fig. 5 and Table S3). Of the 44 markers detect-
ed as outliers by the three methods used in the previous analysis using
the WILD dataset (Fig. 4), 30 were also detected when comparing the
Cermaq population with the Tana (TAN) population, 40 with the
Gaula (GAU) population, 35 with the Laerdaselva (LAR) population
es of selection during domestication in an Atlantic salmon population,
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Fig. 2. Analysis of the structure of the five populations (1 TAN, 2 GAU, 3 LAR, 4 NUM, (1–4 = WILD), 5 Cermaq (farmed)), according to STRUCTURE (K = 2).
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and 39with the Numedalslagen (NUM) population. The complete list of
markers identified as outliers analysing each of the four populations can
be found in Tables S4–S7 and the graphical representation of the
BayeScan detection is shown in Fig. S3.

We found that there were 26 common markers detected as outliers
when the analyseswere performed on each of the fourwild populations
(Fig. 5). These 26markerswere also detected as outliers when using the
WILD dataset (and are part of the 44 markers identified as outliers in
Fig. 4). Comparison with the LAR population detected 37 outliers, two
of which were only detected for this population. For the NUM popula-
tion, 44 markers were identified as outliers with five markers only
detected in this population. For the GAU population, 45 markers were
detected as outliers and six of them were specific for this population.
The TAN population analysis detected 45 markers as outliers, but of
these, fifteen were specific to this population. For the GAU population
33 markers showed at least strong evidence of selection (log
(PO) ≥ 2). There were 29 such markers for the LAR population, 30
such markers for the NUM population and 20 such markers for the
TAN population. Of these markers, 16 were shared between the four
populations. As expected, all of these 16markers also showed strong ev-
idence of selection when the WILD dataset was analysed.
3.5. Genomic regions under selection and their putative associated genes

Atlantic salmon chromosome 11 (Ssa11) contains the highest
number of markers showing at least strong evidence of selection
(five), followed by Ssa02, SSa04 and Ssa06 each with three markers
(Table 4). Markers located on Ssa11, however, span a wide region
along the chromosome (according to the female map; Lien et al.,
2011), a situation observed for all chromosomes.
Fig. 3. Principal component analysis (PCA) represen
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BLASTn annotation of the sequences containing the SNPs (or the sur-
rounding sequence based on the WGS contig) gave significant hits for
30 of the 44 markers that showed evidence of selection (Table 4). GO
annotation of these markers on the other hand gave a lower number
of results, only assigning GO terms for 21 markers (Table S8). GO
terms segregated into many levels of biological processes, molecular
functions and cellular component.

4. Discussion

In the present study, ~5000 SNP markers were compared in four
wild populations from Norway and one farmed population from British
Columbia, Canada, originating from a Norwegian strain. Several geno-
mic regions and 44 SNP markers potentially affected by artificial selec-
tion and associated with domestication in Atlantic salmon were
detected by three different methods. Contrary to previous studies seek-
ing to identify signatures of selection (Karlsson et al., 2011; Mäkinen
et al., 2015; Vasemägi et al., 2012), these results suggest that the foot-
prints of selection in Atlantic salmon (at least those farmed in the
west coast of Canada) are significant after only ~12 generations of inde-
pendent domestication and high selection pressure for economically
important traits (e.g., rapid growth and non-grilsing).

4.1. Population structure and genetic differentiation

Analysis of the genetic structure of the populations showed that the
levels of heterozygosity of the Cermaq population were similar to those
of wild populations (see Table 1) despite the possible effects of artificial
selection, potential inbreeding and the loss of alleles due to genetic drift.
The small excess of heterozygosity found inmost populations is not sig-
nificant with respect to HWE values. Estimates of inbreeding (FIS), like
ting the structure of the analysed populations.

es of selection during domestication in an Atlantic salmon population,
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Table 3
Summary of markers identified as outliers and shared by the three utilized methods.

Rank SNP ID BayeScan Arlequin (nH) Arlequin (H)

Log10 (PO) alpha FST Obs FST p-Value Obs FST p-Value

1 ESTNV_35725_1965 ∞ 3.0312 0.4951 0.9852 1.00E−07 0.9852 1.00E−07
1 ESTNV_34596_367 ∞ 2.971 0.4837 0.976 1.00E−07 0.976 1.00E−07
1 ESTV_12965_608 ∞ 2.8258 0.4563 0.9402 1.00E−07 0.9402 1.00E−07
1 ESTNV_14050_192 ∞ 2.4394 0.3843 0.7516 1.00E−07 0.7516 1.00E−07
1 GCR_cBin17565_Ctg1_349 ∞ 2.3681 0.3716 0.7151 1.00E−07 0.7151 1.00E−07
1 GCR_cBin21476_Ctg1_139 ∞ 2.3157 0.362 0.7019 1.00E−07 0.7019 1.00E−07
1 ESTNV_35581_518 ∞ 2.2856 0.3573 0.8731 1.00E−07 0.8731 1.00E−07
1 GCR_cBin49985_Ctg1_148 ∞ 2.2572 0.3514 0.928 1.00E−07 0.928 1.00E−07
1 ESTNV_27648_141 ∞ 2.2298 0.3476 0.8442 1.00E−07 0.8442 1.00E−07
1 ESTNV_23463_496 ∞ 2.1981 0.3411 0.9164 1.00E−07 0.9164 1.00E−07
1 ESTNV_33653_51 ∞ 2.1699 0.3367 0.8694 1.00E−07 0.8694 1.00E−07
1 ESTV_17052_125 ∞ 2.1193 0.328 0.866 1.00E−07 0.866 1.00E−07
1 ESTNV_28438_568 ∞ 2.1191 0.3278 0.8604 1.00E−07 0.8604 1.00E−07
1 GCR_cBin6804_Ctg1_99 ∞ 2.0867 0.3216 0.8934 1.00E−07 0.8934 1.00E−07
1 ESTNV_35410_1102 ∞ 2.0355 0.3135 0.5381 1.00E−07 0.5381 1.00E−07
1 ESTNV_31412_354 ∞ 2.0211 0.3124 0.7356 1.00E−07 0.7356 1.00E−07
1 GCR_cBin28815_Ctg1_209 ∞ 1.9957 0.3071 0.5425 1.00E−07 0.5425 1.00E−07
1 ESTNV_24005_495 ∞ 1.9884 0.3045 0.8611 1.00E−07 0.8611 1.00E−07
1 GCR_cBin5494_Ctg1_253 ∞ 1.979 0.304 0.5041 1.00E−07 0.5041 0.0003
1 ESTV_15617_513 ∞ 1.9646 0.3019 0.4937 1.00E−07 0.4937 0.0011
1 GCR_cBin6555_Ctg1_258 ∞ 1.9617 0.3013 0.4904 1.00E−07 0.4904 0.0014
1 GCR_cBin47868_Ctg1_188 ∞ 1.9323 0.2965 0.4754 1.00E−07 0.4754 0.0021
1 ESTNV_12926_381 ∞ 1.9058 0.2915 0.8187 1.00E−07 0.8187 1.00E−07
1 ESTV_19580_277 ∞ 1.8758 0.2874 0.4443 1.00E−07 0.4443 0.0011
1 ESTNV_36261_377 ∞ 1.8809 0.2871 0.8328 1.00E−07 0.8328 1.00E−07
1 ESTNV_30332_660 ∞ 1.8746 0.2857 0.8163 1.00E−07 0.8163 1.00E−07
1 ESTV_19974_640 ∞ 1.8162 0.2762 0.7837 1.00E−07 0.7837 1.00E−07
1 BASS121_B7_G07_685 ∞ 1.7838 0.2715 0.7896 1.00E−07 0.7896 1.00E−07
1 GCR_cBin27948_Ctg1_211 ∞ 1.7463 0.2651 0.7263 1.00E−07 0.7263 1.00E−07
2 GCR_cBin3425_Ctg1_442 3.699 1.7197 0.2611 0.7351 1.00E−07 0.7351 1.00E−07
3 ESTNV_28566_397 3 1.7655 0.2699 0.4057 1.00E−07 0.4057 0.00107
4 GCR_cBin31103_Ctg1_204 2.584 1.7522 0.2687 0.3821 1.00E−07 0.3821 0.00036
5 ESTNV_30600_327 2.375 1.5625 0.2385 0.6772 1.00E−07 0.6772 1.00E−07
6 GCR_cBin108_Ctg1_303 2.335 1.6731 0.2562 0.3443 1.00E−07 0.3443 1.00E−07
7 ESTNV_14967_182 2.317 1.6844 0.258 0.3564 1.00E−07 0.3564 5.95E−06
8 ESTV_16140_475 1.628 1.5616 0.2402 0.3161 0.000201 0.3161 1.00E−07
9 ESTNV_35345_1492 1.243 1.4723 0.229 0.2788 0.003297 0.2788 0.00037
10 GCR_rBin19088_Ctg1_157 1.047 1.4771 0.2326 0.4323 0.000972 0.4323 0.00044
11 GCR_cBin33290_Ctg1_231 0.813 1.1395 0.1835 0.5136 0.000226 0.5136 1.00E−07
12 ESTNV_36128_1360 0.624 1.1232 0.1849 0.5111 0.00102 0.5111 4.83E−06
13 GCR_cBin31103_Ctg1_155 0.59 1.0615 0.1758 0.3372 1.00E−07 0.3372 0.00029
14 GCR_cBin1536_Ctg1_164 0.535 1.0192 0.1714 0.5186 0.000357 0.5186 0.00069
15 ESTV_20616_997 0.431 1.106 0.1882 0.5186 0.000357 0.3728 0.00159
16 GCR_cBin11246_Ctg1_207 0.315 0.9259 0.1641 0.5032 0.000973 0.5032 9.95E−05

Rank order is based on BayeScan significance levels.
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the heterozygosity levels showed a higher value on the WILD dataset
than in the Cermaq population and in any of the wild populations, al-
though this was not significant (Table 1). Population differentiation
based on FST and Nei distances showed similar values between the pop-
ulations. TANwas an out-group to the other three Norwegianwild pop-
ulations, and the Cermaq population was genetically more distant with
respect to all of the Norwegian wild populations (Table 2 and Fig. S1).

PCA and structure analyses indicate that the Cermaq population has
become genetically distinct from the natural populations in Norway,
possibly due to the effect of selective pressures. In particular the PCA
analysis (Fig. 3), which was constructed from the two largest dimen-
sions of variation (PC1 and PC2), explained 64% and 26% of the total var-
iance, respectively. GAU, LAR, NUM and TAN, display a low variation for
PC1 and PC2 when compared to the Cermaq population, especially
whenweobserve the variation of this population for PC2. The close clus-
tering of wild Norwegian populations and the divergence from the
Cermaq population makes sense from the demographic perspective.
The highest variation of the farmed population for PC1 and, especially,
for PC2, when compared to the wild populations can be attributed to
an admixture process when the base population of Mowi was created.
The breeding between individuals from different populations most cer-
tainly generated a higher level of genetic variation for this composite
Please cite this article as: Gutierrez, A.P., et al., Evidence of recent signatur
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population when compared to their ancestral progenitor populations.
Our analysis demonstrates that much of this original genetic variation
is still present in the Cermaq population,which is the result of a deliber-
ate breeding strategy designed to maintain the levels of genetic varia-
tion and genetic diversity.

4.2. Detection of selection signatures

Three methods were used for the detection of outliers showing evi-
dence of selection in the Cermaq population. In general, when using the
combinedWILD dataset, the three simulation-basedmethods gave sim-
ilar results agreeing on the identification of 44 markers as outliers.
Arlequin (nH) gave the highest number ofmarkers identified as outliers
(107), followed by Arlequin (H) analysis with (105), while BayeScan
gave the lowest (46). This difference in the number of markers could
be either due to the inability of the BayeScanmethods to detect real sig-
natures of selection at these loci or simply because a large number of the
outlier loci detected by Arlequin 3.5 are false positives (type I error); the
latter being more likely (Narum and Hess, 2011).

The analysis of outliers based on individual populations also identi-
fied numerous significant markers, of which the majority were shared
among the different comparisons. The number of outliers identified in
es of selection during domestication in an Atlantic salmon population,
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Fig. 4.Venn diagram illustrating the similarities and differences in the detection of outliers
when the Cermaq farm populationwas comparedwith a dataset comprising the four wild
Norwegian populations (WILD) using two approaches implemented in Arlequin (H: hier-
archical island model; nH: finite island model) and the BayeScan method.
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the comparison of the Cermaq farmed Atlantic salmon against the GAU,
NUM and LAR populations was similar, ranging from 37 to 45 markers,
and most of them were also detected in the previous analysis using the
combined WILD dataset (Table S3). In contrast, when the analysis was
based on the TAN population 45 outliers were detected, but only 31 of
these were found in the WILD dataset comparison. This situation was
not totally unexpected given the different geographical origin of these
populations and the known structure of the populations (Figs. 1, 2 and
3). While LAR, GAU and NUM populations can be classified as Atlantic
Ocean populations, the TAN population represents a Barents-White
Seapopulation, geographically distant from theothers. Thiswas also ob-
served in the population differentiation values shown in Table 1, where
the TANpopulation shows the highest differentiation valueswhen com-
pared to the other populations and with the farmed (Cermaq) popula-
tion. These results may reflect differences between the four wild
populations as a result of divergent local adaptation, thus leading to dif-
ferent outlier markers when comparing each one of them against the
Fig. 5. Venn diagram showing the similarities and differences in outlier detection between
the four wild Norwegian populations and the farmed population. In this case the Cermaq
population was analysed against each of the four wild Norwegian populations indepen-
dently using the methods implemented in BayeScan software.
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Cermaq population and with one another. Nevertheless, 56% of the out-
lier markers (26 out of 46) were consistent between the two analyses,
Cermaq against WILD and Cermaq against each wild population sepa-
rately, using BayeScan.

Results of outlier tests for identifying loci under possible selection
must be evaluated with care since simulation studies have identified
considerable variation in false-positive and false-negative rates among
different FST outlier methods, with BayeScan having the lowest false-
positive rate (Excoffier et al., 2009; Narum and Hess, 2011). Some
authors have suggested that only those outliers supported by multiple
statistics should be considered as the most promising candidates. Addi-
tionally, numerous drawbacks have been identified while analysing for
signatures of selection. For example, deviations from the demographic
models assumed in the tests are usually found (Excoffier et al., 2009).
There could also be an inclusion of severely bottlenecked populations,
which would lead to high numbers of false positives (Teshima et al.,
2006). Another factor could be differences in mutation rates among
loci (Beaumont and Nichols, 1996). It has also been proposed that the
strong correlation in co-ancestry found in rivers, oceanic ridges or coast-
lines increases the neutral variance in FST, resulting in a high rate of out-
liers (Fourcade et al., 2013), which could be the case of our analysed
populations. We chose to use three different detection approaches to
overcome these potential problems.

Previous studies analysing selection in Atlantic salmon strains have
been based on a limited number of markers (e.g., microsatellites and
EST-derived markers), and these have detected few regions potentially
under selection, supported by multiple outlier tests (Vasemägi et al.,
2005, 2012). Variable situations have been observed inmany other spe-
cies (reviewed by Nosil et al., 2009). The use of high density SNP arrays
has becomemore popular, and alongwith the increase of marker densi-
ty and therefore the linear coverage of the genome, a higher probability
of detecting genomic events as signatures of selection is expected. Its
use has already made possible the identification of signatures of natural
selection in Atlantic salmon populations (Bourret et al., 2013; Perrier
et al., 2013; Zueva et al., 2014); however, the analysis of domestication
seems to be different. Recently, Mäkinen et al. (2015) analysed three
populations of Atlantic salmon, one from North America (Saint John,
Canada) and two from Europe (Ireland and Sweden) using the 6.5K
SNP array used in this study, and found little evidence for signatures
of domestication using the BayeScan and standardized heterozygosity
(Kauer et al., 2003) methods. The results presented here indicate a dif-
ferent scenario, with numerous outliers suggesting signatures of selec-
tion occur on most of the Atlantic salmon chromosomes (Table 4). In
terms of the number of markers identified as outliers, approximately
1% of the total of markers analysed indicated evidence of selection. Dif-
ferences in the outcome of the analyses may be due to various reasons:
First, the populations analysed by Mäkinen et al. (2015) (same popula-
tions used by Vasemägi et al., 2012) are from different geographical lo-
cations, which could represent differences in the levels of genetic
variation and standing variation found in the Cermaq population. Sec-
ond, only the Saint John population represents a population under se-
lection for aquaculture purposes. The other two (from Ireland and
Sweden) are stock supplementation populations that do not go through
strong artificial selection. In contrast, the Cermaq population analysed
in this study has been heavily selected for economically important pro-
duction traits over ~12 generations. Third, the Saint John population be-
longs to the North American salmon lineage, and it has been shown that
North American and European Atlantic salmon are genetically distinct,
with differences in chromosome numbers and chromosomal rearrange-
ments (Lubieniecki et al., 2010; Brenna-Hansen et al., 2012). In this
study, the use of a few thousand markers distributed across all of the
29 Atlantic salmon chromosomes provides enough resolution to detect
loci under selection. Still, it is important to note that differences found
between the natural populations from Norway and the Cermaq popula-
tion could carry a bias associated with independent evolutionary trajec-
tories where both drift and selectionmay have occurred independently.
es of selection during domestication in an Atlantic salmon population,
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Table 4
Linkage map position and annotation of the markers showing strong to decisive evidence of selection in the within population analysis.

Rank SNP ID Chromosome Female map Male map WGS contig Annotation

1 ESTNV_31412_354 Not assigned – – AGKD01092464 PREDICTED: Esox lucius beta-1,4-galactosyltransferase 1-like
1 ESTNV_35581_518 Ssa01 – – AGKD01044862 Salmo salar AN1-type zinc finger protein 5
1 ESTNV_30332_660 Ssa01 52.7 48.3 AGKD01224489 No hits
1 GCR_cBin6804_Ctg1_99 Ssa02 86.2 24.9 AGKD01100126 No hits
1 ESTNV_35410_1102 Ssa02 70.6 23.8 AGKD01075420 Salmo salar FXYD domain containing ion transport regulator 5a (fxyd5a)a

1 ESTNV_24005_495 Ssa02 – – AGKD01164226 PREDICTED: Esox lucius nucleotide-binding oligomerization domain
containing 1 (nod1)

1 ESTNV_33653_51 Ssa03 – – AGKD01200451 PREDICTED: Larimichthys crocea actin-related protein 2/3 complex subunit 1A-like
1 ESTNV_28438_568 Ssa03 – – AGKD01023149 Salmo salar NAD-dependent deacetylase sirtuin-5
1 ESTNV_34596_367 Ssa04 – – AGKD01003060 PREDICTED: Esox lucius junctional adhesion molecule C-like
1 GCR_cBin17565_Ctg1_349 Ssa04 110 67.4 AGKD01411305 No hits
1 GCR_cBin6555_Ctg1_258 Ssa04 20.5 2.1 AGKD01238521 No hits
1 ESTNV_35725_1965 Ssa05 – – AGKD01109129 PREDICTED: Esox lucius testis expressed 10 (tex10), transcript variant X1
1 ESTV_15617_513 Ssa06 – – AGKD01044472 PREDICTED: Neolamprologus brichardi serine/threonine-protein

kinase/endoribonuclease IRE1-like
1 ESTNV_12926_381 Ssa06 29.4 3.4 AGKD01008089 Salmo salar nuclear factor interleukin-3-regulated protein
1 ESTV_19580_277 Ssa06 – – AGKD01036436 Salmo salar THO complex subunit 4 putative
7 ESTNV_14967_182 Ssa07 55 57.9 AGKD01030154 PREDICTED: Esox lucius islet amyloid polypeptide (iapp)
1 BASS121_B7_G07_685 Ssa08 22.6 0.7 AGKD01059589 No hits
2 GCR_cBin3425_Ctg1_442 Ssa08 13.3 0.5 AGKD01119363 Salmo salar Gastrula zinc finger protein
1 ESTNV_23463_496 Ssa09 – – AGKD01043972 Oncorhynchus mykiss Glucosamine-6-phosphate isomerase (gnpi)
4 GCR_cBin31103_Ctg1_204 Ssa09 87.4 5.6 AGKD01014092 No hits
1 GCR_cBin28815_Ctg1_209 Ssa10 82.5 8.6 AGKD01091269 No hits
1 ESTV_12965_608 Ssa11 – – AGKD01340718 PREDICTED: Esox lucius sema domain, transmembrane domain (sema6d)
1 ESTNV_14050_192 Ssa11 61.7 2.1 AGKD01111203 PREDICTED: Esox lucius crystallin, beta B1 (crybb1)
1 ESTNV_27648_141 Ssa11 – – AGKD01150671 No hits
1 GCR_cBin47868_Ctg1_188 Ssa11 0.1 0 AGKD01001653 No hits
5 ESTNV_30600_327 Ssa11 12.9 0.2 AGKD01020938 Salmo salar Probable RNA-directed DNA polymerase from transposon BS putativea

1 ESTNV_36261_377 Ssa13 71.6 3.8 AGKD01241736 Salmo salar Membrane-associated progesterone receptor component 1 (pgrc1)
1 GCR_cBin5494_Ctg1_253 Ssa16 57.2 4.7 AGKD01163968 No hits
1 ESTV_19974_640 Ssa16–17 – – AGKD01011753 Salmo salar mammary gland protein-like (MMADHC)
1 ESTV_17052_125 Ssa16–17 – – AGKD01082053 Salmo salar Small ubiquitin-related modifier 3 precursor
1 GCR_cBin49985_Ctg1_148 Ssa19 58.7 9 AGKD01007201 PREDICTED: Esox lucius probable polyketide synthase 1a

1 GCR_cBin21476_Ctg1_139 Ssa21 42.2 1.2 AGKD01132253 Salmo salar family with sequence similarity 3, member A (fam3a)a

1 GCR_cBin27948_Ctg1_211 Ssa22 7.8 0 AGKD01005678 No hits
6 GCR_cBin108_Ctg1_303 Ssa26 62 1.2 AGKD01005178 No hits
3 ESTNV_28566_397 Ssa29 45.8 0.2 AGKD01044105 Salmo salar 26S protease regulatory subunit S10B (prs10)

a Indicates that theWGS contig sequencewas used for BLASTn annotation instead of themarker sequence. Female andMalemaps in cM, based on Atlantic salmon linkagemap described by
Lien et al. (2011). Rank based on BayeScan significance levels.
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The power to detect selection at a particular locus depends primarily
on the number of generations since domestication, the strengthof selec-
tion and the number of populations included in the study (Karlsson and
Moen, 2010; Mäkinen et al., 2015). It has been suggested that if the ge-
netic background of a trait consists of many loci with small additive ef-
fects, the selection coefficient for each locus is very small, and so a large
number of generations would be required to accumulate a footprint of
selection (Pritchard et al., 2010). Atlantic salmon selective breeding
has been practiced for the last 45 years, approximately 12 generations,
which could be considered as an early stage of domestication. Neverthe-
less, studies in turbot (Scophthalmus maximus) suggest that domestica-
tion can generate evidence of selection for some traits after only four
generations (Vilas et al., 2015). Certainly, farmed populations of Atlantic
salmon have experienced a shorter selection period compared to other
livestock species. Even so, differential expression profiles between
farmed and wild populations of Atlantic salmon have been reported
(Bicskei et al., 2014). The intensity of the selection and the nature of
the selected trait must also be taken into consideration; Norwegian do-
mesticated strains have gone through strong selection for growth and
against grilsing (i.e., early age of sexual maturation) since they were
established (Gjedrem and Baranski, 2010; Gjedrem, 2012). Since the
Cermaq broodstock was established in 1995, it too has been selected
for these traits. Although selection for growth rate has been carried
out intensively, strong, related association signatures have not been de-
tected (Gutierrez et al., 2015). The identification of highly significant
outliers within the Cermaq population could indicate that some traits
controlled by fewer loci (e.g., late sexual maturation) have been select-
ed and therefore their selection footprints are easier to detect. Breeding
programs based on efficient genetic evaluation methods (e.g., the best
Please cite this article as: Gutierrez, A.P., et al., Evidence of recent signatur
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linear unbiased predictor, BLUP) seem to have had a large effect on
the allele frequency in livestock populations (Fontanesi et al., 2015).
However, at least some of these differences could also be explained by
random events like the emergence a beneficial mutation or genetic
drift within the isolated population.

4.3. Genomic regions under selection

The identification of markers as outliers suggest that these could be
related to the selection process and therefore, nearby genes could en-
code proteins associated with the selected traits. Most traits are poly-
genic, which means that they are controlled by several genes and/or
alleles that are each making a contribution to the phenotype. Hence,
selection acting on polygenic traits may lead to subtle shifts in allele
frequency atmany loci. The results presented here and current evidence
clearly suggest that numerous regions within the Atlantic salmon
genome have experienced this phenomenon (Karlsson et al., 2011;
Mäkinen et al., 2015).

The 44 markers that were detected as significant outliers by the
three approaches taken (see above) were distributed along 22 of the
29 Atlantic salmon chromosomes. Some of the markers had not been
mapped on the currently available linkagemap (Lien et al., 2011). How-
ever, we were able to assign them to a chromosome based on their se-
quence and posterior BLAST analysis against the Atlantic salmon
genome sequence. Positions of the markers within the chromosomes
span regions ranging from 2 to 90 cM in the female map. There are
not manymarkers over-represented in a specific region of the chromo-
some that would suggest a strong selection. The highest numbers of
markers are located on Ssa02, Ssa06 and Ssa11, as shown in Table 4.
es of selection during domestication in an Atlantic salmon population,
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Previous studies analysing signatures of selection in Atlantic salmon
have described the presence of outliers on numerous chromosomes
(Mäkinen et al., 2015; Vasemägi et al., 2012), but even considering the
agreement in the chromosome number, the positions of the markers
are not similar. The results obtained from previous studies cannot easily
be compared without acknowledging the origin of the populations in
question. As previously described, the Cermaq population has a Norwe-
gian origin, andpopulations analysed in previous studies come fromdif-
ferent geographical locations. Moreover, it must be stressed that there
are probably differences in nature and the artificial selection processes
in farmed populations, which may be reflected in the outcome of the
analysis. That being said, this analysis is very conservative when com-
pared to previous findings. Strictly, in terms of QTL analyses, only the
studies by Gutierrez et al. (2012, 2014) and Baranski et al. (2010)
were carried out on Norwegian populations. Similarities are difficult to
compare due to the large number of QTL found for most traits. For ex-
ample, QTL for growth (or body weight) have been found on most At-
lantic salmon chromosomes. Therefore, it would be premature to link
growth related QTL to the regions showing the presence of outliers
(suggestive selection). On the other hand, it was interesting to note
that the only outlier marker on Ssa26 was located on the same Atlantic
salmon genome contig as the IPN resistance gene (Houston et al., 2008;
Moen et al., 2015).

GO annotation of the most significant markers showed that most
genes were linked to biological pathways associated with cellular pro-
cess, metabolic process and biological regulation. However, no signifi-
cant over-representation of any particular pathway was observed.
Moreover, sequence annotations based on the marker associated se-
quences or their surrounding genomic regions showed not only many
genes with multiple molecular functions, but also many markers that
could not be associated to any known genes, at least in the 10 kb
surrounding region. However, there were a few markers that seem to
be related to amolecular function of importance for selection. For exam-
ple, many of these have been related to immune or inflammatory re-
sponse from studies in humans. ESTNV_24005_495 shows sequence
similarity with Nod1 protein, implicated in inflammatory response
(Fritz et al., 2006), ESTNV_12926_381 is associated with Nfil3, an inter-
leukin with a role in the immune response (Kamizono et al., 2009),
ESTV_20616_997 is associated with PU.1, a transcription factor linked
to macrophage proliferation (Celada et al., 1996), ESTV_12965_608 is
associatedwith Sema6d a genewith a role in immune response and de-
velopment (Vadasz and Toubi, 2014) and ESTV_16140_475 is associat-
ed with prothymosin α that has an immunoregulatory role during
infection (Shiau et al., 2005). In addition, there were other markers
that showed an association with genes involved in the regulation of
food intake. ESTNV_28438_568 is associated with Sirt5, a gene playing
a pivotal role in ammonia detoxification during fasting (Nakagawa
et al., 2009) and ESTNV_14967_182 is associated with Amylin, that is
believed to play a role in controlling gastric emptying, glucose homeo-
stasis and in the suppression of glucagon release (Cao et al., 2013).
ESTNV_35725_1965, is associated with Tex10, a genewith a role in sex-
ual development (Eid et al., 2015) and ESTV_19974_640 which is asso-
ciated withMmadhc, a gene involved in vitamin B12metabolism (Plesa
et al., 2011).

We are particularly interested in three markers that were identified
as outliers in this analysis (GCR_cBin6804_Ctg1_99 on Ssa02,
ESTNV_30600_327 on Ssa11, and ESTNV_36261_377 on Ssa13;
Table 4) as they had previously been associated with grilsing in a
GWAS study on the Cermaq broodstock (Gutierrez et al., 2015). The
GWAS study also indicated that there was a region of Ssa25 associated
with grilsing, and recent reports from Norwegian groups (Ayllon et al.,
2015; Barson et al., 2015) have shown that variation in vgll3, which is
located in this region on Ssa25, can account for 33–40% of the grilsing
phenotypic. We speculate that there are genes on Ssa02, Ssa11 and
Ssa13 that may contribute to the remaining 60–67% of the phenotypic
variation. Although the 6.5K SNP array does not have the resolving
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power to narrow down the genomic region to a specific gene, it is
worth noting that one of these markers, ESTNV_36261_377 on Ssa11,
is closely linked to pgrc1, a gene encoding membrane-associated pro-
gesterone receptor component 1, that is implicated in hormonemetab-
olism (Rohe et al., 2009). We suggest that pgrc1 is a candidate gene for
determining grilsing in Atlantic salmon.

5. Conclusions

We found significant evidence for signatures of selection in the
Cermaq farmed population of Atlantic salmon. Even though the number
ofmarkers identified as outliers is low (~1%), someof themarkers reach
high levels of significance and are associated with molecular functions
that could be related to the selection process of particular traits. There
was little similarity in our observations compared to previous studies
arguing for little evidence of selection of Atlantic salmon populations
due to the short selection period (~12 generations). Further studies
are needed to determine the nature of these signatures and the rele-
vance of these loci in the adaptation process associated to selection in
the Cermaq population. This study is the first to find strong signatures
of adaptation to farming environments and strong selection pressures
in the genome of an Atlantic salmon farmed population.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.margen.2015.12.007.
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