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1 | INTRODUCTION

Animal domestication is one of the most important practical applica-
tions of evolutionary theory in human history. Domestication is the

evolutionary process of genetic adaptation of wild animal populations

Abstract

Comparative genome scans can be used to identify chromosome regions, but not
traits, that are putatively under selection. Identification of targeted traits may be more
likely in recently domesticated populations under strong artificial selection for
increased production. We used a North American Atlantic salmon 6K SNP dataset to
locate genome regions of an aquaculture strain (Saint John River) that were highly
diverged from that of its putative wild founder population (Tobique River). First,
admixed individuals with partial European ancestry were detected using STRUCTURE
and removed from the dataset. Outlier loci were then identified as those showing
extreme differentiation between the aquaculture population and the founder
population. All Arlequin methods identified an overlapping subset of 17 outlier loci,
three of which were also identified by BayeScan. Many outlier loci were near candidate
genes and some were near published quantitative trait loci (QTLs) for growth, appetite,
maturity, or disease resistance. Parallel comparisons using a wild, nonfounder
population (Stewiacke River) yielded only one overlapping outlier locus as well as a
known maturity QTL. We conclude that genome scans comparing a recently
domesticated strain with its wild founder population can facilitate identification of

candidate genes for traits known to have been under strong artificial selection.
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to environmental conditions created deliberately or accidently by
humans. This process can involve changes in morphological, phys-
iological, behavioral, and life history traits (Mignon-Grasteau et al.,
2005) and began at least 15,000 YBP, when dogs were domesticated
to facilitate hunting or to guard human settlements (Axelsson et al.,
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2013; Braastad & Bakken, 2002; Frantz et al., 2016). Subsequently,
from 8,000 to 10,000 YBP, pigs, sheep, goats and cattle were domes-
ticated as a source of food (Craig, 1981). In fish, domestication may
have begun in artificial ponds that were constructed more than 3,615
YBP (Balon, 2004; Jiang, Li, Ming, & Bao, 2012).

Domestication can leave detectable signatures of selection
within the genomes of agricultural species because of strong artificial
selection for specific phenotypes that increase yield in a controlled
farm environment. Comparison of the genomes of domesticated spe-
cies to their wild founder populations can help identify the genes
underlying differentially selected traits, thereby advancing a funda-
mental goal of evolutionary biology (Stinchcombe & Hoekstra, 2008).
Population genomics approaches have been used to support the
hypothesis of artificial selection by humans over the past millennium
causing allele frequency changes at major loci that determine cob
size in maize (Vigouroux et al., 2002), muscle growth in pigs (Van
Laere et al., 2003), and coat color in domestic mammals (Cieslak,
Reissmann, Hofreiter, & Ludwig, 2011). Motivation behind genome
scans for selection signatures lies in the possibility of finding DNA
markers associated with traits of economic interest that can be used
for marker-assisted selection (Lopez, Neira, & Yanez, 2015; Yafez,
Houston, & Newman, 2014).

Two scenarios can theoretically arise when a domestic popula-
tion is founded from a wild population and then subjected to strong
artificial selection for a value of a trait that is largely determined by
a major locus: (i) a hard sweep where a new favorable mutation at
the major locus rapidly becomes fixed, initially resulting in a single
long haplotype block surrounding the mutation that is well differ-
entiated from the wild population along its entire length, (ii) a soft
sweep where the frequency of a pre-existing favorable allele at the
major locus increases along with all the multiple original haplotypes
containing it; the latter results in short haplotype blocks immediately
surrounding the locus that are differentiated from the wild population
but preserves pre-existing variation in more distant regions (Lopez
et al., 2015). Genome scans support the existence of long haplotype
blocks in domestic chickens where regions of low heterozygosity con-
taining previously described candidate genes for laying traits that can
span several Megabases (Mb) suggesting recent hard sweeps (Qanbari
et al.,, 2012). Soft sweeps characterized by narrow divergent haplo-
type blocks were more common than hard sweeps characterized by
wide divergent haplotype blocks in a population of maize that had
undergone strong positive directional selection for ear number for 30
generations (Beissinger et al., 2014). In practice, these two scenar-
ios represent a continuum with the long haplotype blocks of the first
becoming shorter and harder to detect over millennia unless they are
in a nonrecombining region of the genome (Ai et al., 2015).

The increased availability of high-resolution SNP datasets and
genome resequencing datasets for livestock species has permitted
genome scans of livestock populations to be compared with those of
their wild ancestral population(s). Changes in the genomes of different
breeds of domesticated pigs detected by comparing SNP allele fre-
quencies with those of ancestral wild boars are attributed to nearby
genes under selection (Ai et al., 2015; Li et al., 2013). Similar studies
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have been published in cattle (Hayes et al., 2008; The Bovine HapMap
Consortium 2009) and sheep (Chessa et al., 2009).

Statistical methods are being developed to identify “outlier” loci
that have either higher or lower differentiation in allele frequencies
among populations than expected under models without selection
(Beaumont & Balding, 2004; Beaumont & Nichols, 1996; Excoffier,
Hofer, & Foll, 2009; Foll & Gaggiotti, 2008). Most methods measure
genetic differentiation among populations using Fsr a standardized
measure of divergence among populations that can be calculated
separately for each genetic locus (Weir & Cockerham, 1984; Wright,
1965). Markers showing higher than expected F¢; values are identified
as outliers putatively under population-specific directional selection,
whereas those with lower than expected F¢; values are identified as
outliers putatively under balancing selection (Cavalli-Sforza, 1966;
Lewontin & Krakauer, 1973; Strasburg et al., 2012). Outlier analyses
(Beaumont & Nichols, 1996) assume that the two or more popula-
tions being compared are each monophyletic in origin. To satisfy this
assumption, any sampled individuals that are hybrids between highly
divergent strains or subspecies should be removed from the dataset
before doing the analysis. Hybrid or admixed individuals can often
be detected using software such as STRUCTURE first to estimate
the number of founder population clusters present in a dataset; the
average multilocus allele frequencies characteristic of each cluster
can then be used to identify admixed individuals (Falush, Stephens,
& Pritchard, 2003; Hubisz, Falush, Stephens, & Pritchard, 2009;
Pritchard, Stephens, & Donnelly, 2000).

Signatures of selection within the genomes of Atlantic salmon may
sometimes be easier to detect than those in livestock because artificial
selection for economically important traits has only been implemented
for 5 to 15 generations (Gjedrem, Gjoen, & Gjerde, 1991; Quinton,
McMillan, & Glebe, 2005; Wood, Anutha, & Peschken, 1990) rather
than 5,000 generations (Craig, 1981). Firstly, because of the low num-
ber of generations, samples from putative wild founder populations
that that have not experienced large changes in allele frequencies from
genetic bottlenecks are more likely to be available. Secondly, 5-15
generations is insufficient time for recombination to have reduced the
size of long haplotype blocks resulting from hard sweeps (Sabeti et al.,
2002) making outlier loci easier to detect with a low density of mark-
ers. Finally, realistic simulations of a single locus trait that is under
moderately strong selection (s > 0.25) in the aquaculture population
but not in the wild founder population for fewer than 10 generations
show that the statistical power to detect the divergence in allele fre-
quencies is high (8 > 0.8) (Karlsson & Moen, 2010).

In contrast, the similar selection differentials applied to clas-
sic quantitative traits like growth are assumed to cause only minor
changes in allele frequencies (Falconer & Mackay, 1996) that would
be undetectable using outlier locus methodology (Wellenreuther &
Hansson, 2016), but see Fontanesi et al. (2015). Both single locus
and quantitative traits might show rapid genetic divergence between
aquaculture strains and wild populations of Atlantic salmon. Traits that
may change in aquaculture strains as a direct response to artificial
selection include increased growth rate, later adult maturity, redder
flesh color, and better taste (Rye, Gjerde, & Gjedrem, 2010). Traits that
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may change as an indirect response to selection for increased growth
rate under hatchery conditions include increased levels of aggression,
increased boldness, altered parasite or disease resistance, increased
appetite, and higher food conversion efficiency (Araki & Schmid, 2010;
Bekkevold, Hansen, & Nielsen, 2006).

Application of genome scans to Atlantic salmon populations
has been facilitated by the greatly increased availability of SNPs
for Atlantic salmon (Houston et al., 2014; Lien et al., 2011) and the
publication of the genome (Lien et al., 2016). Recent outlier locus
studies of salmonid fishes have primarily compared wild populations
at different spatial scales (Freamo, O'Reilly, Berg, Lien, & Boulding,
2011; Vaseméagi & Primmer, 2005) or have correlated outlier loci
of wild populations with specific environmental variables (Bourret,
Kent, et al., 2013; Bourret, Dionne, Kent, Lien, & Bernatchez, 2013;
Narum, Campbell, Kozfkay, & Meyer, 2010; Perrier, Bourret, Kent,
& Bernatchez et al,, 2013). Of more relevance to Atlantic salmon
domestication are four outlier studies comparing aquaculture strains
with wild populations from the same region as their putative founder
population(s) (Gutierrez, Yanez, & Davidson, 2016; Karlsson, Moen,
Lien, Glover, & Hindar, 2011; Makinen, Vasemagi, McGinnity, Cross,
& Primmer, 2015; Vasemagi, Nilsson, & Primmer, 2005).

We hypothesized that outlier analysis that compared the genomes
of recently created North American aquaculture populations of
Atlantic salmon from the Saint John River (SJR), with that of their puta-
tive wild founder population from the Tobique River, would be likely
to identify genome regions underlying traits known to be under strong
artificial selection in the hatchery environment. First, STRUCTURE
was used to identify admixed individuals (Bradbury etal., 2015;
Pritchard et al.,, 2016) with partial European ancestry so that they
could be removed from the dataset. Second, two outlier locus detec-
tion programs (Arlequin 3.5 and BayeScan 2.1) were used to compare
the putative founder population to four nonoverlapping year classes
of the aquaculture population. Parallel analyses comparing the aqua-
culture population with a nearby nonfounder wild population from the
Stewiacke River were conducted to determine whether an overlapping
set of outlier loci would be discovered. Thirdly, we located the chro-
mosome position of each outlier locus on linkage maps and compared
its position with that of previously published: a) outlier loci, b) candi-
date genes, and c) QTLs for growth, life history, and immune traits.
This allowed us to identify the genome regions, as well as some puta-
tive candidate genes, that have responded to either deliberate artifi-
cial selection for growth and late maturity or to accidental selection

exerted by the hatchery environment.

2 | MATERIALS AND METHODS

2.1 | Sampling strategy and SNP genotyping

Atlantic salmon belonging to eight putative populations and one
hybrid population were sampled between 2006 and 2012 (Table 1).
The Canadian populations included two generations from four inde-
pendent year classes (hereafter “populations”) of the SJR aquaculture
strain (AQUA). It also included 98 hatchery-spawned adults captured

as wild smolts from the Tobique River (TOB_WILD), which is an upper
tributary of the SJR, and 100 hatchery-spawned “wild” adults from the
Stewiacke River (STW_WILD) as part of the live gene-banking pro-
gram (O'Reilly & Doyle, 2007).

All AQUA populations were primarily founded from four separate
year classes of Atlantic salmon that were collected by staff from the
Mactaquac Biodiversity Facility (MBF) hatchery (Farmer, 1991; Friars,
Bailey, & O’Flynn, 1995; Glebe, 1998; O’Flynn, Bailey, & Friars, 1999).
The MBF was built in 1968 to mitigate the effects of the Mactaquac
dam on the SJR. The completion of the dam in 1968 prevented salmon
from swimming upriver to their historical spawning areas. Thereafter,
Atlantic salmon that returned to spawn just below the Mactaquac dam
were collected in a “fish lift”. The “wild” fish were transferred from the
lift to a truck and released upriver while the “ranched” fish were trans-
ferred to holding tanks and spawned in the Mactaquac Biodiversity
Facility. The Tobique River comprised about 60% of the original
spawning habitat of the SJR tributaries above the Mactaquac dam
(http:/www.inter.dfo-mpo.gc.ca/Maritimes/Biodiversity-Facilities).

The subsequent 4-5 generations of each of the four separate
AQUA populations were created by crossing the 50 male and the 100
female candidate broodstock with the highest estimated breeding val-
ues for saltwater growth in a paternal half-sibling design (J. A. K Elliott,
pers. obs.).

Atlantic salmon populations in the Bay of Fundy in eastern Canada
can be divided into two regional groups: those in the outer Bay of
Fundy (oBoF) [e.g., the Saint John River (SJR) and the Tobique River]
and those in the inner Bay of Fundy (iBoF) (e.g., Stewiacke River), using
evidence from microsatellite analysis (King, Kalinowski, Schill, Spidle, &
Lubinski, 2001), allozyme studies (Verspoor, O’Sullivan, Arnold, Knox,
& Amiro, 2002), gene expression patterns (Tymchuk, O'Reilly, Bittman,
Macdonald, & Schulte, 2010), and SNPs (Freamo et al., 2011). We
chose TOB_WILD as a putative founder population of AQUA; how-
ever, we acknowledge that salmon from any tributary of the SJR above
the Mactaquac dam (http:/atlanticsalmonfederation.org/rivers/new-
brunswick.html) could potentially have contributed to AQUA (Farmer,
1991). The iBoF—STW_WILD population was chosen as a putative
outgroup because it is not thought to have contributed to the SJR
aquaculture strain (O'Reilly & Doyle, 2007) and because it is known
to grow more slowly than the oBoF—TOB_WILD population (Culling
et al.,, 2013). Finally, to identify individuals from AQUA populations
with partial European ancestry, we genotyped a purebred, full-sibling
family of fish from the Mowi aquaculture strain (MOWI_EU) founded
from the Voss River region in Norway (Ferguson et al., 2007) as well as
some hybrids from documented F1 and backcrosses between MOWI_
EU and AQUA (Boulding et al., 2008). This was necessary because
AQUA had been reported to have some residual European ancestry
due to the importation of the European subspecies into Maine (Glebe,
1998; O'Reilly, Carr, Whoriskey, & Verspoor, 2006). Atlantic salmon
(Salmo salar L.) can be characterized as two subspecies, the “North
American” and the “European” (King et al., 2007), which differ in the
number of chromosomes (Brenna-Hansen et al., 2012).

Fin clips were collected from live fish and preserved in 95% eth-
anol for later DNA analysis. DNA was extracted from all fin clip
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TABLE 1 Atlantic salmon (Salmo salar L.) samples analyzed in the present study

Group Population name®

Aquacultural Group 2008-2009 Parents & Offspring
2009-2010 Parents & Grandparents
2010-2011 Parents & Grandparents
2010-2011N Parents & Grandparents®
2011-2012 Parents & Grandparents
Mowi (EU)*

Hybrids (AQUA x MOWI)®

Wild Founder
Wild Outgroup

Tobique River Wild Population
Stewiacke River Wild Population®

Gen (strain)® Abbreviation Sample size
6(84JC) 2009PO_AQUA 134
5(89JC) 2010PG_AQUA 250
5(90JC) 2011PG_AQUA 268
5(%0JC) 2011PGN_AQUA 96
6(87JC) 2012PG_AQUA 191

10 MOWI 8

- Hybrids 10
1 TOB_WILD 98
1 STW_WILD 100

2All are North American (NA) subspecies of Salmo salar unless otherwise indicated. Each population of the SJR AQUA strains was primarily derived from a
single year class of fish from the Mactaquac Biodiversity Facility (see text of Methods). Historically, the 4-year classes of the SJR AQUA strain were
spawned on a 4-year cycle so that the offspring of year 1 of a cycle were the parents of year 1 of the next cycle (J. A. K. Elliott, pers. obs.).

PNumber of generations in captivity (year strain founded from fish returning to the Mactaquac Dam).

‘Relatives of the broodstock in the main 2010-2011 breeding nucleus.

dEuropean (EU) subspecies of Salmo salar. The founder fish for the Mowi strain were collected from the Voss River, Norway, and surrounding areas in 1964

(Ferguson et al., 2007).

°F1 hybrids (2001) and F1 backcrosses (2005) between NA and EU (Mowi) subspecies of Salmo salar (Boulding et al., 2008).
The sampled “wild-exposed two-year salmon” from single-pair crosses were captured as smolts or presmolts from the wild by DFO technicians (i.e., caught
as smolts in the rotary screw traps set lower in the Tobique River system) then reared in the Mactaquac hatchery for 2 years to maturity. Fin clips were

taken during spawning in late Fall 2010 under the supervision of D.M.

8Stewiacke River reared at Coldbrook Biodiversity Facility, NS from single-pair crosses. Fin clips were taken during spawning in late Fall 2010 under the

supervision of S. Ratelle.

samples using 96-well plate format Qiagenw DNeasy blood and
tissue kits, according to the protocol recommended by the manu-
facturer. A custom Atlantic salmon lllumina iSelect” 6K bead array
(Brenna-Hansen et al., 2012; Lien et al., 2011) was used to perform
SNP genotyping. Once all fish were genotyped, all genotype clus-
ters were assigned using lllumina Genome Studio© software and
subsequently checked manually. The more complex paralogous
sequence variants (PSVs) and multisite variants (MSVs) were iden-
tified through visual inspection of GenomeStudio’s polar coordi-
nate graphs with signal intensity, norm R, on the y axis; and allele
frequency, norm theta, on the x axis. Only diploid loci identified
by GenomeStudio as (i) showing Mendelian inheritance in our pop-
ulation and (ii) not significantly deviating from Hardy-Weinberg
equilibrium were used for subsequent analyses. Nearly all SNP
loci used in our analyses had been located on a North American
Atlantic salmon female linkage map (Brenna-Hansen et al., 2012) or

a European linkage map (Lien et al., 2011).

2.2 | Population structure analysis

All individuals from the nine sampled putative populations were
included in the Bayesian cluster population structure analysis with
STRUCTURE 2.3.4 (Hubisz etal., 2009; Pritchard et al., 2000). To
infer the optimal number of clusters, K, the STRUCTURE simula-
tion results were analyzed according to the delta K method (Evanno,
Regnaut, & Goudet, 2005). We set the K from 1 to 10, so that the
maximum number was larger than the number of putative populations

(n = 9), thereby avoiding inappropriate clustering due to K being set

too small (Kalinowski, 2011). The simulations were repeated for val-
ues of K ranging from 1 to 10, with five repeat runs for each K value
using the admixture model and no prior probabilities for cluster mem-
bership. For each simulation at a given K value, a burn-in period of
50,000 iterations was followed by 500,000 final iterations. Finally, the
graphical bar plot of membership coefficients was generated using the
DISTRUCT software with the fill color of the bars indicating cluster
membership (Rosenberg, 2004). Each individual fish was also given an
estimated membership coefficient for each of the K clusters, corre-
sponding to the fraction of its genome inferred to have ancestry in the
cluster. Some individuals in our dataset were assigned to two or more
clusters (or putative, genetically distinct populations) suggesting that

their genotypes were admixed because of past hybridization.

2.3 | Pairwise genetic distances among putative
populations

We were primarily interested in comparing the genetic distance
between TOB_WILD and the four populations of AQUA as they
diverged from a common ancestral population five to six genera-
tions ago (Table 1). All genetic distance calculations were performed
on a reduced dataset after individual fish that had been estimated
by STRUCTURE to have more than 5% European ancestry had been
removed. Pairwise comparisons of several measures of genetic dis-
tance were then estimated using Arlequin 3.5 (Excoffier & Lischer,
2010) with 10,000 permutations to determine statistical significance.
We present both the pairwise Fq; values (Weir & Cockerham, 1984)

calculated using Nei's mean number of pairwise differences between
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populations (Nei & Li, 1979) as well as Slatkin’s linearized F; (Slatkin,
1995) as implemented in Arlequin 3.5 (Excoffier & Lischer, 2010). The
latter is recognized as a good method of obtaining an approximately
linear genetic distance for binary characters such as SNPs (Excoffier
& Lischer, 2010).

2.4 | Detecting loci under divergent selection in
AQUA versus WILD

Methods of detecting F¢; outliers resulting from “soft sweeps”
suitable for low-density SNP chip datasets include (i) FDIST2,
which compares the Fg observed for a locus to the F¢; expected
under neutrality relative to its observed heterozygosity assum-
ing an “n-island” model where the effective population size of all
population is constant as is the pairwise population migration rate
(Antao, Lopes, Lopes, Beja-Pereira, & Luikart, 2008; Beaumont
& Nichols, 1996), (ii) Arlequin v.3.5, which implements FDIST2
methodology with the addition of a hierarchical island option that
assumes two different constant migration rates with the lower
rate among regional groups of populations and the higher rate
among populations within the same region (Excoffier et al., 2009),
and (iii) BayeScan, which separately estimates the posterior prob-
ability that each locus is under selection without assuming that all
effective population sizes and migration rates are equal (Beaumont
& Balding, 2004; Foll & Gaggiotti, 2008). In this study, Arlequin
3.5 and BayeScan 2.1 were chosen for the outlier analysis to be
a good combination to reduce type | (false positive) and type Il
(false negative) error rates, which have been evaluated using simu-
lation (Lotterhos & Whitlock, 2014; Narum & Hess, 2011; Vilas,
Perez-Figueroa, & Caballero, 2012). FDIST2 typically detects more
outliers than does BayeScan in empirical datasets of a few thou-
sand SNPs (Tsumura et al., 2014). Other methods for detecting
signatures of selection such as the long-range haplotype (LRH)
test (Sabeti et al., 2002) require higher resolution coverage of the
genome for traits of unknown location than was possible with our
3980 SNP dataset.

All outlier locus detection analyses used the reduced dataset that
omitted any individual identified by STRUCTURE as having European
ancestry as this might have affected which outlier loci were detected
(Gosset & Bierne, 2013). We used four different methods of comparing
the TOB_WILD population with the AQUA populations to find regions
of the genome with differences in SNP allele frequencies that were
greater than would be expected due to genetic drift alone. Extreme
differences in allele frequencies at a particular SNP locus are most par-
simoniously explained from recent positive artificial selection on the
AQUA population that has not experienced by TOB_WILD population
as they shared a common ancestral population 5 to 6 generations ear-
lier. We were particularly interested in finding “consistent” loci that
were identified as being an outlier locus putatively under diversifying
selection by more than one of the four methods.

Three of the outlier detection methods, Method 1 “nonhierarchi-
cal” using FDIST2, Method 2 “pairwise” using FDIST2, and Method 3
“hierarchical” island model, all used Arlequin 3.5’s module “Detect loci

under selection” (Excoffier & Lischer, 2010). We identified all SNP loci
with p values <.01 that to be putative outlier loci under diversifying
selection but took special note of outlier loci with p values <.001 (e.g.,
Johnston et al., 2014). Method 1 used a nonhierarchical (FDIST2)
option of the “Detect loci under selection” module of Arlequin 3.5 to
analyze the following populations: 2009PO_AQUA, 2010PG_AQUA,
2011PG_AQUA, 2011PGN_AQUA, 2012PG_AQUA, and TOB_WILD
(Table 1). Method 2 was composed of six separate pairwise analyses
using the nonhierarchical (FDIST2) option of Arlequin 3.5, each com-
paring one of the AQUA populations with the TOB_WILD population.
Method 3 used the hierarchical island version of the outlier module
in Arlequin 3.5 that implements a hierarchical FDIST2 (Excoffier et al.,
2009). This module has a hierarchical island model that allows for
lower migration rates among different “island” groups than among
populations within groups. To allow estimation of its within-group
variance, the TOB_WILD population was randomly split into two
random populations and placed in one group and the three largest
AQUA populations (2010PG, {2011PG+2011PGN}, and 2012 PG)
were placed in a second group. This allowed us to interpret F; as
the outlier loci that differed between the aquacultural-wild compari-
sons rather than also including those from aquacultural-aquacultural
comparisons. We classified loci with larger than average F; (or Fg7)
values that also had p values <.01 as being outliers potentially under
directional selection.

To calculate the false discovery rate (FDR), we then input all p-
values from Arlequin for nonmonomorphic loci into the computer
program SGoF+ (Carvajal-Rodriguez & de Uhna-Alvarez, 2011). The
previous version of this program, SGoF, calculates a multiple hypoth-
esis testing adjustment using a sequential goodness of fit metatest
that is especially designed for molecular biology applications where
large numbers of tests are performed (Carvajal-Rodriguez, de Ufa-
Alvarez, & Rolan-Alvarez, 2009). SGoF+ uses the maximum distance
between a uniform distribution of p values and the observed distribu-
tion resulting in an improvement in the statistical power to reject the
null hypothesis when it is false; it also estimates the g value (FDR) for
each test (Carvajal-Rodriguez & de Una-Alvarez, 2011).

In the pairwise Arlequin analyses that we conducted for Method
2, we noticed that the outliers were very similar between the parent
and grandparent generations of an AQUA population (Appendix S3).
Therefore, for Methods 1 and 3, we merged the data for the parents
(P) and the grandparents (G) into a single “combined” population.

Method 4 used BayeScan, which employs a nonhierarchical
Bayesian approach to detecting outlier loci (Foll & Gaggiotti, 2008).
We used the following population groupings: 2009PO_AQUA,
2010PG_AQUA, 2011PG_AQUA, 2011PGN_AQUA, 2012PG_AQUA,
and TOB_WILD and removed any monomorphic loci from the input
data file. The parameter settings used were 10 pilot runs of 10,000
iterations, an additional burn-in of 100,000 iterations, then 100,000
iterations with a sample size of 5,000 and a thinning interval of 20.
Loci with g-values <0.05 were considered outliers (where g-values are
the FDR as calculated by version 2.1 of BayeScan).

Method 1 and Method 3 outlier loci analyses that compared the
AQUA populations to the STW_WILD population are only briefly
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presented in the main part of the manuscript because our primary focus
was on divergence between the TOB_WILD and AQUA populations.

2.5 | BLASTX analysis and chromosomal
location of the outlier loci

Possible mechanisms of selection acting on outlier loci were investi-
gated based on their similarity to known proteins. The translated DNA
sequence that contained the outlier SNP was queried against the
NCBI protein database (BLASTX). Simultaneously, we also referred to
the “best hits” blast results for this SNP chip from Bourret, Dionne,
et al. (2013), who set a minimal E-value of 1 x 103 for BLASTX analy-
sis with BLAST2GO and a minimal E-value of 1 x 10 for gene ontol-
ogy (GO) terms.

We also used BLASTN against the Salmo salar genome to iden-
tify the location of 17 consistent outlier SNPs on the physical map
of the Atlantic salmon genome (Lien et al., 2016). To do this, we first
searched “rs#” numbers of the outlier SNPs on the Reference SNP
(refSNP) Report  (https:/www.ncbi.nlm.nih.gov/projects/
SNP/) to find short DNA sequences containing the SNP that could be

input into BLASTN. This allowed us to compare the position of each

Cluster

outlier SNP on the physical map with the position of conserved can-
didate genes in the growth hormone axis, gonadotropin axis, and the
immune system that have recently been automatically annotated in
physical map of the Atlantic salmon genome (http:/salmobase.org/
cgi-bin/gb2/gbrowse/salmon_GBrowse_Chr_NCBI/). We focused on
locating adjacent genes but considered all genes in these categories
within 5 Mb of the SNP. This was necessary because of the moderate
density of the 6K SNP array in these North American populations.

2.6 | Colocalization of outlier loci and published
QTLs for growth, maturity, and domestication traits

We tested for colocalization of outlier loci and weight and maturity
QTLs previously published for Atlantic salmon as has previously been
done for whitefish (Rogers & Bernatchez, 2005), pea aphid (Via &
West, 2008), apples (Leforestier et al., 2015). We attempted to iden-
tify outlier loci underlying traits known to have been under artificial
selection by comparing their map position with that of published
quantitative trait loci (QTL) for one classic quantitative trait—growth
rate (Baranski, Moen, & Vage, 2010; Boulding et al., 2008; Gutierrez
et al,, 2012; Houston et al., 2009; Pedersen et al., 2013; Reid, Szanto,
Glebe, Danzmann, & Ferguson, 2005; Tsai et al., 2015). The challenge
was that, with the exception of Gutierrez et al. (2012), published
QTLs for Atlantic salmon were only approximately positioned using
low-density SNP linkage maps or, in one case, using a low-density
microsatellite linkage map (Reid et al., 2005 that were positioned
using Moen et al. 2008). Once a p-value for a given QTL had been
assigned to a SNP, subsequent QTLs for other traits from the same
study would be assigned to adjacent SNPs. We then used each chro-
mosome on the North American linkage map (Brenna-Hansen et al.,
2012) or the corresponding chromosome segments for each bin on
the European linkage map (Lien et al., 2011) as a “bin”. We then

determined whether each SNP in each bin: (i) was an F 7 outlier locus
and (ii) was a marker with a significant p value for a published QTL for
weight or for sexual maturity. This dataset was analyzed using a chi-
square test of association for the number of outliers and number of
significant QTLs in each bin. In a second analysis, pairwise Pearson’s
correlation coefficients among the maximum values of four variables
in each bin (-log10 (p-value) for F¢;, ~log10 (p-value) for F;, -log10
(minimum p-value) of a QTL, and the sum of significant QTLs) were
calculated. Finally, a Manhattan plot was constructed to facilitate
visual comparison between the positions of the outlier loci and that
of the published QTLs. This used the continuous composite North
American linkage map and -log10 (p-values) for the QTLs from all
ten datasets.

3 | RESULTS

3.1 | Genotyping

We genotyped 1155 salmon from nine salmon populations on the
6K SNP chip. We first removed loci that had a minor allele frequency
(MAF) that did not exceed 5% in any population and then removed
loci that clustered poorly because they were products of simultane-
ously genotyping duplicated regions (MSVs, PSVs) (Appendices S1-
Sé). A total of 3980 SNPs remained in our dataset of which 3901
could be located on the North American Atlantic salmon linkage

map.

3.2 | Population structure

STRUCTURE analysis clearly showed that K = 2 groups gave the best
fit to our dataset of nine putative populations (Fig. S1). All samples
known to have European ancestry were assigned to cluster 2 and
were omitted from all subsequent analysis. STRUCTURE also identi-
fied 252 AQUA individuals that had more than 5% admixture from
cluster 2 (Fig. S2) and these individuals were also deleted from our
dataset. This left 687 individuals from five AQUA populations, 98 indi-
viduals from the TOB_WILD population, and 100 individuals from the
STW_WILD population (Table 1) to be used in genetic distance calcu-

lations and outlier loci analyses.

3.3 | Pairwise genetic distances among sampled
populations

As expected, STW_WILD from the iBoF was more distantly related
to all AQUA populations (F¢; = 0.101-0.132; Table 2 above diagonal)
than was TOB_WILD from the oBoF (F¢ = 0.016-0.046). Several of
the AQUA populations were less related to each other (F¢ = 0.064
between 2009PO_AQUA and 2011PGN_AQUA) than they were to
TOB_WILD (Table 2). Finally, STW_WILD was less differentiated
from TOB_WILD (FST =0.089) than from all of the AQUA popula-
tions. Pairwise comparisons were similar in rank whether Slatkin’s
linearized F¢; or Nei's mean number of pairwise differences was used

as the standardized population distance between two populations.


https://www.ncbi.nlm.nih.gov/projects/SNP/
https://www.ncbi.nlm.nih.gov/projects/SNP/
http://salmobase.org/cgi-bin/gb2/gbrowse/salmon_GBrowse_Chr_NCBI/
http://salmobase.org/cgi-bin/gb2/gbrowse/salmon_GBrowse_Chr_NCBI/
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TABLE 2 Pairwise Fq; values: Slatkin’s linearized FSTa (above the diagonal) and Nei’'s mean number of pairwise differences® (below the

diagonal)*¢

2009PO_AQUA  2010PG_AQUA

2009PO_AQUA 0.051 0.057
2010PG_AQUA 0.049 0.034
2011PG_AQUA 0.054 0.033

2011PGN_AQUA 0.060 0.003# 0.041
2012PG_AQUA 0.027 0.028 0.029
TOB_WILD 0.044 0.015 0.031
STW_WILD 0.116 0.092 0.095

2011PG_AQUA

2011PGN_AQUA 2012PG_AQUA TOB_WILD STW_WILD

0.064 0.028 0.046 0.132
0.003# 0.028 0.016 0.101
0.043 0.030 0.031 0.105

0.039 0.026 0.115
0.038 0.028 0.107
0.025 0.028 0.089
0.103 0.096 0.082

2Pairwise Fr values (Weir & Cockerham, 1984) calculated as Slatkin’s linearized F¢; (Slatkin, 1995) as implemented in Arlequin 3.5 (Excoffier & Lischer,
2010). All genetic distance measures are highly significant in a permutation test with 10,100 permutations at p = .00000 + -.0000 except for # which had

p =.00762 + -.0009.

Nei's mean number of pairwise differences between pairs of populations is a method of measuring genetic distance when the characters are binary (Nei
& Li, 1979) as implemented in Arlequin 3.5 (Excoffier & Lischer, 2010). All genetic distance measures are highly significant in a permutation test with 10,100
permutations at p = .00000 + -.0000 except for # which had p = .00762 + -.0009.
Full population names corresponding to these abbreviations are given in Table 1.
4All genetic distance calculations were performed on a reduced dataset after individuals shown by STRUCTURE to have European ancestry had been

removed.

All pairwise population comparisons were significant at p <.001
(Footnote 1 of Table 2).

3.4 | Outlier detection—TOB_WILD versus AQUA

A larger number of high-F¢; outlier loci were identified by the Method
1 using nonhierarchical FDIST2 in Arlequin 3.5 than by Method 4
using BayeScan. The nonhierarchical analysis by Arlequin identified
37 high-Fg; outlier loci that had p-values <.01, suggesting they were
putatively under positive selection in the AQUA populations. SGoF+
verified that all 37 outliers had g-values <0.05. Outliers were pri-
marily located on chromosomes 1p/23,1q, 3, 9, 12, 14, 15, and 19
(Fig. 1a; Appendix S1). In contrast, BayeScan identified only 10 outlier
loci with high F¢; values and g-values <0.05 (Fig. 1b; Appendix S2).
Three loci were detected using both the nonhierarchical Arlequin 3.5
and BayeScan: ESTNV_24797_128, GCR_cBin4356_Ctgl_1956, and
GCR_cBin15233_Ctg1_136_V2 (Appendix S1).

Method 2 identified an average of 39.2 and a total of 155 out-
lier loci under putatively divergent selection from the six pairwise
comparisons between different AQUA populations and TOB_WILD
population using FDIST2 (Appendix S3). SGoF+ verified that all 155
outliers had g-values <0.05. Of the 155 loci, 66 showed semi-parallel
divergence patterns, defined as being found in at least two different
AQUA versus TOB_WILD pairwise comparisons. Notably, 58 of the 66
semi-parallel loci were found in comparisons that involved parents and
grandparents that represented two generations of the same popula-
tion (Appendix S3). Two “parallel” loci (GCR_cBin15233_Ctg1_136_V2
and GCR_cBin27732_Ctg1_177) were consistently identified in pair-
wise comparisons of each of the six AQUA populations with the TOB_
WILD population (Appendix S3).

Method 3, which used the hierarchical Arlequin analysis (Table
S1), found a total of 54 “high” F; outlier loci that were putatively
under divergent selection between the AQUA and TOB_WILD

populations. SGoF+ verified that all 54 outliers had g-values <0.05.
Of these 54 divergent F; outlier loci, 31 were also significantly
divergent F¢; outlier loci. Both types of outlier loci were well dis-
persed throughout the genome (Figure 3a,b). Most strikingly, 23 of
the F; outlier loci had not had highly significant p-values (x = 0.01)
for nonhierarchical F¢; analysis and thus were completely new outli-
ers (Figure 3a; Appendix S5).

The set of F¢; outliers found by Method 1 (nonhierarchical FDIST2)
and the set found by Method 3 (hierarchical) strongly overlapped
(Figure 4; Appendices S1 and S5). Only six outlier loci were found
solely in the analysis using Method 1 (Figure 4; Appendices S1 and
S5). Both of the two parallel loci GCR_cBin15233_Ctg1_136_V2 and
GCR_cBin27732_Ctg1_177 discovered by Method 2 pairwise analy-
ses were also found by Method 1 and Method 3 analyses (Figure 4;
Appendices S1 and S5).

Methods 1, 2, and 3 found a total of nine unique very highly sig-
nificant outlier loci with p-values of <107 (Figures 1a, 2 and 3). Three
of these highly significant outlier loci were classified as “consistent”
because they were found by all three Arlequin Methods (Figures 1a,
2 and 3): (i) ESTNV_22997_260 (Ssal3: rs159404183) was anno-
tated as an MHC Class Il nonclassical locus, (ii) ESTNV_31210_275
(ssa01p/23: rs159404664) was annotated as palmitoyl transferase
zdhhc7-like (Table 3), and (iii) GCR_cBin27732_Ctgl_177 was one of
only two parallel outlier loci that were significant for all six Method
2 pairwise comparisons in Arlequin using FDIST2 (Figure 2; Appendix
S3).

In addition to these three, a total of 17 “consistent” F¢ outlier loci
were found in common among Method 1, Method 2, and Method 3
that compared the AQUA populations with the TOB_WILD population
(Figure 4, Table 4). All 17 were also significant F; outlier loci (Appendix
S5). Three of these 17 “consistent” outlier loci were also found by
BayeScan (GCR_cBin15233_Ctgl_136_V2, ESTNV_24797_128, and
GCR_cBin4356_Ctgl_1956; Tables 3 & 4).
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FIGURE 1 Detection of outlier loci putatively under diversifying selection within five different groups of the SJR Aquaculture strain and one
wild group from the Tobique River (2009PO_AQUA, 2010PG_AQUA, 2011PG_AQUA, 2011PGN_AQUA, 2012PG_AQUA, and TOB_WILD).
(a) Locus distribution on a continuous-chromosome nonhierarchical Arlequin 3.5 analysis. The solid blue line represents the -log,4(p) = 2

(p = .001). The solid red line corresponds to the -log,(p) = 3

(b = .0001) (see Appendix S1 for outlier loci numbers and official names of SNPs on

chip). (b) Ten outlier loci by BayeScan 2.1 (Foll & Gaggiotti, 2008). The F4; estimates are plotted against the false discovery rate (g-values). Loci to
the left of the solid black line that correspond to the g = 0.05 are significant outliers (see Appendix S2 for outlier loci numbers and official names

of SNPs on chip)

Many outlier loci found using all four methods were homologous
to known proteins and could be located on the linkage maps and on
the physical map of the Atlantic salmon genome (Table 3). Protein
homologies were found for all 17 “consistent” outlier loci that had
“EST” prefixes, indicating these SNPs were discovered by aligning
expressed sequence tags (Table 3). Many outlier loci with a prefix of
“GCR” (genome complexity reduction sequences) could not be iden-
tified by BLASTX, perhaps because the available DNA sequence con-
taining the SNP was too short to conclusively identify a protein or

because they were in noncoding regions.

3.5 | Outlier detection—STW_WILD versus AQUA

The Method 1 nonhierarchical FDIST2 Arlequin analysis of the
STW_WILD population and the six AQUA populations detected
54 outlier loci (Appendix S4) putatively under divergent selection.
Just one of these (GCR_cBin8095_Ctg1_103) was also detected
by both hierarchical and nonhierarchical Arlequin analyses of the
AQUA populations with the TOB_WILD population (Appendices S1

and S5). This SNP was in the coding region of “protein phosphatase
1 regulatory subunit1B-like” adjacent to the protein “stAR-related
lipid transfer protein 3-like isoform X2" (Table 3). The results of the
Method 1 nonhierarchical and the Method 3 hierarchical analyses of
STW_WILD versus AQUA produced very similar F¢; outlier loci with
the latter finding only one new F¢; outlier locus ESTNV_34538_503
(Appendices S4 and S6). On the other hand, the hierarchical Arlequin
analysis (Table S2) found a total of 47 high-F; outlier loci. Of these
outlier loci, five were not significant (p < .01) for F¢; in either the
nonhierarchical or hierarchical analyses and were therefore com-
pletely new outlier loci (Appendix S6). A highest number of signifi-
cant high-F.; loci were clustered on chromosomes Ssal3, Ssal5,
and Ssal9 (Appendix Sé). Of the five outlier SNPs identified as
being between 55.1 and 63.0 cM on Ssal9 of the NA female map,
two in BASS120_B7_F09 were identified as being in the intron of
Importin-4 predicted protein located on the physical map at posi-
tion 74.253203 to 74.272976 Mb. The minor allele of one of three
outlier SNPs in ContigGCR_hBin7522_Ctgl (rs159404032) was
identified by BLASTN to be mRNA XM_014173899 (100% identity

FIGURE 2 Locus distribution on a continuous chromosome for pairwise comparisons of six different generations of the AQUA population

versus TOB_WILD population. The solid blue lines represent the -log, ,(p) =

(p = .0001). Detailed results in Appendix S3

2 (p =.001). The solid red lines correspond to the -log,,(p) = 3
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FIGURE 3 Locus distribution on a continuous chromosome from hierarchical Arlequin 3.5 analysis with the three AQUA populations
{2010PG, (2011PG+2011PGN), and 2012 PG} placed into one group and the two random halves of the TOB_WILD placed in another group

(Appendix S5). The line at -log,(p) =

1.5 represents p = .05), the line at -log, ,(p) =

2 represents p = .01, and the line at -log, ,(p) = 3 represents

p =.0001. (a) Fsr. (b) Feq- (c) QTL (with number showing chromosome and the letter the study “a” Baranski et al., 2010; “b” Boulding et al., 2008;
“c” Gutierrez et al., 2012 males time 3, “d” QTLs from Gutierrez et al., 2012 females time 3. “e” Gutierrez et al., 2012 females time 4,
“f” Gutierrez et al., 2012 Males time 4, “g” Houston et al., 2009; “h” Petersen et al. 2013, “i” Reid et al., 2005; “j” Tsai et al. 2015)

5e-17) for coiled-coil domain-containing protein 138 (ccdc138)
which is located on the physical map at 28.524355 to 28.538390 Mb
on Ssa25 (CIGSSA_117402).

3.6 | Colocalization between outlier loci, QTLs, and
candidate genes for production traits

Many of the 17 “consistent” outlier SNP loci from the AQUA versus
TOB_WILD outlier analyses were on the same chromosome arm as
candidate loci, or published QTLs for growth, maturity, or immune
traits (Table 4). For example, the four outlier loci were in or located near
candidate genes on the physical map that are part of the immune sys-
tem. One outlier SNP locus was in a MHC gene (ESTNV_24797_128),
ESTNV_16810_167 was near the candidate gene MHC class Ilb and
colocalized with previously published outliers, and two others (GCR_
cBIN4356_Ctg1_1956 and ESTNV_17881_371) were near candidate
loci that are part of the immune system (Table 4). Of even more inter-

est were the three outlier loci located near candidate genes on the

physical map associated with appetite and feeding. ESTNV_35352_77
was adjacent to a carbohydrate response element, GCR_cBin27732_
Ctgl_177 was near melanocortin receptor 4, and ESTV_14714_122
was near somatostatin receptor 5 (Table 4).

Manhattan plots showed that some as highly significant F.; outli-
ers (on Ssal3, Ssal9 and Ssa23) did occur in the same regions of the
linkage map as published QTL for growth and maturity (Figure 3C:
j13, b14, 19, d19, b23) but that other F; outliers (on Ssaé) did not
(Figure 3c). There was no overall correlation between the position
of the outlier loci and SNP markers for published QTL for weight
or maturity. The chi-square test of association that compared the
number of outlier loci and the number of QTL in each chromosome
bin was not significant (p = 1.0). In addition, the Pearson correlation
between the maximum -log,, p value of a QTL and the maximum
-log,, p value of a F; outlier loci was not significant (Table S3).
However, the correlation between the maximum -log,, p value of a
QTL and the maximum number of studies that had detected it was
significant (Table S3).



LIU ET AL

OpenAccess

WILEY

286

(ssnuyuo))
I-103dadau ugalodoquioly ]

T-l Jongyui utsjold Buipuig-yNG

X WIojos! 6T-ulpne|y
X WIojos! 6T-ulpne|d
10308} 93ueydxs di3dps gqey

VNYW ‘ZX Juerea
1d1osuesy a)I|-TTdIZ J9Hodsuesy dulz

l|-|elpuoydojw
‘uipjoad H waisAs a8eAes|d auPA|D

Z uieoud
SUeJqWISW PIIBIDOSSE UoLedO|Suel |

TX WJ0JOs! [eLipuoyd01W

‘¥ u19joud [ewosoqu S6€ d|qeqo.d
‘X JueLieA jdiiosueny

(60€89590T207) T Uta104d M- 71y

T urejodd aI|-TWIO
197€Ad
ureyd eydie 1t ssed DHW

juspuadap
+ZUIN/+Z8IN ‘Osereydsoyd utejoid

€ uP30dd SUIpUIG-TSTOH

€ 3ungns Jo3oey
Adyioads uonejAuspeAjod pue s3eAes|)

A
uiaj04d Sulpulg-wJads epion|jad euoz

TX wojost al|-g
uia104d ulewop Yy Ajlwey ased | v

e-uled. uijoud SunoesauI-vdy
TX Wiojosi 31|-g uiuadojold

|-gT Hungns
A10yen8as T asejeydsoyd ulajold

X WI0J0S! d1|-]103-P3JI0d Yypm
uiaj0.d Ja3depe Sujuiejuod-uiewop AAM

Gs u1a30.4d [ewoSoq [eLPUOYI0HIA

(u1930.d 40 auan) saydjep|

9¢-3¢

¢6-31

9¢-31

9¢-31

S-3€

00

[40) 5= 14

191-300°C

161-3¢

0
99-36€C
0
£2-3TV'€

¥1-3€

0T-3aT
€97-31

8€T-3Iv

FTASE 14
§/-3T

anjeA-3

T¥LYTTTT VSSOID
T¥TL¥80T VSSOID

815607 VSSOID
Z¥81S601 VSSOID
TYETZIOT VSSOID

T'L0¥8STYTO WX
T¥/£L1580 VSSOID
G¥TL66L0 VSSOID
¥ T¥9€L0 VSSOID

1°£ZS8ETYTO WX
TYEY0690 VSSOID
T¥9££290 VSSOID
1¥086£90 VSSOID

S9SYIZHTO WX
¥ r68T¥0 VSSOID

T¥Z562€0 VSSOID
T¥ L6770 VSSOID

2¥8S2C€E0 VSSOID
T¥/¥8¥20 VSSOID
932807720 VSSOID

T¥1568T0 VSSOID

Z¥60L6TT VSSOID
¥¥'820€00 VSSOID

._Qn_‘_um:m‘_c
uonisod swouan)

%16

%00T
%001
%00T
%00T

%86

%001

%EB

%001

%L6
%6
%866
%919

%66
%001

%00T

%001

%86
%CL
%66

%66

%66
%0L

Ay
-Jejiwis
‘basy,

CET
7's€
S8y
S8y
[4%%4
LTS
SEY
444

9

S8
€801
£'89
616
L£2S

99

6'60T
19
T8
60
66
()

gdew N3
uonisod

€C
[44
[44
[44
oc

61

91

ST

143

€1

[4%
cl

gdew
n3
uo Jyd

£€9 €T/t
Sy (4 r
z'8s 4 P
78S 4 r
* «0C
519 61 r A
6T 9T r A
6vE ST
- T »
[4% €T , P
TLE €T
voL 4" r A
08¢ 4" IS
296 6 M
v'L9 6 r A
A 9 M
L'€9 9
6L 9 r A
9'T0T 14 M
0 4 I I
¢'e€0T €
STT € M
L'ET T
(Wd)  sdein (to'>d)  ,spoyjw
gdew VN 4 umbapy 154 uinbapy
VN Uo Jyd “Yoses1H sauy1 Iy
uowsod

M (192 0TTTE ANLS3

TZ9 TTYTE ANLS3
M 7S SET8C ANLS3
M Z0v SET8C ANLS3
M 621 ¥OTTE ANLS3

I TTT YTLYT ALST

669°8L6¥E€ ANLS3
I 89T 89€6C ANLS3
» 6£170888C ANLS3

I 09T £662C ANLS3

062 LE£2LT ANLS3
r £9T 0T89T ANLS3
M 8C1 L6/¥C ANLS3

I T/£7188/T ANLS3
T6%1 €0L¥7E ANLS3

PTTT ZOVEE ANLS3
00€ ¥£99T ALS3

M T6T T81D7G65E€UIgY DD
M £/7CTSESE ANLST
LYYT LSY9E ANLS3

40T 18107560889 4D

T8 08€9T ANLS3
€GT 8TTST ALS3

(To" >d) aweN dNS

154 quinbapy
‘yoJess1yuoN

(840°9seqowies//:dny) ZA OSYSD| psS woly st ydiudsuedy Jo uonisod

awoua9 ‘ spoyisw 151 uinbajy 934y3 |je Buish punoy 190] JUS3SISUOD, /T dY3 JOj UMOYS 0s|e aJe saiSojowoH "uoyeindod g7IM 901 243 pue suoreindod yNDY Suistidwod syaselep Jo sisAjeue
Ja1jno Jaye juedsaAeq pue sisAjeue uinbajly [ed1ydlelaly pue j[ediydiesdlyuou Ag payijuapl Uo1d3[as SUIAJISISAIP Japun 190] NS d3epipued £g 4o} punoj salsojowoy ujold € 379V.L


http://salmobase.org

287

WILEY

LIU ET AL

*(ZTOT ‘[e 19 Weapad) S[|92 1]03J9S Jejnd13sa) Jo uoljeAl}de suowoy Surejnwys 3|21|jo4 ul ajoJ e sAejd Jey uisjoud e 4o $apod /2 0TZTE ANLSIy

‘UMOUXUN S| SWOSOWOIYD UBDISWY

YMON 8y} uo uopisod 30exa ayj ‘Ajpuanbasuod {10z “|e 19 uasueH-euuag) 104 PaIUNOIIE SI9M SUOLIEIO|SUBL} UMOUY JaYe (TTOZ “|e 32 ual]) dew ueadouny wouy patdjul NS e Suluiejuod aulosoulodyD,
'suoijendod YNOV ay3 Yum suofe|ndod 3x2e1ma3s a3 JO SUOsLeduIod [ed1Yd.Ield]Y PUE [BDIYDIBISIYUOU J0) SN0 ISI[IN0 UE Os|e S| dNS SIU L,

“J3Y10 Yyoes yum wnugijinbasip a8exui| 19944ad ul a1am ‘Ajjusnbasuod ‘pue 1dLdsues) YNYW swes ay3 ul uo Jede siied aseq 091 948 SNS OM] 3say | ¢

‘POYIDW JBY] 104 (3X3] 93S) [9AS] 22UBIYIUSIS S} UBY] J3||ewsS S| aNjeA 92uedyiusis ay) sueaw =?_M

‘dwoudad

(4pjps ow[bg) uowles dluefy JO saseajal Juanbasqns ul d3ueyd Aew siied aseq ay3 Jo BuLdGUINU se 3]qissod aIaYM dNS dY3 BulUlejuod Jaguinu pue suleu JdLdSUBL} 9DUS13434 3} Se UMOYS S| uolisod awouaD,
(T702)

‘|e 39 uar] Aq dew a3exul| ajeway uow|es dJjuey ueadoln3 ay} uo uoyisod ayy suesw N3, (ZTOZ) |e 32 uasueH-euuaig Aq dew a3exul| 9jewa) uow|es dJUeRy UedlawWy YoN 2y} uo uoyisod ayj suesw ,WN,g
"Pa31E20| SEM SNDO| JBI[INO B3 UDILM UO JSqUINU SWOSOWOIYD 33} sueaw 4D,

(€S x1puaddy ‘g 2in814) suosiiedwod asimiied 3y} Jo aUO 3sea) e Ul Sulpnpul SisAjeue UINbajly Jo spoylaw 334y} ul (10" > d) 154 juedyludis,

‘dnoJ3 puodas e ul pase|d pue (3x33 99s) suoieindod wopues om} ojul Hjds Ajwopues sem uoreindod M~ 9O1 243 pue ‘dnoud suo ul

pade|d auam (Dd ZT0Z Pue {NOdTT0Z + DdT1T0Z} ‘©Od0T0Z) suonendod yNDY Jo suoijeindod a8.e| 92.4y3 oy ‘uondo [eaiydJessly ayy Suisn pawogiad sem (GS xipuaddy) sisAjeue 4a1jano uinbajy [e21ydJeIalH,,
"uopejndod @IIM 9OL

ay3 se |jam se ‘YNOVY DdZT0Z ‘VNOV NDITTOZ ‘VNOV DdTT0Z ‘VNOV Dd0TOZ ‘VNOV 0Odé00T ‘suoieindod YNV SAY papnjoul pue [edlydJessiyuou skemie si (¢S xipuaddy ‘g 21n314) sisAjeue ueasaheq,
‘uoyejndod QM OL Y3 SE ||om se

VNOV DdZT0Z (VNOV NDdITOZ + VNOV Dd1T0Z) VNOV Dd0TOT :suoleindod YNV 2AY papnjoul pue uoido [edlyd.elalyuou ayj uisn auop sem (TS xipuaddy) sisAjeue Jaljino uinbajy [e1YdJedly-UoN,
"Joselep sy} Wouy paAowal uasq pey Alysadue sapadsgns ueadoing aAey 01 IYNLIONYLS AG UMOYS sjenplAlpul oYY,

"T00" > d,
9ji]-eydje yungns
Asoye|n3au aseupi-¢ |oysouljApeydsoyd OvT-3¥  T¥C08611 VSSOID %18 6'CC 9¢ 9'6v 82/9C I 292 0565C ANLS3
£X wJojos! ay1|-asejeydsoyd-1,
Sjeydsoydsiq-f*¢ [oysoul | adAL 0 €¥88S/TT VSSOID %C6 LCS 14 €L S¢ [~ I 66€T GL0SE ANLS3
TX WJ0Jos|
AI|-LOHHQZ dsesdysuenjioliwied 0 T¥E99ZTT VSSOID %L8 v'1s €¢ 81T €T/ M M wSLT OTZTE ANLST
jl|-103dadau ugslodoquioly 9z-3T  T¥/LYTTTT VSSOID %16 4% €C €e9 €¢/1 r (TZL OTTTE ANLST
(ur930.4 Jo dULD) saYdIE|N anjeA-3 y(adudsued) Ay (N2) gdew (W2)  sdeiy (To" >d) pSPoOYIdW (50'0 > b) (To">d) aweN dNS
uoyisod swouan  -sejiuis  gdew N3 n3 gdew VN By SJuInbapy 1S uinbapy 154 ,uedgaieg ey quInbajy
‘basy,  uopisod uo Jyd VN uo Jyd ‘YosesdlH 221y} ||V ‘yoJesalyuoN
uonisod

(penuguod) € 3714V1



2 Ly ey- e —

4 | DISCUSSION

4.1 | Outlier loci can identify major locus traits for
production traits

We hypothesized that fundamental questions about the genetic basis
of economically important traits could be addressed by comparing
allele frequencies at 3980 SNP loci between a farmed strain of Atlantic
salmon established five generations ago and its wild founder popula-
tion. We found a total of 17 “consistent” high-F; outlier loci (Figure 4),
three loci were in or near areas of the genome that contained candi-
date loci affecting appetite or metabolism and therefore potentially
affecting growth, and four loci were in or near candidate genes con-
ferring resistance to particular diseases or parasites (Table 4). Three of
the most significant outlier loci were in chromosome regions contain-
ing published QTLs for growth or maturity. These results support our
hypothesis that comparison of recently domesticated population with
its wild founder population facilitates the discovery of candidate loci
for traits under strong deliberate and accidental selection in the new
hatchery environment. In dogs, phenotypes that vary most conspicu-
ously among recently derived breeds, including size, limb length, coat
color, coat texture, behavior, diet, skeletal morphology, and physi-
ology have been used to identify the genomic regions that possess
strong signatures of recent selection and contain major candidate
genes (Akey et al., 2010; Axelsson et al., 2013; Pollinger et al., 2005;
Von Holdt et al., 2010).

We qualitatively detected some outlier loci that colocalized with
candidate loci and with QTLs for growth even though the overall asso-
ciations between outlier loci and QTL were not significant. Since their
independent establishment, the four independent AQUA populations
(Table 1) have each experienced artificial selection for fast growth
rate, and a low incidence of early sexual maturation beginning in the
early 1980s (O'Flynn et al., 1999; Quinton et al., 2005; J. A. K. Elliott,
unpublished data) and “accidental” domestication selection for adap-
tation to hatchery conditions since 1968. Genetic gains in quantitative
traits such as weight at age are cumulative and have been shown to be
measurable statistically in Atlantic salmon after only one generation of
selection (Friars et al., 1995). Bourret, Dionne, and Bernatchez (2014)
argued that natural selection on polygenic traits like survival in salmon
would be difficult to detect with single outlier loci and proposed a
multivariate solution. In turbot, partial colocalization was observed
between candidate genes for growth and previously published QTLs,
whereas high colocalization was observed for candidate genes associ-
ated with immune response and previously published QTLs for resis-
tance to disease or parasites (Figueras et al., 2016). Simulations of
traits determined by 1 to 10 QTL suggest that outlier “SNP”-like loci
physically linked to QTL are more likely to show colocalization with the
nearest QTL than randomly chosen “SNP” loci but that false positives
are common (Vilas et al., 2012).

Studies with livestock show that genome scans are more likely to
detect signatures of selection for single locus traits, such as coat color,
the absence of horns, or immune traits than for polygenic traits, such

as milk yield and growth. This is true even in species, like cattle that

LIU ET AL.
Nonhierarchical:
0 unique loci
15 loci
Pairwise
Arlequin: 118

Hierarchical:
0 unique loci

0 loci unique loci

FIGURE 4 A Venn diagram with the circles representing the three
different methods of outlier analysis done comparing the TOB_WILD
population with the AQUA populations using Arlequin 3.5 showing: (i)
the one overlapping subset of outlier loci found by all three methods
of analysis, (ii) the three overlapping subsets of outlier loci that were
found only by two methods of analysis, and (iii) the three subsets
found exclusively by one method of analysis. The 17 loci found by all
three methods are shown in Table 4

have enormous pedigreed datasets from high-density SNP chips, well-
annotated genomes, and precisely mapped QTLs for production traits
(Kemper, Saxton, Bolormaa, Hayes, & Goddard, 2014; Stella, Ajmone-
Marsan, Lazzari, & Boettcher, 2010). In cattle and sheep, researchers
have detected selection signatures associated with candidate genes
for traits under deliberate artificial selection such as carcass yield,
tail fat deposition, dairy traits (Moradi, Nejati-Javaremi, Moradi-
Shahrbabak, Dodds, & Mce-wan, 2012; Rothammer, Seichter, Forster,
& Medugorac, 2013), reproductive traits (Gautier & Naves, 2011;
Qanbari et al., 2011), coat color, and horn development (Druet, Pérez-
Pardal, Charlier, & Gautier, 2013) but also have detected signatures for
immune responses (Gautier & Naves, 2011). In pigs, selection signa-
tures have been identified in genomic regions associated with selected
traits such as coat color, ear morphology, reproductive characteristics,
and fat deposition (Wilkinson et al., 2013; adaptation to low tempera-
tures (Ai et al., 2015) and also immune traits (Yang, Li, Li, Fan, & Tang,
2014)). In chickens, researchers have identified 82 selection signatures
associated with traits under artificial selection such as eggshell hard-
ness but have also detected those associated with immune system
characteristics (Qanbari et al., 2012).

4.2 | Outliers in similar genome regions among
studies?

Our study found a different and nonoverlapping set of SNP outlier
loci than that found by two previous studies that compared similar
wild and aquaculture strains of North American Atlantic salmon from
the SJR system. Vasemagi et al. (2012) found four outlier loci of a 320
SNP dataset consisting of six fish from the Nashwaak tributary of the
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SJR and six from the 2003 SGRP (Salmon Genetics Research Program)
year class SJR aquaculture strain (Quinton et al., 2005). All four of his
outlier loci were also successfully genotyped by Mikinen et al. (2015)
and by our study but were not identified as outliers in either case. On
the other hand, some of the outlier loci that differ between studies are
in the same region of the genome. For example, the outlier BASS113_
B6A_E01_397 that was found by Makinen et al. (2015) is within 3 cM
of one of our consistent outlier SNPs (ESTNV_16810_167, Table 4)
that is located on chromosome Ssal12.

We identified about 1% of the SNPs we genotyped as outlier loci
even after FDR was considered. This is similar to previous studies of
wild fish populations that typically identify between 1% and 10% of
the loci surveyed as outlier loci (Bradbury et al., 2013; Narum et al.,
2010). We recognize that not all our outlier loci are necessarily a result
of differences in local extrinsic selection. Recent theoretical work has
shown that various factors other than selection can influence hetero-
geneous divergence of genomic regions among populations including
demographic history, geographic structure, and close physical linkage
(Klopfstein, Currat, & Excoffier, 2006).

As expected, all AQUA populations were characterized by smaller
genetic distances from the TOB_WILD population than from the
STW_WILD population, supporting the hypothesis that the TOB_
WILD was the most closely related to the AQUA founder population.
AQUA2009 was most distantly related to the other AQUA populations
likely because it consisted only of the eight full-sibling “multiplier” fam-
ilies and their parents which would be expected to modify the allele
frequencies from what they would have been had all the parents of the

2009 year class been sampled (Hansen, Nielsen, & Mensberg, 1997).

4.3 | Correlation between outlier loci and major QTL
for sea age

Although comparisons of closely related populations are usually most
useful for detecting outlier loci under diversifying selection (Li et al.,
2013), the analysis of STW_WILD versus AQUA identified an outlier
locus correlated with a major QTL associated with age at sexual matu-
rity. STW_WILD is an iBoF population that has more one-sea winter
spawners (grilse), whereas TOB_WILD is an oBoF population that has
more multisea winter spawners (P. O'Reilly, pers. comm.). Our hierar-
chical Arlequin analysis of STW_WILD versus AQUA identified three
outlier SNPs within ContigGCR_hBin7522_Ctg1 (Ssa25: 28.53 Mb)
downstream from a genomic region associated with sea age in wild
salmon populations (Ssa25: 28.58 to 28.75 for males in Ayllon et al.
(2015); Ssa25: 28.64 to 28.78 Mb for males and females in Barson
et al. (2015)). The gene “ccdc138” containing these three SNPs was
near the “sea age” at maturity region only 0.0386 Mb downstream
from the associated locus “chmp2b” and only 0.116474 Mb down-
stream from the candidate gene “vglI3".

In addition, our hierarchical Arlequin analysis of TOB_WILD
versus AQUA identified an outlier locus in a similar position
(ESTNV_34703_1491 on Ssa09: 27.5 Mb and 52.7 cM female map)
to one previously associated with sea age in wild Atlantic salmon
populations (Johnston et al., 2014) that was not significant in a

second GWAS after accounting for population structure (Barson
et al., 2015). It also identified a consistent outlier GCR_cBin15233_
Ctg1_136_V2 on Ssal5 near the TSHR (the thyrotropin receptor)
(Table 4). TSHR induces final sexual maturity in salmonids and is
considered analogous to LH (luteinizing hormone) in vertebrates
(Oba, Hirai, Yoshiura, Kobayashi, & Nagahama, 2001). Genetic
changes that resulted in delayed binding of thyrotropin to the recep-
tor (Oba et al., 2001) could have been selected for under strong
artificial selection for delayed sexual maturity experienced by the
AQUA strain.

4.4 | Admixture removal before outlier detection

Search for outlier loci in North American populations without first
removing fish with putative European ancestry could have led to the
detection of a large number of false-positive outlier loci in the analysis
because of large differences in average allele frequencies at the loci on
the same 6K SNP chip (Bourret, Kent, et al., 2013) that was used here.
We believe that the well-documented use of fish with European ances-
try in salmon breeding populations in Maine, just south of the Bay of
Fundy region where SGRP was developed (Glebe, 1998) justifies the
use of our K = 2 (Fig. S1) STRUCTURE results (Fig. S2) to remove indi-
viduals with more than 5% European ancestry from the subsequent
genetic distance and outlier analyses (Fig. S2). We acknowledge that,
because of the small sample size of known pure and hybrid European
fish included in our original STRUCTURE analysis, we were initially not
confident that all of the 252 excluded fish had European ancestry. We
also acknowledge that variation in our population sample size, which
ranged from 8 to 268 for different populations in this study (Table 1),
could have affected the STRUCTURE results. Fortunately, our sub-
sequent unpublished STRUCTURE analyses of the dataset presented
here combined with a larger North American and European dataset

confirm our original interpretation.

4.5 | Gene ontology of outlier loci and nearby
candidate genes

The historical objective of the selection program for Atlantic salmon
in the SJR has been rapid growth rate and late sexual maturity
(Quinton et al., 2005; Saunders, 1981). Direct selection for poly-
genic traits, such as growth rate and late maturation, may result in
indirect selection for a wide variety of biological pathways, including
increased appetite and immune responses to specific pathogens or
metabolism.

Strong selection for high growth rates could select for fish that
spend more time eating. This mechanism could be responsible for the
allele frequency differences between the AQUA and founder pop-
ulation at the consistent outlier GCR_cBin27732_Ctgl_177 which
is located near melanocortin receptor 4 (Table 4). Melanocortin
peptides affect motivation to feed in rainbow trout (Schjolden,
Schi6th, Larhammar, Winberg, & Larson, 2009) and have previously
found to be associated with weight gain and feed intake in pigs
(Fontanesi et al., 2015). Two other consistent outlier loci are located
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near candidate genes associated with growth and metabolism.
ESTV_14714_122 is located near somatostatin receptor 5 (Table 4).
High levels of somatostatin are known to reduce growth rates in
rainbow trout by lowering plasma levels of growth hormone (GH),
insulin-like growth factor-1 (IGF-1), and insulin (Very, Kittilson, Klein,
& Sheridan, 2008). Alleles that reduce levels of somatostatin might
therefore be indirectly selected for under strong artificial selection
for increased growth rates. ESTNV_35352_77 is adjacent to a carbo-
hydrate response element transcription factor that regulates carbo-
hydrate metabolism in the liver and pancreatic p-cells of humans in
response to high levels of glucose (Noordeen et al., 2010). Selection
for high growth rates on a high carbohydrate feed diet could result
in genetic changes to that have affected the expression levels of this
transcription factor. Taken together, these changes at multiple outlier
loci may result in more efficient feed utilization of the SJR AQUA
strain. Similar changes may explain the higher growth rate of a line
of Atlantic salmon selected for fast growth relative to wild salmon
despite its lower feed consumption (Thodesen, Grisdale-Helland,
Helland, & Gjerde, 1999).

Several outlier loci detected here are in (ESTNV_24797_128,
Table 3) or near MHC and immunoglobulin proteins (ESTNV_16810_
167, GCR_cBIN4356_Ctgl_1956, and ESTNV_17881_371) known
to be involved in disease resistance (Gomez, Conejeros, Consuegra,
& Marshall, 2011; Harstad, Lukacs, Bakke, & Grimholt, 2008). Allele
frequency changes between the founder and AQUA populations
may have occurred because of accidental selection that occurred
when “ranched” wild fish were spawned at high densities in hatch-
eries (Fleming, Agustsson, Finstad, Johnsson, & Bjonsson, 2002;
Tonteri, Vasemagi, Lumme, & Primmer, 2010) after the building of the
Mactaquac hatchery on the SJR. There was never any deliberate artifi-
cial selection for disease resistance as part of the SGRP breeding pro-
gram (Quinton et al., 2005) that could account for these changes but

there may have been accidental selection.

4.6 | Practical applications of identifying SNPs
associated with growth and immune traits

This study detected two parallel and 17 consistently detected high-
F¢; outlier SNP loci between the AQUA and TOB_WILD populations
many of which were associated with candidate genes for produc-
tion traits. We are planning to incorporate SNPs in candidate genes
for growth (somatostatin receptor 5), appetite (melanocortin recep-
tor 4; carbohydrate response elements), sea age (vgll3; TSHR), and
immune traits (MHC class2) into low-density SNP assays so that the
putative relationships with economically important traits can be vali-
dated in larger populations. The density of the 6K chip used here was
too low to effectively detect fine-scale patterns of among popula-
tion divergence and within population homozygosity in response to
population-specific directional selection. More precise detection of
long haplotype blocks from selective sweeps is now possible using the
220K SNP chip (Yanez et al., 2016) and the high-density 132K SNP
chip (Houston et al., 2014) that have been developed for European
Atlantic salmon.

To distinguish between linkages with causal genes and showing
that a causal gene determines a quantitative trait, future eQTL work
investigating the regulation of expression of candidate genes near the
outlier loci discovered here might reveal their functional role in biologi-
cal pathways. In this way, it may be possible to systematically elucidate
how divergent selection between wild and farmed populations works
on economically important quantitative traits. Relationships between
the outlier SNPs and published QTLs will continue to be tested in more
precise QTL-mapping and GWAS studies using higher density SNP
chips. Such studies would facilitate the application of modern marker-
assisted selection for the genetic improvement in Atlantic salmon
stocks (e.g., Moen & @degard, 2014). Ultimately, a deeper under-
standing of artificial selection in Atlantic salmon and other recently
domesticated species may inform how the genetic architecture of
quantitative traits affects the mechanisms of evolutionary change in

natural populations.
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