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Abstract
Most Atlantic salmon (Salmo salar L.) populations follow an anadromous life cycle, 
spending early life in freshwater, migrating to the sea for feeding, and returning to 
rivers to spawn. At the end of the last ice age ~10,000 years ago, several populations 
of Atlantic salmon became landlocked. Comparing their genomes to their anadro-
mous counterparts can help identify genetic variation related to either freshwater 
residency or anadromy. The objective of this study was to identify consistently diver-
gent loci between anadromous and landlocked Atlantic salmon strains throughout 
their geographical distribution, with the long-term aim of identifying traits relevant 
for salmon aquaculture, including fresh and seawater growth, omega-3 metabolism, 
smoltification, and disease resistance. We used a Pool-seq approach (n = 10–40 indi-
viduals per population) to sequence the genomes of twelve anadromous and six land-
locked Atlantic salmon populations covering a large part of the Northern Hemisphere 
and conducted a genomewide association study to identify genomic regions hav-
ing been under different selection pressure in landlocked and anadromous strains. 
A total of 28 genomic regions were identified and included cadm1 on Chr 13 and 
ppargc1a on Chr 18. Seven of the regions additionally displayed consistently reduced 
heterozygosity in fish obtained from landlocked populations, including the genes 
gpr132, cdca4, and sertad2 on Chr 15. We also found 16 regions, including igf1 on Chr 
17, which consistently display reduced heterozygosity in the anadromous popula-
tions compared to the freshwater populations, indicating relaxed selection on traits 
associated with anadromy in landlocked salmon. In conclusion, we have identified 37 
regions which may harbor genetic variation relevant for improving fish welfare and 
quality in the salmon farming industry and for understanding life-history traits in fish.

K E Y W O R D S

disease resistance, freshwater resident, GWAS, pool sequencing, Salmo salar, seawater 
adaptation, selective sweeps, smoltification

www.wileyonlinelibrary.com/journal/eva
mailto:
https://orcid.org/0000-0001-7160-6710
mailto:
mailto:
http://creativecommons.org/licenses/by/4.0/
mailto:erikkj@hi.no
mailto:annaw@hi.no


     |  447KJÆRNER-SEMB Et al.

1  | INTRODUC TION

One of the most extreme adaptations in Atlantic salmon (Salmo 
salar) occurred during land rise following the most recent ice age 
~10,000 years ago, when numerous salmon strains became land-
locked throughout the geographical distribution in the Northern 
Hemisphere (Hutchings et al., 2019; Tonteri et al., 2005). Since the 
end of the ice age, landlocked salmon populations have adapted to 
a life in freshwater, losing selection pressures associated with sea-
water, marine diets, and seaborne pathogens. It is likely that differ-
ent landlocked populations of salmon have been exposed to similar 
selection pressures and relaxed selection on seawater traits and 
gone through similar genetic adaptation, sometimes independently 
of each other. Such populations present a unique opportunity to 
identify genomic regions under selection for different important 
traits, as successfully demonstrated in salmon for the age at ma-
turity (Ayllon et al., 2015; Barson et al., 2015) and on genes asso-
ciated with disease resistance (Kjaerner-Semb et al., 2016; Zueva 
et al., 2018).

Previous studies on landlocked salmon populations have found 
that many of the phenotypic transitions associated with preparatory 
changes for a life in seawater differ from their anadromous coun-
terparts in immunology (Ronneseth et al., 2005), and morphology 
and hypo-osmoregulatory capacity (McCormick et al., 2019; Nilsen 
et al., 2007, 2008). We hypothesize that developmental traits associ-
ated with marine life in ancestral anadromous populations have been 
lost or suppressed in landlocked salmon due to relaxed selection on 
seawater traits while advantageous traits have been positively se-
lected. Comparisons between landlocked and anadromous salmon 
may therefore provide an excellent model for identifying genetic 
mechanisms underlying evolution of important phenotypic traits 
during seawater adaptation such as smoltification, resistance to sea-
borne diseases, and omega-3 synthesis.

Farming of Atlantic salmon is a growing industry; however, sus-
tainability issues such as seaborne diseases associated with sea-
cage rearing are currently limiting further growth of the industry 
(Taranger et al., 2015). In the recent past, the industry has also re-
ported an increasing incidence of welfare problems associated with 
production of fast-growing, large smolts in modern industrial facili-
ties including osmoregulatory problems, disease, poor growth, and 
precocious maturity. Domestication of salmon may have affected 
important traits associated with seawater adaptation such as osmo-
regulation, disease resistance, growth, reproduction, and behavior 
(Glover et al., 2017). Currently, we do not understand the genetics 
behind key traits for aquaculture, for example, smoltification, which 
is a key step in the transition into seawater and if not properly con-
trolled by farmers will result in reduced growth and high mortality in 
the sea phase. Hence, there is an increasing demand to explain the 
genetic basis of traits relevant to current aquaculture production, 
which may support selective breeding programs aiming to increase 
the welfare and survival of farmed fish.

Here, we have sequenced and compared genomes of anad-
romous and landlocked salmon populations throughout their 

geographical distribution. We found several genes and genomic 
regions where all the assayed landlocked populations show signs of 
parallel selection. We also identified genes potentially important 
during the marine phase by screening for regions showing consis-
tently relaxed purifying selection in landlocked compared to anad-
romous salmon.

2  | MATERIAL S AND METHODS

2.1 | Sample collection and DNA extraction

All tissue samples have been obtained from scientific sampling or 
from professional or recreational fishers, except the landlocked 
fish from Gullspång and Blege, which were reared in freshwater in 
our hatchery facility (Matredal, Norway) for one (Blege) and two 
generations (Gullspång) under conditions similar to standard com-
mercial fish farming, and are therefore exempt from the Norwegian 
Regulation on Animal Experimentation (NARA). Rearing and sam-
pling of salmon from Connecticut River and Sebago Lake have been 
described previously (McCormick et al., 2019) and were in accord-
ance with U.S. Geological Survey (USGS) institutional guidelines 
and protocol LSC-9096 that was approved by the USGS Leetown 
Science Center Institutional Animal Care and Use Committee. 
Genomic DNA was extracted from scales or fins collected from 
fish representing all the populations included in this study using 
one of several methods including Qiagen DNeasy Blood and 
Tissue or Mini Kits (Qiagen), or a salt-based extraction protocol 
as performed by Tonteri et al. (2005). Populations are shown on 
a map of the Northern Hemisphere in Figure 1 and are listed in 
Table 1, with a more detailed description in Table S1. A schematic 
overview of the organization of populations and analyses is pre-
sented in Figure S1.

2.2 | Pooled genome sequencing

DNA purity was assayed using Nanodrop (Thermo Fisher), and 
fluorometric quantification with Qubit (Thermo Fisher) was used 
to measure DNA concentrations of each sample. DNA pools 
were made by pooling equal amounts of genomic DNA from 
10 individuals from the same population (Rubin et al., 2010). 
One to four pools were made for each population, and DNA 
integrity was inspected by gel electrophoresis. Paired-end li-
braries were made for each pool using Genomic DNA Sample 
Preparation Kit (Illumina), Regular TruSeq Adapter Ligation Kit 
(Illumina), or with TruSeq PCR-free kit (Illumina), and sequenced 
as 100–150-bp paired-end reads using the Illumina HiSeq plat-
form versions HiSeq 2000, HiSeq 2500 and HiSeq X at the 
Norwegian Sequencing Center (https://www.seque ncing.uio.
no). The sequenced pools of anadromous salmon from Norway 
have been used in previous studies (Ayllon et al., 2015; Kjaerner-
Semb et al., 2016) and include only males, while the rest of the 

https://www.sequencing.uio.no
https://www.sequencing.uio.no
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populations either contain separate pools of males and females, 
or pools where males and females have been mixed. Atlantic 
salmon lack typical sex chromosomes, but instead contains the 
sex-determining sdy-locus, which is the only difference between 
males and females (Yano et al., 2013). Therefore, it is unlikely 
that any other regions are highly different between male and fe-
male salmon. All sequence data used in this study are available 
on SRA (BioProject ID: PRJNA627844), with accession numbers 
of all sequenced pools listed in Table S1.

2.3 | Processing of sequence data and SNP calling

To minimize batch effects from the use of different versions of 
the Illumina HiSeq sequencing platform, stringent filtering steps 
were applied to the data. Quality analysis of the sequence data, 
including screening for degenerated adapter sequences, was done 
using FastQC (https://www.bioin forma tics.babra ham.ac.uk/proje 
cts/fastq c/). Read pairs were filtered using Cutadapt (v. 1.18) 
(Marcel, 2011) with the following specifications: The first and last 

F I G U R E  1   Geographical overview of salmon populations. Sequenced genomes of Atlantic salmon from six landlocked populations (green) 
and 12 anadromous populations (combined into three groups, blue) were analyzed in this study and are indicated by numbers on a map of 
the Northern Hemisphere. Genetic distances between the populations are illustrated as a phylogenetic tree based on pairwise calculations 
of fixation index (FST), where the scale bar indicates FST. Organization of subpopulations is illustrated in Figure S1, and a more detailed 
description of the populations is given in Table 1 and Table S1

Population
Short 
name Country Anadromy

Number of pools of 
10 individuals

Depth of 
coverage 
for SNPs

Western Norway WN Norway Anadromous 24 244

Northern Norway NN Norway Anadromous 15 134

Connecticut River CON USA Anadromous 2 32

Sebago Lake SEB USA Landlocked 2 30

Gullspång GUL Sweden Landlocked 2 23

Blege BLE Norway Landlocked 2 25

Luzhma LUZ Russia Landlocked 1 18

Saimaa SAI Finland Landlocked 1 17

Tulema TUL Russia Landlocked 1 17

Note:: WN contains four pools from each of 6 populations from Western Norway, and NN contains 
3 pools from each of five populations from Northern Norway. The average depth of coverage for 
SNPs is given as peak values (the depth value that was most prevalent in each sample), as visualized 
in Figure S2. A more detailed description of all populations used in this study is presented in Table 
S1 and illustrated in Figure S1.

TA B L E  1   Anadromous and landlocked 
populations analyzed by pooled whole-
genome sequencing

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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two bases of each read were removed (using the parameters -u 2 
-u −2 -U 2 -U −2), and low-quality bases were trimmed from the 3’ 
end of each read by setting the option −q to 25. Minimum overlap 
between adapter and read sequences was set to 15 bp using the -O 
option, and reads containing adapters and reads shorter than 75 bp 
were discarded (--discard and -m options, respectively). Filtered 
reads were mapped to the Atlantic salmon reference genome (v. 
ICSASG_v2) (Lien et al., 2016) using Bowtie2 (v. 2.3.4.3) (Langmead 
& Salzberg, 2012) with default parameters. The mapped reads were 
further processed with Samtools (v. 1.9) (Li et al., 2009) for duplicate 
removal, quality filtering, and SNP calling as follows: First, the align-
ment files were converted to BAM format with ‘samtools view’ using 
the -b option, followed by sorting by read names using ‘samtools 
sort’ with the -n option. Read mate information was updated using 
‘samtools fixmate’ with the -m option, followed by coordinate sort-
ing with ‘samtools sort’, before marking duplicated reads with ‘sam-
tools markdup’. Finally, reads were filtered with ‘samtools view’ with 
the −q option set to 20 to remove reads with ambiguous mapping 
and setting the -F option to 1,024 to remove duplicated reads. SNPs 
were called for each population using ‘samtools mpileup’ with the -a 
and -B options, and minimum base and mapping quality thresholds 
(-Q and -q options, respectively) of 20. The resulting mpileup file was 
further converted to sync format (as used in PoPoolation2) (Kofler 
et al., 2011) and filtered (using custom scripts) by retaining only SNPs 
having global minor allele counts of at least 2 and exactly two alleles. 
Pools belonging to the same population were merged by summing 
the allele counts of the pools. Subsequently, the anadromous popu-
lations from Western Norway (n = 6) and Northern Norway (n = 5) 
were grouped as two populations by summing the allele counts for 
the populations contained in each of the two groups (since they had 
been sequenced in the same way, with similar depths of coverage), 
resulting in a total of 9 populations (illustrated in Figure S1 and listed 
in Table 1, with more details shown in Table S1). Finally, each SNP 
was required to have a minimum depth of coverage of 5 in each of 
the 9 populations (i.e. SNPs with coverage less than 5 in any popula-
tions were discarded from the entire dataset), and SNPs in unplaced 
scaffolds or in mitochondrial DNA were discarded. The SNPs were 
annotated and divided into functional categories with SnpEff (v. 4.2) 
(Cingolani et al., 2012) using the Atlantic salmon reference genome 
annotation.

2.4 | Phylogenetic analysis of sequenced 
populations

FST was calculated (with a custom Python script, Script S1) for all 
pairwise comparisons which included all the identified SNPs, using 
the formula FST=

p(1−p)−p(1−p)

p(1−p)
 presented in (Nei, 1977), for each SNP, 

where p represents the allele frequency of the reference allele 
for each of the two populations in each pairwise comparison. FST 
values of all SNPs were averaged for each pairwise comparison to 
make a distance matrix. The distance matrix was used to generate 
a neighbor-joining tree using Neighbor from the Phylip package (v. 

3.696) (Felsenstein, 2005) and the tree was visualized in Geneious (v. 
10.2.4) (Kearse et al., 2012).

2.5 | Identifying differentiated SNPs and 
selective sweeps

Identification of SNPs that were differentiated between anadro-
mous and landlocked populations was done by calculating the dif-
ference in allele frequency between the two groups (dAF) (Carneiro 
et al., 2014) using the formula dAF= |

|pL−pA
|
| for each SNP, where pL 

and pA are the average reference allele frequencies of the landlocked 
(n = 6) and anadromous (n = 3) populations, respectively. Our aim 
was to uncover differentiated genomic regions, indicating selective 
sweeps, so we performed a genomewide screen for regions contain-
ing several highly differentiated SNPs. Selective sweeps were pre-
dicted in 100 kb sliding genomic windows with 50 kb step size, only 
considering windows having at least 10 SNPs with a minimum dAF 
of 60%. Each window was then extended 50 kb to each side, and 
overlapping windows were merged. Regions passing these criteria 
were considered as putative selective sweeps.

2.6 | Pooled heterozygosity

In order to ensure high quality of the data, SNPs with inconsistent 
depths of coverage were removed from the initial set of SNPs by 
using strict filtering with the requirement that the depth of cover-
age for each SNP had to be within one standard deviation of the 
peak depth for each population (Figure S2). If a SNP had depth of 
coverage outside this threshold in any population, it was discarded 
from the entire dataset. Heterozygosity was calculated in 50 kb slid-
ing genomic windows with a step size of 1 bp. Using 1 bp step size 
provides a much higher genomic resolution as it includes all pos-
sible genomic windows, and is explored in more detail in Qanbari 
et al. (2012). Windows having low numbers of polymorphic loci 
are more susceptible to spurious fixation signals and uncertain 
heterozygosity values, so to increase the confidence of the analy-
sis, windows having fewer than 10 SNPs were discarded (Qanbari 
et al., 2012; Rubin et al., 2010). For each population, the pooled 
heterozygosity of a window (Hp) was calculated with the formula 
Hp=

1

n

∑n

i=1
2pi(1−pi), where pi is the allele frequency of the global 

major allele for the i-th SNP in a given window containing n SNPs. 
This is similar to what has been done in Qanbari et al. (2012) and 
Rubin et al. (2010), except that we calculate the heterozygosity for 
each SNP and take the average for each window.

To control for background levels of genetic diversity differences 
between populations caused by genetic drift, Hp values for each 
population were normalized by conversion to Z-scores (ZHp) using 
the formula ZHp= Hp−�Hp

�Hp

 for each genomic window in a population, 
where µHp is the mean and σHp is the standard deviation of all the Hp 
values in a given population, resulting in a distribution of ZHp where 
µZHp = 0 and σZHp = 1 for each population (Rubin et al., 2010). The 
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difference in ZHp values (dZHp) between landlocked and anadro-
mous populations was determined with the formula 
dZHp=ZHpA−ZHpL, where ZHpA and ZHpL are the ZHp values of a 
given genomic window from anadromous and landlocked popula-
tions, respectively. Since outlier values can have a strong influence 
on the average, and since we were interested in regions showing 
consistent signs of differentiated heterozygosity, windows were 
considered to be consistently differentiated if they passed the fol-
lowing criteria: For a given window, each of the populations in one 
group should have ZHp above their respective population averages, 
while each of the populations in the other group should have ZHp 
below their respective population averages. Since the average ZHp 
of all windows in any given population is 0 because of the conversion 
of Hp values to Z-scores, this means that all populations in the first 
group should have ZHp values > 0, and all populations in the other 
group should have ZHp values < 0, for a given window to be consid-
ered differentiated. Overlapping windows with differentiated ZHp 
values were merged using the ‘intersect’ tool from Bedtools, into 
regions with reduced heterozygosity in either anadromous or land-
locked salmon.

Differentiated regions under selection are often characterized 
by a reduction in heterozygosity in the populations experiencing 
the selective pressure and are an indication of adaptive divergence 
(Kjaerner-Semb et al., 2016; Smith & Haigh, 1974). To identify re-
gions undergoing adaptive divergence, regions with consistently re-
duced ZHp were compared with regions containing differentiated 
SNPs by intersecting the lists of regions with the ‘intersect’ tool from 
Bedtools.

One of our main aims was to identify regions with consistently 
reduced heterozygosity in anadromous populations. Because 
our dataset only included three anadromous populations, we ex-
tended the number of populations by including additional popu-
lations from a study performed by Zueva et al. (2018), in which 
the authors screened the salmon genome for signatures of par-
asite-driven selection in north European salmon using a 220K 
SNP array. The dataset contains several anadromous salmon pop-
ulations from Barents Sea (n = 10) and White Sea (n = 22) and 
landlocked populations from the Russian lakes Ladoga (n = 6) and 
Onega (n = 5). Each population is represented by allele frequen-
cies of DNA pools of >22 individuals per population obtained 
from a SNP array comprising 197,431 SNP markers. To analyze 
the data, allele frequencies were averaged over the populations 
from each of the four groups (Barents Sea, White Sea, Ladoga, 
and Onega) and heterozygosity was analyzed similarly to what was 
done for the sequenced populations in the present study. Briefly, 
Hp was calculated in 50 kb sliding genomic windows with 1 bp 
step size followed by conversion to Z-scores. Genomic windows 
where max(ZHpA) < 0 and min(ZHpL) > 0, where ZHpA and ZHpL 
are the ZHp values of a given genomic window from anadromous 
and landlocked populations, respectively, were considered as hav-
ing reduced heterozygosity in the anadromous salmon. Regions 
with consistent reduction in heterozygosity in anadromous 
salmon were defined as regions with reduced ZHp in anadromous 

salmon in our sequence-based data that overlapped with windows 
showing reduced ZHp in anadromous salmon from the dataset 
presented in Zueva et al. (2018). The same approach was used 
to identify regions with consistently reduced ZHp in landlocked 
populations. Genomic windows passing the criteria max(ZHpL) < 0 
and min(ZHpA) > 0, where ZHpL and ZHpA are the ZHp values of 
a given genomic window from landlocked and anadromous popu-
lations, respectively, were considered as having consistently re-
duced heterozygosity in the landlocked salmon.

2.7 | Genotyping individual fish

To obtain individual-specific genotype distributions and to investi-
gate more anadromous and landlocked populations at the genome 
regions of interest, Custom TaqMan SNP Genotyping Assays (cat. 
no 4332077, Thermo Fisher) were designed for the SNPs Chr13: 
66061636 and Chr15: 41215721, see Results (primers and probes 
are listed in Table S2). From each of the populations listed in Table 
S1, 10–61 individuals were genotyped for both SNPs. The genotyp-
ing assays were run on QuantStudio 5 (Thermo Fisher).

2.8 | Gene annotation and tissue-specific gene 
expression analysis

The Atlantic salmon reference gene model GFF file (v. ICSASG_v2) 
(Lien et al., 2016) was used to identify genes in genomic regions of 
interest by overlapping the GFF file with BED files containing se-
lected regions using the ‘intersect’ tool from the Bedtools package 
(v. 2.26.0) (Quinlan & Hall, 2010). Genes were annotated by perform-
ing alignment searches using BLASTP (Altschul et al., 1997) with the 
amino acid sequences from the reference gene models against the 
Swiss-Prot database (v. 2015.08.10). Tissue-specific expression pro-
files of genes in these genomic regions of interest were examined 
using RNA-Seq data from various salmon tissues obtained from SRA 
(BioProject ID: PRJNA72713). Briefly, sequence reads were mapped 
to the gene models using Bowtie2, and read counts were summed 
for each gene ID and normalized by total mapped read counts. 
Heatmaps were made by first discarding genes that had normalized 
read counts <50 in all assayed tissues, before using J-Express (v. 
2012) (Dysvik & Jonassen, 2001) to generate heatmaps using high-
level mean and variance normalization, with complete linkage clus-
tering and Euclidean distance measure. Gene expression in gills of 
salmon exposed to saltwater for 24 hr was examined using RNA-Seq 
data obtained from Array Express (accession number E-MTAB-8276), 
described previously in Iversen et al. (2020). Sequence reads were 
filtered using Cutadapt with parameters -q 20 -O 8 and -m 40 and 
mapped to the salmon gene models with Bowtie2 using default 
settings. DESeq2 (Love et al., 2014) was used to identify differen-
tially expressed genes between fish exposed to saltwater (n = 84) 
and controls (n = 83) divided into six different sampling points (the 
fish were approximately 7 months of age at experiment start). Read 
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counts were summed for each gene ID and normalized by total 
mapped read counts.

2.9 | Determination of missense SNP ancestral state

Ancestral state of a missense SNP in the candidate gene cadm1 (see 
Results) was determined by aligning the Cadm1 amino acid reference 
sequence (accession: XP_013992853) against the refseq_protein da-
tabase using BLASTP (https://blast.ncbi.nlm.nih.gov), only including 
matches to teleost fishes (taxid: 32443).

3  | RESULTS AND DISCUSSION

Landlocked salmon have been isolated in freshwater lakes for mil-
lennia, where they have been shaped by subsequent evolution as 
they adapted to a life without oceanic migration. Traces of the un-
derlying evolutionary forces they have been subjected to including 
those they are no longer influenced by can be revealed by genome 
sequencing. By pooled whole-genome sequencing, we have com-
pared the genomes of 6 landlocked and 12 anadromous salmon 
populations from a wide geographical range across the Northern 
Hemisphere (Figure 1, Figure S1, Table 1) and uncovered genes and 
genomic regions with signs of selection and adaptation in response 
to life with or without marine migration.

Sequence reads mapped to the Atlantic salmon reference ge-
nome were used to identify a total of 43,329,247 single nucleotide 
polymorphisms (SNPs) in the genomes of landlocked and anadro-
mous salmon. Atlantic salmon inhabit the entire coast of Norway; 
however, due to gene flow between neighboring populations, 
they are quite homogeneous and were therefore divided into two 
major groups representing the western and northern Norwegian 
populations (Kjaerner-Semb et al., 2016; Wennevik et al., 2019). 
Phylogenetic analysis showed that the genetic relationship between 
the populations included in this study corresponded with expected 
geographical distributions and colonization patterns (Bourret 
et al., 2013), with the greatest differentiation between the west-
ern and eastern Atlantic populations (Figure 1). It further showed 
that despite relatively small geographical separation, the Luzhma 
and Tulema populations were phylogenetically quite far apart, sup-
ported by previous reports showing that these populations likely 
originate from different postglacial refugia in the Eastern Barents-
White Sea and Baltic Ice Lake, respectively (Bourret et al., 2013; 
Tonteri et al., 2005).

3.1 | Genomewide SNP analysis reveals 28 
selective sweeps

Identification of differentiated SNPs was based on the difference 
between average SNP allele frequencies between two groups (dAF). 
This allowed us to identify parallel selection on genetic variation in 

multiple landlocked populations, where SNPs present in the ancestral 
anadromous populations were subjected to strong positive selection 
for the same allele after the formation of the landlocked populations. 
We used two different thresholds for reporting differentiated SNPs; 
dAF > 0.5, which resulted in 15,038 SNPs, and dAF > 0.6, resulting 
in 2,194 SNPs. Regions harboring at least ten differentiated SNPs 
(dAF > 0.6) in 100 kb sliding genomic windows were regarded as se-
lective sweeps, and genomewide screening revealed 28 sweeps con-
taining many differentiated SNPs, potentially resulting from different 
selection pressures in the landlocked and anadromous populations 
(Figure 2a, Table 2).

3.2 | Pooled heterozygosity—identifying regions 
under recent directional selection

Pooled heterozygosity (Hp) can be used as a measure of the amount 
of genetic variation present in a given region of the genome of a 
population, where reduced Hp can indicate recent directional selec-
tion (Qanbari et al., 2012; Rubin et al., 2010). The approach used in 
this study was based on 50 kb sliding windows with 1 bp step size 
across the entire genome after strict filtering on depth of coverage 
from the sequencing (Figure S2), and excluding windows having less 
than 10 SNPs, retaining 10,589,760 (25%) SNPs resulting in a total 
of 2,161,561,871 genomic windows. To be able to compare the dif-
ferent groups, and to reduce the noise from genetic drift, Hp values 
were normalized by conversion to Z-scores (ZHp) for each popula-
tion. Difference in heterozygosity was quantified based on the dif-
ference of average ZHp between the two groups in the genomic 
windows (dZHp) (Figure 3). To identify regions with consistently 
reduced heterozygosity in one of the two groups, we screened for 
regions where all populations in one group had lower than average 
ZHp and all populations in the other group had greater than average 
ZHp (and vice versa; Figure 3). We believe that this approach pro-
vides consistent results, as it is not dependent on any given arbitrary 
cutoffs, and it avoids bias caused by outlier samples. The analysis 
of heterozygosity revealed 481 regions showing reduced levels of 
normalized heterozygosity in the landlocked compared to the ana-
dromous populations, and 485 regions having reduced normalized 
heterozygosity in anadromous populations compared to the land-
locked populations (regions are listed in File S1). Reduced levels of 
heterozygosity in a region containing differentiated SNPs indicate 
relatively recent selection and can be used to infer which popula-
tions that have experienced the selective forces (Rubin et al., 2010). 
When the regions with consistently reduced heterozygosity were 
compared to the 28 selective sweeps found by screening for regions 
with differentiated SNPs, 7 and 0 of the sweeps overlapped with 
regions having reduced heterozygosity in landlocked and anadro-
mous salmon, respectively (Figure 3 and Table 2). Interestingly, all 
the overlapping regions were found in landlocked salmon, indicating 
that these have experienced parallel selection on the same alleles, 
and potentially contain genetic variants that are favorable for life in 
freshwater only.

https://blast.ncbi.nlm.nih.gov
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3.3 | Regions with consistently relaxed selection in 
landlocked salmon

Heterozygosity is commonly used as an index of genetic diversity 
and can also provide indications of purifying selection that keeps 
genomic regions from accumulating deleterious mutations. If a gene 
or region becomes less relevant in a population, it is more likely to 
accumulate mutations that are not purged from the population. This 
can be used to identify genomic regions that are under purifying 
selection due to a conserved function of the genes in that region. 
For example, genes that are vital for survival at sea can be expected 
to accumulate more mutations in landlocked salmon that no longer 
require that specific function to be maintained since they no longer 
migrate to the sea, and therefore experience a reduction in selec-
tion pressure. Therefore, we aimed to uncover genomic regions and 
genes that show increased genetic diversity in landlocked salmon 
compared to anadromous salmon, potentially leading to discovery of 
genes associated with seawater-related traits relevant for aquacul-
ture, such as resistance to seaborne diseases or smoltification.

To narrow down the list of regions showing consistently reduced 
heterozygosity in anadromous salmon in our data (n = 485), and to 
see whether any of the regions are conserved in other datasets and 
other populations, we analyzed allele frequency data from Zueva 

et al. (2018), which includes several additional landlocked popu-
lations from the two Russian lakes Ladoga and Onega as well as 
anadromous populations from the Barents Sea and the White Sea. 
The populations were grouped into four groups: Ladoga, Onega, 
Barents Sea, and White Sea, by calculating the average allele fre-
quency for each SNP marker in each group. Heterozygosity was 
analyzed using the same parameters as for the sequence data in 
the present study, and the regions with reduced heterozygosity in 
anadromous salmon that overlapped with our data are reported. In 
total, 1,217 regions showed reduced heterozygosity in anadromous 
populations relative to landlocked populations in that dataset, 16 
of which overlapped with the regions showing reduced heterozy-
gosity in anadromous populations in our data (shown in Table 3, 
and indicated by red dots in Figure 3). Since they are conserved 
in both datasets, these regions are expected to contain potential 
candidates for genes that are important for the seawater phase. The 
16 regions covered 34 genes and, interestingly, included insulin-like 
growth factor 1 (igf1) (Figure 4). Igf1 is known to promote the devel-
opment of salinity tolerance in Atlantic salmon (McCormick, 1996; 
Sakamoto et al., 1993), and transfer to seawater is associated with 
increasing plasma levels of Igf1 (McCormick, 2001). Together with 
growth hormone and cortisol, Igf1 is involved in increasing Na+/K+ 
ATPase activity in gills in different salmonids to promote seawater 

F I G U R E  2   Differentiated genomic regions. (a) Manhattan plot showing SNP allele frequency differences (dAF) between landlocked 
and anadromous populations of Atlantic salmon in the Northern Hemisphere. The x-axis shows chromosomal positions along the salmon 
genome, and the y-axis shows the difference in allele frequencies between the two groups. SNPs in selective sweep regions (n = 28), 
identified using a threshold of dAF > 0.6 using 100 kb nonoverlapping genomic windows are marked in red. (b) Heatmap showing tissue 
distribution of normalized gene expression of genes in the identified selective sweeps. Green = increased expression, blue = reduced 
expression. A detailed view of the heatmap including gene IDs is shown in Figure S4. (c) Upregulation of ppargc1a in gills after 24 hr 
saltwater exposure. The y-axis shows normalized read counts for ppargc1a in salmon gills, and the x-axis shows the sampling points given as 
number of days since experiment start. Blue indicates salmon challenged with saltwater (SW) for 24 hr and green indicates salmon kept in 
freshwater (FW). Contrasts between FW and SW were significant at each sampling point (padj < 4.38E-41)
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tolerance (Bjornsson et al., 1987; Madsen, 1990; McCormick, 1996; 
Seidelin et al., 1999). Igf1 is also involved in growth regulation of 
vertebrates including teleost fish (McCormick et al., 1992; Wood 
et al., 2005), and in farmed Atlantic salmon, SNPs in igf1 have 

been associated with overall body weight and fillet weight (Tsai 
et al., 2014). It is therefore possible to speculate that the gene is con-
served in anadromous salmon because of its importance in smoltifi-
cation and seawater growth, which are processes that have become 

TA B L E  2   Selective sweeps differentiated between anadromous and landlocked populations. Regions harboring ≥ 10 SNPs having dAF 
values ≥ 0.6 identified in 100 kb nonoverlapping genomic windows

Chromosome Chromosomal region Sweep length (bp) Genes

1 50,450,000–50,700,000 250,000 dntt, hs3st1

1 81,550,000–81,800,000 250,000 rab4a, psmb1-a, rhou, unknown, phf10, tbp, ccsap, 
pdcd2, galnt2, act2

3 54,000,000–54,250,000 250,000 csf2rb2, dnal4, unknown, baiap2l2, unknown, 
nptxr, ms4a12, ms4a12, trim33

4 51,750,000–51,950,000 200,000 shpk, ncor1, unknown, ubi-p63e, p2rx5, emc6, 
trpv1, pigl, trpv1

4 52,450,000–52,850,000 400,000 unknown, mrpl22, gemin5, unknown

4 63,300,000–63,500,000 200,000 arhgef12, tmem136, oaf, unknown, pde9a, 
slc37a2, pou2f3, unknown, hepacam, ccdc15

5 8,550,000–8,800,000 250,000 kif3a, sh3rf1

5 41,350,000–41,600,000 250,000 il1rapl2

6 72,050,000–72,300,000 250,000 dio3, unknown, hsp90a.1, hsp90a.1, wdr20, mok, 
slamf6, ppp2r5d, slamf6

9 18,500,000–18,800,000 300,000 mycl1b, unknown, mfsd2ab, marcksl1, nt5c1a

9† 62,150,000–62,400,000 250,000

10 66,100,000–66,300,000 200,000 unknown, unknown, pik3c2a, nucb2, trim16, tdg, 
api5, samm50a, tdg, hsd17b12a

10 71,250,000–71,450,000 200,000 glg1, fbln7, tf2−9, afg3l1, cacna2d4, lrtm2

11 700,000–900,000 200,000 unknown, alk

11 48,450,000–48,850,000 400,000 nrg1, ppp2cb, zbtb43, pat, chd1, pde4d

13 65,950,000–66,200,000 250,000 cadm1

15 34,950,000–35,200,000 250,000 ehd3, galnt14, angel2, vash2, flvcr1, spata45, nsl1, 
atf3, batf3, tatdn3

15 41,000,000–41,350,000 350,000 sertad2, ism2, sptlc2, sel1l, znf706, ahsa1, 
vipas39, cdca4, snw1, sel1l, plb1, gpr132

18 49,600,000–50,100,000 500,000 frem1, unknown, rap1gds1, ppargc1a, htr3a, bmp4, 
tspan5, znf135, znf180, zmym1, znf135, ankhd1, 
znf596, dhx15, unknown, ccdc149b

20 75,350,000–75,600,000 250,000 wdr49, pdcd10

21 18,050,000–18,300,000 250,000

23 9,950,000–10,200,000 250,000 lurap1, ttc4, rln3, unknown, unknown, sgip1, pars2, 
unknown

24† 17,450,000–17,800,000 350,000 unknown, unknown, mlxip, mlxip, rsrc2, zcchc8, 
clip1, hip1r, b3gnt7, setd8, pitpnm2, bcl7a, rilpl2, 
unknown, cdk2ap1, wdr66

24 18,400,000–18,650,000 250,000 pitpnb, mn1

24 40,000,000–40,250,000 250,000 ubqln1, frmd3, idnk, gkap1, fbxl2, rasef, tle1, tle4

25 37,700,000–37,950,000 250,000 il1rapl1b, gspb, nr0b1, cxorf21

28 21,050,000–21,300,000 250,000 camkmt, hpse2, fam178a

29 29,250,000–29,650,000 400,000 zfhx4, unknown, rnf12-b, ezh2, pdia4

Note:: Gene symbols of genes from the reference annotation are shown as obtained from the annotation against Swiss-Prot, where genes lacking a 
gene symbol are indicated by “unknown”. Sweeps overlapping regions with reduced ZHp in landlocked salmon (n = 7) are presented in bold. Sweeps 
overlapping regions with reduced ZHp in both our data and the data from (Zueva et al., 2018; n = 2) are indicated by †. A detailed description of the 
genes can be found in File S2.
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less relevant for landlocked salmon (Nilsen et al., 2008). Another 
interesting gene showing consistently reduced heterozygosity in 
anadromous populations was TGF-beta receptor 1 (tgfbr1), which 
is involved in regulation of many different processes in salmonids 
(Maehr et al., 2012). It has been shown to have a widespread tissue 
distribution and is highly expressed in the brain and muscle, as well 
as in immune-related cells in rainbow trout (Maehr et al., 2012), al-
though in Atlantic salmon the highest expression level was found in 
ovary (Figure S3). It is also worth noting that of the 16 regions with 
consistently reduced heterozygosity in anadromous salmon, two 
of the regions contained paralog regions that were duplicated in 
the salmonid-specific whole-genome duplication (Lien et al., 2016) 
(Table 3). This indicates that the genes in these regions are under 
strong purifying selection in anadromous salmon, which has been 
relaxed in landlocked salmon. The paralog regions overlapped the 
genes signal peptidase complex subunit 3 (spcs3), WD repeat domain 
17 (wdr17), and ankyrin repeat and SOCS box containing 5 (asb5). 
Their functions in fish are not well characterized; however, Wdr17 
has a function in eyes in mice (Chiang et al., 2020), and there is 
evidence that spectral sensitivity and eye pigments differ in fresh-
water and seawater life stages in salmon (Temple et al., 2008). spcs3 
and asb5 have been assigned to Reactome pathways (https://react 
ome.org) such as “Viral mRNA Translation,” and “Class I MHC medi-
ated antigen processing and presentation”, respectively, suggesting 
that these might be related to resistance against seaborne diseases.

We also identified regions with consistently reduced ZHp in 
landlocked populations included on the SNP array data presented 
in (Zueva et al., 2018). In total, 1,274 regions showed consistently 
reduced ZHp in the landlocked populations (Files S1 and S2), and 
comparison with ZHp values from the pool-seq data revealed 63 
regions with consistently reduced ZHp in both datasets (Table S3). 
Further, two of the regions overlapped with selective sweeps iden-
tified on Chr 9 and 24 (Table 2). It is worth noting that the relatively 
low number of marker positions on the SNP array compared to the 
genomic sequence data restricts the analysis to only regions covered 
by a sufficiently large number of SNPs on the SNP array.

3.4 | Tissue-specific gene expression of genes in 
selective sweeps

Since genetic variants in the selective sweeps can affect one or more 
genes inside or outside the identified regions, the genes under se-
lection remain unknown. Inspecting the expression patterns of the 
genes in the sweeps can offer clues about their function and if they 
are likely to be involved in a trait under selection. A total of 172 
genes were located in the 28 sweep regions, and examining tissue-
specific distribution of gene expression showed that several genes 
in the sweeps have expression in immune-related tissues such as 
spleen, head kidney, and gill, while the majority of the genes were 

F I G U R E  3   Differences in ZHp between landlocked and anadromous salmon. Manhattan plot showing regions with differentiated ZHp 
between landlocked and anadromous salmon in 50 kb sliding windows with 1 bp step size along the chromosomes of the Atlantic salmon 
genome. The x-axis shows the position in the genome, and the y-axis presents the difference in average heterozygosity (dZHp) between 
the two groups, where regions with low ZHp in landlocked salmon are present above 0 and regions with low ZHp in anadromous salmon 
are present below 0. Regions with consistently reduced heterozygosity in landlocked salmon that overlapped with any of the 28 selective 
sweeps are shown as yellow dots, and regions with consistently reduced heterozygosity in anadromous salmon (intersect of our data and 
data from Zueva et al. (2018)) are shown as red dots. The regions highlighted by yellow and red dots are listed in Table 2 (in bold) and Table 3, 
respectively

https://reactome.org
https://reactome.org
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Chromosome Chromosomal region
Region length 
(bp) Genes

2 10,526,090–10,576,406 50,316 clcn1

2 26,241,445–26,298,376 56,931 etv1, dgkb

2 32,506,524–32,558,150 51,626 unknown, macf1, 
rft2

3 61,880,141–61,931,499 51,358

4 11,625,820–11,676,588 50,768 spcs3, wdr17, asb5

5 47,905,828–47,964,764 58,936 eif3e, rspo2

7 44,096,893–44,148,649 51,756 ppfia2

8 11,124,829–11,176,404 51,575 asb5, spcs3, wdr17

8 12,454,313–12,553,935 99,622

8 16,940,959–17,026,461 85,502 unknown, g3bp2, 
ppm1k, uso1, 
pkd2, abcg2

11 13,759,622–13,812,520 52,898 cadn

11 17,877,623–17,927,732 50,109 sbf2

14 25,660,660–25,712,400 51,740 tgfbr1

17 44,490,402–44,541,187 50,785 spic, bcl2l13, 
mybpc3

17 44,642,974–44,693,695 50,721 mch2, igf1, parpbp

27 161,241–236,092 74,851 psmd4, unknown, 
pip5k1a, znf687

Note:: Gene symbols of genes from the reference annotation are shown as obtained from the 
annotation against Swiss-Prot, where genes lacking a gene symbol are indicated by “unknown”. A 
detailed description of the genes can be found in File S2.

TA B L E  3   Regions with reduced 
heterozygosity in anadromous salmon. 
Listing regions showing consistently 
reduced heterozygosity in anadromous 
compared to landlocked populations 
(intersect of our data and the data from 
Zueva et al. (2018)).

F I G U R E  4   Detailed view of a region showing reduced ZHp in anadromous salmon overlapping igf1 on Chr 17. Magnification showing a 
100 kb region on Chr 17 covering genomic windows with reduced heterozygosity in anadromous salmon. The x-axis shows the chromosomal 
positions given in kb and the y-axis shows the normalized heterozygosity values (ZHp). Each curve presents ZHp values in 50 kb sliding 
windows (with 1 bp step size) of a population, where the center position of each window is plotted. Anadromous populations are indicated 
by dotted lines. The horizontal black line indicates the average ZHp of each population (µ = 0 after normalization by calculation of Z-scores). 
Vertical dotted lines indicate the start and end of the region with reduced ZHp in anadromous salmon. Genes from the reference annotation 
are shown in the bottom. Population codes are explained in Table 1
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predominantly expressed in brain and gonads (Figures 2b and S4, 
File S2). These gene expression patterns point to (although not con-
clusive) selection acting on genes related to traits such as immune 
response, behavior, and reproduction. We also wanted to investigate 
if we could observe any tissue-specific enrichment for genes under 
selection. Compared to other tissues, gonad and brain express a large 
number of genes (Lien et al., 2016; Sonawane et al., 2017), which will 
cause a bias toward genes expressed in those tissues, making it dif-
ficult to identify any potential over-representation of genes under 
selection in certain tissues. Distribution of tissue-specific gene ex-
pression of a representative set of genes selected by random did not 
differ from that of genes in the sweeps (Figure S5), indicating that 
such enrichment is either not present, or the large number of genes 
in the sweeps that are not under selection masks the enrichment.

3.5 | Genes in selective sweeps differentially 
expressed in the gill in response to saltwater

We also screened the sweeps for genes differentially expressed in 
juvenile fish exposed to saltwater by re-analysis of a recently pub-
lished RNA-Seq dataset (Iversen et al., 2020) from salmon gills. This 
revealed that 14 of the genes in the sweeps were differentially 
expressed (padj < .001) in at least one sampling point in fish chal-
lenged by saltwater for 24 hr at six sampling points over a 110-day 
period (File S3). Strikingly, it further revealed a highly significant 

upregulation of pparg coactivator 1 alpha (ppargc1a) at all sampling 
points (padj < 4.38E-41, Figure 2c). This gene encodes a transcrip-
tional cofactor located in a sweep on Chr 18 (positions 49,600,000–
50,100,000) and is a master regulator of mitochondrial biogenesis 
and energy expenditure (Fernandez-Marcos & Auwerx, 2011). Mice 
lacking this gene show reduced mitochondrial respiratory capacity 
and an increased expression of lipogenic genes (Leone et al., 2005). 
Adaptation to seawater is an energy-demanding process (Hoar, 2008) 
and salmon smolt show elevated respiratory enzyme activity and 
mitochondrial proliferation (Maxime et al., 1989), suggesting that 
ppargc1a can be a potential target for selection on salinity tolerance 
and smoltification.

3.6 | The most differentiated selective sweep on 
Chr 15

The selective sweep with the most differentiated SNPs was found on 
Chr 15 (positions 41,000,000–41,350,000, Figures 5a and S6), show-
ing reduced heterozygosity in all the sequenced landlocked popula-
tions (positions 41,136,048–41,224,312, File S1), indicating that the 
sweep is under selection in landlocked salmon. Interestingly, in the 
landlocked Luzhma population, the SNPs in the 5’ half of the sweep 
to a large extent have the same alleles as the anadromous strains, 
while the 3’ half of the sweep contains SNPs that are highly differ-
entiated from the anadromous salmon (Figure S6). This suggests that 

F I G U R E  5   Detailed view of the 
genomic region on Chr 15 containing 
SNP alleles near fixation in all landlocked 
populations analyzed in this study. (a) 
Magnification showing 500 kb of the 
selective sweep on Chr 15. SNPs are 
shown as black dots. The x-axis shows 
the chromosomal positions given in kb 
and the y-axis presents the difference 
in allele frequencies between the two 
groups (dAF). Genes from the reference 
annotation are shown in the bottom. 
(b) Genotype frequencies in different 
populations based on genotyping of 
individual fish for a SNP at position 
41,215,721 in Chr 15 (indicated by a 
red dot). AA = homozygous for the 
anadromous allele, LL = homozygous for 
the landlocked allele, AL = heterozygous. 
Population codes are explained in Table 
S1. The numbers in parentheses show the 
number of genotyped individuals from 
each population

(a)

(b)
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the sweep has been broken up by recombination in the ancestors of 
the Luzhma population, or during more recent secondary contact, 
for example, via stocking. Together with the observed reduction 
in heterozygosity in this region in all the landlocked populations, it 
seems that the region under selection in the landlocked populations 
is located at the 3′ side of the sweep, overlapping with cell division 
cycle associated 4 (cdca4), SERTA domain-containing protein 2 (sertad2) 
and a threonine tRNA (GeneID: 106455098), and in close proximity 
to G protein-coupled receptor 132 (gpr132). Four SNPs were almost 
fixed in opposite directions in landlocked and anadromous salmon 
(dAF > 0.8), even across the Atlantic Ocean. These SNPs were found 
in the 3′ UTR and 1,160 bp downstream of sertad2, and 817 bp up-
stream and 835 bp downstream of the threonine tRNA. Genotyping 
a larger number of fish (n = 10–61 per population, Table S1) for the 
SNP in the 3′ UTR of sertad2 confirmed our observation (Figure 5b). 
The gene sertad2 has been shown to modulate adipocyte function, 
and mice lacking the gene show increased lipolysis (Liew et al., 2013). 
If the causative variant affects sertad2 gene regulation differently 
in landlocked and anadromous salmon, it is possible to imagine a 
mechanism where reduced expression in landlocked salmon inhibits 
lipolysis, allowing them to retain their lipid stores, which could be 
beneficial in a nutrient-poor environment. The gene gpr132 encodes 
a membrane receptor involved in modulation of several biological 
processes. In mammals, it is highly expressed in macrophages (Bolick 
et al., 2009; Chen et al., 2017), where it has been shown to facilitate 
macrophage M2 activation and to have a pro-inflammatory effect 
(Chen et al., 2017). In the salmon tissue distribution dataset (Figure 

S4), we observed higher expression in immune-related tissues such 
as spleen and head kidney, suggesting a possible role of this gene 
in immune defense in salmon. It is possible that different pathogen 
or parasite exposure in freshwater and seawater has been a driving 
force for selection on disease resistance (a topic discussed in more 
detail by Zueva et al. (2018)). Not much is known about cdca4, how-
ever, the gene encodes a regulator of transcriptional activation in-
volved in cell proliferation (Hayashi et al., 2006) and has been shown 
to interact with p53 to promote apoptosis upon DNA damage (Hsieh 
et al., 2002; Pang et al., 2019). In humans, tRNA copy number vari-
ations can have phenotypic effects (Iben & Maraia, 2014; Kirchner 
& Ignatova, 2015). Since the two most differentiated SNPs in the 
sweep were located up- and downstream of a threonine tRNA, it is 
possible that they affect the transcription of the tRNA and therefore 
maybe affect phenotypic traits or physiological processes depend-
ent on a certain amount of available threonine tRNA in the cell.

3.7 | The selective sweep on Chr 13 contains a 
missense SNP in cadm1

Because of hitchhiking effects, where polymorphic loci in proxim-
ity on the chromosome are segregating together with the causative 
variant, it is often challenging to identify the specific variants that 
are under selection in a sweep region. However, nonsynonymous 
SNPs that alter the amino acid composition in functionally impor-
tant protein domains or SNPs causing premature stop codons are 

F I G U R E  6   Detailed view of the 
genomic region on Chr 13 covering a 
missense SNP in cadm1. (a) Magnification 
showing 500 kb of the selective sweep 
on Chr 13. SNPs are shown as black 
dots, with the missense SNP (position 
66,061,636) marked in red. The x-axis 
shows the chromosomal positions 
given in kb and the y-axis presents the 
difference in allele frequencies between 
the two groups (dAF). Genes from the 
reference annotation are shown in the 
bottom. (b) Genotype frequencies of the 
missense SNP in different populations 
based on genotyping of individual fish. 
AA = homozygous for the anadromous 
allele, LL = homozygous for the 
landlocked allele, AL = heterozygous. 
Population codes are explained in Table 
S1. The numbers in parentheses show the 
number of genotyped individuals from 
each population

(a)

(b)
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therefore potential candidates for having significant phenotypic 
effects. Therefore, we divided the SNPs into functional categories 
and performed a screen for SNPs affecting the amino acid sequence 
of proteins. Screening for differentiated nonsense SNPs causing 
premature stop codons only revealed two such SNPs, in the genes 
apoptotic protease-activating factor 1 (apaf1, GeneID: 106576455, 
dAF = 0.55) on position Chr17:48969956 and transmembrane pro-
tein 187 (tmem187, GeneID: 106609901, dAF = 0.57) on position 
Chr8:871592. A total of 112 missense SNPs were differentiated 
between the landlocked and anadromous populations (dAF > 50%), 
listed in File S2, covering 91 genes. Only 12 missense SNPs had 
dAF > 0.6, with the two most highly differentiated missense SNPs 
being located in the genes cell adhesion molecule 1 (cadm1, File S2) 
and collagen alpha-2 type V (col5a2, File S2).

A selective sweep on Chr 13 overlapped with cadm1, where the 
most differentiated SNP in the sweep, and the most differentiated 
missense SNP in the whole dataset, was changing the amino acid 
methionine in anadromous populations to a threonine in landlocked 
populations (Figure 6). The SNP is located in the second extracellu-
lar immunoglobulin domain, potentially affecting the structure and 
function of the protein. cadm1 has been linked to several different 
functions, including behavior, neuron migration, immune system, 
and reproduction. In humans, missense mutations in the gene have 
been linked to autism (Zhiling et al., 2008), and mice lacking cadm1 
show impaired social interactions and increased anxiety (Takayanagi 
et al., 2010), in addition to male mice becoming sterile (Fujita 
et al., 2006). It also has a function in the immune system and has 
been reported in relation to human herpesvirus 8 (Hunte et al., 2018) 
and human T-cell lymphotropic virus-1 (Masuda et al., 2010; Pujari 
et al., 2015). Because Atlantic salmon cadm1 is expressed in several 
tissues and highly expressed in the brain (Figure S4), it is difficult 
to speculate what function might be under selection, as behavior, 
immune response, and reproduction are all potentially relevant traits 
for adaptation to a life in different environments. Interestingly, it is 
known that landlocked salmon do not have the nerve innervation of 
important brain regions thought to be involved in downstream en-
docrine regulation of smolting (Stefansson et al., 2008). Most teleost 
fishes have a threonine in the position corresponding to the mis-
sense SNP, indicating that this may be the ancestral state; however, 
both amino acids can be found in different salmonids (File S4).

3.8 | Selective sweep on Chr 5 is linked to 
ISA resistance

We also identified a selective sweep on Chr 5 (positions 8,550,000–
8,800,000) which contains a SNP previously found to explain 5.83% 
of phenotype variation in resistance to infectious salmon ane-
mia (ISA) in commercial Saint John River Atlantic salmon (Holborn 
et al., 2020). The sweep contains the two genes sh3 domain-con-
taining ring finger 1 (sh3rf1) and kinesin family member 3a (kif3a). 
While kif3a is a microtubule motor protein involved in organelle 
organization and vesicle-mediated transport, sh3rf1 is assigned to 

the Reactome pathway (https://react ome.org) “Class I MHC medi-
ated antigen processing & presentation” and can regulate T-cell dif-
ferentiation and activation in mice (Cunningham et al., 2013, 2016). 
Sh3rf1 has also been shown to be essential for production and re-
lease of HIV-1 in humans (Alroy et al., 2005), suggesting a possible 
function in disease resistance in Atlantic salmon. Future studies will 
investigate which genetic variants in this sweep are associated with 
resistance to ISA.

The selective sweeps presented in this study provides a basis 
for identification of genetic variants with potential for increasing 
welfare of farmed animals. However, further studies are required 
to determine the precise function of genes and genetic variants 
under selection to be able to evaluate if any of these contribute to 
life-history traits relevant for aquaculture, including growth, smolt-
ification, and disease resistance. When selective sweeps have been 
connected to specific tissues, pathways, and traits in salmon, this 
knowledge can be further used to identify potential targets for in-
troducing genetic variants possibly conferring relevant traits into 
farmed salmon strains to increase their robustness, for example by 
the use of marker-assisted breeding or gene editing.

4  | CONCLUSIONS

We describe genomic regions under divergent selection in ana-
dromous and landlocked populations of Atlantic salmon across the 
Northern Hemisphere, and we report genes and genetic variants 
that may be of relevance for improving fish welfare in aquaculture 
production and for conservation and management related issues. 
The analyses were done using pooled whole-genome sequencing of 
12 anadromous and 6 landlocked salmon populations, which were 
used in a large genomewide association study. The study revealed 28 
highly differentiated selective sweeps with SNPs close to fixation in 
all assayed landlocked populations, indicating parallel selection of al-
leles beneficial for a landlocked life cycle. Among the most interest-
ing selective sweeps, we found gpr132, cdca4, sertad2 and threonine 
tRNA in Chr 15, cadm1 containing a highly differentiated missense 
SNP in Chr 13, and ppargc1a on Chr 18 which display increased ex-
pression in gills upon saltwater exposure. Further, we identified re-
gions in the genome where the landlocked salmon show consistent 
signs of relaxed purifying selection, including the gene igf1, indicat-
ing genomic regions containing genes that are important during the 
seawater phase. Further studies will aim to characterize candidate 
genes and genotypes from the selective sweeps to pinpoint causa-
tive variants with potential for improving welfare in farmed salmon 
strains and to enhance our understanding of the underlying biology 
of transition into seawater.
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