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Genome sequence reveals selection sweeps in farmed Atlantic Salmon
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Summary

The introduction of wild Atlantic salmon into captivity, and their subsequent selection for
production traits, has caused phenotypic differences between cultured fish and their wild
counterparts. Identification of the underlying genetic differences offers the opportunity to
improve animal breeding and illuminate early biological consequences of domestication. We
analyse whole-genome sequence from populations of both farmed and wild European Atlantic
salmon to identify genomic regions that exhibit signatures of selection. We identify 71
regions with markedly reduced heterozygosity in farmed populations, some of which contain
genes previously implicated in selection of livestock. Finally, we identify a 250 Kb region on
chromosome 20 with both low diversity in farmed populations and high divergence from wild
salmon populations. The region of interest is immediately upstream of versican core protein
like, which is involved in the correct migration of neural crest cells. The results described
begin to catalog the genes likely to be have preferentially impacted by the onset of
domestication and selection in this important aquaculture production species.
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Introduction

Atlantic salmon (Salmo salar L.) have become one of the most economically important
aquacultures species. Farming commenced in Norway during the 1960s, meaning there has
been ~50 years of selective breeding to generate differences in growth rate, age at sexual
maturation, predator awareness and survival in farmed versus wild fish (Einum and Fleming,
1997; Solberg et al., 2013). The genetic changes underlying these phenotypic differences are
currently not well understood. Previous genome scans to identify regions under selection have
been hampered by the lack of a sequenced reference genome and a modest number of SNPs
(Gutierrez et al., 2016; Mäkinen et al., 2015). Here, we use the availability of the reference
genome assembly (Lien et al., 2016) to analyse whole-genome sequence obtained from
populations of both farmed and wild European salmon. We identify regions with low
heterozygosity in each population, candidate selective sweeps, which may be involved in
control over the phenotypical differences observed wild and farmed fish.

Material and methods

Farmed salmon: Four DNA pools of Scottish farmed salmon, mixture of Scottish and
Norwegian wild ancestors (Atlantic clade) were constructed, each containing 22 – 24 animals
per pool, from 11 to 12 nuclear families respectively. Animals were drawn from two year
classes and included animals with alternate genotypes at a disease resistance locus. Each pool
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was sequenced to 20 – 30 X coverage using 550 bp paired end reads on an Illumina HiSeq
2500. Wild Salmon: Published fastq files were used from wild salmon drawn from 6 rivers in
western Norway (Ayllon et al., 2015; Bioproject number PRJNA293012). These are members
of the Atlantic clade of European Atlantic salmon as part of the foundation of the farmed
Scottish populations. A total of 24 pools were used, each constructed using 20 individual
sexually mature salmon. Sequence reads from the farmed and wild populations were mapped
to the salmon reference ISASG_v2 genome using Burrows-Wheeler algorithm (bwa) with
default parameters. Duplicate reads were removed using Picard tools and local realignment
around INDELS was performed in accordance to GATK best practice. Variant detection was
performed using haplotypeCaller from GATK v3.7. Selection sweeps can be identified as
regions that exhibit low genetic diversity, caused by beneficial haplotypes approaching
fixation and an associated reduction in genetic polymorphism. To identify signatures of
selection in pooled sequence data, we calculated the pooled heterozygosity score Hp as in
(Rubin et al., 2010). In brief, we determined the number of reads corresponding to the most
and least abundant allele (nMAJ and nMIN) per pool and SNP. We used 150 Kb bins with 50%
overlap, and retained bins with more than 20 SNPs (29696 in total). For each bin and
population, we calculated Hp = 2ΣnMAJΣnMIN/(ΣnMAJ + ΣnMIN)2, where ΣnMAJ and ΣnMIN are the
sums of nMAJ and, respectively, nMIN for all SNPs in the bin. Individual Hp values were then Z-
transformed as follows: ZHp = (Hp - μHp)/σHp. Fst estimates, comparing farmed and wild
populations, were estimated using the same bins using vcftools and posteriorly Z transformed.
Bedtools intersect was used to identify ISASG_v2 annotations within putative selection
sweeps.

Results and Discussion

SNP calling identified approximately 5 million high-quality SNPs in both the farmed and
wild salmon genome sequences. To identify regions of depressed genetic diversity in farmed
salmon, we calculated Zhp (Rubin et al., 2010, 2012) after merging the four available pools
into a single population pool. Outlier genomic regions, exhibiting low or even no
heterozygosity, were defined as bins with Zhp <- 3; p-val <=0.05 (Rubin et al., 2010, 2012).
This identified 71 candidate selective sweeps that form 46 non-overlapping regions. (Figure
1A, 1C green symbols). The most extreme bin had –Zhp < 4 which is modest in comparison
to values observed in livestock domesticates including pig and chicken. This may reflect the
shorter elapsed time since the commencement of salmon farming, which hasn’t allowed
sufficient generations to move multiple beneficial alleles to fixation. By comparison,
domestication of livestock likely started 8,000 – 10,000 thousand years ago.

Analysis of the genes present within the 71 outlier regions revealed a number which have
previously been implicated as under positive selection livestock and/or humans. One
prominent example is KITLG which mediates melanocyte development and migration and is
under selection in multiple livestock species. Variants are associated with pigmentation traits
in horse and pigs, and it has been assumed that human mediated selection for coat color is the
basis of the observed positive selection. However, our observation in farmed salmon is likely
to be related to selection for flesh colour or potentially linked to parasite resistance (Kittilsen
et al., 2012). Specifically, farmed salmon are selected for their pink flesh colour. A second
gene was identified (ERRB4) that has a role in development and progression of melanocytes
(Qanbari et al., 2014). A third gene of interest is CBX3 which is involved in muscle
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development (Zhao et al., 2015).

Figure 1. A) Genomewide -Zhp in farmed salmon. Bins with -Zhp >=3 are defined as putative
selective sweeps. B) Population differentiation (ZFST) between farmed and wild Atlantic
Salmon. C) Population differentiation (FST) and –ZHp in farmed salmon was plotted for each
bin. Regions with outlier values for -Zhp only (71), FST only (386) or both metrics (2) are
colored green, blue and red respectively. The two neighbouring bins with strongest evidence
for selection in farmed salmon genomes are shown in exploded view in panel D). Integrated
Genome Visualization (IGV) screenshot of chromosome chr20:9235433-9664568 depicts the
lack of variation observed within 4 pools of farmed fish, compared with the genome diversity
in wild populations

To prioritise putative regions under selection, we searched for regions that exhibited both
reduced genetic variability in farmed animals (increasingly positive –Zhp values) and high
allele frequency differentiation with wild stocks (increasingly positive –Z FST values). Only
two consecutive genomic bins were identified as significant for both metrics, located at
chr20:9300001-9525000 (Fig 1C-D). Figure 1D graphically shows the region contains the
sweep in each of the four pooled samples of farmed fish, while each wild population has
retained substantial genetic diversity. The region spans the promoter of VCAN, a gene
encoding a versican core protein-like. The gene hasn’t previously been shown to be under
positive selection in animals to our knowledge, however versican is involved in the migration
of neural crest cells (Dutt et al., 2006). This is of substantial interest in relation to the ‘neural
crest hypothesis of domestication’, which seeks to explain the multiple and seemingly
unrelated phenotypic hallmarks of domesticated animals as all mediated by alternations to
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neural crest cells (Wilkins et al., 2014) . Currently, we are seeking to validate these results in
genetically independent populations of North American derived farmed salmon, which we
reason will enable us to disentangle true selection events from the effects of population
bottlenecks and drift. Our results make a substantial contribution to the identification of genes
that may be involved in phenotypic variation in this important aquaculture species.
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