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Genome-wide association study identi�es genetic variants
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Atlantic salmon (Salmo salar) is an important farmed �sh species, known for its high content of the
health-promoting omega-3 long-chain polyunsaturated fatty acids (omega-3 LC PUFA)
eicosapentaenoic (EPA; 20:5 omega-3) and docosahexaenoic acid (DHA; 22:6 omega-3) in muscle.
Levels of omega-3 LC PUFA have decreased signi�cantly the last few decades because of the
substitution of a large portion of marine ingredients with more sustainable plant ingredients in the diet
of farmed Atlantic salmon. Quantitative genetic analyses have estimated genetic parameters of
Atlantic salmon omega-3 fatty acids (FAs) and showed the potential of selective breeding to increase
omega-3 LC PUFA levels in salmon �llets, as they are heritable traits.

Several studies have observed a higher selective deposition of DHA in muscle when compared to other
dietary fatty acids. EPA, on the other hand, seems to be metabolized to a larger extent than DHA in
muscle. A recent study of Atlantic salmon by our group found that muscle EPA content was negatively
associated with expression of genes involved in lipid catabolism and hypothesized that individual
differences in EPA content is caused by selective oxidation of fatty acids. There is, however, limited
knowledge on which genes and metabolic pathways that are most important for determining EPA and
DHA content in Atlantic salmon muscle.

Genome-wide association studies (GWAS) are a powerful tool that can identify Single Nucleotide
Polymorphisms [SNPs – a substitution of a single nucleotide (the basic building blocks of DNA and
RNA) that occurs at a speci�c position in the genome (complete set of DNA of any organism)] linked to
genes associated with phenotypic (observable) traits. GWAS of muscle FA composition have been

A GWAS study searching for genetic variants associated with long-
chain omega-3 fatty acid content in Atlantic salmon muscle identi�ed
markers and suggested that genetic variation affecting �llet EPA and
DHA content is present on Atlantic salmon chromosome 21. Photo by
Darryl Jory.
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performed in cattle and pigs, where several signi�cantly associated regions and loci have been
identi�ed. In �sh, one study in Asian sea bass (or barramundi, Lates calcarifer) showed the complexity
of the genetic architecture of FAs in �sh.

To increase the understanding of the genetics of muscle omega-3 LC PUFA content in Atlantic salmon,
GWAS is a relevant approach that has not yet been explored in Atlantic salmon. This article – adapted
and summarized from the original publication (https://doi.org/10.1016/j.aquaculture.2019.734494)
[Horn S.S. et al. 2020. GWAS identi�es genetic variants associated with omega-3 fatty acid
composition of Atlantic salmon �llets.] – reports on a study to identify genetic variants associated with
long-chain omega-3 fatty acid content in Atlantic salmon muscle, by performing a genome-wide
association study (GWAS).

(https://link.chtbl.com/aquapod)

Study setup
A total of 642 �sh from 92 sires and 194 dams were included in the analysis. All sires had four or more
offspring from more than one dam. The �sh originated from one year-class of the Atlantic salmon
breeding population of SalmoBreed AS (https://salmobreed.no/en/). The �sh were transferred to sea
at a mean weight of 0.1 kg, and slaughtered approximately 12 months later, at a mean weight of 3.6  kg
(ranging from 1.2 to 6.4  kg). The �sh were fed a commercial broodstock feed from Skretting
containing 70 percent �sh oil and 3.1 percent each of EPA and DHA.

All the �sh were reared under the same conditions and were fasted 13 to 14 days prior to slaughter.
After sacri�ce, sex was determined visually by inspection of the gonads, body weight was recorded and
skeletal muscle samples for lipid and FA analysis were taken from Norwegian Quality Cut, collected,
frozen and stored at minus-20 degrees-C for various analyses. For detailed information on �sh

Omega-3 levels fall in farmed salmon but
it’s still a top source

Reformulating aquaculture feeds, an industrywide initiative to reduce
dependence on wild fish, has changed farmed salmon’s nutritional
profile, as BBC News reported recently. The researchers on whose work
the report was based say of course it has, yet it remains one of the best
sources for these crucial fatty acids.
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population and recordings, muscle fat and fatty acid analysis, genotyping and statistical analyses, refer
to the original publication. This work was supported by the Norwegian research council (Grant number
NFR 244200).

Results and discussion
In this study, GWAS was performed on 642 slaughter sized Atlantic salmon displaying variation in EPA
and DHA content. Several traits were analyzed, and most traits did not show genome-wide signi�cant
probability (p-values) values. The exceptions were DHA/ALA [α-linolenic acid] ratio and DHA/DPA
[docosapentaenoic acid] ratio. Therefore, our focus was on these two traits, in addition to the major
omega-3 LC PUFAs: DHA and EPA.

Table 1 shows descriptive statistics for these traits. The mean content of EPA and DHA was 5.42 and
6.75 percent of total muscle FA, respectively. EPA content displayed much greater variation and lower
heritability [a statistic used in breeding and genetics to estimates the degree of variation in a
phenotypic trait in a population that is due to genetic variation between individuals in that population]
compared to DHA. The ratio-traits had slightly higher genomic heritability-estimates than DHA, with
0.21 for DHA/DPA and 0.28 for DHA/ALA.

Horn, omega-3, Table 1

 

We found a candidate gene for DHA/DPA ratio directly involved in omega-3 bioconversion activity.
However, we did not �nd a signal in or near genes known to be involved in omega-3 bioconversion for
the traits EPA, DHA or DHA/ALA ratio. The genes of this pathway should supposedly have been
identi�ed in these analyses if this pathway was important for determining EPA and DHA content in
muscle. Therefore, our results suggest that the genes of the omega-3 bioconversion pathway are not
clearly associated with EPA and DHA content in muscle of Atlantic salmon.

Trait Mean (SD) Min Max CV h^2 (SE)

Fatty acids^*

EPA 20:5n-3 5.29 (1.21) 2.06 9.45 22.94 0.05 (0.04)

DHA 22:6n-3 6.51 (1.16) 1.4 9.1 17.87 0.23 (0.07)

Ratios

Ratio DHA/ALA 1.94 (0.27) 0.91 3.1 13.95 0.28 (0.07)

 
Ratio DHA/DPA 2.87 (0.30) 1.94 4.25 10.57 0.21 (0.06)

Table 1. Descriptive statistics for fatty acid traits determined in the study. 
^*Percentage of total FA in muscle. SD: standard deviation; Min: minimum value; Max: maximum value; CV:
coe�cient of variation (SD/mean x 100); h^2: genomic heritability; SE: standard error.
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A potential major factor behind the lack of association with omega-3 bioconversion pathway genes is
that the �sh was fed a high �sh oil diet. High dietary levels of EPA and DHA suppress the activity of the
omega-3 bioconversion pathway. The starvation period may also have affected the metabolic activity
and fatty acid composition. The differences observed in omega-3 content are therefore more likely
caused by differences in other metabolic processes rather than omega-3 bioconversion.

Another possible explanation is that although omega-3 bioconversion is important for fatty acid
composition in the liver, it might not be as important for muscle fatty acid composition. The role of this
pathway in determining muscle fatty acid composition has not been shown, and long-chain omega-3
fatty acid content in liver and muscle appear to be two different traits, as they display a very low
correlation.

Our results suggest that genetic variation affecting �llet EPA and DHA content is present on Atlantic
salmon chromosome 21. The GWAS results for DHA to ALA ratio further strengthened the signi�cance
of chromosome 21 in relation to omega-3 LC PUFA content in Atlantic salmon muscle. The region of the
most signi�cant SNPs on chromosome 21 contained several uncharacterized genes. Some of these
might prove to be involved in omega-3 FA metabolism in the future. Additional studies – including �ne
mapping and functional validation – are needed for further clari�cation of the variants underlying the
FA composition traits.

Authors

Fig. 1: Manhattan plot of the GWAS results for A) DHA, B) EPA and C)
ratio DHA/ALA. The X-axis (horizontal) represents the chromosomes,
and the Y-axis (vertical) shows the –log 10 (p-value). A Manhattan
plot is a type of scatter plot, typically used to display data with a large
number of data-points, and it is generally used in genome-wide
association studies (GWAS) to display signi�cant SNPs. Adapted from
original.
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