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Summary

Genetic by environmental interaction (GxE) was assessed in a commercial population of
Atlantic salmon. We evaluated the GxE between body weight recorded on breeding
candidates reared in a freshwater recirculation system (FWT) and body weight recorded on
full and half sibs of the candidates that grew in sea water (SWT). The genetic correlation and
the correlation between the candidates’ rankings for the two traits were assessed. The genetic
correlation between FWT and SWT was 0.42 ± 0.14, indicating that there is strong presence
of genetic by environment interaction. The Spearman’s correlation between the EBVs
obtained for the two traits was 0.278 and 0.54, when estimating with an single or bivariate
model, respectively, indicating that there is also change in the order of the ranking of the
breeding candidates. When including realized relationships between animals through the use
of genotypes, the genetic correlation between FWT and SWT increased to 0.56 ± 0.008 and
the Spearman’s correlations to 0.335 and 0.632. With these results we conclude that FWT and
SWT can be considered as two different traits and that care has to be taken as the lack of
consideration of this interaction may lead in errors in the identification of the superior
animals. In case that a trait that is not measurable on the selection candidates, genomic
information may be useful in order to increase the accuracy of breeding value predictions
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Introduction

Growth is the most important trait into the breeding objective in salmon breeding. In this
regard, many companies select for body weight, using full and half family information to
predict the genetic merit of the candidates. Atlantic salmon (Salmo salar L.) is a farmed fish
that is of great economic importance. They are usually reared in sea cages after
smoltification, where they spend up to 18 months before harvest. In salmon farming, some
companies keep their broodstock in freshwater systems, in order to prevent the exposure to
pathogens and unfavourable environmental conditions that occur in seawater and guarantee
good biosecurity conditions that ensure the continuity of the breeding programs in the long
term. Usually, the genetic evaluations for body weight consider phenotypic own performance
of breeding candidates, measurements that in this scenario are recorded on freshwater
conditions.

In the past, when on-growing brood-stocks phase were managed in the same seawater
productive conditions as the production salmons, no significant genetic by environment
interaction (GxE) was expected. However, in this new condition, GxE should be evaluated. In
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this study, we evaluated the GxE between body weight recorded on selection candidates
reared in a freshwater recirculation system and body weight recorded on full and half sibs of
the candidates that were growth in sea water farming conditions.

Materials & Methods

Animals and measurements

For this study, we took body weight measurements of Atlantic salmons belonging to the 2014
year class of the breeding population of AquaChile, which is technically supported by
Aquainnovo. A total of 34,659 fish belonging to 104 families were PIT (Passive Integrated
Transponder) tagged. Fish were reared in familiar tanks before tagging. In September 2015,
3,200 tagged fish representing all families (29 fish per family) were transferred to a sea site
located in Canalad, XI region, Chile, where they were placed in a cage mixed with other
untagged fish and reared under productive conditions. In May 2017, 1,255 fish representing
all 104 families were taken to a processing plant, where the round weight was measured.
Round weight (SWT) is the weight of the whole fish after bleed out (mean 5,114 ± 1,253 g).

On the other hand, 16,800 fish belonging to the nucleus group were kept in Salmones
Chaicas inland facilities, which consist in a freshwater recirculation aquaculture system
(RAS). In June 2017, 8,200 live breeding candidates were weighed previous to the spawning
season (FWT, mean 4,574 ± 1,130 g).

Fin clips were taken from all animals measured for round and live weight. DNA was
extracted using a commercial kit, and submitted for genotyping. 1,155 animals recorded for
round weight were genotyped using a 50K Affymetrix SNP array, which was developed by
Aquainnovo and the University of Chile (Yáñez et al., 2016). 7,000 breeding candidates
recorded for live weight were genotyped using a reduced 500 SNP panel. The SNPs for the
reduced panel were selected from the 50K array, based on the following criteria: MAF> 0.4,
LD<0.2 and even distribution.

Data Analysis

GxE was assessed through the genetic correlation between the weight recorded in freshwater
(FWT) and the weight measured after sea growth (SWT) (Falconer and Mackay, 1996).
Genetic parameters and correlations were estimated using AIREMLF90 (Misztal et al.,
2015). The model considered for all traits included as fixed effects the contemporary group
(tank*sex effect) and the age at the measurement. The animal was treated as random effect.
Common environmental effects were not assessed, as only one generation’s information was
included.

Estimated Breeding Values (EBVs) were estimated using BLUPF90 software (Misztal
et al., 2015). Spearman correlation coefficient was calculated between the EBVs of the
different traits for the breeding candidates using the XLSTAT package of MS Excel®.

The genotypes for the 500 selected SNPs of all genotyped animals were included in
the analysis in order to assess whether genotype information could impact the extent of the
GxE interaction and the correlations of the EBVs. The same software previously mentioned
were used, replacing the additive relationship matrix (A) with a Genomic Relationship Matrix
(G) (VanRaden, 2008), in an approach known as G-BLUP (Meuwissen et al., 2001).
Genotypes were quality controlled using the following criteria: SNP call rate >0.90; MAF >
0.05; sample call rate > 0.90. 7,984 samples and 471 SNPs passed all quality control criteria.
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Results & Discussion

Variance components

Results of variance components and heritabilities (h2) for FWT and SWT using the two
approaches (conventional pedigree-based and genomic-based) can be found in Table 1.
Heritabilites estimates for both traits are similar, being SWT slightly higher than FWT, when
using only pedigree information. Both h2 estimates increased when using G-BLUP. Although
h2 for both traits were similar, total variance was lower in FWT than in SWT. Fish that
remained in freshwater were subject to selection at smolt size – discarding 13% smallest fish
– which could explain why the variance is lower in this group.

GxE

GxE was assessed though the genetic correlation between freshwater and seawater traits. This
correlation was positive and significantly different form zero (0.42 ± 0.14), when using only
pedigree information. Using 500 SNPs it was possible to increase this correlation up to 0.56 ±
0.008. However, to consider two traits that behave as the same, this correlation should be
above 0.80 (Robertson, 1959). A genetic correlation of less than 0.8 indicates that GxE exists,
and in this case that the trait measured in freshwater is different to the one measured in sea
water. This moderate genetic environmental interaction indicates that the group of genes
responsible for the expression of body weight are differently expressed in these environments.
Therefore, the possible response obtained for the selected trait, for example, body weight in
freshwater, will be different to the observed in the other environment. The use of the realized
relationship matrix (G) increased the genetic correlation between traits, and can successfully
increase the estimated breeding value accuracies of the candidates, especially when the traits
are not measured on the candidates, as seen for disease resistance related traits (Bangera et al.,
2017; Correa et al., 2017).

On the other hand, the Spearman correlation between the EBVs was calculated. It is
important to note that breeding candidates have an EBV based on their own records for FWT,
while they have a familiar EBV based on the information of full and half-sibs for SWT. A
Spearman’s correlation factor of 0.278 was calculated between the EBVs of the two traits,
when estimating them using a univariate model. This correlation increased to 0.54 when
calculating the EBVs using a bivariate model. When including genotype information, this
correlation increased to 0.335 and 0.632, respectively. Although these are positive values,
they indicate that there is some important re-ordering in the ranking when considering one or
the other trait. For economic reasons, SWT is of higher importance as it is the weight of the
market produce, and thus considered as one of the main breeding goals. The lack of
consideration of this interaction may lead in errors in the identification of the superior
animals. A disadvantage of selecting for SWT instead of FWT is that the trait is not directly
measured on the breeding candidates, but in full and half sibs instead, which is less accurate
as it only exploits the between-family variation. One way to overcome this drawback is using
genomic information. Genomic information can be used through Genomic Selection
(Meuwissen et al., 2001) to estimate genomic breeding values (GEBV) for the breeding
candidates, where the realized relationship between candidates and their full and half-sibs can
be precisely assessed using genotypes. The inclusion of this information will result in more
precise EBV for those traits not directly measured on the candidates. Previous studies in
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Atlantic salmon have demonstrated an increase in accuracy of up 30% when using SNP
marker information for GEBV prediction for disease-related traits (Bangera et al., 2017;
Correa et al., 2017). As it is not possible to measure the SWT in breeding candidates when
they are reared in freshwater, and considering the presence of moderate GxE interaction
between these traits, we suggest treating SWT as one would do for disease resistant traits,
using information provided by related individuals altogether with genomic information, to
both select for the precise market trait and also improve the accuracy of the predictions.

Conclusions

This is the first study aiming to dissect the genotype environmental interaction for body
weight in Atlantic salmon reared in sea and freshwater conditions. Considering the genetic
correlation between FWT and SWT and the correlation of the rankings using the different
traits, we can conclude that there is moderate genetic environmental interaction between
Atlantic salmon growth measured in freshwater and seawater. This should be taken into
consideration when selecting the breeding candidates. Tools like Genomic Selection can be
applied to improve the accuracy of EBVs estimated using only relatives’ records.

Table 1. Additive genetic variance (σ2A), residual variance (σ2E) and heritabilities (h2) of
weight recorded after sea growth (SWT) and weight recorded after freshwater growth (FWT),
using pedigree (A) and genomic-based (G) relationship matrices in Atlantic salmon.

Variance Components
Trait Matrix σ2A σ2E h2

SWT A 398540 ± 103900 1104500 ± 80623 0.265 ± 0.004

FWT A 247390 ± 40906 792030 ± 25247 0.238 ± 0.001
SWT G 405250 ± 67305 1033500 ± 55122 0.282 ± 0.0016
FWT G 340580 ± 28733 764010 ± 14332 0.308 ± 0.00001
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