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Summary

Economically important yield and product quality traits such as dressing percentage (DRP),
fillet yield percentage (FYP), fillet pigmentation (FPIG) and fillet fat (FF) has been included
in Atlantic salmon (Salmo salar) breeding programs in addition to growth and disease traits.
The selection for these sib-evaluated traits are usually using BLUP-based average family
estimated breeding values (EBV) which often has low accuracy of prediction. Genomic
prediction using genetic relationships estimated from shared SNPs is expected to offer an
increase in accuracy of genomic EBV (GEBV). In this study, we compared the accuracy of
genomic predictions for yield and product quality traits with that of BLUP. High-density SNP
genotypes (55 K) were obtained for 2,043 fish (from 317 families, 186 sires and 317 dams) at
3-year-old with phenotypes recorded for DRP, FYP, FPIG, and FF along with their parents
(n=399). Genomic BLUP (GBLUP; a linear mixed model) where genomic relationship (G-
matrix) was used for genomic predictions was compared with pedigree relationship (A-
matrix) BLUP. The accuracy of breeding value prediction was assessed in terms of cross
validation accuracy (ACC). The heritability ( ) estimates for DRP ( 0.26 to 0.46), FPIG
( 0.30 to 0.31) and FF ( 0.28) was moderate across models. However, FYP had the

lowest (0.02) in both models. The ACC for genomic predictions were higher (0.216 to
0.675) compared to those of BLUP (0.204 to 0.473) for all the traits studied. The relative
increase in ACC was highest for FPIG (43%) followed by DRP (18%), FYP (8%) and FF
(6%). The relative advantage of using genomic predictions over BLUP methods depends on

of the trait, carefully evaluated breeding goals, genotyping costs, and economic impact.
The GS for economically important yield and product quality traits, along with other traits,
has been implemented in the Atlantic salmon breeding program of SalmoBreed AS with an
aim to transfer the benefits of GS to the Salmon farmers.
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Introduction

Growth in terms of increased body weight has been considered as the main trait of selection
in Atlantic salmon and any other aquaculture breeding program (Gjedrem, 2012). However,
salmon is also sold in the market as fillet and other products. Therefore, the profitability of
the salmon producer is also determined by increasing dressing percentage (DRP; proportion
of fish without viscera with respect to the whole fish) and fillet yield percentage (FYP;
proportion of fillet with respect to the whole fish) (Janssen et al., 2017). From the consumer
point of view, the pink-red colour of salmon fillet (flesh) (due to the deposition of carotenoid
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pigments) is regarded as the most important buying criteria after freshness for farmed
salmonids (Clydesdale, 1993). The fish cannot synthesise these carotenoids de novo and
therefore, the feed must be supplemented with carotenoids which increases the feed costs by
10 to 15%. However, the fish has poor capacity of retention of pigment in the flesh and
improving the fillet pigmentation (FPIG) is an economically important trait in salmon
(Nickell & Bromage, 1998). Among different carcass quality traits, fillet fat (FF) content is
important because excessive fat content (above 18%) have a negative impact on flesh texture
and further processing (Gjedrem, 1997). Therefore, salmon breeding should continuously aim
to improve yield (DRP and FYP) and ensure competitive product quality by increasing FPIG
and reducing FF.

Considerable genetic variation has been reported for yield and product quality traits
(Gjerde & Gjedrem, 1984; Rye & Gjerde, 1996) indicating the potential for genetic
improvement of these traits. However, selection of breeding candidates for all these traits
(DRP, FYP, FPIG and FF) depends on the phenotype recorded on their sibs and the use of
average within-family breeding values (EBV). The main disadvantage of such method is that,
it is not possible to exploit both within- and between-family genetic variation as in the case of
marker assisted selection (MAS) or genomic selection (GS) using genome-wide genetic
markers possibly linked to quantitative trait loci (QTL) (Falconer & Mackay, 1996; Goddard,
2009; Goddard & Hayes, 2007; Hayes et al., 2001). Genome-wide association studies
revelated several genetic markers for flesh colour, fat content, flesh quality, and other growth
traits in Atlantic salmon (Baranski et al., 2010; Sodeland et al., 2013); all those traits have a
polygenic basis. Genomic Selection can be applied to such traits to improve selection
accuracy and genetic gain by exploiting both within- and between-family variation by
applying commonly used genomic prediction models such as genomic BLUP (GBLUP)
(Ødegård et al., 2014; Vela-Avitúa et al., 2015).

The aim of this study was to estimate the accuracy of genomic predictions for yield
and product quality traits in Atlantic salmon using GBLUP and compare with BLUP based
predictions.

Material and methods

All the data used in this study was from Atlantic salmon breeding program owned by
SalmoBreed AS (Norway) and managed by Akvaforsk Genetics (Norway).

Phenotypic data

The data used in this study was from year classes 2014 and 2015, recorded for yield and
product quality traits. In total, 2,043 fish (from 317 families, 186 sires and 317 dams) at
harvest (1.5 to 2 years of age) were slaughtered and recorded for body weight (BW),
slaughter weight (SW), fillet weight (FW), fillet pigmentation (FPIG) in ppm and fillet fat
(FF) in %. Pigmentation and fat were recorded by analyses of near-infra-red reflections (NIR)
using the QMonitor system (Q Vision, Asker, Norway). The dressing percentage (DRP) and
fillet yield percentage (FYP) were calculated as ((SW)/BW ×100) and ((FW / BW) ×100),
respectively. The tissue samples for DNA isolation were collected from all fish with records
and stored in 95% ethanol.
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SNP genotyping

DNA was extracted from all the samples (n=2,043) along with some of their parents
(n=399). Genotyping was performed with an Affymetrix Atlantic salmon 55K custom SNP
array developed by Nofima (Ås, Norway). The missing genotypes were imputed using
FImpute software (Sargolzaei et al., 2014), following standard quality control (QC) of
FImpute, which resulted in 47,070 SNPs distributed across the genome that were used for
further analysis.

Genetic parameters and breeding value estimation

All four traits (DRP, FYP, FPIG and FF) were analysed separately as a linear trait in a
univariate model. The model, , was used to estimate variance
components and to predict EBV or genomic EBV (GEBV) using BLUP or GBLUP methods,
respectively. Where β is a vector of fixed effects and co-variates, u is a vector of random
additive genetic effects with a distribution for BLUP and for GBLUP, c
is the vector of common environmental effects with a distribution , is the vector
of random error effects with a distribution , X , T, and Z are the incidence matrices,

is the pedigree-based additive genetic relationship matrix and is the genomic relationship

matrix. The SNP genotype quality control (QC), pedigree correction, and matrix were
prepared using BLUPf90 family programs (Misztal et al., 2014). The QC step resulted in

45,973 SNPs which were used to create the matrix as described by VanRaden (2008). The
ASREML software was used to run BLUP and GBLUP (Gilmour et al., 2009).

Accuracy of breeding values

Predictive abilities of the models were assessed through a cross validation (CV)
scheme. All fish with phenotype and genotype in the training data were randomly sampled
into N (12) validation data sets, where N = 2*(total fish /number of families). The EBV or
GEBV of the validation data sets were predicted one at a time where phenotype of the
validation fish was masked and remaining fish with phenotype and genotype were used as
training data. Predictive ability was presented as cross validation accuracy (ACC), which was

estimated as: , where is the
correlation between predicted EBV or GEBV for fish in the validation data and the recorded

phenotype, and is the square root of heritability which was estimated using BLUP model
using all the data.

Results and discussion

The heritability ( ) and common environmental ( ) estimated using different models
for DRP, FYP, FPIG and FF are presented in Table 1. Moderate was observed for DRP
using both BLUP ( 0.46) and GBLUP ( 0.26), similar to the previous estimates in
coho and Atlantic salmon (Neira et al., 2004; Rye & Gjerde, 1996). Moreover, similar for
FPIG (0.41) was also estimated by Ødegård et.al (2014) in Atlantic salmon showed that FPIG
is a moderately heritable trait. In contrast, the estimated for FYP was low ( 0.02) using
both BLUP and GBLUP models. Previous studies also reported low estimates for fillet
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yield traits ( 0.03 to 0.11) in salmonids (Neira et al., 2004; H. Y. Tsai et al., 2015), which
indicates that yield traits are lowly heritable. Irrespective of the models used, both product
quality traits (FPIG and FF) showed considerable genetic variation for the trait with moderate
heritability estimates ( 0.28 to 0.31). These estimates are similar to the ones reported for
pigment, fat content and fat percent for coho and Atlantic salmon (Neira et al., 2004; Rye &
Gjerde, 1996; Vicira et al., 2007). In general, the heritability estimates for the traits indicate
potential for selection using average family EBVs. The estimated for DRP, FPIG, and FF
ranged from 8 to 11% indicating considerable phenotypic variation was due to separate
rearing of families until they were tagged. However, high effect may also indicate
difficulty in separating genetic and environmental effects because of the mating structure. The
average family breeding values estimated from BLUP and GBLUP were highly correlated for
all four traits with Pearson’s correlation ranging from 0.80 to 0.85.

The accuracy of predicted GEBVs were higher for GBLUP models compared to that
of BLUP EBVs (Table 2). Highest ACC was observed for FPIG in both BLUP (0.473) and
GBLUP (0.675), whereas FF showed lowest ACC (0.204 and 0.216 for BLUP and GBLUP,
respectively). Similar ACC was observed for DRP and FYP in both BLUP (0.32) and
GBLUP (0.347 to 0.388). In general, highest relative increase in ACC was observed for FPIG
(43%) followed by DRP (18%), FYP (8%) and FF (6%) (Figure 1). The increase in ACC for
FPIG in our study was about two times the one observed for fillet colour (~22%) in Atlantic
salmon using the 220 K SNP panel (Ødegård et al., 2014). The studies on genomic
predictions using real data in aquaculture breeding programs for other yield and product
quality traits are scarce. A study by Tsai et.al. (2015) reported 20% increase in accuracy for
GBLUP compared to that of BLUP for growth traits in juvenile Atlantic salmon. In general,
the increase in ACC reported in our study is in agreement with what has been reported for
different disease traits in salmonids using real data (Bangera et al., 2017; Ødegård et al.,
2014; Vallejo et al., 2016). The genomic predictions using genetic relationships estimated
using shared SNP genotypes and pedigree compared to just the pedigree relationship (BLUP)
(Habier et al., 2007; Legarra et al., 2014) is expected to be more accurate in data with close
family relationships for example the data used in this study. Possibility of within- and
between-family selection is the added advantage of genomic predictions compared to BLUP
methods for sib-evaluated traits as in in the current study.

Conclusion

Genomic predictions for DRP, FYP, FPIG, and FF showed higher accuracy of
breeding value prediction, ranging from 6 to 43% using high density SNP array compared to
pedigree based BLUP. The relative advantage of using genomic predictions over BLUP
methods depends on carefully evaluated breeding goals, genotyping costs, and economic
impact. Genomic selection for economically important yield and product quality traits, along
with other traits, has been implemented in the Atlantic salmon breeding program of
SalmoBreed AS with an aim to transfer the benefits of GS to the Salmon farmers.
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Table 1. Estimates of heritability1 ( ) and common environmental effects1 ( ) with their
standard errors for yield and product quality traits in Atlantic salmon for different models2.
Traits3 BLUP GBLUP

DRP 0.46 ± 0.10 0.09 ± 0.04 0.26 ± 0.04 0.11 ± 0.03

FPIG 0.31 ± 0.08 0.10 ± 0.03 0.30 ± 0.04 0.08 ± 0.02

FYP 0.02 ± 0.03 0.00 ± 0.01 0.02 ± 0.01 0.00 ± 0.00

FF 0.28 ± 0.08 0.09 ± 0.03 0.28 ± 0.04 0.09 ± 0.02

1 and where, is the genetic variance, is the common environmental

variance and is the residual variance.
2 Models used are BLUP and GBLUP with additive genetic relationship from A matrix and G matrix,
respectively.
3Traits analysed are dressing percentage (DRP), fillet pigmentation (FPIG), fillet yield percent (FYP) and fillet
fat (FF)

Table 2. Accuracy of breeding value prediction for processing plant traits in Atlantic salmon
for different models1.
Traits1 Accuracy

BLUP GBLUP
DRP 0.327 0.388
FPIG 0.473 0.675
FYP 0.321 0.347
FF 0.204 0.216
1 Models used are BLUP and GBLUP with additive genetic relationship from A matrix and G matrix,
respectively.
2Traits analysed are dressing percentage (DRP), fillet pigmentation (FPIG), fillet yield percent (FYP) and fillet
fat (FF)
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Figure 1. Relative increase in accuracy of breeding value prediction using BLUP and GBLUP
models for dressing percentage (DRP), fillet pigmentation (FPIG), fillet yield percent (FYP)
and fillet fat (FF).
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