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ABSTRACT: A genome-wide association study (GWAS) 
of harvest weight was carried out in an aquaculture 
population of Atlantic salmon. The 478 fish had EBV for 
this trait and genotypes for 3,318 SNP. The analysis took 
into account pedigree relationships among individuals to 
avoid spurious associations due to population structure. 
False positives arising from the large number of markers 
tested were controlled through decision thresholds. SNP 
with P < 0.001 and chromosome-wise false discovery rate 
< 10% were accepted. This identified 3 SNP on Ssa10 and 
one on Ssa21, which may be linked to QTL. The data 
seemed insufficient to warrant proceeding with a validation 
of the results. Data quantity and quality may have limited 
detection of the large number of genes suspected to affect 
harvest weight. More fish with highly accurate EBV is 
recommended for GWAS of complex traits. 
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Introduction 
The purpose of breeding programs in agriculture 

and aquaculture is to genetically improve commercial 
stocks. Widely implemented over the long-term, selection 
based on estimated breeding values (EBV) has proved 
successful. Atlantic salmon are selected at the time of 
sexual maturation (~ 4 yr of age) and used in a single 
breeding season, with sib-tests and candidates’ own 
performance records contributing to EBV. Breeding 
programs typically focus on growth traits, due to the impact 
on profit, ease of measure, and amount of achievable 
genetic change that is possible. Improving traits that are 
more challenging, e.g., disease resistance, could potentially 
be enhanced by genomic technologies. Because harvest 
weight data are readily available, we carried out a genome-
wide association study (GWAS) for this trait. Our approach 
differs from QTL mapping analyses, which have been done 
for growth in Atlantic salmon (e.g., Guttierez et al. 2012). 
In our research, the fish were drawn from across a 
population of North American Atlantic salmon. The aim 
was to investigate the experimental design and GWAS 
methods as a trial for detecting marker-QTL associations in 
other complex traits. 

 
Materials and Methods 

Animals and phenotypes. Cooke Aquaculture, a 
fully integrated company based in eastern Canada, provided 
the growth data for this study. Their fish originate from the 
Saint John River strain of Atlantic salmon. Each year a 
particular year-class (YC) reaches the end of its life cycle, 
with proportionally few individuals ever identified or 
performance tested. Annually, a growth trial under 
commercial conditions in saltwater concludes with the 

measurement of body weight when fish are ~ 3 yr of age. At 
about the same age, body weight is recorded in another 
group of fish from the same YC but reared in freshwater; 
these are selection candidates, kept in a bio-secure 
environment. The growth traits in this study will be referred 
to as saltwater weight (SW), which is the same as harvest 
weight, and freshwater weight (FW). We used data from 3 
YC: the 2006, 2007, and 2008 hatch years. There was a 
total of 8,021 SW and 6,391 FW records. Mean body 
weights were 5.1 and 3.8 kg for SW and FW, respectively 
(SD = 1.2, for either).   

Breeding values. EBV were calculated from the 
growth data applying a bivariate mixed linear model in 
ASReml (Gilmour et al. 2006). Fixed effects included 2 × 
10 sex by contemporary group classes, where sea cage 
(SW) or tank (FW) within year defined contemporaries. 
Random animal effects were fitted accounting for additive 
genetic relationships derived from identities of the sires and 
dams (n = 154 and 279, respectively) (P-gen). Sib-ship 
relationships among 69% of the P-gen fish were deduced 
from their SNP genotypes using COLONY (Wang 2012). 
Another 4% had family identified in historic data files. 
Individuals in both sets could subsequently be given 
fabricated parental ID (n = 252). The remaining 27% were 
assigned phantom parents (n = 8). The analysis thus 
involved three generations, the pedigree going back to 
grandparents of the fish with growth data. Values assumed 
for genetic parameters were estimates from the data: 0.41± 
0.04 and 0.45 ± 0.05, for heritability of SW and FW, 
respectively, and 0.29 ± 0.09, for the genetic correlation. 
From the mass of EBV obtained, results for SW (target 
trait) for individuals that had been genotyped were 
extracted for further use. 

Genotypes. Every full-sib family in each of the 3 
YC was represented in the group of genotyped fish. The 
individuals, drawn from those reared in freshwater, 
included all selected fish that produced the next generation 
(the 2010, 2011, and 2012 hatch years) and a sample of 
non-spawning contemporaries. DNA was extracted from 
archived fin-clip tissue. Genotyping was done at CIGENE, 
Norwegian University of Life Sciences, using a custom 
Atlantic salmon 6K SNP array. Brenna-Hansen et al. (2012) 
describe this array in detail. A total of 520 fish from the 3 
YC were successfully genotyped for 3,980 SNP and could 
be considered for the GWAS. Tissue samples from the 
parents of these individuals were also processed in the same 
batches, which gave genotypes for determining sib-ship 
relationships to enhance the pedigree. 

Association analysis. EBV for SW were used in 
the GWAS. Genotyped fish received EBV for this trait 



primarily based on sib SW; their own record for FW, a 
correlated trait, differentiated individuals in the same full-
sib family. Accuracy of the EBV averaged 0.63 (Table 1). 
EBV were adjusted for average family effects and de-
regressed following the method of Garrick et al. (2009). 
Thirty fish in the 2008 YC did not have ties to SW 
phenotypes and could not be de-regressed. Another 12 fish 
from the 2008 YC had values with too low reliability to 
pass through the next step. Screening for data quality 
(animal call rate ≥ 90%, reliability of de-regressed value ≥ 
10%, SNP call rate ≥ 90%, and minor allele frequency ≥ 
2%) left 478 fish and 3,318 SNP for the GWAS. The 
analysis was done using generalized quasi-likelihood scores 
(GQLS), with separate regressions for each marker while 
taking pedigree relationships among the individuals into 
account (Feng et al. 2011). A threshold value of P < 0.001 
for each SNP and chromosome-wise false discovery rate 
(FDR) of < 10% were the criteria to conclude an 
association. Chromosome assignment was according to the 
linkage map for North American Atlantic salmon (Brenna-
Hansen et al. 2012), and the European subspecies (Lien et 
al. 2011), secondarily. 

 
Results and Discussion 

At P < 0.001 and FDR < 10%, 4 SNP on 2 
chromosomes were found to be associated with SW (Table 
2, Figure1). Relaxing the significance threshold increased 
the FDR, reducing the number of SNP accepted. For 
example, none of the markers, including the four previously 
identified, satisfied the criteria of P < 0.0025 and FDR < 
10%. With P < 0.005, only the markers detected on one 
chromosome had FDR < 10%, which suggests a QTL is 
located on Ssa10, but the single SNP previously found on 
Ssa21 may not be real. 
 

Figure 1: Manhattan plot showing SNP association tests 
for harvest weight in North American Atlantic salmon 
(red points are SNP with P < 0.001 and chromosome-
wise false discovery rate < 10%).  
 The 7 SNP that had P < 0.001 (regardless of FDR) 
were assessed collectively in a weighted multiple regression 
analysis. The markers were independent variables in the 
model, with de-regressed values as the response, and 
weightings accounting for unequal variances, which could 
arise from different reliabilities among individuals. Many 
SNP lost significance in the presence of the others. We 

report outcomes for the 4 SNP previously concluded to be 
associated with SW. One of the SNP on Ssa10 remained 
significant (P < 0.001) but the other two did not (P > 0.30); 
all three might be linked to the same QTL or data were 
insufficient to separate them. The single SNP on Ssa21 
seemed to have an effect (P < 0.001) distinct from the other 
markers. Together, the 7 SNP explained 12% of the 
phenotypic variation (R2 = 0.1152). 
 
Table 1. Genotyped fish with EBV for harvest weight, 
by year of hatch. 

Year 
Number  
of fish 

Accuracy of EBV 

Mean (SD) Range 
2006 
2007 
2008 

  251 
  156 
  113 

0.66 (0.02) 
0.65 (0.02) 
0.53 (0.20) 

0.56 to 0.69 
0.59 to 0.68 
0.02 to 0.68 

Overall   520 0.63  
 
Table 2. Significant SNP (P < 0.001) with chromosome-
wise false discovery rate (FDR) < 10%, associated with 
harvest weight. 

SNP Chromosome  FDR 
GCR_cBin25743_Ctg1_25 
GCR_cBin4906_Ctg1_655 
ESTNV_19427_106 

 
Ssa10 

 
0.073 

GCR_cBin43126_Ctg1_41 Ssa21 0.065 
 
 We chose to genotype some individuals from 
every full-sib family in each YC so that the GWAS results 
would be relevant to the whole population. The data 
represented a complex population structure. Because false 
positive associations can occur when population structure 
exists, we used the GQLS method, which accounts for 
known pedigrees. False positives could still remain, as the 
available pedigree information was not extensive. Further, 
population structure due to YC (essentially, separate lines 
from a common source) was not taken into account. To 
detect genuine marker-QTL associations, the discovery 
phase needs to be followed with a validation. The design 
suited a cross-validation, with each YC analyzed separately 
(starting back at calculation of EBV) and the GQLS results 
compared; but, this was not done, because splitting the data 
would reduce the power to detect significant SNP. Even 
with all the data, only 4 SNP were identified as potentially 
associated with SW.   

The detection of marker-QTL associations may 
have been limited by the data. There were 520 genotyped 
fish with EBV for SW, from three distinct lines (YC). More 
fish, from all of the 4 lines maintained, over multiple 
generations, would give an advantage. More accurate EBV 
is also desirable. Genotyped fish had sibs in the saltwater 
growth trial, but progeny would better indicate genetic 
merit. At least five individuals per family should have 
records, for each trait (SW and FW); some families 
(especially in the 2008 YC) lacked data such that some 
genotyped fish could not be used in the GWAS. Further, 
substantial pedigrees are necessary to exploit information 
on relatives. We knew the sires and dams of all fish with 
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phenotypes. Sib-ships among a portion of the parents were 
deduced from genotypes, but pedigrees remained largely 
incomplete. These concerns will be allayed as phenotypic 
and pedigree data accumulate with time.  

 
Conclusion 

Four SNP were identified that could potentially be 
linked to QTL for harvest weight. These could be 
investigated further to gain insights into the genetic basis of 
salmon growth. Our main purpose, however, was to carry 
out a trial run to prepare for future GWAS in the same 
population for other traits less amenable to improvement 
through selection. We used 478 fish, representing every 
full-sib family in 3 YC. Using more fish from more families 
is recommended, but restricted by genotyping costs and 
ultimately by population size. Progeny performance records 
were not yet available for the genotyped fish, but would 
come with time, and increase accuracy of EBV. Attention 
to data quantity and quality could enhance the effectiveness 
of detecting marker-QTL associations.   
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