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Abstract: Early sexual maturation is a serious drawback for 
Atlantic salmon aquaculture as it retards growth, affecting 
flesh quality and increases production times. Both growth 
and sexual maturation are complex traits; however, selection 
has been accomplished since the beginning of Atlantic 
salmon selective breeding programs. 480 individuals from 
the Cermaq Canada broodstock program were genotyped 
using a 6.5K single-nucleotide polymorphism (SNP) array. 
The GenABEL library in R statistical environment allowed 
us to identify markers showing a significant association with 
growth, late maturation and grilsing. The most significant 
associations were found for late maturation on markers 
located in Ssa28, Ssa01 and Ssa21.  A lower level of associ-
ation was detected with growth on Ssa13 and with grilsing 
on Ssa02 and Ssa14. Candidate genes were found to be 
associated with these traits and some of them show a direct 
relationship with developmental processes, especially for 
those in association with sexual maturation.  
 
 

Introduction 
 

Growth and age at sexual maturation are some of 
the most important traits in Atlantic salmon aquaculture, 
with fish having been continuously selected for these traits 
since the beginning of selective breeding programs in Nor-
way in the 1970s (Gjedrem, 2012). Early sexual maturation 
is considered a serious drawback for aquaculture as it re-
tards growth for several months while affecting flesh quali-
ty and overall production times (Nævdal, 1983; Thorpe, 
1994). These two traits, growth and sexual maturation, are 
complex physiological processes controlled by genetic and 
environmental factors. In spite of the high number of envi-
ronmental factors that may directly or indirectly influence 
growth rates, the heritability of both growth and age at 
maturity have been reported to show moderate levels in 
most cases (Garcia de Leaniz, et al., 2007; Gjedrem, 2012; 
Gjerde, et al., 1994). This scenario makes artificial selec-
tion for these traits plausible, which allows their improve-
ment by means of selective breeding.  

 
 The ability to determine the chromosomal regions 

that affect economically important traits has led to the im-
plementation of selective breeding based on genetic selec-
tion practices by identifying animals with favorable geno-
types. In Atlantic salmon aquaculture, marker assisted 

selection (MAS) could be a valuable addition to current 
selective breeding programmes by improving the accuracy 
of selection, and therefore the genetic gain. 

 
With the emergence of new sequencing technolo-

gies it is possible to obtain thousands of single nucleotide 
polymorphism (SNP) markers for population genotyping, 
which has allowed the construction of high density genetic 
maps (Goddard, Hayes, 2009). The current SNP array tech-
nologies provide better tools for the identification of QTL 
and specific markers associated with traits of interest than 
was possible using microsatellite markers. For Atlantic 
salmon in particular, a 6.5k SNP was developed 
(Gidskehaug, et al., 2011; Kent, et al., 2009) resulting in a 
SNP linkage map with ~ 5,500 markers (Lien, et al., 2011). 
We previously conducted QTL analyses by making use of 
this SNP array (Gutierrez, et al., 2013; Gutierrez, et al., 
2012); however, the study of the genomic regions control-
ling production traits in Atlantic salmon has not yet been 
carried out using a genome-wide association study 
(GWAS) approach. GWAS evaluates the association with a 
trait relying on the levels of linkage disequilibrium (LD) 
between the markers and the genetic variation affecting the 
trait, testing for association of each SNP and therefore, 
making possible the identification of specific alleles affect-
ing the trait. The aim of this study was to analyze growth 
and sexual maturation in this species using a GWAS ap-
proach in order to refine our previous mapping carried out 
using standard QTL analysis. 
 

Materials and methods 
Samples and phenotype data 

 
Families were part of a commercial breeding pro-

gram developed by Cermaq (formerly Mainstream) Canada 
and based on the Mowi strain of Atlantic salmon. Five full-
sib families were selected for analysis, comprising 279 
individuals (including parents) as described in Gutierrez et 
al. (2012). In order to increase the power to detect associa-
tion, in the present study we also added 192 Atlantic salm-
on parents from the same broodstock year (BY) 2005.  

 
Body weight measurements were taken as de-

scribed in our previous analysis (Gutierrez, et al., 2012). 
Based on the weight measurements taken at times during 
the production cycle, the number of days required to reach 
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a market weight of 5 kg was calculated for all fish. Matura-
tion times were classified as: precocious (≤ 12 months of 
age), grilse (36 months of age, at 1st sea winter (SW), nor-
mally maturing (48 to 60 months of age at second SW or 
third SW), and late-maturing fish (>60 months). For  

 
SNP array and linkage mapping 

 
All 471 individuals were selected for SNP geno-

typing at CIGENE, Norwegian University of Life Sciences, 
Ås, Norway using an Atlantic salmon 6.5K Illumina iSelect 
SNP-array (Gidskehaug, et al., 2011; Kent, et al., 2009). 
Analyses were based on an Atlantic salmon linkage map 
which contains ~5,650 SNP (Lien, et al., 2011).  

 
Genome-wide association analysis 

 
GWA analysis was carried out using the GenA-

BEL library implemented in R. Considering the presence of 
closely related fish in our sample, we used the GRAMMAS 
approach (Genome-wide association using Mixed Model 
and Score test) (Amin, et al., 2007; Aulchenko, et al., 
2007). Quality control (QC) was performed and those 
markers with a call rate lower than 95% and a minimum 
allele frequency lower than 0.05 were filtered and excluded 
from the analysis. 

 
Linkage disequilibrium 

 
The levels of linkage disequilibrium as r2 were 

calculated using the GenABEL package and calculated for 
all adjacent marker pairs. The values of mean and median 
were obtained by the use of SPSS (IBM). 
 

Results and discussion 
 

A total of 466 samples and 3,908 markers passed 
the QC and consequently GWA analysis was carried out. 

 
Only one marker (GCR_cBin15343_Ctg1_36) lo-

cated on chromosome 13 (Ssa13) was found to be signifi-
cantly associated with growth (see Figure 1), but only at the 
chromosome-wide level of significance (p < 2.55e-4 for 
Ssa13). Within 10 kb upstream of the location of the SNP 
we found MAGI-1 (membrane-associated guanylate kinase, 
WW and PDZ domain-containing protein 1), a protein 
related to cell-cell contact such as neuronal synaptic and 
epithelial tight junctions (Hata, et al., 1998) The detection 
of a single marker in significant association was certainly 
unexpected and is in disagreement with previous analyses 
in terms of the number of regions controlling this complex 
trait. However, it agrees in part with results from our previ-
ous analysis where we found a genome-wide significant 
QTL on Ssa13 associated with growth in Atlantic salmon 
(Gutierrez, et al., 2012) 

 

Analysis for grilsing identified seven markers with 
a chromosome-wide significant association to the trait. 
Most of these markers (6 of 7) are located on Ssa02 
(ESTNV_16766_113, GCR_cBin2733_Ctg1_528, 
GCR_cBin28152_Ctg1_60, GCR_cBin24972_Ctg1_42, 
ESTNV_36998_1021 & GCR_cBin28152_Ctg1_185). 
Three of these markers (GCR_cBin28152_Ctg1_60, 
GCR_cBin24972_Ctg1_42 and 
GCR_cBin28152_Ctg1_185) were assigned to 
AGKD01052475 comprising a small region of 2 cM, but 
they were not associated with a particular gene. The most 
significantly associated marker ESTNV_16766_113 was 
positioned on Ssa02 (p < 3.91e-04 for Ssa02), and is locat-
ed within the coding region of RING finger protein 146, a 
RING-domain E3 ubiquitin ligase, that acts as a positive 
regulator of Wnt signaling (Zhang, et al., 2011), which 
plays essential roles in embryonic development and adult 
tissue homeostasis.  GCR_cBin2733_Ctg1_528  also on 
Ssa02, was located in the intronic region of a myoglobin 
gene (MYG). The other five markers that showed a chro-
mosome-wide significant association with grilsing were 
located in uncharacterized genes. To our knowledge these 
chromosomes have not been described as containing sexual 
maturation QTL in salmonids. However, numerous QTL 
related to growth have been identified on Ssa02 (Baranski, 
et al., 2010; Boulding, et al., 2008; Gutierrez, et al., 2012; 
Houston, et al., 2009; Reid, et al., 2005). Regions of this 
chromosome share homology with linkage groups from 
other salmonid species such as rainbow trout (RT-27), 
where body-weight and early maturation QTL have been 
described (Haidle, et al., 2008; Wringe, et al., 2010) 

 
Late maturation analysis detected association with 

five markers, located on Ssa28, Ssa01 and Ssa21 
(ESTNV_22894_922, ESTNV_35192_247, 
GCR_cBin47084_Ctg1_67, ESTNV_31055_861 and 
ESTNV_27268_490), which showed a genome-wide signif-
icant association with the trait according to the Bonferroni 
thresholds (only ESTNV_22894_922 and 
ESTNV_35192_247 reached genome-wide significance 
(p<0.05) using the permutation method).The two most 
significant markers are identified as ESTNV_22894_922 
and ESTNV_35192_247, and are located on chromosomes 
Ssa28 and Ssa01, respectively. ESTNV_22894_922 is a 
SNP that by annotation was positioned in the coding region 
of FRA10AC1, a gene found within the rare FRA10A fo-
late-sensitive fragile. ESTNV_35192_247 is located in the 
coding region of a CPEB-associated factor Maskin putative 
protein, which has been mainly associated to the control of 
oocyte maturation in Xenopus by repression and de-
repression of mRNAs (Stebbins-Boaz, et al., 1999).  Previ-
ous studies analysing sexual maturation related traits in 
other salmonid species have identified QTL in similar re-
gions. In rainbow trout for example, genome-wide signifi-
cant QTL associated with early maturation was found on 
RT-17, which shares homology with Ssa28, (Haidle, et al., 
2008), but also chromosome-wide significant QTL linked 
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to developmental rates (Easton, et al., 2011). In addition to 
QTL found on Ssa28, previous studies have also described 
QTL on Ssa01 for other salmonid species. For instance, 
QTL for age at sexual maturation was described in AC-9 
that shares homology with Ssa01 (Küttner, et al., 2011) and 
also QTL for condition factor (Moghadam, et al., 2007). In 
the case of Ssa21, we recently described QTL for grilsing 
located in the same chromosome; however, in this analysis 
the QTL was detected for late maturation instead, which 
suggests that these regions controlling sexual development 
contain genes that work in both processes 

 
 Given the differences found between regular QTL 

analysis and GWA analysis, we believe that such discrep-
ancies could be explained by the different approaches for 
these analyses. Standard QTL analyses make use of the 
amount of recombination or linkage between individuals to 
detect association between markers and trait, which makes 
it a powerful method when using a low number of markers. 
On the other hand, the statistical power of GWA is a func-
tion of sample size, effect size and marker allele frequency 
(Stranger, et al., 2011), depending on the level of linkage 
disequilibrium between the genetic markers to detect asso-
ciation. Being that said, the low power of detection special-
ly observed in our analysis of growth (days to 5 kg) and 
grilsing could be attributed to the low number of markers 
and samples analysed (Sodeland, et al., 2013). Accordingly, 
Sodeland, et al. (2013) using the same SNP chip to analyse 
quality traits in Atlantic salmon, recently showed that the 
levels of LD were not sufficiently high to explain a consid-
erable proportion of the genetic variation for carcass quality 
traits in Atlantic salmon, even with a larger sample size. A 
similar result regarding low values of LD between adjacent 
markers was found in our analyzed data, suggesting that a 
higher density SNP panel will be needed to fully exploit LD 
in association mapping studies. 

 
The levels of LD detected using the markers avail-

able was on average = 0.22 with a median = 0.11, which is 
higher than the critical value of r2 = 0.2 needed to capture 
the effect of genomic regions affecting quantitative traits 
using LD between two markers; however the decay of 
linkage disequilibrium is correlated with the distance be-
tween markers. These results could indicate that the kinship 
between our sampled individuals is high, but also shows 
that the low power of detection is due to small effects and 
the experimental design. Nevertheless, the density of the 
SNPs used here could be improved in order to increase the 
power to detect association between traits and markers. 

 
The estimated levels of heritability calculated us-

ing a pedigree-based relationship matrix, for grilsing and 
late maturation in this population are low: grilse h2= 0.09, 
late maturation h2= 0.11 but in agreement the current litera-
ture that has described levels of heritability for age at sexu-
al maturity traits in Atlantic salmon ranging from 0.04  to 
0.17 as reviewed by Garcia de Leaniz, et al. (2007). Herita-

bility of growth (days to 5 Kg) on the other hand, was 
found to be significantly higher (h2= 0.2) also in agreement 
with previous findings which  estimated heritabilities for 
growth rate and body weight range from 0.04 – 0.26 and 
0.05–0.44 respectively (Garcia de Leaniz, et al., 2007). 
Thus, selection for these traits is possible and it has been 
done since the early 70’s (Gjedrem, 2012). Selective breed-
ing programs have been effective in increasing body size 
while also controlling undesired early sexual maturity in 
farmed fish (Gjedrem 2000), suggesting that the main ge-
nomic regions controlling these traits are different. The use 
of molecular marker information could be a valuable tool to 
improve conventional broodstock selection programs by the 
identification of affected alleles that could then be screened 
into different populations  
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