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Introduction 

 
The viral disease infectious pancreatic necrosis (IPN) causes severe losses in Atlantic salmon 
aquaculture. The disease affects the fish at the fry stage as well as at the post-smolt stage 
shortly after transfer to sea water. The breeding company Aqua Gen AS has been selecting 
for increased resistance to the disease since 2001 (3 generations). Selection is done on the 
basis of controlled challenge tests, where survival rates in full- and half-sib groups are 
recorded. For bio-security reasons, breeding candidates are not tested, meaning that no use is 
made of the within-family component of genetic variation.  This has instigated research 
efforts aiming at the identification of quantitative trait loci (QTL) affecting resistance to the 
disease, for subsequent use in marker-assisted selection (MAS).  
 
Houston, R.D., Haley, C.S., Hamilton, A. et al. (2008) and Moen, T., Baranski, M., 
Sonesson, A.K. et al. (2009) both performed genome scans on post-smolts in order to 
identify QTL. Both groups identified one QTL, located on chromosome 26, which explained 
the bulk of genetic variation in resistance. Both groups later showed that the QTL had a large 
effect on IPN-resistance also at the fry stage (Moen, T., Baranski, M., Sonesson, A.K. et al. 
(2009); Houston, R.D, Haley, C.S. Hamilton, A. et al. (2010)). Moen et al. used marker 
haplotypes in QTL-heterozygous mapping parents in order to find linkage phases between 
marker haplotypes and alleles at the underlying QTL (Moen, T., Baranski, M., Sonesson, 
A.K. et al. (2009)).  
  
Phenotypic response to selection for increased IPN-resistance has been demonstrated earlier 
(Storset, A., Strand, C., Wetten, M. et al. (2007)). In this study, we wanted to investigate 
whether family selection for increased IPN-resistance had lead to detectable changes in allele 
frequency at the gene underlying this QTL.  
 

Materials and Methods 

 
A challenge test was performed on all 400 full-sib groups constituting the 2005 year class of 
the breeding nucleus of a Norwegian breeding company, Aqua Gen AS. From each full-sib 
group, 130 animals were tested; the first 10 to die and 10 random survivors were sampled 
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from each group. A subset of the full-sib groups, and their parents, were genotyped for 
microsatellite markers located within the QTL region. A Pearson’s goodness-of-fit test was 
performed in order to identify QTL heterozygous parents (P-values < 0.05 indicated that a 
given parent was QTL heterozygous). The remaining parents of the 2005 year class, as well 
as all parents of the following generation (the 2008 year class) were genotyped for the same 
set of markers. Haplotypes of markers within the QTL region were first established in the 
parents having offspring with genotypes. Next, these haplotypes were used as a reference 
when haplotypes in parents without genotyped offspring were established (see Moen, T., 
Baranski, M., Sonesson, A.K. et al. (2009) for details on challenge test, genotyping, and 
construction of haplotypes).  

 
Since not all haplotypes were represented in the parents proven to be QTL heterozygous, not 
all haplotypes had been assigned a linkage phase to the QTL. An ad-hoc maximum 
likelihood approach, utilising the phenotypic distribution of the different QTL genotypes, 
was developed in order to deduce haplotype-QTL linkage phases for additional haplotypes. 
The likelihood of haplotype H being linked to QTL allele Q (the high-resistance allele) was 
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where Qp  = the allele frequency estimate of allele Q; i = any animal having one or two 

copies of haplotype H; Hn = the number of animals having one or two copies of haplotype 

H; 
iGµ and 2

Gi
σ are the mean and variance describing the distribution of survival rates of 

animals known to have the same QTL genotype as animal i; ix = the trait value of animal i. 
Animals having two different haplotypes both with unknown linkage phase to the QTL were 
ignored. The likelihood of a particular haplotype being linked to Q rather than to q (the low-
resistance allele) was expressed as the LOD score = log(LH->Q) – log(LH->q).  Haplotypes 
were assigned linkage to a QTL allele if |LOD|>2, i.e. if one linkage phase was 100 times 
more likely than the other. Although some of the trait distributions deviated from the normal 
distribution, the deviation was considered small enough to be acceptable (P > 0.02 for all 
distributions, Shapiro-Wilk test).  
 
A confidence interval for the change in allele frequency between the two generations under 
the null hypothesis of no selection acting upon the locus was established by 1) randomly 
generating QTL genotypes in the parents of the 2005 year class on the basis of the allele 
frequency estimated among those parents, 2) randomly distributing alleles from these parents 
to their offspring (the parents of year class 2008), assuming that each allele is passed on with 
a probability of 0.50. This procedure was iterated 10,000 times. 
  

Results and Discussion 

 
A data set consisting of 206 challenge-tested full-sib groups of Atlantic salmon fry were 
analysed in order to identify QTL-heterozygous parents (analysis of a subset of this dataset is 



described in Moen, T., Baranski, M., Sonesson, A.K. et al. (2009)). Out of the 300 parents 
pertaining to these full-sib groups, 278 were marker informative, and of these 118 were 
found to be QTL heterozygous. Forty-two different marker haplotypes were represented in 
QTL heterozygous offspring; most of these were linked either exclusively to Q or 
exclusively to q. For only 3.3 % of the haplotype copies, the linkage phase between 
haplotype and QTL disagreed with the most frequent linkage phase found for that haplotype.  
 
The remaining parents of the year class in question, 129 animals, were genotyped for the 
same set of markers, and haplotypes were constructed. Extrapolation of known haplotype-
QTL linkage phases, deduced in heterozygous animals, lead to the assignment of QTL 
genotypes to most of the additional parents. Use of a maximum likelihood procedure, 
utilising the trait distribution in the three QTL genotype classes, led to the deduction of 
haplotype-QTL linkage phase for an additional 5 haplotypes. Another round of assigning 
QTL genotypes to parents resulted in 405 parents altogether having assigned QTL genotypes. 
A ranking of the phenotypic means of genotype classes confirmed that the QTL is a major 
determinant of survival (Figure 1).  
 

 
Figure 1: Mortality of half-sib groups in challenge test for IPN, categorised according 

to QTL genotype of the common parent.  

 
Parents of the following generation were now genotyped for the same set of markers. 
Haplotypes were constructed, and QTL genotypes assigned. The allele frequency of Q was 
found to having increased from 0.27 to 0.44 between the two consecutive generations, a 
much larger change than could be expected by chance (Figure 2).  
 



 
Figure 2: Allele frequencies (± S.E.) at a major locus for IPN resistance in Atlantic 

salmon in two consecutive generations of the breeding nucleus of a Norwegian breeding 

company. The 95 % confidence interval for allele frequency change (given no selection 

acting on the locus) is indicated by broken lines. 

 
Highly significant allele frequency changes at single loci due to one round of selection are 
rarely seen. Possibly, the large changes observed here, as well as the large effect of the QTL 
itself, is due to the short selection history of the trait, given that disease pressures in 
aquaculture are believed to be very different from disease pressures in the wild. The allele 
conferring high resistance to IPN is likely to move towards fixation rapidly, given that IPN 
remains an important part of the breeding goal. A tool for marker-assisted selection, such as 
the one described here, will permit the breeding company to fix the frequency of Q at a 
wanted level, which could be set below 1 for the sake of maintaining functional genetic 
variation in the population.  
 

Conclusion  

 
This study has demonstrated a large change in allele frequency at a major QTL for resistance 
to a viral disease in Atlantic salmon. Due to its magnitude, the allele frequency is highly 
unlikely to be due to genetic drift, and hence, can only be attributed to artificial selection 
acting upon the locus.  
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