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Introduction 
Aquaculture is a relatively recent production system. Most of the species now used in several 
countries have been introduced from natural-composite populations, and thereafter selected 
based on traits of economic relevance. Salmon populations have undergone a series of 
management policies after their introduction for commercial purposes in countries where 
these resources were not available. For example the commercial Chilean populations now 
used under commercial conditions have been originated primarily from Scottish and 
Norwegian stocks populations. 
 
Knowing the levels of linkage disequilibrium (LD) in salmon populations is of importance 
for assessing the feasibility of genome wide selection programs (for different genome 
coverage) and for understanding the evolutionary forces shaping the genetic variability on 
the commercial setting in the short term. For example, compared to terrestrial animals the 
high selection intensity and high accuracy of predicting breeding values rendered relatively 
large rates of genetic gain and this have an important effect on the levels LD, which can 
varied dramatically around the selective locus (McVean (2007)). This is a very important 
issue when interrogating the genetic variability across the genome using thousands of SNP, 
considering that only recently genotyping arrays have been developed in this species (Kent et 
al. (2009)).   
 
Levels of LD have been estimated within single breeds of terrestrial livestock species, which 
have evolved due to phenotypic selection according to certain breed standards with many 
founders in mutation-drift-recombination equilibrium. The extent and nature of LD in 
aquaculture populations can be unpredictable, considering the complex hybridization process 
when using founders for stock enhancement. For example, salmon aquaculture stocks were 
derived from crosses between several wild strains, as in the Norwegian breeding program for 
Atlantic salmon (Holtsmark et al. (2008)).  
 
Predicting the levels of LD is difficult, due to the fact that this parameter depends on many 
population genetic factors influencing the covariation between alleles. The aim of this work 
is to assess the expected levels of linkage disequilibrium in salmon populations subjected to 
rapid domestication, drift and artificial selection using stochastic simulations. It is assumed 
that commercial populations have been formed from crosses between wild populations 
differing in the levels of genetic drift and natural selection. 
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Material and methods 
Population genetics model: Stochastic simulations were used for modelling a composite 
population reflecting the Norwegian Atlantic salmon population, after their introduction to 
the salmon aquacultural system in Chile, due to ova importation since the early 80’s. It is 
assumed that an ancient historical population subjected to mutation rate of 2.5e-8 and 
recombination with an effective population number equal to 500. This population have 
evolved for about 100 generations. At generation 101 the historical population originated 5 
natural populations, which have assumed to colonize different rivers. After which a number 
of generations of pure drift (D) or natural selection (either directional (S) or for different 
directions (heterogeneous (H))) were simulated. The river populations were mated randomly 
when originating the actual Norwegian breeding program of Atlantic salmon (Holtsmark et 
al. (2008)). This composite population (i.e. commercial salmon population) was either 
subjected to drift (D) natural selection (S) were selected using BLUP (B). Family size was 
held constant throughout this period and 250 full sib families were produced in each 
generation (9 generations in total). The implementation of this model was carried out using 
the algorithm developed by Sargolaszei and Schenkel (2009). 
 
Molecular and quantitative genetics model: For the purposes of the analysis of LD 
between syntenic loci a single chromosome of 100 cM with 100 or 200, 400 SNP markers 
equally spaced, were simulated in a 100 cM linkage group. The heritability of the 
quantitative trait (which was assumed a fitness trait, such as disease resistance) was in all 
cases 0.25. A QTL of relatively small effect (h2

QTL=0.05) was located at position 50 cM. 
 
Data analysis: Estimates of LD using Hill and Robertson r2 were obtained using LDMAX 
procedure of the software GOLD (Abecasis and Cookson (2000)). The decay of LD 
surrounding the QTL was assessed with the non-linear model of Sved (1971) using least 
squares (DiRienzo et al. (2003)). A total of 100 replicates were used to make inferences 
about the extent of LD using a sample size of 500 individuals.  

Results and discussion 
Genetic trends: In almost all scenarios simulated conventional selection produced relatively 
large rates of genetic gain for both polygenic and QTL effects (Figure 1) over a 10-
generation period. Overall, per generation the mean breeding values increased around 0.4 
phenotypic standard deviations. However, the genetic gain for the QTL effects were quite 
different when considering different assumptions about the founder population used to 
establish the commercial population. In this case when the wild populations have been 
subjected to selection, the response at the QTL increase only at the first few generations, due 
to fixation of the QTL in a proportion of the replicates. When the founders were obtained by 
crossing different wild populations subjected only to drift, there is a steady increase in the 
mean for the QTL effects along the course of selection. Nevertheless, the actual genetic 
mean for the QTL effects in all generations was significantly smaller, when compared to the 
previous case scenarios. 
 
 



 
 
 
 
 
 
 
 
Figure  1.- Evolution of the QTL (a) polygenic (b) and breeding values (c) for the 
quantitative trait under selection. The first letter of the title represents natural selection 
(S) or pure drift (D) in the wild populations. And the second letter either natural 
selection (S) or BLUP selection (B) or pure drift (D) in the commercial population. 

 
Patterns of expected LD between marker pairs: There is a marginal increase in the levels 
of LD in unselected populations (DD) for different marker coverage (Figure 2). Due to the 
extreme variability of LD values, these differences were not significant, however. Only a 
marginal increase in LD was observed when the wild populations were selected for different 
directions (data not shown). It is important to note that there is a decrease in the levels of 
heterozygocity in the regions nearby the QTL, due to hitchhiking effects (selective sweep). 
This behaviour was consistent with the levels of selection response at the QTL locus (Figure 
1). In cases where an asymptotic selection response at the QTL was observed (Figure 1c 
(SB)), there is a marked decrease in the levels of LD surrounding the selected QTL (Figure 
2). When there is a steady increase in genetic gain at the QTL (Figure 1c), the levels of LD 
are doubled the levels of r2 when compared to a pure drift model at the QTL position. These 
results are similar to what has been observed in the coalescent models of McVean (2007). 
 
               
             
 
 
 
 
 
 
Figure  2.- Average levels of LD (r2) between consecutive marker pairs under different 
scenarios simulated (for marker densities of 100 (a), 200 (b) or 400 (c) SNP markers in 
the 100 cM linkage group). The first letter of the title represents natural selection (S) or 
pure drift (D) in the wild populations, and the second letter either natural selection (S) 
or BLUP (B) or pure drift (D) in the commercial population. 
 
LD decay around the selected loci: The strong effect of varying levels of selection pressure 
in shaping LD decay around a selected locus is clearly seen in all scenarios simulated in the 
commercial population (Figure 3). These results clearly suggest that relatively large power is 
expected to detect selection signatures using the genome coverage obtained from salmon 
DNA chips currently available (Kent et al. (2009)) and when using measures of extended 



haplotype homozygocity in partial selective sweeps (Sabeti et al. (2002)). In fact, previous 
results have shown that regions of the salmon genome showing significantly higher LD are 
in locations where QTL for Resistance against Infectious Salmon Anaemia have been 
mapped previously (Moen et al. (2007), Yañez et al. (2010)). 
 
 
 
 
 
 
 
Figure  3.- Modelling LD decay around QTL in replicates, where the selected locus is 
still segregating. Markers were equally spaced every 0.25 cM.  The first letter of the 
title represents directional natural selection (S) or heterogeneous selection (H) or pure 
drift (D) in the wild populations, and the second letter either natural selection (S), 
BLUP (B) or pure drift (D) in the commercial population. 
 
Conclusion 
These results clearly show that information from LD can be used successfully for detecting 
selection signatures in the salmon genome using the SNP-chip platform currently available, 
specifically for fitness traits or traits traditionally selected in salmon populations such as 
growth rate and disease resistance. In fact, we are currently using the SNP-chip developed at 
CIGENE for assessing selection signatures with information coming from a large number of 
populations currently under commercial production in Chile. Since, it is expected that the 
salmon genome sequence will be available shortly, this information will be crucial for 
targeting specific genes or gene networks that are obvious candidates for explaining the 
genome micro-evolution of this species after introducing them for aquaculture purposes 
worldwide. 
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