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Table1. Wild populations (a) and farmed populations (b) of Atlantic salmon and 
corresponding number of specimens successfully genotyped for 4514 SNPs. Numbers after 
population name is sampling year for the wild and hatching year for the farmed strains, 

Population N

Tana -89 40

Al l 81 82 95 40

Population N

AG -98 48

(a) (b)

p p p g y g y
respectively.

Altaelva -81, -82, -95 40

Saltdalselva -77, -78 35

Namsen -78 48

Gaula 89 90 44

AG -99 89

AG -00 58

AG -01 291
Gaula -89, -90 44

Surna -77 30

Driva -77, -91 41

Rauma -74 -76 -77 -91 -95 48

Mowi -04 20

Mowi -05 20

Mowi -08 20
Rauma 74, 76, 77, 91, 95 48

Lærdalselva -77, -78, -97 61

Vosso -77, -78 18

Suldalslågen -79, -80 50

Mowi -09 20

SB -04 47

SB -05 47g ,

Figgjo -89 48

Numedalslågen -89 50

Total 553

SB -06 48

SB -07 48

Total 756
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Abstract 25 

Genetic interactions between farmed and wild conspecifics are of special concern in 26 

fisheries where large numbers of domesticated individuals are released into the wild. 27 

In the Atlantic salmon (Salmo salar), selective breeding since the 1970´s has resulted 28 

in rapid genetic changes in commercially important traits, such as a doubling of the 29 

growth rate. Each year, farmed salmon escape from net pens, enter rivers, and 30 

interbreed with wild salmon. Field experiments demonstrate that genetic 31 

introgression may weaken the viability of recipient populations. However, due to the 32 

lack of diagnostic genetic markers, little is known about actual rates of gene flow 33 

from farmed to wild populations. Here we present a panel of 60 SNPs that collectively 34 

are diagnostic in identifying individual salmon as being farmed or wild, regardless of 35 

their populations of origin. These were sourced from a pool of 7000 SNPs comparing 36 

historical wild and farmed salmon populations, and were distributed on all but two of 37 

the 29 chromosomes. We suggest that the generic differences between farmed and 38 

wild salmon at these SNPs have arisen due to domestication. The identified panel of 39 

SNPs will permit quantification of gene flow from farmed to wild salmon populations, 40 

elucidating one of the most controversial potential impacts of aquaculture. With 41 

increasing global interest in aquaculture and increasing pressure on wild populations, 42 

results from our study have implications for a wide range of species.  43 

 44 

Introduction 45 

Rapid genetic improvements from selective breeding are expected in many aquaculture 46 

species having high fecundity and large phenotypic and genetic variation (Gjedrem & 47 

Baranski 2009). Large-scale Atlantic salmon (Salmo salar) breeding programs were 48 
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established in the early seventies with broodfish collected from a large set of Norwegian 49 

wild populations (Gjedrem et al. 1991, Gjøen & Bentsen 1997). Selective breeding of the 50 

Atlantic salmon has more than doubled the growth rate in five generations (Thodesen et al. 51 

1999), implying a rapid change in the genetic makeup of farmed stocks compared to their 52 

wild origin. At the same time, many wild Atlantic salmon populations are at risk from high 53 

proportions of escaped farmed salmon (Hindar et al. 1991). In some rivers, escaped farmed 54 

salmon have outnumbered wild salmon for many years (Fiske et al. 2006, Thorstad et al. 55 

2008). There is an urgent need for a tool that can be used for monitoring genetic 56 

introgression from farmed to wild salmon.  57 

A prerequisite for estimating potential gene flow from farmed escapees to wild 58 

populations is that the genetic make-up of farmed and wild salmon is known and that there 59 

are sufficient genetic differences between them. Attempts at quantifying gene flow from 60 

farmed salmon to wild salmon have been limited to single wild populations receiving 61 

farmed salmon from well defined escapes, from which samples could be obtained (Crozier 62 

1993, Clifford et al. 1998, Crozier 2000). Attempts have also been made to relate temporal 63 

genetic changes in wild salmon populations to farmed salmon escapes (Skaala et al. 2006). 64 

While these authors were able to document genetic changes in some wild populations 65 

affected by escaped farmed salmon, in other rivers where large numbers of escaped farmed 66 

salmon were observed, no genetic changes were detected in a panel of neutral 67 

microsatellite markers. It is likely that the lack of genetic markers between farmed and 68 

wild salmon limited the ability to accurately detect gene flow in some of the populations.  69 

In general, identification of markers that are diagnostic on a farmed-wild boundary 70 

requires the availability of DNA markers in linkage disequilibrium (LD) with loci under 71 

selection. This requires that large numbers of DNA markers have been characterized, and 72 
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that these markers can be genotyped efficiently in large numbers of animals. Recently, a 73 

large number of single nucleotide polymorphisms (SNPs) have been identified in Atlantic 74 

salmon, and an Illumina 7k SNP-chip has been manufactured (S. Lien, unpublished). This 75 

SNP-chip covers a large fraction of the salmon genome, enabling genome-wide search for 76 

SNPs that can distinguish farmed from wild salmon. We hypothesized that since the 77 

breeding goal in several farmed populations are the same or similar, these strains should 78 

evolve in the same direction away from their wild origin. Consequently, some of the genes 79 

controlling traits important for aquaculture, or polymorphic genetic markers linked to such 80 

genes might therefore display similar changes in allele frequencies across isolated farmed 81 

strains. The main goal in this study was to apply the 7K SNP-chip to identify genetic 82 

markers for generic distinction between farmed and wild Atlantic salmon, enabling large 83 

scale studies of gene-flow from escaped farmed salmon to wild populations.  84 

Materials and methods  85 

Sample collection  86 

Genomic DNA samples were obtained from breeding companies dominating production of 87 

farmed Atlantic salmon in Norway, while also covering a substantial fraction of the 88 

international market: Aqua Gen (AG), SalmoBreed (SB), and Marine Harvest (Mowi 89 

strain). Samples from each of these breeding companies included four year-classes which 90 

to varying degrees could be regarded as isolated populations. Genomic DNA from wild 91 

salmon (Table 1) was obtained from historical scale samples, to ensure that they 92 

represented truly wild salmon, unaffected by farmed salmon. A total of 13 wild 93 

populations was sampled, covering the distribution range in Norway (Fig. 1), and included 94 

large populations and populations that gave rise to the farmed strains.      95 
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SNP genotyping  96 

Samples were genotyped using the 7K Atlantic salmon Illumina SNP-chip (CIGENE). 97 

Genotype clustering was performed using the Illumina©GenomeStudio 2008 software. 98 

Each SNP locus was inspected manually and clusters were adjusted when appropriate. 99 

Individuals with call rates (proportion of SNPs genotyped) < 90% were excluded from 100 

further analyses.  101 

Identification of a diagnostic panel of SNPs  102 

Genetic differentiation was measured with fixation index (Weir & Cockerham 1984) (FST) 103 

between pooled samples of wild and pooled samples of farmed salmon, for each locus, 104 

using Genepop v.4 (Raymond & Rousset 1995). To ensure reasonable independence 105 

between genetic markers, a threshold of an inter-marker distance of 5 centi-Morgan (cM) 106 

was chosen on the basis of published data on levels of LD in Atlantic salmon  (Moen et al. 107 

2008) and a newly developed genetic map including the SNPs used in the present study 108 

(Lien et al. unpublished). The 200 loci displaying the highest FST were ranked according to 109 

their assignment performance, using BELS (Bromaghin 2008), by arranging the 110 

populations in a farmed and a wild reporting group, maximizing mean individual 111 

assignment accuracy, re-sampling the baseline populations with 200 fish per population, 112 

simulating genotypes, creating 200 individuals per reporting group with equal population 113 

size within groups, and by performing permutations with 250 replicates. The method 114 

implemented in BELS was preferred because it exploits synergy among loci, while 115 

allowing individual assignment to groups of populations rather than to specific populations 116 

(Bromaghin 2008).  117 

Test of assignment performance  118 
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The 200 SNPs showing the highest FST between farmed and wild salmon were evaluated 119 

by performing individual genetic assignment as of farmed or wild origin in GeneClass2 120 

(Piry et al. 2004) using the self-assignment option and the Bayesian method (Rannala & 121 

Mountain 1997). Correct assignment was recorded whenever a wild specimen was 122 

assigned to any of the wild populations, and a farmed specimen was assigned to any of the 123 

farmed strains. These tests were performed with different numbers of loci. The 60 highest 124 

ranked SNPs were further evaluated for discrimination between farmed and wild salmon, 125 

as well as their simulated hybrids. First generation (F1) hybrids were generated from all 126 

pairs of wild and farmed populations (156 pairs) using Hybridlab (Nielsen et al. 2006). 127 

Individual discrimination to any of these three groups was tested in STRUCTURE ver. 128 

2.3.1 (Pritchard et al. 2000), assuming two populations (K=2), with 10 000 repetitions as 129 

burn in, and 10 000 repetitions after burn in, and applying the admixture model with no a 130 

priori information of the origin of the individuals. In STRUCTURE, individuals are 131 

assigned probabilistically to populations based on their multi-locus genotypes, to obtain 132 

highest possible conformance to Hardy-Weinberg equilibrium and linkage equilibrium, 133 

within populations. Consequently, admixed individuals, like the F1-hybrids generated in 134 

the present study, are expected to show equal probabilities (or proportion of their genome) 135 

of belonging to one or the other of the two assumed populations.  136 

Testing the universal property of the panel of diagnostic SNPs  137 

An equal number of individuals (18) were randomly sampled from each population 138 

followed by a random assignment of the populations to one of two groups (wild/farmed). 139 

This was done 1000 times, yielding 1000 estimates of FST for each SNP and allowing us to 140 

estimate average FST and the 95% percentile for comparison with the FST values between 141 

the actual farmed and the wild group at the 4514 loci. FST was estimated in batch mode, 142 

Page 7 of 25 Molecular Ecology Resources

This is the peer reviewed version of the following article, Karlsson, S. et al 2011 Generic genetic differences between farmed and wild  Atlantic salmon identified 
 from a 7K SNP-chip. Molecular Ecology Resources 2011 ;Volum 11. Suppl. 1 s. 247-253 , which has been published in final form at 10.1111/j.1755-0998.2010.02959.x . 

This article may be used for non-commercial purposes in accordance with Wiley Terms and Conditions for Use of Self-Archived Versions.



For Review
 O

nly

 7 
 

using Genepop v.4 (Raymond & Rousset 1995). To explore the possibility of introducing a 143 

bias when using the same populations for identification of the SNP-panel as those used to 144 

test its performance, wild populations were excluded one at a time, and for each exclusion, 145 

a new SNP-panel was identified based on the FST values between the farmed and the wild 146 

group. Thirteen (equal to the number of wild populations) new SNP-panels were generated, 147 

and for each one of these, the proportion of SNPs overlapping with the original SNP panel 148 

was estimated. Furthermore, each of the 13 generated SNP-panels were tested for their 149 

performance in GeneClass2 (Piry et al. 2004) by assigning individuals from the unsampled 150 

wild population which (1) had not been included when identifying the SNP-panel, and (2) 151 

was not included in the reference populations when doing the assignment.  152 

SNP id and corresponding NCBI, dbSNP accession number for the diagnostic panel 153 

of SNPs may be found in Table S1 (Supplementary Information).   154 

Results 155 

A total of 756 farmed salmon and 553 wild salmon were assayed for genetic 156 

variation using the 7K SNP-chip. A total of 4514 SNPs showed reliable genotypes and 157 

were included in the analyses (Table 1). The overall genetic differentiation (FST) among 158 

farmed populations was 0.095 and among wild populations 0.038. Genetic differentiation 159 

(FST) between a pool of wild salmon samples and a pool of farmed salmon samples was on 160 

average 0.016 across all 4514 SNPs, and 0.075 (range = 0.04 to 0.21) for the 200 loci with 161 

the highest FST and an inter-locus distance of at least 5 centi-Morgan (cM). There was a 162 

significant difference between the observed FST distribution of 4514 SNPs for the 163 

wild/farmed grouping and the FST distributions from random allocation of populations into 164 

two groups (Fig. 2). Specifically, the 200 loci that showed the highest FST values between 165 
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the wild and the farmed groups, showed significantly higher FST-values than the FST-values 166 

obtained for the same loci from random allocation of populations into two groups (Fig. 3).  167 

Individual genetic assignment to farmed or wild origin was very accurate, even 168 

with a diagnostic panel of only the top 10 highest ranked SNPs. Precision of assignment 169 

increased with number of loci, and was close to 100% using the highest-ranked 60 loci 170 

(Fig. 4), located on all but two chromosomes. When whole populations were excluded one 171 

at a time from the reference populations, and individuals belonging to each one of these 172 

excluded populations were assigned, a very similar result was obtained (Fig. 5), except for 173 

three farmed strains (AG98, AG99, and AG00).   174 

To evaluate the possible bias introduced by using the same populations for 175 

identification and validation of the SNP-panel, we excluded each wild population one at a 176 

time, and identified a new SNP-panel for each exclusion. The proportion of SNPs shared 177 

between any of these 13 new SNP-panels and the original SNP-panel varied between 89% 178 

and 97%. Furthermore, each of the 13 new SNP-panels were tested for diagnostic power by 179 

assigning individuals from the unsampled wild population which (1) had not been included 180 

when identifying the SNP-panel, and (2) was not included in the reference populations 181 

when doing the assignment. For each SNP-panel, the difference in performance compared 182 

to the original SNP-panel was negligible (Fig. S1, Supporting Information).  183 

The 60 highest ranking SNPs were further evaluated for discrimination between 184 

farmed and wild salmon, as were their in silico generated hybrids. Individual 185 

discrimination to any of these three groups was tested by a model-based clustering method 186 

implemented in STRUCTURE, assuming two populations. A high discrimination between 187 

individual farmed and wild salmon was obtained for all pairs of farmed and wild salmon 188 

populations, and also for the hybrids (Fig. 6), with an average proportion of the genome 189 
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belonging to one of the two populations being 0.76 - 0.94 for the wild fish, 0.07 - 0.33 for 190 

the farmed fish, and 0.40 - 0.68 for their F1 hybrids.  191 

Discussion 192 

We have identified a diagnostic panel of genetic markers that discriminate farmed and wild 193 

Atlantic salmon, regardless of their populations of origin. Individual genetic assignment to 194 

farmed or wild origin was very accurate and close to 100% using the highest-ranked 60 195 

SNPs. For wild salmon, assignment success was high even when assigning individuals 196 

from unsampled wild populations. As Norwegian strains of farmed Atlantic salmon 197 

dominate salmon aquaculture worldwide, discrimination between farmed and wild Atlantic 198 

salmon is likely to be easier outside Norway where wild Atlantic salmon populations differ 199 

from Norwegian populations (Verspoor et al. 2007).  200 

For farmed salmon, three out of 12 strains studied were not successfully assigned to 201 

the farmed group when these strains were not included in the reference panel. In future 202 

studies, this is unlikely to cause major problems since almost all farmed salmon in Norway 203 

and most farmed salmon elsewhere (Ferguson et al. 2007) originate from the 12 strains 204 

included in this study. Specifically, it is unlikely to sample an escaped farmed salmon of a 205 

different origin that that included in this study. Nevertheless, in future studies it is 206 

important to expand the number of farmed salmon strains to be included in the reference 207 

group, so that correct assignment is possible even for escaped farmed salmon having a 208 

different origin than those included in this study.  209 

Using STRUCTURE and the panel of 60 SNPs, we obtained a clear separation of 210 

all possible pairs of wild and farmed salmon, and their in silico generated F1 hybrids. This 211 

suggests that first-generation farmed salmon immigrants into wild populations, as well as 212 
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first-generation hybrids, can be identified in the wild. This makes it possible to directly 213 

estimate levels of gene flow resulting from each spawning event. Moreover, temporal 214 

genetic changes at the 60 SNPs may be ascribed to introgression of farmed salmon by 215 

comparing historical and current levels of farmed salmon representation in the genomes of 216 

wild salmon. Until a complete baseline of farmed strains exists, however, farmed to wild 217 

salmon gene flow is likely to be underestimated in situations where unsampled farmed 218 

strains contribute to this gene flow. 219 

The generic difference between farmed and wild Atlantic salmon seen at these 220 

SNPs likely reflects signatures of selection during the breeding programs and not a 221 

common origin of farmed strains. This contention is supported by two observations: First, 222 

a common shift in allele frequency level in farmed strains, away from allele frequencies in 223 

wild populations (Fig. S2 Supporting Information), indicates a parallel molecular evolution 224 

in different farmed strains, likely due to similar breeding goals and similar natural selection 225 

to the captive environment. Secondly, the overall genetic differentiation among different 226 

farmed strains was higher than that among the wild populations when all SNPs were used, 227 

consistent with information of the origin of the farmed strains (Gjedrem et al. 1991, Gjøen 228 

& Bentsen 1997). As the markers in the diagnostic panel are located on all but two 229 

chromosomes, we demonstrate that genome wide molecular genetic changes may happen 230 

after few generations in the domestication process of a new aquaculture species. The role 231 

of selection will be pursued in a separate study.  232 

A challenge applicable to the present study is what has been called “high-grading 233 

bias” (Anderson 2010). This is a bias introduced when the same individuals are being used 234 

for identification of genetic markers for genetic assignment, and for testing the 235 

performance of these markers. An optimal approach for validating the genetic assignment 236 
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performance of a sub-set of selected loci is to test them on an independent data set, a so 237 

called “gold standard” (Waples 2010). An obvious conflict between high-grading bias and 238 

gold standard is that, while a gold standard procedure ensures unbiased testing, a split of 239 

the data set (leaving data out for independent testing), leaves less data, and hence lower 240 

power, for finding the most diagnostic panel. This is of particular importance in the present 241 

study, where we wanted to find a diagnostic panel for genetic assignment of individuals to 242 

two groups of populations, each having considerably genetic variation between populations 243 

within group. In our particular case we included all populations for the identification of the 244 

diagnostic panel. The high-grading biases were assessed by doing the exercise of excluding 245 

each population one at the time and repeating the procedure for identification of a 246 

diagnostic panel of SNPs. Each one of the SNP-sets was tested for individual genetic 247 

assignment on individuals from the excluded population. From this we could conclude that 248 

the high-grading bias was very small. The reason for the low observed high-grading bias is 249 

that exclusion of one population out of a total of 25 populations (13 wild and 12 farmed 250 

populations) is likely to only have a minor effect on the estimate of genetic differentiation 251 

(FST) between the wild and the farmed groups. Arguably, an even more important reason 252 

for the low high-grading bias is the underlying generic differences between wild and 253 

farmed salmon, i.e. the SNPs in the diagnostic panel are not collectively diagnostic by 254 

chance, but from parallel evolution in farmed salmon strains.    255 

Atlantic salmon populations worldwide are regarded as threatened by aquaculture, 256 

including escaped farmed salmon (Hindar et al. 1991, Hutchings 1991, Hindar et al. 2006, 257 

Ford and Myers 2008, Vøllestad et al. 2009). Lower viability of wild populations receiving 258 

farmed immigrants has been experimentally demonstrated in whole-river experiments 
259 

(Fleming et al. 2000, McGinnity et al. 2003). On the other hand, the low overall fitness of 260 
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farmed salmon, including low breeding success (Fleming et al. 1996) and reduced survival 261 

of offspring (McGinnity et al. 2003), tend to limit such gene flow. Here we present the tool 262 

needed to quantify gene flow from farmed to wild Atlantic salmon. This paper also 263 

illustrates how genome wide studies can be applied to farmed-wild genetic interactions for 264 

an increasing number of fish species being developed for aquaculture (Bert 2007, Svåsand 265 

et al. 2007).     266 

Advances in molecular techniques now make it possible to conduct large scale 267 

screening of wild Atlantic salmon population to quantify gene flow from escaped farmed 268 

salmon, using the SNP-panel presented in this study. This will bring crucial information to 269 

a long lived debate regarding consequences on the genetic integrity of wild salmon 270 

populations from genetic introgression of farmed salmon.                     271 
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Figure Legends 368 

Fig. 1 Map of Norway showing the sample sites of wild Atlantic salmon. For year of 369 

sampling and sample sizes please see Table 1.  370 

Fig. 2 Observed (solid black line) FST distribution among 4514 loci between a pool of wild 371 

and a pool of farmed Atlantic salmon, and the average (filled black) and upper 95% 372 

percentile (filled grey) of FST estimated from a random allocation of populations into two 373 

groups (1000 replicates). For the observed and simulated data, the loci are ordered from 374 

largest to smallest FST value.  375 

Fig. 3 Observed FST (Obs) between a pool of wild and a pool of farmed Atlantic salmon for 376 

each of 200 loci identified as discriminatory for wild and farmed salmon, and the average 377 

(Mean) and upper 95% percentile (95% Upper) of FST estimated from a random sampling 378 

of populations into two groups (1000 repetitions).  379 

Fig. 4 Individual genetic assignment of Atlantic salmon as of farmed or wild origin using 380 

13 wild and 12 farmed populations. Proportions of correctly assigned individuals to farmed 381 

or wild origin are plotted for different numbers of SNP loci and for each population.  382 

Fig. 5 Individual genetic assignment of Atlantic salmon as of farmed or wild origin using 383 

13 wild and 12 farmed populations. Whole populations were excluded one at a time from 384 

the reference populations, and individuals belonging to each one of these excluded 385 

populations were assigned. Proportions of correctly assigned individuals are plotted for 386 

different number of loci used and for each population.  387 
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Fig. 6 Average proportion of genome membership for each pair of farmed and wild 389 

populations and their hybrids, assuming two populations and applying the admixture model 390 

in STRUCTURE. Each dot represents either wild (“Wild” column), hybrids (“F1 hybrid” 391 

column), or farmed (“Farm” column) fish from each of 156 pairs of Farmed and wild 392 

populations, and their hybrids.    393 

 394 
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