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Abstract
Because of intrinsic differences in their genetic architectures, wild populations
invaded by domesticated individuals could experience population-specific
consequences following introgression by genetic material of domesticated origin. Expression levels of 16 000 transcripts were quantified by microarrays in
liver tissue from farm, wild, and farm-wild backcross (i.e. F1 farm-wild
hybrid · wild; total n = 50) Atlantic salmon (Salmo salar) raised under common environmental conditions. The wild populations and farm strain originated from three North American rivers in eastern Canada (Stewiacke, Tusket,
and Saint John rivers, respectively). Analysis of variance revealed 177 transcripts with different expression levels among the five strains compared. Five
times more of these transcripts were differentiated between farmed parents and
Tusket backcrosses (n = 53) than between Stewiacke backcrosses and their
farmed parents (n = 11). Altered biological processes in backcrosses also differed between populations both in number and in the type of processes
impacted (metabolism vs immunity). Over-dominant gene expression regulation in backcrosses varied considerably between populations (23% in Stewiacke
vs 44% in Tusket). Hence, the consequences of introgression of farm genetic
material on gene expression depended on population-specific genetic architectures. These results support the need to evaluate impacts of farm-wild genetic
interactions at the population scale.

Introduction
Domestication has been closely linked to the rise of
human history (Lev-Yadun et al. 2000; Zeder 2006). It is
defined as artificial selection, over many generations, for
traits deemed advantageous to humans in animal and
plant species (Diamond 2002; Mignon-Grasteau et al.
2005; Taberlet et al. 2008). Morphology, behaviour, and
life history are the most commonly selected traits, procuring benefits to humans (Diamond 2002). The mechanisms
permitting improvement of domesticated strains lie in the
heritable genetic basis of the phenotypic characteristics
being selected (Jensen 2006). The process of domestication could lead to changes in the genetic architecture
of the strains under selection, that is, changes in the
inter-related genetic effects that are responsible for the
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development of phenotypic characters (Burger et al.
2008). Domesticated populations or species may be
considered invasive wherever they are found in the wild,
either as established feral populations or recurrent due to
chronic immigration. Indeed, domesticated species
are known to be responsible for a high proportion of
invasion cases (Mack et al. 2000; Sakai et al. 2001).
Invasive species can be defined as species that proliferate in new environments or colonize them repeatedly
(Mack et al. 2000; Lee 2002). They can pose ecological
and evolutionary threats to local populations by competing for space and resources (Randi 2008), or by inducing
shifts in ecosystem balance and selection regimes (Carroll
2007). In the case of invading domesticated species, which
may readily hybridize with local wild populations, ecological consequences are compounded by possible genetic
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interactions (Suarez and Tsutsui 2008), which are thought
to result in a reduction of genetic diversity and a loss of
local adaptation (Mooney and Cleland 2001; Sakai et al.
2001).
The recent and ongoing domestication of Atlantic
salmon (Salmo salar L.) through aquaculture activities
offers a useful system to study the genetic consequences
of hybridization between wild populations and invasive
domesticated strains. Atlantic salmon farmed strains have
been under selection for 5–12 generations in different
parts of the globe. Traits under selection include growth
rate, age at maturity, and pathogen resistance (Friars et al.
1995; Gjoen and Bentsen 1997; Glebe 1998; O’Flynn et al.
1999; Hindar et al. 2006). As a consequence, farmed
salmon generally differ from their ancestral wild populations by having a higher growth rate and older age at
maturity. Unintentional selection additionally leads to
reduced genetic diversity, increased fat content, increased
aggressiveness, and reduced response to predation, which
may result in poorer survival and reproductive capacity
of farmed salmon in the wild (Fleming and Einum 1997;
Fleming et al. 2000; McGinnity et al. 2003; Skaala et al.
2005). Consequently, introgressive hybridization between
farmed and wild fish may have major consequences for
the fitness of individuals in wild populations (McGinnity
et al. 2003; Castillo et al. 2008; Hutchings and Fraser
2008).
It is widely accepted that modulation of gene expression regulation plays an important role in evolution
(King and Wilson 1975; Stern 2000; Oleksiak et al. 2002;
Wittkopp 2007; Fay and Wittkopp 2008). For example,
small changes in temporal and spatial gene expression can
have dramatic consequences on development and phenotypic characteristics (Lindsey and Topping 1993; Cho
et al. 1998; Yabuta et al. 2006). By measuring cDNA levels for thousands of transcripts simultaneously, DNA
microarrays represent a powerful means of identifying
evolutionarily important gene expression differences (Gibson 2002; Ranz and Machado 2006). Since the level of
gene transcription is correlated with the presence of the
protein that it encodes for, gene expression regulation is
likely to be linked to physiological differences among
individuals and populations (Schulte 2004). In Atlantic
salmon, Roberge et al. (2006) showed that 5–7 generations of domestication were sufficient to induce important changes in patterns of gene expression between
farmed and wild salmon. Recently, Roberge et al. (2008)
demonstrated that introgressive hybridization between
farmed and wild salmon sharing the same river of origin
induced mis-regulation at numerous genes involved in a
wide variety of physiological functions.
This project builds on these previous studies (Roberge
et al. 2006, 2008) by comparing patterns of liver gene
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expression between backcross hybrids generated from
crossing a strain of farmed salmon with two wild populations displaying distinct life history attributes. The main
objective was to assess the differential consequences of
introgressive hybridization in populations characterized
by different genetic backgrounds. More specifically, salmon from two wild populations and one farm strain were
firstly used to generate two F1 (farm-wild) hybrids. These
wild and hybrid strains were raised under common environmental conditions for their entire lives and then
crossed to produce a new generation of these strains and,
additionally, two backcross hybrids. The liver transcriptomes of the three parental strains and two backcross
hybrids were then compared to evaluate the genetic
consequences of introgression of farm genetic material in
the two different wild populations. In this way, it was
possible to uncover genes differentially expressed between
the five strains, which may be indicative of altered biological processes, as well as patterns of additive versus nonadditive expression regulation inheritance.
Our work therefore expands upon previous research
efforts which paid little attention to the extent to which
domesticated genomes might interact differently when
mixed with distinct wild genomes. Indeed, to our knowledge, this project represents the first attempt to compare
population-specific impacts of domestic-wild hybridization on gene expression for any vertebrate species. This
represents a significant contribution to our current
understanding of the impact of farm escapes on wild
populations. Indeed, our results revealed how genetically
distinct wild populations from a small geographical area
can be differently affected by introgression from a domesticated strain. This in turns indicates that aquaculture
accidental releases should be more tightly controlled and
their potential genetic impacts be assessed on a smaller
scale, ideally at the population level.
Methods
Sampling
Atlantic salmon genitors from the Stewiacke River
(NS, 4508¢00¢¢N, 6322¢57¢¢W) and Tusket River (NS,
4341¢00¢¢N, 6556¢57¢¢W) populations, as well as from
the main farm strain used in the Bay of Fundy aquaculture industry (20 individuals each), were used to generate
our crosses. The farm strain originally comprised individuals from the Saint-John River population (NB,
4516¢00¢¢N, 6604¢00¢¢W) and had undergone four generations of selection in 2005 when the genitors were sampled. Both the Stewiacke and Saint-John rivers are part of
the Bay of Fundy area, while the Tusket River flows in
the Atlantic Ocean just outside the Bay of Fundy. About
200 km separate the Saint-John River from each of the
ª 2009 The Authors
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Stewiacke and Tusket rivers. In this experiment, wild salmon from the Stewiacke and Tusket rivers were crossed
with farmed individuals to generate two strains of F1
hybrids. The two hybrid strains were then crossed to their
respective wild ancestor population to generate backcross
hybrids. For each generation, the individuals were reared
without intentional selection in a controlled environment
to avoid environmental effects and biases in selecting the
genitors for the next generation. Thus, salmon from five
crosses were compared in this study: the farm strain, the
two wild populations, and the two backcross strains.
More details about how the crosses were made can be
found in Fraser et al. (2008) and Houde et al. (2009).
RNA extraction, cDNA hybridization, and microarray
experimental design
Individuals were killed prior to being weighed, measured,
and sampled 7 months after hatching. Livers were then
extracted and promptly frozen at )80C. Great care was
taken to ensure that no environmental influences, such as
time of day at killing or weight of fish, had any bias within
the different strains. Total RNA was extracted from the livers of 10 individuals randomly drawn from each strain, for
a total of 50 individuals. All steps that involved RNA were
performed at 4C, unless stated otherwise. The extractions
followed a standard phenol-chloroform protocol. The livers (50–200 lg) were mixed in 1 mL of TRIzol Reagent,
using a Quiagen TissuLyser homogenizer; 200 lL of chloroform was added. After mixing and centrifuging
(12 000 g, 10 min), the aqueous layer was transferred and
500 lL of isopropanol (Sigma, Saint-Louis, Missouri, US)
was added. The samples were mixed and stored at )20C
for an hour and then centrifuged (12 000 g, 15 min) before
discarding the isopropanol. The RNA pellets were washed
in 1 mL 70% ethanol, left to stand for 10 min, and centrifuged (12 000 g, 10 min). Ethanol was removed. The samples were dried for 5 min at room temperature, and the
ethanol wash steps were repeated twice. The pellets were
then resuspended in 100 lL non-DEPC treated nucleasefree water (Ambion) spiked with 1 lL RNase inhibitor
(Ambion). The samples were filtered using Millipore microcons and the RNA resuspended in 50 lL non-DEPC
treated nuclease-free water (Ambion, Austin, Texas, US)
spiked with 1 lL RNase inhibitor (Ambion). The samples
were then treated with DNase I. For each lg of RNA treated, a solution of 10 lL was made, containing: 1 lL of 10X
DNase I Reaction Buffer [200 lm Tris–HCl (pH 8.4),
20 mm MgCl2, and 500 lm KCl], 1 lL DNase I, amplification grade (Invitrogen, Carlsbad, California, US), and
completed to 10 lL using DEPC-treated water. The mix
was incubated at room temperature for 30 min and the
DNase inactivated by adding 1 lL of 25 mm EDTA and
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heating to 65C for 10 min. The samples were then concentrated by a factor of 25 with Millipore microcons. RNA
was quantified using a GeneQuant capillary spectrometer
from Pharmacia and its integrity assessed with an Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, California, US). Fifteen micrograms RNA from each individual
was retro-transcribed and labelled using Genisphere 3DNA
Array 50 kit, Invitrogen’s Superscript II retro-transcriptase,
and Genisphere Cy3 and Alexa 647 dyes. A modified protocol, adapted from the Genisphere Array 50 Protocol, was
used and can be found at http://web.uvic.ca/cbr/grasp/.
Briefly, 15 lg total RNA was reverse-transcribed by
using special oligo-d(T) primers with 5¢ unique sequence
overhangs for the labelling reactions. Microarray slides
were prepared for hybridization by washing twice for
5 min in 0.1% SDS, washing five times for 1 min in MilliQ
H2O, and drying by centrifugation (5 min at 514 g in
50 mL conical tubes). The cDNA was hybridized to the
microarrays in a formamide-based buffer (25% formamide, 4X SSC, 0.5% SDS, 2X Denhardt’s solution) with competitor DNA [LNA dT bloker (Genisphere, Hatfield,
Pennsylvania, US), human COT-1 DNA (Sigma)] for 16 h
in hybridization chambers (Corning, New York, US)
placed in a 51C water bath. The arrays were washed once
for 5 min at 45C in 2X SSC, 0.1% SDS, twice for 3 min in
2X SSC, 0.1% SDS at room temperature (RT), twice for
3 min in 1X SSC at RT, twice for 3 min in 0.1X SSC at RT,
and dried by centrifugation. The Cy3 and Alexa 647 fluorescent dyes attached to DNA dendrimer probes (3DNA
capture reagent, Genisphere) were then hybridized to the
cDNA bound on the microarray using the same hybridization solution as earlier. The 3DNA capture reagents bound
to their complementary cDNA capture sequences on the
oligo d(T) primers. This second hybridization was carried
over a two hour period in hybridization chambers (Corning) placed in a 51C water bath. The arrays were then
washed and dried by centrifugation as before.
The cDNA microarrays used in this study were
obtained from the consortium for Genomics Research on
All Salmonids Project (cGRASP) and are printed with
16 006 salmonid cDNA sequences. The sequences were
obtained from over 175 Atlantic salmon and rainbow
trout cDNA libraries of various tissues at various development stages. This effort yielded more than 300 000 salmonid cDNA sequence reads, which were assembled into
over 40 000 unique contigs using PHRAP (minimum
overlap score: 100, repeat stringency: 0.99). The contigs
were aligned with GenBank nucleotide and amino acid
sequence databases using BLASTN and BLASTX, respectively. Significance threshold for a significant BLAST hit
was fixed at E = 1 · 10)15 (von Schalburg et al. 2005,
2008). In the text, the word ‘transcript’ refers to detected
expression for one of the cDNA features printed on the
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microarrays, whereas ‘gene’ will refer to single genes,
sometimes represented by many transcripts, for which
there is available annotation information.
The microarray design for this experiment consisted of
a double loop equilibrated design with dye swap. With
this design, each strain was compared directly (on the
same microarray) to every other strain for exactly five
individuals, which made the design equilibrated. Every
individual of the five strains was used twice and contrasted against two individuals from different strains, for
a total of 10 individuals per strain. For each individual,
the two technical replicates were made using both fluorochromes (dye swap). Finally, the two individuals compared together on one microarray were linked to those
on other microarrays by sharing a common individual,
thus forming closed chains, or loops. In this experiment,
two complementary sets of loops, with five repetitions
each, were used. This design grants equilibrated statistical
power for all the possible inter-strain comparisons.
Signal detection, normalization and statistical testing
On each microarray slide, the expression level of the
16 000 transcripts was measured for two individuals,
using different dyes. Hereafter, the measure of the global
expression level of all these transcripts for one individual
in one microarray will be referred to as a replicate. Fluorescence signals were detected using a ScanArray scanner
(Perkin Elmer, Waltham, Massachusetts, US). Spots were
located and quantified with the QuantArray 3.0 software
(Packard BioScience) using the histogram quantification
method to determine the mean intensity of each spot.
Local background was subtracted for each spot. In order
to use only transcripts expressed above the noise level in
the analysis, a threshold of minimum expression was
fixed as the mean plus two times the standard deviation
of pseudo-spots on the array that contained no cDNA
sequences. Further analyses thus included only transcripts
that were expressed above this threshold in at least one of
the five strains, for at least 19 replicates out of 20 (10 fish
per strain with two measures each). A total of 3715 transcripts, expressed in the livers, were thus retained for
analysis. Data were normalized by dividing all replicates
by their mean transcript expression level and multiplying
by 1000, and then loaded in the R/MAANOVA package
(http://research.jax.org/faculty/churchill/software/Rmaanova/index.html). All subsequent statistical analyses were
done within this package, unless stated otherwise. Missing
data were imputed using the K nearest neighbour algorithm with 10 neighbours and then transformed by a base
2 logarithm. Imputed missing data represented 0.3% of
all analysed data (1134 missing data points for 3715 transcripts each with 100 measures, representing a total of
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371 500 data points). In order to correct for intensitylinked distortions, a regional LOWESS correction was
used. The data were then normalized again by dividing
each replicate by its mean transcript expression level and
multiplying by the mean expression level of all the replicates. This procedure ensured that the data could afterward be used to compute the intra-strain mean
expression levels for each transcript without global patterns of expression showing any individual or strain
biases. As the same amounts of mRNA were used in each
replicate, the total quantity of expressed transcripts
should be the same in all of them. The significance of the
observed differences in transcription level between the five
strains was then assessed using a mixed ANOVA model
with ‘Dye’, ‘Loop’ and ‘Strain’ as fixed terms and ‘Array’
and ‘Sample’ as random terms. A permutation-based
F-test (Fs, with 1000 sample ID permutations) was used
to solve the mixed-model equations. A False Discovery
Rate (FDR) procedure was then used, as implemented in
the Q-value R package (Storey et al. 2004), to generate a
list of transcripts containing an estimated 20% of false
positives (FDR = 0.2), which in our case corresponded to
a maximum P-value of 0.013 (see Results). This provided
a list of candidate transcripts on which contrasts were
performed for the eight comparisons of interest between
the five strains. Expression fold changes were obtained by
dividing the mean expression level of a transcript in one
strain by its mean expression level in another one for all
the possible two by two strains combinations.
Gene ontology
Using a significant threshold of P < 0.05 for the contrasts,
genes possessing Unigene annotation information and
being differentially expressed in four comparisons were
selected to evaluate the over-representation of biological
processes in these comparisons. The first comparison was
between the pure Stewiacke and Tusket populations, to
uncover any biological function differentiation between
these two wild populations. The second comparison
included genes that were differentially expressed between
the farm strain and either or both of the wild strains,
with the purpose of revealing any differences between the
farm strain and the wild populations. The third comparison comprised the genes that were differentially expressed
between the Stewiacke backcross strain and either or both
of pure Stewiacke and pure farm strains. The fourth comparison comprised the genes that were differentially
expressed between the Tusket backcross strain and either
or both of pure Tusket and pure farm strains. These last
two comparisons served to discover the altered biological
functions in the backcrosses. Expected and observed presence of annotated genes in different biological process
ª 2009 The Authors
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categories were contrasted for these four comparisons.
The proportional representation of all the biological processes from the analysed genes (3715 transcripts, 515
Unigenes, see Results) was used as an expected proportion under a random sampling hypothesis. Unigene numbers were converted to Entrez GeneID numbers using the
online David Gene ID Conversion tool available on line
at: http://david.abcc.ncifcrf.gov/conversion.jsp. The same
procedure was used to convert the Unigene numbers
associated with each of the four comparisons. The online
Panther Classification System gene list comparison tool
(http://www.pantherdb.org/tools/compareToRefListForm.jsp)
was then used to evaluate the over-representation of
biological processes in the four comparisons. Biological
processes represented by only one transcript were
discarded from the analysis in order to minimize the
occurrence of false positives. The biological processes presented in the results are those that were more differently
represented between the strains than expected by chance,
within at least one of the four comparisons.
Gene expression inheritance
The prevalence of additivity and nonadditivity of gene
expression regulation was measured in the two backcross
strains, using the distribution of dominance effects, calculated as d/a ratios, where a is half the difference in
expression level between the wild and farm strains
[a = (Wild ) Farm)/2] and d is the difference in expression level between the backcross individual and the average of the parental strains [d = BC ) mean (parents)]
(Falconer and Mackay 1996). Transcripts with expression
levels in backcross individuals that were closer to the wild
parents had positive dominance effect values, while those
closer to the farm parent had negative values. This
allowed us to determine how many transcripts displayed
farm versus wild dominance or over-dominance by presenting the distribution of d/a ratios. In the calculation of
d/a ratios, only transcripts that were significantly different
in expression level between the pure farm and the respective pure wild strains were used (contrast, P < 0.05). In
this study, the farm and wild strains represented the
grandparents of the backcross strains rather than the parents. Also, we had no information concerning the F1
hybrids’ level of expression. Consequently, as a measure
of ‘mean (parents)’ in the calculation of the d-value, we
assumed that, under an additive model, the mean of the
parents of the backcross progeny should correspond to
the sum of three-fourth of the wild and one-fourth of the
farm transcript expression levels. Here, the main objective
was to evaluate gene expression inheritance patterns corresponding to, or diverging from, additivity. To this end,
it was assumed that the mode of inheritance of gene
ª 2009 The Authors
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expression levels from the grandparents to the hybrid
parents was additive.
Additivity
A d/a ratio of 0 (i.e. d = 0) corresponds to perfect additivity of gene expression. We set an arbitrary range of
)0.5 to +0.5 to include transcripts displaying additivity of
gene expression inheritance.
Dominance
Ratios (d/a) of )1 or +1 correspond to complete dominance. In order to include transcripts showing a gene
expression inheritance behaviour closer to dominance
relative to additivity, we used the arbitrary d/a ratio
thresholds of )1.5 to )0.5 (farm dominance) and +0.5 to
+1.5 (wild dominance).
Nonadditivity
A d/a ratio outside the range of the mean values of the
parents correspond to nonadditivity of gene expression
inheritance. Therefore, d/a ratios smaller than )1.5 or
greater than +1.5 were considered to represent transcripts
showing nonadditive expression inheritance. It should be
noted that negative and positive values are not linked to
under- and over-expression, respectively. They merely
reflect that the transcript displays a nonadditive expression inheritance and that its expression level is outside
the range observed in the parents, while being closer
either to the farm (negative value) or wild strain (positive
value).
Tests of variance homoscedasticity of the two d/a ratio
distributions (Ansari-Bradley test, P-value = 0.041) and
normality (Shapiro test: Stewiacke P-value = 5.7 · 10)11,
Tusket P-value = 6.4 · 10)11) were all rejected. Consequently, potential deviations from the expected distribution around zero were explored with the Wilcoxon signed
rank test, a nonparametric alternative to the t-test. Lastly,
it is important to note that these models are based on
diploid organisms and that salmonids are residual tetraploids. Since no model accounts for tetraploidy, such an
analysis is more exploratory by nature. Nevertheless, it
remains useful in classifying the various genes in terms of
patterns of gene expression inheritance observed in
hybrids relative to pure strains.
Results
ANOVA
The results of the ANOVA revealed 479 transcripts that
were differentially expressed in the livers of at least one of
the five strains relative to all others. This included 12.9%
of all significantly expressed transcripts (n = 3715) and
represented 2.6 times more transcripts than expected by
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chance (186 transcripts, a = 0.05). These genes were used
to estimate the gene expression level at which there was
an empirical 50% probability of a significant call, GEL50,
as described in Townsend (2004). The GEL50 value
obtained was 1.4, meaning that there was a 50% probability of calling significant a difference in expression levels
of a factor of 1.4 times. This value is somewhat lower
than what is usually found in the literature for various
species including fish, flies, yeast, fungus, and plants
(Meiklejohn et al. 2003; Johannesson et al. 2006; Clark
and Townsend 2007; Hutter et al. 2008). After FDR correction, 177 transcripts were significant, corresponding to
a maximum P-value of 0.013. This amounts to 4.76% of
all analysed transcripts and represents five times more
transcripts than expected by chance. The 177 significant
transcripts are presented in supplementary Table S1,
along with their normalized expression levels in the five
strains, inter-strain fold changes, ANOVA P-values, FDR
q-values, and gene annotation, when available. These
transcripts included 100 unique candidate genes as well as
30 transcripts with no annotation (BLAST e-values higher
than 1 · 10)15). Finally, 23 of the 100 sequences with
known homologues were each represented by two to up
to seven transcripts.
Patterns of gene expression

Normandeau et al.

comparison (Stewiacke-Tusket), 54 transcripts showed
significant differences in expression level. However, when
comparing the two backcross strains, the number of differentially expressed transcripts decreased to 35. This
reduction of the differences between the wild and
backcross comparisons was statistically significant under
Fisher’s test for equality of proportions (P-value = 0.027).
The two wild populations were about equally distinct
from the farm strain, but changes in gene expression following introgression were largely different in the two
backcross strains. For instance, the pure Stewiacke and
Tusket strains differed from the farm strain for 32 and 39
transcripts, respectively; the difference between these two
numbers was not significant (Fisher’s test for equality of
proportions: P = 0.426). Similarly, when comparing the
wild strains to their respective farm-wild backcrosses,
Stewiacke and Tusket strains showed, respectively, 26 and
24 differentially expressed transcripts (Fisher’s test for
equality of proportions: P-value = 0.880). However, when
comparing each backcross to the pure farm strain, the
Tusket backcross strain showed five times more differences in expression (53 transcripts) than the Stewiacke
backcross strain (11 transcripts). This pattern was also
reflected in the fold-change distributions for these two
comparisons (Fig. 2); the Tusket backcross versus farm
comparison showed higher absolute fold-changes than the

The contrast results (a = 0.01) were used to assess the
proportion of transcripts out of 177 that differed significantly in expression level between the five studied strains
(Fig. 1). These results revealed that the two wild populations differed in their transcriptome profiles and that
farm-wild introgression resulted in a reduction of interpopulation differentiation. Specifically, in the wild-wild

Figure 1 Number of transcripts showing significantly different expression in pair-wise strain comparisons (contrast, maximum P-value of
0.01). The black portions of the bars show the number of unique
significant genes, while the yellow portions represent the number of
repeated transcripts from the unique genes. (S = Stewiacke, T = Tusket, F = Farm, BS = Backcross Stewiacke, BT = Backcross Tusket).
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Figure 2 Fold change distributions for Backcross-Stewiacke vs Farm
(black) and Backcross-Tusket vs Farm (yellow). The x-axis represents
the log2 of the backcross (BC) to Farm (F) ratio for each transcript,
while the y-axis shows the distributions of fold-changes for the 177
candidate transcripts.
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Journal compilation ª 2009 Blackwell Publishing Ltd 2 (2009) 489–503

Normandeau et al.

Stewiacke backcross versus farm comparison (t-test
P-value = 3.5 · 10)6).
Gene expression inheritance
The patterns of dominance effects (d/a) further suggested
that the wild populations experienced different and
unpredictable consequences following introgression with
farm salmon (Fig. 3). Proportions of transcripts showing
additive genetic control in the two backcross strains
were relatively low, similar, and not statistically different
(Stewiacke backcross: 21%, Tusket backcross: 18%,
P-value = 0.647). However, the transcripts displaying a
dominant control were disproportionally represented in
the Stewiacke backcross strain, and this difference was
nearly significant (Stewiacke: 56%, Tusket: 39%,
P-value = 0.067). Furthermore, the transcripts behaving
in a nonadditive manner were significantly more represented in the Tusket strain (Stewiacke: 23%, Tusket: 44%,
P-value = 0.022). The proportion of transcripts with
extreme d/a ratios in the backcrosses (lower than )4 or
higher than 4) in the Tusket backcross strain was also
two times higher than in the Stewiacke backcross strain,
although this trend was not significant (Stewiacke:
6.3%, 3 transcripts, Tusket: 16%, 13 transcripts,
P-value = 0.167). Moreover, all three cases of extreme
nonadditivity in the Stewiacke backcross strain were cases

Figure 3 Patterns of gene expression regulation inheritance. This
figure plots the number of transcripts (y-axis) as a function of their
dominance effect (d/a), as explained in the Materials and Methods.
Bars in dark red represent additive control of gene expression regulation, bars in orange show dominance effects, and bars in light yellow
show nonadditivity (either under- or over-dominance). The light yellow
bars lying outside the scale regroup all the transcripts with extreme
d/a values outside the )4 to 4 range. Positive values represent wild
dominance or over-dominance, while negative values show farm
dominance or over-dominance.
ª 2009 The Authors
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of under-expression, while they were all cases of overexpression (13 transcripts) in the Tusket backcross strain
(data not shown). Altogether, 80% of all analysed transcripts in the backcross strains departed from an additive
model of gene expression control (Stewiacke: 79.2%,
Tusket: 82.6%). Another striking result was that both
distributions of d/a ratios were significantly shifted
towards farm dominance (negative values), as revealed
by the Wilcoxon signed rank test, with the effect
being more profound in the Stewiacke strain (Stewiacke
median: )0.78, P-value = 0.001; Tusket median: )0.62,
P-value = 0.048).
Gene ontology
The gene ontology analysis identified six biological processes that were over-represented in the four comparisons
(Table 1). These six processes can be grouped into the
more general categories of metabolism (including other
carbohydrate metabolism, lipid and fatty acid transport,
amino acid catabolism, and carbohydrate metabolism)
and immunity (including immunity and defence, as well
as macrophage-mediated immunity). Among the genes
associated with metabolism were malic enzyme, DGPL-fucose synthetase, apolipoprotein, and alpha amylase.
Genes associated with immunity included CD63 and
CD209 antigenes, and D-dopachrome tautomerase. Here,
over-representation means that the strains compared were
more different for a given biological process than
expected by chance, in terms of the number of genes
being differentially expressed. The results revealed wildwild and farm-wild differentiation, as well as populationspecific consequences following introgression. The first
comparison revealed an over-representation of three biological processes, all part of the more general metabolism
category, involved in the differentiation of the Stewiacke
and Tusket wild populations. These processes were:
carbohydrate metabolism, lipid and fatty acid transport,
and amino acid catabolism.
When contrasting the farm strain to the two wild
strains (second comparison), four biological processes,
also part of the metabolism category, showed overrepresentation. The three over-represented categories
from the Stewiacke versus Tusket comparison were still
present, along with the carbohydrate metabolism category. This category overlaps with the ‘other carbohydrate
metabolism’ category. The farm strain thus showed no
new differences in terms of biological functions when
contrasted to the wild populations that the wild populations did not already show when compared together.
The third and fourth comparisons, contrasting the
Stewiacke and Tusket backcrosses to their pure parental
strains, respectively, revealed how different physiological
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Table 1. Biological processes showing differentiation of gene expression in four comparisons.
Biological process

Unigenes (515)

S vs T (12)

F vs S + T (16)

BS vs S + F (12)

BT vs T + F (19)

Other carbohydrate metabolism
Lipid and fatty acid transport
Amino acid catabolism
Carbohydrate metabolism
Immunity and defense
Macrophage-mediated immunity

0.58
1.17
1.55
4.85
10.9
0.97

16.7
16.7
16.7
16.7
8.3
0.0

12.5
12.5
12.5
18.8
25.0
6.3

8.3
0.0
16.7
8.3
50.0
16.7

10.5
10.5
10.5
15.8
21.1
10.5

(3)
(6)
(8)
(25)
(56)
(3)

(2)
(2)
(2)
(2)
(1)
(0)

(2)
(2)
(2)
(3)
(4)
(1)

(1)
(0)
(2)
(1)
(6)
(2)

(2)
(2)
(2)
(3)
(4)
(2)

(S = Stewiacke, T = Tusket, F = Farmed, BS = Backcross Stewiacke, BT = Backcross Tusket). The first column lists the biological processes, as
defined by the Panther online gene classification tool. The next column gives the expected percentages from the representation of each biological
process in the whole set of significantly expressed genes. The number of unique genes used in the calculations are given in parentheses. The
remaining four columns give the actual representation (in percent) of the genes for the listed biological processes in the four comparisons. Values
in bold indicate that a biological process showed significantly more differences than expected by chance. The first comparison (S vs T) contrasts
the Stewiacke and Tusket populations. The second comparison (F vs S + T) includes the genes that were differentially expressed between the farm
strain and either or both of the wild populations. The third comparison (BS vs S + F) comprised the genes that were differentially expressed
between the Stewiacke backcross strain and either or both of pure Stewiacke and pure farm strains. The fourth comparison (BT vs T + F) comprised the genes that were differentially expressed between the Tusket backcross strain and either or both of pure Tusket and pure farm strains.

processes were affected in the two wild populations
following introgression with farm genetic material. The
Stewiacke backcross strain differed from its parental
strains at three biological processes, one of which fell into
the metabolism category (amino acid catabolism), and
two of which regrouped into the immunity category
(immunity and defense, and macrophage-mediated
immunity). Half of the annotated genes showing differential expression between the Stewiacke backcross and its
parental strain played a role in the immunity and defense
process, while only 10.9% were expected by chance. The
macrophage-mediated immunity process included 16.7%
of the differentially expressed genes, yet less than 1% was
expected by chance. Although the three other comparisons all revealed over-representation of lipid and fatty
acid transport, the Stewiacke backcross did not differ
from parental strains for this function. Contrary to the
Stewiacke backcross, the Tusket backcross did not differ
as much from its parental strains in the general immunity
category (only the macrophage-related immunity process
differed), but showed more differentiation in the metabolism category (three significant processes: other carbohydrate metabolism, lipid and fatty acid transport, and
amino acid catabolism).
Discussion
The main objective of this study was to investigate the
population specificity of changes to gene expression
following farm-wild hybridization in backcrosses. Specifically, the level of gene expression differentiation between
two wild Atlantic salmon populations and a farm
strain was measured to evaluate the consequences of
introgression in backcross strains (hybrid · wild) on gene
496

expression regulation for two wild populations. Our
results provided evidence of significant differentiation in
liver gene expression profiles between the two wild populations and the farm strain reared in identical, controlled
conditions. Most importantly, we showed that the
impacts of farm-wild introgression on gene expression
regulation were largely unpredictable and depended partly
on the genetic architecture of the introgressed wild population. The concept of genetic architecture refers to the
inter-related genetic effects that are responsible for the
development of a phenotypic character, and is also
referred to as the genotype-phenotype map (Hansen
2006). The interacting properties of this map – including
epistasis, polygeny, pleiotropy, and plasticity – make it
difficult to anticipate what the phenotypic product of a
given genotype might be (Lynch 2007). The interpretation
of our results and their potential consequences are
discussed below.
Differentiation between the wild populations
The two wild Atlantic salmon populations studied here
originate from two distinct geographic areas in eastern
Canada: the Stewiacke River within the Inner Bay of Fundy (New Brunswick, Nova Scotia), and the Tusket River
from the Southern Uplands (Nova Scotia). Populations
found in rivers within these respective regions generally
exhibit more similarities in their life histories, as well as
phenotypic and neutral genetic differentiation, than
between regions (Verspoor 2005; COSEWIC 2006; Fraser
et al. 2007). The rivers harbouring the studied wild populations differ in a number of physico-chemical properties,
including the length of their respective estuaries (the
Stewiacke River estuary is much longer than the Tusket
ª 2009 The Authors
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estuary) and the acidity of the rivers (Tusket River is
much more acidic: pH = 4.6–5.2 vs Stewiacke River 6.0–
6.5) due to the geological properties of the region and
acid rainfall (Lacroix and Knox 2005; Ginn et al. 2007).
These populations also differ in the distances that subadults/adults migrate to and from marine feeding areas
(Tusket: 2500–3000 km vs Stewiacke 500–1500 km) (Jessop 1986; Mills 1989; Lacroix et al. 2005; COSEWIC
2006). It is noteworthy that the populations of both the
entire Bay of Fundy and the Atlantic coast of Nova Scotia
are critically depleted, the populations of the Inner Bay of
Fundy having been listed as endangered under Canada’s
Species At Risk Act (COSEWIC 2006; NASCO 2007).
To our knowledge, the results of this study provide the
first evidence of gene expression differentiation between
wild populations of Atlantic salmon. We found that 54
transcripts showed significantly different expression
between the Stewiacke and Tusket populations, which
corresponded to the highest number of differentially
expressed transcripts observed between any of the five
strains compared in this study. These results also
correspond to neutral microsatellite data (P. T. O’Reilly,
unpublished data), revealing significant genetic differentiation between these two populations (Fst value of 0.0585,
P < 0.001). Since the microsatellite data rely on putatively
neutral markers, part of the genetic differentiation may be
explained by mutations and drift. However, differences in
transcription patterns between populations may also
reflect local adaptation (Taylor 1991). In an extensive
review surveying well over 400 published studies, Garcia
de Leaniz et al. (2007) concluded that there was an
impressive quantity of circumstantial evidence suggesting
that populations of Atlantic salmon show inherited adaptive variation. Although they warned that the nature and
extent of Atlantic salmon local adaptation remains poorly
defined, mainly because very few reciprocal transfers and
common-garden field experiments are available, they also
found support for the hypothesis of local adaptation
compelling. According to their meta-analysis, local selective pressures appear to be strongly influenced, among
other factors, by stream morphology and migration distance. Also, genotype-by-environment interactions were
detected for traits like body size, growth, tolerance to pH,
as well as resistance to various diseases (Garcia de Leaniz
et al. 2007), suggesting that different genotypes could be
optimal in different environmental settings, a condition
for local adaptation. Past and ongoing studies have also
provided evidence that the salmon populations inhabiting
the Stewiacke and Tusket rivers exhibit genetic differences
in body size and growth (D.J. Fraser, A.S. Houde, P.V.
Debes, J.D. Eddington, J.A. Hutchings, unpublished data),
tolerance to pH (Fraser et al. 2008), and disease resistance
(Lawlor et al. 2009). The case for adaptation to local conª 2009 The Authors
Journal compilation ª 2009 Blackwell Publishing Ltd 2 (2009) 489–503
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ditions certainly seems plausible in the Atlantic salmon,
and there are compelling indications supporting the claim
that the wild populations used in the present study may
display local adaptation.
This study’s findings are also consistent with the hypothesis that gene expression differences observed between wild
populations may be adaptive. Indeed, the genes representing the transcripts that differed between the Stewiacke and
Tusket populations tended to fall into three biological process categories, all playing an evident role in metabolism
and growth, namely lipid and fatty acid transport, carbohydrate metabolism, and amino acid catabolism. An ongoing study by Fraser et al. (unpublished data) showed that,
in a controlled environment, Tusket individuals grew faster
than their Stewiacke counterparts. It has also been suggested that lipid metabolism and transport could be linked
to migration-related osmoregulatory changes associated
with transition from fresh water to salt water (Sheridan
et al. 1985; Li and Yamada 1992). Given the variation
between Stewiacke and Tusket rivers estuary lengths, and
thus in the duration of the acclimatizing period to the saline environment, the variation observed in the transcription level of lipid metabolism and transport associated
genes could be a consequence of natural selection. Thus,
while specific studies using common garden and reciprocal
transplant designs would be greatly needed to support this
assumption, it is our contention that some of the gene
expression differences observed in this study is linked to
local adaptation.
Differentiation between farm and wild strains
Before establishing the impacts of farm-wild introgression
on wild populations, the level of differentiation between
the farm strain and the two wild populations was
explored. The Stewiacke and Tusket populations showed
differentiation from the farm strain at 32 and 39 transcripts, respectively. Therefore, from a gene expression
standpoint, both wild populations were about equally distinct from the farm strain. The microsatellite analysis
revealed a similar pattern when comparing the two studied wild populations to the Saint John River population
that was used to generate the farm strain. The magnitude
of genetic differentiation between Stewiacke and Saint
John salmon, as reflected by the mean Fst, was 0.035,
whereas that between Tusket and Saint John salmon was
0.033 (these mean Fst values are based on data from comparison of the two wild populations and fish from three
Saint John River tributaries; all P-values are lower than
0.002; O’Reilly, unpublished data). These values show that
the two wild populations have a very similar level of
neutral genetic differentiation when compared to the
founding population of the farm strain.
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The implications of these microsatellite results are twofold. First, even though they compare the studied wild
populations to the ancestors of the farm strain rather
than to the farm strain itself, they support the finding
that the two wild populations should be about equally
differentiated from the farm strain. Second, when comparing wild-wild differentiation to farm-wild differentiation, the microarray and microsatellite data were
congruent in suggesting that the wild-wild differentiation
(54 transcripts, Fst = 0.058) was greater than the farmwild distance (32 and 39 transcripts) or farm ancestorwild distance (Fst values = 0.035 and 0.033). As a result,
the farm strain appears to be a slightly modified lineage
descending from a wild population that was intermediate
to the Stewiacke and Tusket populations. Thus, under an
additive model of gene expression regulation, and given
that the two wild populations are about equally differentiated from the farm strain, one would expect similar
quantitative and qualitative impacts following introgression. Clearly, this was not the case, as we discuss further
below.

proportion of hybrid individuals with substantially altered
gene expression profiles relative to pure wild fish. Lastly,
it should be noted that backcross individuals differed
from their wild ancestors (Stewiacke: 26 differentially
expressed transcripts; Tusket: 24 transcripts) and that
such a level of differentiation represents about half of the
difference observed between the two wild populations. As
a result, there seems to be a significant impact in introgressed populations, as suggested here by changes in gene
expression in backcross individuals relative to their wild
ancestors. Such changes in gene expression can have a
direct influence on the fitness of introgressed individuals
within wild populations of Arabidopsis thaliana and fruit
fly strains (Holloway et al. 2007; Swindell et al. 2007). If
this is also the case for Atlantic salmon, changes to gene
expression following farm-wild introgression could result
in the erosion of local adaptation. Admittedly, the link
between gene expression regulation and fitness has not
yet been shown in an entirely satisfactory manner, and
this identifies a potentially neglected field of research in
evolutionary biology.

Effects of farm-wild hybridization

Population specificity of introgression effects

One concern about natural Atlantic salmon populations
being introgressed by farm genetic material is that the
wild populations might lose some of their local adaptations, making them less fit in their environment (McGinnity et al. 2003; Castillo et al. 2008; Hutchings and Fraser
2008). This would in turn render introgressed wild populations more vulnerable to the different causes that have
been alleged to explain their decline, ranging from overfishing and pollution to human changes in freshwater
environments and reduced at-sea survival (Parrish et al.
1998; Friedland et al. 2003; Lage and Kornfield 2006).
Farm-wild hybridization might also lead to homogenization across introgressed populations, thus eroding population structure (Tufto and Hindar 2003; Hindar et al.
2006). The results of this study corroborate these expectations at the level of gene expression. Indeed, while the
number of differentially expressed transcripts between the
wild Stewiacke and Tusket populations was 54, this
number decreased to 35 when comparing the two backcross strains, representing a loss of a third of the interpopulation differentiation. In this study, 25% of every
backcross individual’s genome came from farm individuals. While such a scenario might seem extreme, many
rivers in North America within 300 km of extensive salmon aquaculture now harbour exclusively farm spawning
populations or populations composed of a mix of
spawners that include a very high proportion of farmed
individuals (Morris et al. 2008). As a result, there is a
good chance of encountering rivers that contain a high

The present study finds that the consequences of introgression on the patterns of gene expression were substantially different in the two wild populations. Moreover,
these consequences did not match expectations based on
a purely additive model of gene expression regulation and
on the extent of population divergence between the wild
populations and the farm strain. Indeed, while both pure
wild populations were about equally differentiated from
the farm strain, the number of transcripts differing in
expression between the backcross individuals and the
pure farm strain was five times higher for the Tusket than
for the Stewiacke population. Moreover, five transcripts
showed extreme fold-change differences (expressed two
times higher in one of the strains) between the Tusket
backcross and the farm strain, which was not observed
for the Stewiacke comparison. Instead, the Stewiacke
backcross displayed extreme fold-change differences from
the pure Stewiacke strain for seven transcripts.
The altered biological processes in backcross individuals
also showed distinct patterns between the Stewiacke and
Tusket populations. Thus, our results revealed substantial
differences in introgression effects from the same farm
strain, with the Stewiacke population apparently more
affected in terms of mis-expression of immunity-related
genes, while the Tusket population seemed mostly
affected for metabolism related genes. It is noteworthy
that another study evaluating disease resistance revealed
that pure Stewiacke individuals had a lower capacity to
resist bacterial infections than pure Tusket individuals
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(Lawlor et al. 2009) and that, as stated above, Tusket
individuals displayed faster growth than Stewiacke individuals in the first three years after hatching (Fraser et al.,
unpublished data).
The patterns of gene expression inheritance (d/a ratio)
observed in the introgressed backcross strains relative to
the pure parental strains provided further evidence that
the consequences of introgression are both unpredictable
and population specific. First, there were relatively few
transcripts displaying an additive control of expression
(Stewiacke: 21%, Tusket: 18%), leaving approximately
80% of transcripts with either dominant or nonadditive
patterns of gene expression regulation inheritance. In
addition, the backcross individuals also tended to be closer to their farm ancestors, a trend that was much clearer
in the Stewiacke strain. These results clearly showed a
tendency for backcross individuals not to be intermediate
to their parents for the expression level of a majority of
transcripts. Moreover, the proportion of nonadditivity
was about twice as high in the Tusket backcross strain
when compared with the Stewiacke backcross strain (44%
vs 23%, P = 0.022). As a consequence, not only were the
backcross individuals not intermediate to their parents,
they also differed in a population-specific manner for
nonadditive patterns of gene expression inheritance.
A recent study evaluated the consequences of introgression between farm and wild salmon, both originating
from the Saint-John River, New-Brunswick (Roberge
et al. 2008). By comparing backcross individuals to their
parental strains, these authors found that inheritance patterns of gene expression were to a large extent nonadditive. However it remained unclear if this observation
could be generalized to other wild salmon populations.
Thus, our results add to the study of Roberge et al.
(2008) by clearly showing that the outcomes of introgressive hybridization are highly variable and population specific, perhaps as a consequence of locally adapted
genomes and diverging genetic architectures, in accordance with theory about the complex properties of the
genetic architecture (Mackay 2001; Rieseberg et al. 2003;
Lynch 2007). Hence, given the increasing evidence that
genetic architectures vary among populations within a
given species (Merila et al. 2004; Lavagnino et al. 2008),
it appears difficult to predict with any degree of certainty
what the consequences of hybridization between wild and
farm strains might be at the population level. This model
thus supports the hypothesis that the consequences of
genomic interactions induced by the admixture of farm
and wild genomes will vary among populations in an
unpredictable manner, given that the hybrid genomes
represent a mix of two potentially divergent and independently functional genetic architectures (Fenster and
Galloway 2000; Burke and Arnold 2001; Mackay 2001;
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Roberge et al. 2008). This effect is potentially more accute
in backcross individuals, given the genetic recombination
occurring during meiosis in F1 hybrids and the high
prevalence of nonadditive interactions.
Limitations of the study
Potential shortcomings should be considered when interpreting the results of our study. Firstly, genetic drift and
sampling biases over two generations of crosses in the
laboratory could have led to some of the differences
observed when crossing farm and wild individuals. It is
difficult to gauge how much drift may have occurred
between the wild F2 and the original wild populations.
However, it seems highly improbable that any differences
potentially attributable to drift would be sufficient to
explain by itself the magnitude of differences that we
observed between populations, especially in terms of
additive versus nonadditive mode of regulation. Instead,
we propose that a possible genetic drift effect would add
to the variable genetic interactions associated with population-specific genetic architecture, and thus contribute to
unpredictable outcomes of farm-wild introgressive
hybridization for different wild salmon populations.
Secondly, due to the limited space available, families
within each of the five strains were pooled and reared in
mixed groups across four to five different tanks per
strain. As a result, information concerning the family
provenance of each individual is unknown. Thus, some
strains could be represented by fewer families and the
number of individuals sampled per family could differ.
This could potentially lead to differences in heterogeneity
of the five strains studied and, thus, to differences in the
level of variances within these strains. While this possibility cannot be entirely discounted, all possible care was
taken to randomize rearing, sampling, and experimental
procedures. Also, this potential bias could not account
for some of our main findings, such as the predominance
of nonadditive control in gene regulation.
Lastly, a false discovery rate (FDR) of 0.2 was used
with the ANOVA results in order to generate the list of
significant transcripts used in this study. It could be
argued that a relatively high FDR value would reduce the
confidence in the individual significant transcripts. However, the P-values associated with these ANOVA results
varied between 0.013 and 1.8 · 10)5 (mean P-value
0.005). Moreover, this FDR threshold level retained five
times more significant transcripts than expected by
chance. For the analysis of the number of transcripts differing between the five strains, contrasts with a threshold
P-value of 0.01 were used. Thus, while we cannot rule
out that a certain proportion of the genes retained are
false positives, we are confident that this does not alter
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the main conclusions of this study, which are primarily
based on global patterns of strain-specific gene expression
rather than on individual transcripts. Finally, FDR thresholds up 0.15–0.2 have been applied in previous studies
(Hughes et al. 2006; Swanson-Wagner et al. 2006).
Concluding remarks
Overall, the present study showed that wild Atlantic
salmon populations can experience substantially divergent
genomic consequences following hybridization and backcrossing (wild · hybrid) with a farm strain. The impacts
of introgression were both unpredictable and populationspecific; each wild population experienced impacts of a
different qualitative and quantitative order when introgressed with farm genetic material. To our knowledge, this
is the first study to attempt assessment of populationspecific impacts of farm introgression on patterns of gene
expression in wild populations for a vertebrate species. In
light of these results, we suggest that aquaculture accidental releases and stocking activities using strains originating
from remote regions should be minimized and more controlled, as these activities have potentially negative and
unpredictable consequences on local populations. Our
results also suggest that their impacts should also be evaluated at a smaller regional scale than previously considered,
and ideally at a population-specific level. This study also
contributes to the growing realization that much remains
to be learned about the complex functioning of the genetic
architecture. This implies that simple models that assume
additivity of character inheritance may have little power
for predicting phenotypes, which is of special interest in
the context of conservation-related risk assessment. Ideally, similar work should be accomplished using populations within different species to explore the degree to
which these results can be generalized.
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