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Abstract
Non-native species may be introduced either intentionally or unintentionally, and their 
impact can range from benign to highly disruptive. Non-native salmonids were intro-
duced into Lake Ontario, Canada, to provide recreational fishing opportunities; how-
ever, the establishment of those species has been proposed as a significant barrier to 
the reintroduction of native Atlantic salmon (Salmo salar) due to intense interspecific 
competition. In this study, we compared population differences of Atlantic salmon in 
transcriptome response to interspecific competition. We reared Atlantic salmon from 
two populations (LaHave River and Sebago Lake) with fish of each of three non-native 
salmonids (Chinook salmon Oncorhynchus tshawytscha, rainbow trout O. mykiss, and 
brown trout S. trutta) in artificial streams. We used RNA-seq to assess transcriptome 
differences between the Atlantic salmon populations and the responses of these pop-
ulations to the interspecific competition treatments after 10 months of competition in 
the stream tanks. We found that population differences in gene expression were gen-
erally greater than the effects of interspecific competition. Interestingly, we found 
that the two Atlantic salmon populations exhibited similar responses to interspecific 
competition based on functional gene ontologies, but the specific genes within those 
ontologies were different. Our transcriptome analyses suggest that the most stressful 
competitor (as measured by the highest number of differentially expressed genes) dif-
fers between the two study populations. Our transcriptome characterization high-
lights the importance of source population selection for conservation applications, as 
organisms with different evolutionary histories can possess different transcriptional 
responses to the same biotic stressors. The results also indicate that generalized pre-
dictions of the response of native species to interactions with introduced species may 
not be appropriate without incorporating potential population-specific response to 
introduced species.
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1  | INTRODUCTION

The wide establishment of non-native species is one of the major 
global environmental challenges caused by human activities. It is esti-
mated that there are close to a half million exotic species introduced 
into different ecosystems worldwide (Pimentel et al., 2001). On one 
hand, introduced species can provide conservation values to local eco-
systems. For example, non-native plants can provide habitat for native 
species (Severns & Warren, 2008; Sogge, Sferra, & Paxton, 2008), and 
non-native animals (e.g., crayfish and round goby) can be food sources 
for threatened native species resulting in increased abundance for 
these native species (King, Ray, & Stanford, 2006; Tablado, Tella, 
Sánchez-Zapata, & Hiraldo, 2010). On the other hand, introduced 
species more often threaten local biodiversity through pathogen in-
troduction and increased predation and competition (Manchester & 
Bullock, 2000; McDowall, 2003; Peeler, Oidtmann, Midtlyng, Miossec, 
& Gozlan, 2010; Vitule, Freire, & Simberloff, 2009).

Notably, there is increasing evidence that the presence of introduced 
species can affect the growth, reproduction, and survival of ecologi-
cally similar native species because of interspecific competition (Houde, 
Smith, Wilson, Peres-Neto, & Neff, 2016; Houde, Wilson, & Neff, 2015a; 
Scott, Noakes, Beamish, & Carl, 2003). Interspecific competition affects 
lower social status species disproportionately (Gilmour, DiBattista, & 
Thomas, 2005), and the effects of interspecific competition are similar 
to those associated with a chronic stress response, that is, decreased 
growth, loss of immune function, and reduced survival (Barton, 2002; 
Gilmour et al., 2005). Therefore, the presence of non-native species can 
be considered a chronic stressor for native species, potentially causing 
declines in abundance of threatened native species as well as being a sig-
nificant barrier to the reintroduction of locally extirpated native species.

The presence of established non-native salmonids in Lake Ontario 
and its tributaries has been proposed as a significant barrier to the 
successful reintroduction of Atlantic salmon (Salmo salar) (Jones & 
Stanfield, 1993; Scott, Poos, Noakes, & Beamish, 2005). Atlantic 
salmon was a native species in Lake Ontario until extirpated in the late 
1800s, and decades of reintroduction efforts have been largely un-
successful (Dimond & Smitka, 2005). A number of non-native salmo-
nid species (Chinook salmon Oncorhynchus tshawytscha, coho salmon 
O. kisutch, rainbow trout O. mykiss, and brown trout S. trutta) have 
been successfully introduced into Lake Ontario to address the rec-
reational demand for large salmonid sport fishes (Stewart & Schaner, 
2002). Some of the established non-native species, such as rainbow 
trout and brown trout, tend to be more aggressive than Atlantic 
salmon (Van Zwol, Neff, & Wilson, 2012), and these species can be 
considered biotic stressors for Atlantic salmon. Although it is generally 
difficult to demonstrate the effects of interspecific competition in nat-
ural systems (Hastings, 1987), experiments using artificial systems are 
a good alternative because physical environmental variables can be 
largely controlled. Studies using artificial streams revealed that compe-
tition with juvenile rainbow trout and brown trout had negative effects 
on the growth and survival of juvenile Atlantic salmon (Houde, Wilson, 
& Neff, 2015b; Houde et al., 2015a). The effects of interspecific com-
petition in natural stream sites are similar to those demonstrated in 

artificial habitats, as observed for Atlantic salmon with rainbow trout 
(Houde et al., 2016). Furthermore, although juvenile Chinook salmon 
were found to have no negative effects on juvenile Atlantic salmon 
growth or survival (Houde et al., 2015a), adult Chinook salmon can 
affect the survival of adult Atlantic salmon during reproduction (Scott 
et al., 2003). Those studies demonstrated that interspecific competi-
tion between Atlantic salmon and non-native salmonids can affect the 
establishment of Atlantic salmon after release into Lake Ontario, but 
the mechanisms that mediate the negative effects on Atlantic salmon 
at the molecular level are unknown.

Gene expression is the process whereby genetic information stored 
in the genome is used to synthesize functional products that deter-
mine phenotype. Gene expression is influenced by both genetic and 
environmental factors (Buckland, 2004; Hodgins-Davis & Townsend, 
2009; López-Maury, Marguerat, & Bähler, 2008; Petretto et al., 2006). 
In particular, changes in gene expression are the mechanisms asso-
ciated with acclimation and adaption to environmental stressors 
(Schulte, 2004). Although gene expression changes in response to abi-
otic stressors have deepened our understanding of population differ-
ences in response to, and tolerance of factors such as, thermal stress 
(Narum & Campbell, 2015), pollution exposure (Whitehead, Triant, 
Champlin, & Nacci, 2010), and salinity (Brennan, Galvez, & Whitehead, 
2015), most transcriptional studies using biotic stressors have fo-
cused on responses to immune challenges (e.g., Wellband & Heath, 
2013), and differences among individuals of different social rank (e.g., 
Schunter, Vollmer, Macpherson, & Pascual, 2014; Trainor & Hofmann, 
2007). To our knowledge, studies of the transcriptional responses to 
interspecific competition (and differences among populations) have 
not been reported for any organism.

In this study, we reared Atlantic salmon with each of three eco-
logically similar non-native salmonids (Chinook salmon, rainbow trout, 
and brown trout) which are established in Lake Ontario. We used two 
Atlantic salmon populations (LaHave and Sebago) to examine tran-
scriptional responses to interspecific competition. These two popu-
lations are being used for reintroduction into Lake Ontario because 
they have been successfully introduced into other lakes (Dimond & 
Smitka, 2005). Our goal was to compare population differences in 
transcriptome response of Atlantic salmon to interspecific competi-
tion with non-native salmonids, to characterize the molecular genetic 
mechanisms underlying differential tolerance of biotic stress caused 
by interspecific competition. We collected samples after 10 months 
of common rearing (competition) in artificial streams with four treat-
ments per population: Atlantic salmon reared alone and Atlantic 
salmon reared with each of the three non-native salmonids. We used 
RNA-Seq to compare the transcriptome response of the two Atlantic 
salmon populations to the interspecific competition treatments.

2  | METHODS

2.1 | Design and sampling

Two Atlantic salmon populations were used in this study: LaHave River 
and Sebago Lake. For each Atlantic salmon population, we created four 
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treatments: Atlantic salmon reared alone and Atlantic salmon reared 
with one of three salmonids (Chinook salmon, rainbow trout, and 
brown trout). All fish used in this study were provided by the Ontario 
Ministry of Natural Resources and Forestry (OMNRF). Fish were 
produced from fertilizations in fall 2011 (Atlantic salmon, Chinook 
salmon, and brown trout) and spring 2012 (rainbow trout). Atlantic 
salmon eggs were reared at OMNRF Codrington Research Facility, 
and fry of the other three species were transferred to Codrington 
in spring of 2012. Fish from the four salmonid species were trans-
ferred to artificial stream tanks in September 2012, and the interspe-
cific competition experiment was conducted until July 2013. Initially, 
there were 32 Atlantic salmon in each of the tanks where Atlantic 
salmon were reared alone, and there were 16 Atlantic salmon and 
16 fish of the competing species in each of the tanks where Atlantic 
salmon were reared with the non-native species. After 10 months in 
the artificial stream tanks, Atlantic salmon were humanely euthanized 
using an overdose of buffered MS-222. We collected spleens from 
the juvenile Atlantic salmon and stored them in RNAlater. We chose 
to sample spleen tissue for this study because the spleen is sensitive 
to whole-organism chronic stress and is associated with circulating 
red blood cells and immune response (Hernandez et al., 2013; Peters 
& Schwarzer, 1985).

2.2 | RNA isolation

RNA was extracted from spleen tissue using Trizol (Invitrogen, CA, 
USA) following the manufacturer’s instructions. The quality and con-
centration of RNA were checked using Agilent RNA 6000 Nano Kit 
in an Agilent 2100 Bioanalyzer (Agilent Technologies, Mississauga, 
ON, Canada). We selected RNA samples with RNA integrity num-
ber (RIN) >7.0 from four Atlantic salmon individuals within the same 
competition treatment, and these samples were pooled using equal 
amounts of total RNA. The pooled RNA samples were treated for pos-
sible genomic DNA contamination using TURBO™ DNase (Invitrogen). 
After DNase treatment, the quality and concentration of the pooled 
RNA samples were checked again using the Agilent 2100 Bioanalyzer 
(Agilent Technologies) and sent to BGI Americas Corporation for RNA 
sequencing. We pooled samples of four fish to minimize the effect 
of individual transcriptional variation and focus on the general influ-
ence of interspecific competition on the transcriptome of Atlantic 
salmon. Although pooling eliminates our ability to assess interindi-
vidual variation, it is cost-effective and maximizes the design for test-
ing for competition effects. For Atlantic salmon reared alone, we sent 
two separate pooled RNA samples for each population. For Atlantic 
salmon reared with each of the other three species, we sent one 
pooled RNA sample for each population. In total, 10 pooled RNA sam-
ples were sent for RNA sequencing performed on the Illumina HiSeq™ 
2000 platform.

2.3 | Data analysis

To obtain sequence read counts for each gene, we followed the proto-
col described in Anders et al. (2013). Briefly, paired and cleaned reads 

(i.e., Phred quality score > 20) were mapped to the Atlantic salmon 
genome (NCBI accession no.: AGKD00000000.3) using Bowtie 1.1.1 
(Langmead, Trapnell, Pop, & Salzberg, 2009) and Tophat 2.0.13 
(Trapnell et al., 2012) using default parameters. Then, we used sam-
tools 1.2 (Li et al., 2009) to sort and create the SAM files. After that, 
we used HTSeq-0.6.1 (Anders, Pyl, & Huber, 2015) to count reads for 
each gene with parameters “–stranded=no” and “–a = 10.” We used 
Cufflinks to obtain the mRNA sequences of each gene (Trapnell et al., 
2012). The longest isoform of each gene was extracted and used for 
blastx search in the nonredundant protein database using blast 2.2.30 
with a cutoff e-value of 1e−5 (Camacho et al., 2009). The results ob-
tained from local blastx were loaded into Blast2GO (Conesa et al., 
2005) for GO term mapping and annotation.

Transcriptional data were examined using unsupervised and su-
pervised approaches. For the unsupervised approach, we used prin-
ciple component analyses and constructed distance heatmaps using 
DESeq2 (Love, Huber, & Anders, 2014). For the supervised approach, 
we tested for transcriptomic response to competition with the three 
different non-native salmonid species within each Atlantic salmon 
population using GFOLD V1.1.3 (Feng et al., 2012). GFOLD can ana-
lyze RNA-Seq data with biological replicates or one treatment without 
replicates within a reliable statistical framework (Feng et al., 2012). To 
prepare gene expression data for GFOLD, we followed GFOLD’s rec-
ommendations to obtain reads per kilobase of transcript per million 
mapped reads (RPKM) value for each gene in each sample. To identify 
differentially expressed genes by GFOLD, c value was set to 0.01 as 
default and genes with GFOLD value larger than 1 or less than −1 were 
accepted as significantly differently expressed. To quantify transcrip-
tomic response to interspecific competition, we compared the Atlantic 
salmon reared with one non-native species to the two control samples 
(Atlantic salmon alone) within each population. The functional cate-
gorization of significantly differentially expressed genes in response 
to interspecific competition was plotted using BGI WEGO (Ye et al., 
2006).

2.4 | Quantitative real-time PCR

To validate RNA-Seq results, we designed qRT-PCR primers for 14 
genes (Table S1) which showed significant differences in at least one 
of the six comparisons among four pooled samples: LaAS1 (LaHave 
Atlantic salmon reared alone sample 1), LaBT (LaHave Atlantic 
salmon reared with brown trout), SeAS1 (Sebago Atlantic salmon 
reared alone sample 1), and SeBT (Sebago Atlantic salmon reared 
with brown trout) as identified by GFOLD. We used ribosomal pro-
tein S20 (rps20) as the endogenous control as it has been shown to 
be invariant in Atlantic salmon spleen (Olsvik, Lie, Jordal, Nilsen, & 
Hordvik, 2005). We measured gene expression for three individuals 
from each of the four pooled samples in four treatments: LaHave 
reared alone, LaHave reared with brown trout, Sebago reared 
alone, and Sebago reared with brown trout. For each individual, we 
had three technical replicates. TURBO™ DNase-treated RNA was 
used for cDNA synthesis using the High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems, Burlington, ON, Canada). 

info:ddbj-embl-genbank/AGKD00000000.3
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The cDNA samples were diluted 1:10 for qRT-PCR analysis. The 
qRT-PCR reactions were conducted in 10 μl reactions which con-
sisted of 5 μl SYBR Select Master Mix (Applied Biosystems), 0.5 μl 
10 μmol/l primers, and 1 μl diluted cDNA. The qRT-PCR was per-
formed in a QuantStudio 12K Flex Real-Time PCR System (Applied 
Biosystems). The relative expression of each targeted gene was nor-
malized to the expression of rps20.

3  | RESULTS

3.1 | Sequencing summary and reads mapping

The RNA-Seq data have been submitted to the NCBI SRA database 
(SRA accession: SRP080309). In total, we obtained approximately 320 
million 90 bp high-quality (Q > 20) reads (160 million left reads and 
160 million right reads) from the 10 pooled RNA samples. The num-
ber of sequences per sample ranged from 29.8 million to 33.9 million 
(Table S2). Overall, 78.8% of the reads mapped to the Atlantic salmon 
draft genome and the mapping rate for each sample varied from 
72.9% to 81.3%. In total, 92,812 transcripts were recovered, and the 
average size of transcripts was 2,038 ± 1,710 bp (Mean ± SD) (ranged 
from 91 to 15,642 bp).

3.2 | Principle component analysis and 
distance heatmap

Principle component analysis based on gene transcription of the 
2,000 genes which had the highest variation among samples showed 
that PC1 and PC2 explained 42% and 25% of the variance, respec-
tively (Figure 1a). The two populations were separated by PC1, while 
PC2 primarily reflected variation among competition treatments. 
However, clear population-specific responses to competition were 
evident. For example, competition with rainbow trout resulted in 
the largest transcriptional response in the LaHave population, while 
competition with brown trout resulted in the largest transcriptional 
response in the Sebago population.

Within each population, Atlantic salmon responded differently to 
competition with the three introduced salmonid species (Figures 1b 
and c). The LaHave Atlantic salmon reared with Chinook salmon 
showed a different transcriptome response compared to the LaHave 
Atlantic salmon reared with rainbow trout along both PC1 and PC2 
(Figure 1b). The Sebago Atlantic salmon reared with Chinook salmon 
showed a similar transcriptome response to the Sebago Atlantic 
salmon reared with rainbow trout, and the Sebago Atlantic salmon 
under these two treatments showed different transcriptome response 
compared to the Sebago reared with brown trout (Figure 1c).

In the distance heatmap, the five samples within each popula-
tion clustered together, reflecting the large population effect on the 
transcriptome (Figure 2). Within the LaHave population, the Atlantic 
salmon reared alone and Chinook salmon competition samples clus-
tered together, while the LaHave Atlantic salmon reared with rainbow 
trout and with brown trout clustered together. Within the Sebago 
population, the two Atlantic salmon reared alone samples clustered 

together, while the Atlantic salmon reared with Chinook salmon and 
with rainbow trout clustered together. The Atlantic salmon reared with 
brown trout showed a highly divergent transcriptional profile within 
the Sebago population. The distance heatmap and PCA analyses 

F IGURE  1 Principal component analysis based on transcription 
in juvenile Atlantic salmon for 2,000 selected genes which 
exhibited the highest expression variation among samples for (a) 
all the 10 samples, (b) the LaHave population samples (n = 5) and 
(c) the Sebago population samples (n = 5). Treatment symbols: 
LaAS indicates LaHave Atlantic salmon reared alone; LaBT, LaCH, 
and LaRT indicate LaHave Atlantic salmon reared with one of the 
three species: brown trout, Chinook salmon, and rainbow trout, 
respectively; SeAS indicates Sebago Atlantic salmon reared alone; 
SeBT, SeCH, and SeRT indicate Sebago Atlantic salmon reared with 
one of the three species: brown trout, Chinook salmon, and rainbow 
trout, respectively

info:ddbj-embl-genbank/SRP080309
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indicated that the effects of population on gene expression were 
greater than those of interspecific competition.

3.3 | Gene expression differences

Within the LaHave population, there were 209, 350, and 701 genes 
that exhibited a significant response to competition with Chinook 
salmon, brown trout, and rainbow trout, respectively (Figure 3). 
Within the Sebago population, there were 131, 384, and 191 genes 
that responded to competition with Chinook salmon, brown trout, 
and rainbow trout, respectively (Figure 3). Within LaHave, there 
were 10 genes that exhibited a significant response to all three in-
terspecific competition treatments (Figure S1a; Table S3). Within 
Sebago, there were nine genes that responded significantly to all 
three interspecific competition treatments (Figure S1b; Table S4).

There were only 23, 13, and 19 genes shared between the 
two populations in response to competition with Chinook salmon, 
brown trout, and rainbow trout, respectively. Among the 23 genes 
showing a common response to competition with Chinook salmon 
in both populations, 20 showed the same trend of regulation 
of gene expression (Table S5). Among the 13 genes showing a 
common response to competition with brown trout in both pop-
ulations, three showed the same trend of regulation (Table S6). 
Among the 19 genes showing a common response to competi-
tion with rainbow trout in both populations, six showed the same 
trend of regulation (Table S7). While most responding genes were 
population-specific, the GO term analysis using the combined re-
sponding genes within each population showed that the respond-
ing genes were involved in similar functional groups in the two 
study populations (Figure S2).

3.4 | Comparison between gene expression level 
revealed by qRT-PCR and RNA-seq

We quantified transcription at 14 genes in 12 fish from four treat-
ments (LaHave reared alone, LaHave reared with brown trout, 
Sebago reared alone, and Sebago reared with brown trout) using 
qRT-PCR. The Spearman correlation coefficient between relative 
expression quantified by qRT-PCR and RNA-Seq was 0.81 (Figure 
S3).

4  | DISCUSSION

The establishment of non-native species can negatively affect the 
fitness of less aggressive native species (Fausch, 2007; Turek, Pegg, 
& Pope, 2013). While gene expression response to many environ-
mental stressors has been reported (Brennan et al., 2015; Narum & 
Campbell, 2015; Wellband & Heath, 2013; Whitehead et al., 2010), 
transcriptional responses to competition with ecologically similar spe-
cies have not been reported in any vertebrates to our knowledge. In 
this study, we used RNA-Seq to compare transcriptome responses of 
two Atlantic salmon populations to competition with ecological similar 
species with known dominance ranks. Overall, the effects of popu-
lation on gene transcription were higher than those of interspecific 
competition, and there were both differences (responding genes) and 
similarities (functional groups of responding genes) between Atlantic 
salmon populations in response to competition with ecologically simi-
lar species at the gene expression level.

Previous studies found that competition with rainbow trout or 
brown trout can have negative effects on the growth and survival 

F IGURE  2 Heatmap of sample-to-sample distances based on transcription in juvenile Atlantic salmon from two populations (LaHave 
and Sebago) for all genes scored. Treatment symbols: AS indicates Atlantic salmon reared alone; BT, CH, and RT indicate the Atlantic salmon 
population reared with one of the three species: brown trout, Chinook salmon, and rainbow trout, respectively
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of Atlantic salmon, while competition with Chinook salmon had no 
negative effects (Houde et al., 2015a; Van Zwol et al., 2012). In this 
study, we found that Atlantic salmon had fewer genes responding 
to competition with Chinook salmon than to competition with rain-
bow trout or brown trout. The larger transcriptional responses to 
rainbow trout and brown trout were expected because these spe-
cies tend to be more aggressive than Atlantic salmon, while Atlantic 
salmon tend to be as aggressive as Chinook salmon (Houde et al., 
2015a; Van Zwol et al., 2012). We also found that the number of 
responding genes for Atlantic salmon in the presence of brown trout 
was similar between populations (350 in LaHave and 384 in Sebago, 
respectively), suggesting that the presence of brown trout affects 
both Atlantic salmon populations similarly at the transcriptome level. 
However, the two Atlantic salmon populations showed substantial 
differences in the number of genes responding to competition with 
rainbow trout. That is, the number of genes responding to the pres-
ence of rainbow trout in the LaHave population was 3.6 times the 
number in the Sebago population. This suggests that the Sebago 
population may be more tolerant to the presence of rainbow trout 
than the LaHave population, and thus, the Sebago population may 
be more suitable for reintroduction in Lake Ontario as rainbow trout 
are common in many of the tributaries of the lake (Stanfield, Gibson, 
& Borwick, 2006).

Among competition treatments within each population, LaHave 
Atlantic salmon reared with rainbow trout had the highest number of 
genes showing a significant response, while Sebago Atlantic salmon 
reared with brown trout had the most responding genes. Unlike pre-
vious results for the effects of interspecific competition on fitness-
related traits which concluded that brown trout is the most serious 
competitor to Atlantic salmon and that rainbow trout can also have 
negative effects (Houde et al., 2015a; Van Zwol et al., 2012), our re-
sults indicate that the most stressful competitor to the LaHave Atlantic 

salmon may be rainbow trout, while the most stressful competitor to 
the Sebago Atlantic salmon may be brown trout, at least in the sur-
viving Atlantic salmon in this study. Thus, transcriptomic tools may 
be more sensitive to interspecies competition effects than commonly 
used fitness-related phenotypic traits.

Shared responding genes in the two populations likely reflect 
conserved transcriptional responses and may thus be used as can-
didate genes in other systems for interspecific competition stud-
ies. In response to competition with Chinook salmon, five genes 
encoding apolipoproteins consistently showed downregulation in 
both populations. Apolipoproteins play an important role in lipid 
metabolism via lipid transport (Li, Tanimura, Luo, Datta, & Chan, 
1988). In response to competition with rainbow trout, two soma-
tostatin genes and the glucagon 1 gene showed downregulation in 
both populations. Somatostatin is a hormone that participates in 
multiple biological processes and can inhibit the release of pituitary 
hormones and gastrointestinal tract peptides (Burgus, Ling, Butcher, 
& Guillemin, 1973; Gahete et al., 2010). Glucagon plays an import-
ant role in glucose homeostasis by regulating blood glucose concen-
tration (Quesada, Tudurí, Ripoll, & Nadal, 2008). Our results show 
that interspecific competition downregulates metabolic genes of 
Atlantic salmon which are related to lipid and glucose metabolism. 
Although chronic stress is thought to decrease immunity and dis-
ease resistance in fish (Barton, 2002), we found very few genes re-
lated to immune response with significant transcriptional response 
to interspecific competition, indicating that chronic stress caused by 
interspecific competition likely does not affect the immune system 
of fish.

Conserved transcriptomic response to interspecific competition is 
also reflected at the gene functional categorization of the respond-
ing genes. Although the overlap in the specific genes responding in 
the two populations is low, the similarity in GO terms of differentially 
expressed genes indicates that they may have evolved different gene 
networks to achieve the same results. This also highlights the need 
for a transcriptome approach to study population differences in stress 
response as populations can use different pathways to achieve the 
same outcome.

Populations can have stress response differences due to their 
different evolutionary histories (He, Johansson, & Heath, 2016), 
and those differences at the gene expression level can deepen our 
understanding of stress tolerance differences. Within the Sebago 
population, six genes consistently showed downregulation in com-
petition with three non-native salmonids. Among the six genes, 
three are somatostatin genes. Somatostatin has been reported 
to regulate social behavior in cichlid fish (Astatotilapia burtoni) 
(Trainor & Hofmann, 2006), with dominant males having larger 
somatostatin-containing neurons and higher expression of the so-
matostatin and somatostatin receptor 3 genes in the hypothalamus 
relative to subdominant males (Hofmann & Fernald, 2000; Trainor 
& Hofmann, 2007). Additionally, Schunter et al. (2014) found the 
somatostatin receptor 1 gene showed higher expression in the brain 
of territorial males than females in Tripterygion delaisi during the re-
productive period. Although the functions of somatostatin genes in 

F IGURE  3 Number of genes that exhibited a significant 
transcriptional response in juvenile Atlantic salmon (Salmo salar) to 
the presence of brown trout (BT), Chinook salmon (CH), and rainbow 
trout (RT). Atlantic salmon derived from two populations (LaHave and 
Sebago)
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the spleen are not clear, the downregulation of expression of these 
genes in competition with rainbow trout in both populations and in 
competition with the three species in the Sebago population may 
be adaptive because of the reported negative feedback regulation 
roles of somatostatin (Gahete et al., 2010). Among the six genes 
responding to competition with the three non-native salmonids in 
the Sebago population, two genes are glucagon 1 and insulin both 
of which have opposite roles in regulating blood glucose concentra-
tion (Quesada et al., 2008). With the LaHave population, the shared 
genes in response to the three non-native salmonid have no obvious 
role related to stress response. Thus, the specific responding genes 
shared within each population implied that it is likely there was more 
adaptive response in the Sebago population. This supports the pre-
vious results that the Sebago population likely has higher compet-
itive ability with non-native salmonid than the LaHave population 
(Houde et al., 2015a,b, 2016).

5  | CONCLUSIONS

This study is the first report of transcriptomic responses of native spe-
cies to interspecific competition with ecologically similar introduced 
species in a vertebrate. We found both similarities and differences 
in transcriptome responses to interspecific competition for the two 
Atlantic salmon populations. Overall, the Sebago population had 
fewer responding genes than the LaHave population, implying that 
the Sebago population was less affected by interspecific competition 
than the LaHave population. This study adds to the growing number of 
studies (Houde et al., 2015a,b, 2016; Van Zwol et al., 2012) indicating 
that the Sebago population likely has higher competitive ability than 
the LaHave population. Population similarity in competitive ability can 
be reflected based on functional gene ontologies, and differences can 
be reflected at the specific responding genes. Transcriptome char-
acterization can be used to quantitatively and functionally evaluate 
differences among populations in their response to stress, such as in-
terspecific competition, which provides objective criteria for source 
population selection in reintroduction efforts, among other conser-
vation applications. More broadly, our transcriptome analyses high-
light population-specific responses to non-native species interactions, 
which support the view that the impact of exotic species may depend 
on the ecological and environmental context of the invaded habitat 
(Pyšek et al., 2012).

ACKNOWLEDGMENTS

We thank W. Sloan, S. Ferguson, and B. Lewis for their support at 
the Ontario Ministry of Natural Resources and Forestry (OMNRF) 
Codrington Research Facility. We thank Z. Yang, M. Browning, K. 
Gradil, M. Lau, I. MacKenzie, and J. Laycock for their assistant for 
sample collection. We thank Data Intensive Academic Grid (DIAG) for 
providing a free server for the bioinformatic analyses. Funding was 
provided by the Natural Sciences and Engineering Research Council of 
Canada to DDH (Discovery Grant and Strategic Project Grant).

CONFLICT OF INTEREST

The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

XH collected samples, conducted laboratory work, analyzed the data, 
and wrote the manuscript. ALSH contributed to sample collection. 
ALSH and BDN took charge of fish rearing, and provided comments 
on the manuscript. DDH provided suggestions on data analysis and 
helped revise the manuscript at all stages.

ORCID

Xiaoping He   http://orcid.org/0000-0002-0697-6501 

REFERENCES

Anders, S., McCarthy, D. J., Chen, Y., Okoniewski, M., Smyth, G. K., Huber, 
W., & Robinson, M. D. (2013). Count-based differential expression 
analysis of RNA sequencing data using R and Bioconductor. Nature 
Protocols, 8, 1765–1786. https://doi.org/10.1038/nprot.2013.099

Anders, S., Pyl, P. T., & Huber, W. (2015). HTSeq–a Python framework to 
work with high-throughput sequencing data. Bioinformatics, 31, 166–
169. https://doi.org/10.1093/bioinformatics/btu638

Barton, B. A. (2002). Stress in fishes: A diversity of responses with par-
ticular reference to changes in circulating corticosteroids. Integrative 
and Comparative Biology, 42, 517–525. https://doi.org/10.1093/
icb/42.3.517

Brennan, R. S., Galvez, F., & Whitehead, A. (2015). Reciprocal osmotic chal-
lenges reveal mechanisms of divergence in phenotypic plasticity in the 
killifish Fundulus heteroclitus. The Journal of Experimental Biology, 218, 
1212–1222. https://doi.org/10.1242/jeb.110445

Buckland, P. R. (2004). Allele-specific gene expression differences in 
humans. Human Molecular Genetics, 13, R255–R260. https://doi.
org/10.1093/hmg/ddh227

Burgus, R., Ling, N., Butcher, M., & Guillemin, R. (1973). Primary structure 
of somatostatin, a hypothalamic peptide that inhibits the secretion 
of pituitary growth hormone. Proceedings of the National Academy of 
Sciences of the United States of America, 70, 684–688. https://doi.
org/10.1073/pnas.70.3.684

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, 
J., Bealer, K., & Madden, T. L. (2009). BLAST+: Architecture 
and applications. BMC Bioinformatics, 10, 421. https://doi.
org/10.1186/1471-2105-10-421

Conesa, A., Götz, S., García-Gómez, J. M., Terol, J., Talón, M., & Robles, M. 
(2005). Blast2GO: A universal tool for annotation, visualization and 
analysis in functional genomics research. Bioinformatics, 21, 3674–
3676. https://doi.org/10.1093/bioinformatics/bti610

Dimond, P., & Smitka, J. (2005). Evaluation of selected strains of Atlantic 
salmon as potential candidates for the restoration of Lake Ontario. 
Trout Unlimited Canada Technical Report ON-012: Geulph, ON, 
Canada, pp 41.

Fausch, K. D. (2007). Introduction, establishment and effects of non-
native salmonids: Considering the risk of rainbow trout invasion in 
the United Kingdom. Journal of Fish Biology, 71, 1–32. https://doi.
org/10.1111/j.1095-8649.2007.01682.x

Feng, J., Meyer, C. A., Wang, Q., Liu, J. S., Shirley, Liu. X., & Zhang, Y. (2012). 
GFOLD: A generalized fold change for ranking differentially expressed 
genes from RNA-seq data. Bioinformatics, 28, 2782–2788. https://doi.
org/10.1093/bioinformatics/bts515

http://orcid.org/0000-0002-0697-6501
http://orcid.org/0000-0002-0697-6501
https://doi.org/10.1038/nprot.2013.099
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1093/icb/42.3.517
https://doi.org/10.1093/icb/42.3.517
https://doi.org/10.1242/jeb.110445
https://doi.org/10.1093/hmg/ddh227
https://doi.org/10.1093/hmg/ddh227
https://doi.org/10.1073/pnas.70.3.684
https://doi.org/10.1073/pnas.70.3.684
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1093/bioinformatics/bti610
https://doi.org/10.1111/j.1095-8649.2007.01682.x
https://doi.org/10.1111/j.1095-8649.2007.01682.x
https://doi.org/10.1093/bioinformatics/bts515
https://doi.org/10.1093/bioinformatics/bts515


8  |     HE et al.

Gahete, M. D., Cordoba-Chacón, J., Duran-Prado, M., Malagón, M. M., 
Martinez-Fuentes, A. J., Gracia-Navarro, F., … Castaño, J. P. (2010). 
Somatostatin and its receptors from fish to mammals. Annals 
of the New York Academy of Sciences, 1200, 43–52. https://doi.
org/10.1111/j.1749-6632.2010.05511.x

Gilmour, K. M., DiBattista, J. D., & Thomas, J. B. (2005). Physiological 
causes and consequences of social status in salmonid fish. Integrative 
and Comparative Biology, 45, 263–273. https://doi.org/10.1093/
icb/45.2.263

Hastings, A. (1987). Can competition be detected using spe-
cies co-occurrence data? Ecology, 68, 117–123. https://doi.
org/10.2307/1938811

He, X., Johansson, M. L., & Heath, D. D. (2016). Role of genomics and 
transcriptomics in selection of reintroduction source populations. 
Conservation Biology, 30, 1010–1018. https://doi.org/10.1111/
cobi.12674

Hernandez, M. E., Martinez-Mota, L., Salinas, C., Marquez-Velasco, R., 
Hernandez-Chan, N. G., Morales-Montor, J., … Pavón, L. (2013). 
Chronic stress induces structural alterations in splenic lymphoid tissue 
that are associated with changes in corticosterone levels in Wistar-
Kyoto rats. BioMed Research International, 2013, 868742.

Hodgins-Davis, A., & Townsend, J. P. (2009). Evolving gene expression: 
From G to E to GxE. Trends in Ecology & Evolution, 24, 649–658. https://
doi.org/10.1016/j.tree.2009.06.011

Hofmann, H. A., & Fernald, R. D. (2000). Social status controls soma-
tostatin neuron size and growth. The Journal of Neuroscience, 20, 
4740–4744.

Houde, A. L. S., Smith, A. D., Wilson, C. C., Peres-Neto, P. R., & Neff, B. 
D. (2016). Competitive effects between rainbow trout and Atlantic 
salmon in natural and artificial streams. Ecology of Freshwater Fish, 25, 
248–260. https://doi.org/10.1111/eff.12206

Houde, A. L. S., Wilson, C. C., & Neff, B. D. (2015a). Competitive inter-
actions among multiple non-native salmonids and two populations 
of Atlantic salmon. Ecology of Freshwater Fish, 24, 44–55. https://doi.
org/10.1111/eff.12123

Houde, A. L. S., Wilson, C. C., & Neff, B. D. (2015b). Effects of competition 
with four nonnative salmonid species on Atlantic salmon from three 
populations. Transactions of the American Fisheries Society, 144, 1081–
1090. https://doi.org/10.1080/00028487.2015.1064477

Jones, M. L., & Stanfield, L. W. (1993). Effects of exotic juvenile salmonines 
on growth and survival of juvenile Atlantic salmon (Salmo salar) in a 
Lake Ontario tributary, in Production of Juvenile Atlantic Salmon, 
Salmo salar, in Natural Waters. National Research Council Canada and 
Department of Fisheries and Oceans, pp. 71–79.

King, R. B., Ray, J. M., & Stanford, K. M. (2006). Gorging on gobies: Beneficial 
effects of alien prey on a threatened vertebrate. Canadian Journal of 
Zoology, 84, 108–115. https://doi.org/10.1139/z05-182

Langmead, B., Trapnell, C., Pop, M., & Salzberg, S. L. (2009). Ultrafast 
and memory-efficient alignment of short DNA sequences to the 
human genome. Genome Biology, 10, R25. https://doi.org/10.1186/
gb-2009-10-3-r25

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., … 1000 
Genome Project Data Processing Subgroup (2009). The sequence 
alignment/map format and SAMtools. Bioinformatics, 25, 2078–2079. 
https://doi.org/10.1093/bioinformatics/btp352

Li, W. H., Tanimura, M., Luo, C. C., Datta, S., & Chan, L. (1988). The apoli-
poprotein multigene family: Biosynthesis, structure, structure-function 
relationships, and evolution. Journal of Lipid Research, 29, 245–271.

López-Maury, L., Marguerat, S., & Bähler, J. (2008). Tuning gene expression 
to changing environments: From rapid responses to evolutionary adap-
tation. Nature Reviews Genetics, 9, 583–593. https://doi.org/10.1038/
nrg2398

Love, M. I., Huber, W., & Anders, S. (2014). Moderated estimation of fold 
change and dispersion for RNA-seq data with DESeq2. Genome Biology, 
15, 550. https://doi.org/10.1186/s13059-014-0550-8

Manchester, S. J., & Bullock, J. M. (2000). The impacts of non-
native species on UK biodiversity and the effectiveness of 
control. Journal of Applied Ecology, 37, 845–864. https://doi.
org/10.1046/j.1365-2664.2000.00538.x

McDowall, R. M. (2003). Impacts of introduced salmonids on na-
tive galaxiids in New Zealand upland streams: A new look at an 
old problem. Transactions of the American Fisheries Society, 132, 
229–238. https://doi.org/10.1577/1548-8659(2003)132&lt;022
9:IOISON&gt;2.0.CO;2

Narum, S. R., & Campbell, N. R. (2015). Transcriptomic response to heat 
stress among ecologically divergent populations of redband trout. BMC 
Genomics, 16, 103. https://doi.org/10.1186/s12864-015-1246-5

Olsvik, P. A., Lie, K. K., Jordal, A.-E. O., Nilsen, T. O., & Hordvik, I. (2005). 
Evaluation of potential reference genes in real-time RT-PCR stud-
ies of Atlantic salmon. BMC Molecular Biology, 6, 21. https://doi.
org/10.1186/1471-2199-6-21

Peeler, E. J., Oidtmann, B. C., Midtlyng, P. J., Miossec, L., & Gozlan, R. E. 
(2010). Non-native aquatic animals introductions have driven disease 
emergence in Europe. Biological Invasions, 13, 1291–1303.

Peters, G., & Schwarzer, R. (1985). Changes in hemopoietic tissue of rain-
bow trout under influence of stress. Diseases of Aquatic Organisms, 1, 
1–10. https://doi.org/10.3354/dao001001

Petretto, E., Mangion, J., Dickens, N. J., Cook, S. A., Kumaran, M. K., Lu, H., 
… Aitman, T. J. (2006). Heritability and tissue specificity of expression 
quantitative trait loci. PLoS Genetics, 2, e172. https://doi.org/10.1371/
journal.pgen.0020172

Pimentel, D., McNair, S., Janecka, J., Wightman, J., Simmonds, C., 
O’Connell, C., … Tsomondo, T. (2001). Economic and environmen-
tal threats of alien plant, animal, and microbe invasions. Agriculture, 
Ecosystems & Environment, 84, 1–20. https://doi.org/10.1016/
S0167-8809(00)00178-X

Pyšek, P., Jarošík, V., Hulme, P. E., Pergl, J., Hejda, M., Schaffner, U., & Vilà, 
M. (2012). A global assessment of invasive plant impacts on resident 
species, communities and ecosystems: The interaction of impact mea-
sures, invading species’ traits and environment. Global Change Biology, 
18, 1725–1737.

Quesada, I., Tudurí, E., Ripoll, C., & Nadal, Á. (2008). Physiology of the pan-
creatic α-cell and glucagon secretion: Role in glucose homeostasis and 
diabetes. Journal of Endocrinology, 199, 5–19. https://doi.org/10.1677/
JOE-08-0290

Schulte, P. M. (2004). Changes in gene expression as biochemical ad-
aptations to environmental change: A tribute to Peter Hochachka. 
Comparative Biochemistry and Physiology Part B, Biochemistry 
& Molecular Biology, 139, 519–529. https://doi.org/10.1016/j.
cbpc.2004.06.001

Schunter, C., Vollmer, S. V., Macpherson, E., & Pascual, M. (2014). 
Transcriptome analyses and differential gene expression in a non-
model fish species with alternative mating tactics. BMC Genomics, 15, 
167. https://doi.org/10.1186/1471-2164-15-167

Scott, R. J., Noakes, D. L. G., Beamish, F. W. H., & Carl, L. M. (2003). 
Chinook salmon impede Atlantic salmon conservation in Lake 
Ontario. Ecology of Freshwater Fish, 12, 66–73. https://doi.
org/10.1034/j.1600-0633.2003.00002.x

Scott, R. J., Poos, M. S., Noakes, D. L. G., & Beamish, F. W. H. (2005). 
Effects of exotic salmonids on juvenile Atlantic salmon be-
haviour. Ecology of Freshwater Fish, 14, 283–288. https://doi.
org/10.1111/j.1600-0633.2005.00099.x

Severns, P. M., & Warren, A. D. (2008). Selectively eliminating and 
conserving exotic plants to save an endangered butterfly from 
local extinction. Animal Conservation, 11, 476–483. https://doi.
org/10.1111/j.1469-1795.2008.00203.x

Sogge, M. K., Sferra, S. J., & Paxton, E. H. (2008). Tamarix as habitat 
for birds: Implications for riparian restoration in the southwest-
ern United States. Restoration Ecology, 16, 146–154. https://doi.
org/10.1111/j.1526-100X.2008.00357.x

https://doi.org/10.1111/j.1749-6632.2010.05511.x
https://doi.org/10.1111/j.1749-6632.2010.05511.x
https://doi.org/10.1093/icb/45.2.263
https://doi.org/10.1093/icb/45.2.263
https://doi.org/10.2307/1938811
https://doi.org/10.2307/1938811
https://doi.org/10.1111/cobi.12674
https://doi.org/10.1111/cobi.12674
https://doi.org/10.1016/j.tree.2009.06.011
https://doi.org/10.1016/j.tree.2009.06.011
https://doi.org/10.1111/eff.12206
https://doi.org/10.1111/eff.12123
https://doi.org/10.1111/eff.12123
https://doi.org/10.1080/00028487.2015.1064477
https://doi.org/10.1139/z05-182
https://doi.org/10.1186/gb-2009-10-3-r25
https://doi.org/10.1186/gb-2009-10-3-r25
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1038/nrg2398
https://doi.org/10.1038/nrg2398
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1046/j.1365-2664.2000.00538.x
https://doi.org/10.1046/j.1365-2664.2000.00538.x
https://doi.org/10.1577/1548-8659(2003)132%3c0229:IOISON%3e2.0.CO;2
https://doi.org/10.1577/1548-8659(2003)132%3c0229:IOISON%3e2.0.CO;2
https://doi.org/10.1186/s12864-015-1246-5
https://doi.org/10.1186/1471-2199-6-21
https://doi.org/10.1186/1471-2199-6-21
https://doi.org/10.3354/dao001001
https://doi.org/10.1371/journal.pgen.0020172
https://doi.org/10.1371/journal.pgen.0020172
https://doi.org/10.1016/S0167-8809(00)00178-X
https://doi.org/10.1016/S0167-8809(00)00178-X
https://doi.org/10.1677/JOE-08-0290
https://doi.org/10.1677/JOE-08-0290
https://doi.org/10.1016/j.cbpc.2004.06.001
https://doi.org/10.1016/j.cbpc.2004.06.001
https://doi.org/10.1186/1471-2164-15-167
https://doi.org/10.1034/j.1600-0633.2003.00002.x
https://doi.org/10.1034/j.1600-0633.2003.00002.x
https://doi.org/10.1111/j.1600-0633.2005.00099.x
https://doi.org/10.1111/j.1600-0633.2005.00099.x
https://doi.org/10.1111/j.1469-1795.2008.00203.x
https://doi.org/10.1111/j.1469-1795.2008.00203.x
https://doi.org/10.1111/j.1526-100X.2008.00357.x
https://doi.org/10.1111/j.1526-100X.2008.00357.x


     |  9HE et al.

Stanfield, L. W., Gibson, S. F., & Borwick, J. A. (2006). Using a landscape 
approach to identify the distribution and density patterns of salmonids 
in Lake Ontario tributaries. American Fisheries Society Symposium, 48, 
601–621.

Stewart, T. J., & Schaner, T. (2002). Lake Ontario salmonid introductions 
1970 to 1999: Stocking, fishery and fish community influences. In: Lake 
Ontario Fish Communities and Fisheries: 2001 Annual Report of the 
Lake Ontario Management Unit. Queen’s Printer for Ontario, Picton, 
pp. 12.1–12.10.

Tablado, Z., Tella, J. L., Sánchez-Zapata, J. A., & Hiraldo, F. (2010). The par-
adox of the long-term positive effects of a North American crayfish on 
a European community of predators. Conservation Biology, 24, 1230–
1238. https://doi.org/10.1111/j.1523-1739.2010.01483.x

Trainor, B. C., & Hofmann, H. A. (2006). Somatostatin regulates aggressive 
behavior in an African cichlid fish. Endocrinology, 147, 5119–5125. 
https://doi.org/10.1210/en.2006-0511

Trainor, B. C., & Hofmann, H. A. (2007). Somatostatin and somatostatin 
receptor gene expression in dominant and subordinate males of an 
African cichlid fish. Behavioural Brain Research, 179, 314–320. https://
doi.org/10.1016/j.bbr.2007.02.014

Trapnell, C., Roberts, A., Goff, L., Pertea, G., Kim, D., Kelley, D. R., … Pachter, 
L. (2012). Differential gene and transcript expression analysis of RNA-
seq experiments with TopHat and Cufflinks. Nature Protocols, 7, 562–
578. https://doi.org/10.1038/nprot.2012.016

Turek, K. C., Pegg, M. A., & Pope, K. L. (2013). Review of the negative in-
fluences of non-native salmonids on native fish species. Great Plains 
Research, 23, 11.

Van Zwol, J. A., Neff, B. D., & Wilson, C. C. (2012). The effect of compe-
tition among three salmonids on dominance and growth during the 

juvenile life stage. Ecology of Freshwater Fish, 21, 533–540. https://doi.
org/10.1111/j.1600-0633.2012.00573.x

Vitule, J. R. S., Freire, C. A., & Simberloff, D. (2009). Introduction of non-
native freshwater fish can certainly be bad. Fish and Fisheries, 10, 98–
108. https://doi.org/10.1111/j.1467-2979.2008.00312.x

Wellband, K. W., & Heath, D. D. (2013). Environmental associations with gene 
transcription in Babine Lake rainbow trout: Evidence for local adaptation. 
Ecology and Evolution, 3, 1194–1208. https://doi.org/10.1002/ece3.531

Whitehead, A., Triant, D. A., Champlin, D., & Nacci, D. (2010). Comparative 
transcriptomics implicates mechanisms of evolved pollution tolerance 
in a killifish population. Molecular Ecology, 19, 5186–5203. https://doi.
org/10.1111/j.1365-294X.2010.04829.x

Ye, J., Fang, L., Zheng, H., Zhang, Y., Chen, J., Zhang, Z., … Wang, J. (2006). 
WEGO: A web tool for plotting GO annotations. Nucleic Acids Research, 
34, W293–W297. https://doi.org/10.1093/nar/gkl031

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the sup-
porting information tab for this article.  

How to cite this article: He X, Houde ALS, Neff BD, Heath 
DD. Transcriptome response of Atlantic salmon (Salmo salar) to 
competition with ecologically similar non-native species. Ecol 
Evol. 2018;00:1–9. https://doi.org/10.1002/ece3.3798

https://doi.org/10.1111/j.1523-1739.2010.01483.x
https://doi.org/10.1210/en.2006-0511
https://doi.org/10.1016/j.bbr.2007.02.014
https://doi.org/10.1016/j.bbr.2007.02.014
https://doi.org/10.1038/nprot.2012.016
https://doi.org/10.1111/j.1600-0633.2012.00573.x
https://doi.org/10.1111/j.1600-0633.2012.00573.x
https://doi.org/10.1111/j.1467-2979.2008.00312.x
https://doi.org/10.1002/ece3.531
https://doi.org/10.1111/j.1365-294X.2010.04829.x
https://doi.org/10.1111/j.1365-294X.2010.04829.x
https://doi.org/10.1093/nar/gkl031
https://doi.org/10.1002/ece3.3798

	University of Windsor
	Scholarship at UWindsor
	2018

	Transcriptome response of Atlantic salmon (Salmo salar) to competition with ecologically similar non-native species
	Xiaoping He
	Aimee Lee S. Houde
	Bryan D. Neff
	Daniel D. Heath
	Recommended Citation


	

