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A B S T R A C T

Aquatic rhabdoviruses are globally significant pathogens associated with disease in both wild and cultured fish.
Infectious hematopoietic necrosis virus (IHNV) is a rhabdovirus that causes the internationally regulated disease
infectious hematopoietic necrosis (IHN) in most species of salmon. Yet not all naïve salmon exposed to IHNV
become diseased, and the mechanisms by which some individuals evade or rapidly clear infection following
exposure are poorly understood. Here we used RNA-sequencing to evaluate transcriptomic changes in sockeye
salmon, a keystone species in the North Pacific and natural host for IHNV, to evaluate the consequences of IHNV
exposure and/or infection on host cell transcriptional pathways. Immersion challenge of sockeye salmon smolts
with IHNV resulted in approximately 33% infection prevalence, where both prevalence and viral kidney load
peaked at 7 days post challenge (dpc). De novo assembly of kidney transcriptomes at 7 dpc revealed that both
infected and exposed but noninfected individuals experienced substantial transcriptomic modification; however,
stark variation in gene expression patterns were observed between exposed but noninfected, infected, and un-
exposed populations. GO and KEGG pathway enrichment in concert with differential expression analysis iden-
tified that kidney responses in exposed but noninfected fish emphasised a global pattern of transcriptional down-
regulation, particularly for pathways involved in DNA transcription, protein biosynthesis and macromolecule
metabolism. In contrast, transcriptomes of infected fish demonstrated a global emphasis of transcriptional up-
regulation highlighting pathways involved in antiviral response, inflammation, apoptosis, and RNA processing.
Quantitative PCR was subsequently used to highlight differential and time-specific regulation of acute phase,
antiviral, inflammatory, cell boundary, and metabolic responsive transcripts in both infected and exposed but
noninfected groups. This data demonstrates that waterborne exposure with IHNV has a dramatic effect on the
sockeye salmon kidney transcriptome that is discrete between resistant and acutely susceptible individuals. We
identify that metabolic, acute phase and cell boundary pathways are transcriptionally affected by IHNV and
kidney responses to local infection are highly divergent from those generated as part of a disseminated response.
These data suggest that primary resistance of naïve fish to IHNV may involve global responses that encourage
reduced cellular signaling rather than promoting classical innate antiviral responses.

1. Introduction

Infectious hematopoietic necrosis virus (IHNV) is an ecologically
and economically significant pathogen of salmon and of specific con-
cern to the World Organisation for Animal Health (Office International
des Epizooties; OIE) due to its high virulence and potential for trans-
mission within global salmon fisheries [1]. Large losses of revenue and
fish have occurred in salmon aquaculture as a result of this virus [2,3],

and it has been a management concern to both wild and cultured Pacific
salmon in North America for almost 60 years [4]. IHNV also represents
one of at least 11 highly virulent aquatic rhabdoviruses which together
make up one of the most destructive and costly group of infectious
disease-causing agents in freshwater. Like all rhabdoviruses, the IHNV
genome (11 KB) consists of a negative-sense single-stranded RNA
transcript which encodes a nucleoprotein (N), phosphoprotein (P),
matrix protein (M) glycoprotein (G) and a large RNA-dependent RNA
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polymerase protein (L) [5]. Specific to the aquatic novirhabdoviruses,
the IHNV genome additionally encodes a sixth non-virion protein (Nv)
believed to function as a host immune suppressor [6,7]. IHNV enters
fish through the fin bases, gill or oral/gastrointestinal tract [8,9], dis-
seminates through the circulatory system to virtually all bodily organs
with highest loads developing in the anterior kidney (also called the
head kidney or pronephros; hereafter referred to simply as kidney) and
spleen [8,10]. It is shed into the environment in high quantities during
primary amplification, most likely via external mucus [11,12].

Sockeye salmon (Oncorhynchus nerka) is a keystone species in the
North Pacific with important ecological, social and economic sig-
nificance [13,14]; they are also a natural host of IHNV [15]. Early
developmental stages (alevins, fry and parr) of sockeye salmon are
highly susceptible to the co-evolved U genogroup of IHNV and epi-
zootics are often associated with high mortality [15–18]. Older fish
appear to be naturally less susceptible to infection; however, IHNV can
be transmitted to and cause disease in sockeye salmon within seawater
environs [19–21]. Nevertheless, waterborne exposure of sockeye
salmon to IHNV in seawater does not typically result in 100% infection
prevalence in heterogeneous populations even at a relatively high ex-
posure dose [19,22,23]. The mechanisms by which some fish are able to
evade or rapidly clear IHNV infection following exposure are of great
interest in mitigating disease associated with this and other fish rhab-
doviruses.

A commonality for rhabdoviral resistance in naïve fish is that it
appears to be decided very early during the infection process and is at
least partially determined by heritable genetic factors [16,24–28].
Multiple studies have indicated that this resistance (i.e., the ability of an
individual to avoid disease and clear or avoid systemic infection), likely
involves elements associated with epidermal tissues [25–28]. However,
at least one study has also noted that resistance can be maintained even
when epidermal tissues are mostly subverted such as following in-
traperitoneal injection [24]. This suggests that similar or alternative
resistance factors may also be present in internal tissues. Currently, the
best known innate cellular mechanism to inhibit aquatic rhabdoviral
replication and promote host resistance in salmon is the activation of
the classic interferon response pathway [29–32], and non-specific ac-
tivation of interferon prior to IHNV exposure has been demonstrated to
provide significant protection against IHNV infection [32–34]. Never-
theless, interferon signaling does not appear to correlate with early
resistance in naturally resistant fish [24,35], and the mechanism(s) by
which some individuals are able to evade or rapidly clear infection
following rhabdoviral exposure remains unclear.

We recently explored the transcriptomic responses of the Sockeye
salmon head kidney to piscine orthoreovirus (PRV) infection and the
consequences associated with an IHNV superinfection of PRV-infected
individuals [23]. Although that study's main focus was on elucidating
responses specific to PRV, it also identified substantial transcriptome
modification at 7 dpc with IHNV. Interestingly, global transcriptomic
changes within the IHNV exposed group were not only observed in fish
which had become infected, but also in individuals which had evaded
or rapidly cleared the infection. Further, it appeared that many
(> 50%) of the transcriptionally altered genes were either unique or
had reversed expression in fish which had become IHNV infected versus
those which were refractory to detectable virus replication. We hy-
pothesised that further exploration into these transcriptomic differences
may provide insight into the innate cellular responses associated with
the ability to evade or rapidly clear IHNV infection following exposure
and offer a more complete picture of the pathways involved in host
antiviral responsiveness to rhabdoviral infection.

Here, we aimed to revisit and expand on our previous work ex-
ploring the transcriptomic responses in the sockeye salmon kidney
following IHNV exposure with a specific focus on the transcriptional
differences between resistant (IHNV-) and susceptible (IHNV+) in-
dividuals. We also aimed to better capture and assess a global snapshot
of the molecular pathways that may be involved in innate antiviral

responsiveness to IHNV.

2. Results

2.1. IHNV challenge identified both resistant and susceptible individuals to
systemic infection with highest detection in kidney relative to blood or brain

Not all sockeye salmon exposed to IHNV in this challenge experi-
ment developed kidney infections [23]. Nevertheless, kidney samples
proved the most likely relative to blood or brain to identify IHNV
during any phase of infection and typically had the highest relative
loads; particularly early during the infection process (Fig. 1). IHNV
reached comparable prevalence within blood and kidney samples (33%;
n=8/24) and was highest at 7 dpc in both sample types. In brain,
highest prevalence was not observed until 20 dpc and was lower (17%;
n=4/24) than observed in either blood or kidney (Fig. 1). IHNV loads
were highest in kidney relative to blood or brain in most instances;
however, there were a few cases late during infection (at 20 and 48 dpc)
where blood and/or brain loads were higher than those observed in the
kidney (Fig. 1a, b & c; Additional file 1 [72]). No IHNV could be re-
covered from blood or brain samples in fish which did not also have
kidney infections during the first 20 dpc – a period which in our ex-
perience encompasses the acute infection phase of IHNV under these
experimental conditions. This indicated that fish which did not develop
kidney infections during the first 20 dpc were most likely refractory to
internalization and systemic dissemination of IHNV (i.e., resistant).
Two out of 96 IHNV challenge fish became moribund and died in un-
disturbed (non-sampled) populations within the 49 day trial. No mor-
bidity or mortality occurred in the controls [23].

2.2. RNA-seq identified quantitative variation in IHNV protein-coding
mRNA transcripts

Four kidney samples identified to have IHNV as well as four kidney
samples identified to have both IHNV and PRV were incorporated into
our original RNA-seq transcriptome assembly [23]. For the current
study, we retained the PRV/IHNV kidney libraries solely in order to
correlate RNA-seq and real time quantitative PCR (qPCR) quantitative
estimates of IHNV (Fig. 2b); these libraries were not used in tran-
scriptome analysis. In the four non-PRV infected libraries, IHNV was
observed to span four base-ten orders of magnitude as estimated by
qPCR: one with low (~3,000), two with mid (50,000–100,000), and
one with high (~10,000,000 copies IHNV N transcripts per μg total
RNA) viral loads.

All six IHNV mRNA protein-coding transcripts (N, P, M, G, Nv, L)
were identified during RNA-seq de novo assembly, although G and Nv
coding sequences appeared to be combined into a single putative
transcript (Fig. 2a). It is unknown if this combined G/Nv transcript was
a possible error in Trinity assembly due to read trimming or if the
mRNA termination signal between these genomic sections was indeed
completely (or partially) ignored during transcription. Nevertheless, the
quantitative pattern of expression for each of the five IHNV transcripts
identified by RNA-seq was strikingly similar in all four IHNV infected
kidney libraries (Fig. 2d) where the relative load of N and P transcripts
was significantly higher than M and L at 7 dpc (Fig. 2c). Accuracy for
RNA-seq by expectation maximization (RSEM) quantitative estimates
was highly supported by correlative agreement to standard-curve-de-
rived quantities identified by qPCR (r= 0.974; P < 0.001) (Fig. 2b).
Although qPCR was more sensitive than RNA-seq for detecting low le-
vels of IHNV RNA, this was somewhat expected due to the higher di-
lution of template used in RNA-seq relative to IHNV-targeted qPCR
assessments, as well as due to the use of polyadenylation-targeted oligo
(dT) priming (specific to mRNAs only) for RNA-seq compared to
random hexamer priming used for qPCR cDNA synthesis which detects
both genomic and messenger RNA of IHNV [23].
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2.3. Global transcriptomic expression in sockeye salmon kidneys revealed
stark variation between infected, exposed but noninfected, and mock control
fish

Using multidimensional scaling (MDS) and principal component
analysis (PCA), we previously reported that seven of the eight IHNV
infected fish oriented separately from all other groups (both PRV and

controls), and that differential expression analysis identified 32–42% of
all component unigenes to have significant differences in expression
following IHNV exposure [23]. However, both MDS and PCA assess-
ments in that study used only the top 500 unigenes contributing var-
iance to calculate pairwise distances between libraries and included
samples collected at two time points relative to PRV exposure. Although
this provided strong representation within the context of this broader

Fig. 2. IHNV detection in the kidney of
waterborne challenged sockeye salmon
using RNA-seq. (a) RNA-seq assembled iso-
form transcripts with UniProt Blastx
(E < 10−5) annotation aligned against the
published IHNV genome (yellow). Dark
areas represent sequence variation within
an overall nucleotide agreement of 97.4%.
(b) Correlation plot of IHNV N transcript
detection by qPCR relative to RNA-seq
RSEM quantities. Pearson correlation coef-
ficient (r) and associated p-value are pre-
sented for log10-transformed data. (c) Mean
(± SE; n= 4) proportion of total IHNV
transcripts for each of the five structural
viral mRNAs identified by RNA-seq. Letters
indicate significant groupings (P < 0.05).
(d) IHNV mRNA transcript abundance
(RSEM normalized count) identified by
RNA-seq in each of the four IHNV infected
kidney libraries. N: nucleocapsid; P: poly-
merase-associated phosphoprotein; M: ma-
trix protein; G: surface glycoprotein; and L:
polymerase coding transcripts. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the
Web version of this article.)

Fig. 1. Detection of IHNV in experimentally
challenged sockeye salmon. The quantity of
IHNV nucleoprotein (N) transcripts for each
fish as well as relative prevalence (insert) at
five discrete time points is presented for
kidney (a), brain (b) and blood (c) as de-
tected by qPCR. Kidney samples used for
RNA-seq are highlighted in yellow.
Agreement for the positive/negative (+/-)
detection of IHNV transcripts between
kidney and brain (d) as well as kidney and
blood (e) is also presented. Hk: head
kidney; Br: brain; Bl: blood.
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PRV/IHNV study, it was noted that temporal changes contributed sig-
nificant variance in global expression independent of viral exposure.
Therefore, we removed non-IHNV relevant libraries from our current
analysis thereby removing temporal variation (only one time point for
RNA-seq sampling was pertinent to IHNV), and also expanded the
analysis to include all unigenes which contributed variance (not just the
top 500). This refined our focus for observing IHNV associated global
expression patterns. Further, we expanded the depth of our PCA global
expression by assessing isoform transcripts in addition to component
unigenes. This identified that two linear modes of variation contributed
to the majority of variance in both component unigene and isoform
transcript libraries (70% and 59%, respectively; Fig. 3a and b). Library
ordination within these two linear modes of variation somewhat sur-
prisingly revealed that exposure to IHNV, independent of whether fish
had detectable infections, appeared to be the main driving factor for the
highest source of variation between libraries (44% in unigenes, 41% in
isoform transcripts; Fig. 3c and d). The second largest variation (26% in
unigenes, 18% in isoform transcripts) appeared mainly compelled by
the internal prevalence (detectable infection) of IHNV in the kidney.
Viewed together, these variations exposed starkly separate groupings in
global expression patterns between mock non-exposed controls, ex-
posed but noninfected, and infected individuals at 7 dpc (Fig. 3c and d).
These analyses also identified that the relative ordination for compo-
nent unigene expression closely mirrored that of the larger isoform
transcript libraries they represent. Nevertheless, differential regulation
of isoform variants were occasionally noted which could not be verified
with qPCR. Whether this occurred in silico during Trinity assembly or
represents true variation in transcriptional or post-transcriptional pro-
cessing requires further clarification.

2.4. Transcriptome responses favored down-regulation in exposed but
noninfected fish and up-regulation in fish infected with IHNV

Given the clear visual separation in transcriptomic expression be-
tween noninfected, infected and mock control libraries afforded by
PCA, we sought to identify if any global trends in transcriptional reg-
ulation might be contributing to the overall variance in expression

observed between these treatment groups. We therefore considered the
total number of significantly regulated component unigenes and iso-
form transcripts from noninfected and infected libraries relative to
mock non-exposed controls based on three criteria: (i) two probability
stringency cut-offs (P < 0.05 and P < 0.001) based on a single false
discovery rate (α=0.05), (ii) the relative proportion for up- and down-
regulation in each instance, as well as (iii) how the composition of
regulation in these treatment groups compared based on fold change.
This revealed that at a stringency of P < 0.05, noninfected fish had
approximately an equal number of significantly up and downregulated
component unigenes (11,883 up; 11,613 down) or isoform transcripts
(17,511 up; 17,117 down) (Table 1), although down-regulation in both
instances possessed more genes/isoforms associated with higher fold
changes (Fig. 4a, b, e, f). In contrast, IHNV infected fish had similar
quantities of upregulated unigenes and isoform transcripts to non-
infected fish (11,442 unigenes; 16,966, isoforms) but the number of
downregulated unigenes and isoforms was substantially reduced: 7,960

Fig. 3. Global variance in gene expression between
RNA-seq libraries in relation to IHNV exposure. The
10 most significant linear modes of variation (di-
mensions) identified during principal component
analysis of (a) component unigene or (b) isoform
transcript normalized RSEM counts are presented
following regularized-logarithmic (rlog) transforma-
tion. Orientation of each RNA-seq library within the
two highest linear modes of variance is also provided
based on (c) component unigene and (d) isoform
transcript RSEM counts.

Table 1
Kidney transcriptome differential expression summary at 7 dpc IHNV.

Comparison Component unigenes Isoform transcripts

Down Up Down Up

P < 0.05
Mock vs. all challenged 10,491

(20%)
12,526
(24%)

15,144
(15%)

19,859
(20%)

Mock vs. noninfected 11,613
(22%)

11,883
(23%)

17,117
(17%)

17,511
(18%)

Mock vs. IHNV infected 7,960
(15%)

11,442
(22%)

9,589
(10%)

16,966
(17%)

Noninfected vs. IHNV
infected

2,982 (6%) 5,239
(10%)

2659 (3%) 6,505 (7%)

P < 0.001
Mock vs. all challenged 3656 (7%) 3,853 (7%) 4,719 (5%) 6,064 (6%)
Mock vs. noninfected 3,383 (7%) 2,032 (4%) 3,706 (4%) 2,957 (3%)
Mock vs. IHNV infected 2,215 (4%) 4,820 (9%) 2,392 (2%) 6,779 (7%)
Noninfected vs. IHNV

infected
273 (0.5%) 1,859 (4%) 296 (0.3%) 2,492 (3%)
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downregulated unigenes and 9,589 downregulated isoforms re-
presenting 70% and 56% of upregulated quantities, respectively
(Fig. 4c–f). Furthermore, a larger number of unigenes/isoforms with
higher fold changes were associated with upregulation in infected fish,
and these general patterns were accentuated when regulation was
considered at an even higher statistical stringency. At P < 0.001, a
clear emphasis in down-regulation was observed in noninfected fish
whereas libraries of infected fish were highlighted with a strong em-
phasis for upregulation (Fig. 4). This was further made evident by di-
rectly comparing the regulation of infected libraries to those of non-
infected fish rather than mock controls (Table 1).

Similar to PCA analysis, both cumulative count data and relative
fold induction patterns were highly mirrored between component uni-
gene and isoform transcript libraries. This indicated that the drivers for

mRNA transcriptional responses to IHNV in the sockeye salmon kidney
were mainly regulated at the gene rather than isoform level. As such,
our subsequent investigations focused mainly on targeting component
unigene rather than isoform transcript libraries.

2.5. Insight into biological pathways regulated by IHNV exposure and/or
infection was provided by contig functional annotation

A major challenge for understanding the consequences associated
with differential regulation in a transcriptome dataset is in appro-
priating correct interpretation for contig function, particularly for non-
model species such as sockeye salmon. Here, we first annotated our de
novo assembled contigs based on homology to gene sequences within
the nucleotide (nt) database hosted by the National Center for

Fig. 4. Differential gene expression for IHNV noninfected and infected sockeye salmon. The numbers of differentially regulated (a) component unigenes and (b)
isoform transcripts of exposed but noninfected fish (n=4) at FDR adjusted P < 0.05 and P < 0.001 are presented in relation to fold change of time-matched mock-
challenged control RSEM quantities 7 dpc. Differentially regulated (c) component unigenes and (d) isoform transcripts of IHNV infected fish (n= 4) are also
provided, as well as comparisons for the total number of up- and downregulated (e) component unigenes and (f) isoform transcripts for both noninfected and infected
groups. The number of differentially regulated unigenes and transcripts common to both infected and noninfected groups is indicated (shaded).
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Fig. 5. Transcriptome annotation and Select GO enrichment. The quantity of component unigenes of sockeye salmon identified with high similarity (Expect-
value < 10e-5) to previously published nucleotide sequences of eukaryotic organisms (a) or the amino acid sequence for which the component unigenes putatively
translate (b). The percentage of component unigenes annotated within the filtered (with inconsistent and lowly-expressed unigenes removed) transcriptome is
provided. Significantly enriched (P < 0.05) Gene Ontology (GO) terms related to biological processes, their interactions, and their specificity of function in asso-
ciation with component unigenes uniquely downregulated in exposed but non-IHNV infected fish (c) or uniquely upregulated in IHNV infected fish (d) are also
provided. General groupings of terms relating to an over-arching biological process are circled.
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Biotechnology Information (NCBI). This resulted in 89% of component
unigenes considered for differential expression in this study to have
high similarity (E < 1e−5) with at least one previously identified
genomic/transcriptomic sequence from another eukaryotic organism;
the vast majority of which (85 of the 89%) having closest similarity to
transcripts identified or predicted in Atlantic salmon (Salmo salar)
(Fig. 5a).

The high similarity of nucleotide sequences assembled here for
sockeye salmon to those identified/predicted in Atlantic salmon pro-
vided further evidence as to the overall high quality of our de novo
assembly [23]; however, the relationship between nucleotide homology
and functional orthology can be hard to predict and current strategies
for annotating contig function typically focus on comparing putative
amino acid rather than nucleotide sequences [36]. We therefore used
the NCBI blastx tool to predict the amino acid sequence from putative
protein-coding unigenes/isoforms and searched for putative orthologs
(E < 1e−5) within the UniProt 2017_1 protein database. In contrast to
the relatively large number of annotated salmon nucleotide sequences
now available in NCBI, comparatively few proteins have been func-
tionally verified from salmon, other fish species, or non-model organ-
isms in general within protein databases (Swiss-Prot, TrEMBL or Uni-
Prot). As a result, these databases are mostly populated with sequences
from model mammalian species, namely human and mouse. This was
clearly evident following blastx analysis, where less than 33% of
sockeye component unigenes in this study had high similarity to protein
sequences available in the UniProt 2017_1 database, and the highest
proportion (approximately 10 of the 33%) was associated with human
protein sequences (Fig. 5b). Nevertheless, the relative proportion for
protein annotation was highly conserved across all differentially ex-
pressed gene (DEG) derived datasets (data not shown) and thus allowed
for comparison across treatment groups without eliciting bias in com-
paring protein-associated functional enrichment.

To identify cellular molecular pathways differentially regulated by
IHNV exposure and/or infection, we performed an enrichment analysis
for KEGG terms associated with significantly differentially regulated
(P < 0.05) protein-coding unigenes using KEGG Mapper software [37].
As KEGG interactions and pathways are verified at a single species level
and are not meant to accommodate multi-species comparison, we were
forced to ignore terms associated with proteins of non-model species
and only consider those mapped in the model species of either human
or mouse which together represented 56% of all KEGG term annota-
tions. This revealed that the majority of terms encompassing both up
and downregulation in fish exposed to IHNV were likely associated with
pathways relating to host-virus interactions (e.g., pathways regulated
during infection with Human T-lymphotropic virus-type 1 and Epstein-
Barr virus as well as those involved in viral carcinogenesis) and cell
proliferation (e.g., pathways of cancer, PI3K-Akt signaling, Ras/MAPK
signaling, and others). Further, these viral-associated responses ap-
peared to strongly influence pathways relating to metabolism (Table 2).
Refinement of the enrichment analysis to focus only on KEGG terms
associated with downregulated unigenes in exposed but noninfected
fish and upregulated unigenes in IHNV infected fish (the two conditions
emphasised during global transcript expression profiling) identified
that a major portion of enriched terms downregulated in resistant fish
appeared to correspond with cell proliferation and macromolecule in-
ternalization (e.g., pathways of cancer, PI3K-Akt signaling, MAPK sig-
naling and endocytosis) whereas terms associated with up-regulation in
infected fish highlighted pathways relating to protein production (e.g.,
pathways in cancer, RNA transport, ribosome and spliceosome func-
tioning, as well as protein processing; Table 2). This was further sup-
ported by GO term enrichment analysis performed using GOrilla [38],
which identified that unigenes uniquely downregulated in noninfected
fish generally corresponded to metabolic, DNA transcription, and pro-
tein biosynthesis cellular processes, whereas unigenes uniquely upre-
gulated in IHNV infected fish appeared to be involved with virus re-
cognition, inflammation, apoptosis, and RNA processing (Fig. 5c and d).

Indication for the dichotomous transcriptional responses relating to GO
and KEGG pathways was yet further supported by comparing the most
significantly differentially regulated transcripts with either the highest
fold changes or relative quantitative abundance between noninfected
and infected libraries as presented in Additional file 2 [72].

2.6. Gene expression by qPCR verified differential enlistment of antiviral,
acute phase, cell boundary, and metabolic transcripts in IHNV infected
versus exposed but noninfected individuals

RNA-seq transcriptomic analyses were generated for only one time
point relative to IHNV (7 dpc) and included challenge groups of no
more than four individuals (four exposed but noninfected, four infected
and four mock controls). However, at least four additional samples not
submitted for RNA-seq were also available in each IHNV-associated
challenge group at 7 dpc, as were sets of samples collected at four other
time points following IHNV exposure. We therefore utilized these
samples for qPCR investigations to both validate RNA-seq DEG analyses
within the larger dataset available at 7 dpc, as well as to expand our
temporal understanding of the transcriptional expression patterns of
select unigenes (Table 3). Gene targets were selected for qPCR

Table 2
KEGG pathway enrichment of differentially expressed unigenes in the kidney of
sockeye salmon following IHNV exposure.

Pathway Name Assigned unigenes

Regulated by IHNV exposure (exposed but noninfected & infected)
ko01100 Metabolic pathways 600
ko05200 Pathways in cancer 197
ko01110 Biosynthesis of secondary metabolites 183
ko04151 PI3K-Akt signaling pathway 129
ko04144 Endocytosis 125
ko01130 Biosynthesis of antibiotics 123
ko05166 HTLV-I infection 121
ko04010 MAPK signaling pathway 112
ko04014 Ras signaling pathway 102
ko05205 Proteoglycans in cancer 99
ko04015 Rap1 signaling pathway 99
ko05169 Epstein-Barr virus infection 98
ko04810 Regulation of actin cytoskeleton 97
ko04141 Protein processing in endoplasmic reticulum 96
ko04510 Focal adhesion 95
ko03013 RNA transport 94
ko05016 Huntington's disease 93
ko01120 Microbial metabolism in diverse environments 88
ko05203 Viral carcinogenesis 87
ko00230 Purine metabolism 87
Upregulated in infected fish
Ko01100 Metabolic pathways 156
Ko05200 Pathways in cancer 58
Ko03010 Ribosome 53
ko05016 Huntington's disease 52
Ko03040 Spliceosome 52
Ko04714 Thermogenesis 51
Ko00190 Oxidative phosphorylation 45
Ko05010 Alzheimer's disease 45
Ko04141 Protein processing in endoplasmic reticulum 44
Ko03013 RNA transport 43
Downregulated in exposed but noninfected fish
Ko01100 Metabolic pathways 180
Ko05200 Pathways in cancer 110
Ko05165 Human papillomavirus infection 74
ko04151 PI3K-Akt signaling pathway 69
ko04144 Endocytosis 68
ko04010 MAPK signaling pathway 66
Ko01110 Biosynthesis of secondary metabolites 64
ko05166 HTLV-I infection 60
Ko05205 Proteoglycans in cancer 59
Ko05203 Viral carcinogenesis 57

KEGG pathways with greatest number of assigned unigenes significantly
(P < 0.05) regulated in response to exposure and/or infection with IHNV at 7
dpc as mapped in mammalian (human) systems.

M.P. Polinski, et al. Fish and Shellfish Immunology 94 (2019) 525–538

531



following examination of the most significant and highly differentially
regulated transcripts (Additional file 2 [72]) and/or by identifying
unigenes which were suspected to contribute to cellular processes and
pathways highlighted as being IHNV responsive during functional en-
richment analysis. The selected unigenes were also chosen to represent
both classic (e.g., interferon) and potentially novel (e.g., acute phase
response) contributions to host defense against IHNV. This selection
resulted in three genes associated with the acute phase response (SAA,
FTH1 and HAMP), two with extracellular matrix turnover (MMP9 and
TIMP2), two relating to inflammation (TNFA and IL1B), four relating to
antiviral defense (IFNA, IFNG, MX1 and RSAD2), and four involved in
the metabolic pathways specific to either mitochondrial generation of
ATP (MT-CO3), glycolysis (PKM), pentose phosphate (TKTL2), or ara-
chidonic acid breakdown (PTGS1) (Table 4).

Of the 15 gene targets selected for qPCR analysis, three showed
different patterns of expression by qPCR compared to what had been
observed by RNA-seq: MMP9, TKTL2, and MT-C03 (Additional file 3
[72]). For each of these three targets, significant differences identified
by RNA-seq were not confirmed by qPCR; however, although MMP9
was not verified as significantly downregulated using qPCR for the four
samples suggested as significantly downregulated by RNA-seq, analysis
using an expanded (n=8 rather than n=4) sample set at this 7 dpc
time point did prove MMP9 to be significantly downregulated by qPCR.
Further, of the 12 genes identified as differentially regulated by RNA-
seq which were attempted to be verified by qPCR, only one (PKM) was

not confirmed to be significantly differentially regulated within the
expanded 7 dpc dataset (Additional file 3 [72]). All three acute phase
response-associated genes (SAA, FTH1 and HAMP) were determined to
be significantly differentially regulated in response to IHNV at 7 dpc.
Both SAA and FTH1 were upregulated only in IHNV infected in-
dividuals, whereas HAMP was upregulated in both noninfected and
infected individuals at 7dpc (Additional file 3 [72]). Inflammatory
(IL1B and TNFA) and antiviral defense-associated genes (IFNG, IFNA,
MX1 and RSAD2) were also only significantly differentially regulated in
IHNV infected individuals at 7dpc, whereas genes representing meta-
bolic pathways associated with energy production (PKM, MT-C03 and
TKTL2) were not significantly impacted. Expression of PTGS1 and
TIMP2 (associated with arachidonic acid and extracellular matrix
turnover, respectively) was significantly reduced in infected fish re-
lative to mock controls (Additional file 3 [72]).

In considering gene expression over a period of 1–48 dpc, we ob-
served that time, independent of treatment, significantly affected the
transcription of all 15 genes targeted by qPCR (Table 4). This, in con-
cert with our previous observations for high temporal changes in
transcriptome quantitative estimates by RNA-seq independent of
treatment, further highlights the absolute requirement for time-mat-
ched controls in live fish experiments such as this if treatment-specific
effects are to be determined. Treatment, either dependently or in-
dependently considered in relation to time, was also significant by two-
way ANOVA for all genes except IL1B (Table 4) which had high
variability in expression and only appeared differentially regulated in
individuals with correspondingly high blood/kidney loads of IHNV
(data not shown).

Analysis for transcriptional regulation at each time point during this
study identified that up-regulation of acute phase, inflammatory and
antiviral associated target genes peaked at 7dpc whereas down-reg-
ulation of metabolic and extracellular matrix associated target genes
peaked later during the recovery phase of infection (Fig. 6). None of the
qPCR targeted genes associated with inflammation or viral recognition
and antiviral defense were significantly elevated in exposed but non-
infected fish at any of the time points assessed during this study and
were only responsive in fish with detectable IHNV kidney infections.
Although acute phase genes appeared mainly responsive to the pre-
sence of IHNV, HAMP was also noted to be significantly upregulated in
exposed but noninfected fish at 7 dpc; although to a lesser extent than
seen in infected fish (Fig. 6; Additional file 3 [72]). MMP9 was sig-
nificantly downregulated in infected fish at 20 dpc as was TIMP2;
however TIMP2 was also significantly downregulated at 7 and 48 dpc in
infected fish as well as in noninfected fish at 20 dpc. A similar pattern
was observed in metabolic associated genes where PKM, TKTL2 and
PTGS1 were all significantly downregulated for at least one later time
point (20 or 48 dpc) in IHNV infected fish with TKTL2 and PTGS1 also
being downregulated in noninfected fish at 20 dpc (Fig. 6).

3. Discussion

Successful internalization and dissemination of IHNV from epithe-
lial surfaces is needed to establish kidney infections and IHN disease
[39]. In this study, sockeye salmon which did not develop kidney in-
fections during the first 20 dpc also appeared refractory to systemic
IHNV dissemination (Fig. 1). These refractive fish were not only re-
sistant to IHNV during an initial 1 h waterborne exposure but also to
putative IHNV shed by infected cohabitants – a presumably substantial
quantity during the first week post challenge assuming comparable
shedding occurs from sockeye salmon as has been documented for ju-
venile rainbow trout (Oncorhynchus mykiss) [12]. Thus, the kidney
transcriptome profiles of IHNV-infected and IHNV-exposed but non-
infected sockeye salmon at 7 dpc in this study likely represent in-
dividuals which were either generally susceptible to or resistant to
IHNV internalization and dissemination, respectively.

Mucosal epithelia of fish have gained considerable attention in

Table 3
Temporal sampling used for differential expression by qPCR/RNA-seq.

Days post challenge Number of fish screened

Mock exposure Exposed, noninfected Exposed, infected

1 8 16 0
4 8 8 5
7 8 (4) 8 (4) 8 (4)
20 8 8 6
48 8 8 2

Number of sockeye salmon kidney samples used in qPCR (or RNA-seq where
applicable) gene expression analysis at each of five time points following IHNV
challenge.

Table 4
Differential expression associated with qPCR gene target genes in kidney of
sockeye salmon following IHNV exposure.

Gene Protein Encoded Two-way ANOVA result

Treatment Time Interaction

SAA Serum amyloid A *** *** ***
FTH1 Ferritin ns ** *
HAMP Hepcidin *** *** ***
MMP9 Matrix metalloprotease 9 *** *** *
TIMP2 Tissue inhibitor of metalloproteinase

2
*** *** *

IFNA Interferon alpha *** *** ***
IFNG Interferon gamma 2 *** *** ***
MX1 Myxovirus resistance *** *** ***
RSAD2 Viperin *** *** ***
IL1B Interleukin 1 beta ns *** ns
TNFA Tumor necrosis factor alpha ** *** **
PKM Pyruvate kinase PKM ** *** *
MT-CO3 Mitochondrial cytochrome oxidase

subunit 3
ns *** *

TKTL2 Transketolase-like 2 *** *** ***
PTGS1 Cyclooxygenase 1 *** *** **

Significance (*: P < 0.05; **: P < 0.01; ***: P < 0.001; ns: not significant)
for differential expression is presented in association with treatment (IHNV
infected, exposed but noninfected, or unexposed mock control), time (1, 4, 7,
20, 48 dpc) or the interaction between treatment and time.

M.P. Polinski, et al. Fish and Shellfish Immunology 94 (2019) 525–538

532



recent years with regards to their immunological functions [40] and it
is tempting to speculate that recognition of IHNV at these sites con-
tributed to or possibly dictated the disseminated signaling in IHNV
resistant fish. However, given that naïve rhabdoviral resistance can be

maintained even when epidermal tissues are subverted [24] suggests
that additional factors may be involved. In this study we did not sample
mucosal surfaces and therefore do not know what type of im-
munological role mucosal tissues may or may not have contributed to

Fig. 6. Temporal expression patterns of selected gene targets in the kidney of sockeye salmon as assessed by qPCR. Significant (*: P < 0.05; **: P < 0.01; ***:
P < 0.001) differential regulation relative to time-matched mock controls is presented. For sample sizes specific to each treatment and time point see Table 3.
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IHNV resistance in this study. What was strikingly apparent from this
work, however, was that some sockeye salmon have the capacity to
strongly respond to an environmental exposure with IHNV without
developing detectable systemic infections. Moreover, host responsive-
ness was not restricted to epithelial sites but rather disseminated into
uninfected tissues such as the kidney to promote global transcriptional
changes. What signaling molecules or pathways are involved in this
recognition were not determined in this study, but given the global
transcriptomic modifications observed in the kidney, it stands to reason
that the signaling pathways involved would also affect other internal
organs such as the liver and spleen.

Interferons are potent pleiotropic cytokines that can broadly alter
cellular functions [41], and we initially hypothesised that dissemina-
tion of interferons or their effectors from epithelial surfaces following
IHNV exposure may be at least partially responsible for the altered
kidney transcriptomes observed in noninfected fish in this study.
However, classical innate antiviral response pathways including effec-
tors regulated by type I or type II interferon were not transcriptionally
induced as part of the kidney response in exposed but noninfected fish.
Indeed, exposed but noninfected fish experienced a general down-reg-
ulation of many interferon responsive genes involved in antiviral de-
fense [e.g., PI3K-Akt signaling, MAPK signaling, human papillomavirus
infection and Human T-Lymphotropic Virus Type 1 (HTLV-1) infection
KEGG pathways; see Table 2] at 7 dpc and IFNA, IFNG,MX1 and RSAD2
were not significantly induced in exposed but noninfected fish relative
to mock controls at any time point in this study as analysed by qPCR
(Fig. 6). This supports previous indications that classic innate antiviral
signaling via interferons are not a necessary part of early rhabdoviral
resistance in naturally resistant naïve fish [24,25] and were also
probably not responsible for the global transcriptional changes ob-
served in kidneys of exposed but noninfected fish in this study.

Conversely, both type I and type II interferons were tran-
scriptionally activated in sockeye salmon kidneys which became
acutely infected with IHNV as were other transcripts associated with
innate antiviral defense (Table 2; Fig. 5c). Specifically, the robust
transcriptional activation of type II interferon (IFNG) (Fig. 6) in ac-
companiment with increased transcriptional processes associated with
apoptosis (Fig. 5c) are suggestive of robust T-cell responses that are a
likely important component of the host defensive strategy to acute
rhabdoviral kidney infections in salmon [42,43].

Acute phase response proteins (APP) are also central constituents in
the vertebrate innate immune response [44,45], and we identified
differential transcription of multiple acute phase proteins in the kidneys
of both exposed but non-infect and infected salmon via RNA-seq that
were at least partially confirmed (2 of 3 selected genes) by qPCR.
Specifically, SAA, a gene that codes a type I APP, was one of the most
highly upregulated transcripts responsive to acute IHNV kidney infec-
tion (200–600 fold between 7 and 20 dpc). In mammals, SAA protein is
produced mainly by hepatocytes in the liver [44]; but in teleost fish,
transcription of the SAA gene has been document in response to pa-
thogenic stimulation in multiple organs including the skin, intestine,
gills, kidney and spleen [46,47] although it is questionable as to whe-
ther transcription of SAA in fish outside the liver leads to increases in
serum SAA protein [47]. Nevertheless, our findings confirm that strong
transcriptional regulation of SAA is an integrated part of the localized
innate pathogen recognition in more than just the liver in teleost fish
[46,47]. Transcription of SAA was not, however, significantly induced
in the kidneys of exposed but noninfected fish at any time point ana-
lysed during this study. Given that type I APP including SAA are
thought to be induced primarily through the inflammatory cytokines IL-
1 and TNF [45], our results suggest that neither IL-1 or TNF proteins are
likely the primary mediators for the disseminated defensive strategy of
fish refractive to IHNV in this study. In contrast, HAMP, a gene that
codes a type II APP (Hepcidin) involved in the regulation of iron ab-
sorption (enterocytes), recycling (macrophages) and storage (hepato-
cytes) [48,49], was upregulated in kidneys of both infected and

noninfected fish during peak infection pressure (Fig. 6). HAMP tran-
scription is considered to be mainly regulated by IL-6 like cytokines
[45,48], and it is therefore possible that IL-6 like cytokines could be
involved in both the local responses to acute rhabdoviral infection as
well as part of a disseminated systemic response to rhabdovirus ex-
posure. However, SAA upregulation is also tied with responses to stress
via the hypothalamic–pituitary–interrenal axis in rainbow trout [50]
that would likely involve IL-6 like cytokine signaling; and the lack of
upregulation of SAA suggests that general stress-associated signaling
was not the main driver of the response in exposed but noninfected fish
in this study. It is possible that atypical pathways initiating HAMP and
SAA transcription are encountered in salmonid fish relative to mam-
mals, or that there are uncharacterized independent transcriptional
manipulators of these genes in addition to IL-6 like cytokines. In either
case, acute phase response elements appear differentially involved with
the innate immune response to rhabdovirus exposure and infection in
salmonid fish which warrants further investigation.

Although we were unable to definitively implicate a specific sig-
naling molecule (or set of molecules) for initiating kidney tran-
scriptomic changes in IHNV exposed but noninfected fish in this study,
it is evident that one of the main consequences of this response involves
the down-regulation of protein production and metabolism pathways in
the kidney [e.g., metabolic, cancer, biosynthesis of secondary metabo-
lites, proteoglycans in cancer, viral carcinogenesis KEGG pathways
(Table 2); as well as similar GO processes (Fig. 5c)]. Given that viral
replication is dependent on active cellular metabolism and protein
production, we hypothesize that the transcriptional regulation of these
pathways within the kidney is, at least in part, a defense employed by
the host to limit resources required for viral replication thereby redu-
cing the potential for the virus to establish a foothold for robust re-
plication in target tissues. These findings align with integrated human-
virus metabolic stoichiometric modelling predictions for a host rather
than viral-optimal state [51] and point to the possibility that rapid
global down-regulation of pathways involving protein production and
metabolism may be key components of natural rhabdoviral resistance in
fish.

In contrast, increased energetic consequences appear to be involved
in host kidney infections actively responding to local IHNV infections.
This transcriptional alteration in IHNV infected fish involving a number
of cellular metabolic pathways involved in protein synthesis (Table 2;
Fig. 5c) suggests that this antiviral defensiveness and/or cellular da-
mage control comes at a cost of increased protein production. This is
further supported by the qPCR monitoring data of three important
metabolism-associated genes (PKM, TKTL2 and PTGS1) beyond the
peak period of acute kidney infection that showed that all three became
significantly downregulated in IHNV infected fish relative to earlier
time points or time-matched controls. This indicates that cellular de-
fenses against acute IHNV kidney infections and tissue repair not only
alters cellular energetic pathways, but may ultimately manifest in a
delayed energetic cost to the organ or organism.

Cell boundary processes, particularly those involved in endocytosis,
are key components involved in cellular homeostasis, metabolism, and
both intra and intercellular signaling [52]. It is therefore not surprising
that we see transcriptional changes relating to these processes sig-
nificantly altered in the sockeye salmon kidney in response to IHNV;
both as a result of acute infection or during a disseminated response
following recognition in an alternative organ or tissue. For exposed but
noninfected fish, a general downregulation of genes associated with
endocytosis was contrasted by a general upregulation in fish that de-
veloped kidney infections. The role of endocytosis beyond a vehicle for
rhabdovirus entry [53] is not well characterized in fish, but as a de-
fensive strategy, it can be imagined that reducing cellular endocytosis
(i.e., cellular ‘eating and drinking’) during viral attack may be bene-
ficial. Similarly, virus infection and tissue damage could be envisioned
to create a need for elevated endocytosis and the recruitment of pro-
fessional phagocytic cells to clean up and rebuild damaged tissues. In
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either case, the differential expression of these cell boundary process
are closely linked to cellular energetics and further point to potential
energetic manipulations associated with viral resistance and/or clear-
ance.

Similar differences in immunological and metabolic gene expression
have been reported between susceptible and resistant families of
Atlantic salmon challenged with infectious pancreatic necrosis virus
(IPNV) [54,55]. Gene expression at 1 and 5 dpc of resistant and sus-
ceptible families of Atlantic salmon fry challenged with IPNV has
shown resistant families to have upregulation of genes related to en-
docrine function and down regulation of genes involved in tissue dif-
ferentiation, protein degradation, metabolism and immunological
functions when compared to individuals from susceptible families [54].
Similarly, individuals in susceptible families (15–25% cumulative
mortality) have had greater immune responses (higher number of genes
and higher expression levels) when compared to individuals from re-
sistant families (< 4% cumulative mortality) at 1, 7 and 20 dpc [55].
This trend in expression becomes generally reversed during extreme
challenge with IPNV (i.e., resulting in cumulative mortality of 76%;
[56]), further supporting that innate antiviral and inflammatory re-
sponses are important in eliminating acute viral infections once estab-
lished but may not be as important for protecting against initial viral
dissemination and infection.

For sockeye salmon that became systemically infected with IHNV,
some (8/24) developed brain infections during the later (resolving)
phase of kidney infections which presumably occurred as a con-
sequence of secondary neurological infection following primary infec-
tion of the hematopoietic tissues [57]. The declining infection pre-
valence of IHNV in brain of sockeye at the end of this study suggests
IHNV could be cleared by the brain in some instances; however, at least
one fish sampled at the end of this study (48 dpc) had a substantial
IHNV load in the brain indicating a potential for IHNV to establish
persistence in the brain of saltwater-adapted sockeye salmon juveniles
similar to what has been reported in freshwater fry and parr [22].
Nonetheless, additional studies are required to understand whether
there is link and/or transition between acute vs persistent IHNV in-
fections and the interplay of host responses associated with each.

4. Conclusions

Through transcriptome profiling of kidney tissues, we confirmed the
transcriptional induction of classic antiviral response pathways in
sockeye salmon acutely infected with IHNV. This response was closely
tied with the initiation of inflammatory processes, heightened apoptotic
signaling and enhancing RNA degradation. Moreover, we identified
that these responses included robust transcriptional activation of the
acute phase response associated gene SAA that as yet has an unknown
role against rhabdovirus infection. In fish that were exposed but did not
become infected with IHNV, we also saw global transcriptional changes
in the kidney but in a strikingly different manner than that of infected
fish; centering on reducing metabolism and protein synthesis processes
that linked with reduced endocytosis and extracellular matrix manip-
ulations. The divergence and breadth of these differential transcrip-
tional responses to rhabdovirus exposure and infection suggest complex
and far reaching implications for initiating immunological pathways in
fish. Although these energy manipulations are almost certainly part of
compensatory allostasis, it is as yet unclear if or how much an overall
energetic cost is incurred to the organism for mounting these responses,
particularly in fish which are able to avoid or rapidly clear infection.
Therefore, future exploration into consequences associated with the
transcriptionally affected pathways identified in this study is warranted
to establish the energetic costs associated with IHNV exposure and in-
fection. Linking the transcriptional pathways identified herein into
physiological consequence will provide greater insight into how innate
resistance to rhabdoviral infection is established in fish.

5. Methods

5.1. IHNV challenge, sampling, viral screening, and de novo transcriptome
assembly

This study incorporated and expanded upon data and samples col-
lected as part of a larger study which challenged sockeye salmon ju-
veniles with PRV, IHNV, and PRV followed by IHNV [23]. As such, the
methods associated with generating the experimental treatments, sub-
sequent sampling procedures, viral screening techniques, and the de
novo RNA-seq transcriptome assemblies of selected kidney samples
have already been described in detail within our previously published
report [23]. Nevertheless, a brief summary of these procedures as well
as additional considerations pertinent to our current investigations are
presented herein.

Sockeye salmon juveniles (approximately 40 g each) obtained from
Inch Creek Hatchery, British Columbia, Canada, were exposed to 103

plaque forming units (PFU) of IHNV per mL for 1 h in a static 100 L
seawater bath and subsequently cultured in a 360 L system with 5–6 L
per min flow-through 11 °C sand-filtered UV-treated seawater. No fish
exposed to PRV were considered for gene expression explorations
within our current analyses; however, as all the fish challenged with
IHNV came from within a broader study design incorporating PRV, it
should be noted that all fish considered here were administered an
intra-peritoneal (i.p.) injection of either Leibovitz-15 (L15) cell culture
media or clarified blood lysate of PRV-free Atlantic salmon (diluted
1:10 in L15) exactly 14 days prior to IHNV exposure so as to provide
time-matched vehicular control for PRV investigations (see Fig. 1a and
Table 1 of Polinski et al. [23]).

Samples of anterior (head) kidney, blood and brain were collected
from a subset of fish (n=4) in each replicate treatment tank (two re-
plicate tanks per treatment) at 1, 3, 20, and 48 dpc and immediately
frozen in liquid nitrogen. RNA was extracted and a subset reverse
transcribed for the screening of IHNV as previously described [23]. A
limit of detection (as defined by a>90% probability of detection) of
the IHNV qPCR screening assay was determined to be between 1 and 3
copies per reaction (data not shown); roughly corresponding to ap-
proximately 10–50 copies per mg kidney assuming uniform extraction
efficiency. Following viral screening, a separate subsample of RNA from
anterior kidneys of 8 IHNV challenged fish (4 infected and 4 non-
infected) as well as 4 mock control fish at 7 dpc were independently
prepared for high-throughput RNA sequencing (RNA-seq) along with 24
PRV-related samples [23]. RNA-seq was performed at the Genome
Quebec Innovation Centre on an Illumina HiSeq 2000 platform and
resulting sequences (45–78 million reads per library) were assembled de
novo using Trinity [23,58,59]. This yielded two quantitative datasets
relating to each sample library: a collection of “isoforms” that puta-
tively represent individually unique mRNA transcripts, and a collection
of “components” that consist of all isoforms assigned to a single de
Bruijn graph during assembly which putatively represent all variant
transcripts coded from a single gene sequence [58]. In this manuscript,
we refer to these as “isoform transcripts” and “component unigenes”,
respectively. The relative abundance for each isoform transcript and
component unigene was then estimated using the RNA-Seq by Ex-
pectation-Maximization (RSEM) method [60] within the Trinity soft-
ware framework and used for differential expression analysis.

5.2. Transcriptome annotation and differential expression analysis

We previously reported Trinotate and blastx functional annotation
for all component unigenes represented in the sockeye kidney tran-
scriptome based on data available in the UniProt 2013_11 database
[23]. However, as the quantity of new entries within the UniProt da-
tabase has more than doubled in the last four years and many previous
entries have been updated, we performed these blastx explorations
again using the UniProt 2017_1 database to improve the quality and
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yield of our transcriptome annotations. Further, we expanded these
assessments to include all isoform transcripts and not just those re-
presentatives of component unigenes (i.e. the longest isoform transcript
variant per unigene). Analyses were conducted at the Canadian Centre
for Computational Genomics at McGill University. As in Similar to our
previous study, functional annotation was only reported for putative
protein-coding isoform transcripts identified by Trinotate which had
blastx alignments in the UniProt 2017_1 database with an Expect value
(E) < 1e−5. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) associations were also assigned where available.

Differential expression of both component unigenes and isoform
transcripts in libraries of unexposed (n=4), noninfected (n= 4), and
IHNV infected (n= 4) at 7 dpc were compared using DESeq2 [61]
based on RSEM quantities calculated during de novo assembly. To re-
duce noise in global transcriptome comparisons and enhance focus in
downstream annotation analyses, non-informative transcripts and uni-
genes without an RSEM quantity of at least 0.5 per million mapped
reads in at least four libraries were removed prior to analysis using
edgeR software [62]. Differential expression was conducted based on
previously described protocols [23,63] and a complete set of R-lan-
guage commands along with session information applied for these
analyses are provided in Additional file 4 [72]. Significance for differ-
ential expression was assessed for IHNV infected and noninfected li-
braries relative to unexposed mock controls using two cut-off values
(p < 0.05 and p < 0.001) following a Benjamini and Hochberg false
discovery rate (FDR) adjustment of 5%. Differentially expressed com-
ponent unigenes were then evaluated for GO and KEGG pathway en-
richment using GOrilla [38] and KEGG Mapper [37] software, respec-
tively, based on pathways and relationships verified in mammalian
(human) systems. Cytoscape 3.4.0 [64] was then used to visualize re-
lationships between significantly enriched GO terms.

5.3. Gene expression by real-time qPCR

5.3.1. Sample and target gene selection
All fish were screened for the presence of IHNV prior to gene ex-

pression analyses. A temporal summary for the quantity of samples used
for qPCR gene expression analyses is provided in Table 3. Selected
samples in the context of a complete sample inventory can also be seen
in Additional file 1 [72]. As the number of IHNV infected fish was never
higher than eight for any sampling time point, all IHNV infected fish
were considered for qPCR gene expression assessment. Eight non-
infected fish and eight control fish were also selected at each time point,
as well as an additional eight noninfected fish at 1 dpc when none of the
fish had yet developed detectable internal IHNV infections.

Fifteen unigene targets were selected for qPCR explorations and
were chosen to represent cell molecular pathways implicated by GO/
KEGG enrichment of RNA-seq DEG at 7 dpc and in many instances re-
presented highly dysregulated transcripts with either an extremely high
fold change or overall relative quantity as noted in Additional file 3
[72]. A summary of selected gene targets in association with the spe-
cific qPCR primer sequences used in this study is provided in Additional
file 5 [72]. Target-specific primers were designed using Primer3 [65]
within the Geneious 9.1.7 software platform [66] to amplify all highly
expressed protein-coding isoform transcripts within the targeted com-
ponent unigene. All targeted transcripts were verified to code for pro-
teins which had appropriate conserved functional domains [67] iden-
tified during blastx sequencing alignment using the National Center for
Biotechnology Information (NCBI) non-redundant (nr) protein se-
quence database.

5.3.2. cDNA synthesis and qPCR
A portion of RNA from each sample was treated with DNase I (Life

Technologies), cleaned and concentrated using RNeasy MinElute
Cleanup (Qiagen), and 1 μg of cleaned RNA was reverse transcribed
using a High Capacity cDNA Reverse Transcription Kit (Life

Technologies) as previously described [23]. Real-time qPCR analyses
were conducted on StepOne-Plus real-time detection system (Applied
Biosystems) using SYBR green chemistry. Each PCR reaction consisted
of 2X SYBR mastermix (Life Technologies), forward and reverse primers
(500 nM each; Tables 3), and 1 μL cDNA template (diluted 1:5 in nu-
clease-free water) to a final volume of 15 μL. Samples were assayed in
duplicate with a five-step, fourfold dilution series of pooled cDNA in-
cluded in each run to calculate amplification efficiency, linearity, and
provide inter-run calibration. No-template controls as well as no-re-
verse transcriptase controls were also included on each run. Cycling
conditions consisted of an initial activation of DNA polymerase at 95 °C
for 10min, followed by 40 cycles of 5 s at 95 °C, 20 s at 60 °C, and 10 s at
72 °C with florescence measured at the end of each 72 °C step. Melt
curve analyses were subsequently performed to ensure amplification
specificity.

5.3.3. Quantitative estimation and normalization
Relative quantities were calculated from the qPCR raw fluorescence

data using the global fitting mechanistic model of Carr and Moore [68]
within the qpcR R-statistical software package [69]. Relative quantities
of target genes were then normalized using geNorm [70] to the three
most stable (ACTB, XRCC6 and CAPN1) of eight putative reference
genes as determined by relative stability within RNA-seq libraries at
7dpc (Additional file 6 [72]) which was confirmed within the qPCR
dataset using geNorm (M-value 0.654).

5.4. Statistical comparisons

Corrected normalized relative quantities were compared at 7 dpc by
one-way ANOVA and Tukey post hoc test to provide comparison to
results obtained by DESeq2 from RNA-seq libraries. A two-way ANOVA
followed by Bonferroni post-tests was used to compare temporal ex-
pression of each target gene relative to time matched controls across the
temporal dataset. As both L15 and L15 + Atlantic salmon blood lysate
controls were used for this evaluation (Table 1), one-way ANOVAs were
used to ensure no significant difference (P < 0.05) was identified be-
tween these control types at any sampling time point prior to pooling.
Analyses were performed using Graphpad Prism 6.0. Sum of squares
calculations were adjusted for unequal sample sizes where appropriate
and a Log10 transformation was applied to all data prior to analysis
based on the standard assumption for a log-normal distribution of ex-
pression data [71].
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CAPN1 Calpain 1 gene
DEG differentially expressed unigene

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.fsi.2019.09.042 and is also available in the Figshare
digital repository at https://doi.org/10.6084/m9.figshare.9827894
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