
Accepted Manuscript

Atlantic salmon adapted to seawater for 9 weeks develop a robust immune response
to salmonid alphavirus upon bath challenge

L.J. Moore, J. Jarungsriapisit, T.O. Nilsen, S. Stefansson, G.L. Taranger, C.J.
Secombes, H.C. Morton, S. Patel

PII: S1050-4648(17)30757-X

DOI: 10.1016/j.fsi.2017.12.017

Reference: YFSIM 5002

To appear in: Fish and Shellfish Immunology

Received Date: 2 November 2017

Revised Date: 9 December 2017

Accepted Date: 11 December 2017

Please cite this article as: Moore LJ, Jarungsriapisit J, Nilsen TO, Stefansson S, Taranger GL,
Secombes CJ, Morton HC, Patel S, Atlantic salmon adapted to seawater for 9 weeks develop a robust
immune response to salmonid alphavirus upon bath challenge, Fish and Shellfish Immunology (2018),
doi: 10.1016/j.fsi.2017.12.017.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

https://doi.org/10.1016/j.fsi.2017.12.017


M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
1 

 

Atlantic salmon adapted to seawater for 9 weeks develop a robust immune 1 

response to salmonid alphavirus upon bath challenge. 2 

L. J. Moore1, J. Jarungsriapisit1,3, T. O. Nilsen2, S. Stefansson3, G. L. Taranger1, C. J. 3 

Secombes4, H. C. Morton1 and S. Patel1* 
4 

1 Institute of Marine Research, P.O. Box 1870, Nordnes, 5817 Bergen, Norway 5 

2 Uni Research Environment, Uni Research, Thormøhlensgt. 49B 5006 Bergen, Norway 6 

3 Department of Biology, University of Bergen, P.O. Box 7803, 5020 Bergen, Norway 7 

4Scottish Fish Immunology Research Centre, University of Aberdeen, Zoology Building, 8 

Tillydrone Avenue, Aberdeen AB24 2TZ, Scotland, UK 9 

*corresponding author 10 

Keywords 11 

Salmo salar, salmonid alphavirus, inflammation, gene transcription, bath immersion, 12 

smoltification, seawater transfer, post-smolt; SAV. 13 

Abstract 14 

Pancreas disease (PD) caused by salmonid alphavirus (SAV) is the most serious viral disease 15 

in Norwegian aquaculture. Study of the immune response to SAV will aid preventative 16 

measures including vaccine development. The innate immune response was studied in 17 

Atlantic salmon infected by either bath immersion (BI) or by intra-muscular (i.m.) injection 18 

(IM) with SAV subtype 3, two and nine weeks after seawater transfer (Phases A and  B 19 

respectively). Phase A results have been previously published (Moore et al. 2017) and Phase 20 

B results are presented here together with a comparison of results achieved in Phase A. There 21 

was a rapid accumulation of infected fish in the IM-B (IM Phase B) group and all fish 22 
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sampled were SAV RNA positive by 7 dpi (days post infection). In contrast, only a few SAV 23 

RNA positive (infected) fish were identified at 14, 21 and 28 dpi in the BI-B (BI Phase B) 24 

group. Differences in the transcription of several immune genes were apparent when 25 

compared between the infected fish in the IM-B and BI-B groups. Transcription of the 26 

analysed genes peaked at 7 dpi in the IM-B group and at 14 dpi in the BI-B group. However, 27 

this latter finding was difficult to interpret due to the low prevalence of SAV positive fish in 28 

this group. Additionally, fish positive for SAV RNA in the BI-B group showed higher 29 

transcription of IL-1β, IFNγ and CXCL11_L1, all genes associated with the inflammatory 30 

response, compared to the IM-B group. Histopathological changes in the heart were restricted 31 

to the IM-B group, while (immune) cell filtration into the pancreas was observed in both 32 

groups. Compared to the Phase A fish that were exposed to SAV3 two weeks after seawater 33 

transfer, the Phase B fish in the current paper, showed a higher and more sustained innate 34 

immune gene transcription in response to the SAV3 infection. In addition, the basal 35 

transcription of several innate immune genes in non-infected control fish in Phase B (CT-B) 36 

was also significantly different when compared to Phase A control fish (CT-A).  37 

  38 
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Introduction 39 

Atlantic salmon is the most important commercial aquaculture species in Northern Europe, 40 

and increased production is hampered due to disease caused by both viruses and parasites. 41 

Pancreas disease (PD) caused by salmonid alphavirus (SAV), also known as salmon pancreas 42 

disease virus (SPDV), is the most frequent and serious viral disease in Norwegian salmon 43 

aquaculture with 137 outbreaks recorded in 2016 resulting in large economic losses [1]. 44 

Study of the underlying immune mechanisms of infection with SAV will aid preventative 45 

measures including vaccine development. 46 

SAV affects salmonid fish in both fresh and salt water in Northern Europe and has 6 known 47 

sub-types causing PD in different geographical areas [2]. Until recently, SAV sub-type 3 48 

caused all known outbreaks of PD in Norway [3]. In 2011, SAV2 was reported as the 49 

causative agent of PD for the first time and its introduction traced back to 2010 [4]. Despite 50 

small genetic differences between the sub-types, SAV2 has a tendency to cause a less severe 51 

disease and fewer mortalities than SAV3 in Norway [5, 6].  Fish surviving PD can be subject 52 

to down-grading of fillet quality at slaughter further compounding the financial losses caused 53 

by mortalities [7, 8] 54 

PD is characterised by inflammation and necrosis in target tissues starting in the pancreas and 55 

followed by lesions in the heart. Skeletal muscle is also affected, but is usually only observed 56 

in field outbreaks due to the brevity of experimental infections. Mortality is isolate dependent 57 

and can be difficult to reproduce experimentally. Secondary stressors to SAV infection, such 58 

as anti-lice treatments and fish transport, have also been linked to increased mortality [6, 9].  59 

 SAV is an alphavirus and in humans, alphavirus infections are controlled by both humoral 60 

and cellular immune responses, but the innate immune response, starting with interferon 61 

(IFN) production is central to controlling the acute phase [10-12]. The classical IFN response 62 
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promotes and maintains an anti-viral state in two steps. On gaining access to cells viral RNA 63 

is recognised by several intra-cellular pattern recognition receptors (PRRs) such as LGP2a, 64 

MDA-5 and TLR7 and 8 that are also found in teleosts and signal the production of IFN [13-65 

15]. The second step maintains the anti-viral state with the transcription of a myriad of 66 

interferon stimulated genes (ISGs) of which there are over 300 known in mammals [16]. The 67 

immune response can also lead to damaging inflammation in the affected tissues of fish not 68 

only for PD, but for other viral diseases such as HSMI and CMS [17].  69 

Pancreas disease affects Atlantic salmon at marine sites and as such a bath immersion in 70 

seawater is the most relevant experimental model to study the immune response to SAV 71 

infection as it mimics the natural route of infection. Our own recent experiments have shown 72 

that when fish were infected with SAV3 two weeks after seawater transfer, immune 73 

responses were short-lived in i.m. infected fish and delayed in fish infected by bath 74 

immersion [18]. Others have also reported differences in transcription of immune genes 75 

during infection before and after transfer to seawater [19]. Even without the added pressure 76 

of a pathogen challenge salmon have shown changes in the transcription of immune genes 77 

during smoltification [20, 21]. The increased metabolic load of preparing for life at sea leaves 78 

salmon with a reduced capacity to cope with stressors including infection [19, 22, 23] 79 

This experimental SAV3 infection was carried out 9 weeks after seawater transfer and 80 

constituted Phase B of a two-phase experiment designed to compare the immune responses of 81 

fish to SAV3 at different times after seawater transfer. In Phase B two experimentally 82 

infected groups of fish were used; the first was intra muscularly (i.m) injected with SAV3, 83 

and the second was bath immersed using a previously described protocol featuring a natural 84 

infection route and a defined time of infection [24]. The response to infection was evaluated 85 

by analysing RNA from head kidney tissue for the transcription of 15 different immune genes 86 

and by histological examination of pancreas and heart tissue. 87 
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2.0 Materials and Methods 88 

2.1 Experimental design 89 

 90 

This experiment formed Phase B of a two part experiment designed to compare immune 91 

responses to SAV3 infection at different times after transfer to seawater. The Phase B 92 

Atlantic salmon post-smolts (average weight 89 g) were transferred to seawater (34.5 ‰) at 93 

12°C, nine weeks before the start of the experiment at Matre Research Station. They were 94 

transferred to the Institute for Marine Research (IMR) in Bergen one week before the 95 

infection experiment started (Fig.1). Three groups of these fish were held in triplicate tanks, a 96 

control group (CT-B), injected with non-infected cell culture supernatant and two groups 97 

infected with SAV3 by i.m. injection (IM-B) or by bath immersion (BI-B) (Fig. 1). The i.m. 98 

injection dose was 104 TCID50 SAV3 per fish for both the experimental IM-B group and for 99 

shedder fish, which were used to produce the immersion dose. The shedders were injected 100 

one week prior to day 0 (Fig.1). These experimental procedures were identical to those used 101 

in the Phase A of this 2-part experiment (Fig. 1). The design of this experiment and all 102 

procedures were approved by the Norwegian Animal Research Authority. The average Ct 103 

value when SAV RNA was measured in 1 litre of filtered/concentrated shedder tank water 104 

was 34, which from previous experience with this infection model indicates a relatively low 105 

level of infectious virus for the BI-B group [24, 25]. However, since bath immersion was 106 

carried out for 6 hours this exposure allowed ample opportunity for infection. The SAV3 107 

isolate used was subsequently discovered to be contaminated with infectious pancreatic 108 

necrosis virus (IPNV). All IM-B group samples were screened for IPNV RNA and 4 109 

individuals (4.2%) were found to be positive (Cts all >36). The level of IPNV compared with 110 

the SAV was so low it is unlikely to have caused any discernable effect on the interpretation 111 

on the immune gene transcription evaluated post infection.   112 
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2.2 Sampling 113 

Water (1 litre) was sampled from each of the three shedder tanks on the day of bath 114 

immersion and this constituted the bath immersion dose. The water was filtered/concentrated 115 

and eluted in lysis buffer [24]. Each tank contained 65 fish and 8 fish were sampled from 116 

each tank (24 from each group) at 3, 7, 14, 21, and 28 dpi. Half of each heart and head kidney 117 

tissue was sampled for RT-qPCR analysis and flash frozen in liquid nitrogen. Pancreatic 118 

tissue and the other half of the heart were sampled for histology from 4 of the 8 fish sampled 119 

from each tank at 7, 14, 21 and 28 dpi. The tissue was fixed in 10% neutral buffered formalin 120 

and processed as described previously [24]. Representative sections from 21 and 28 dpi are 121 

included to show the development of PD. 122 

2.3 Total RNA isolation, cDNA synthesis and qPCR 123 

Total RNA was extracted from heart and head kidney using TRIzol™, quantified and 124 

validated as described previously [24]. Random quality checks were performed on 5% of all 125 

RNA samples and showed RIN values ≥ 9. RNA extracted from heart tissue and 126 

filtered/concentrated tank water was analysed for SAV RNA using a one-step PCR (AgPath, 127 

Ambion) and detected using a TaqMan nsp-1 assay [26]. 128 

For immune gene analysis, cDNA was transcribed from 1 µg total head kidney RNA in a 20 129 

µl reaction using qScript™ SuperMix (Quanta Biosciences) including priming with both 130 

random hexamers and oligo-dT as described in the manufacturer’s instructions. cDNA was 131 

diluted 1:10 before use, as qPCR on pooled cDNA showed that this was an optimal dilution. 132 

All primers and assay data are listed in Table 1. Assays for TLR7, TLR8a1, MyD88, MDA5, 133 

LGP2a, IRF7, IFNa, Mx, IFNγ, CXCL11-L1, IL-1β, CRFB5, IL-8 and IL-4/13A were used 134 

and their design and validation described previously [18]. In addition, an assay for Viperin 135 

was adapted from a published study [27]. All head kidney cDNA samples were analysed for 136 
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the above mentioned assays. Elongation factor 1A (EF1A) [28] was used for normalization as 137 

this gene has been validated as the most useful reference gene in Atlantic salmon infected 138 

with SAV [29] 139 

qPCR was run in 384 well plates using Brilliant III Ultra-Fast SYBR® Green master mix 140 

(Agilent) and an Applied Biosystems 7900H Fast sequence detection analyser in a 7 µl 141 

reaction volume containing 2 µl diluted cDNA and 400 nM of each primer. The running 142 

conditions were as recommended by the manufacturer including melting curve analysis for 143 

each run.  144 

2.4 Data Analysis 145 

The Ct values were normalized using the Ct values from the EF1A assay run on the same 146 

plate for each individual (∆Ct). Fold change of transcription for each result was calculated by 147 

subtracting the relevant mean ∆Ct values obtained from calibrator fish, sampled before day 0  148 

from the ∆Ct from each result (2-∆∆Ct) [30]. Outliers were not removed as they represent the 149 

real biological diversity within these groups. 150 

A t -test was used to examine differences between the positive IM-B fish and CT-B fish. T-151 

tests use averages in their calculations, but medians and ranges were used for discussion and 152 

visual representation as they more accurately portray the spread of the data. Due to the small 153 

number of positive results in the BI-B group these results were excluded from statistical 154 

analyses, but are presented as individual data points in supplementary figures with trend lines 155 

for the IM-B and CT-B groups for comparison (S4). Average transcriptions of positive and 156 

negative fish in both infected groups are also included (S3).  157 

In addition, it was of interest to compare immune gene transcription between Phase A and 158 

Phase B fish to determine any changes in either the immune status or the immune response as 159 

assessed using the transcription of the same 15 innate immune genes. T- tests were used to 160 
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determine differences in gene transcription levels between CT-A and CT-B and between IM-161 

A and IM-B. Figures were prepared using Prism 6.0 (Graphpad.com) and Excel 2013. 162 

3.0 Results 163 

3.1 SAV infection and PD status  164 

SAV viral loads and prevalence in these groups of infected fish from both Phase A and Phase 165 

B of this experiment have been reported previously [24]. PD status was determined by 166 

analyzing heart tissue for the abundance of SAV RNA and by the histological examination of 167 

heart and pancreatic tissue.  Prevalence in the IM-B group accumulated quickly with 21 of 22 168 

fish positive at 7 dpi and it remained almost 100% at all later time-points (Fig. 2A). 169 

Prevalence was plotted as a percentage of fish analysed to take account of samples being 170 

unavailable for technical reasons (samples lost or unsuitable). The BI-B group had only 4, 5 171 

and 7 positive fish at 14, 21 and 28 dpi respectively and the viral loads in these fish were 172 

similar to the IM-B group at 14 and 28 dpi (Fig. 2B). At 21 dpi the positive BI-B group 173 

individuals had relatively low viral loads. In the IM-B group where prevalence increased 174 

rapidly to 100 %, the viral load also increased up to 14 dpi after which it decreased, falling to 175 

7 dpi levels at 28 dpi (Fig. 2B). The histopathology in the pancreas showed moderate changes 176 

in the IM-B group at 21 dpi and relatively low scores in BI-B fish at 28 dpi, in the presence 177 

of many mononuclear cells (Figs. 2C and 2D).  Both infected groups showed low scores for 178 

typical PD histopathology of the heart (Figs. 2E and F).  179 

Prior to the start of this experiment the fish were screened and found to be negative for SAV 180 

and PRV RNA. Despite this two fish in the CT-B group tested positive for SAV RNA (both 181 

at 28 dpi with nsp-1 Ct values of 27 and 30). This most likely resulted from cross-182 

contamination during sampling or analysis. In addition, these fish did not show any 183 
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discernable anti-viral immune responses further suggesting that the positive SAV result was 184 

due to cross-contamination. 185 

3.2 Immune gene transcription 186 

The immune responses observed in groups of fish infected after 2 weeks in seawater (Phase 187 

A) have been previously reported [18]. Similarly head kidney samples from all the fish 188 

sampled at all time-points (Phase B) were analyzed for 15 genes associated with the innate 189 

immune response. However, only the data from fish positive for SAV RNA in heart have 190 

been included in the analyses and in the figures for both infected groups since so few BI 191 

group fish became infected. The individual values for positive and negative fish at 2 decisive 192 

time-points are shown in S1, (3 dpi for IM group) and S2 (28 dpi for the BI group). To 193 

further illustrate the validity of excluding the considerable number of negative fish in the BI 194 

group, graphs showing the average transcription for positive and negative fish in both 195 

infected groups are shown in S3. The negative fish in the BI-B group trended with the CT-B 196 

group at all time points. Whereas the negative fish in the IM-B group at 3 and 7 dpi trended 197 

with the positive individuals for several immune genes (S3) and 100% prevalence was 198 

attained in this group at 14 dpi. 199 

3.2.1 Genes encoding PRRs 200 

Two genes encoding PRRs associated with endosomal membranes, TLR7 and TLR8a1 were 201 

examined. Both TLRs were upregulated with median transcriptions of 17-fold (TLR7) and 202 

5.7-fold (TLR8a1) at 7 dpi in the IM-B group. All time-points with positive fish in the BI-B 203 

group showed greater median fold increases for TLR7 and TLR8a1 than the IM-B group 204 

(Fig. 3 and S4). Additionally, TLR7 showed approximately twice the fold increase in 205 

transcription in both infected groups compared to TLR8a1 (Fig. 3). For MDA5 and LGP2a 206 

that interact with viral dsRNA in the cytoplasm, MDA5 transcription followed a similar 207 
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pattern to the TLRs. Whereas LGP2a, one of the most highly transcribed genes examined, 208 

peaked at 7 dpi in the IM-B groups and at 21 dpi in the BI-B group (Fig. 3).  209 

MyD88, was the most highly constitutively transcribed immune gene examined and displayed 210 

only moderate fold increases (usually less than 5). It peaked at 7 dpi for IM-B and at 14 dpi 211 

for the BI-B group (Fig. 3). IRF7, a central immune response regulator showed a similar 212 

profile to the PRRs with a median fold increase of 11.3 and 12.8, in IM-B and BI-B groups, 213 

at 7 and 14 dpi respectively (Fig. 3).  214 

3.2.2 Genes encoding immune-modulating proteins 215 

Genes encoding effector molecules such as viperin and Mx were the most highly transcribed 216 

genes measured in this study (Fig. 4).  Two individuals showed more than a 400-fold increase 217 

for viperin in the IM-B group at 7 dpi, but the median value was 155 fold. Similarly, in the 218 

BI-B group some individuals at each time-point had very high transcription levels compared 219 

to the median (Figs. 3-5 and S4)  220 

IFNa as one of the main immune-modulators responsible for stimulating a myriad of 221 

interferon stimulated genes (ISGs) was up-regulated in both infected groups, where 8 and 9-222 

fold increases were observed at 7 and 14 dpi in IM-B and BI-B groups respectively (Fig. 4). 223 

In contrast, the gene encoding its cellular receptor, CRFB5 was only up-regulated 4 fold at 21 224 

dpi in the BI-B group in 3 of 5 SAV positive individuals (Fig. 4 and S4) 225 

3.2.3 Genes encoding inflammatory cytokines 226 

IFNγ and CXCL11_L1 were up-regulated in both infected groups, with the highest fold 227 

increase in the BI-B group peaking at 21 dpi and 14 dpi respectively, compared to 7 dpi for 228 

both gene transcripts in the IM-B group (Fig. 4 and S4). Other interleukins showed little or no 229 

up-regulation in the IM-B group. Conversely, IL-1β, IL-8 and IL-4/13A showed clear 230 
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increases in transcription in the same 3 SAV positive fish showing an increased transcription 231 

of CRFB5 in the BI-B group at 21 dpi (Fig. 5 and S4). 232 

3.2.4 Magnitude of transcription 233 

Fish in the IM-B group that were negative for SAV RNA at 3 dpi frequently showed 234 

comparable immune gene transcription to positive individuals probably because prevalence 235 

reached 100% for the IM-B group shortly afterwards (S1). In contrast, the median fold 236 

increases were always higher in the 7 positive individuals in the BI-B group at 28 dpi 237 

compared to the negative individuals in this group at this time-point (S2).  238 

Viperin and Mx were the most highly up-regulated genes. The IM-B group with 100% 239 

prevalence at 7 dpi also showed peak gene transcription for all genes assayed at this time-240 

point decreasing thereafter and mostly returning to 3 dpi levels by 21 dpi. Most genes in the 241 

IM-B group had significantly higher transcription levels at 7 and 14 dpi compared to the CT-242 

B group, except CRFB5, IL-8, IL-1β and IL-4/13A (Table 2). At all other time-points there 243 

were almost no significant differences in transcription between the CT-B and the IM-B 244 

groups for any of the genes assayed (Table 2). The BI-B group with few positive individuals 245 

exhibited large ranges of fold increases, but median values followed the IM-B response for 246 

many genes (Figs. 3-5, S4). The exceptions were CRFB5, IL-1β, IL-4/13A and IL-8 where 247 

the median values were significantly increased at 21 dpi in the BI group and were clearly 248 

accounted for by the same 3 individuals (S4). Also positive individuals at both 21 and 28 dpi 249 

in the BI group clearly showed different gene profiles (S4). This is illustrated by a heat map 250 

of fold changes in the transcription of all genes for the seven BI-B fish that tested positive for 251 

SAV RNA at 28 dpi, where individual fish have very different immune response profiles 252 

(Fig. 6). Individuals 3 and 5 show high responses of many genes whereas individuals 4, 6 and 253 

7 show only a few raised inflammatory genes, while individuals 1 and 2 appear unresponsive 254 

for all genes by comparison. Interestingly, the viral load in heart (nsp-1 Ct value) appears to 255 
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be unrelated to the immune gene transcription pattern assessed in kidney tissue despite the 256 

systemic nature of PD (Fig. 6) 257 

3.3 Smoltification status, and effect of adaptation time in seawater 258 

The fish in these experimental groups had been transferred to seawater 9 weeks before 259 

infection and therefore sodium potassium ATPase (NKA) levels were not evaluated as it was 260 

assumed they had developed good seawater tolerance. In fact fish from the same production 261 

batch challenged only 2 weeks after seawater transfer (Phase A) were evaluated and found to 262 

have acceptable NKA activities with no influence of SAV infection in gill tissue [24]. 263 

However, the effect of this extra time in seawater on the basal transcription of immune genes 264 

compared to fish transferred only 2 weeks before challenge [18] was interesting. The 265 

transcription of viperin, IFNa, MyD88, TLR7, TLR8a1 and IRF7 was significantly increased 266 

in CT-B fish compared to CT-A fish (Fig. 7A). Conversely, the transcription of some 267 

inflammatory genes (IL-8, IL-1β, IL-4/13A and IFNγ) was higher in the CT-A fish (Fig. 7A). 268 

 In addition, when the IM-A and IM-B groups were compared it was found that IM-B fish 269 

had significantly higher responses for viperin, IFNa, MyD88, TLR7, TLR8a1 and IRF7 at 7 270 

and 14 dpi (Fig. 7B and Table 3). Whereas, several genes had significantly lower 271 

transcription in IM-B compared to IM-A including IL-1β, IFNγ, LGP2a and Mx at 7 and 14 272 

dpi (Fig. 7B and Table 3). Unfortunately, there were too few SAV positive fish in the BI-B 273 

group to make any meaningful comparison with BI-A fish. 274 

4.0 Discussion 275 

4.1 SAV infection and PD status 276 

Fish in both IM-B and BI-B groups became infected with SAV. Fish in the BI-B group were 277 

infected to a much lesser extent which can be partly explained by exposure to a reduced 278 
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amount of SAV in the shedder water compared to the IM-B group that were injected. The 279 

relative paucity of virus produced by the shedder fish was probably due to their smoltification 280 

status which has been discussed previously [24]. As the shedder fish and the BI-B group fish 281 

were from the same batch of fish the effect on the BI-B group was two-fold, since not only 282 

did the shedder fish produce less virus, but the BI-B fish were less susceptible [24]. 283 

Conversely, although the IM-B group were also from the same batch as the BI-B group, their 284 

dose was injected and all these fish became infected and developed PD. 285 

The fish negative for SAV in heart tissue in the IM-B group at 3 dpi that exhibited some 286 

immune gene transcription (S1) was surprising since the nsp-1 assay for SAV RNA is very 287 

sensitive, but these individuals may have had viraemia. At 28 dpi the immune gene 288 

transcription in the BI-B group was more complex. Some of the seven SAV positive fish at 289 

this time-point probably represent naïve fish infected after day 0, for example: infection that 290 

resulted from shedding activity of the fish that were infected on day 0. Fish showing high 291 

viral loads at 28 dpi in the BI-B group were possibly more recently infected compared to IM-292 

B fish (injected on day 0) whose viral loads peaked at 14 dpi and were decreasing by 28 dpi 293 

(Fig. 2B). The possibly delayed infection of some of the 7 positive fish at 28 dpi in the BI-B 294 

group is also illustrated not only by the range of viral loads in the heart tissue, but also by the 295 

relatively large ranges of immune gene transcriptions. Conversely, at 21 dpi the viral loads in 296 

in the BI-B group were lower than at either 14 or 28 dpi, perhaps indicating the beginning of 297 

a second round of infection in this group. This hypothesis demonstrates the infectious nature 298 

of SAV since the exposure was to very few positive fish (prevalence 16 % at 14 dpi and 299 

undetectable at 7 dpi) and the fish density was decreasing throughout the experiment due to 300 

sampling.  301 

 302 
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4.2 Anti-viral immune response 303 

Genes involved in early innate responses; TLRs, MDA5, MyD88, IRF7 and even IFNa and 304 

Viperin were expressed in synchrony in the IM-B and BI-B groups. In contrast, the BI-A 305 

group showed a delayed transcription of these genes compared to IM-A fish [18]. Many of 306 

the genes showed a pattern of maximum transcription at 7 dpi in the IM-B and at 14 dpi in 307 

the BI-B group. Had there been positive fish sampled at 7 dpi the BI-B group they may well 308 

also have shown peak transcription at 7 dpi, as in the IM-B group. In fact the median trend 309 

lines for several immune genes of these 2 groups of infected fish (Figs. 3-5) suggest that there 310 

could have been infected fish (SAV positive) at 7 dpi in the BI-B group.  The prevalence was 311 

probably too low to be detected by sampling only 8 fish from each tank (from 50 remaining 312 

fish at this time-point). This result is in clear contrast to the BI-A fish, where although 313 

prevalence reached 100% at 14 dpi, peak transcription of immune genes was at 21 dpi [18]. 314 

This could indicate that at later times after seawater transfer the natural infection route in the 315 

BI-B group resulted in a faster response time with peak immune gene transcription following 316 

the IM-B group and peaking earlier than in the BI-A group. This is further illustrated by the 317 

increased transcription of IFNa, MyD88 and TLR8a1 in several negative fish at 7 dpi in the 318 

BI-B group (data not shown). Similarly, the negative fish in the IM-B group at 7 dpi showed 319 

comparable transcription of innate immune genes to the positive fish at this time-point (S3). 320 

The transcription of the TLRs analysed showed greater fold increases in TLR7 than for 321 

TLR8a1, however TLR8a1 has between 5 and 10 times higher constitutive transcription 322 

levels meaning the transcription of these two TLRs in infected groups were comparable. 323 

Similarly, for the cytosolic PRRs, MDA5 showed only a 6.5 fold increase in both infected 324 

groups compared to LGP2a that showed 11 and 35 maximal fold increases in the IM-B and 325 

BI-B groups, respectively. However, MDA5 has a 4-5 times higher resting transcription level 326 

compared to LGP2a, that could also indicate more equal levels of these two transcripts. These 327 
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observations indicate that fold increases alone are not the best way of reporting immune 328 

responses.  329 

The IFN response was relatively robust in both infected groups of Phase B fish, with high 330 

transcription of IFNa at 7 and 14 dpi in the IM-A fish group, whereas positive fish in the BI-331 

B group had high IFNa transcription at 14 and 28 dpi. By contrast, the Phase A fish have 332 

previously shown both a transient IFNa transcription in IM-A fish and a very weak 333 

transcription of IFNa in BI-A fish [18]. The more sustained IFNa response in the Phase B 334 

trial could be a result of higher TLR transcription that was approximately twice that seen for 335 

TLR7 and TLR8a1, in Phase A fish [18]. However, this apparently improved IFNa response 336 

is not further reflected in higher transcriptions of ISGs, since although viperin transcription is 337 

similar, Mx transcription was half of that in Phase A fish. Clearly the ISG levels needed to 338 

effectively fight the infection are beyond the capability of most individuals, or that the 339 

transcription seen for these genes is not correlated with production of functional anti-viral 340 

proteins [31]. In fact, it has been demonstrated that only when IFNa (recombinant protein) is 341 

added (in vitro) before infection [32] or occurs naturally at higher basal levels (in a viral 342 

resistant salmon strain) [33] is SAV susceptibility reduced. Further, the natural increase in 343 

cortisol during smoltification and after seawater transfer [34] may have reduced the ability of 344 

these fish to mount an immune response during the early seawater stage (Phase A). Reduced 345 

circulating levels of serum proteins and IgM have been reported in smolts in freshwater and 346 

after seawater transfer and have been taken as indicators of reduced immune competence of 347 

Atlantic salmon smolts [35].  348 

It has also been demonstrated that SAV can inhibit signal transduction via the JAK/STAT 349 

pathway [36] and can also increase the transcription of SOCS1 an inhibitor of cytokine 350 

signalling [37]. Such a survival strategy for the virus could result in reduced ISG production 351 

including the lower Mx transcription observed in the IM-B group. Viperin could conceivably 352 
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remain unaffected due to an alternative mechanism for viperin production during the innate 353 

immune response via IRF1 or IFR3 [38], which has been studied in experiments with 354 

terrestrial alphaviruses [39].  355 

Interestingly, at 21 dpi some of the BI-B positive fish showed a spike in transcription of 356 

genes associated with the inflammatory response, such as IL-1β, IL-8, IFNγ and also IL-357 

4/13A. The inflammatory response could not be verified histologically since only 1 of the 3 358 

fish showing high fold increase of these genes was sampled for histology. Additionally,  359 

despite the systemic nature of SAV infection there appears to be no correlation between 360 

either viral loads or immune responses (measured in heart and head kidney respectively) and 361 

histopathology in the heart or pancreas. However, compared to the Phase A fish, both 362 

infected groups from Phase B exhibited lower necrosis of exocrine pancreatic tissue and 363 

similar cell infiltration and inflammation in pancreas sections, but only the BI-B fish showed 364 

increases in the transcription of inflammatory genes.  365 

The magnitude of transcription in Phase B was similar for many innate immune genes in both 366 

infected groups and the BI-B fish gene transcription was largely in synchrony with the IM-B 367 

fish. The notable exceptions were the inflammatory genes assayed at 21 dpi in some of the 368 

positive fish from the BI-B group. Although all these fish were able to eventually overcome 369 

the virus, indicated by the declining SAV RNA levels at 28 dpi, they still developed the 370 

clinical signs of PD. The BI-B group showed clear indications of multiple infection points 371 

probably due to the low prevalence of infection at the beginning of the experiment and the 372 

plethora of naïve fish remaining. 373 

 374 

4.3 Effect of time after seawater transfer 375 

The injection of SAV3 into the salmon transferred to seawater 9 weeks earlier (Phase B) 376 

resulted in relatively little shedding of infectious virus, reducing the bath immersion dose 377 
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[24]. When transcription levels of the immune genes were compared in the control groups 378 

(CT-A and CT- B), CT-B fish had significantly higher transcription of several key 379 

components of the innate immune response. Viperin, IFNa, TLR7, TLR8a1 and IRF7 had 380 

between 2 and 4 times the basal transcription at all time-points compared to CT-A fish 381 

(Fig.7A). This suggests that the longer adaptation to seawater allows more energy to be 382 

diverted into maintaining immune parameters that may have been down-regulated directly 383 

after seawater transfer. Previously, salmon immune genes have been shown to be severely 384 

repressed by seawater transfer with no recovery detected for at least 3 weeks post transfer 385 

[23]. The significantly higher response of viperin, IFNa, TLR7, TLR8a1 and IRF7 in the IM-386 

B group at 7 and 14 dpi (Fig.7B) was presumably also beneficial in clearing the virus and 387 

reducing pathology, indicated by a lack of typical heart pathology in this group.  For 388 

example, the IM-B group had a higher and more sustained IFN response compared to the 389 

transitory response in IM-A fish [18].  390 

This study indicates that smolts fully acclimatized to seawater have not only an increased 391 

immune response, but a different one that is accompanied by a higher basal transcription of 392 

several innate immune genes. Parr showing morphological signs of smoltification showed 393 

increased susceptibility to another viral disease, ISAV [40] and parr compared to smolts 394 

recently transferred to seawater showed both lower viral loads (piscine orthoreovirus) and 395 

increased basal levels of innate immune genes [19]. It could therefore be suggested that after 396 

nine weeks in seawater immune gene transcription was returning to pre-transfer (parr) levels 397 

and that a compromised immune response is not a result of living in seawater per se, but 398 

rather the length of time in seawater.  399 

The apparent reduced transcription of inflammatory genes  (IFNγ, IL-8 and IL-1β) in CT-B 400 

fish (Fig. 7A) could be a result of CT-A fish being stimulated when initially exposed to the 401 

plethora of environmental bacteria present in seawater causing raised trancription of these 402 
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genes. Also the reduction of inflammatory gene transcription (IFNγ, IL-8 and IL-1β) in IM-B  403 

compared to IM-A fish may indicate that these fish had better control of their immune 404 

response and didn’t exhibit an inappropriate transcription of inflammatory genes.  405 

This is the first study where two groups of fish from the same production batch were 406 

challenged at different times after seawater transfer and therefore allows direct comparison in 407 

their immune response to a viral infection. Both IM-A and CT-A groups showed reduced 408 

transcription of innate immune genes compared to the equivalent groups 7 weeks later (Phase 409 

B). This comparison clearly implicates time after seawater transfer as a factor for 410 

consideration if fish are to mount and maintain a more effective immune response. After nine 411 

weeks in seawater the fish in this study were able to mount a more robust and appropriate 412 

immune response and thus reduce pathology. 413 

 414 
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HSMI heart and skeletal muscle inflammation 428 

IPNV Infectious pancreas necrosis virus 429 

ISG Interferon stimulated genes 430 

 431 

RT-qPCR reverse transcriptase quantitative polymerase chain reaction 432 

PPR pattern recognition receptor 433 

PAMP pathogen associated molecular pattern 434 

PD pancreas disease  435 

SAV salmonid alphavirus   436 

SPDV salmonid pancreas disease virus 437 

TCID50  50% tissue culture infective dose 438 

TLR toll-like receptor 439 
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 571 

Figure legends 572 

Fig. 1 Experimental set-up. 573 

All fish were from same production batch and all were transferred to seawater at the same 574 

time. The Phase B groups are presented here. The CT-B group was i.m. injected with non-575 

infected cell culture supernatant, the IM-B group was i.m injected with 104 TCID50 SAV3, 576 

similarly to the shedders and the BI-B group was bathed in water containing shed virus from 577 

the shedder fish (shedder water). The experiment was performed in triplicate tanks for all 578 

treatment groups, 65 fish in each tank. Sampling of 8 fish per tank (24 fish per group) was 579 

carried out at 3, 7, 14, 21 and 28 dpi.  580 

 581 

Fig. 2 PD status of the infected groups 582 

A. Percentage prevalence of SAV RNA measured in heart tissue in IM-B (black bars) and BI-583 

B (dark grey bars) groups at all time-points.  n = 24 for both groups and all time-points 584 

(except for the IM-B group at 7 and 28 dpi where n = 22 and 23 respectively). B. Ct values 585 

for nsp-1 assay in all fish positive for SAV RNA plotted in reverse, representing viral load, in 586 

IM-B group (O) and BI-B group (►) at each time point. C to F. Histological sections of IM-587 

B fish at 21 dpi (C-pancreas, E-heart) and for BI-B fish at 28 dpi (D-pancreas, F-heart). Bar = 588 

50µm  589 

 590 

Fig 3.  Transcription of PRRs and early innate genes. 591 

The figure shows the transcription of PRRs; TLR7, TLR8a1, MDA5, LGP2a and the early 592 

innate genes for MyD88 and IRF7 in head kidney tissue at 3, 7, 14, 21 and 28 dpi. The y axis 593 
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represents normalized, fold transcription increases for each treatment group compared to 594 

calibrator fish sampled before day 0. Boxes represent the 25th and 75th percentiles for each 595 

group with the median value shown by a black bar in this box. The whiskers represent the 596 

maximum and minimum values for each group. Open bars represent the CT-B group, dark 597 

grey bars the IM-B group and light grey bars the BI-B group. Trend lines indicate 598 

transcriptional changes over time; solid line IM-B group and dashed line the BI-B group. 599 

Asterisks denote statistical significant differences between the IM-B and CT-B groups: * p < 600 

0.05,   ** p < 0.01 and *** p < 0.001.  601 

 602 

Fig 4. Transcription of immune modulators and IFNs. 603 

 The figure shows the transcription of interferon and one of its cell receptor components 604 

(CRFB5), Viperin, Mx IFNγ and CXCL11_L1 in head kidney tissue at 3, 7, 14, 21 and 28 605 

dpi. The y axis represents normalized, fold transcription increases for each treatment group 606 

compared to calibrator fish sampled before day 0. Boxes represent the 25th and 75th 607 

percentiles for each group with the median value shown by a black bar in this box. The 608 

whiskers represent the maximum and minimum values for each group. Open bars represent 609 

the CT-B group, dark grey bars the IM-B group and light grey bars the BI-B group. Trend 610 

lines indicate transcriptional changes over time; solid line IM-B group and dashed line the 611 

BI-B group. Asterisks denote statistically significant differences between the IM-B and CT-B 612 

groups: * p < 0.05,   ** p < 0.01 and *** p < 0.001.  613 

 614 

Fig 5. Transcription of interleukin genes 615 

The figure shows the transcription of 3 interleukins, IL-1β, IL-8 and IL4/13A in head kidney 616 

tissue at 3, 7, 14, 21 and 28 dpi. The y axis represents normalized, fold transcription increases 617 

for each treatment group compared to calibrator fish sampled before day 0. Boxes represent 618 

the 25th and 75th percentiles for each group with the median value shown by a black bar in 619 

this box. The whiskers represent the maximum and minimum values for each group. Open 620 

bars represent the CT-B group, dark grey bars the IM-B group and light grey bars the BI-B 621 

group. Trend lines indicate transcriptional changes over time; solid line IM-B group and 622 

dashed line the BI-B group. Asterisks denote statistically significant differences between the 623 
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IM-B and CT-B groups: * p < 0.05,   ** p < 0.01 and *** p < 0.001. Vertical scales have been 624 

kept constant to allow comparison between genes. 625 

 626 

 627 

Fig 6. Heat map of gene transcription in positive individuals at 28 dpi in the BI-B group 628 

The relative transcription of all immune genes assayed shows the range of immune responses 629 

in the individuals positive for SAV RNA in head kidney at this time-point indicating that 630 

these fish were at different stages of their immune response and further suggesting they had 631 

been infected at different time points after the initial bath immersion on Day 0. Blue through 632 

yellow to orange and red denotes low to high fold transcription. 633 

 634 

Fig 7. Changes in gene transcription in head kidney between Phases A and B in the CT 635 

and IM groups 636 

A. Average differences in basal gene transcription between CT-A and CT-B groups 637 

(including all time-points). B. Average differences in transcription between IM-A and IM.B 638 

groups at 7 dpi (black bars) and 14 dpi (grey bars). Differences in gene transcription between 639 

Phases A and B are shown as fold changes minus 1, thus showing transcription greater in 640 

Phase B as positive values and transcription greater in Phase A as negative values. Gene 641 

transcriptions significantly higher in Phase B compared to Phase A are marked ** and *** 642 

denoting p values of < 0.01 and < 0.001 respectively. Gene transcriptions significantly higher 643 

in Phase A compared to Phase B are denoted by ◦ or ◦◦◦ with p values of < 0.05 and <0.001 644 

respectively. 645 

S1. All individual IM-B fish at 3 dpi. Positive and Negative fish  646 

Transcription of immune genes (fold increases) of all IM-B group individuals at 3 dpi in head 647 

kidney. At this time-point prevalence was 36% and allows the comparison of immune gene 648 
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transcription between individuals positive or negative for SAV RNA. The black bars 649 

represent the median value for each group. The y axis is a Log10 scale to render the individual 650 

data points more visible. 651 

S2. All individual BI-B fish at 28 dpi. Positive and Negative fish  652 

Transcription of immune genes (fold increases) of all BI-B group individuals at 28 dpi in 653 

head kidney. At this time-point prevalence was 29% and allows the comparison of immune 654 

gene transcription between individuals positive or negative for SAV RNA. The black bars 655 

represent the median value for each group. The y axis is a Log10 scale to render the individual 656 

data points more visible. 657 

S3. Average immune gene transcription in all Phase B fish positive or negative for SAV 658 

RNA 659 

Graphs show the average fold change ± SEM in immune gene transcription in head kidney 660 

for fish in all groups in Phase B for all genes assayed. Both positive IM-B (red) and BI-B 661 

(blue) and negative IM-B (dark red), BI-B (light blue) and CT-B (black) groups are 662 

represented on all graphs. 663 

 664 

S4. Individual data points for BI-B SAV3 RNA positive individuals 665 

These graphs show the same data as in Figs. 3-5, but show all positive individuals as open 666 

circles in the BI-B group for each gene assayed with a black bar showing the median. Median 667 

values for CT-B and IM-B groups at each time-point are joined by dashed and solid lines 668 

respectively for comparison.669 
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Table 1 Primers 670 

Primers used in the analysis of immune genes together with their amplicon sizes, relative efficiencies and the Genebank accession number used 671 

for primer design or the reference for previously published assays. 672 

Target gene Forward primer 5'-3'  Reverse primer 5'-3'  
Amplicon 

length 
(bps) 

Efficiency Reference/Genebank accession No. 

Viperin  AGCAATGGCAGCATGATCAG TGGTTGGTGTCCTCGTCAAAG 101 2.03 Grove 2013 [22] 
IFNa CCTGTGTATCACCTGCCATGAA GCCTGTGCACTGTAGTTCATTT 100 1.95 NM_001123710 

MyD88 CGTGGATAGAAAAGACGTTGTG CAGGGTGATGCCTTGTCTTT 152 2.07 EF672332  
TLR7 CGCATGACGAGGTCAGAAT GTCCTCTCTCAGTGCAATCTA 172 1.99 HF97058 

TLR8a1 GGCTTTCAAAATCTCACAAGGAA CCTTAATGTCACATGGAAAGT 150 1.93 NP_001155165 
IRF7 GGACTCAAACGACCCCCATA GGTTCAGGTCTAGGTGGTTCAA 194 2.10 NM_001136548 

MDA5 CTCGTGAACTACTCAAGAGAATCG CCTGGCTCATCTATCAAGTTAT 145 1.98 NM_001195179* 
CXCL11_L1 GCTCCATTTGCCAAGAAAA  GGCACTGACTCAACTGTGGTAA 162 2.04 BT049408 

CRFBa,b,c CACCCAGGGCTCCATGAA CACCAGGTTGTTGCTAGAGT 132 2.03 KF976458/59/60 
IL-8  GAGGATTTCTAGTAGGATCATCT ATGAGTCTACCAATTCGTCTGC 134 1.91 NM_001140710 

IL-1 β GAGAGGTTAAAGGGTGGCGA TGCTTCCCTCCTGCTCGTAG 145 1.89 NM_001123582 
IL4_13A CCGACATCTGAGGGTTTACAA GCATTGTGTGGAGTTGGTGTA 170 2.06 AB574339 

IFNγ GGTCCACTATAAGATCTCCAAGGA CTGGCAAGATACTCCGATACAC 133 2.00 AY795563 
LGP2a GACCCAGAATGAGCAGAAGGA CACCACAGAGTAAACGCTGTCACT 198 1.96 NM_001140177 

Mx GGTGGTTGTGCCATGCAA TGGTCAGGATGCCTAATGTC 100 2.02 U66475/6 
EF1A CCCCTCCAGGACGTTTACAAA CACACGGCCCACAGGTACA 57 2.02 Olsvik 2006 [23] 

rainbow trout* and corresponding genomic sequence from Atlantic salmon AGKD03005035   
673 
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Table 2 Significant increases (t tests) in gene transcription in IM-B fish at all time-points and for all genes compared to the CT-B group. 674 

Asterisks * denote significantly higher transcription. 675 

  Viperin IFNa MyD88 TLR7 TLR8a1 IRF7 MDA5 CXCL11_L 1 CRFB5 IL-8  IL-1 β IL-4/13A IFN γ LGP2a Mx 
3 dpi - - * - * - - - - - - - - - - 
7 dpi *** *** *** *** *** *** *** *** - - * - *** * ** ***  

14 dpi *** *** ** *** *** *** *** *** * - - - *** ** ***  
21 dpi - - - - * ** - - - - - - - - - 
28 dpi * - - - - - * - - - - - - ** ** 

*  p < 0.05,   ** p < 0.01 and *** p < 0.001 676 

 677 

Table 3 Significant differences (t tests) in the gene transcription of the IM group in Phases A and B. Asterisks * denote significantly higher 678 

transcription in IM-B fish whereas circles ◦ denote significantly higher transcription in IM-A fish   679 

 680 

  Viperin  IFNa MyD88 TLR7 TLR8a1 IRF7 MDA5 CXCL11_L1  CRFB5 IL-8 IL-1 β IL-4/13A IFN γ LGP2a Mx 
 3dpi * - - - *** *** - - ◦ ◦◦◦ ◦◦ - ◦◦◦ - - 
7 dpi ** *** ** *** *** *** - - - - ◦◦◦ - ◦◦◦ ◦◦◦ ◦◦◦ 

 14 dpi  *** *** *** *** *** *** - - ◦◦◦ - ◦◦◦ - ◦◦◦ ◦◦◦ ◦◦◦ 
21 dpi - ** - - - * ◦ ** - - - - - - - 
 28 dpi * ** - - ** - ◦◦◦ - ◦ - - - ◦ ◦◦◦ ◦◦◦ 

                

*, ◦ p < 0.05,   **, ◦◦ p < 0.01 and ***,◦◦◦ p < 0.001 681 
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Highlights 

 

1. Salmon adapted to seawater for longer time have a higher and longer interferon response to SAV 

2. The immune response after bath immersed challenge follows that for a i.m. challenge in fish 

transferred to seawater 9 weeks earlier. 

3. Non- infected control fish adapted for longer time in seawater have higher basal transcription of 

several immune genes compared to fish recently transferred to seawater. 

4. After 9 weeks in seawater salmon can maintain a good immune response for longer period 

 


