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Abstract

Pancreas disease (PD) caused by salmonid alph&8i#14) is the most serious viral disease

in Norwegian aquaculture. Study of the immune raspdo SAV will aid preventative
measures including vaccine development. The innateune response was studied in
Atlantic salmon infected by either bath immersi&) (or by intra-musculari (m.) injection

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

respectively). Phase A results have been previqudblished (Moore et al. 2017) and Phase

B results are presented here together with a casgraof results achieved in Phase A. There

was a rapid accumulation of infected fish in theB\JIM Phase B) group and all fish
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sampled were SAV RNA positive by 7 dpi (days postction). In contrast, only a few SAV
RNA positive (infected) fish were identified at 22, and 28 dpi in the BI-B (Bl Phase B)
group. Differences in the transcription of sevémahune genes were apparent when
compared between the infected fish in the IM-B BhdB groups. Transcription of the
analysed genes peaked at 7 dpi in the IM-B grouba&ri4 dpi in the BI-B group. However,
this latter finding was difficult to interpret dée the low prevalence of SAV positive fish in
this group. Additionally, fish positive for SAV RN# the BI-B group showed higher
transcription of IL-B, IFNy and CXCL11_L1, all genes associated with the mfteatory
response, compared to the IM-B group. Histopatho&@ghanges in the heart were restricted
to the IM-B group, while (immune) cell filtratiomtio the pancreas was observed in both
groups. Compared to the Phase A fish that weresegto SAV3 two weeks after seawater
transfer, the Phase B fish in the current papewsd a higher and more sustained innate
immune gene transcription in response to the SAW&ction. In addition, the basal
transcription of several innate immune genes ininggcted control fish in Phase B (CT-B)

was also significantly different when compared ba$e A control fish (CT-A).
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Introduction

Atlantic salmon is the most important commercialamulture species in Northern Europe,
and increased production is hampered due to diseased by both viruses and parasites.
Pancreas disease (PD) caused by salmonid alphd8iiy), also known as salmon pancreas
disease virus (SPDV), is the most frequent anessviral disease in Norwegian salmon
aguaculture with 137 outbreaks recorded in 2016éltiag in large economic losses [1].
Study of the underlying immune mechanisms of inéectvith SAV will aid preventative

measures including vaccine development.

SAV affects salmonid fish in both fresh and saltevan Northern Europe and has 6 known
sub-types causing PD in different geographicalsaf2h Until recently, SAV sub-type 3
caused all known outbreaks of PD in Norway [3]2011, SAV2 was reported as the
causative agent of PD for the first time and itsaduction traced back to 2010 [4]. Despite
small genetic differences between the sub-type¥,23#as a tendency to cause a less severe
disease and fewer mortalities than SAV3 in Norw&yg]. Fish surviving PD can be subject
to down-grading of fillet quality at slaughter flaer compounding the financial losses caused
by mortalities [7, 8]

PD is characterised by inflammation and necrostarnget tissues starting in the pancreas and
followed by lesions in the heart. Skeletal musslalso affected, but is usually only observed
in field outbreaks due to the brevity of experinamtfections. Mortality is isolate dependent
and can be difficult to reproduce experimentaligc@dary stressors to SAV infection, such

as anti-lice treatments and fish transport, hase béen linked to increased mortality [6, 9].

SAV is an alphavirus and in humans, alphavirusdtibns are controlled by both humoral
and cellular immune responses, but the innate inemnesponse, starting with interferon

(IFN) production is central to controlling the aeythase [10-12]. The classical IFN response
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promotes and maintains an anti-viral state in ttleps On gaining access to cells viral RNA
is recognised by several intra-cellular patterrogaation receptors (PRRs) such as LGP2a,
MDA-5 and TLR7 and 8 that are also found in tele@std signal the production of IFN [13-
15]. The second step maintains the anti-viral statie the transcription of a myriad of
interferon stimulated genes (ISGs) of which theeeaver 300 known in mammals [16]. The
immune response can also lead to damaging inflaramat the affected tissues of fish not

only for PD, but for other viral diseases such &wiand CMS [17].

Pancreas disease affects Atlantic salmon at maitieg and as such a bath immersion in
seawater is the most relevant experimental modgiidy the immune response to SAV
infection as it mimics the natural route of infecti Our own recent experiments have shown
that when fish were infected with SAV3 two weekeateawater transfer, immune
responses were short-livediim. infected fish and delayed in fish infected by bath
immersion [18]. Others have also reported diffeesna transcription of immune genes
during infection before and after transfer to seawg 9]. Even without the added pressure
of a pathogen challenge salmon have shown changdhse transcription of immune genes
during smoltification [20, 21]. The increased metabload of preparing for life at sea leaves

salmon with a reduced capacity to cope with strssiscluding infection [19, 22, 23]

This experimental SAV3 infection was carried owté&eks after seawater transfer and
constituted Phase B of a two-phase experiment beditp compare the immune responses of
fish to SAV3 at different times after seawater #f@n. In Phase B two experimentally
infected groups of fish were used; the first wdsaimuscularlyi(m) injected with SAV3,

and the second was bath immersed using a previdaskyribed protocol featuring a natural
infection route and a defined time of infection].ZBhe response to infection was evaluated
by analysing RNA from head kidney tissue for ttamgcription of 15 different immune genes

and by histological examination of pancreas andthissue.
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2.0 Materials and Methods

2.1 Experimental design

This experiment formed Phase B of a two part expent designed to compare immune
responses to SAV3 infection at different timesratitensfer to seawater. The Phase B
Atlantic salmon post-smolts (average weight 89 gjantransferred to seawater (34.5 %o) at
12°C, nine weeks before the start of the experiraeMatre Research Station. They were
transferred to the Institute for Marine Resear8hR) in Bergen one week before the
infection experiment started (Fig.1). Three groapthese fish were held in triplicate tanks, a
control group (CT-B), injected with non-infectedlailture supernatant and two groups
infected with SAV3 by.m. injection (IM-B) or by bath immersion (BI-B) (Fid.). Thei.m.
injection dose was f0rCIDsy SAV3 per fish for both the experimental IM-B groapd for
shedder fish, which were used to produce the immedose. The shedders were injected
one week prior to day 0 (Fig.1). These experimgmtatedures were identical to those used
in the Phase A of this 2-part experiment (Fig.The design of this experiment and all
procedures were approved by the Norwegian AnimakResh Authority. The average Ct
value when SAV RNA was measured in 1 litre of fét@/concentrated shedder tank water
was 34, which from previous experience with thieation model indicates a relatively low
level of infectious virus for the BI-B group [245R However, since bath immersion was
carried out for 6 hours this exposure allowed anopleortunity for infection. The SAV3
isolate used was subsequently discovered to berwomated with infectious pancreatic
necrosis virus (IPNV). All IM-B group samples wesereened for IPNV RNA and 4
individuals (4.2%) were found to be positive (Cits>86). The level of IPNV compared with
the SAV was so low it is unlikely to have causeg discernable effect on the interpretation

on the immune gene transcription evaluated posttidn.



113 2.2 Sampling

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

115 immersion and this constituted the bath immersiosed The water was filtered/concentrated
116  and eluted in lysis buffer [24]. Each tank contdi®® fish and 8 fish were sampled from

117  each tank (24 from each group) at 3, 7, 14, 21 2&dpi. Half of each heart and head kidney
118  tissue was sampled for RT-gPCR analysis and flesteh in liquid nitrogen. Pancreatic

119  tissue and the other half of the heart were sanfplekiistology from 4 of the 8 fish sampled
120 from each tank at 7, 14, 21 and 28 dpi. The tissafixed in 10% neutral buffered formalin
121 and processed as described previously [24]. Rempiasee sections from 21 and 28 dpi are

122 included to show the development of PD.

123 2.3 Total RNA isolation, cDNA synthesis and qPCR

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

125 validated as described previously [24]. Randomituehecks were performed on 5% of all
126  RNA samples and showed RIN value8. RNA extracted from heart tissue and

127  filtered/concentrated tank water was analysed &V 8NA using a one-step PCR (AgPath,

128  Ambion) and detected using a TagMan nsp-1 assdy [26

129  For immune gene analysis, cDNA was transcribed ftqug total head kidney RNA in a 20
130 pl reaction using qScript™ SuperMix (Quanta Biosces) including priming with both

131 random hexamers and oligo-dT as described in thufaeturer’s instructions. cDNA was
132  diluted 1:10 before use, as gPCR on pooled cDNAvskdahat this was an optimal dilution.
133 All primers and assay data are listed in Tabledsays for TLR7, TLR8al, MyD88, MDAS5,
134 LGP2a, IRF7, IFNa, Mx, IF CXCL11-L1, IL-18, CRFBS5, IL-8 and IL-4/13A were used
135 and their design and validation described previo[i]. In addition, an assay for Viperin

136  was adapted from a published study [27]. All hemlthéy cDNA samples were analysed for
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the above mentioned assays. Elongation factor FAAE [28] was used for normalization as
this gene has been validated as the most useérerefe gene in Atlantic salmon infected

with SAV [29]

gPCR was run in 384 well plates using BrilliantWlitra-Fast SYBR Green master mix
(Agilent) and an Applied Biosystems 7900H Fast sege detection analyserina 7 pul
reaction volume containing 2 pl diluted cDNA and@4M of each primer. The running
conditions were as recommended by the manufadnokrding melting curve analysis for

each run.

2.4 Data Analysis

The Ct values were normalized using the Ct valt@®s the EF1A assay run on the same
plate for each individuaCt). Fold change of transcription for each reswdswalculated by
subtracting the relevant meaRt values obtained from calibrator fish, sampletbleday O
from theACt from each result (2*“') [30]. Outliers were not removed as they repregeant

real biological diversity within these groups.

At -test was used to examine differences betwieemaositive IM-B fish and CT-B fish. T-
tests use averages in their calculations, but mediad ranges were used for discussion and
visual representation as they more accurately gpttre spread of the data. Due to the small
number of positive results in the BI-B group thessults were excluded from statistical
analyses, but are presented as individual datagpmirsupplementary figures with trend lines
for the IM-B and CT-B groups for comparison (S4yefage transcriptions of positive and

negative fish in both infected groups are alsoudet (S3).

In addition, it was of interest to compare immueeg transcription between Phase A and
Phase B fish to determine any changes in eithenheine status or the immune response as

assessed using the transcription of the same Bsammmune genes. T- tests were used to
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determine differences in gene transcription lebelsveen CT-A and CT-B and between IM-

A and IM-B. Figures were prepared using Prism Gfaphpad.com) and Excel 2013.

3.0 Results

3.1 SAV infection and PD status

SAV viral loads and prevalence in these groupsifefcted fish from both Phase A and Phase
B of this experiment have been reported previo[&1y. PD status was determined by
analyzing heart tissue for the abundance of SAV RINA by the histological examination of
heart and pancreatic tissue. Prevalence in th8 ijleup accumulated quickly with 21 of 22
fish positive at 7 dpi and it remained almost 1080all later time-points (Fig. 2A).
Prevalence was plotted as a percentage of fislysathto take account of samples being
unavailable for technical reasons (samples lognhsuitable). The BI-B group had only 4, 5
and 7 positive fish at 14, 21 and 28 dpi respelgtisad the viral loads in these fish were
similar to the IM-B group at 14 and 28 dpi (Fig.)2Bt 21 dpi the positive BI-B group
individuals had relatively low viral loads. In thd-B group where prevalence increased
rapidly to 100 %, the viral load also increasedaf4 dpi after which it decreased, falling to
7 dpi levels at 28 dpi (Fig. 2B). The histopathglag the pancreas showed moderate changes
in the IM-B group at 21 dpi and relatively low sesiin BI-B fish at 28 dpi, in the presence

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

typical PD histopathology of the heart (Figs. 2 &i).

Prior to the start of this experiment the fish weceeened and found to be negative for SAV
and PRV RNA. Despite this two fish in the CT-B goadested positive for SAV RNA (both
at 28 dpi with nsp-1 Ct values of 27 and 30). Thast likely resulted from cross-

contamination during sampling or analysis. In additthese fish did not show any
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discernable anti-viral immune responses furthegesting that the positive SAV result was

due to cross-contamination.

3.2 Immune gene transcription

The immune responses observed in groups of figtied after 2 weeks in seawater (Phase
A) have been previously reported [18]. Similarlyat&idney samples from all the fish
sampled at all time-points (Phase B) were analyaedl5 genes associated with the innate
immune response. However, only the data from fissitive for SAV RNA in heart have
been included in the analyses and in the figurebdth infected groups since so few BI
group fish became infected. The individual valusspiositive and negative fish at 2 decisive
time-points are shown in S1, (3 dpi for IM groupdes2 (28 dpi for the Bl group). To
further illustrate the validity of excluding theriderable number of negative fish in the Bl
group, graphs showing the average transcriptiopdsitive and negative fish in both
infected groups are shown in S3. The negativeifithe BI-B group trended with the CT-B
group at all time points. Whereas the negativeifisine IM-B group at 3 and 7 dpi trended
with the positive individuals for several immunenge (S3) and 100% prevalence was

attained in this group at 14 dpi.

3.2.1 Genes encoding PRRs

Two genes encoding PRRs associated with endososrabnanes, TLR7 and TLR8al were
examined. Both TLRs were upregulated with mediandcriptions of 17-fold (TLR7) and
5.7-fold (TLR8al) at 7 dpi in the IM-B group. Alhte-points with positive fish in the BI-B
group showed greater median fold increases for TRV TLR8al than the IM-B group
(Fig. 3 and S4). Additionally, TLR7 showed approaiely twice the fold increase in
transcription in both infected groups comparedit®8al (Fig. 3). For MDA5 and LGP2a

that interact with viral dsRNA in the cytoplasm, MB transcription followed a similar
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pattern to the TLRs. Whereas LGP2a, one of the mmghty transcribed genes examined,

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

MyD88, was the most highly constitutively transedbimmune gene examined and displayed
only moderate fold increases (usually less thatt peaked at 7 dpi for IM-B and at 14 dpi

for the BI-B group (Fig. 3). IRF7, a central immumsponse regulator showed a similar
profile to the PRRs with a median fold increas@ bf3 and 12.8, in IM-B and BI-B groups,

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

3.2.2 Genes encoding immune-modulating proteins

Genes encoding effector molecules such as vipedrnivix were the most highly transcribed
genes measured in this study (Fig. 4). Two indigid showed more than a 400-fold increase
for viperin in the IM-B group at 7 dpi, but the ni@al value was 155 fold. Similarly, in the
BI-B group some individuals at each time-point kady high transcription levels compared

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

IFNa as one of the main immune-modulators resptngib stimulating a myriad of
interferon stimulated genes (ISGs) was up-reguletdubth infected groups, where 8 and 9-
fold increases were observed at 7 and 14 dpi irBIhd BI-B groups respectively (Fig. 4).

In contrast, the gene encoding its cellular reag@&FB5 was only up-regulated 4 fold at 21

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

3.2.3 Genes encoding inflammatory cytokines

IFNy and CXCL11_ L1 were up-regulated in both infectealgs, with the highest fold
increase in the BI-B group peaking at 21 dpi andij4respectively, compared to 7 dpi for
both gene transcripts in the IM-B group (Fig. 4 &#j. Other interleukins showed little or no

up-regulation in the IM-B group. Conversely, I1B;1L-8 and IL-4/13A showed clear
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increases in transcription in the same 3 SAV pasiish showing an increased transcription

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

3.2.4 Magnitude of transcription

Fish in the IM-B group that were negative for SAXAR at 3 dpi frequently showed
comparable immune gene transcription to positidéviduals probably because prevalence
reached 100% for the IM-B group shortly afterwa(@%). In contrast, the median fold
increases were always higher in the 7 positiveviddals in the BI-B group at 28 dpi

compared to the negative individuals in this gratfhis time-point (S2).

Viperin and Mx were the most highly up-regulatedeg The IM-B group with 100%
prevalence at 7 dpi also showed peak gene tratiscrijpr all genes assayed at this time-
point decreasing thereafter and mostly returning dpi levels by 21 dpi. Most genes in the
IM-B group had significantly higher transcriptiogvels at 7 and 14 dpi compared to the CT-
B group, except CRFB5, IL-8, ILfland IL-4/13A (Table 2). At all other time-pointsete
were almost no significant differences in transiooip between the CT-B and the IM-B
groups for any of the genes assayed (Table 2) BHBgroup with few positive individuals
exhibited large ranges of fold increases, but mredaues followed the IM-B response for
many genes (Figs. 3-5, S4). The exceptions wereBERIE-1f, IL-4/13A and IL-8 where

the median values were significantly increasedladi@ in the Bl group and were clearly
accounted for by the same 3 individuals (S4). Alssitive individuals at both 21 and 28 dpi
in the BI group clearly showed different gene gesfi(S4). This is illustrated by a heat map
of fold changes in the transcription of all genasthe seven BI-B fish that tested positive for
SAV RNA at 28 dpi, where individual fish have vel§ferent imnmune response profiles
(Fig. 6). Individuals 3 and 5 show high respondamany genes whereas individuals 4, 6 and
7 show only a few raised inflammatory genes, wimithviduals 1 and 2 appear unresponsive

for all genes by comparison. Interestingly, th@Moad in heart (nsp-1 Ct value) appears to
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be unrelated to the immune gene transcription pattesessed in kidney tissue despite the

systemic nature of PD (Fig. 6)

3.3 Smoltification status, and effect of adaptatiore in seawater

The fish in these experimental groups had beesfeared to seawater 9 weeks before
infection and therefore sodium potassium ATPaseANI€vels were not evaluated as it was
assumed they had developed good seawater toledarfeet fish from the same production
batch challenged only 2 weeks after seawater taifBhase A) were evaluated and found to
have acceptable NKA activities with no influenceS#V infection in gill tissue [24].
However, the effect of this extra time in seawatethe basal transcription of immune genes
compared to fish transferred only 2 weeks befoedlehge [18] was interesting. The
transcription of viperin, IFNa, MyD88, TLR7, TLR8ahd IRF7 was significantly increased
in CT-B fish compared to CT-A fish (Fig. 7A). Comsely, the transcription of some

inflammatory genes (IL-8, IL{, IL-4/13A and IFN) was higher in the CT-A fish (Fig. 7A).

In addition, when the IM-A and IM-B groups werengoared it was found that IM-B fish
had significantly higher responses for viperin, &ENyD88, TLR7, TLR8al and IRF7 at 7
and 14 dpi (Fig. 7B and Table 3). Whereas, segmaés had significantly lower
transcription in IM-B compared to IM-A including 113, IFNy, LGP2a and Mx at 7 and 14
dpi (Fig. 7B and Table 3). Unfortunately, there &v&yo few SAV positive fish in the BI-B

group to make any meaningful comparison with Blighf

4.0 Discussion

4.1 SAV infection and PD status

Fish in both IM-B and BI-B groups became infectath8AV. Fish in the BI-B group were

infected to a much lesser extent which can beypaxiplained by exposure to a reduced
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amount of SAV in the shedder water compared tdNhR8 group that were injected. The
relative paucity of virus produced by the sheddsdr vas probably due to their smoltification
status which has been discussed previously [24ihAshedder fish and the BI-B group fish
were from the same batch of fish the effect onBhR8 group was two-fold, since not only
did the shedder fish produce less virus, but th& Btsh were less susceptible [24].
Conversely, although the IM-B group were also fritw@ same batch as the BI-B group, their

dose was injected and all these fish became irdeantd developed PD.

The fish negative for SAV in heart tissue in theB\Wroup at 3 dpi that exhibited some
immune gene transcription (S1) was surprising stheensp-1 assay for SAV RNA is very
sensitive, but these individuals may have had wiraeAt 28 dpi the immune gene
transcription in the BI-B group was more compleante of the seven SAV positive fish at
this time-point probably represent naive fish itdelcafter day 0, for example: infection that
resulted from shedding activity of the fish thatrevenfected on day 0. Fish showing high
viral loads at 28 dpi in the BI-B group were posgiiore recently infected compared to IM-
B fish (injected on day 0) whose viral loads pea&el4 dpi and were decreasing by 28 dpi
(Fig. 2B). The possibly delayed infection of sonfi¢he 7 positive fish at 28 dpi in the BI-B
group is also illustrated not only by the rangeiodl loads in the heart tissue, but also by the
relatively large ranges of immune gene transchiiidConversely, at 21 dpi the viral loads in
in the BI-B group were lower than at either 14 8rdpi, perhaps indicating the beginning of
a second round of infection in this group. This ¢tyye@sis demonstrates the infectious nature
of SAV since the exposure was to very few positisie (prevalence 16 % at 14 dpi and
undetectable at 7 dpi) and the fish density wasedsing throughout the experiment due to

sampling.
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4.2 Anti-viral immune response

Genes involved in early innate responses; TLRs, M[DMyD88, IRF7 and even IFNa and
Viperin were expressed in synchrony in the IM-B &k groups. In contrast, the BI-A
group showed a delayed transcription of these gem@pared to IM-A fish [18]. Many of

the genes showed a pattern of maximum transcriptidhdpi in the IM-B and at 14 dpi in
the BI-B group. Had there been positive fish sachalie7 dpi the BI-B group they may well
also have shown peak transcription at 7 dpi, a@sariM-B group. In fact the median trend
lines for several immune genes of these 2 groupsf@dted fish (Figs. 3-5) suggest that there
could have been infected fish (SAV positive) atprid the BI-B group. The prevalence was
probably too low to be detected by sampling onfisB from each tank (from 50 remaining
fish at this time-point). This result is in cleamtrast to the BI-A fish, where although
prevalence reached 100% at 14 dpi, peak transzmipfi immune genes was at 21 dpi [18].
This could indicate that at later times after seaawtansfer the natural infection route in the
BI-B group resulted in a faster response time we&bhk immune gene transcription following
the IM-B group and peaking earlier than in the Bg@up. This is further illustrated by the
increased transcription of IFNa, MyD88 and TLR8akeveral negative fish at 7 dpi in the
BI-B group (data not shown). Similarly, the negatfish in the IM-B group at 7 dpi showed

comparable transcription of innate immune gendkagositive fish at this time-point (S3).

The transcription of the TLRs analysed showed grdatd increases in TLR7 than for
TLR8al, however TLR8al has between 5 and 10 tingtehconstitutive transcription
levels meaning the transcription of these two TirRisfected groups were comparable.
Similarly, for the cytosolic PRRs, MDA5 showed omly.5 fold increase in both infected
groups compared to LGP2a that showed 11 and 35mmaéxold increases in the IM-B and
BI-B groups, respectively. However, MDAS has a #ir%es higher resting transcription level

compared to LGP2a, that could also indicate moualdgvels of these two transcripts. These
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observations indicate that fold increases alonaatr¢he best way of reporting immune

responses.

The IFN response was relatively robust in bothdtéd groups of Phase B fish, with high
transcription of IFNa at 7 and 14 dpi in the IM-&H group, whereas positive fish in the BI-
B group had high IFNa transcription at 14 and 28 Bp contrast, the Phase A fish have
previously shown both a transient IFNa transcriptioIM-A fish and a very weak
transcription of IFNa in BI-A fish [18]. The morestained IFNa response in the Phase B
trial could be a result of higher TLR transcriptitiat was approximately twice that seen for
TLR7 and TLR8al, in Phase A fish [18]. Howeverstapparently improved IFNa response
is not further reflected in higher transcriptiofid®Gs, since although viperin transcription is
similar, Mx transcription was half of that in Phaséish. Clearly the ISG levels needed to
effectively fight the infection are beyond the daitity of most individuals, or that the
transcription seen for these genes is not corelatth production of functional anti-viral
proteins [31]. In fact, it has been demonstrated ¢mly when IFNa (recombinant protein) is
added i(n vitro) before infection [32] or occurs naturally at heglbasal levels (in a viral
resistant salmon strain) [33] is SAV susceptibititggduced. Further, the natural increase in
cortisol during smoltification and after seawatansfer [34] may have reduced the ability of
these fish to mount an immune response duringdhg seawater stage (Phase A). Reduced
circulating levels of serum proteins and IgM haeeireported in smolts in freshwater and
after seawater transfer and have been taken astods of reduced immune competence of
Atlantic salmon smolts [35].

It has also been demonstrated that SAV can inkigital transduction via the JAK/STAT
pathway [36] and can also increase the transcnfdSOCS1 an inhibitor of cytokine
signalling [37]. Such a survival strategy for theug could result in reduced ISG production

including the lower Mx transcription observed i tivi-B group. Viperin could conceivably
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remain unaffected due to an alternative mechansnaiperin production during the innate
immune response via IRF1 or IFR3 [38], which hasnbgtudied in experiments with
terrestrial alphaviruses [39].

Interestingly, at 21 dpi some of the BI-B positiigh showed a spike in transcription of
genes associated with the inflammatory respons#, asi IL-B, IL-8, IFNy and also IL-
4/13A. The inflammatory response could not be 1aihistologically since only 1 of the 3
fish showing high fold increase of these genessaeaspled for histology. Additionally,
despite the systemic nature of SAV infection thegypears to be no correlation between
either viral loads or immune responses (measuréeant and head kidney respectively) and
histopathology in the heart or pancreas. Howevampared to the Phase A fish, both
infected groups from Phase B exhibited lower nasrokexocrine pancreatic tissue and
similar cell infiltration and inflammation in pareas sections, but only the BI-B fish showed
increases in the transcription of inflammatory gene

The magnitude of transcription in Phase B was sinfdr many innate immune genes in both
infected groups and the BI-B fish gene transcripti@s largely in synchrony with the IM-B
fish. The notable exceptions were the inflammatmeyes assayed at 21 dpi in some of the
positive fish from the BI-B group. Although all #efish were able to eventually overcome
the virus, indicated by the declining SAV RNA leveilt 28 dpi, they still developed the
clinical signs of PD. The BI-B group showed cleatications of multiple infection points
probably due to the low prevalence of infectiothat beginning of the experiment and the

plethora of naive fish remaining.

4.3 Effect of time after seawater transfer

The injection of SAV3 into the salmon transferrecseawater 9 weeks earlier (Phase B)

resulted in relatively little shedding of infect®uirus, reducing the bath immersion dose
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[24]. When transcription levels of the immune gewese compared in the control groups
(CT-A and CT- B), CT-B fish had significantly highanscription of several key
components of the innate immune response. Vipdta, TLR7, TLR8al and IRF7 had
between 2 and 4 times the basal transcription &ta-points compared to CT-A fish
(Fig.7A). This suggests that the longer adaptatioseawater allows more energy to be
diverted into maintaining immune parameters thay heve been down-regulated directly
after seawater transfer. Previously, salmon imngeres have been shown to be severely
repressed by seawater transfer with no recovesctit for at least 3 weeks post transfer
[23]. The significantly higher response of vipeliiiNa, TLR7, TLR8al and IRF7 in the IM-
B group at 7 and 14 dpi (Fig.7B) was presumablyg BEneficial in clearing the virus and
reducing pathology, indicated by a lack of typicahrt pathology in this group. For
example, the IM-B group had a higher and more suesladFN response compared to the

transitory response in IM-A fish [18].

This study indicates that smolts fully acclimatizecseawater have not only an increased
immune response, but a different one that is acemieg by a higher basal transcription of
several innate immune genes. Parr showing morplaalogigns of smoltification showed
increased susceptibility to another viral dise#SAV [40] and parr compared to smolts
recently transferred to seawater showed both Iawval loads piscine orthoreovirus) and
increased basal levels of innate immune genes [1&juld therefore be suggested that after
nine weeks in seawater immune gene transcriptianratarning to pre-transfer (parr) levels
and that a compromised immune response is houdt oddiving in seawateper se, but

rather the length of time in seawater.

The apparent reduced transcription of inflammatmges (IFN, IL-8 and IL-13) in CT-B
fish (Fig. 7A) could be a result of CT-A fish beisimulated when initially exposed to the

plethora of environmental bacteria present in sé@wzusing raised trancription of these
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403  genes. Also the reduction of inflammatory genedcaiption (IFNy, IL-8 and IL-18) in IM-B

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

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

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

407 challenged at different times after seawater tearehd therefore allows direct comparison in
408 their immune response to a viral infection. BothhAvnd CT-A groups showed reduced

409 transcription of innate immune genes compareddcetjuivalent groups 7 weeks later (Phase
410 B). This comparison clearly implicates time afteawater transfer as a factor for

411  consideration if fish are to mount and maintaina@eareffective immune response. After nine
412  weeks in seawater the fish in this study were ablaount a more robust and appropriate
413  immune response and thus reduce pathology.

414
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HSMI heart and skeletal muscle inflammation
IPNV Infectious pancreas necrosis virus

ISG Interferon stimulated genes

RT-gPCR reverse transcriptase quantitative polysgecaain reaction
PPR pattern recognition receptor

PAMP pathogen associated molecular pattern

PD pancreas disease

SAV salmonid alphavirus

SPDV salmonid pancreas disease virus

TCIDsg 50% tissue culture infective dose

TLR toll-like receptor
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Figure legends
Fig. 1 Experimental set-up.

All fish were from same production batch and alteveansferred to seawater at the same
time. The Phase B groups are presented here. TH& g¢dup was.m. injected with non-
infected cell culture supernatant, the IM-B grougsivm injected with 16 TCIDsy SAV3,
similarly to the shedders and the BI-B group wabéain water containing shed virus from
the shedder fish (shedder water). The experimestpggormed in triplicate tanks for all
treatment groups, 65 fish in each tank. Sampling figh per tank (24 fish per group) was

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

Fig. 2 PD status of the infected groups

A. Percentage prevalence of SAV RNA measured irt lisaue in IM-B (black bars) and BI-
B (dark grey bars) groups at all time-points. 24=for both groups and all time-points
(except for the IM-B group at 7 and 28 dpi where 22 and 23 respectivelyB. Ct values

for nsp-1 assay in all fish positive for SAV RNAofted in reverse, representing viral load, in
IM-B group (©) and BI-B group ¥ ) at each time poinC to F. Histological sections of IM-

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

50um

Fig 3. Transcription of PRRs and early innate gene

The figure shows the transcription of PRRs; TLRIZRBal, MDAS5, LGP2a and the early
innate genes for MyD88 and IRF7 in head kidneygsat 3, 7, 14, 21 and 28 dpi. The y axis
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represents normalized, fold transcription incredsesach treatment group compared to
calibrator fish sampled before day 0. Boxes repretse 25" and 7%' percentiles for each
group with the median value shown by a black bdhis box. The whiskers represent the
maximum and minimum values for each group. Opeas tepresent the CT-B group, dark
grey bars the IM-B group and light grey bars theBBjroup. Trend lines indicate
transcriptional changes over time; solid line IMgiup and dashed line the BI-B group.
Asterisks denote statistical significant differembetween the IM-B and CT-B groups
0.05, **p<0.01and ***p<0.001

Fig 4. Transcription of immune modulators and IFNs.

The figure shows the transcription of interferar @ne of its cell receptor components
(CRFB5), Viperin, Mx IFNy and CXCL11 L1 in head kidney tissue at 3, 7, 14a@d 28

dpi. The y axis represents normalized, fold trapsion increases for each treatment group
compared to calibrator fish sampled before daydxeB represent the 2&nd 74’

percentiles for each group with the median valu@vshby a black bar in this box. The
whiskers represent the maximum and minimum valaesdch group. Open bars represent
the CT-B group, dark grey bars the IM-B group agttlgrey bars the BI-B group. Trend
lines indicate transcriptional changes over tinodipdine IM-B group and dashed line the
BI-B group. Asterisks denote statistically sigrafint differences between the IM-B and CT-B
groups: *p < 0.05, *p<0.01 and ***p < 0.001

Fig 5. Transcription of interleukin genes

The figure shows the transcription of 3 interlewkii-13, IL-8 and IL4/13A in head kidney
tissue at 3, 7, 14, 21 and 28 dpi. The y axis sgres normalized, fold transcription increases
for each treatment group compared to calibratbr SEmpled before day 0. Boxes represent
the 24" and 7%' percentiles for each group with the median vahew by a black bar in

this box. The whiskers represent the maximum amdmum values for each group. Open
bars represent the CT-B group, dark grey barsNkB Qroup and light grey bars the BI-B
group. Trend lines indicate transcriptional changesr time; solid line IM-B group and

dashed line the BI-B group. Asterisks denote gtediby significant differences between the
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IM-B and CT-B groups: 1< 0.05, **p<0.01 and ***p < 0.001 Vertical scales have been

kept constant to allow comparison between genes.

Fig 6. Heat map of gene transcription in positiveridividuals at 28 dpi in the BI-B group
The relative transcription of all immune genes gsdashows the range of immune responses
in the individuals positive for SAV RNA in head kiely at this time-point indicating that
these fish were at different stages of their immuesponse and further suggesting they had
been infected at different time points after théahbath immersion on Day 0. Blue through

yellow to orange and red denotes low to high fadah$cription.

Fig 7. Changes in gene transcription in head kidnelgetween Phases A and B in the CT

and IM groups

A. Average differences in basal gene transcriptiawéen CT-A and CT-B groups
(including all time-points)B. Average differences in transcription between IMuAd IM.B
groups at 7 dpi (black bars) and 14 dpi (grey b&8jerences in gene transcription between
Phases A and B are shown as fold changes minhsd showing transcription greater in
Phase B as positive values and transcription greathase A as negative values. Gene
transcriptions significantly higher in Phase B camgal to Phase A are marked ** and ***

denotingp values of < 0.01 and < 0.001 respectively. Gemesttriptions significantly higher
in Phase A compared to Phase B are denoteddny°° with p values of < 0.05 and <0.001

respectively.

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

Transcription of immune genes (fold increases)lidiM&B group individuals at 3 dpi in head

kidney. At this time-point prevalence was 36% alhals the comparison of immune gene
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transcription between individuals positive or négator SAV RNA. The black bars
represent the median value for each group. Thesyisva Logo scale to render the individual

data points more visible.

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

Transcription of immune genes (fold increases)lldBBB group individuals at 28 dpi in
head kidney. At this time-point prevalence was 28% allows the comparison of immune
gene transcription between individuals positiveegative for SAV RNA. The black bars
represent the median value for each group. Thasyisva Logo scale to render the individual

data points more visible.

S3. Average immune gene transcription in all Phas® fish positive or negative for SAV

RNA

Graphs show the average fold change = SEM in imngene transcription in head kidney
for fish in all groups in Phase B for all genesagssl. Both positive IM-B (red) and BI-B
(blue) and negative IM-B (dark red), BI-B (lightual) and CT-B (black) groups are

represented on all graphs.

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

These graphs show the same data as in Figs. 3-Show all positive individuals as open
circles in the BI-B group for each gene assayet wiblack bar showing the median. Median
values for CT-B and IM-B groups at each time-pairg joined by dashed and solid lines

respectively for comparison.



670 Table 1 Primers

29

671  Primers used in the analysis of immune genes tegetith their amplicon sizes, relative efficiencasd the Genebank accession number used

672  for primer design or the reference for previousiplshed assays.

Amplicon
Target gene Forward primer 5'-3' Reverse primer 5'-3' Ieﬁgth Efficiency Reference/Genebank accession No.
(bps)
Viperin AGCAATGGCAGCATGATCAG TGGTTGGTGTCCTCGTCAAAG 101 2.03 Grove 201322]
IFNa CCTGTGTATCACCTGCCATGAA GCCTGTGCACTGTAGTTCATTT 100 1.95 NM_ 001123710
MyD88 CGTGGATAGAAAAGACGTTGTG CAGGGTGATGCCTTGTCTTT 152 2.07 EF672332
TLR7 CGCATGACGAGGTCAGAAT GTCCTCTCTCAGTGCAATCTA 172 1.99 HF97058
TLR8al GGCTTTCAAAATCTCACAAGGAA CCTTAATGTCACATGGAAAGT 150 1.93 NP_001155165
IRF7 GGACTCAAACGACCCCCATA GGTTCAGGTCTAGGTGGTTCAA 194 2.10 NM_ 001136548
MDAS5 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-1p GAGAGGTTAAAGGGTGGCGA TGCTTCCCTCCTGCTCGTAG 145 1.89 NM_001123582
IL4 13A CCGACATCTGAGGGTTTACAA GCATTGTGTGGAGTTGGTGTA 170 2.06 AB574339
IFNy 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]

673

rainbow trout* and corresponding genomic sequeram®a fAtlantic salmon AGKD03005035



674  Table 2 Significant increases (t tests) in gene transorpin IM-B fish at all time-points and for all ges compared to the CT-B group.

675  Asterisks * denote significantly higher transcripti

30

Viperin IFNa MyD88 TLR7 TLR8al |IRF7 MDA5 CXCL11 L1 CRFB5 |IL-8 IL-4/13A IFNy LGP2a Mx
3 dpi - - * - * - - - R - N -
7 dgi Fokk Fokk *kk Fokk Fkk Fkk Fkk Fkk _ - *kk * *k sk
14 dpi *kk *kk *k *kk *kk *kk *kk *kk * _ Kok ok *kk
21 dpi - - - - * *x - - - - - -
28 dpi * - - - - - * _ _ _ *k *%

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

677

678  Table 3 Significant differences (t tests) in the gene tecaipsion of the IM group in Phases A and B. Astiesi% denote significantly higher

679  transcription in IM-B fish whereas circlesienote significantly higher transcription in IM{ish

680
Viperin IFNa MyD88 TLR7 TLR8al IRF7 MDA5 CXCL11 L1 CRFB5 IL-8 IL-1p IFNy LGP2a Mx
3dpi | * i } i o o § ; ; oo oo - )
7 dpi Kk Kk *% Kk Kk Kk - _ 000 000 000 000
14 dpi Kk Kokk Kkk Kokk Kk *kk _ _ 000 _ 000 000 000 000
21 dpi - *x - - - * ° *x - - - . ) )
28 dpl * ** - - *x - ooo - o - - ° 000 000

681 * °p<0.05,

** 00 n<0.01 and ***°°° p< 0.001



Phase A Phase B

( )| ( |
Seawater 7 wpt Transfer
Transfer  transfer 2 wpt Phase B fish 9 wpt
Phase A (O wpt) Day 0 to challenge Day 0
fish to Phase A facility Phase B
challenge ing: 28 dpi
facility 1 wpt Sampling: 3, 7,14, 21 and P! 8 wpt Sampling: 3, 7, 14, 21 and 28 dpi
Salmon J & T ? ? ? T_: l f ? ? ? f
in FW >
v |
OO0 control (CT-A) BBE 000 crs
Shedder IO i.m. injection (IM-A) Shedder OO v-8
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Average fold increase £ SEM
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Median fold increase
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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



