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ABSTRACT

Salmonid alphavirus (SAWausegpancreas disease (PD)Atlantic salmon $almo salat..)
and disease outbreaks areainly detectedafter seawater transfefhe influence of the
smoltification processn theimmune responsespecifically theadaptive response Atlantic
salmonafter SAV infectionis not fully understoodin this studyAtlantic salmon possmolts
wereinfected by eithebath immersion (BI) ointramuscularnjection (IM) with SAV subtype
3, 2 weeks(PhaseA) or 9 weekgPhaseB) after seawatetransfer Thetranscriptlevels of
genes related to cellular, humoral and inflammatory respavesiesvaluated oead kidney
samples collectedt 3, 7, 14, 21and 28 days postinfection (dpi). Correspondig negative
control groups (CT) were established accordinglgnificant differences were found between
bothphase and betweethelM andBI groups.Theantrinflammatory cytokindL -10wasup-
regulated irPhaseA atahigher levethan inPhaseB. High mRNA levels ofthe geneRIG-1,
SOCS1 and STATMere observed irall groups excepthe BI-B group (Bl-Phase B)
Moreover,the IM-B group showed a higheegulationof genes related to celkd responses,
such as CD40, MHI, and IL-15, that indicated the teation of a strong celinediated
immune respons€D40mRNA levels were elevateahe week earlier in the B3 group than
in the BFA group (BFPhase A). A significartip-regulationof IgM and IgTgenesvasseenin
both IM groups, but the presamof neutalizing antibodies t&AV wasdetectednlyin Phase
B fish at 21 and 28 dpin addition,we found differences in the badaVvelsof some of the
analysedgenes betweenontinfected control groupsof both phasesFindings suggest that
Atlantic salmon possmolts adapted falongertimeto seawatebbefore they come to contact
with SAV, developed a strorg humoral andell-mediated immune respondaring a SAV

infection
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1. Introduction
Pancreas dease (PD) is a systemic diseabaracterized by inflammation and cellular necrosis
in exocrine pancreas and subsequent severe cardiaskaletal myopathiesvhich results in
highmorbidity and mortalityf farmed Atlantic salmorSalmo salay[1]. Salmonid alphavirus
(SAV), a singlestranded, positiveense RNA virus of the familyfogaviridae is the
aetiological agent of PI5ix geogrghically distributed subtypes of SAhave been described
on the basis fopartial sequences of the E2 and nsP3 g¢RlesPD has been described in
Atlantic salmon farms in Scotland, Norway, Ireland, Fraggain, and North Amerida]. PD
outbreaks irsouthwestern Norway are mainly associated v@timaonid alphavirus subtype 3
(SAV3), which can be spread horizontally betwenghboringsaimon farmg4,5].
Atlantic salmonaquacultureis normally carried out in twophase: firstly, in landbased
hatchereswhere smolts are produced in freshwater tarsksgflow-throughand recirculation
systemsandlaterin an orgrowingphasein seawater cages untiarvest6]. It is during tre
seawatephasethatthefarmed Atlantic salmon areastvulnerable to infection from diseases
and parasitepartly due to less possibility of controlling the culture conditidf® instance
natural outbreaks of PD in Atlantic salmon have only been reported in the seplhzse]7]
and therefor®D outbraks and higher losses are reported in the ma@itbsseawater transfer
(SWT). It is known thasmoltification and the initial period following seawater transtea
time of high energyrequirementdue to the necessary physiological changesadapt to
seawaterThe snoltification process (also known as R&molt transformation) is a series of
physiological, morphological and behavioral chan[$98]. Moreover,immune suppression

characterized bg decreasef total whiteblood cells andcirculating lympghocytesa decrease
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of plasma lysozyme activity, total serum immunoglobylg) M and total serum protejand

a downregulation of some immune ges haseen described duringmoltification [9-12)].
These datauggesthat Atlantic salmon in the procesksmoltification and in the postmolt
period may be especially vulnerable to infectious disedsésk betweensmoltification and
susceptibility tdnfectiousSalmon Anemia Yfus (ISAV) wasproposed byslover et &, 2006

[13]. Despite the use of vaces,the PDchallengesn salmon farms persigbut few studies
have evaluadimmune responses of Atlantic salmorPid a few weeks after seawateginsfer
Previous studies employirigjection or cohabitation challenge models have demonstrated a
high level of expressionof Ild , t wo rldeNponsi ve-bg g psmggesnga n d
a sustained acquired immune response in the skeletal nil¥kcIMoreover, aapidactivation

of MHC | and Il responseduring theearly stages of SAV subtype 1 infectiomave been
reported15]. Enhanced expression ®fcell-related genes such ascell coreceptor<CD4-1
andCD8U and TCRb, as well adMHCII, normally expressednly on antigerpresenting cells,
have been detectelliring the later stages 8AV3 infectin [16,17,14].

We have established a bath challenge model based on the viral shedding cédgdtatytic
salmonexperimentally injectedvith SAV. When used in a bath challenge of naive fish this
SAV3 containing watemimics the natural exposure to waberne virus Compared to

cohabitation challenga,bath challenge model has the advantage of limthiegnfection time

to a small window which is useful when studying the time frame of the subsequent immune

responsesThe susceptibility ofAtlantic salmonpostsmoltsat 2 and 9 weeksogst seawater
transfer (wpt) tdSAV3 by comparing fish infected via thmath challege (Bl) modelandby
intramuscular(i.m.) injection (IM) has been reportgd8]. In addition, wehavestudiedthe
immunerelated geneegulaton of someantiviral immune genes argenes involved in the
pathways leading to interferofFN) regulationand the production of ISGsSmolts fully

acclimatized to seawater shedvan increaseiddnateimmune respons® SAV infectionand a

TC



97 higher basahbundanceof severalnnate immune geneslative to the smolts that were infected

98 shortly after seawater trans{ag].

99 In the present workwe have focused omnalysng transcriptlevels of genesdirectly or
100 indirectly involved in adaptive responsgsncluding genes that express cell surface
101 receptors/markersn Atlantic salmonpostsmoltstransferred to seawater seven weeks apart
102 and then infected with SAVBy Bl or IM. The obtained data will givea more comprehensive
103 understandingf the factorsdeterminng survivalof salmon suffering fronpancreas disease

104 after seawater transfand the associated immunological events

105
106 2. Materialsand Methods
107 2.1 Experimental design tissue collectionand RNA extraction

108 Atlantic salmon possmolts fromthe saméatch d fish (Aquagen straipwere challenged with
109 SAV3either2 (Phase Aaverage weight of &) or 9 (Phase Baverage weight of 8§) weeks
110 afterseawatetransfer(oxygen saturation of >85 %; 12 °C; salingy4 . 5N&) K*-ATPase
111  (NKA) enzyme activitywasevaluated inthe gills of fish from PhaseA andacceptable NKA
112  activity was observedand thus this was deemedhaveno influence orSAV infection[18].
113 NKA levels were not evaluated in fish frdPaseB because both groupglonged to the same
114  productionbatch andhfter 9 weeks, the fish appeared well adaptestéavater

115 The «perimentalsetup consisted ofthree groups negative control (CT) intramuscular
116 injection (M); or bath immersion (Blandeach of thesgroupswerein triplicate tanks with
117 65 fish pertank (Fig. 1A). Fish inthe IM group were infected with 160 TCIDsp SAV3
118 propagatedn Chum salmon heaft (CHH-1) cells[20] and quantified by ergoint dilution
119 assay (TCID50)21]]. Fish inthe Bl groupwerebath immersedor 6 hin seawé#er containing
120  SAV3, whichwasshedby shedder fish injected with 4DCID50 SAV3fish one week before

121 theexperiment started he kath immersion doseas estimated bgonestep RFQPCR assay
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of filtered/concentrated shedder tank watdnichresulted m anaverage Ct value of 28 and 34
in Phass A and B,respectivelyf18]. Infected groups frorPhaseA were named IMA and B}

A, and infected groups froPhasé8 were named IMB and BIB. Fish belonging tehecontrol
groupfrom PhaseA (CT-A) and fromPhaseB (CT-B) wereinjected withsupernatant afion
infectedculturesof CHH-1 cells. The SAV3 isolate prepared for use in this experiment was
later found to beontaminated with low levels ehfectiouspancreatimecrosisvirus (IPNV).
However,compared witlthe SAV3,the level of IPNV was so low that it is unlikely to have
caused any discernable effect on the interpretation on the immoeeegeillationevaluated
postinfection.In fact,anterior kidney samples frothe Bl-A groupwerelPNV negative and
only 6 fish in thelM-A group and 4 fish in thiM -B groupwerelPNV positive with very low
virus loadqCts all >36)[22]. Before handlingthefish werebath anaesthetizedvith a mixture

of Metomidate (10 mg'l}) and Benzocaine (60 mg't), and before samplindish were killed
employing Metomidat@nda higher dose dBenzocaine (160 mg1). The animal care and
experimental setup were performed in accordancethatlestablisheduidelines and approved
by theNorwegian Animal Research Authority (ID: 565FEurther information on experimental

procedures, fishand virus have begwblished previodg [18].

Total RNA from head kidney tissue sampldsscrited in ths study werepreviously used to

study innate mmune gene responseq2319]. Briefly, head kidney tissue samplegere
collectedfrom fish in each treatment growand frozen in liquid nitrogen & 7,14, 21,and 28

days postinfection dpi). Tot a l RNA was extracted using an
Kit (Invitrogen, USA.) with TRIzol® reagent (Ambio@nd f ol | owi ng t he me
instructions RNA concentration \@smeasued using a Nanodp ND-1000. Five percent of

the RNA samples from tissues were randomly chosen and checked for integrity on a

Boanal yser (Agil ent | ns t9fouatheamglestested.r esul t i ng
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2.2cDNA synthesis andquantitative PCR (RT-gPCR)
qScript E (Guanmdiosklénzes) wasagsto transcribeDNA from 1 pg head kidney
total RNA in a 20 i reactionincluding priming with both random hexamers and Olifjoas
described in the manufacturer's instructiofise cDNA wadiluted 1:10with AMRE SCOO0 s
sterile, Nucleaséree water (VWR)as this wagreviouslydemonstrated to be an optimal
dilution for the analysiperformed in tis study Assays folCD40,IgM andigT, SOCS1CD4-
1, cD8U Retinoicacidinducible protein 1 RIG-1), Nuclear factor kappght-chain
enhancer of activated B cellsl ¢ 8),Bour Interleukirs (IL), and thelL-2 Recept or b ¢
pr ot ei nwefetlesigh®IGor use in this studargetspecific RFgPCR primersvere
designed t@itherspan exorexon boundarie®r to haveat least one primer spanning an exon
boundary of the gene of interegtll assay products were visualized on a 3% MetaPhor®
Agarose gel (Lonza) and sequenced to yedhk specificity of the asgaAssays forSignal
transducer and activator o, fand Elongatioa factar pA i on 1
(EF1A) were adapted from previously published stufds26]. Efficiency wascalculated for
each primer set using triplicates divae-point, 4 x dilution seriesf pooled cDNA. ERA was
used for normalization and is considered the best option of several endogenous reference genes
evaluated for use with Atlammtsalmon during SAV infectiof27]. All primers and efficiency
data for the assays used in this studyliated in Table 1.
RT-gPCR was run in 38#ell plates using Brilliant Ill UltraFast SYBR® Green master mix
(Agilent) and Applied Biosystems 7900HT Fast R€mhe PCR system in a [{L reaction
volume containing 1L diluted cDNA and 400 nM of each primérhe running conditions
were as recommended by the manufacturer and a melting curve awalysieludedor each
run. The Ct values were normalized using the Ct values from the EF1A assay run on the same

plate for each individuabCt). Fold change (2% of transcript levefor eachindividualwas
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calculated by subtracting the relevant mg@ values obtained from 3 calibrator fish, sampled
before the start of the experiment (Day@tliers were not removed from any of the data sets
for either analgis or presentation in the figures, as they represent the real biological diversity

within these groups.

2.3 Neutralizing antibody titres to SAV

Blood was collected by caudal veimnture andplasmawas obtainedby centrifugng the
bloodat 16000 g fod5 minat 4 °Ctheday ofcollection Serum was allowed to clot overnight
and similarly separated the following day. All sera and plasma samples were st@@tCat
until analysis Eighteen plasma samples were randomly chosen from all groups iR lvadl

A and B and eighteen serum samples were randomly chosen from all groups in Bh2de B
and 28 dpiwith the exception that all individuals positive for SAVthe BFB group were
included). Serum samples were only taken from Phase BNlitralizing atibody titres to

SAV were measured by AghRood and Biosciences Institute (AFBI) in Belfast (UR].

2.4Data Analysis

The datdrom RT-gPCRwere transformed (+1, lag) and he normal distributiorwasproved

by L e v e nestéemploying the Statisticasoftware package Statistical analysis for
immunological parameters was performed by Graph Pad Prism 6.0 staisfiwalrepackage.
The statistical significandeetweengroups inPhaseA andPhaseB andbetweerboth phase
was determined using Oweay ANOVA on log transformed dafallowed byTukey's multiple
comparisons testResults showing < 0.05 are cosidered significantly differen#Although
these methods use averages in their calculatioediams were used for discussion and visual

representatin of the data, because of the asymmetric distribution of the data.
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Average transcripievelsof the genesanalysedn positive and negative fish in both infected
groups andn the control group are also included (Supplementary figures S1 andlBe).
staistical significance betweerontrol fish andish either positiveor negativefor SAV3 RNA
was estimated for each tested geneasd between aflamplingtime-points andalso forboth
phases whenthere was moréhan one positive or negative fish pemgding timepoint (data

not shown)

3. Results
3.1SAV3infection

Two groups of Atlantic salmopostsmolts from the same batolwhich were transferred to
seawater 7 weeks apantere infectedvith SAV3 by IM or Bl. The percentage prevalence at
each time pint was determirgk by analygg the SAV3 RNA in heart tissug¢18] (Fig. 1B).
Briefly, at the earlestsampling timepointsthefish in thelM -A grouphadahigher prevalence
of SAV infectionandhigher viral loadgshanfish in theBI-A group By 14 dpi tle prevalence
in the IM-A and BFA groups was 9.8% and 100%, respectively, htital loads werestill
lower in the BA group. At laer timepoints, all the BIA fish were positive (100% prevalence)
andsignificartly higher amountsf SAV3 weredetectedA maximumof 2 fish were negative
in the IM-A groupatthelast twosampling timepoints
In PhaseB, 95% of the fish inthelM-B groupwereSAV3 positiveat 7 dpi andheyremained
almost 100%positiveat all later timepoints. The viral load itheIM-B group increased up to
14 dpi after which it decreased, fallingléwels similar to those seen‘atpi levelsby 28 dpi.
The BFB grouphadonly a few positive fish at 14 dpi aritis remained the sammtil theend
of the experimentAt 21 dpi theSAV postive fish in theBI-B groupalsohad relatively low

viral loads.



221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

3.2 Transcript Profiles of Imnmune Response @nes
We have performed RPCRon head kidney samples collected at 3, 7, 14228 28 dpim
orderto study the effect of the extra time seavateron transcript leveloof immune gees
related to cellular, humorahnd inflammatory responserlhe reportedchanges intranscript
levelsare from median values calculated for the whole groupcivatrised8 fish sampled
from triplicate tanks @ltogeher 24 individualsper treatment at each sampling thpant).
Many of the changes are heavily influenced by the infection status of trenfishrot all fish
exposed to SAV werBAV3- positiveat all timepoints.Specifically,infected fish inthe BFB
groupfrom Phase Bvere only found at 14, 2And 28 dpi. Where theskfferenesbetween

positive and negative fishire significantthey arementioned.

Inflammatory response

Transcriptlevelsof IL-18, IL-10, RIG1, SOCS1 and STATfeneswerealso evalatedin
this studyto supplement our previous stedidescribingtranscript abundance of other genes
involved inthe inflammatory responsg23,19]. The mRNA level of pro-inflammatory fish
cytokinelL-18 was dowrregulated inall groups inPhaseA comparedo the calibrator fish
taken before the experiment start€hnverselyin Phase BJL-18 mRNA levels remained
stablein most individualsthroughout the experimerfFig. 2). Interestingly, asignificantly
highertranscript abundanagas detected at 7 dipi SAV3-positive fishin thelM-B group. A
14 dpi some of the individuals from the -B grouppresente@ 5- and 17fold increase when
the median value of the group wh$old.

IL-10, anantrinflammatory cytokineandmember of the class Il cytokine fagiwashighly
regulatedat 7 and 14 dpi in the IM fish, reaching a pea#tit 7dpi with 20-fold increasesIL -
10 displayeda 5-fold up-regulationin the BI-A group at 14 dpandit remainedsignificantly

elevatedat 21 and 28 dpi. In contrast -10 mRNA levelsin fish fromthe IM-B grouponly



246  showeda 4fold increase at 14 dpi in PhaseaBdwas almost unchregedin the BFB groupat
247  all time-points (Fig 2).

248 The viral RNA sensorRIG-1, was highlyup-regulated inPhase A.In the IM-A group the
249 RIG-1 mRNA levels pealed with 17- and 14-fold increases at 7 and 14 dpespectively
250 followed by a dromt 21 dpi. ish inthe BI-A groupalsoshowedsignificantup-reguldion of
251 RIG-1 transcript levelsalreadyat 7 dpj which peaked with significant 20and 15-fold
252 increases at 14 and 21 dpespectively The transcriptionpatternof RIG-1 wasdifferent in
253 PhaseB, where thanaximumreguktion was seemt 14 dpi inboththeIM-B and BIB groups
254  with moderatédold increases of 7.5 and fespectively FurthermoremRNA levelsof RIG-1
255 haddecreased bg8 dpi(Fig. 3.

256 Similar to RIG1, themRNA levelof SOCSlwashigherin Phase Ahan inPhase Bwith an
257 increasdor both infected groups at 7, 14 and®di in Phase AFig. 3) In thelM-A group,
258 SOCSltranscriptlevelspeaked at 7 dgiut quickly decreasedvhile the BI-A grouppeaked
259 at 14 dpito a levelhigher than the IMA group at 21 dpiBoth returned to control levels at 28
260 dpi. Fish psitive for SAV3 RNA inthe IM-A and BFA groupsexhibited higher SOCS1
261 transcript levelshanthenegative fistat 7 dpi(S1). Similarly, in Phase Bpositive fish showed
262 much highemRNA levelsof SOCS1 at 7 and 14 dpi in HA and atl4 and 21 dpi irBI-B
263 relative to thenegative fish at the same tirpeints (S2).

264 STAT1 hada similar patterrof modulationto SOCS1with boththe IM-A and BFA groups
265 showing increaseswhile in Phase Bonly theIM-B grouphadsignificant fold increases (Fig.
266 3). However, he sameoositive individuals exhibitinglevated fold increased SOCS1lalso
267 hadhigh fold increaseof STAT1(S1and S2.

268

269 Cellular response
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Theregulation ofCD40,CD8a, CD41, MHCIIDb, N Flla-BRb, IL-2 and IL-15 geneswvas
measured in an effort to evaluate cellular immune respahsey) the experimenihelevel
of the @stimulatory molecule CD4@RNA wasup-regulated in botthelM and BI groups in
Phase A and B. The highest faldangein theIM-A and BFA groups, corresponding to a 2
fold up-regulationcompared to the contrgroup,andwas observed at 21 dpntéeresingly, at
21 dpi,two negative individuals in the IM\ group showed more than &dald increase when
the median value ithelM-A group was Zold. Approximately2-fold increases were apparent
in theIM-B and BIB groupsat 14 dpi, one week earlier tharogps in Phase A (Fig). CD40
MRNA levelsin thelM-A, BI-A and IM-B groupsreached a peak 21 dpi andheBI-B group
showedonly amoderate increasguringthe course of the experime&AV-positive fish had
a higheraveragevalue of CD40mRNA abundanethan SA\tnegative fish irthe IM-A and
IM-B groups at 7 and 3 dpi, respectively.

TheT cell coreceptors, CD4 and CD&, were relatively unchangesthowing a slight down
regulationin all groups Fig. 4. CD41 transcript abundancen Phase A was ightly
downregulatedt 7 dpi, but by 28 dpit hadincrease®-3-fold in all grous. A different CD4

1 transcriptiorpattern wasbservedn infected groups in Phase B where the basiNA level
was lower than in Phaseakd unchanged throughout the sampfiegod (Fig. 4). IntheIM-
B groupat 3 dpj three SAVpositive individuals shoedmore than a 4old increasewhile in
the BI-B group two negative individuals showed éd 4fold increass, when the median
value in both groupwas Xfold (S2and Fig 3.

Differences in mediamalues of theCD8Utranscript leveldetween infected groups and control
groups in Phase A and B wesmall but there was alight downwardregulation in PhasA.
Whereas in Phase B transcripigere stable throughout the samplipgriod (Fig. 4.
Interestingly, some of the individuals frothe IM-A and BFA groups, which had high

transcript level®f CD8Uat 21 and 28 dpalso showeelevated levels oED40 and CDA4L.
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TheMHC 1 | b regl&iongatternwas different in Phase A amifor both infected groups
comparedd their respective contr®l(Fig.5). MH C | wab relatively unchangad Phase A.
The IM-B group showed a significant increaseMrH C | mRNA levelsat 14 and 2 dpi,
corresponding to doublingcompared tahe ®ntrol group, followed by a decreaae 28 dpi.
Moreover, the basahRNA levelso f t he MHCI | b wa@group thanhnethre i
CT-A groupsignificantly so at 14 dfiS3).

N F arBRNA abundance&vas slightlyup-regulatedn both infected groups in Pha&evhereas
in PhaseB transcript levels were stable Phase Athemedian value of each groapall time
pointswas mostly higher than in Phasevithenthe IM-A groupwas elevatedver 2fold at
21 and 28 dpi. In Phase Both infected groupseve highesat 14 dpi but decreassalcontrol
values a8 dpi (Fig. 3.

ThelL-2 R §eneencalesa cytokine receptor protethatinteracts specifically with 2. IL-

2 R franscript levels wereapidly up-regulatedafter SAV3 infection as indicated by the
detection ofelevated levelsn both infected groups in both phases at B(&y. 5. These
changes in transcripevelswere accompanied by changes in the control groups resulting in
significantly lowerfold changesn the BI-A groupat 28 dpj when boththe IM-A and CTA
groupsshowedover 2fold increass.

The members otheIL-2 subfamily of cytokinesnamelylL-2 and IL-15, wasalsoanalysed
(Fig. 6). IL-2 mRNA level was regulatedo only a small extenh both phaseswhile IL-15
MRNA abundancgasunchangedn Phase Aexcepta 2fold increaseat 14 dpi in the IMB
group Interestingly, the lower expression of-LmRNA in the BIA group at 28 dpi was

reflected in the lower expression of its receptof2Rb, at the same timpoint.

Humoral response

n
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Both IgM and IgTmRNA levelswere upregulatedduring the experimenbu a week later in

Phase A compared to Phas€Hy. 7). In Phase Aboth infected goups exhibitedhe similar

median value ofgM and Igr MRNA abundancand both were upregulatedl 21 and 28 dpi

In the IM-B group IgM andIgT transcript levelseached a p&aat 14 and 21 dpiespectively

and a trend of downregulationat 28 dpicould be seeigM mRNA wasonly up-regulated in
SAV-positivefish in theBI-B groupand5 of 7positv e i ndi v i d ufeld(4 4,4,b,owed
9) increase at 28 dpi €. Moreover IgT transcript leved in the BFB group werealsohigher

in SAV-positive fishrelative toSAV-negative fish at 21 and 28 ¢pnd such differences were

statisticallysignificant (S2).

3.3 Differences between control fish in both phases
We founddifferences in the bas#danscript levein some of theanalysedyenes betweethe
CT-A and CT-B groups (Table 2 and $3CD40, CD4-1, CD8J and SOCSiwere more
abundantlyregulatedin the CT-A thanin the CT-B, and the difference weresignificanty
higherat 3 and 28 dp{Table 2 and S3 The basaltranscript levebf N F 3, B -15, and RIG1
were alsosignificantly higher inthe CT-A group butonly at 28 dpi.In contrastother genes
showael a higherexpression ithe CT-B groupcomparedo theCT-A group as seen with the

MHCIIb at 14 dpjIgM at 7 and 14 dpiandthelL-18 with a peak at 7 dpi

3.4 Neutralizing antibody titres
Plasmaand serunsample collected at 21 and 28 dpi wassayed for the presence of SAV
neutralizing antibodiedn Phase Athe fish hadho detectable neutralizing antibodiesither
at21 nor at28 dpi.
Neutralizingantibodieswere notdetected in th@lasmasamples from theontrol fishnor in

those fromany ofthe infected groupat 21 dpiin Phase B. At 28 d@7% (12 of 18) othe

C
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IM-B group and 11% (2 of }&f the BFB groupplasma samplesad neutralizing antibodies
at detectablétres. All individuals showing an antibody response were positive for SAMRN
and in the BIB group bothSAV-postive fish with neutralizing antibodies haitreso f 1:40
(Fig. 8. Similarly, in the serum sample4,7% (3 of 18) of the IMB groupat 21 dpj 77% (14
of 18) of the IMB group at 28 dpiand 22% (4 of 18) of the BB group at 28 dpihad

neutralizing antibodieéTable 3.

4. Discussion
The salmonfarming industrysuffers huge economiclossesdue to PD outbreakasvery year
Despitethe use of vaccineagainst SAV by some of the farniaD is still regularlyobserved
during the grow-out phase in seawateflthough several studies have examinedmune
responseto SAV inAtlantic salmonmost ofthe mechanissgleading to protectiostill remain
unclear Thereforethe identification ofneasureshat can potentially prevent at leastreduce
SAV infection after seawater transferof particular interesthus, in ths study,we have used
our recently described BI challenge model to examinediagive regulatiorf genes involve
in innate andadaptive responses virus irfection [23,19]. Taken together with previous
studies from our laboratory, the results described here give a more detailed understanding of
the differences in the artiral immune responses that develop in fish from the same
production batch that are idied with SAV at either 2 or 9 weeks after seawater transfer.
RIG-1 is a pattern recognition receptor (PRBat interacts with dsRNA leading to the
production of type | interferon$gNs) and the expression of IFimulated genes (ISGR29].
RIG-1 showel similar patterns of transcripticas another PRR, LGP2ain Phase A and B
[19,23] Both PRRs were highly ugegulated in both phasasdthe upregulation in phase A
was greater. MoreoveRIG-1 wasone of the most highly constitutively expressed immune

gene examined in ihistudy.
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IL-10is a member of the class Il cytokine famihatinhibits the activity of Thl cells, natural
killer cells, and macrophages. It has been demonstrateid pghays an important role iboth

the earliest and later aninflammatory responses to SAV3 infectifit6]. In this study, we
analysedheregulationof IL-10 geneuntil 4 wpi andup-regulaton at7 dpi in the IMA group
and atl4 doi in the BIA, IM-B, and BIB groupscould be observedWhereas, the pro
inflammatory fsh cytoking IL-18, which induce IFN-2 producti osaThland
immunity in vertebrates3[0] was relatively uncharegl in both phass during the whole
experiment.

STAT1 and SOCSarean activator and an inhibitor of the JAK/STAT signaling pathway,
resgectively,furthermorepothare crucially involved in the control of inflammatory responses
Both genesshowed a high level ahnRNAs at 7 dpi in all infected groups arthd similar
profiles of expressiornin Phase A and Bsuggestinghatthey are regulatim each otherThe

upregulationin the BFA group,although lowerwas maintained faalongertime compare to

the IM-A group This pattern of expression was similar to that which was observed for a

number of othemnate immune genes in this gmaf fishafter SAV infection23]. The high

transcriptabundancef SOCS1 has been suggested to be a consequence of SAV infection and

may be asurvival strategy for the virusincreagng SOCS1 mRNA expressionmay
subsequentlynhibit signal transduction via the KASTAT pathwayand may contribute to
viral replication[31,33. In our prevous study, we observed a reductionl8G and Mx
expressionn the IM-B group[19] that partially may bedue toup-regulationof the SOCX
after SAV infection.

Regulatiornof IL-10, RIG-1, SOCS1, and STAT genesm Phase A for both challenge models
(represented biyendlines on the figures) wansistent witlour previous results dhe innate
immune genes associated with the IFN response or with inflamnfi2Bpixpressiorof these

transcriptswas higher in head kidney samples frofahase Arelative to Phase B which

pr
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suggesteda greater inflammatory response Phase A.Interestingly an abundanceof
inflammatory cellsvas observeds early as 7 dpi iBAV3 targetorgans (panciees and heart)
in PhaseB postsmolts indicating activation of a cellular imme response to SAV3vhich
was not obserd in Phase A fisiil8]. Futhermore, lhe regulationof the genesmentioned
above,andalso of IgT and CD40Qyas delayedy one weekn the BI-A fish whencompare
to the IM-A fish. This suggestthat, in the Bl group, the immune responseSV3 was
delayedin comparison to the IM infection, probably dte the infection routeand/or the
reduced viratose.

Most of theadaptive immunegenes studied here did not change significantly during the
experimental periadHowever, the accumulative effect of many small changdsetranscript
level of severdgenes in the same signaling pathway may prodhiaegical effecs. This is
illustrated bythe slight upregulation in lath IM-A and CFA at 28 dpi in several genedl
involved in cellular immunityCD40, CD41, CD8U, IL-2, IL2Rb and IL-15 when the BA
group showed no change at this tipant. FurthermorelgT and IgM mRNA transcript levels
wereseen to be highen fish that also showeahigh expression of CD40,CB# and CDS8 U
MRNA.

Also, of these genethe T-cel co-receptorggenes CD41 and CD&J, werenot signifcantly
up-reguatedduring thisstudyat any timepointin any of the groupsuggesting thaheT cell
response was not induced in response to SAV3 infection, atihetist first 4 weeks after
infection. This is consistent wh previous results showintpat up-regulation ofCD4-1 and
CD8Uwas na detected athe earlier time points in chabitation trialsHowever both genes
werefound to besignificantly expresedat 6 and 8 weekgpostinfection [33,16,17]. On the
other handwe detected higtmRNA levels of MHCIIb, CD40, and IE15 in head kidney
samplesfrom the IM-B group which areindicative ofactivation ofa more cell-mediated

immune responseMHCIIDb is a part of the MH@ complex, which isinvolved in antigen



419 presentationand is normally expressed on antigeesenting cells Its expressionwas
420 significantly upreguatedat 14 and 21 dgh the IM-B group in contrast to previous studies
421 whereregulation ofMHCII mRNAs was only detected aft& weeksin target organs during
422 SAV3 cohabitation infection[16,33]. A similar observation of latédelayedresponseof
423  MHCII expressiorwas reporteafter infection withiISAV [34]. In addition the costimulatory
424  molecule CD40a transmembrane glycoprotgivhich isamember of the tumor necrosis factor
425 (TNF) receptor superfamily amdaysan immuneregulatory functionn the adaptive response
426 [35], was studiedCD40wasup-regulatedat 7 dpi inboth, thelM-A and IM-B groups and this
427 up-regulationwasmaintained foralongertime in the IM-B group Furthermore,hie cytkine
428 IL-15, whichis induced by IFNo i n s a | moand plags @aleoic prametisig Thl
429 respones and memory T cethaturation wassignificantly upregulated irthe IM-B groupat
430 14 dpi[36]. We also observed th&dM and IgTwerehighly up-regulated irthe IM-B group

431  Previously our lab has shown thgher numbers dgM* andMHC II* cellscould bedetected
432 byimmunehisto-chemicalstaining of theheart angpancreasf IM-B fish [37]. Takentogether
433  with findings presented herthis suggesttha a larger populatioonf B cellswaspresenin the
434 head kidneyn theIM-B group

435 Increasedegulationof IgM and IgT geneswas especially interéag since we were able to
436 link gene expressiodatawith the presence or absence AV neutralizing antibodies in
437 individual fish A neutralizing antibody response was clearly detected in Phase B, where only
438 moderate increases-@3fold) in gene expression levels led to highresit of neutralizing
439 antibodies. Thelasma results show a lack aheutralizing antibog response afterndy 2
440 weeks in seawat compared to the Phase B fiBesides many plasma samples from Phase A
441  fish displayed a toxic reaction to the CH3E4 cell line used in the neutralization assay, which
442  was not seen with any of the Phassaplesin addition, heserum results from Phase B fish

443  support the highitres observed in plasma samplaad appear more sensitive with both



444  detectable antibods at 21 dpi and mor8AV3-positive individualsThreeof the 4BI-B fish

445  with detectableneutralizingantibodes were also shown to beSAV-positive andhad a high

446  abundancef IgM mRNA (3.9, 4- and 4.7fold change) Theresults from the BB group are

447  more difficult to interpret due to the lower dose of virus present in the shedder water and the
448 lower prevalence of SAV gsitive fish detected in this groupnterestingly, verylittle

449 pancreatic pathologwas observeih two of these fishperhaps indicatinghatthe immune

450 responsgespecially the antibody responsad successfully cleared the vird$e apparent
451 lack of an antibodyresponsen Phase Amay be explained byhe ability of the SAV nsP2
452  proteinto suppress the host antiviral response simakoff protein expressiofi38-40]. This

453  ability may be one of the factotisat contributdo the poor immune response sedenngSAV

454 infection in Phase A despitethe elevated abundance of several geiredish recently

455 transferred to seawatérhus, we can speculate trethough the basal expressionsdme of

456 thegenesstudiedwas found to bgreater inCT-A than in CFB, fish from Phase B were able
457 to mount a more effective response tbatild havanhibitedthe SAV mediatechostshutoff

458 proteinmechanismConversely, many innate immune genes were more hagtpgyessd in

459 Phase H19], but it is quite possible that the tilpgbroduction of neutralizing antibodies is
460 decisive in mitigatingSAV3 infectionsince previous studies have shown antibodies to both
461 neutralize SAV and protect against infect{dd]. On the other hand, inflammatory cells and
462 MHC class II+ and IgM+ cellsvere observed in a greater number in the target organs in the
463 CT-B group [16,3].

464

465 In conclusion,Atlantic salmon possmolts transferred to seawatatr the same time, and
466 challengedat week 2 and 9,7 weeks apaytdisplayed very different immuneresponses
467  following infection with SAV3 Fish adaptedtb seawatefor anextra 7 weekappearedo have

468 a betterdevelomd and more effectiveell-mediatedand humoral responssgainst SAV3
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infection resulting inonly mild histopathological changes the pancreasand heartanda

reducedsusceptibilityto SAV3 infection.
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Bl bath immersion

cDNA complementary DNA

Dpi Days post infection

IFN interferon

IL Interleukin

IM Intramuscular injection

ISGs interferorstimulated genes

MHCIIb Major Histocompatibility Complex class leta chain
NFa B Nucl e a rlight-chanenhancekodgetivaded B
RIG-1 Retinoicacid-inducible protein 1

RT-gPCR reverse transcriptase quantitative polymerase chain reaction
SOCS1 8ppressor of cytokine signaling 1

SWT seawater transfer

TCID5050% tissue culture infective dose

TCR T cell recepto
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Highlights

ANeutralizing abs to SAV were detected only in salmon adapted for longer to seawater.
ASalmon adapted for longer to SW develop strongemeetliated immunity to SAV.

AUpon shorter adaptation to SW, salmon shovtt@Lipregulation at early time points.

ASOCS1 gene was upregulated in all infected groups in both phases.
AUpon shorter adaptation to SW, SOCS1 upregulation was maintained for longer time.
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636 Figure legends

637 Fig. 1. Experimental setupand percertage prevalence of SAWositive hearts.

638 A. Atlantic salmon postsmolts2 weeks Phased) or 9 weeksRPhaseB) post seawatetransfer
639 (wpt) were infected with S¥3. Treatments performeth triplicate tanks consisted of
640 intramusculari(m.) injection with norinfected cell culture supernatant (CT group), withh 10

641 TCIDso SAV3 (IM group), and batlthallenge in water containing shed virus (Bl group).
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Sheddelfish werei.m. injected with SAV3 approx. 1 week beforeestday of experimental
challenge8 fish per tank24 fish per treatment group) were collected at each sampling time
point: 3, 7, 14, 21and 28 days poshfection (dpi).B. Bars represent mean percentage of
SAV3-RNA positive samples + SEM at each time pointh&IM -A (black bars), IMB (dark
grey bars), BlA (white bars) and BB (light grey bars) groups. N=24 for all graagnd time
points (except fothe BI-A groupat 14 dpiwheren=22 andthe IM-B groupat 7 and 28 dpi

where n = 22 and 23 respedetiy).

Fig. 2. Fold change in mRNA levelsf IL -18 andIL -10.

The y axis represents normalized, faldangesn mRNA levelsfor each treatment group
compared to calibrator fish sampled before day 0. Boxessamirthe 25th and 75th percentiles

for each group with the median value shown by a black bar within each box. The whiskers
represent the maximum and minimum values for each group. Open bars represent the CT
group, dark grey bars the IM group and light dgvays the Bl groupl heleft panelscorrespond

to the Phase A and the riglgtanes correspond tdhe Phase Bgroups Trend lines indicate
transcriptional changes over time; solid line IM group and dashed line the Bl group. Asterisks
denote statistichf significant differences between the infected and CT groups: * p < 0.05, **

p < 0.01 and *** p < 0.001. Lower case letters indicate statiticafnificant differences

between the IM and Bl groupdp < 0.05° p < 0.01 and p < 0.001.

Fig. 3. Fold change in mRNA levelsof RIG-1, SOCS1, and STAT1

The y axis represents normalized, faldangesn mRNA levelsfor each treatment group
compared to calibrator fish sampled before day 0. Boxes represent the 25th and 75th percentiles
for each group with the m&h value shown by a black bar within each box. The whiskers

represent the maximum and minimum values for each group. Open bars represent the CT
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group, dark grey bars the IM group and light grey bars the Bl giidwepleftpanes correspond

to the Phase Aand the rightpanes correspond to the Phase B groupeend lines indicate
transcriptional changes over time; solid line IM group and dashed line the Bl group. Asterisks
denote statistically significant differences between the infected and CT groupgs).0p, **

p < 0.01 and *** p < 0.001. Lower case letters indicate statistically significant differences

between the IM and Bl group’p < 0.05° p < 0.01 and p < 0.001.

Fig. 4. Fold change in mRNA levelf CD40, CD41, and CD8U.

The y axis represents normalized, falkdangesn mRNA levelsfor each treatment group
compared to calibrator fish sampled before day 0. Boxes represent the 25th and 75th percentiles
for each group with the median value shown by a black bar within @chThe whiskers
represent the maximum and minimum values for each group. Open bars represent the CT
group, dark grey bars the IM group and light grey bars the Bl grbapeftpanes correspond

to the Phase A and the rigbaines correspond to the Pha&egroups.Trend lines indicate
transcriptional changes over time; solid line IM group and dashed line the Bl group. Asterisks
denote statistically significant differences between the infected and CT groups: * p < 0.05, **

p < 0.01 and *** p < 0.001. Lower case letdndicate statistically significant differences

between the IM and Bl group’p < 0.05° p < 0.01 and p < 0.001.

Fig. 5. Fold change in mRNA levelof MHCII b, N F @ Bnd IL -2Rb.

The y axis represents normalized, faldangesn mRNA levelsfor each treatment group
compared to calibrator fish sampled before day 0. Boxes represent the 25th and 75th percentiles
for each group with the median value shown by akblzar within each box. The whiskers
represent the maximum and minimum values for each group. Open bars represent the CT

group, dark grey bars the IM group and light grey bars the Bl giidwepleftpanes correspond
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to the Phase A and the rigbaines corespond to the Phase B groupsend lines indicate
transcriptional changes over time; solid line IM group and dashed line the Bl group. Asterisks
denote statistically significant differences between the infected and CT groups: * p < 0.05, **
p < 0.01 and** p < 0.001. Lower case letters indicate statistically significant differences

between the IM and Bl group’p < 0.05° p < 0.01 and p < 0.001.

Fig. 6. Fold change in mRNA levelf IL -2 andIL -15.

The y axis represents normalized, fdldngesin mRNA levelsfor each treatment group
compared to calibrator fish sampled before day 0. Boxes represent the 25th and 75th percentiles
for each group with the median value shown by a black bar within each box. The whiskers
represent the maximum and minimuralues for each group. Open bars represent the CT
group, dark grey bars the IM group and light grey bars the Bl giidwepleftpanes correspond

to the Phase A and the rigbaines correspond to the Phase B groupeend lines indicate
transcriptional chages over time; solid line IM group and dashed line the Bl group. Asterisks
denote statistically significant differences between the infected and CT groups: * p < 0.05, **

p < 0.01 and *** p < 0.001. Lower case letters indicate statistically significafetrelices

between the IM and Bl group’p < 0.05° p < 0.01 and p < 0.001.

Fig. 7. Fold changes in mRNA level®f IgM and IgT.

The y axis represents normalized, faldangesn mRNA levelsfor each treatment group
compared to calibrator fish sampleefore day 0. Boxes represent the 25th and 75th percentiles
for each group with the median value shown by a black bar within each box. The whiskers
represent the maximum and minimum values for each group. Open bars represent the CT
group, dark grey barseéhlM group and light grey bars the Bl grodjhe leftpanet correspond

to the Phase A and the rigb&nes correspond to the Phase B groupeend lines indicate
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transcriptional changes over time; solid line IM group and dashed line the BI group. Asterisk
denote statistically significant differences between the infected and CT groups: * p < 0.05, **
p < 0.01 and *** p < 0.001. Lower case letters indicate statistically significant differences

between the IM and Bl group’p < 0.05° p < 0.01 and p < Q001.

Fig. 8. Neutralizing antibody titres to SAVat 28 dpi infish from Phase Bgroups.
Percentage of fish producing neutralizing antibotheé3AV in plasma samples at 28 dpi. Grey
bars represent thiem. injected group (IMB) and black bars represethte bath challenged

group (BIB).

Table 1. Primer sequences?rimers employed in this study, product size, relative efficiencies
and the Genbank accession numbers used for primer design or the refergresifmsly

published assays.

Table 2. Significant differences (ANOVA on log transformed data followed byTukey's
multiple comparisons tes} in gene expression at all time-points and for all genes

comparing Phase A to Phase B.p < 0.05, ** p < 0.01 and *** p < 0.0Q1

Table 3. Neutralizing antibody titres. Number of fish with sutralizing antibodies in plasma

and serunsamplesn fish from PhaseB groups

S1. Immune genemRNA levelsin control, positive and negative fishfor SAV3-RNA in
PhaseA. Graphs shovirend lines betweenaverage fold change M positive IM-A (light
blue) and BlA (yellow) and negative IMA (dark blug, BI-A (red) and CFA (black) groups

for all genesanalysed
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S2. Immune genemRNA levelsin control, positive and negative fish forSAV3-RNA in
PhaseB. Graphs show trend lisdetween average fold change + Skplkitive IM-A (light
blue) and BIA (yellow) and negative IMA (dark blue), BiA (red) and CTA (black) groups

for all genesanalysed

S3.Fold changes in mRNA levelbetween control fish in both phases

The y axis represgs normalized, folcchanges in mRNA levelfor each treatment group
compared to calibrator fish sampled before day 0. Boxes represent the 25th and 75th percentiles
for each group with the median value shown by a black bar within each box. The whiskers
represent the maximum and minimum values for each gagk grey bars represent the CT

A group and light grey bars tie€T-B group. Trend lines indicate transcriptionabages over

time; solid line CFA group and dashed line the @l group Asterisks denotsignificant

differences between th&T groups: * p < 0.05, ** p < 0.01 and *** p < 0.001.



757 Table 1

Gene Primers sequences Efficiency  Product size  References/Gehank
bps* accession No.
CD40 Fwd: GCCCTGCCAAGAGGATGA 2,06 173 NM_0011412361
Rv: GTCAGGCACTCTTTACTGGAACA
STAT1 Fwd: TGTCTGTTGGCTCAGTTGCG 1,92 100 [24] / NM_001123654.1
Rv: GAAATTGATGCTGTGGCGTCT
SOCS1 Fwd: CATTCCGCTGCCAAGTAGAC 1,95 127 KF699315
Rv: CCGTGGCGACGTCCTT
MHCII b Fwd: CTCACTGAGCCCATGGTGTAT 1,90 117 [25]/ BT060311
Rv: GAGTCCTGCCAAGGCTAAGATG
EF1A Fwd: CCCCTCCAGGACGTTTACAAA 2,02 57 [26]/ BG936182.1
Rv: CACACGGCCCACAGGTACA
CD8 U Fwd: CTTCAGCGAGGAGCAGATAAAC 2,04 187 NM_001123583.1
Rv: GGCTGTGGTCATTGGTGTAGTC
CD4-1 Fwd: GTGGAGGTGCTACAGGTGTTTTC 2,00 158 EU4097941
Rv: GGGGAGGAGCCTAAAGCG
RIG-1 Fwd: CCTCTGCTACAGGAGCCAATA 1,95 157 NM_001163699.1
Rv: GCCGGTTGGTGCACAGAT
NFa B Fwd:GCACTACCATTTTACTGACGCA 2,07 188 NM_001173583.1
Rv: GCGTTGGGTGACTTGCTGT
IL-18 Fwd: GAGCAATGCAAAGCAGATGATT 2,07 177 BT125392.1
Rv: GCTCCAGTGGTTTGGCAGAA
IL-15 Fwd: GCTTCTTAATATTGAGCTGCCTGA 2,04 146 NM_001279065.1
Rv: GGCATCTGATTTTTCTATGGTACTT
IL-2 Fwd: GCGGATGTAGAGAAAAGCATTG 2,32 155 HE805272.1
Rv: CATTCTGACGAGTCCGTTCTGAT
IL-10 Fwd: GCTATGGACAGCATCCTGAAGTT 1,99 76 EF165028
Rv: GGTTGTTCTGCGTTCTGTTGTT
IL-2 Rb Fwd:CTCCAAGGACTGTTTTGTGTGAA 1,95 242 NM_001140548.1
Rv: GAGGTGCTCGGCTGAACTGA
IgM Fwd: CCAGTGAAGAAACAAGCGGAAT 2,02 157 548652
Rv: CCTCATCCATTTGATTGTGTGTGTA
IgT Fwd: CAACAAAGTCACTGTCACCTGGAA 2,10 212 GQ907003.1

Rv: CCGTCAGCGGTTCTGTTTTG

758  *bps = base airs

759



Table 2

3 dpi 7 dpi 14 dpi 21 dpi 28 dpi
Gene Treatment CT-B IM -B BI-B CT-B IM -B BI-B CT-B IM -B BI-B CT-B IM -B BI-B CT-B IM -B BI-B
Assay
C D4O CT _A * * *k *kk *
I M _A * * *
BI-A **
C D4_ 1 CT _A *kk * *% *kk *kk *kk
I M _A *% * * * * *kk *kk *kk
BI _A * * * *% *% *kk *kk *kk *kk *kk
CD8a CT _A *% * * *kk *% *%
I M _A * *kk *
BI-A
MHCII b CT-A *k * Xk *hk Sk Yk *
I M _A * *kk *% *% *% % *% *kk * *%
BI _A * *% *kk *% *kk * *%
NFa b CT-A ok * *
I M _A * * *% *% * *
BI-A * * *k * Kk
IL -2Rb CT-A *
IM -A
BI-A
I g M CT _A *% *kk *kk *% *kk *% *kk
I M _A * *kk *% *kk *kk *% *kk *kk
BI _A *kk *% *kk *% *kk *%
IgT CT _A *% *kk
I M _A *kk *% *kk
BI _A *% *kk *kk
IL -2 CT-A *
IM -A
BI-A
IL-10 CT-A okk *x
I M _A *kk *kk *kk *
BI _A *kk *kk *% *kk *
IL _15 CT_A *kk *kk * *%
I M _A *kk *
BI-A *
IL-18 CT-A * il
I M _A *kk *% *% *kk
BI _A *% *kk
R I G - 1 CT _A *% * *kk *% *kk *kk *kk
I M _A *kk *kk *kk *kk *kk *% *kk *kk *kk *kk *kk
BI _A *% *kk *kk *kk *kk *kk *kk *kk *kk
SO CS 1 CT _A * *kk *kk *kk *kk *kk *kk
I M _A * *% *kk *% *kk *kk * *kk *% *kk *kk *kk *%
BI _A * *kk *% *kk *kk *kk *kk *kk *kk *kk *kk *kk
STAT1 CT-A okk ok
I M _A *kk *
* *kk *kk *kk

BI-A




Table 3

Titre
Group Sample 1:20 1:30 1:40 <1:40 Total
IM -B 21 dpi Plasma 0
Sera 2 1 3
BI-B 21 dpi Plasma 0
Sera 0
IM -B 28 dpi Plasma 2 3 3 4 12
Sera 2 4 3 5 14
BI-B 28 dpi Plasma 1 1 2
Sera 3 1 4
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S1. Immune gene mRNA levels in control, positive and negative fish
for SAV3-RNA in Phase A. Graphs show trend lines between average
fold change + SEM positive IM-A (light blue) and BI-A (yellow) and
negative IM-A (dark blue), BI-A (red) and CT-A (black) groups for all genes

analysed.







