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Abstract

Water temperature influences basic life histoayts of the American lobster
(Homarusamericanu}such asurvival, growth and reproductio¥et, relatively

little is known about the effects of water temperature on the immune respdiise of
americanusWhite spot syndromeinus (WSSV) is currently one of the largest
impediments to the shripmaquaculture industry worldwide. The World Organization
for Animal Health (Office International de Epizootic; OIE) lists WSSV as a
notifiable disease with the potentialitdect all crustacean dapods.This project
investigates the constraints impossda range of temperatur€k °C, 15°C, 17.5

°C, 20°C) on the clinical, tissue and molecular immuasponsgof H. americanus
experimentally infected withiVSSV. Haemocyteconcentration and gPCR testing of
haemolymplwe r e used t o madcaliresponse ovehtane&dnd®t O s
determine presence of viral infection, respectivAlylecrease in clinical condition

of H. americanusvas observed at 17°& and 20°C but not atL0°C and 15C.
WSSV-gPCR revealed viral amplification was associated higiher ambient
temperature. Aombination of lightand electron microscopy, as well as gPCR
testing of various tissues was used to elucidate changes imfinctedH.
americanusatthevarious temperatures. Of the 11 host tissues examined,
hypertrophied aclei (indicative of WSSV infection) were most easily identifiable
within the antennal gland and intestine of infected animals at warmer temperatures
(17.5°C and 20°C). At colder temperatures (£G) no WSSV associated
histopathological changes were itiéad in any of the examined tissues. Electron
microscopywas used texplore the general ultrastructure of the antennal gland and
theconfirmed presence of WSSV rathaped and enveloped virioms.infected
animals he two main regions of the antennamil, thecoelomosaand labyrinth,
contained randomlyisitributed infected nuclei with marginated host chromand
WSSV virions in various stages of replication. In marine decapods, the antennal
gland is involved in osmoregulation and excretion suggg$iat the antennal gland
may be a preferred site for WSSV viral replication amdusion withinthe

excretory product_astly, alobster specific microarray was used to monitor
transcriptomic changes across 14,592 genes during viral infetttbedifferent
temperatures. Using orveay ANOVA analyses, a total of 7énes were identified
as significantly differentially expressdetween infected and contiél americanus

at the various temperaturdsifferentially expressed genes includedhosomal
proteins (L27a, L13, L11and L39, mitogenactivated protein kinase organizer 1,
prolyl-4-hydroxylasealpha, laminin subunit gamnr® shortchain dehydrogenase
and acute phase serum amyloidicroarray results were verified using RJPCR.
Clinical, tissie and molecular immunesults fronthis study providea thorough
assessment of the impact of temperature and WS&V americanusThe use of a
range ofapproacheand experirental temperatures @itical for broadening our
understanding of how temperature influencest pathogen interactions in the
economically importanAmerican lobsteH. americanus
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1.0 GENERAL INTRODUCTION

1.1 The Canadian Lobster Fishing Industry

The Americanlobster,Homarusamericanusis oneof C a n a th@s® s
profitablemarinecommoditiesH. americanusnhabitscoastawatersthatspanfrom
North Carolina,USA increasingn latitudeto NorthernNewfoundlandCanada
(Aiken andWaddy,1986) The Canadiarobsterfisheryis situatedover muchof the
| o b srorgheridgsographicgange butis primarily basedn NovaScotia,New
BrunswickandPrinceEdwardlslandwith smallerfisheriesalsoexistingin Quebec
andNewfoundlandandLabrador.In 2014,92 000 metrictonnesof live H.
americanusvasharvestedrom Atlantic CanadgFisheriesandOcean<Canada,
2016) Themajority (78%)of harvested. americanuss soldwithin Canadand
exportedo theUS, howeverit is alsoshippedo over50 countriesworldwide
(FisheriesandOceansCanada2015) H. americanusexportsaverageapproximately
onebillion dollarsperyear(FisheriesandOceangCanada2015)

Exploitationof thefisheryis of majorconcernfor the Canadiargovernment
(FisheriesandOceansCanada2013) H. americanugpopulationparametersuchas
heath, agedistribution,andnaturalmortality ratesaredifficult to acquire which
makesforecastingrendsin abundanca formidableendeavoufWahleetal., 2004)
In anattemptto offsetthis, FisheriesandOceanganadaegulateghefishery
throughfi i n@an t plasihglinots onfishing efforts. Thefisheryis divided into
45 distinctlobsterfishingareaq L F Aeackhwith atailoredintegratedisheries
managemerplangoverningfishing seasondjshing licensesjrapallocationand

harvestsize(FisheriesandOceansCanada2013)



1.2 Lobster Biology

H. americanuss amemberof thelargestcrustaceamrder,Decapoda
(Barke andGibson,1977) It hasa segmentedodycomprisedf a head thorax,
andabdomer(Factor,1995) The headandthoraxregionarefusedtogetherforming
acephalothoraxwhich is coveredby the carapaceThe cephalothoraxontainsthe
a n i msensdrydeedingandlocomotoryappendagesuchastheantennae
(antenna@ndantennules)nouthpart{mandiblesmaxillaeandmaxillipeds),and
walking legs(pereiopods),respectively(Factor,1995) Theabdomerbears
locomotoryandreproductiveappendagesuchasthe swimmeretgpleopodsknd

thetail fan (Factor,1995)

1.2.1 Mating and Spawning

H. americanuss dioecious(TalbotandHelluy, 1995) Grossexternal
featuresof morphology,suchaspositionof gonoporesform of first pleopods,
carapaceize,andshapeof sternalspinescanbe usedto distinguishthe sexes
(TalbotandHelluy, 1995) In H. americanusmatingtypically occursduringthelate
summermonths following the femalemoult, whena maletransfershis
spermatophorto afemalewho storest within the seminalreceptacleuntil it is
requiredfor fertilization (TalbotandHelluy, 1995) During fertilization thefemales
eggsareextrudedandadhereo theundersideof theabdomenwheretheyincubate
overwinter for nineto twelve months(Helluy andBeltz, 1991; Templeman1940)
Theeggsundergoembryonicdevelopmeninto naupliiwhile attachedo thefemale
(Helluy andBeltz,1991) Femalegendto moultandmateonesummerwith

fertilization occurringthe following summer(Aiken andWaddy,1986)



1.2.2 Life Cycle

H. americanusexhibita complexlife cyclethatis dividedinto a seriesof
pelagicandbenthicphasegFactor,1995) Nauplii arehatchedrom mid-May
throughearly Septembeasfree-swimming,prelarvae(Ennis,1995) Prelarvae
rapidly undergodevelopmeninto thefirst of threelarval stagesThethreelarval
stageof H. americanugStagel, Il, 1ll) arefree-swimming,planktonicandinhabit
warmer(15 °C - 25 °C) pelagiczonesof the ocean(Factor,1995) During thefinal
larval stage stagelll, larvaeundergoa metamorphosigito postlarval stagelV
markinganecologicaltransitionfrom the planktonicwatercolumnto the benthic
environmen{Ennis,1995) Durationof pelagiclarval stagesanvary from two to
eightweeksdependingon environmentatonditions(Aiken andWaddy,1986) The
moult following postlarval stagelV yieldsthefirst of threejuvenile stages.
Juvenilesaresmallin sizebut resembleadultsin form andareentirelybenthic,
relying heavilyon their shelterfor protection(Factor,1995) As theanimalincreases
in size,it becomedbetterequippedo defenditself from predatorsanddecreasess
shelterdependenc@é_awtonandLavalli, 1995) Theonsetof physiologicalbut not
functionalsexualmaturitymarksadolescenceshereasompletionof a successful
matingeventmarksthe adultphasgLawtonandLavalli, 1995) TheH. americanus
life cycletypically requires>-8 yearsbeforethe animalis of legalminimumsizeto

becommerciallyharvestedWaddyetal., 1995)

1.2.3 Growth and Moulting
H. americanusre indeterminate growers sathey continue moulting

throughout their entire lifespan. Moulting is divided into a series of-mtault, pre



moult, ecdysis and poestoult phases, that are further subdivided into stages A, B,
C1-3, C4, D, EWahle and Fogarty, 2006%tage E, is ecdysis, where ecdysial
sutures break and the exoskeleton is gié¢ahle and Fogarty, 2006%tag A, B,

and C13, define the postnoult phase when the soft lobster uses calcium stores
(gastroliths) to harden critical appenda@@&hle and Fogarty, 2006%tage C4
marksthe beginning of the intenoult phase, when the new exoskeleton is at
maximum rigidity(Wahle and Fogarty, 2006htermoult lasts until physiological
changes associatedtivithe next moult begin. The pneoult period, stage D, occurs
when the new cuticle begins to form under the exoskeleton. Duringqué the

shell is decalcified and shell constituents are absorbed and stored for later
reabsorptior{fAhearn et al., 20045tage D is also when the lobster beginsstigg
water in preparation of the final stage, ecdy®iaddy et al., 1995; Wahle and
Fogarty, 2006)During moultingH. americanugan increase its volume up to 50%
(Waddy et al., 1995Moulting occurs frequently (several times per year) in the first
57 years of the | otbanerecansiénd lo mdukaoncepdrt e r
year (malesor every two years (female) typically during the summer months
(Waddy & al., 1995)

Ecdysteroida hormonesynthesizedrom cholesteroandproducedn the
moultinggland(Y-organor YO), is largelyresponsibldor initiating the moulting
sequencé¢DevarajandNatarajan2006) Ecdysteroidevelsare negativelyregulated
by the presencef the moultinhibiting hormone(MIH) (Mykles,2011) MIH peaks
in haemolymplduringtheinter-moult phaseanddecreaseduringpre-moult, in turn

increasingecdysteroidevels,transitioningthe animalto moult (ChangandMykles,

whi c



2011)

1.2.4Genomics

Genomic resources fét. americanusre slowly growingClark and
Greenwood, 2016; McGrath et al., 2018pwever H. americanustill lacks a
whole published genome, with the exception of the mitochondrial genome which has
been sequencd&im et al., 2011) Sequencing of crustacean genomes remains a
daunting endeavour given that many new crustacean sequences are not found in
public DNA sequence databasand that there exists large evolutionary distance
between species whose genomes have been sequenced (other insects) and
crustaceangRichards, 2015)Clark and Greenwood (2016cently annotated a
significant number of crustacean immune genes (with an emphaldis on
americanuywhich forms the basis for the immune procest=tribed later in this
thesis While the Clark and Greenwood (2016) paper functions as a great resource it
is worth noting that the transcript number in total is likely over estimated given that

the total mmber of genes is still unknown.

1.3 Environmental Variables

Thegeographicatangeof H. americanugpresentshe animalwith awide
arrayof environmentatonditions(Aiken andWaddy,1986) Theinteractions
betweertheseenvironmentalariableswhetherin combinationor individually, and

thebiologicalprocessesf H. americanusarecomplex(Aiken and Waddy,1986)



1.3.1 Salinity

H. americanusareconsiderecbsmoconformers idealenvironmentdut
weakosmoregulatoraearsalinity extremegDall, 1970;Jury,1994;McMahon,
1995) H. americanusaretypically limited to coastawaterswheresalinitiesremain
above25 partsperthousandppt); however springrun-off andheavyrainfall events
canexposehemto varyingsalinities(Dall, 1970;Jury,1994) Thelethalsalinity
limit for H. americanuss dependenbn temperatur@nddissolvedoxygen
(McMahon,1995) At cold temperaturegs °C) andincreasedlissolvedoxygen
concentration$6.4 mg O,/L) alethalsalinity of 6 ppthasbeenrecordedMcLeese,
1956) Warmerwatertemperauresandlow salinities(below 15 ppt) are
metabolicallystressfulandenergeticallycostlyto H. americanudikely resultingin
death(MercaldcAllen andKuropat,1994) Thefavouredsalinity of H. americanus

Is 30-31 ppt (McMahon,1995)

1.3.2 Dissolved Oxygen

Atmospheric exchange, upwelling, respiration, photosynthesis, temperature
and salinity can all affect the availability of dissolved oxygen in the environment
(Davis, 1975)H. americanusare sirprisingly tolerant of low oxygen
concentrations; with the exception of when the animal is approaching moulting, as
this is when oxygen consumption peéikkercaldeAllen andKuropat, 1994)The
lower lethal oxygen level ranges from 0.2 mgllCat 5 °C to 1.2 mg &L at 25 °C
(Aiken and Waddy, 198@VlercaldeAllen and Kuropat, 1994)At lower oxygen
concentrationg;l. americanuslecrease oxygen consumption while increasing

branchial water flow and increasing oxygen transport through an increase in the



oxygen affinity of the respiratory pigment maecyanin(MercaldcAllen and

Kuropat, 1994)

1.3.3 Nitrogen

Themainexcretoryproductin H. americanuss nitrogenwasteammonia.
Lobstersareoftenhousedn recirculatirg watersystemsfor experimentahnd
commerciause,whereconcentrationef ammoniacanaccumulateandbecome
toxic if uncontrolled(YoungLai etal., 1991) Larvaeandpostlarvaearethe most
sensitiveto ammoniawith anLCsg valueof 1.4 mg/L (MercaldeAllen andKuropat,
1994) Adult H. americanusaremoretolerantto ammoniaastolerancencreases
with developmen{MercaldeAllen andKuropat,1994) Concentrationgessthan
0.14mg/L areconsideredptimalfor culturefacilities (Ennis,1995) Ammonia
toxicity is lessof aconcernin themarineenvironmentsit is very rarethat

ammoniadevelswould reacha critical high thatwould causemortality (Ennis,1995)

1.3.4 pH

Historically, oceanpH wasslightly basicat 8.2; howeveroverthe pasttwo
decadedt hasexperienceddropof 0.1 pH unitsleavingthe currentoceanpH to be
8.1(Meehletal.,2007) As CO, emissiongontinueto enterour oceanspH is
predictedo declineto 7.7 by theyear2100(Meehletal.,2007) A decreasén ocean
pH comrelatesto lower concentrationsf carbonateons availablefor the
biosynthesi®f calciumcarbonatesuggestinghatmarinecalcifiers,like H.
americanusmayexperiencalifficulty hardeningheir shells(Greenetal., 2014;
Keppeletal.,2012) Keppeletal. (2012)foundthatlarval H. americanugearedn

acidifiedseawate(pH 7.7) conditionshavesignificantlyshortercarapacdengths



andslowedlarval developmentelativeto controls(Keppeletal.,2012) A more
recentstudy,conductedy Waller etal., (2016)examinedheinteractiveeffectsof
elevatedemperatur@andpCO,in larval H. americanusaandfoundthatincreased
pCO, treatmentsausedo significantchangean larval survivalor developmentime
butasignificantincreasan feedingrates,swimmingspeedsindcarapacdength

relativeto controls(Walleretal.,2016)

1.3.5 Temperature

H. americanusanbe exposedo temperatur@xtremesangingfrom 0 °C to
30°C (Aiken andWaddy,1986;LagerspetandVainio, 2006) As aresult,different
life stageof theanimaldemonstratelifferentthermaltolerancesandpreferences.
Embryosrequiretemperaturebetweenl 0 °C and20 °C for developmentwhereas
larvaerequirewatersbetweenl 6 °C and25 °C for optimal growth (MercaldeAllen
andKuropat,1994;Waddyet al., 1995) Juvenilesandadultscantoleratethe
broadestemperaturgange with variousstudiesreporing temperaturespanning
from approximatelyé °C to 22 °C (Harding,1992;MercaldoAllen andKuropat,
1994;Waddyetal., 1995) Variablewatertemperaturedirectly impactH.
americanusastemperaturesutsideof theidealthermallimit posechallengegor
biological,physiological,molecularandimmunologicalprocessedt mustalsobe
notedthatoftensuboptimal envbnments result in secondary stress impacts

observed irH. americanus



1.3.5.1 Larval Development, Growth and Reproduction

In H. americanusembryogenesiandlarval developmenareheavily
influencedby watertemperatureEggdevelopments two monthslongerin colder
waterscomparedo warmerwaters,andattemperaturebelow6 °C egg
developmenis rare(TalbotandHelluy, 1995) In laboratoryconditionsH.
americanudarvaeraisedat 19 °C developtwice asfastasthoseraisedat 16 °C
(Waller etal., 2016) Additionally, larvaehatchedn temperaturebelow5 °C rarely
surviveto postlarval stagelV andmoultingto juvenilesdoesnot occurbelow 10 °C
(Ennis,1995).In adultstemperaturebelow6 °C inhibit moultingall together
(Waddyetal., 1995) Themostrapidgrowthratein H. americanusadultsocaurs
whenlobstersareheld betweer20 °C and22 °C (Waddyetal., 1995) In H.
americanugrowthrateincreasessafunctionof temperature¢hroughouthe
a n i maptimdimtemperatureangeandquickly beginsto decreasevhennearthe
thermallimits (Greenetal., 2014)

Temperatte alsostimulatesearly ovariandevelopmenin femaleH.
americanuscausingreproductivematurityto occurearlierat highertemperatures
(Greenetal., 2014;Pughetal., 2013) Eggextrusionandhatchingareregulatedby
temperaturén thattemperaturebelow5 °C causeemalesto delayeggextrusionin
favourof warmerwaters(Aiken andWaddy,1986) Watersaround12 °C are
requiredin orderto ensurdarval survivaluponhatchingandreleasgAiken and

Waddy,1986;Greenetal., 2014)



1.3.5.2 Physiology

Changesn environmentatemperaturealterion channelspeuralcircuits
andcontractilemachineryin H. americanugQadrietal., 2007;Wordenetal.,
2006) Forexample serotoninaneurohormon&nownto regulatecardiac
performancen H. americanusis temperaturelependentvhich contributego the
increasedeartbeatrequencyobservedat warmertemperature$Wordenetal.,
2006) Temperaturés alsoinverselyrelatedto haemolymplpH, whereabrupt
increasedemperaturesancausenaemolymphacidosiswhichin H. americanusan
becompensatetly anincreasan ventilationrate(Qadrietal., 2007) Waller et al.
(2016)alsofoundincreasedxygenconsumptiorratesin larval H. americanus
rearedat warmertemperature§19 °C) comparedo coldertemperature$l 6 °C).
Larvaeat warmertemperatiresalsoexperiencedncreasedjrowthratessuggesting
thatincreasedxygenconsumptiorratesmaybetheresultof increasednetabolic

requirementst warmertemperatureéWaller etal., 2016)

1.3.5.3Genes and Proteins

Temperatureanalsoimpacttherateof transcriptionof manygenegHazel
andProsser1974) In H. americanugpreviousstudieshaveexaminedhe effectof
thermalstresson heatshockprotein(HSP)andpolyubiquitingeneexpression
(Chang,2005;Speesetal., 2002) HSPsarea highly conservedlassof proteinsthat
play animportantrole in proteinstabilization(Usmanetal., 2014) HSP90 mRNA
expressionn muscletissuehasbeenfoundto increaseduringacutethermalstressn
H. americanugChang,2005) Polyubiquitingeneexpressiorhasbeenfoundto

increasawvith thermalstresan hepatopancredsssue but notin muscletissue
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(Chang,2005) Polyubiquitinis consideredanindicator of proteindegradatioror
permanentiamageAs proteinsbecomedamageda largernumberof polyubiquitin
transcriptsaarerequiredto supportthe degradatiorpathway(Speestal., 2002)
Resultsfrom Spee<tal. (2002)suggesthatdifferenttissuesnaybe moreor less
susceptibleo proteindegradatiorfrom thermalstresChang,2005;Speestal.,
2002) Similarly, Edgeetal. (2005) found 6 genedifferentially expressediuring
thermalstresseexposuran the MountainousStarcoralMontastraedaveolata
Carbonicanhydrasendthreeribosomalgenesshoweddown-regulationin response
to increasedemperatureindicatingdecreasedbosomalfunctionat warmer

temperaturesh M. faveolata(Edgeetal., 2005)

1.3.5.4 Immune Function

Increasedemperaturesyutsideof the preferredthermalrange hegatively
influencethe ability of H. americanugo dealwith diseas€¢Maynardetal., 2016;
Steenbergental., 1978) Steenbergental., (1978)foundthatattemperatures
above2?2 °C H. americanushaemocyteshowa significantdecreasén their ability
to phagocytizehe pathogemerococcuwiridansvar. homari More recently,
Groneretal., (2016)foundthatsusceptibilityto epizooticshelldiseas€ESD)is also
influencedby temperaturewith diseasdeingmostprevalenin warmer
temperaturearound20-22 °C.

In othermarineinvertebratesignificantinteractionoccursbetween
temperatur@andimmunocompetendg€hengandChen,1998;Hernrothetal., 2012;
ParryandPipe,2004;VargasAlboresetal., 1998) MusselsMytilus edulis,

challengedvith the bacterialpathogerVibrio tubiashii showa decreasén
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haemocyte@hagocytidunctionin warmertemperatureselativeto controls(Parry
and Pipe,2004) In the giantfreshwatemprawnMacrobrachiumrosenbergij
increasedevelsof mortality areobservedn prawnschallengedvith an
Enterococcudike bacteriumat high temperaturendpH levels(ChengandChen,
1998) In theyellowlegshrimpPenaeusaliforniensis increasedvatertemperature
correlatesvith adecreas@n total haemocytigrophenoloxidasgproPO)(Vargas
Alboresetal., 1998) Lastly, in the NorwaylobsterNephropshorvegicusnegative
impactsof oceamcidificationon theimmunesystemareexacerbatedtincreased
temperaturesyith adecreas@ phagocyticcapacityoccurringatwarmer
temperaturegHernrothetal., 2012)

Thefruit fly Drosophilamelanogasterprovidesinsightsinto therelationship
betweertemperaturendimmunity on amolecularlevel (Catalnetal., 2012;Linder
etal.,2008) D. melanogastemfectedwith agrampositivebacteriashowv an
increasan expressiorof immunegenessuchasSpéatzle MetchnikowinandHSP
83, atcoldertemperaturesomparedo warmertemperaturesndicatinga more
activeandefficientimmunesystemmaybe presentt coldertemperatures the

speciegCataldn etal.,2012;Linderetal., 2008).

1.4 Immunity

Immunity is commonly classified into two parts, the innate (natural) response
and the acquired (adaptive) respo@Beavanichpaisal et al., 200Adaptive
contributions from lymphocytes however, are absent in invertebrates aadkey |

true lymphocytegRowley and Powell, 2007As a result, thenmune systems of
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invertebrates rely solely on innate responsesghvare comprised of complex
interactions between cellular and humoral mechan(staaton, 2012)

In arthropods, the exoskeleton is the first lnfielefence against potential
pathogengHillyer, 2015) However, moulting, injuries (resulting in cracks and
breaks in the cuticle), and the alimentary canal (ingestion) provide portals of entry
for pathogens to gain access to the lddtyer, 2015; Séderhall and Cerenius,

1992) One a pathogen enters a host, 1s@if recognition results in the activation of
immune signalling pathways, proteolytic immune cascades, and cellular and
humoral defence mechanisifdravanichpaisal et al., 2006; Sritunyalucksana and

Soderhall, 2000; Vazquez et al., 2009)

1.4.1 Pathogen Recognition

MicroorganismgontainpathogerassociateanoleculampatterngPAMPS),
which arehighly conservednolecularsignaturegshatareabsenfrom multicellular
organismgGotoandKurata,2012)andenablepathogenso berecognizedy the
host. PAMPsconsistof cell wall componentssuchasbacteriallipopolysaccharides
(LPSs)andpeptidoglycangPGNSs) lipoteichoicacid (LTA), fungalglucans,
unmethylatedCpG DNA, andattimesviral doublestrandedRNA andenvelope
proteins(Cereniusetal., 2010a;Vazquezetal., 2009)

Crustaceankavea variety of haemocyteandplasmaderivedproteins,
moleculesandreceptorsvhosemainfunctionsareto identify andsignalthe
presencef thesePAMPs(Cereniusetal., 2010a).Thesearetermedpattern
recognitionproteins(PRPs)suchaslipopolysaccharidandglucanbinding protein

(LGBP), gramnegativebindingprotein(GNBP), b-1,3-glucanbinding proten
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(BGBP), peptidoglycarrecognitionprotein(PGRP) masqueraddéke proteinssuch
asserineproteinasédhomologuegSPHs),Down syndromecell adhesiomrmolecules
(DSCAMs)andlectins(Cereniusetal., 2010a)

LGBP andGNBP bind fungi andgramnegativebacteriayesultingin
initiation of the Toll pathwayandmelanization(Cereniusetal.,2010a) BGBP
activelybindsto b-1, 3-glucansandcanalsoinitiate the proPOsystem(Cereniuset
al., 2010a;wangandWang,2013) Within theH. americanugranscriptomé05
GNBP,1 LGBP, 8 BGBP,and31 PGRPputativeimmunetranscripthavebeen
identified (Clark andGreenwood2016).

Masqueraddike SPHsidentifiedin crayfishareprimarily involvedin
proteolyticcascadesesultingin productionof opsoninsandimmunesignalling
(Cereniusetal., 2010b;WangandWang,2013) Interestingly,a masqueraddke
SPHin Penaeusnonodorappearso bea multifunctionalimmunemolecule
showingbindingaffinity for LPSanddisplayingopsonicactivity (Jitvaropasetal.,
2009;WangandWang,2013) TheH. americanudranscriptomesontainsl760
serineproteinasearanscriptsand24 masqueradéke proteintranscriptClark, 2014;
Clark andGreenwood2016)

DSCAMsareimmunoglobulinrelatedproteinsthatcontainhighly variable
extracellularegionsspeculatedo functionaspathogerbindingsites(Cereniusand
Soderhall2013;WangandWang,2013) Traditionallyinvertebratemmunity has
beenconsideredroid of hypervariableantibodiesut the presencef DSCAM
isoformssuggest®therwise(CereniusandSéderhall2013) In H. americanus33

DSCAM isoformshavebeenidentified (CereniusandSoderhall2013;Clark, 2014;
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ClarkandGreenwood2016) In crayfish,bacterialchallengesesultin the
productionof DSCAM proteinisoforms,which arebelievedto actbothasa
phagocyticeceptorandasanopsonin(CereniusandSéderhall2013;Wangand
Wang,2013)

Lastly, lectins are proteins that recognize and bind to specific sugar moieties,
typically found in the cell wall of fungi and bacte(i@erenius et al., 2010a)
Binding of lectins to micrbial surfaces mediates binding between haemocyte
surface and pathogen, in turn enhancing the removal of path(@emrsius et al.,
2010a) Of particular interest are two-tgpe lectins, present intopenaeus
vannamelLvCTL1, andPenaeusnonodorPmAV, which have beefound to
function in virus defence by binding to the white spot syndreims (WSSV)
envelope proteivP28 (Cerenius et al., 2010a). Within tHeamericanus
transcriptome 45 @ype lectin transcripts, 2-€/pe lectin receptor transcripts, 2
agglutinin bbgenesis protein transcripts and a single agglutinin receptor transcript

have been identified (Clark and Greenwood, 2016).

1.4.2 Immune Signalling
Therearethreewell-characterizeimmunepathwaysn invertebrate
immunity: Toll (or Toll-like), immunedeficiency(Imd) andJanusinasesignal
transduceandactivatorof transcription(JAK-STAT) (Murdocketal., 2012) The
activationof thesepathwaygroducessignaltransductiorcascadesr proteolytic
cascadethatresultin the productionor releaseof transcriptiorfactorsthattrigger
releaseof immuneeffectormoleculegMurdocketal.,2014) TheToll andimd

pathwaysareresponsibldor theregulationof variousantimicrobialpeptide(AMP)
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encodinggeneswhereas]AK-STAT is involvedin antiviral responsefDe Gregorio

etal.,2002;Liu etal.,2009)

1.4.2.1Toll

Several components of the Toll pathway have been identified id.the
ameicanustranscriptomdClark, 2014; Clark and Greenwood, 2018pst notably,
970 Toll transcripts, 57 Spatzle transcsipt3Myeloid differentiation primary
response gene &§¥yD88), 22 Dorsal, and 14 tube transcripts (Clark and
Greenwood, 2016). The Toll pathway is well characterizddrosophila where it
is activated by the presence of graositive bacteria and fun{ibe Gregorio et al.,
2002) The binding of PGRISA or GNBP1 to PGN, or the binding of GNBP3 to
f u n gla3gludans triggers activation of a serine proteinase cascade. The serine
proteinase casde mediates the cleavage of-pmatzle (an inactive proenzyme),
into SpatzlgCerenius et al., 2010a$patzle is the ligand that binds to the Tibdé
receptor (TLR) protein present on the
(Hoffmann and Reichhart, 2002))he binding of Spatzle to TLR, results in an
intracellular signalling cascade involving adapter proteins, MyD88, tube and kinase
Pelle(Hoffmann and Reichhart, 2002he TLR adapter ¢oplex signals to an
inactive transcription factor of theuclear factor kapphlght-chainenhancer of
activated B cell§NF-a Bfamily which kinase Pelle then complexes the degradation
of theinhibitor of kappa Blike (I ) protein cactus, resulting ingmuclear
translocation of the Nl Blike transcription factors Dorsal and Dorsealated

immunity factor (Dif)(De Gregorio et al., 2002; Hoffmann and Reichhart, 2002)
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Dorsal and Dif ativate transcription of genes encoding antimicrobial peptides

(Hoffmann and Reichhart, 2002)

1.4.2.2 Imd

Theimmunedeficiencypathwayactsagainsigramnegativebacteria
(HoffmannandReichhart2002).In Drosophla, the pathwayis initiated by the
bindingof PGNto avarietyof PGRP9Myllyméaki etal.,2014) PGRRLC is
believedto bea primary componenbf Imd pathwayactivation(Choeetal., 2005;
Myllyméaki andRamet,2014) PGRRLE, a solublereceptompresenin the
haemolymphalsoplaysarolein Imd activationby bindingto PGNandtransporting
it to PGRRLC (Myllymaki etal.,2014) Theendproductof the Imd pathwayis
Relish,aNF-a Blike transactivato(HoffmannandReichhart2002) Imd activation
resultsin therecruitmentof signallingcomplexcomponentgsignalosome
equivdent),includingimd, dFADD adapteproteinandDredd(Myllymaki etal.,
2014).Dreddcleavedmd leadingto therecruitmentof TAK1/TAB2 complex.The
TAK1/TAB2 complexactivateghela-B complexwhichin turn phosphorylates
Relish,cleavingit from theinhibitory ankyrinrepeatdomain,allowingit to regulate
AMP transcription(HoffmannandReichhart2002;Myllyméaki etal., 2014) Imd
pathwaycomponentsncludingRelish,l 8 relatedproteinandseverakaspase
isoformshavebeenidentifiedin the H. americanugranscriptomdClark, 2014;

ClarkandGreenwood2016)

1.4.2.3 JAK-STAT
The JAK-STAT pathwayis involvedin the productionof antiviral cytokines

andrespondgo invadingviral infections(Myllymaki andRamet,2014) JAK-STAT
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activationoccurswhenthe Upd3ligandbindsto the Domereceptor(Myllyméki and
Ramet,2014).The Domereceptorcontainsan extracellularfibronectintypelll
domain,a cytokinebindingmodule ajanuskinase(JAK) tyrosine,ahopscotch
(hop)anda signaltransduceandactivatorof transcription(STAT) transcription
factorcoinedSTAT-92E (Myllymaki andRamet,2014).Activation of the pathway
follows a canonicakignallingmodel,wherebinding of theligandto thereceptor
causeseceptordimerizationandactivationof the JAK (Myllymaki andRamet,
2014. ActivatedJAK phosphorylategiself, atyrosineresidueandthe STAT
molecule.The phosphorylatiorcreatesa dockingsite for the SH2domainsof the
STAT molecule which causethe STAT to translocatento the nucleusandbind to
promotersof targetgenesresponsibldor cytokines,stressandimmuneresponses
(Myllyméaki andR&met,2014).

Themechanisnby whichvirusis detectedandthe effectorsof the JAK-
STAT signallingpathwayarenot yetfully elucidatedMyllymaki andR&amet,2014).
However,Renetal., (2015)recentlypresenteanicroRNA (miRNA)-mediated
regulationof the JAK-STAT signallingpathway via thioestercontainingproteins
TEPlandTEP2,following WSSVinfectionin Penaeugaponicus Severalof the
JAK-STAT pathwaycomponent$iaveidentified homologuesn theH. americanus
transcriptomeincluding 220 Domelesdranscripts2 cytokinereceptoitranscripts,
120JAK-STAT signallingproteintranscripts,326 hopscotchransriptsand4 JAK-
STAT transcriptionfactortranscriptgClark andGreenwood2016).A striking
featureof the JAK-STAT pathwayis its benefitfor white spotsyndromevirus (Chen

etal.,2008) In WSSV infectedPenaeusnonodontheactivatedSTAT hasbeen
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foundto enterinfectednucleiandactivatethe promoterregionof the WSSViel

generesponsibldor viral transcription(Chenetal., 2008;Liu etal., 2009)

1.4.3RNAI

In addition to the JAKSTAT signaling pathwaythe RNA interference
(RNAI) pathway is also involved in antiviral defence. There are two main classes of
RNAI, small interfering RNA (siRNA) and micreRNAs, which function to
regulate transcriptional and pedsanscriptional gene expressifowotny and
Yang, 2009) Typically, RNAI bind to complementary sequences in the mRNA of
target genes and regulate expression by either repressing or inducing translation
(Verbruggen et al., 2015)pon detection of a virus within a host, RNAI can limit
viral replication or alter cellularrpcesses that disadvagethe virus(Verbruggen
et al., 2015)However, it has also bedound that RNAIi (or miRNAS) present within
the genome of a virus can regulate either viral genes or host genes in an attempt to
manipulate immune response and cellular functions to advantage the virus
(Verbruggen et al., 2015)

The RNAI pathway has been well characterizeBiiosophilaand several
shrimp species. Major RNAI pathway proteisuch a®rosha, Dicer 1 and Dicer 2
proteins, Argonaute proteins, as well as several members of transactivation response
RNA-binding protein have been characterized in a variety of shrimp sfjeiciasg
and Zhang, 2013RNAi also play a critical role in WSSV infections, where a
SiRNA in Marsupenaeus japonicumas been found to target the VP28 gene of
WSSV (an envelope protein required for WSSV infection) and exhibit antiviral

activity (Xu et al., 2007)
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1.4.4Haemocytes

Haemocytesirethe primaryimmunecellsin crustaceanandareresponsible
for cell-mediatedmmuneactionssuchasphagocytosigndencapsulatiorgHillyer,
2015;Jiravanichpaisattal., 2006;Johanssoetal., 2000) Theyalsocontainseveral
key proteinsandenzymes critical for processesuchascoagulatiorand
melanization(Sdderhall2016) Theregulation,storageandreleaseof haemocytes
occursin thehaematopoietitissue(Johanssoetal., 2000) Molecularregulationof
haematopoiesis only recenly beginningto beelucidatedn crustaceansyhere
P1Runtatranscriptionfactor,belongingto the Runx proteinfamily, hasbeen
identifiedasanecessargomponentor haematopoiesi€Stderhall 2016)

Haemocytesreclassifiedinto threemaincell types;hyalinehaemocytes,
granulocyteandsemigranulocytegMartin andHose,1995) Hyalinehaemocytes
aremorphologicallycharacterizedby their ovoid shapehigh nucleocytoplasmic
ratio andabsenc®f granulegHoseet al., 1990;SoderhalandCerenius1992)
Granulocytesarelargerthanhyalinecellsandcontainlargecytoplasmiogranules
(>1¢ mn diameter)Battisonetal., 2003) Granulocytesreresponsibldor the
storageandreleaseof component®f the proPOsystem(Johanssoetal., 2000)
Semtigranulocytesresimilar to granulocytedut containsmallerandfewer
cytoplasme granuleg<1 ¢ mn diameter)Battisonetal., 2003;Martin andHose,
1995) Semigranularcells containlysosomalenzymesghataid in phagocytosigsnd
encapsulatiomswell asstorageandreleaseof the proPOsystem(Johanssoetal.,

2000).In H. americanusl11 differenthaemocytaypeshavebeenidentified;
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howeverseveralreconsideregrecursor®f thethreemaincell typesmentioned

above(Battisonetal., 2003).
1.45 Effector Mechanisms

1.4.51 Clotting

Clotting actsasa meansof sealingawoundandpreventingossof
haemolymphduringinjury (Shieldsetal., 2006) Clotting alsotrapsandisolates
foreignparticleswithin the body (knownasnoduleformation),preventingpathogen
spreadMartin and Hose,1995; Shieldsetal., 2006) The crustacearlotting process
is initiated by ruptureof hyalinehaemocyteshroughcytolysis,releasing
transglutaminas€lr Gase)which covalentlybondsclotting proteins
(SritunyalucksanandSdderhall 2000) In crustaceans;oagulogens aknown
plasmaclotting protein(Martin andHose,1995) In the presencef C&*, TGase
crosslinks with coagulogenesultingin theformationof a clot (Sritunyalucksana
andSoderhall2000) In freshwatercrayfishPacifastacuseniusculusanU 2
macrogbbulin ( UrR), is responsibldor exposingreelysineandglutamine
residuessuggesting’ Gasdikely utilizesU 2m to crosslinkto the coagulogen
(Theopoldetal.,2004) In H. americanusa variety of transglutaminases)otting
proteins,andcoagulatiortranscriptionfactorshavebeenidentified (Clark, 2014;

ClarkandGreenwood2016).

1.4.52 ProPO and Melanization
Melanizationin crustaceansvolvesa seriesof enzymaticandproteolytic

cascadethatresultin pathogerdeaththroughoxidativedamageandtheformation
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of melanin,which encloseshepathoger(Hillyer, 2015).Formationof aPRR
PAMP complexinitiatesa serineproteaseascadé¢hatactivateshe
prophenoloxidasactivatingenzyme(PPAE),responsibldor the cleavageof the
zymogenprophenoloxidaseto phenoloxidas¢PO) (Hillyer, 2015).POthen
hydroxylategyrosineinto DOPA anddopaquinonewhichis furtherconvertednto
dopachromefollowed by 5,6-dihydroxyindole via thedopachrome&onversion
enzyme(Hillyer, 2015) POfurtheroxidizes5,6-dihydroxyindoleinto indole-5,6-
quinonewhich polymerizego form melanin(GotoandKurata,2012;Hillyer, 2015)
In theH. americanugranscriptomel29 DOPA decarboxylasel 1 PPAEand79
prophenoloxidast&ranscriptshavebeenidentified (Clark andGreenwood2016).
In crustaceanphenoloxidasés synthesize@ndreleasedrom the granular
andsemigranularhaemocyes(Jiravanichpaisattal., 2006. Therecognitionof
nonselftriggersdegranulatiorof granularhaemocytesn turnreleasinghekey
proteinsandenzymegJiravanichpaisattal., 2006) The by-productsof this
pathwayincludequinoneswhich areextremelytoxic metabolitesandreactive
oxygenspeciesthereforemakingpathwayactivationefficient atkilling invading
pathogengGotoandKurata,2012) Geneknockdownstudiesconductedn shrimp
havefoundthata reductionin total PO activity resultsin increasedusceptibilityto

bacterialinfections(Tassaakajonetal., 2013)

1.4.53 Phagocytosis and Encapsulation
In H. americanusphagocytosiss accomplishegbrimarily by the semt
granularhaemocytesndaidedby the hyalineandgranularhaemocytegMartin and

Hose,1995) PhagocytosisccurswhenPRRs presenbn phagocyticcells,suchas
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PGRPsandDSCAM bind to PAMPs(Hillyer, 2015).Binding causesytoskeleton
modificationsthatleadto pathogeruptake(Hillyer, 2015;Jiravanichpaisagtal.,
2006) Vesiculartransportringsthe pathogerto amembranelelimitedphagosome,
which fuseswith alysosomehatuseshydrolytic enzymedo digestthe pathogen
(Hillyer, 2015) Protozoanshacteriafungi andsomevirusescanbephagocytized
via the PAMP mediatedpathway(RowleyandPowell,2007) Opsonizatiorfactors
presenin the plasmaalsocirculateandmarkparticlesor pathogengor phagocytosis
(Jiravanichpaisattal., 2006)

Whena parasitds too largeto be phagocytizedhaemocytesvill encapsulate
theforeignparticlesealingit off from circulation (SoderhallandCerenius1992)
Encapsulatioris carriedout by granularandsemigranularhaemocytesindresultsin
amultilayeredoverlappingsheathof haemocytes(Jiravanichpaisattal., 2006).The
bindingof haemocyteso thelargerpathogens dependentn bindingof integrinsto
specificsitesdefinedby Arg-Gly-Asp (RGD) sequencefHillyer, 2015).
Encapsulatiortanalsobe accompaniethy melanizatiorand productionof toxic

quinoneghataid in pathogerdeath(Jiravanichpaisattal., 2006).

1.4.54 Apoptosis

Currently,thereexistssomeambiguityregardingthe benefitof apoptosisn
viral immunity (FlegelandSritunyalucksan&011) In earlyinfectionsit is believed
to helpcombatinfectionby limiting virus production however in late stagesf
infectionmanyviruseshavebeenfoundto induceapoptosisn anattemptto spread
viral progenyto otherneighbouringcells (FlegelandSritunyalucksan&2011;Liu et

al., 2009) Caspasearethe maineffectorproteasesf apoptosigKornbluthand
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White, 2005) The lAP family of antrapoptoticproteinsis responsibldor regulation
of apoptosigKornbluthandWhite, 2005).In Penaeusnonodon\WWSSV hasbeen
shownto inhibit caspas@ resultingin adecreasen apoptosisanda decreasén host
mortality in earlyinfection(Liu etal., 2009) However,it is unknownif this
correlatedwvith anincreasen late-stagehostmortality (Liu etal., 2009).Over600
caspasesoformshavebeenrecentlyidentified within the H. americanus

transcriptoméClark andGreenwood2016).

1.4.55 Antimicrobial Peptides

In H. americanusHoa-crustin,CAP-1 (Homarin), CAP-2 andanti
lipopolysacchade factors(ALFs) arethe mostwell characterizedMPs (Battison
etal.,2008b;Bealeetal., 2008;Christieetal., 2007;Clark, 2014) Hoa-crustin,
CAP-1 andCAP-2 belongto a groupof WAP domaincontainingproteinsknownas
crustinswhich displayactivity againstgrampositivebacteriaandcultured
scuticociliateparasitegChristieetal., 2007) Anti-lipopolysaccharidéactorsare
smallproteinsthatareinvolvedin defendingagainstbacterialandmicro parasitic
infections(Bealeetal., 2008;Clark,2014).H. americanusave? differentALF
isoforms(Clark, 2014).Differential expressiorof the variousALF isoformshas
beenexaminedor bacterial parasiticandviral infections(Clark etal., 2013a,
2013b,2013c) Most notably,duringWSSVinfectionin H. americanusboth
HomameALF-B1 andALFHa-4 weredifferentially expresseat 24 hoursand96
hourspostinfection,indicatingarole for ALF in mediatingviral immunity (Clark et

al., 2013c) More recently, AMP pathwaycomponentsncluding9 ALF transcripts,
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12 crustintranscriptsand3 AMP type 1-precursotranscriptshavebeenannotatedn

theH. americanugranscriptomdClark andGreenwood2016).

1.5 Pathogens

Themarineenvironmenpresentsiumerousopportunitiedor interaction
with pathogengHauton,2012;SéderhallandCerenius,1992) Diseaseaesulting
from theseinteractionds of concernfor fisheriesgiventhe potentialfor lost
productivity (Greenetal., 2014) Surprisinglythough lobstershavefew reported
diseasesomparedo otherdecapodrustaceanéMartin andHose,1995) Thesefew
diseaseshowever do posethreatsto wild or impoundedobsterpopulations
(Behringeretal., 2012) Interestingly therearecurrentlyno knownnaturally
occurringviral pathogen®f H. americanusyetviral pathogensre of significant
economicconcernto othercloselyrelatedcrustaceaspeciegBehringeretal., 2012;

Cawthorn,2011)

1.5.1 Bacterial Diseases

Gaffkaemia and shell disease are two of the most common bacterial diseases
affectingH. americanugCawthorn, 2011)Gaffkaemia is the disease caused by the
grampositive bacteriunerococcus viridansar. homari(Greenwood et al.,
2005b) The kacterium, a frediving, tetradforming coccus, leads to systemic
disease iH. americanugStewart, 1984)Gaffkaemia prevalence is low in wild
populations but is a major disease of impoundedtefCawthorn, 2011)Increased
temperatures, handling stress, overcrowding and strain of bacteria all contribute to
how quickly nfection progresses to disease and mortéligwthorn, 2011)In

lobsters, there exist two forms of shell disease, classicaldibetise and epizootic
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shell diseaseClassical shell disease presents as lesions that develop slowly on the
setal pits of the dorsal carapace (Cawthorn, 2011). It has low prevalence and is
traditionally associated withoor water quality in holding facties (Martin and
Hose, 1995; Shields, 2018SD havever, appears grossly as melanization and
necrosis of the lobster cuticle, develops rapidly and has been found at high
prevalence in Southern New Englai@awthorn, 2011)ESD is associated with an
initial disruption of cuticle coupled with environmental stress and chitinolytic
bacteriaAquimarina homar{Castro et al., 2012; Cawthorn, 2011; Shields, 2013)
Vibriosis is also of concern for decapod crustac€8hgelds, 2011)Many
Vibrio species such a#brio harveyi, Vibrio alginolyticus, Vibrio parahaemolyticus
act asopportunistic secondary pathogens causing disease when lobsters are already
significantly stressedCawthorn, 2011; Shields, 2011y H. americanusVibrio are
associated with diseases such as Limp lobster disease, classical shell disease and

ulcerative enteriti¢Battison et al., 2008a; Beale et al., 2008; Cawthorn, 2011)

1.5.2 Fungal Diseases

In crustaceans, fungal pathogens are of concern mostly for aquaculture and
hatchery facilitiegCawthorn, 2011; Stewart, 1984)he fungal pathogen
Lagenidium callinectebas been known to infect embryos and lakahmericanus
resulting in fouling of eggs and larval deé@awthorn, 2011)Water mould, caused
by Haliphthoros mildfordensis also of concern for eggs and larval lobsters where
disease is associated with unhealthy rearing conditions (Cawthorn, EQ&ajium
solania deuteromycete fungus responsible for black gill disease has been reported in

shrimp, spiny lobsters and clawed lobster from aquaculture facilities where subpar
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environmental factors are thought to facilitate outbréakderman, 1981, Lightner
and Fontaine, 1975; &ds, 2011) The fungus is an opportunistic pathogen that
infects lobsters through previously dead or damaged tissues resulting in black

lesions on the exoskeleton and gills of the aniffiedng and Hoa, 2009)

1.5.3 Protozoal Diseases

Anophryoides haemophiléhe causative agent of bumper car disease, is a
scuticociliate protozoan pathogen that impacts both wild and impouihded
americanugCawthorn, 1997; Greenwood et al., 200%3pon infection, ciliates
initially (1-4 weeks post infection) replicate locally in the vesiculacsp and are
undetectable in the haemolym@kthanassopoulou et al., 2004owever, at late
stage infections (4+ weeks post infection) the ciliates begin to spread throughout the
body to tissues amargans resulting in haemocyte granulomasanthrked
haemocytopenigAthanassopoulou et al., 2004; Battison et al., 2004)

Other protozoal pathogensldf americanusncludeNeoparamoeba
pemagquidensiandPorospora gigante#Cawthorn, 2011; Shields et al., 2006)
Neoparamoeba pemaquidensssan amoebozoan pathogen, that has been
previously identified as a primary contributor tbe 1999 Long Island Sound
mortality event{Cawthorn, 2011)The amoeba infects the ventral nerve cord, brain
and neurosecretory organs of the €ykields et al., 2006 he disease is
transmitted horizontally and spreads rapidly making it a significant problem for
situations involving high stocking densi$hields et al., 2006Porospora gigantea
is an apicomplexan parasite that usesmericanuss its definitive hostShields et

al., 2006) The parasite is found free within thenen of the mid and hind gut of the
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animal with epimeres attached to the gut Bthttey and Campbelll986; Shields
et al., 2006)No gross pathological changes are associated with infection and

lobsters tend to appear relatively healthy when infe@edhen, 1978)

1.5.4 Viral Diseases in Other Crustaceans

Naturally occurring viral infections have yet to be conclusively documented
in H. americanushowever, viral diseases continue to be a significant impediment to
the growth and sustainability of other wild and cultured crustacean populations
(Behringer et al., 2001; Cawthorn, 201¥)ral agents include, but are not limited to,
Panulirus argusvirus 1 Pav1l), Penaeus stylirostriBrevidensovirugPstDNV),
and white spot syndrome virus (WSS\Bhields, 2011; Sweet and Batema] 2)

PaV1l is the first recorded naturally occurring viral infection of spiny lobsters
Panulirus arguqShields, 2011; Sweet afhteman, 2015)t infectsP. argus
juveniles only and has been recorded at prevalence levels as high as 50% during
outbreaks (Sweet and Bateman, 2015). The virus infects haemocytes, soft connective
tissues and fixed phagocytes, with heavily infectddtiers becoming slow, lethargic
and losing haemolymph clotting ability (Shields, 2011).

PsDNV infects a wide variety dPenaeushrimp species, witRenaeus
stylirostrisbeing the most susceptikl€hayaburakul et al., 2009PstDNV is a
small DNA virus that infecthaematopoietic tissue, nervous tissue, gills, gonad,
connective tisses and antennal glari@hayaburakul et al., 2005; Sweet and
Bateman, 2015)The virus is a major impediment to shrimp axpure as previous
outbreaks in shrimp farms have resulted in mass mortalities o{ @@&yaburakul

et al., 2005)
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Similarly, WSSV iriectsfarmed shrimp and has caused serious pandemics to
thePenaeushrimp aquaculture industry worldwidg8hekhar and Ponniah, 2015)
Strikingly though, the virus appears to be +specific with over 93 crustacean
species reported as susceptible either from natural or experimental infection
(SanchezPaz, 2010)Included among those experimentally susceptibleHare
americanusand the European lobstdr gammarugBateman et al., 2012; Clark et

al., 2013c)

1.6 White Spot Syndrome Virus

WSSV was first discovered iue the early
facilities in Southeast Asiggoto et al., 2001)Since its erargence the virus has had
serious economic impact on the cultured shrimp industry with infections in
aquaculture ponds leading to 100% mortality within three to ten(&nekhar and
Ponniah, 2015; Zwart et al., 2010he virus is highly virulent and spreads quickly.
The original host of the viru®enaeus japonicusmhabited waters in Southeast Asia
and was one of the original commercially reared shrimp sp@aiest al., 2005)It
is believed that WSSV first became established in wild populations, amounting to
little impact, andhen spread from wild populations to farms resulting in significant
economic lossefd.o et al., 2005)International transport of live shrimp and brood
stock for both consumption and aquaculture has resulted in theutisin of the

virus to shrimp facilities globallfl_o et al., 2005)

1.6.1 WSSV Genome and Morphology
WSSV is a double stranded DNA virus with a 300 kilobase pair genome,

making it one of the largest animal virus gemesifZwart et al., 2010)It is the sole
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member of théNimaviridaevirus family (Zwart et al., 2010)Four WSSV isolates
have been sequenced with each differing only slgghtgenome size and sequence
suggesting a high degree of genomic stab{fsadeep et al., 2012; Verbruggen et
al., 2016) The Thai isolate in particular has the smallest genome and has been found
to be the most virulent iRena@isshrimpspeciegMarks et al., 2005)

WSSV virions (Fig. 1.1are ovoid to elliptical in shape and range between
210 and 420 nm in length and 70 and 167 nm in diani®@&archezPaz, 201Q)The
virions possess a striated nucleocapsid core and a long tail like projection at one
extremity(Bateman et al., 2012WSSV currently contains 58 known structural
proteins(Sanchez’az, 201Q)The most well characterized are envelope proteins
VP28 and VP26 which constitute 60% of the viral envel@@nchez’az, 201Q)
VP28 has been found to be critical for virus entry and attachment to host cells,
whereas VP26 plays a suspected role in movement of virus towards the nucleus

following host cell entrySanchez?az, 201Q)
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Figure 1.1: White spot syndrome virus morphology.
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1.6.2 Virus Entry and Tissue Tropism

WSSV utilizes an endocytimediated pathway to enter shrimp céHsiang
et al., 2013) WSSV envelope proteins interact with a variety of host receptors
including but not limited to @ype lectins, integrins and RalVerbruggen et al.,
2016) The virus uses either clathinediated endocytosis or caveclaediated
endocytosis to penetrate the ¢derbruggen et al 2016) Once inside, the virus
matures within the endosome, until it exits and travels to the nugfeudsruggen et
al., 2016) The mechanism by which the virus travels to and enters the nucleus is
currently unknavn. However, once inside the nucleus, host transcription factors bind
to the iel promoter gene, which in turn activates viral transcription factors allowing
for viral replication(Verbruggen et al., 2016)

WSSV infecton in penaeid shrimp is characterized by a rapid reduction in
food consumption and a lethargic stéReadeep et al., 2012)he virus gets its
name from the presence of tiny abnormal calcium deposits that, although rare,
appear on theuticular epidermigLo et al., 2005)The virus targets tissues of
ectodermal and mesodermal oridiro et al., 2005)Infection can be recognized
histologically by the presence afilarged nuclei with inclusion bodi¢Bateman et
al., 2012) At the early stages of infection nuclei show marginated chromatin. The
stomach, gills, cuticular epithelium, lymphoid organ and haematopoietic tissue are
amongst the most heavily infected tissues at late stages of infdetaueep edl.,

2012)
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1.6.3 Transmission

WSSV is a problem for the shrimp indus#fyecting bothacquisition of
healthy, virusfree brood stocknd animal husbandry. In less developed countries,
shrimp aquaculture facilities still use witdught brood stock drseed, instead of
specific pathogen free (SPF) shrimp, to stock culture pfiréece, 2000)WSSV
prevalence in wild populations Benaeus monodaong the coast of East India
have been recorded as high as 56(@&dla Pefia et al., 2007; Dutta et aD15;
Octovianus and Yanuhar, 201Shrimp farms harvesting brood stock or seed from
contaminated marine environments risk introducing WSSV infection into their
hatcheries. WSSV eradication efforts (heat killing the virus for 1 min &EpEesult
in lost production time meaning that it is more prudent to control stock, improve
biosecurity and implement low stress hatchery conditions to mitigate impacts of
WSSV infection(Karunasagar and Ababouch, 2012)

When WSSV gains entry into an aquaculture pond, the virus spreads quickly
through horizontal transmission. Ingestion of infected tissue (cannibalism) or
exposure to virus particles pres@mthe water results in disease outbreak within
several day$Lo et al., 2005; Sanchd2az, 201Q)Infection in mature eggs has yet
to be deumented suggesting that vertical transmission likely results in death of eggs

prior to maturatior{Lo et al., 1997; Sanchd2az, 201Q)

1.6.4 Host Range
Arguably the most interesting feature of WSSV is its broad host range. Both
the World Organization for Animal Health (Office International des Epizooties,

OIE) and the National Aquatic Animal Health Program (Canada; NAAHP) consider
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WSSV a notifiable diseaswith the potential to infect all crustacean decapods. The
virus is reported from a wide range of hosts such as shrimp, crabs, lobsters, and
crayfish(Sanchez”az, 2010)Amongst these reports, are various degrees of
susceptibility, disease, infection and resista@aeman et al., 2012 total, 93

species of arthropods have been reported as hosts or carriers of WSSV from wild or
experimental scenasoincluding the aforementioned experimental infectioH .of

americanugClark et al., 2013c; Maeda et al., 2000; SandPaz, 201Q)

1.6.5Host Pathogen Environmentinteractions

WSSV is not only able to survive within a variety of hosts but also within the
broad range of environmentscupied by those hostslarine crustaceans, estuarine
species and freshwater crayfish are all reggbas uiversally susceptibl€Bateman
et al., 2012)

Environmental temperature in particular, plays a critical role in WSSV
infection dynamics. WSSV experimental infection has been reported at temperatures
ranging from 15C in H. gammarugBateman et al., 20129 36°C in Peraeus
monodon(Raj et al., 2012inclusively. It is believed that the ideal temperature for
the virus is between 1% and 30°C (Moser et al., 2012)n Penaeus japonicys
significant increase in mortajiis observed in animals infected at®®7compared to
31°C (You et al., 2010)In Penaeus monodoi00% mortality is observed
infected animals held at temperatures betweelCl&nd 30°C, with a reduction in
mortality observed in animals held at ®and 36°C (Raj et al., 2012)In WSSV
infected freshwater signal crayfiSfacifastacus leniusculuemperatures below 12

°C, result in no mortality over a pedof 45 daygJiravanichpaisal et al., 2004)
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On a molecular level the interactions between hostunity and WSSV are
only recently beginning to be understoddang et al. (2006jpund an upregulation
of immune related genes such as HSP 70, HSP 90, trefpddosphate synthase
(TPS) and ubigitin C, 6 hours post infection in Chinese white shrimp
Fenneropenaeus chinens&milarly, Rao et al.(2016)found atotal of 74 immune
related unigenes were upgulated in response to WSSV infection in the giant
freshwater prawnMacrobrachium rosenbergiComponents of the prBO
pathway, ALFs, lysozymes, components of the coagulation cascade and caspases
were among those uegulatedRao et al., 2016) astly,Clark et al. (2013c)
examined the molecular immune responsid.iamericanugxperimentally infected
with WSSV at 20°C, a temperature near the upper thenolarance of the animal
and found a total of 136 genes including trypsin isoforms, eb#;Zathepsin C2,
and ecdysoneénducible protein E75 (EIPE75) were differentially expreqs$&ldrk

et al., 2013c)

1.7 Rationale

Recently, research effort has focused on characterizing theeunhar
immune response of lobsters in an attempt to better understand host pathogen
interactiongClark et al., 2013a, 2013b, 2013€) americanusnhabit ocean waters
that fluctuate in temperature betweetQ0and 20°C, yet the full impact of these
temperature variations on the immune respons¢ americanuss unknown.
Previous research shows that adiulamericanugproduce a tamted immune

response to WSSV, following intramuscular injection of the virus 4C3Clark et
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al., 2013c) However, howH. americanugesponds to WSSV at various
temperatures is unknown.
The purpose of this study wasdetermine the effect of variable water
temperature on theverall immune response bf. americanugxperimentally
infected with WSSV. The study will conduct a WSSV injection challenge model and
use a lobster specific microarray, ®PCR, and light and electron microscopy to
explore the clinical, tissue and molemuimmune response of experimentally
infectedH. americanusat four different water temperatures (10 15°C, 17.5°C,
20°C). It is hypothesized th&t. americanusnfected with WSSV willdisplay
measurable differences in overall immune response betweerduals at different
temperatures. It is also hypothesized that increased WSSV pathogenicity and highest
infection levels will be observed at warmer temperatureSG20moderate levels of
infection and diminishing pathological changes will be ob=sgat intermediate
temperatures (1%, 17.5°C), and WSSV infection will be absent at colder
temperatures (12C).
The main objectives of this study are to:
1 Conduct a white spot syndrome viiasvivo challenge irH. americanust
four different watereamperatures: 1%C, 15°C, 17.5°C, 20°C.
1 Monitor WSSV infection throughouhbetrial.
1 Identify WSSV associated changes in target tissues using histology and
transmission electron microscopy.
1 Identify differently expressed immune related genes using a lobster specific

microarray.

36



1 Verify microarray gene expression findings using-¢ACR.
1 Begin to elucidate the immune pathways and processes that are impacted by

WSSV infection at varying tempetaes.
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2.0 IMPACT OF WATER TEMPERATURE ON IMMUNE -RELATED GENE
EXPRESSION OF Homarus americanu€£XPERIMENTALLY INFECTED
WITH WHITE SPOT SYNDROME VIRUS

2.1 Abstract

The American lobsteKlomarus americanusnhabits ocean waters that
fluctuate between fC and 20°C. Water temperature can influence processes such
as larval development, growth, and reproduction. The full impact of these
temperature variations on the immune respons¢ aimericanuss unknown White
spot syndrome virus (WSSV) is currently one of the most virulent pathogens
affecting the farmed shrimp aquaculture industry; however, a considerable number
of other crustacean hosts also exhibit varying degrees of susceptibility. The present
studyused an injection challenge model to explore the molecular immune response
to WSSV infection in American lobstef,. americanusheld at four different
temperatures (1%C, 15°C, 17.5°C and 20°C). A decline in clinical condition
(measured via total ha@myte concentration) and an increase in WSSV viral
amplification (measured via WSSYPCR) was observed in WSSV infected
americanusheld at warmer temperatures (17Gand 20°C) compared to colder
temperatures (1% and 15°C). A lobster specific micrarray was used to monitor
transcriptomic changes for 14,592 genes during viral challenge. Hepatopancreas
MRNA revealed 771 significantly differentiated genes between control and infected
H. americanu®ne and tweweeks post infection (PI) across all temgiares.
Microarray results were verified via RJPCR. At 15°C, Gtype lectin was
downregulated 0.54 and 0.93 fold one and-wveeks PI respectively. At 17°&
prolyl-4-hydroxylasealpha was down regulated in infected animals relative to

controls and a20°C aPoklike protein was dowmegulated one and twaeeks PI.
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Other differentially expressed genes included, several ribosomal proteins (L27a,
L13, L11, L39), mitogeractivated protein kinase organizer 1, prelyhydroxylase
alpha, laminin subunit game-3, shortchain dehydrogenase and acute phase serum
amyloid A. Overall results from this study are helping to characterize temperature

dependent changesth americanuwiral immunity.

2.2 Introduction

In recent years, global climate change, and itgltieg impact on marine
environments has become increasingly important. In 2001, the Intergovernmental
Panel on Climate Change (IPCC) predicted7°C increase in mean global
temperature over the next 100 yedPRCC, 2001) Data already suggests that
climate change isnpacting our marine environments through increased water
temperature, altered oceanic circulation, increased ocean stratification, increased
CO:; levels and decreased sea(iBerge et al., 2014)Waller et al., (B16)recently
examined the joint effects of the IPCC predicted temperaturp@@glevels in
Homarus americanusrvae and found that temperature had the greatest adverse
effects on larval survival. Increased temperature has also been identified as the
prominent driver of mass scale coral reef bleaching events along the coast of
Australia and Dermo diseaBerkinsus marinusutbreaks in U.S. oyster
populations (Burge et al., 2014). Mean annual bottom temperatures in the Gulf of
Maine above 810 °C havebeen found to increase the prevalence of epizootic shell
disease amonlg. americanugMaynard et al., 2016 Changes in temperature

impact marine organiss, and the commercial fisheries they support, by influencing
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basic biological functions such as survival, growth, reproduction, immune function
and even frequency of diseggrirge et al., 2014; Doney et al., 2012)

White spot syndrome virus doublestranded DNA virus belonging to the
Nimaviridae virus family, is currently one of the largest impediments to the growth
of the shrimp aquaculture indus{anchez’az, 201Q0)In shrimp, WSSV is highly
virulent, with infections often resulting in 100% mortality with#1@ daygPradeep
et al., 2012)Furthermore, the virus appears to be-spacific, with over 93 other
crustacean species reported as susceptidleatural or experimental infection
(Sanche#zPaz, 2010; Sweet and Bateman, 20Th)e World Organization for
Animal Health (Office International de Epizootic; OIE) and the National iqua
Animal Health Program (Canada; NAAHP) consider WSSV a notifiable disease
based on its potential to infect all crustacean decapbdanericanusand the
European lobstdHomarus gammaryswo commercially valuable species, are
known to be experimentglsusceptible to WSS{Bateman et al., 2012a; Clark et
al., 2013c) Previous research shows that af@pH. americanugproduces a
targeted molecular immune response to WSSV inje¢ark et al., 2013cPer s
feeding trials at 16C suggest tha#. americanusan only become infected with
WSSV following an unnatural route of exposure such as injection (Byrne,
unpublished). IrH. gammaruwiral replication and disease have been demonstrated
following both expemental injection and feeding trials conducted af@5
(Bateman et al., 2012a, 2012b)

The thermal preference for WSSV is believed to be betweé@ afid 30°C

(Moser et al., 2012; Sun et al., 2014)Penaeushrimp speciess group known to
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be highly susceptible to WSS¥mperatures above 3G and below 15C result in
reduced mortality ratgd.ua and Hirono, 2015; Raj et al., 2012; You et al., 2010)
On a molecular level, the ridgetail white prasxopalaemon carincaudanfected
with WSSV at 25C shovedan increase in expression of aafioptosis genes and a
decrease in expression of genes involved in regulation of cell death compared to
animals infected at 1& (Sun et al., 2014). This suggests that during early infection
at warmer temperatures (up30°C) the virus may inhibit host cell death to benefit
its propagatiorfSun et al., 2014)ncreased temperatures are also speculated to
increase WSSV susceptibility by regilng host immune defence mechanisms
(Jiravanichpaisal etal.,, 2004) The ef ficacy of an ani mal 6s
part influenced by general temperatdependent physiological ahges occurring
in the hos{Linder et al., 2008)For example, yellow leg shrimpenaeus
californiensis acclimated to 18C have been found to have a higher concentration
of prophenoloxidase (proPO), a major component of invertebrate immunity,
compared to animals acclimated to°82 regardless of the presmnof a pathogen
(VargasAlbores et al., 1998)n H. americanusphagocytosis occurs more rapidly
at 10°C and 15°C (temperatures within titeermal preference of the animal)
comparedto4C, suggesting that temperatures out :
preference may impact the ability to overcome pathoflem$loullac and Haffner,
2000) The underlying molecular mechanisms by which temperature is shaping
immunity, specifically inH. americanusare poorly understood.

A previously established viral model of diseasélirmamericanugClark et

al., 2013c)presents an opportunity to study the interaction between temperature,
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WSSV and host immunity on a moleculardévlhe purpose of this study wias
explore the influence that a range of temperature§G105°C, 17.5°C, and 20°C)
might have on the molecular immune respongd.admericanugxperimentally
infected with WSSV. Additionally, a variety of clinical and molecular tools will be
used o characterize WSSV infection in the host at varying temperatures and
elucidate temperature specific transcriptomic differences between Wi&¥ed

H. americanust different temperatures. This studyhe first to provide insights as

to how temperaturmay be impacting hoaSSV dynamics itH. americanus

2.3 Materials and Methods

2.3.1 Animal Holding

Adult, male, market sized American lobstelo(narus americanygn = 48,
wt: 568 g + 18.63 g) were purchased from a local commercial seafood supplier
(Clearwater Seafoods®, Bedford, NS, Canada) and housed at the Gulf
Biocontainment Un#Aquatic Animal Health Laboratory (GBWBAHL; Fisheries
and Oceans Canada, Charlottetown, PEI, Canada). Upon arivahericanus
were assigned unique identification, lase{Adhesive Systems Incorporated,
Frankfort IL, USA) and randomly assigned (using a computer generated random
number list) to individual compartments in a perforated plastic tote (BioNovations,
Antigonish, NS, Canada). Each tote housed six lobsters oldewere randomly
assigned to one of four 400 L tanks maintained°& @/Vaterline®, Santa Ana, CA,
USA). Each tank held two totes yielding a total of 12 lobsters per tank.
americanuseceived a ongveek acclimation period at°€. Water temperatureas

then increased in °C per day increments, from°8 to 10°C for the first tank, to 15
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°C for the second, to 17% for the third and to 28C for the fourthH. americanus
received a second oneeek acclimation period at their final temperatures°1,015
°C, 17.5°C and 20°C) before beginning the infection trial.

All H. americanuganks were supported by an independent recirculating
artificial seawater (ASW) system maintained at a salinity of 31 £ 1 ppt (Instant
Ocean®, Spectrum Brands, Blacksbu/d,, USA). Each tank system was equipped
with a 25 um filter (Ocean Clear, Red Sea®, Houston, TX, USA), UV filter
(Emperor® Smart UV Sterilizer, Langley, BC, Canada), protein skimmer, (Berlin,
Red Sea®, Houston, TX, USA) and biofiltration using floatingmai x -( 10 Bi o
balls®, Pentair, Langley, BC, Canada). The recirculating ASW system was provided
with 10-15% water replacement per day. Temperature (programmed temp’@) 0.1
pH (8.11 8.4) and salinity (31 £ 1 ppt) were recorded daily. Oxygen concentration
(8.01 8.7 mg/L), nitrite (<1.0 mg/L), nitrate (<4 mg/L) and total ammonia nitrogen
(<1.0 mg/L) were recorded weekly. Nitrite, nitrate and total ammonia nitrogen were
checked using HACH® kits (London, ON, Canada) and read on a spectrophotometer
(HACH® mockl DR 5000, London, ON, Canad#&). americanusvere fed three
times per week for the duration of the trial. They received thawed pieces of haddock
and musseH. americanugeed was acquired from commercial suppliers
(Charlottetown, PE, Canada).

Specificpathogen free (SPF) Pacific white shrilrifippenaeus vannamei,
used to generate WSSV inoculum (Section 2.3.3), were obtained from the Oceanic
Institute (Waimanalo, HI, USA) and housed at GBAHL facility. L. vannamei

were maintained in a seropen multitank recirculating ASW system (Aquabiotech,
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Coaticook, QC, Canada). The aquaria (9 L) were maintained’& ¢71°C) and a
salinity of 31 ppt (Instant Ocean®, Spectrum Brands, Blacksburg, VA, USA).
vannameivere fed a maintenance diet of approxima®iy% body weight
(Ziegler® shrimp feed, Gardners, PA, USA).

Waste material generated from the study was decontaminated before
disposal. Effluent wastewater was autoclaved, and animal carcasses were
incinerated. Laboratory gloves, clothing, and displtesaiaterials were autoclaved.
Work areas were bleached (500 ppm, Javex), rinsed with water, and sprayed with
70% isopropanol following work. Work involving WSSV was conducted within
biocontainment facilities certified aquatic containment level 3 (AQR8ivo by the
Canadian Food Inspection Agemay per the Canadian aquatic animal pathogen
standard¢CFIA Biohazard Containment and Safety, 2010ye animal based
projects at GBLUAAHL were monitored and audited by the Fisheries and Oceans

Regional Animal Cax Committee.

2.3.2 Health Assessments

H. americanusealth assessments (Appendix A Fig. A1) were conducted
three days post arrival. Briefly, defensive posture, tail tone, eyestalk withdrawal and
shell hardness dfi. americanusvas examined. americanusvere weighed, and
haemolymph (~2 mL) was collectdd. americanusvere screened for bacterial and
ciliated protist infection by culturing haemolymph in trypticase soy broth (TSB),
phenylethyl alcohol media (PEA) and modified marine axenic medium (MMAM)
(Acorn et al., 2011)Haemolymph refractive index was recorded using a handheld

refractometer (R2 Mini, Reichert Technologies®, Depew, NY, USA). Pleopod and
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haemolymph samples were collected and tested for WSSV using qPCR (Section
2.3.4). Haemolymph was also used to calculate total haemocyte concentration
(THC). To calculate THC, 500 pL of haemolymph was placed in 4.5 mL of filtered
ASW and formalin solution37% formaldehyde) and inverted gently ten times for
fixation. Fixed haemocytes were placed onBright-L i n &ld&&mocytometer
(Hausser Scientific, Horsh PA, USA) and counted under a light microscope (Nikon
Eclipse 80I, Nikon Canada Inc., Mississauga, GDly healthy and confirmed
WSSV-negativeH. americanusvere used for the infection trial; no WSSV positive

individuals were identified during piteial assessments.

2.3.3 Preparation of WSSV Inoculum

WSSV inoculum was prepared at the GBBHL facility. WSSV infected
shrimp tissue generated from previous infection challenges conducted at the GBU
AAHL facility was usedClark et al., 2013c)Previous infection challenges used
WSSV infected shrimp tissue (isolate AF332093) obtained from Dr. Donald
Lightner at the OIE reference labtoey for WSSV at the University of Arizona
(Tucson, USA)Clark et al., 2013c)WSSV was first passed throughvannameas
a bioassay to assess the viability of WSSV before infection trialhviltmericanus

WSSV infected shrimp tissue (250 mg) was thawed on ice, minced using a
scalpel, and placed into a 1.5 mL microfuge tube. Tissue was homogenized with
phosphate buffered saline (PBS; 0.1 M, pH 7.4), using a disposable pestle for two
mins and then centrifuged (Eppendorf centrifuge 5430R, Hamburg, Germany) at
5000 xg for 20 mirs at 4°C. The supernatant was collected and pipetted into a new

1.5 mL microfuge tube. The original sample was centrifuged a second time at 5000 x
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g for 20 mins at £C. The supernatant was collected and pipetted into the previous
1.5 mL tube. The supertaat was diluted 1:4 (supernatant: PBS), vortexed, filtered
(0.45 uM, Acrodisc® syringe filters, Pall Corporation, Mississauga, ON, Canada)
and placed into a 50 mL tube. Inoculum, comprising of the filtered supernatant and
PBS, was collected into a 1 mLreyge with 25 G needle and placed on icelfor
vannameinoculation.

L. vanname{n=4) were removed from their aquarium, held under a net and
70% alcohol was applied to back segments, 2 through 5, wapR@pplicator.L.
vannamereceived a single 7L injection of WSSV inoculum between tail
segments 3 and 4. Inoculatedvannamewere placed in a 40 L aquarium with
static ASW at 27+ £C. The aquarium contained an air stone and a water filter
comprised of wool and granular activated charcoal (G4yar, Dartmouth, NS,
Canada). Approximately 2030 % of the water volume was manually exchanged
every 1- 2 days. Following inoculatior,. vannamewere monitored every four
hours or more frequently until death. Dead and morikuncnnamewere
immediately removed from the aquarium, weighed and stor&D&€. WSSV
gPCR viral quantification was conducted from DNA extracted from a distal portion
of the abdomen collected from each shrimp (Section 2.3.4). The remainder of tissue
not used folWSSV-gPCR was used to generate fresh inoculum (in the same manner
described above). Fresh inoculum was store8®1C for subsequert.
americanusnfection challenge (Section 2.3.5) and negative staining bioassay

(Chapter 3).
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2.3.4 WSSVgPCR

Detection of WSSV via gPCR was conducted using DNA extracted from
haemolymph and various tissuét @mericanusandL. vannaméi DNA was
extracted using a DNeasy® Blood & Tissue Kit (Qiagen®, Toronto, ON, Canada) as
per the manuf act pendB)oBsiefly, 8B0sng of tissue ord0O sl ( Ap
of haemolymph tissue was lysed overnight atG@ising 20 pL of proteinase K.
Buffering conditions were adjusted using 180 pL of ATL buffer (if using tissue),
200 pL of AL buffer and 200 pL of 100% EtOH to eme optimal DNA binding
conditions. Lysate was then pipetted onto a DNeasy® mini spin column and
centrifuged (Eppendorf centrifuge 5430R, Hamburg, Germany) at 69®0rx.
min, for DNA to bind to the DNeasy® membrane. DNA contaminants and enzyme
inhibitors were removed in two wash steps using AW1 buffer (500 uL) centrifuged
at 6000 xg for 1 min followed by AW2 buffer (500 pL) centrifuged at 20,009 x
for 3 min. The DNA was then eluted in 100 pL of AE buffer, aliquoted (2 x 50 pL)
and stored at20 °C urtil required for gPCR.

Previously designed prime(€lark et al., 2013dargeting the VP28 gene
region of WSSV were used to amplify WSSV DNA. A single qPCR reaction
consisted of 12.5 gL of TagManE Universal
E, CA, USA), 2 9oL76fcDNAfetOradtforward pr
WSDvp28 (56GTGACCAACACCATCGAAAC30) , 0. 75 ¢
primer RIWSDvp28 (50 TGAAGTAGCCTGATCCAACC306), 0.
TagMan® probe PWSDvp28 (50CCTCCGCATTCCTGTGACTGCS ¢

FAM/ TAMRA), and dreeGvate L ( 0f t naPluea&reeDNase/ RN
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A~

Distilled water, Applied Biosystems E, CA,
of 25 ¢L. Reactions wer e-TimaPRCRsystaim(Blaut on a
Rad Laboratories, CA, USA) as follows: 50 °C for 2 min, 95 °C (bmin, 40

cycles of 95 °C for 15 sec, 60 °C for 1 min, plate read, and a final incubation at 20

°C for 5 min. A plasmid standard (1@Gral copies) was diluted with nucleafee

water and used to quantify WSSV viral titre in samples. Viral copy number and
cyclethreshold(@ value were recorded using Optico

Rad Laboratories, CA, USA).

2.3.5 WSSV Lobster Infection Challenge

A total of 4dPCRBcordirmedand qvalitey infected
shrimp tissue homogenate (fresh inoculuak thawed on ice and diluted with PBS
(1951 eL) to yiépdasmi equopia¢ehe¢LofDilOut ed
ti ssue homogenate was filtered (0.45 egM, A
Corporation, Mississauga, ONadedtwahada) and
mL syringe with 25 G needle for inoculation. A total of 12 syringes were prepared in
advance (8 WSSV and 4 namfected shrimp tissue extract). Loaded syringes were
kept oniceH. americanusver e randomly assignled to recei
injectionof IWS SV pl asmi d copi eisfécedshrimptisqué 0 e L of
homogenate (controld. americanusvere injected through the ventral cuticle in the
second tail segment, off centre (on the right side) to avoid damaging the ventral
nerve.The needle was angled and inserted approximately 1.5 cm into the tail. The

anterior ventral abdomen area was sprayed with 70% alcohol prior to inoculation.
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2.3.6 Infection Trial Sampling

H. americanutae mol ymph samples (800 L) were
from all individuals 12, 24, 48, 96, 144, 168, 192, 240, 288 and 336 hours post
inoculation (P1). Haemolymph was collected from the third or fourth tail segment on
the ventral abdomen slightly off medial relative to the ventral nerve cord.
Haemolymph wasatlected to monitor clinical condition via THC (Section 2.3.2)
and WSSVgPCR (Section 2.3.4). THC and WS$YCR results were analyzed for
statistical significance using repeated measurestaypANOVA. Behaviour such
as responsiveness to food, defensivetyo@, and eyestalk withdrawal was also
assessed during sampling and feeding events to corroborate THC andgy®SE&V
data. Oneweek PI1 (168 h), four infected lobsters were randomly selected to be
necropsied from each tank. The remaining 8 lobsters intaakh{4 controls & 4
infected) were necropsied tweeeks Pl (336 h).

Immediately prior to euthanasid, americanusvere weighed and final
haemolymph samples were collected for THC and W §BUZR.H. americanus
were euthanized as per Clark et al. (2013a3dwvering the ventral nerve cord
anterior to the chelicerae coxae as well as near the first tail segment. Hepatopancreas
(~100 mg each) was collected, homogenized (OMNI International, Kennesaw, GA,
USA) in 1 mL of Trireagent® solution (Sigmaldrich, Oakville, ON, Canada),
flash frozen in liquid nitrogen and stored-&® °C for RNA extraction (Section
2.3.7). A portion of antennal gland was also collected and stor&NAr
extraction. A portion (~1 m®) of antennal gland, hepatopancreas and cuticular

epthelium were carefully excised and placed into 4 mL of 2.5% glutaraldehyde
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(SPI® Supplies, Toronto, ON, Canada) in 0.1 M phosphate buffer for transmission
electron microscopy (Chapter 3). A total of 12 tissues, cuticular epithelium, antennal
gland, pleopd, heart, gill, hepatopancreas, intestine, stomach, gonad, brain, nerve
cord and tail muscle were collected and preserved in 10% neutral buffered formalin
(NBF; SigmaAldrich, Oakville, ON, Canada) for subsequent histological analysis
(Chapter 3). Antennalland, cuticular epithelium, heart, gonad, hepatopancreas, gill,
intestine and pleopod tissue (~1°cmach) were also collected and placed in 95%
EtOH for WSSVYgPCR testing (Chapter 3). Lastly, tail muscle (~25 g) was excised,
placed in a 2 oz. steri@hirl-Pak®bag (ColeParmer, Montreal, QC, Canada),

flash frozen using liquid nitrogen and stored2°C.

2.3.7 RNA Extraction
RNA was extracted from hepatopancreas tissue using a combined chloroform

and RNeasy® Mini Kit (Qiagen®, Toronto, ON, Canada) protocol. Briefly, samples

were thawed and chl or orfeagent® sdludod)lvasecadldedp e r n
Samples were invertedblimes, incubated at room temperature for three mins, and

then centrifuged at 12 000gqBeckmann Allegra 25R Centrifuge, Beckmann

Coulter, Brea, CA, USA) for 1I5minat’€. Supernatant (600 gL) w
placed in a new 1.5 mL microfugetubencbo ai ni ng 70% Et OH (600 ¢L
remainder of RNA extraction was completed according to RNeasy® Mini Kit
(QiagenE, Toront o, ON, Canada) manufacture

via pipetting, added to an RNeasy® spin column and centrifuged (Epp&4dd&R
Centrifuge, Eppendorf, Hamburg, Germany) at 80@dor 30 sec in order for total

RNA to bind to the RNeasy® spin column membrane. RNA contaminants were
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removed in two wash steps using RW1 buffer
centrifuged 8000 yf or 30 sec. A DNaseE | reaction b
Qiagen®, Toronto, ON, Canada) was added to the column and centrifuged at 8000 x

g for 30 sec in between the buffered washes to degrade any contaminated DNA.

Tot al RNA was el ueasdresi wated Ul of aucleE
DNase/RNas&r ee Di still ed water, Applied Biosys
RNA was diluted 1/5 with nucleagese water for total RNA spectrophotometric

quantification using the NanoDrop NIDOO (Thermo Fisher Scientific, Waam,

MA, USA). RNA guantification was conducted in triplicate for each sample. An
absorbance ratio of 260/280 O 1.9 was cons
assessed usingBaoanalyze® capillary electrophoretic chip system (Agil@nt

Santa ClaraCA, USA) examiningl8Sand 28S ribosomal RNA peak8emaining

RNA was aliquoted and stored-80 °C to be used for microarray and RPCR

analysis.

2.3.8 cDNA/aRNA Synthesis for Microarray
Complementary DNAQDNA)was synthesized using 20 ¢
hepatopancreas RNA using an I nvitrogen Sup

Labeling Kit (Life Technologies, Burlington, ON, Canada) according to

manufacturer instructions. For each sampl e
adjusted using a miVac DNA concenat or E ( Genevac Ltd., | pswi
Samples were centrifuged at 25 &t 50°C unt i | tot al RNA vol ume

For samples adjusfecdet wat el6 (Lt raPulreds

Free Distilled water, Appddédeodnake ithefsxglst e ms E,
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volume 16 eL. A total of 2 L of anchored
added to the total RNA, then incubated af@@or 5 min in a DNA Engine thermal
cycler with heated lid (BiRad Laboratories Inc., CA, USA). Samples witren
pl aced on ice and a mast-8trand bomper sedtl. 6
O.1M DTT, 1.5 €L dNTP mi x, 1.0 L RNaseOUT
Reverse Transcriptase was added yielding a
transcription eactions were incubated at 4B for 3 hours. Once cDNA was
synthesized, RNA was degraded wif%h 15 gL o
for 10 mins. Samples were neutralized with
purified using | nvindireadcbAlLa®ingSysteer i pt E Pl u
manufacturers spin column protocBliefly, neutralized cDNA was added to 700
eL of binding buf fransferredma bowHution volumd spirv er si on,
column and centrifuged at 330@yfor 1 min (Eppendorf 5415Rdntrifuge,
Eppendor f, Hambur g, Germany). Wash buffer
centrifuged twice at 10 000gfor 30 sec and then placed in a new collection tube.
cDNA was eluted with©O30letLobf DEPNAt wasateed
with nucleasdree water for spectrophotometric quantification using the NanoDrop
ND-1000. The remainder of cDNA was stored8°C until cDNA labeling and
microarray hybridization.

Reference antisense RNA (aRNA) was gatet by Clark et al. (2013b)
from 5 ¢ (H américapusheplatepdncreas total RNA. aRNA was

synthesized via reverse transcription and purified using an Amino Allyl Message
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AMP™ || aRNA Amplification Kit (Ambion®, Austin TX, USA) according to

manufaturer instructions.

2.3.9 cDNA/aRNA labeling for Microarray

Purified first strand cDNA was | abel ed
Plus Indirect cDNA labeling System and Alexa Fluor® 555 dye (Life Technologies,
Burlington, ON, Canada). cDONAwasthawnech d adj ust ed to 3 €L usi
DNA concentratorE (Genevac °Ltad.d, 2I5p0s vgi.c h5,
of 2X Coupling buffer was added to concentrated cDNA. Room temperature
dimethyl sulfoxide(DMSO; 1 0 € L) was added t%5dvetoi al of
reconstitute the dye. DMSO/ dye mixture (2.
and incubated in darkness at room temperature for 2 hours. Labeled cDNA was then
repuri fied according to I nvitrogen Super Scr
Systemsmanufacturers spin column protocol (Section 2.3.8). cDNA was eluted with
30 eL of DBER®.C 1t reelatoefd cHDNA was -free | uted 1/ 5
water for spectrophotometric quantification using the NanoDroplR@D and the
remainder was stored af@ until hybridization.

aRNA was labeled using Alexa Fluor® 647 dye (Life Technologies,
Burlington, ON, Canada), MEGAclearE Kit (A
cDNA filter cartridges (AmbionE, Austin THX
adjusted toe Omi5Vad DMNMA ngondcdentratorE (Gene
England) setto58C and 250 g. Coupling buffer (9 €L
concentrated aRNA. Room temperature DMSO (

Fluor® 647 dye to reconstitute the dye. Entire DMSO/uyeture was then added
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to the aRNA and incubated in darkness at room temperature for 2 hours. aRNA was
repuri fied by adding 105 L of aRNA binding
Reaction was added to a cDNA low elution column and centrifuged at 20 @fad
1 min (Eppendorf 5415R Centrifuge, Eppendorf, Hamburg, Germany)- Flow
through was discarded, 500 €L of wash solwu
10 000 xg for 1 min. The flowthrough was discarded and column was placed in a
new collectiot ube. For el GQnuceasdree water was added anél 5
sample was incubated at %5 for 2 mins and then centrifuged at 10 00§fer 1.5
min. Elution was repeated a second time resultinginasstwoe p el uti on. 1 €L
aRNA was diluted 1/5 v nucleasdree water for spectrophotometric
quantification using the NanoDrop NIDOO and remainder was stored 8C4or
until hybridization.

aRNA was fragmented prior to hybridization using a 10X Fragmentation Kit
(Ambion®, Austin TX, USA). 10X fragmet at i on sol ution (1 eL)
aRNA and incubated for 10 minsat®. Fr agment ati on was ter mi

of stop solution.

2.3.10 Microarray
A previously designed microarray platform was ugeldrk et al., 2013b)
Arrays were designed using a combination of publicly available gene sequences and
expressed sequence tags (E8atermined from &l. americanu€DNA library
comprised of multiple male and female americanugissues from various
physiological conditions (Towle and Greenwood, unpublished). A total of 15 864

unique sequences were identified; of which 14 592 (50 mer) probes with high
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binding specificity, GC content and annealing temperature were designed. Probes
were designed using Array Designed 4 software (Premier Biosoft International, CA,
USA), and used to construct the array (Towle and Greenwood, unpublished). Probes
were synthesized by Integrated DNA Technologies (Coralville, 1A, USA), submitted
to the Vancaver Prostate Centre DNA Microarray Facility (Vancouver, BC, CA)

for printing onto Erie C28 aminosilane coated glass slides (2 arrays per slide) using a
Qarraymax arrayer. Oligonucleotide printing quality was monitored using a 9 mer
Hybridization GenePix200 AL Scanner (Molecular Devices, Sunnyvale, CA,

USA) and visualized with ImaGene version 8.0.1 (BioDiscovery Inc., CA, USA). In
total, microarrays contained 14,582 americanusequences, 210 Sigma Alien

DNA controls, 78 Green Florescent Protein (GFé)tols, 80 GFP landmarks, and

416 buffer controls; yielding a total of 15,376 spots on the array.

2.3.11 Microarray Preparation and Hybridization

Hepatopancreas mRNA was extracted (Section 2.3.7) from each lobster in
the study and hybridized independgntlielding a total of 48 hybridization
reactions. Hybridization reactions were performed on a Tecan 400 HS Pro
hybridization system (Tecan, NC, USA). A grgbridization priming protocol,
comprised of a series of washes using hybridization buffer sotufigurffer 1: 5X
SCC/0.01% SDS/0.2% BSA, Buffer 2: 2X SCC/0.2%SDS, Buffer 3: 0.2X SSC,
Buffer 4: 5X SCC, Buffer 5: dibkD) was completed before each hybridization
reaction. Hybridization buffers and conditions were identical for all arrays and

reactions wereonducted according to manufacturer instructions (Appendix C).
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Microarray hybridization mix was prepared using 140 ng of Alexa Fluor®

555 fluorescently labeled cDNA, 100 pmol of Alexa Fluor® 657 fluorescently

| abeled and fragmentkE dSlaiRNaAHY 6B GlLa o AMrmrba

Hybridization Buffer #3, 1 eL of LNA dt
and nucleasé&ree water (to adjust cDNA and aRNA to a combined volume of 25

eL). Hybridizat i on°fofl0 minsasdthemheldéb’€t ed a't
until prompted by the Tecan 400 HS Pro hybridization system (Tecan, NC, USA) to
inject sample. Hybridization protocol (Appendix C) ran for a total of 16 hours.

Briefly, arrays were incubated at 85 for 10 mins, washed twice with hybridization

buffer 1 for 20 sec at room temperature, incubated 4€50r 13 mins and washed

with buffer 1 for 20 sec. Arrays were then incubated &CA®r 13 mins, washed

bl

80

with buffer 1 for 1 min followed by buffer

then injectednto the microarray chamber, using a positive displacement pipette, and
hybridized using sample agitation at @Bfor 16 hours. Arrays were then washed

with buffer 2 at 40C for 1 min, incubated at 4T for 2 mins, washed again with

buffer 2 at 36C for 1 min and then with buffer 5 at 8G for 1 min. Arrays were
incubated at 36C for 2 mins, washed with buffer 5 at 23 for 1 min, washed with
buffer 3 at 23C for 1 min, incubated at Z& for 2 mins, washed with buffer 3 for 1
min and lastly, driedvith nitrogen gas for 3 mins. Upon completion, microarray
slides were removed and placed in a microarray slide box to air dry in the dark
before scanning. A postybridization cleaning protocol was completed after each

reaction using blank microarray sl&le
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2.3.12 Microarray scanning and analysis

Microarray slides were scanned using a Molecular Devices GenePix 4000B
Microarray Scanner (Molecular Devices, Sunnyvale, CA, USA). Microarray slides
were placed upside down into the scanner and GenePix so{tMalecular
Devices, Sunnyvale, CA, USA) was used to generate a preview scan of the
microarray. The area including the microarray was selected and scanned.
Fluorescence was detected using a photo multiplier tube (PMT) with values set to
100% for both redrad green channels.

Generated images were saved as tagged information file format (.tiff) images
and imported into Spot Reader (Niles Scientific, Portola Valley, CA) where features
were extracted, assessed (for uneven colour, bright specs, low foredrigind,
background, offset centres and small diameter), flagged and processed into result
files. Result files were thdocally weighted linear regression (LOWESS)
normalized and logexpression ratios of sample to reference gene intensity were
generated usmMIDAS (Microarray Data analysis software V2.2.2). Data was
imported into TM4 Multiexperiment Viewer (MeV v4.8.1) and individual samples
were grouped based on temperature (Fig. 2.1 green boxes) and sampling time (Fig.
2.1 orange boxes). Groupings werdamws: 10°C comparing individuals one
week PI, tweweeks Pl and controls; P& comparing individuals orereek PI, twe
weeks PI, and controls; 17°6 comparing individuals orereek P, tweweeks Pl
and controls; 26C comparing individuals orereek Pltwo-week Pl and controls;
10°C, 15°C, 17.5°C and 2C0°C comparing individuals orereek Pl and lastly, 10

°C, 15°C, 17.5°C and 20°C comparing individuals twaveeks Pl (Fig. 2.1). Each
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grouping was analyzed independently usingaag ANOVA with 1000

per mutations and U=0.05 with a false disco
for statistical significance of U=0.001. H
means clustering were used to identify similar expression profiles among the

significartly differentially expressed genes within each of the different groupings.

Blast2GO (BioBam®©, Valencia, Spain) was used to retrieve annotations for

significantly differentially expressed genes.
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1C 15°C 17.3C 20°C
1 week Pl 1 week Pl 1 week Pl 1 week Pl
2 week Pl 2 week Pl 2 week Pl 2 week Pl
Contol Contol Contol Contol

Figure 2.1: Schematic of temperature and sampling schedule fddomarus
americanusgroupings used in microarray analysis.

Temperature groupings (green boxes) consisted bf. @limericanusiecropsied

oneweek post inoculation (Pl), twaveeks Pl and the control animg@gelding

n=12 for each temperature except for'@that was n=11). Oreeek Pl group

(n=16) and tweweek PI (n=15) consisted of all infecteld americanusiecropsied

oneweek Pl and twaveek PI, respectively, at all four temperatures (orange boxes).
Eachgrouping was separately analyzed using awag ANOVA with a cutoff of

for statistical significance of U=0.001
significant genes not exceeding 0.05.
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2.3.13 Primer Design

Microarray findings were verified usirigT-gPCR on a select number of
genes (Table 2.1). Primers were designed from EST sequences using PrimerQuest®
(Integrated DNA Technologies, Coralville, CA). Primers were assessed for GC
content (>45%), product size, and annealing temperature. Primer dpewés

verified usingBlastn fttp://blast.ncbi.nim.nih.goyto assure little to no nen

specific binding. Primers wesynthesized with an oligonucleotide concentration of
100 nmol andshipped dry fronintegrated DNA Technologies (Integrated DNA
Technologies, Coralville, CALyophilized primers were fsuspended, using

nucleasdree water, to a stock concentration of 0@ and stored at 20°C.

2.3.14 cDNA Synthesis for RIgPCR

cDNA was synthesizefilom total RNA (1 pg) extracted frofd.
americanushepatopancreas (Section 2.3.7) using an Invitrogen SupeiSdiipt
FirstStrand Synthesis SuperMix kit (Life Technologies, Burlington, ON, Canada)
according to manufacturer instructions. Briefly, total/R{ pg), 1 pL of oligo(dT)
Primer (50 uM), 1 pL of annealing buffer and DEf€ated water to yield a
reaction volume of 8 gL, °@frSennsiwanbi ned
DNA Engine thermal cycler with heated lid (BRad Laboratories Inc., CA,SA).
Reverse transcription reactions were placed on ice for 1 min to cool before adding
10 pL of 2X First strand reaction mix and 2 pL SuperScriptlll/RNaseBUT
Enzyme Mix. The reactions were then incubated &C5fdr 50 mins and terminated
at 85°C for 5mins. A no template control (NTC; sample containing no RNA) and a

no reverse transcriptase control (NRTC; pooled cDNA sample without
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SuperScriptlll/RNaseOUE Enzyme Mix) were also generated. The samples were
then placed on ice and 40 pL nucle&s® wate was added. cDNA was aliquoted

(2 uL x 30) and stored aB0 °C until RT-gPCR.

2.3.15 Primer Optimization
Each primer pair was optimized for annealing temperature, efficiency and
specificity (Table 2.1). Optimization reactions were completed using ¢haGIBIA
synthesized for R'GPCR (Section 2.3.14). cDNA €.) from each sample was
mixed together, raliquoted (ZL x 48) and labelled as pooled cDNA. Reactions
were conducted in 0.2 mL sewskirted 96w e | | pl ates covered with
seals (BieRadLaboratories Inc., CA, USA). Optimizations were performed in 10
eL reactions assembled using the Qiagility liquid handling robot (Q@&gen
Valencia CA, USA). Reactions consistedbof OL 2 X Express SYBR Gr e
gPCRSupermix (Life Technologies, BurlingtddN, Canada), 0.2 uL forward
primer (10 uM) 0.2 uL reverse primer (10 uM2 pL pooled cDNA, and 2.6 pL
nucleasdree water.
Tmoptimization cycling parameters were as follows®@5or 2 mins, 40
cycles of 95°C for 5 sec, gradient from 5& to 70°C for 20 sec, and lastly a melt
curve analysis from 6%C to 90°C in 1°C increments with 3 sec at each
temperature. Reactions were conducted in triplicate and run on a ClitoRwedt
Time PCR system (B#Rad Laboratories Inc., CA, USA). Optimal temperatwas
selected based on the temperature that provided the loweatug at the highest
temperature with a single peak in the melt curve at a high temperatur¥Q)>80

indicating high specificity.
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Reaction volumes were identical for efficiency optimiaasi; however
cycling parameters were modified to incorporate the optimized annealing
temperatures, resulting in either tstep or threestep reactions. For twstep
reactions, cycling parameters were:°@5for 5 mins, 40 cycles of 9& for 5 sec,
anneahg temperature for 20 sec, and a melt curve analysis froi@ 6590°C in 1
°C increments with 3 sec at each temperature. For-gegereactions, cycling
parameters were: F& for 5 mins, 40 cycles of F& for 5 sec, annealing
temperature for 20 se@2°C for 20 sec and a melt curve analysis fronf@&%o 90
°C in 1°C increments with 3 sec at each temperature. A total of thifeéd 5
dilutions (1/5, 1/25, 1/125) were conducted to generate a standard curve and
dilutions were run in quadruplicatectenical reactions to assure three different
master mixes within a single assay had efficies within 58% of each otheiThe
slope of log copy number (dilution) versugWere generated and used to calculate
efficiency. Only primers with average amplification efficiencies >85% and a linear
trend line fit of R > 0.98 were used for microarray verification.

Primers were assessed for specificity by running gPCR product on a 2%
agarose gel. SYBR® Safe DNA gel stain 10 000)0MSO (Life Technologies,
Burlington, ON, Canada) was used to stain the gel, and a 100 bp DNA ladder
(BioShop Canada Inc., Burlington, ON, CA) was used to size the amplicon.
Amplicons were run at 90 V for 1 hour usingafa d Power fRadc E ( Bi o
Laborabries Inc., CA, USA). The gel was imaged usBig-Rad VersaDogE (Bio-

Rad Laboratories Inc., CA, USA).
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Table 21: Forward and reverse primer sequences for genes of interest and
normalization genes used to verify microarray fidings via RT-gPCR.

Guanylate kinase, Calponin, Predhydroxylasealpha and Shotthain

dehydrogenase were selected as genes of interest from the microarray data.
Previously designed, R301, HYP, PRP, CHP and R044 were used as normalization
genes.

Gene Name Accession Forward Primer Sequence Annealing Re_:a_ct|0n # Step
(Abbreviation) Number : Temp. CC) Efficiency Reaction
Reverse Primer Sequence ' (%)
: GTCTTCATCAGACCACCATCAA
G“a”gStAe Kinase £y 471111 61.4 100 3
(GUA) CCCTTTACAGCTCCATACTCTAAC
. GGGTGTGTGGCTTATGGTATC
C(‘E‘:'pA‘I’_')“” FD699000 57.5 92 3
CAGACAGTCCACAACCATGTATAA
Prolyl-4- TAATGCCTACCTGTTGGTGAAG
hydroxylasealpha  EW997795 614 112 2
(PRO) CCTCAGGAAATCAGCCATACTC
Shortchain GCGGAGTGTGCTAGACATTTA
dehydrogenase FD585222 614 90 2
(DEH) CAACTGGCCTCACCAGATATT
WD repeat protein GTGTTCATTTGTGGGACCTACGCA
26 FF277218 65 99.7 2
(RO44) TGTCTTCATTCCAGATGCCACGA
PfernR?'At a8 CAGGAGGTGGGCAAACAACAACAA
é’roce.ss'”g ta.c or g DV774783 66 91 2
Oma'rzggrl‘:)"’“”'”g AGTCCTTCTGGATTGGCACAGGAA
Conserved TCAAGCCTGAAGCTGGGATATGCT
hypothetical protein FE659358 66.5 92 2
(CHP) AAACACATGGGTTGGATGGCACAG
: . ACATGGCAGTGGAAGACTCAAGGA
HypOthat\'fS' protein  res3s262 62.5 89 2
(HYP) AAAGGAAACTGCGAACACTGCTGG
Microtubule CAAGATCTTGCAGTATGCCTT
associated protein  EX827404 57 101.4 3
(R301) TGAACCAGTGAAGGAATTCA
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2.3.16 RT-gPCR Reactions and Analysis

All H. americanusamples used for microarray validation were run in
duplicate and on a ChromB4RealTime PCR system (Bi®Rad Laboratories Inc.,
CA, USA).Reactions were conducted as either-step or threestep reactions with
cycling parameters, reaction volumes, and preparation using liquid handling robot
identical to efficiency optimization pareeters (Section 2.3.15). RJPCR reactions
were run using a sample maximum approach with all samples for each gene of
interest assayed on a single plate. The expression of each gene of interest was
measured in the lobster samples corresponding to the r@m@egrouping it was
identified as statistically significant in. For example, guanylate kinase was
differentially expressed between eweek PI, tweweeks Pl and control animals at
10°C resulting in expression of guanylate kinase (Table 2.1) being nedasul0
°C animals only. All reactions inatled a no template contrahd a no revse
transcriptase controRT-gPCR G values were imported into gBase+ gPCR data
analysis software version 3.1 (Biogazelle, Zwijnaarde, Belgium) for analysis.
Previously @termined gene specific amplification efficiencies were used for
quantification. gBase+ v. 3.1 default quality control settings were usedn@e for
technical replicates < 0.5r@nd a negative control threshold ofBustin et al.,
2009; Hellemans et al., 2007)

The expression stability of 9 prieusly designed reference ger{Bauer et
al., 2013; Clark et al., 2013b, 2013eas analyzed for all samples using the
GeNorm module integrated in gBase+ qPCR data analysis software version 3.1

(Biogazelle, Zwijnaarde, Belgium). GeNorm V < 0.1%la/ < 1.0 determined 5
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genes (R301, HYP, PRP, CHP and R044) to be the optimal number of reference
gene targets required. The optimal normalization factor was calculated as the
geometric mean of the determined reference genes. Normalifattons were usk
to compute normalized relative quantities (NRQ) for each gene of interegPQR

results were mean lggyansformed for comparison with microarray data.
2.4 Results

2.4.1 WSSV Infection trial

Overall health and clinical condition bf. americanusvas monitored
closely during the infection trial. Haemolymph cultures, collected at the start and
end of the trial, revealed the absence of bacterial or ciliate protist infectionglin all
americanusHaemolymph refractive index was not statistically gigant between
infected and control animals across all four temperature$i.Admericanus
infected at 10C, 15°C and 17.5C survived the infection period. At 2@, a single
mortality was observed 144 hours PI (lobster #41). Necropsy revealed sieeofau
death to be a rubber claw band present within the stomach contents of the lobster
and as a result this lobster was omitted from future statistical analysis. This resulted
in the twoweeks PI group to be n=3 instead of 4. Additionat288 hours Pthe
total haemocyte concentratiof WSSV infected animals at 2C fell below
3.0x10/L. All challengedH. americanusn this treatment appeared moribund so the
remaining infected and control animals at’@0were sampled one day early at 312
hours postnoculation. For analysis 312 hours Pl at’@0is still referred to as the 20

°C two-weeks PI group.
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2.4.2 Total Haemocyte Concentration

Average THC was calculated for infected and cortthahmericanust each
of the four temperatures for the duratmfithe twoweek trial (Fig 2.2). THC
decreased slightly during the sampling period foHalhmericanusregardless of
temperature (Fig. 2.2). However, at@and 15°C, there was no significant
difference in the average THC between the infected anmot@mimals during the
two-week trial (Fig. 2.2 A & B; repeated measures-imay ANOVA, p=0.41 and
p=0.98 respectively). At 173 and 20°C, THC was significantly lower in infected
H. americanuselative to controls across the sampling time points ERC & D;

repeated measures tway ANOVA, p=0.03 and p=0.04 respectively).

2.4.3 WSSVgPCR

Haemolymph samples for all contrgioupH. americanusvere negative for
WSSV. Among infectedd. americanudVSSYV viral replication was temperature
dependent (Fig. 2.3). WSSV viral copy number was significantly different between
the temperatures (repeated measuresvtayp ANOVA, p=0.04), with a higher
WSSV viral titre present at the warmer temperatures (7 &d 20°C) compared
to the colder temperatures (A0 and 15C). InfectedH. americanust 17.5°C and
20°C exhibited a linear increase in relative WSSV viral copy number during the
infection trial (Fig. 2.3). At 15C relative viral copy number increasiatkearly until
96 hours PI, after which relative viral copy number reached a plateau (Fig. 2.3). At
15°C WSSV viral copy number did not exceed ¢Dal copies per 10QL. At 10
°C, one lobster remained negative throughout the entire two week trial. The

remaining three lobsters at 10 showed variable low levels of WSSV titre. For all
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infectedH. americanusat 10°C, relative viral copy number remained below 10 viral
copiesper100 pL (Fig. 2.3). All G values forH. americanusnfected at 15C, 17.5
°C and 20°C were below 35. All €valuesfor H. americanusnfected at 10C were

below 40.
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Figure 2.2: Average total haemocyte concentrations (THC) itHomarus
americanusat the four experimental temperatures during WSSVinfection
challenge.

(A) THC for infected and contrdfi. americanusat 10°C. (B) THC for infected and
controlH. americanusat 15°C. (C) THC for infected and contrbl. americanust
17.5°C. (D) THC for infected and contrél. americanust 20°C. At 20°C final
sampling event occurred at 312 hours post inoculation instead of 336 Datass
represented as meahA$D and n=4 for each temperature, with the exception of 20
°C infected that i®=3.
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Figure 2.3: WSSV viral titre in Homarus americanusaemolymph during
WSSV infection challenge at the four experimental temperatures.

WSSV viral titre was measured via WSSPCR testing. All contrdH. americanus

at all temperatures, were negative. Data wasrbogsformed. Break in the-aixis
highlights the transition from numerical scale to log scale; required in order to plot
true zero values as true zeros.
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2.4.4 Microarray

Two levels of significance (for on@ay ANOVA) were compared to
determine which praded the most accurate and relevant number of significantly
differentially expressed genes for each grouping.-@ag ANOVA analysis with
U=0.001 as the meaningful statistical cuto
significantly differentially expessed (Table 2.2). At this level of significance, 24
genes were differentially expressed betweenweek Pl, tweweeks Pl and
controls at 10C, 54 genes at 1%, 11 genes at 17°%& and 56 genes at 2Q,
respectively (Table 2.2). Blast2Go was usedetareh for functional annotations for
the significantly differentially expressed genes. Of the significantly differentially
expressed genes a, total of 38% were functionally annotated (Table 2.2). Of these, a
surprisingly low number appeared to be involwe@dnmune processes.
Additionally, none of the annotated identified genes were shared between
temperature groupings.

At 10 °C significantly differentially expressed genes (betweerweek P!,
two-weeks PI, and controls) included several ribosomal profetig, L13, L11,
L39), guanylate kinase and proteirn@nnosyitransferase, which increased in
expression ongveek Pl but decreased in expression-iwaeks Pl relative to
controls (Appendix D Table D.1). At P&, annotated genes included
endonuclease/revse transcriptase, calponin, DEAIDX ATRP-dependent RA
helicase, which was uegulated tweweeks Pl and @ype lectin which was down
regulated 0.374 fold oreeek Pl and 0.887 fold twaeeks Pl (Appendix D Table

D.2). At 17.5°C, only three genes werarnpotated, mitogeactivated protein kinase
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organizer 1, proly#-hydroxylasealpha and Dpol isoform A (Appendix D Table
D.3). At 20°C Drosophila melanogasteyol-like was upregulated 1.326 fold ore
week Pl but dowsregulated 0.878 fold twaveeks Pl. Lammin subunit gamm&
wasalsodowsn egul ated 0. 495 f o lwdeks Phrelativeftoect ed ani
controls at 26C (Appendix D Table D.4).

Heat maps with hierarchical clusters were generated for the significant genes
identified in each temperature gguing (Fig. 2.4). At 16C hierarchical clustering
was not able to differentiate between control,-ameek Pl and twaveeks Pl
samples (Fig. 2.A\; Appendix D Table D1). However, at 26 (Fig. 2.4 B
Appendix D Table D2), 17.%C (Fig 2.4 C Appendix D Téle D3) and 20C (Fig.
2.4 D, Appendix D Table D4), hierarchical clustering revealed that control
individuals had expression profiles more similar to themselves than «wesleand
two-week Pl individuals. At 18C and 20°C hierarchical clustering ofgmificant
genes could clearly differentiate between controls;week Pl and twaveeks Pl
(Fig 2.4B & D). Hierarchical clusters for the significantly differentially expressed
genes onaveek Pl and twaveeks Pl were also differentiated between infected
individuals at the different temperatures. Infedtechmericanusvithin a given
temperature demonstrated more similar expression profiles to themselves than to
individuals infected at another temperature (Fig 2.5; Appendix D Table D5 for one
week Pl and Tdb D6 for tweweeks Pl).

Oneway ANOVA anal ysi sweekiPtHhamélicaBus001 of on
across all temperatures resulted in the largest number of significantly differentially

expressed genes (Table 2.2; Appendix D Table D5). As a result, a second more
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rigorous onavay ANOVA analysis was conducted with a false discovery rate >
0.05 and U=0.05. Under this analysis, a to
annotated) were significantly differentially expressed between the infected animals
oneweek Pl across alemperatures. This analysis for all other grouping resulted in
zero significantly differentially expressed genes. Average ergression ratios of

the 5 identified genes were plotted (Fig. 2.6). The annotated genes included acute
phase serum amyloid A id2.6 A) which increased in expression as temperature
increased from 18C to 20°C, and prostaglandin E synthase 2 (Fig. B)¢which
decreased from 1€ to 17.5°C but then increased from 176 to 20°C. The

remaining genes (named by accession number) DV774720 and DV773674 showed
an increase in expression with temperature (FigCZ&6E) whereas FF277877 (Fig
2.6D) showed a decrease in expression with temperature.

Oneway ANOVA anal yamomsginfeitetHhamericadus 0 0 1
two-weeks Pl across all temperatures yielded a total of 75 significantly differentially
expressed genes. Of these genes, 31 were functionally annotated (Table 2.2;
Appendix D Table D6). Figure of merit (FOM) algorithm andr€ans clustering
was used to cluster these significant genes based on similar expression profiles. Each
gene was represented only once within a given cluster, providing insight into the
function of norannotated genes. FOM identified 6 clusters to be themimi
number of Kmeans clusters needed for strong predictive power. Cluster 1 contained
20 genes, cluster 2, 16 genes, cluster 3, 14 genes, cluster 4, 13 genes, cluster 5, 7
genes and cluster 6, 5 genes (Appendix E Tables@1Average expression

profilesfor each cluster were generated (Fig 2.7). Clusters 1, 2 and 6 showed
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variable patterns of expression, with differences in expression typically occurring
between 17.8C and 20°C (Fig. 2.7; Appendix E Table E1, E2, E6 respectively).
Genes within cluster$ and 5 differed in fold change but both showed decreased
expression as temperature increased (Fig 2.7; Appendix E Table E4, E5).
Interestingly, cluster 4 contained cruslike proteinfc-1, NADH dehydrogenase

subunit 5, membrane associated ring fing&tile alpha motif domain containing
isoform 1 and a suite of genes with no functional annotation. Lastly, Cluster 3 genes,
including pontin, glutamate dehydrogenase and secl family domain containing 2,
showed very little upregulation from 2Q to 17.5°C but then increased

significantly at 20°C (Fig 2.7; Appendix E Table E3).
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Table 22: Number of significantly differentially expressed genes identified
using microarray analysis and percentage annotated iRlomarus americanus
under WSSV infection challenge.

Number of significantly differentially expressed genes in each temperature and
sampling time group identified using en&y ANOVA analysis with 1000

permut ations and U=0. 0 OfferentidMyeexptessedtgangse of s i
with functional annotations available. Post inoculation (PI).

Groupings _ N_u_mber of Number of Percent
significant genes annotated genes annotated (%)
10°C 24 13 54
15°C 54 25 46
17.5°C 11 3 27
20°C 56 17 30
OneweekPI 551 204 37
Two-weeks Pl 75 31 41
Total 771 293 38

83



-3.0 0.0 3.
C CEEFEELEEEE
Controls L‘:

1 week P

im B 2 week PI

0 17.5000

2 week PI
1 week PI

B conos

1.3335524
-0.6667762

Guanylate kinase
Protein O mannosyl ~transferase

-1.3048496
-0.6524248

-0.0

|

Glutamate _ carboxypeptidase
AGAP008106-PA
Rho guanine
dissociation factor

isoform 1

Dpol-CG7602-PA, isoform A
Mitogen-activated

protein kinase

organizer 1
Prolyl-4-hydroxylase-

alpha EFE CG31022-PA

RIS53mal protein L

p 11
60S ribosomal protein L27a
Transposase

Orygenase
METESAP R iated  guanylate  kinase 2
R ein L13

ein L39
-3.0 0.0 3.0
22933328893
NRNNNAN NN N
| et
L 1 week Pl
Controls Controls
| — 2 week Pl wn
1 week Pl o 5
in ~
o~ © 2 2
g 7 5 R s
2 g 4 S o
b 2 ] T [
N ) [ —")
~ o
i T

Testis expressed gene 10

e chromosome
Amyotrophic lateral sclerosis 2
(juvenile) chromosome region,
candidate

Transmembrane and
tetratricopeptide repeat
containing 4

Short-chain dehydrogenase
Dyenin' light intermediate chain

photomorphogenic

erse transcript
Copper chaperone Atox1

F-box only protein 6

Ubiquitin specific protease
uuuuuuu

Intrflagellar transport 172 PAR-domain protein 1 CG1788-PE

soform &

Mitogen-activated Robbon

protéin

e 15
Deiodinase  type Iil
ptin - 9b

Phenylalany-R
synthetase’ CG13348-PA

tastasis associated
protein

Connectin Sidestep protein
Pol

Calponin

SeryMR  synthetase Pre- mRcleavage complex II

protein clpl
DEAD box ATP-dependent R helicase
Solute carrier family 35

member B1

Transposase

Conserved hypothetical protein

Laminin  subunit gamma-3

Jaguar CG5695-PB isoform B
2 domain containing 4B

MIT microtubule interacting and
transport, domain ¢
ignal

ignal recognition particle Linker histone HIM
kda protein

Pupal cuticle protein Zinc finger protein 84
Keren CG32179-PA

GTP-binding protein sarl

e alpha motif domain

Steril o
containing 4 isforom 1

Ctype  lectin

Figure 24: Heat maps with hierarchical clustering of significantly differentially
expressed genes identified betwegtomarus americanusnfected oneweek P,
two-weeks Pl and controlH. americanusat each of the four experimental
temperatures.

Heat maps illustrate logxpression ratio of experimental sample (Alexa flour 555)
to reference sample (Alexa flour 647), with significant genes identified using one
wayANOVA at U=0. GaRisland eaperimangal saniples along the y
axis. Red represents a threefold or greater decrease in gene expression whereas
green represents a threefold or greater increase in gene expression. Colours
separating treatments as follows blue corresponding to controls, pink to-one
week Pl and purple to twaeeks PI. (A) 10C, (B) 15°C, (O 17.5°C, (D) 20°C.
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Figure 25: Heat maps with hierarchical clustering of significantly differentially
expressed genes identified between infectétbmarus americanuone-week and
two-weeks Pl across the four experimental temperatures.

Heat maps illustrate lgg@xpression ratio of experimental sample to reference

sample, with significant genes, identified usingeney ANOVA at U=0.001,
along the xaxis and experimental samples along thexig. Red represents a

threefold or greater decrease in gene exgiwasvhereas green represents a threefold

or greater increase in gene expression. Colours separating treatments are as follows,

red corresponding to 2T, pink corresponding to 17°&, light blue to 15C and

navy blue to 16C. (A) oneweek PI across klemperatures (B) twaveeks Pl

across all temperatures.

85




























































































































































































































































