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Abstract

Lumpfish (Cyclopterus lumpys have been utiled to biocontrol sedice (e.g.,
Lepeophtheirus salmonimfestations in Atlantic salmorsélmo salay farms in the North Atlantic
region. Aeromonas salmonicidsubsp salmonicidais a Gramnegative facultative intracellular
pathogerinfectingseveral fish species, including lumpfistere | established aA. salmonicida
systemic infection model in lumpfisduvenile umpfish were intraperitoneally (ip) injected with
different doses ofA. salmonicidastrain J223 A. salmonicidamedian lethal dosé.Dso) was
calculated al0? colony-forming units (CFU)/dosesampledrom blood, headidney, spleen, and
liver were collected adifferent time pointdo determine the infection kineticsriplicated RNA
samples from théieadkidney, spleen, and livesf noninfected and infected10* CFU/dose)
lumpfish at 3 and 10ays posinfection @pi) were utilized forRNA sequencing (RNASeq)
Analysis ofRNA-Seq datsuggestdthatA. salmonicidacouldinduce lethal infection in lumpfish
by septiclike shock suppression of the adaptive immune system, impairment of the DNA repair
system,anddisruption ofcytoskeleton structur&.hus,an effective vaccine for lumpfish against
A. salmonicidas highly needed-ere,l evaluatd the immune protective effect 8f salmonicida
bacterins andouter membrane protein®MP9 expressingiron-regulated outer membrane
proteins (ROMP9 in lumpfish. However my results demonstrate that vaccines do not confer
protection to lumpfish against. salmonicidal223.Additionally, | observedhat formalinkilled
A. salmonicidal223 bacterins do not increase IgM titertumpfish seruminsteadthe bacterins
downregulate genes encoding IgM, MHICand CD4, which indicates immune suppression and
vaccineds inabil it ymediabedimmungrgsponsesrthemmwredifferenra nd c e |
posttranscriptional factors(e.g., microRNAs (miRNAs) that significantly determinean
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encoding genes in lumpfish from three developmental stages (adult, embryos, and larvae) in this
study, providing the reference miRNAomerffuture functional studiesAltogether, 443 unique
mature miRNAs were identifieth lumpfish Transcriptomics analysis suggested orgpecific

and agespecific expression of miRNAS his thesis contributes significantly to undersiagd
lumpfish- A. samonicidainteractionsandprovides guidelines for future hogiathogen interaction

and vaccine studies.



General summary

Lumpfish is a cleaner fish that bioconBosedice infestations in Atlantic salmon.
Aeromonas salmonicidsubspsalmonicidais a bacterial pathogen infectisgveral fish species,
including lumpfish.Here, | proposed aA. salmonicidainfection model in lumpfish. Juvenile
lumpfish were infected with different dosesfofsalmonicidastrain J2231 determined that10?
J223cells can kill 50% othelumpfish populationSamples from blood, head kidney, spleen, and
liver were collected at different time pointBriplicated RNA samples fronthe head kidney,
spleen, and liver of neimfected and infected lumsin at 3 and 10 days pastection (dpi) were
used for RNA sequencing (RNSeq). Analysis of RNASeq data suggested tifatsalmonicida
could inducea lethalcondition in lumpfish suppresss immune system, impair the DNA repair
system, andlisrupt cytoskeleton structure. Thus, an effective vaccine for lumpfish aginst
salmonicidais needed. Here, | evaluated the immune protective effefcirofalin-inactivatedA.
salmonicida and its outer membrane proteins (OMPSs) in lumpfidhowever my results
demonstrate that vaccines do pobtectlumpfish againsA. salmonicidal223. Additionally, |
observed that formaliilled A. salmonicidal223 bacterinsuppressed thenmune responsesf
lumpfish Furthermore, different pos$tanscriptional factors (e.g., microRNAs (miRNAs)) that
significantly determinen or gani smés di sease st aTtheefoeef e not
characterized miRNA encoding genes in lumpfish from three developmental stages (adult,
embryos, and larvae) in this stydyroviding the reference miRNAome for future functional
studies. Altogether, 443 unique mature miRNAs were identifiedimpfish Transcriptomics
analysis suggested orgapecific and agspecific expression of miRNAZhis thesis contributes
significantly to understariag lumpfish- A. salmonicidanteractionsand provides guidelines for

future hostpathogen interaction dnvaccine studies
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1. Chapter one: Introduction

1.1 Global expansion of the aquaculture industry and food security

The present global population is 8.01 billion, and it is increasing by 0.84% anfijally
The Food and Agriculture Organization (FAO) evaluated that global agricultural production would
need to be increased by at least 60% to feed the projected 9.7 dithwing population in 2050
[2]. The ising human populatioaffects food securitypy overexploiting agricultural lan{B]. In
addition, overexploitation of ocean fisheries causes fish stocks to dédlin€lobal fish
consumption has increased by 3% wally from 1961 to 2019, twice as high as the world
population growth5, 6]. FAO estimated that the proportion of fish stocks within biologically
sustainable levels decreased from 90% in 1974 to 64.6% in [B01&). As capture fishery
production has beeneclining since the late 1980s, aquaculture has been responsible for
developing seafood supply for human consumpp®rs]. For example, global fish production
reached approximately 178 million tonnes in 2020, of which 87.5 million tonnes came from
aguaalture production[6]. Aquacultureis likely the fastesgrowing foodproducing sector,
valued at USD 281 billion in 202@, 6, 7] Aquaculture generated jobs for 20.5 million people in
2018[4]. This sector has considerable potential to contribute to the global animal protein demand
projected during the next 30 yedbs 6]. Given the worldwide aquaculture sector's contribution
to food security and the global economy, the aguaculture sectstansible development is a

requirement to meet future demand from the world popul$&jn



1.2 Aquaculture in Canada

Today aquaculture is an established practice in several parts of the world. In Canada,
aquaculture was started 50 years ago to enhance natural stocks, and now it has become a large
scale commercial industf@]. Atlantic Salmon $almo sala), Chinook salma (Oncorhynchus
tshawytschg coho salmon@ncorhynchus kisutgh Arctic char Galvelinus alpinus rainbow
trout (Oncorhynchus mykigsrown trout $almo truttd, lake trout Salvelinus namaycugtbrook
trout (Salvelinus fontinalis Eastern and Pacifioyster Crassostrea virginicaand Crassostrea
gigas, Blue mussel KMytilus edulis Mytilus trossuluy and Mediterranean muss€Mytilus
galloprovincialig, and clam €.g. Venerupis philippinarupgnare wellestablished aquaculture
industries in Canada that valued at ~$1.2 bil[ib@]. The farming of several other species, e.g.,
sablefish Anopoploma fimbrig tilapia ©reochromis niloticuy halibut Hippoglossus
hippoglossuy is at various stageof development, which generates 1.6% (~$22 million) of total
Canadian aquaculture val[fl, 12]

Today aquaculture in Canada generates $3.86 billion in economic activity and employs over
14,500 Canadians in every province and the YUl&). Aquaculture constitutes about 20% of
tot al seafood producti on andll]3@eéntheldst tabyears,d a 6 s
the aquaculture production value has increased by[@3% I n 2019 Canadaods t
production was estimateat 187,026 tonnes, valued at 1.2 billion dolldrkis production was
essentially from offshore farming @éttlantic salmon, representirigl8,632 tonnes of volunmend
0.91 billion dollars of valug¢l4, 15] Canada is the fourlargest farmed salmon proderan the
world after Norway, the United Kingdom, and Chjli5]. According to a 20009
farmed salmon industry provides more than 10,000 jobs @ldheAtlantic Canadian production

occurs mainly on the southern coasts of New Brunswick, @adia, and the island portion of



Newfoundland and Labrador. Sixty percent of Atlantic Canadian salmon production occurs in New
Brunswick's Bay of Fundy region. However, Newfoundland and Labrador, and Nova Scotia are
rapidly increasing salmon productidn. fact, since 2006, salmonid production (Atlantic salmon
and steelhead trout) in Newfoundland and Labrador has increased by 195% in volume (Statistics
Canada, 201qQ)L7].

1.3 Sealice: one of the most significant challenges in salmon aquaculture

Diseases are a fundamental challenge in aquaculture. Globally indidéyosses due to
diseases exceed US$6 billion annually, while in Canada, annual losses due to infectious diseases
caused by viruses, bacteria, and parasites in the salmon indughe @aproximately $90 million
[18, 19] One of the most prominent disease challenges currently restraining the global Atlantic
salmon aquaculture is infestation by caligid-Bee, specificallyLepeophtheirus salmonand
Caligus spf20-24]. Sealice arenaturally abundant in the marine environment. They are reported
in Canadian salmon farms during autumn while adult wild salmon return to their spawning grounds
carrying high sedice numbers and infesting farmed salnj@h].

Sealice are a group of grogsvisible hostdependent copepod ectoparasites with vast
reproductive potentidR0-24]. Thecaligidaefamily of copepod ectoparasites comprises 30 genera
and 509 valid specig26]. Among them|epeophtheirugndCaligus collectively known as sea
lice, are causing the most significant economic impact of any group of parasites in salmonid fish
culture; in particular, the speciégpeophtheirus salmon{&rayer, 1837) is the most notorious
one[27]. The salmon lousé,. salmonisis a parasite of salmonids the Salmg Oncorhynchus
andSalvelinuggenerawith a circumpolar distribution in the Northern Hemispherg 28]

Different life stages dof. salmonisare nauplii, copepodites, chalimi, padults, and adults.

Nauplii are norinfectious, freeswimming, and noffeeding planktonic larvae. The infectious



larval copepodite starts to search for hosts to attach to survive and remain embedded on the host
skin. The immature chalimus feeding is restricted to the host skin around the attachment point until
they turn into mobile preadults and adults that move freely over the host skin (Figurd2B]L)

The attached sda&e feed on salmon mucus, blood, and skin, which leads to significant physical
and biochemical damage, including skin lesions, loss of prateskin function, secondary
infections due to immunosuppression, and osmoregulatory failure. Additionally, it causes chronic

stress to the fish and reduces fish growth and app2dite4, 2830].



Figure 1.1.Different life stages ofL. salmonis (i) nauplii, (ii) copepodites, (iii) chalimi, (iv) pre

adults, and (v) adults on salmon skin. Figure 1.1 was created with BioRender.com.



Besides biochemical and physical damages, there are significant econonttsicysato
production losses and treatment cd&8, 29] The global economic impact of skee was
estimated at US$807 million in 2015, with costs likely to rise since[#§nA survey in Norway
shows that the percent of total biomass growth losppeatuction cycle due to average diea
infestations varies from 3.62 to 16.55%, despite control, and depends on farm location, which
generates damages of US$0.46 per kg of harvested biomass, equivaleniftéa@¥revenues
[31].

Fisheries and Oceans Canada (DFO) and coastal provincial governments take regulatory
measures to control séiae levels on salmon farms. Typically, in Canada;Ig@aare controlled
through early harvesting,-ieed medications, and topical pesticiddse Gevelopment of alternate
methods for managing séiae is also being encouraged through integrated-pesiagement
strategies and investment in resedB4j.

1.4 Sealice control in salmon aquaculture

The salmon aquaculture industry has been dealing withcgeiafestations since its origin
[33]. Several preventative and control methods have been implem@ntadtimize sedice
prevalence and reduce their impact on both farmed and wild fish. Subbdsetre categorized
into physical, chemical, and biological methdds].

1.4.1 Physical methods

Additions of filtration and sieving devices (e.g., plankton nets or tarpaulin skirts) around
salmon cages can reduce-$iea infestation35]. Closed cages capduce the abundance of sea
lice reproduction within the cages without adversely affecting fish survival or growth3é}es
Another option is snorkel sea cages, which allow salmon to access the surfaneeweosed

tube,impervious to sedice larvae.Snorkel sea cagesn prevent an effectivaealice infestation



on farmed salmon with little or no, adverse effects on fish gr§®th38] However,snorkel sea
cages mawffect salmon behavior, which must be considereddtiare assessments of their use.
The placement of conducting cables around the cages can inactivite sewl reduce infection
rates by using electric pulsgst].

Study shows that culturing Atlantic salmon under natural light and at 4 to 12 m deep in t
water column, especially in areas where salinity is lower at the water surface, significantly reduces
sealice infestation[39]. Also, irradiation by ultraviole€C (UVC) light is found to be highly
effective at suppressing lice reproduction; however,CU¥xposure leads to catardike
pathologies at an early age, skin damage, and behaviors indicating disdd0ifdrurthermore,
sealice removal technologies using brushes or water jets (e.g., hydrolicer), novel bath treatments
using warm water (thermolicer) or freshwater, aireblesiccatiorcan control setice infestation
[20, 29]

1.4.2 Chemical treatments

Traditionally, the salmon aquaculture industry has relied heavily yeoasiticideither
as bath treatments (e.ggzamethiphos, cypermethrirgeltamethrin, hydrogen peroxide,
organophosphates) taed (e.g., emamectlrenzoateteflubenzuron)4l, 42] Threecommercial
products are currently approved agaisetlice in Canada(a). Slice® (Merck Animal Health),
which contains emamectin benzoate and is used as -feednparasiticide,(b) Interox®
Paramove® 50 (Solvay Interox Pty Ltd.), which contains hydrqugoxide and is applied as a
bath treatment, (c) Calicide® (Nutreco), which has tebflubenzuron and delivered i[84¢ed
However, the continuous and frequent use of chemical parasiticides can lead to genetic mutation
of sealice [43, 44] and resistancéo chemotherapeuti29, 42, 45, 46] Sealice resistance to

emamectin benzoate, hydrogen peroxide, azamethiphos, pyrethroids, deltamethrin, and



cypermethrin has been reported several times; however, the mechanism of resistance is not fully
elucidated yej41, 42, 4763].
1.4.3 Biological methods

Biological methods include selective breed[fg], vaccination[65, 66] and the use of
cleaner fisH20, 35, 6769]. Selective breeding for disease resistance is adstaplished practice;
however, it is still in theexploration phasdor sealice [70-73]. Identifying the liceresistant
individuals and the genes involved in the host response to infection can improve the control
strategies. Developing a vaccine againstigearemains elusivgds, 74, 75] Another biological
pest control strategy is usimtpaner fisH20]. The most used cleaner fish for controlling-Eea
in salmon farms in the northern hemisphere Boeopean wrassd_dbridae, such as ballan
(Labrus bergyltaA.), corkwing Symphodus melops), goldsinny Ctenolabrus rupestrit.)
wrassesand lumpfish Cyclopterus lumpysBallan wrasse, widespread in Scotland and Norway,
is not a native species in Canada. Instead, a differertoatldht wrasse, cunnergutogolabrus
adspersug has been used in Atlantic Canada. However, wrasse ifficierg cleaner fish but
tends to become inactive in win{é@]. On the other hand, lumpfish continue to feed orisea
bothL. salmonisandC. elongatusat low temperatures, indicating that lumpfish is a suitable cold

water option for the biologitaelousing of Atlantic salmof85, 67, 68, 76, 77]



1.5Lumpfish
1.5.1 Taxonomy and distribution

The lumpfish was first named and characterized by Linnaeus in[18p8t is a bony fish
(class: Osteichthyes, infraclass: Teleostei) belonging to the Order Scorpaeniformes, family
Cyclopteridae and genu€yclopteruq78].

Lumpfish occur naturally in the North Atlantic and southern parts of the Arctic Ocean
(Figure 1.2),andit populates bays and channels and extaffithe coasts of Iceland, Norway,
Canada, Scotland, Ireland, and Porty@at89]. Adult lumpfish spend most of the year far from
the shore, up to several hundred meters deep; however, adult fish and juvenile breeding occur in

shallow coastal watg81].
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Figure 1.2. Lumpfish distribution. Lumpfish can be founth the NorthAtlantic and southern
parts of the Arctic Oceamcluding,coasts of Iceland, Norway, Canada, Scotland, Ireland, and

Portugal
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1.5.2 Physical and genetic characteristics
A short, swollen, and tadpolike body with a cartilaginous and gelatinous humpback
characterizes lumpfish. The ventral fins unite into a sucking disk that is attached to floating objects
(Figure 1.3). It cannot swim well and prefers to adhere to arfthsmooth substrate, like plastic,
or stick with stone or floating seawe@®]. The lumpfish has 25 diploid chromosomes (1),
92]. There are three genetically distinct populations of lumpfish in the North Atlantic, Maine

CanadaGreenland (Northwest), Icelandorway (Northeast), and the Baltic J&4].
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Figure 1.3 Lumpfish (Cyclopterus lumpupsphysical appearanceA short, swollen, and
tadpolelike body with a cartilaginous and gelatinous humphagiether with theentral fins

unite into a sucking disk
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1.5.3 Feedingand reproduction

Juvenile lumpfish are used to feed on a wide range of-wgéace plankton. Adult
lumpfish feed on euphausiids, pelagic amphipods, jellyfish, and small fish such as herring and
sand lanc¢80, 81]

Lumpfish spawning occurs on the rocky sea substrate thnsies of the North Atlantic
[82, 9395]. Lumpfish exhibit a sexual dimorphism while breedii®d, 82] They have an
extended courtship involving nest cleaning, fin brushing, and quiv@8ihg82] Each female
lumpfish produces an average of 1000,009seger spawning season, depending on body size.
Mal es fertilize pink eggs onto the nesdiktedbs sur
depressions in the egg mass, remain there throughout the incubation period, and defend the egg
mass againshvertebrate predatof81, 82]

1.5.4 Production

The number of cleaner fish used by the salmon farming industry has increased
exponentially since 2009, 96] Commercial production of lumpfish juveniles is ongoing in
Norway, and it is an emergesgpecies in the aquaculture industry in Atlantic Canada. Marbase
Marystown | nc. i's North Americads first |l ump
Canada. Together with that, the Ocean Sciences Centre (OSC) of the Memorial University of
NewfoundlandMUN) i s home to Canadadés | eading cleane
facility. Lumpfish production and genomic research are ongoing in these fafditie&xtensive
commercial lumpfish aquaculture witlelp to alleviate economic, environmentahd ethical
concerns[69, 98] Primarily, commercial lumpfish production relies on the capture of wild
broodstock, which is unsustainable, because, in recent decades, a significant decrease in lumpfish

spawning stocks in the North Atlantic region suggéstsoverexploitation of natural sto¢&9,
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84]. Therefore, lumpfistmustbe reared in captivity to supply the salmon farming industry with
the number of lumpfish required for sk@e control.
1.5.5 Researchon lumpfish diseases, immunity against infections, and vaccinology

The cultivation of lumpfish is a relatively novel aquaculture. However, diseases caused by
various pathogens preclude this industryds de
increased in recent years, alongside researchitsiiommune systemhtat may foster vaccine
development against different pathog§®s, 100].

Recent studies have revealed thatpfish have a similar innate immune respaiasether
teleosts; for instance, macrophadesplayphagocytosis and respiratory burd1], and IdM* B-
cells have phagocytic activift02]. Antimicrobial peptides and proteins involved in complement
activation, inflammationand pathogen lysishave been identifiedy proteomic analysis of
lumpfish skin mucu§l03]. Lumpfish interleukin (IL) 1 (Il=1) dgnaling pathways, four ligands of
the IL-1 family in lumpfish (ie., Ik1 b t ype | alf, c&and tthe powel H1 family | L
members (nlk1F)), tumor necrosis fact@pha (TNFU) a ne6d weré lidentified and
characterized at mMRNA and gene leJj&34, 105]. Transcriptomics analysis of lumpfish primary
macrophages infected with bacterial pathogen revealed the upregulation of genes encoding
proteins involved in cell signaling, cytokines, pathogen recognition components, including 13 toll
like receptors TLRs), nucleotide binding oligomerization domain containing 1 (NOD1),
nucleotide binding oligomerization domain containing 2 (NOD2)11b , -8, IL46 , TNFOU, | L
17A/F3, IL-17C, and several components of the complement sysf@@6]. Renibacterium
salmoninarumnfection in lumpfish showed upregulation of genes encoding cytokimesléukin
1 beta (il 1lb), i nt er | e u)kpattern B2eognitian IreBeptofl-liké nt er | €

receptor Xtlrba), interferoninduced effetors fadical Sadenosyl methionine domagontaining
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protein 2/viperin(rsad2) and three gene isoforms ofterferoninduced GTFbinding protein
(mxa mxhh mxqg), and acute phase reactanitegcidin antimicrobial peptidéhamp), serum
amyloid A 5(saaj) at 28 days posgnfection (dpi)[107]. In contrast, celmediated adaptive
immunity-related genesT¢cell surface glycoprotein CD4é&cd4a) T-cell surface glycoprotein
CD4b (cd4b) lymphocyte antigen 6 complex locus protein G6f (ly6g6fgell surface
gycoprotein CD8 aHlhltlass kb histocompatibitityl @#hiiyygn gamma chain
(cd74) were downregulated at 28 dpi, led74was significantly upregulated at 98 dpi07].
Vaccination studies in lumpfish indicate the total levels of Immunoglol{igM) in sera are
lower than in salmon, but lumpfish produce specific antibodies upon immunization and can mount
protectiveadaptive immune respongi)8-110]. Reattime quantitative polymerase chain reaction
(RT-gPCR) analyses showed that the oral imipation of lumpfish larvae resulted in a subtle
stimulation of canonical immune transcripts suchl&ts, interleukin 10(il10), immunoglobulin
heavy chain variable region(@ha), immunoglobulin mu heavy chain a (ighma), immunoglobulin
mu heavychain b (ighmb)C-C motif chemokindike 19 (ccl19), C-C motif chemokindke 20
(ccl20), cd8a cd74 andATP-dependent RNA helicase Igfigp2) [109].

On the other hand, there is growing interest in identifying major pathogens infecting
lumpfish in Atlartic Canada[l111]. Bacterial infections are among the significant factors
contributing to reduced production and profit42]. Several studies identify bacterial pathogens
in lumpfish, including Pseudomonas anguillisepticd/ibrio anguillarum Pasteurella sp,
Piscirickettsia salmonjsand Aeromonas salmonicidfl10, 113116]. Typical and atypicaA.
salmonicideoutbreaks in farmed salmon and lumpfish hiagen reported in the UK, Norway, and

Canada [20, 69, 100, 113, %179] Still, there is nosuccessfulvaccine againstsome A.
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salmonicida strains in lumpfish. Antibacterial treatments agaiAst salmonicidaare also
unsuccessful in lumpfisi.20].

1.6 Aeromonas salmonicidgubsp. salmonicida

Isolates with different phenotypicharacteristics have been classified into typical and
atypical groups121]. The typical strains correspond Ao salmonicidasubsp salmonicidaand
the atypical correspond té. salmonicidasubsp.achromogenes, masoucida, smithand
pectinolytica[121]. A. salmonicidasubspsalmonicidas one of the oldest known fish pathogens,
endemic worldwide in both fresh and marine water in a broad host [B2y&24]. This Gram
negative, nommotile, rodshaped, facultative intracellular, and gamma proteobacterium is the
etiologic agent of furundasis (Figure 1.4A). Furunculosis is a systemic disease of salmonids
characterized by high mortality and morbidity in the aquatic production system, which produces
hemorrhagic and necrotic lesions in the skin and gut (Figure2)4B24-129]. A. salmonicdais
well equipped to resist the hodefenseways. It can enter the fish through skin, gills, and
gastrointestinal tract by removing mucfi1, 130] Many virulence factors (e.qg., structural
components like flagella, fimbriae, lipopolysaccharide (LPS8)d outer membrane proteins
(OMPs), affect the intestinal barrier function in fish and facilitate translocation by increasing
receptormediated endocytosis and paracellular permealpllizg, 130]

A. salmonicidaType | pilus system contributés host tissue colonizatigii31]. Also, the
VapA layer in the outer membrane Af Salmonicidaalong with LPS assistan adheringand
spreading throughout the host tissues (Figure J¥H) 128, 132] Using the type tlere secretion
system (T3SSA. salmonicidasecrete toxins and effector prote{esy.AexT, Ati2, AopH, AopO,
AopN, AopP, and AopSinto the host cell cytoplasm, suppress host immunity mechanisms, and
induces apoptosis (Figure 1.4E)21, 128] Additionally, extracellular products, such as

haemolysins, lipases and proteases, iron acquisition systems and quorum sensing (QS)

communicatdn contribute to the host pathogenidity1].
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Figure 1.4. Aeromonas salmonicidasubsp. salmonicida infection. A. Gram staining ofA.
salmonicidasubspeciesalmonicida B-C. A. salmonicidasubspeciesalmonicidainfection in
lumpfishshows internal organ haemorrha@e A. salmonicidesubspeciesalmonicidainfection

in Atlantic salmondevelops furuncles on skiik. A model ofA. salmonicidaattachment to the
host cell and secretion of toxins in the host celbplasm. It shows that the VapA layer in the
outer membrane dk. salmonicidaalong with lipopolysaccharide (LPS)ssistdn adheringand
spreading throughout the host tissues. Using the type three secretion system @A.3SS),
salmonicidasecrete toxins into the host cell cytoplaskigure 1.4AD are original pictures that
were taken while conducting the experimental work for this shésgure 1.4E was created with

BioRender.com, while the concept was adopted from Origgi et al.[2GBp
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1.7 Host-pathogen interactiors

Properly understanding bacteri al pat hogens

developing effective vacoas for several terrestrial pathogef®leostei, the most diverse
infraclass within the class Actinopterygii, comprises ~ 70 orders, ~ 500 families, and ~ 30,000
species (i.e., approximately half of all extant vertebrate speldi@d). The immune system's
composition and responsé teleoststoward a pathogen could be various. For example, most
studied fish have genes for both major histocompatibility complex I (MHCI) and MHCII
molecules, but the Atlantic cosaédus morhuphas lost the genes for MHCII and its accessory
moleculed135]. Instead, cod has expanded the number of MHCI genes and a unique composition
of its Toll-like receptor (TLR) families to compensate for adaptive and innate immunity without
MHCII [135].

Similarly, bacterial pathogens are diverse and respond differently to different fish hosts.
For example, the genontmsed analysis revealed tiatsalmoniciddasolates from different
geographical origins are diverfE36, 137] A total of 109 genome sequenadsA. salmonicida
in the GenBank database revealed that the number and size of plasmids are very diverse among
different isolate4137, 138] Even if the plasmids are stable, the repertoire may chdi33g
Furthermore, genome analysis showed that strathshigh chromosome sequence similarity have
substantial differences in structuf#39]. Genetic diversity influences the outcome of host
pathogen interactions[140]. Hostpathogen interactiorere essential to understand
infectiousdiseasesas well agheir prevention andreatmenf{l141, 142] Therefore, elucidating the
interspecies differences and hgstthogeninteractiors will help increase the efficacy of future

therapies and vaccine initiatives.
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Transcriptomics analysis using different laboratory techniques (e.g.; &iencing) is
one of the methods to examine hpathogen interactions that simultaneously measure the
expression of thousands of genes, demonstrating differences in the transcriptome in response to an
infection [143]. On the other hand, different pdsinscriptional factors, including small non
coding RNAs, play an important role in determininganorgadiss di sease state by
expression related to many cellular functions. MicroRNAs (miRNAs) are a major class of small
nontcoding RNAs that function as guide molecules in RNA silencing by negatively regulating
gene expression at the messengelARMRNA) level or by promoting a large proportion of
cellular mRNA degradatiofi44-152]. They are a large family of pestinscriptional regulators
that are ~2 nucleotides long and found in animals, plants, and some vilE&s152] Functional
studies indicate that miRNAsave unique, diverse expression pattemmd regulate almost every
cellular process in animalsncluding developmental, physiological, and pathophysiological
processes in living organisnis44-152]. Additionally, mMRNAs are connected to many diseases,
and mi RNA mediated <clinical trials have showl
including viral and bacterial infectiof$45, 146, 152]Researchers use statiethe-art tools, such
as highthroughput sequeing (HTS), to characterize the miRNAome repertoire, understand the
host immune strategies activated against the pathogen, and how the pathogen overcemes host
mediated immune responses directed againdts@]. Such information could help to develop
vacane therapeutics against the pathoffetb, 146, 152]

1.8Vaccinology

The concept of fish vaccination was first published in the periodil1®38, when the

immune mechanisms behind protective immunization were mostly unkifibbd]. In 1938

Snieszko eal. showed that fish build up protective immunity after injegtvith killed bacteria.
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Subsequently, his group developed commercial fish vaccination methods, which were employed
successfully in carp culture in central Eur¢p®4]. Duff published the first oral immunization of

fish in 1942, where chloroforkilled Bacterium(Aeromona$ salmonicidainduced protection

to cutthroat trout{Oncorhynchus clarKjiagainst furunculosis after an injection challeg@4,

155]. After then, there were not many reports about vaccination in aquaculture for several years
because of the disinterest in immunoprophylaxis due to the availability of icnotmal
compound$156]. The first vaccindor fishwas licensed in the USA in 1976 for aquacul{d&s].

Since then, the use of vaccines has expanded along with the growth of the aquaculture industry.
For example, furunculosis has been controlled by ube of protective vaccines containing
formalin-inactivatedA. salmonicidébacterinsin Atlantic salmon, rainbow trout, and Arctic

char[157-164].

Vaccination is the most critical measure to prevent bacterial infection in aquagLétbfe
The vaccine contains a nmrulent, innocuous form of the given pathogen, which can initiate the
innate immune response that shapes memory adaptive immunesessieigure 1.5)166]. The
principle of vaccination is immune memory, where a subsequent exposure to a pathogen induces

an enhanced immune response against the previously encountered pHtBdpen
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Figure 1.5 The immune response following immuization with an antigen. The vaccine is
injected into fish and the antigen is taken up by antfigesenting cells (APC, @, macrophages).

The presentation of the vaccine antigen by MHC molecules on the cell surface activates T cells
through the T celreceptor (TCR). The T cells drive B cell activation, which results in the
production of shortived plasma cells that actively secrete antibodies specific for the vaccine
antigen and longived memory B cells that mediate immune memdryrthermore, activated T

cells are CD8(cluster of differentiation 8/ T cell transmembrane glycoprotein) memory T cells
that can proliferate rapidly when they encounter a pathogen antd@f8oxic T cells that can

kill infected cells.The figure was crated with BioRender.com. The concept was adopted from

Bedekar2022[168].
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There are numerous innate immune cells in fish. Among them, macrophages are considered
as the principal phagocytic cells contributing to innate immune def¢h66% Functionally,
macrophages are equipped with many pattern recognition receptors (PRRs) (e.g., -Tyybs, C
lectin receptors (CLRs), NOIke receptors (NLRs)) that detect a multitude of pathegen
associated molecular patterns (PAMPSs) and initiate phagocytosis of thenfergity [170]. At
least 20 different TLRs have been identified in fish spgdiés, 172] However, TLRs that bind
and recognize PAMPs derived from bacteria are TLR2 (peptidoglycan, lipoteichoic acid), TLR5
(flagellin), TLR9, and TLR21 (CpG DNAJ173-181] Subsequent PRRs binding to PAMPs
initiates a signaling cascade that stimulates transcription factors (such as nuclear factor kappa
light-chaine nhancer of activated B cells (NFaB)),
upregulating genes involved irytokine synthesig182]. Furthermore, macrophages present
antigens by MHC molecules to circulating lymphocytes in the blood and spleen that initiates the
adaptive immune system, capable of initiating protective memory immune responses against
foreign paricles[183]. T and B lymphocytes can detect those antigens with TCR or B cell receptor
(BCR), respectively. A series of DNA recombination events in the gene segments encoding these
receptors provides an immense phenotypic diversity to recognize a wiglefandigenic epitopes
[184]. Activated CD4 (cluster of differentiation 4/ T cell surface glycopro)elhcells and CD8
(cluster of differentiation 8/ T cell transmembrane glycoprdt€icells can produce cytokines and
cytotoxic proteins to direct immune respon§E85]. On the other hand, activated B cells will
transform into plasma cells to secrete antigpacific antibodie$186]. Antibody development
and production are critical veim dealing with most bacterial pathogens because it prevents
bacteri al pat hogends growth and colonizati on

opsonization to enhance phagocyt¢&®7]. Furthermore, the production of memory B cells and
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CD8" memory T cells trigger more robust and efficient immune protection once they encounter a
pathogen. The requirement to consistently stimulate immunological memory/protection is
mandatory to design an effective vaccine for aquaculture prodyt88h

Vaccinded fish are less at risk of contracting infections than unvaccinated 6gh189,
190]. The choice of vaccine type and delivery method depends on several factors that include
vaccine safety, production costs relative to what the farmer can justifyacedith the value of
the fish, efficacy, and type of immune response induced close to what is needed to obtain protection
[167, 189, 19Q] Vaccines for fish are usually inactivated whotdl vaccines (WCV), subunit
vaccines, and live attenuated vaccifile88]. However, the duration of immunity for inactivated
vaccines is short unless formulated for antigen retention at the injection site, requiring adjuvants
to form a depot at the injection s[tE67, 189, 19Q] The addition of an adjuvant will result fine
antigen's retention for a prolonged period and a slow antigen r¢léa&se189, 190] Adjuvants
are compounds used in vaccine preparation that increase vaccine efficacy by promoting APC
maturation or retaining antigens within tissues without commsimigithe resulting immune
responsd167, 189, 19Q] A vaccine containing purified antigens alone could produce a minor

antibody response with little to no T cell activat{@89, 190]

However, not all formulations confer immunological memory. Antigengpgresl for
vaccination or the pathogen could trigger adaptive immune suppression, hindering protective
disease control measurd®91-193]. For example, vaccination agair&tlmonellais challenging
becausenontyphoidalSalmonellafNTS) targets and suppresses B cell lymphopoiesis and
activation and Ig&ecreting plasma cells against NJI®1]. Intraperitoneal injection (ip) of
inactivated phaseQoxiella burnetiWCV into mice resulted in marked and persistent suppression

of the prolifeative response of spleen c4ll92]. A vaccine formulation based on bacterial surface
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antigens was unsuccessful against ulcer&iv&lmonicidan carp Cyprinus carpi¢ because the

pathogenesis was characterized by a state of immune suppf@88pn

Disease control or elimination requires the induction of protective immunity in a sufficient
proportion of the populatioff94]. This is best achieved by immunization programs capable of
inducing longterm protection, a hallmark of adaptive immunity byimeining antigerspecific
immune effectors and/or by the induction of immune memory cells that may be sufficiently

efficient and rapidly reactivated into immune effectors in case of pathogen exfi&hijre

1.9Major gaps in knowledge

Cleaner fish farming is still in its infancy. Still, many aspects of lumpfish biology and their
immune functions remain unknown or poorly described. Health management is a critical priority
as disease outbreaks throughout all life stages are respongibsggrificant losses in the
aguaculture industry. Research is required to characterize immune function in these species, host
pathogen interaction, and develop vaccines against the most virulent bacteriaA(e.qg.,
salmonicidd. Furthermore, before the cant research, there was no report regarding lumpfish
small RNAs, e.g., miRNA repertoire. The characterization of lumpfish small RNA is essential for
future functional studies.

1.10 Main objectives and thesis structure

Drawing from some of the main knowledge gaps, the present work explores: the
pathogenicity ofA. salmonicidan lumpfish; strategies to develop a vaccine for lumpfish with a
comparison to current industrial methods; the reason for vaccine ineffectivanégsovides a
reference miRNAome for lumpfish by characterizing the miRNAs of embryonic, larval, and adult

lumpfishfor future functional studies

24



To explore the pathogenicity 8f salmonicidan lumpfish, inchapter 2, | characterized the
kinetics ofA. salmonicidasubspsalmonicidal223 (lab collection) infection in juvenile lumpfish.
Here, | profiled the transcriptome of the main lymphoid organs, including head kidney, spleen,
and liver, at 3 and 10 days pastection (dpi). The main objectives ofishchapter were the
determination of lethal dose 50 (kfp of A. salmonicidaJ223 in lumpfish and lumpfish
transcriptome response to tAe salmonicidaearly and lethal infection. Higthroughput RNA
Seq data of three lymphoid organs, head kidney, spheehljver, were assembled throuitje de
novo transcriptome assembler and reference gengunged transcriptome assembler to reveal
organspecific response to the infection.

In chapter 31 primarily aimed to develop a vaccine for lumpfish agafssalmonicida
subspsalmonicida For this purpose, | evaluatéte immune protective effect &f. salmonicida
outer membrane proteins (OMPs) and bacterins in lumpfish with and without the \éyIA |
(A*/A"). The finding of the primary investigation leads to the hypothesis that the inacthated
salmonicidal223 does not trigger memory immune responses and confer protection to lumpfish.
To further investigate, | tested the biomarkers for adajtiveune responses by enzytimked
immune sorbent assay (ELISA) andgPCR analyses.

In chapter 4 | aimed to identify and characterize miRNA genes in lumpfish by HTS
analysis, followed by the miRDeep analysis of different lumpfish sample typeadiéelumpfish
brain, muscle, gill, liver, spleen, and head kidney, as well as the early developmental stages of
embryos and larvae). This chapter's main objectives were to provide the first reference miRNAome
in lumpfish and identify the orgaspecific expresion of some miRNAs.

Finally, in Chapter 51 summarize the research findings and highligdtthe main

conclusions, indicating how they may improve our understandiAg sdlmonicidgathogercity
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and vaccine development in lumpfish wajuaculture applications. It also provides directions for
future research in these areas.

1.11 Publications arising from this thesis
The results presented in this thesis have been published as follows:

a) Chakraborty S, Hossain A, Cao T, Gnanagobal H, SegovkillCS, Monk J, Porter J,
Boyce D, Hall JR, Bindea G, Kumar S, Santander J. Mugjan transcriptome response
of lumpfish Cyclopterus lumpysto Aeromonas salmonicidaubspeciesalmonicida

systemic Infection. Microorganisms. 2022;10(11):2113.

Author contributions: Conceptualization: Javier Santander (JS), Setu Chakraborty (SC);
Methodology: JS, SC, Ahmed Hossain (AH), Trung Cao (TC), Hajarooba Gnanagobal
(HG), Jennifer Hall (JH), Surendra Kumar (SK), Cristopher Segovia (CS), Dany Boyce
(DB), Gabriel Bindea (GB); Investigation: SC, AH, TC, HG, JH, SK, CS, DB, JS; Writing
original draft: SC, SK, JH, JS; Resources: JS, DB; WritiRgview & Editing: HG, TC,

AH, MD, JH, SK, CS, DB, JS; Visualization: JS, SC, SK, CS, GB; Supervision: JS;

Funding acquisition: JS, DB.

b) Chakraborty S, Gnanagobal H, Hossain A, Cao T, Vasquez |, Boyce D, Santander J.
InactivatedAeromonas slmonicidsuppresses the humoral and-cedidiated immunity of

lumpfish Cyclopterus lumpysFrontiers in Veterinary Scien¢submitted)

Author contributions: Conceptualization: JS, SC; Methodology: JS, SC, HG, AH, TC,
Ignacio Vasquez (IV), DB; Investigation: SC, HG, AH, TC, IV, DB, JS; Writingioal-
draft: SC; Resources: JS, DB; WritindqReview & Editing: HG, AH, TC, IV, DB, JS;

Visualization: SC; Supervision: JS; Funding acquisition: JS, DB.
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c) Chakraborty S, Woldemariam NT, Visnovska T, Rise ML, Boyce D, Santander J,
Andreassen R. Charactetiimen of miRNAs in embryonic, larval, and adult lumpfish
provides a reference miRNAome f0Oyclopterus Iumpus Biology (Basel).

2022;11(1):130.

Author contributions: Conceptualization: Rune Andreassen (RA), JS, Matthew L. Rise
(MR), SC; Methodology: RA, JSSC, Nardos Tesfaye Woldemariam (NW), Tina
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2. Chapter two: Multi -Organ transcriptome response of lumpfish Cyclopterus

lumpus) to Aeromonas salmonicidaubsp.salmonicidasystemic infection.

2.1 Abstract

Lumpfish Cyclopterus lumpysare utilized as cleaner fish to biocontrol skze
(Lepeophtheirus salmonisnfestations in Atlantic salmonS@lmo salay farms in the North
Atlantic region Aeromonas salmonicida Gramnegative facultative intracellular pathogen, is the
causative agent of furunculosisseveral fish species, including lumpfidine molecular immune
response of lumpfish tA. salmonicidanfection was unknown. In this study, | establishedAan
salmonicidasystemic infection model in lumpfish and examirted transcriptome profile of
central and peripherical lymphoid tissuesunipfish 65.9 + 6.4 g (mean = SP)were
intraperitoneally (ip) injected with different dosesfofsalmoniciddo calculate the median lethal
dose (LBo). Samples of blood, head kielyy spleen, and liver were collected at different time
points to determine the infection kineti¢sdetermined thaA. salmonicida_Dso is 1 colony
forming units (CFU) per doséfound that the lumpfish head kidney is the primary target organ
of A. salmonicida Triplicated biological samples were collected froead kidney, spleen, and
liver from non-infection andnfected lumpfishat 3 and 10 dpi for RNAequencing (RNASeq).
RNA-Seq generated 79,705,149 £ 7,628,565 (mean + SD) pamctdeads. The reads weate
novo and reference genongelided assembled. The reference gengoided transcriptome
assembly resulted in 6,246 differentially expressed genes (DEG#@ag 1.0 orO 1FDBO
0.05). Thede novaassembly resulted in 403,204 transcripts, which added 1307 novel genes not
identified by the reference genorgaided transcriptome assembly. Differential gene expression
and gene ontology (GO) enrichment analyses suggesteA.tBatmonicidacould inducdethal

infection in lumpfish by uncontrolled and detrimental blood coagulation, complement activation,
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inflammation, DNA damage, suppression of the adaptive immune system, and prevention of
cytoskeleton formation, which results in deathsalmonicidamight inhibitthe NFe B si gnal i n.
pathway and positively regulate the apoptotic process in lumpfish. These results agree with the
fish's lethargy before the onset of the disease and mortality and coincided with the effect of
salmonicidavirulence factorsThis study provided insight into the interactions between a marine

teleost and\. salmonicida

2.2 Introduction

Lumpfish Cyclopterus lumpyshas been utilized as a cleaner fish species to biocontrol
sealice (e.g.,Lepeophtheirus salmonignfestations in Atlantic salmorSélmo salay farms in
Atlantic Canada, Iceland, the US, the UK, and Norjddy}]. Lumpfish cultivation is becoming
an emergent aquaculture industry in the North Atlantic region since its utilization significantly
reduces oeliminates the application of toxic chemotherapeutie§][2

Bacterial diseases are a health concern for lumpfish delousing performance and survival
rates in se@&ages|3,4]. Aeromonas salmonicida, facultative intracellular pathogeandemic
worldwidein fresh and marine water and the etiologic agent of furuncyl6sl®)], is one of the
most frequent pathogens of lumpfigh4,11,12] A. salmonicidainfection causes a cascade of
events that usually result in fish deftBi 15].

Recent studies have revealed that lumpfish have a similar innate immune system to other
teleosts; for instance, macrophages displaggocytosis and respiratory burst [16], and 1d4
cells have phagocytic activity [17]. Proteomic analysis of lumpfish skiicus has identified
antimicrobial peptides and proteins involved in complement activation, inflammation, and
pathogen lysis [18]. Transcriptomi@nalysis of primary macrophages infected witibrio

anguillarum revealed the upregulation of genes encogngieins involved in cell signaling,
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cytokines, and pathogen recognition components, e.g-likellreceptors (TLRS)NOD-like
receptors (NLRs)interleukins (ILs), and several components of the complement system [19].
Renibacterium salmoninaruimfection in lumpfish showed the upregulation of cytokines, pattern
recognition receptors (PRR), iron regulation, and acute phase re@dtdat genes. In contrast,
cell-mediated adaptive immunielated genes were downregulated [20]. Vaccination studies in
lumpfish indicate that the total levels of immunoglobulin (IgM) in sera are lower than in salmon;
lumpfish produce specific antibodies upon immunization and can mount an effective adaptive
immune respongR1i 23]. Reattime quantitative polymerase chain react(RT-gPCR) analyses
showed that the oral immunization of lumpfish larvae inducedonical cytokines and
chemokinegelated gene$23]. However, A. salmonicidainfection kinetics in lumpfish and
lumpfish transcriptomic response Ao salmonicidanfection had not been explored before this
study. Therefore, in this study, | characterized the kinetigs salmonicidanfection in lumpfish
and profiled the transiptome response of head kidney, spleen, and liver at 3 and 10 days post
infection (dpi). The head kidney and the spleen are the central lymphoid organs in teleost fishes
[24], and the liver is involved in critical biochemical processes in fish (e.g. bolesta) [25].
Besides, the liver is also considered as a lymphoid organ becauganemchymal cells of the
liver take part in antigen presentation and immunomodulatory funcfi$28], and these
immune defense mechanisms of the liver are presenteiostdish[29].

| determined tha#\. salmonicid&ills lumpfish in a doselependent manner, and the lethal
dose 50 (LBo) was determined as 4@olony-forming units (CFU) per dosé found that the
lumpfish head kidney is the primary target orgarmAofsalmonicida Using reference genome
guided andle novatranscriptome assembly analysis, | identified tisspecific gene expression

profiles in the head kidney, spleen, and livenisTstudy suggests uncontrolled and detrimental
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blood coagulation, complement activation, and inflammation could cause algepsbock,
which leads to hypoxia, internal organ hemorrhages, and suppression of the adaptive immune
system. The analysis alsaggests an impairment of the DNA repair system, which results in cell
cycle arrest and death. These findings relate to the effects of thatgesecretion system (T3SS)
effectors described iA. salmonicidae.g., destabilize cytoskeleton structuyedepolymerizing
microfilament and microtubules, induce apoptogd8]. Similarly, the gene ontology (GO)
enrichment analysis indicates that downregulated genes in the spleen are associated with
cytoskeleton structure formation. Upregulated genes areiagsbwith the positive regulation of
the apoptotic process. Overall, this study provides fundamental knowledge to understand the
salmonicidainfection model in a marine environment and provides valuable guidance for future
pathogenicity studies.

2.3Materi als and Methods

2.3.1 Bacterial strain, culture media, and reagents

Virulent A. salmonicidal223 (CP048223B1i 33] isolated from Atlantic salmon in 1999
was used in this study. A single colonyAfsalmonicidal223[34] was grown routinely in a 16
mm diameter glass tube containing 3 mL of Trypticase Soy Broth (TSB, Difco, Franklin Lakes,
New Jersey, USA) at 18C with aeration (180 rpm) for 48 h. TSB was supplemented with bacto
agar (1.5%; Difco) and Conged (0.01%; Sigma&ldrich, St. Louis, Missouri, USA) when
required. Bacterial growth was monitored by spectrophotometry using a Genesys 10 UV
spectrophotometerThemo Scientific, Madison, Wisconsin, U$Aand by plating to count

CFU/mL[35].
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2.3.2 Bacteria inoculum preparation

A. salmonicidal223 was initially grown in 3 mL of TSB media for 48 h. Subsequently,
300 pL of fresh culture was added to a 250 mL flask containing 30 mL of TSB media and incubated
for 18 h at 15°C with aeration (180 rpm) in an orbital shaker up to an optical de/@idyof of
0.7 1 x 1 CFU/mL) according to the previous descriptif#i]. The bacterial cells were
harvested by centrifugation (4200g<or 10 min at 4°C), washed three times with phosphate
buffered saline (PB36 mM NacCl, 2.7 mM KCI, 10.1 mM NEPQ4, 1.5 mM KHPOQs (pH 7.2))
[36], and finally resuspended in 300 uL of PBS. The concentrated bacterial inoculum was serially
diluted in PBS (1:10) and quantified by plating it onto Trypticase Soy Agar (TSA) to die¢erm
CFU/mL.

2.3.3 Ethics statement

The experiments were performed according to the Canadian Council on Animal Care
guidelines and accepted by Memori al Uni versit
Committee (protocols #181-JS; #1802-JS)[37].

2.3.4 Fish holding

Juvenile specifigpathogerree lumpfish 55.9 £ 6.4 g (mean + SD) were obtained from the
Dr. Joe Brown Aquatic Research Building (JBARB) at the Department of Ocean Sciences (DOS),
Memorial University of Newfoundland (MUN), Canada7]. All the infection assays were
conducted at the nationally certified marine AQ3 biocontainment unit at tlteGoelan Deep
Sea Research Facility (CDRF), DOS, MUN. Lumpfish were kept in 500 L tanks, with flow
through (7.5 L mih of filtered and UV treated seawatei {® °C), ambient photoperiod (winter
spring), and 96110% air saturation. The fish were fadily using a commercial diet (Skrettiing

Europa 15; crude protein (55%), crude fat (15%), crude fiber (1.5%), calcium (3%), phosphorus
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(2%), sodium (1%), vitamin A (5000 1U/Kg), vitamin D (3000 1U/Kg) and vitamin E (200 1U/Kg))
with a ration of 0.5% ofhteir body weight per day.

2.3.5 Lumpfish infection and lethal dose 50 (L49) determination

Lumpfishwere transferred from JBARB to the AQ3 biocontainment facility in 500 L tanks
containing 60 fish each and acclimated for 2 weeks under optimal conditions (eesdydwve).
LDso of A. salmonicidal223 was evaluated in naive lumpfish according to established protocols
in the relevant literaturf88]. Briefly, the fish were anesthetized with 40 mg of MS222 (Syndel
Laboratories, Vancouver, British Colombia, Canada)lper of seawater and intraperitoneally
(ip) injected, 16410, 10 ahd1® CFUIofA.cdimomi€dal223 per dose. Five
independent tanks were utilized for monitoring the mortality, and five other separate tanks were
used for sampling. An additional namfected group served as a control. Fish were visually
inspected for anyigns of the diseaselhe LDso dose was determined fdéx. salmonicidain
lumpfish according to thReed and Muench meth¢89] and the Karber methdd0]. Kaplart
Meier estimator and Logank tests were used to obtain survival fractions after the challenges and
determine the differems between treatments. A eway ANOVA was followed byT u k ey 6 s
multiple comparisons tesp (00.05 was considered as significar8jatistical analyses and data
visualization were performed using GraphPad Prism 7.0 (La Jolla, San D&gornia, USA).

2.3.6 A. salmonicidatissue colonization

Five fish were netted at eaohO, 3, 7, 10, 14, 21, and 33 dpi and immediately euthanized
with an overdose of MS222 (400 mg/L). The head kidney, spleen, and liver were aseptically
removed, placed in ¢hsterile homogenizer bags (Nasco wpakd , Thermo Fisher Scientific,
Waltham, Massachusetts, USA), weighed, and suspended in PBS to a final volume of 1 mL

(weight: volume). Afterward, the tissues were homogenized, the suspensions were serially diluted
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(1:10), and the suspensions were spread onto the TSA plate. Similarly, 1 mL of blood was
collected, serially diluted, and spread onto the TSA plate. The plates were incubate@ &brl5

4 days to determine the number Af salmonicidaCFU per gam of tissue or 1 mL of blood,
respectivel y. The Tukeyods mwaytANQVA ¢ O0.06mpsar i s on
considered significantptatistical analyses and data visualization were performed using GraphPad
Prism 7.0.

2.3.7 Histopathology

Sections ofumpfish head kidney, spleen, and liver were collected from themnfected
control and infected fish at 3 and 10 dpi. Tissues were submerged in 10% formalin for three days
at room temperature. The fixed tissues were removed from formalin and stored at BBS
until further processing for paraffiembedded tissue block according to established procedures
[41]. Tissues were sectioned, and 5 um sections were stained with hematoxylin and eosin (Leica
Biosystems, Concord, Ontario, Canada) and visualizedrunlight microscope (Olympus CX21,
New York, USA).

2.3.8 RNA purification

The tissue (~100 mg) of head kidney, spleen, and liver were sampled frorvir§ewed
lumpfish and 3 infected lumpfish (ACFU/dose) at 3 and 10 dpi (Figure 2.1) for RISAq and
RT-gPCRanalyses, similar to other studid&i 47]. Lumpfish tissuesn(=27) were preserved in
5 0 (L ofsRNAlater (Invitrogefit , ThermoFisher, Waltham, Massachusetts, Y&écording to
the manufacturerds instructions until further
the mirVana RNA isolation kit (Invitrogéh, ThermoFisher, Waltham, Massachusetts, USA)
foll owing the manuf act ur warebteated withtTURBOtDNas@ s . R

(TURBO DNA-freeE Kit, InvitrogerE , ThermoFisher, Waltham, Massachusetts, USA)
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foll owing the manufactureroés instructions f
remaining DNase and divalent cations, such as magnesidncalcium. Purified RNA samples

were guantified for concentration and evaluated for purity using a spectrophotometer (Genova
nano, Jenway, Stone, Staffordshire, England), and evaluated for integrity using 1% agarose gel

electrophoresis (Table 2.1).
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lp infection

(1.1 x 10* CFU/dose) “

-Sampling head kidney, spleen and liver '
-triplicated non-infected control fish

-triplicated infected fish at 3 and 10 days post-infection

" |

() Library preparation by using TruSeq kits (Illumina) and RNA-sequencing by Illumina NovaSeq 6000

GenomeQuébec
-Raw read processing -Raw read processing and quality assessment by
[l[b s -Lumpfish reference genome-guided FastQC v0.11.8 and Trimmomatic v0.38
Iﬂ transcriptome assembly -De-novo assembly by Trinity software v2.8.4 and
_differential transcripts and genes alignment by SAMtools v1.9 and Bowtie2 v2.3.5
expression analysis -Differential transcripts expression analysis EdgeR

Blast against C. Jumpus genome and extract ( )

genes with significant hit (E = 10A-6) NCBI

'

Gene ontology enrichment analysis by ClueGO app (2.5.8) in Cytoscape (3.9)

'

qPCR verification

Figure 2.1. RNASeq sample collection and data analysis workflow.
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Table 2.1. Quality of the RNA.

Sample namé 28S/188 RINC® Concentration (ng/ul) 260/280  260/230

Control Head kidneyl  1.53 9.2 852.84 2.07 2.31
Control Head kidney 2 0.90 7.8 955.81 2.06 2.19
Control Head kidney 3  1.48 9.3 299.90 2.05 2.24
3 dpi Head kidney 1 1.12 8.7 280.09 2.07 1.29
3 dpi Head kidney 2 0.65 6.8 847.86 2.09 2.10
3 dpi Head kidney 3 0.91 8.2 227.22 2.08 1.67
10 dpi Head kidney 1 1.11 8.7 229.25 2.02 1.79
10 dpi Head kidney 2 1.36 9.0 225.24 2.06 1.51
10 dpi Head kidney 3 0.50 54 1083.98 2.00 2.33
Control Spleenl 0.94 7.6 356.49 2.03 1.52
Control Spleen 2 1.66 8.6 366.55 2.05 2.16
Control Spleen 3 1.08 8.7 286.33 2.05 2.05

3 dpi Spleen 1 1.42 9.2 521.28 2.08 1.98

3 dpi Spleen 2 1.67 9.5 339.04 2.04 1.56

3 dpi Spleen 3 1.62 9.0 470.40 1.95 2.33

10 dpi Spleen 1 1.01 6.8 875.61 2.05 2.31
10 dpi Spleen 2 0.81 6.7 687.89 2.05 2.27
10 dpi Spleen 3 1.30 8.7 639.58 2.06 1.91
ControlLiverl 1.18 8.6 346.84 2.03 1.52
Control Liver 2 1.7 7.6 356.49 2.05 2.16
Control Liver 3 1.32 10.0 912.41 2.05 2.05

3 dpi Liver 1 0.56 7.3 927.85 2.08 1.46

3 dpi Liver 2 1.62 9.6 586.10 2.09 1.85

3 dpi Liver 3 1.65 9.5 466.16 1.99 2.09

10 dpiLiver 1 1.13 8.7 780.28 2.06 2.23

10 dpi Liver 2 1.04 7.4 1351.75 2.05 2.33

10 dpi Liver 3 1.81 9.8 522.96 2.08 1.96

adpi: days posinfection.

b28S: structural ribosomal RNA (rRNA) for the large subunit (LSU) of eukaryotic cytoplatmgomes. 18S: rRNA,
a part of the ribosomal RNA. The S represents Svedberg units.

¢RIN: The RNA integrity number is a tool to estimate the integrity of total RNA samples. The RIN extension
automatically assigns an integrity number to a eukaryoteRdtaAl sample analyzed on the Agilent 2100 Bioanalyzer.

4260/280 Ratio: 260 nm and 280 nm are the absorbance wavelengths used to assess the purity of DNA and RNA. A
ratio of D2.0 is considered pure for RNA. A lower absorbance ratio may indicate the pres@mogein, phenol, or

other contaminants that have an absorbance close to 280 nm. Subtractiomotleimacid absorbance at 320 nm,

is also needed to calculate this ratio. Formula:

DNA Purity (Azso/A2s0) = (Azeoreadingi Aszoreading) + (Asoreadingi Aszoreading).

€260/230 Ratio: The ratio of absorbance at 260 and 230 nm can be used as a secondary measure of DNA or RNA
purity. In this case, a ratio between 2.2 is considered pure. If the ratio is lower than this expected range, it may
indicate contaminants in the sample that absorb at 230nm.
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2.3.9 Library preparation and RNASeq

Library construction and sequencing services were performed at Genome Quebec, Quebec,
Canada. Briefly, the quality of RNA was evaluated using a Bioanalyzer 2100 (Agilent, Santa Clara,
California, USA) (Figure 2.2, Table 2.1). Libraries were generated2&mg of total RNA using
the NEBNext® MultiplexOligos for lllumina®(Dual Index Primers Set 1; Adapter 1:-3’
AGATCGGAAGAGCACACGTCTGAACTCCAGTCAGS'; Adapter 2: ¥
AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTS") and sequenced in a NovaSeq 6000
Sequencer (lllumina)sing a NovaSeq 6000 S4 100 bp PE flow déie raw data were deposited

in the NCBI Sequence Read Archive (SRA) (Accession number PRINA596743).
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Head kidney Liver

A. C.
Control Control
3 dpi £ 3 dpi
10 dpi 3 - — v s —
FastQC: Mean Quality Scores
Spleen
B 2 D. =
Control
3 dpi
10 dpi ' 1

Figure 2.2. Quality of the RNA samples and sequenced read&. Quality of RNA samples
collected from headidney of noninfected control and 3 and 10 days pimgécted lumpfish
analyzed irBioanalyzer 2100B. Quality of RNA samples collected from spleen of fiected
control and 3 and 10 days pastected lumpfish analyzed iBioanalyzer 2100C. Quality of
RNA samples collected from liver of nanfected control and 3 and 10 days piodécted
lumpfish analyzed iBioanalyzer 2100D. Sequence quality histograms: the mean quality value

across each base position in the read after trimming adapter sequdrio& quality reads.
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2.3.10 Reference transcriptome assembly and downstream analysis

After RNA sequencing, paireend raw reads were mapaired and filtered to remove lew
quality reads using the CLC Genomics Workbench v20.0 (CLCGWB; Qiagen, Hilden, Germany)
with default parameters (mapaired read information, minimum distance = 1; maxmdistance
= 1000). Adapter trimming was done by the CLCGWB using the trim reads tool with default
parameters (quality trimming, trim using quality scores, limit: 0.05, and trim ambiguous
nucleotides, the maximum number of ambiguities = 2). The qualiheakads was checked using
the FastQQ48], and a MultiQd49] report was generated before and after trimming. CLCGWB
then mapped trimmed reads against the lumpfish genome (NCBI accession number
PRJINA625538 using the RNASeq analysis tool. Reads mappiaigd transcript counts were
conducted using the following settings: mismatch cost = 2, insertion and deletion costs = 3,
minimum length fraction and minimum similarity fraction = 0.8, the maximum number of hits for
a read = 10, and strarspecific = bothGene expression quantification and normalization of the
mapped reads were performed by an alignrdependent expectationaximization (EM)
algorithm [50] based on the RSEM and eXpress meth@d3. The TPM values were then
computed from the counts assigrte each transcript after normalization by the trimmed mean of
M-values (TMM)[52]. A global correlation analysis was performed using-tognsformed TPM
values (x + 1) of each gene, and transcripts and correlations were estimated by the Pearson method.
Abundance data were subsequently subjected to differential expression analyses using the
CLCGWB and the differential expression tool based on a negative binomial general linear model
(GLM) [53]. A standard selection of biologically significant differenti&xpressed genes (DEGS)
and differentially expressed transcripts (DETs) were performed witbftutlues of log fold-

change (FCDT 1. 0 and a f@lse Hiscovery rate (FDRP 0. 05 .
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2.3.11 de novo transcriptome assembly, contig abundance, fumttional annotation

Adapt or sequ e50basspaisiibg) weretdnired uSing the Trimmomatic
v0.38[54]. Reads were assembled intdeanovadranscriptome using the Trinity software (v2.8.4)
with default parameterfs5]. Assembled contigs shorter than 200 bp were excluded from the
analysis. | examined the read representation of the assembly by aligning the processedleeads on
novo assembled transcriptome using the SAMtools |36 and Bowtie2 v2.3.957]. | also
exanined how successfully assembled protiding transcripts were reconstructed to full or near
full-length using the BLAST[58] and Swissprot/TrEMBL. Thde novdranscriptome assembly
quality and completeness were evaluated using BUSCO ver§t®) &ganst a predefined set of
4584 Actinopterygian single copy orthologs from the orthoDB v9 database.

RSEM (v1.3.1)60] was used to quantify TPMs in the Trinity package. Trinotate v3.1.1, a
functional annotation pipeline, was used to generate an annotaport fer the potential
biological function of the assembled cont[§4]. Trinotate uses the TransDecoder Va5] to
identify proteircoding regions in each assembled transcript. BLA& fiants (blastn, blastx, and
blastp) against sequence databaseentitaded locally (last accessed, January 2021), including
RefSegrna, RefSegrotein, nt, nrand SwissProt, were used to annotatediv@ovoassembled
transcriptome. The transcriptomes were further annotated for remote homologs and protein
domains usingfMMER v3.2.1 and Pfam v3.2[62,63] The SignalP v5.(64] and tmhmm v2.0c
[65] software tools were used to predict signal peptides and transmembrane domains, respectively.

A differential expression analysis was performed using DE$&6Rand edgeR53].

Within each pairwise comparison, only transcripts with an FDR adjystedue ¢ 0.05 were
considered significantly differentially expressed. The differential expression analysis was

conducted at the isoform level to identify the DETSs in each orgaifffertesit timepoint.
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2.3.12 Gene filtration and GO enrichment analysis

DEGs identified by reference transcriptomic assembly analysis were filtereé
T1. 0 o,p-valDe¢D.05)for theGO enrichment analysi$On the other hand, DETs identified
by de novareference assembly analysis and edge®lysis were utilized for the nucleotide blast
against the lumpfish genome in NCBI to extract the corresponding gene symbols. Those genes
were added to the GO term enrichment analyses. To obtain an overall view, GO enrichment
analysis of all DEGs of hedddney, spleen, and liver at 3 dpi and 10 dpi were conducted by the
ClueGO App (2.5.8)[67] in Cytoscape 3.968] using ClueGO source files for lumpfish
(Supplementary data 1). ClueGO source files were created using a GO OBO file downloaded on
24 March 2@ 2 . Fisherds exact test was condupted to
value cutoff 00.05 for 3 dpi and @-value cutoff ©0.00001 for 10 dpi. A differential-value
cutoff and the GO term fusion strategy were employed to reduce thedaautynof the GO terms
and simplify the network. To obtain a global view, GO enrichment analysis of DES00 for
10 dpi; 300 most significant DEG®west FDR adjusteg-value)from each assembly analysis of
head kidney, spleen, and liverat3dpidn@ dpi wer e conducted by Clu
was conducted to study the enrichment of GO terms witvalue cuto f f0.050The GO term
fusion strategy was employed. However, to explore Ahesalmonicidapathogenecity, GO
enrichment analysis assiated with biological processes of upregulated and downregulated DEGs
in the head kidney 3 dpi and 10 dpi, spleen 3 dpi and 10 dpi, and liver 3 dpi and 10 dpi was
conducted by setting the network specidsicity
conducted to study the enrichment of GO terms wijthvalue cuto f fO. 0 ( 3 Od@Li ) and

(10 dpi). The GO term fusion strategy was applied.
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2.3.13 RT-gPCR analyses

To verify the RNASeq analyses, expression levels of 14 genes were measured in the same
27 RNA samples that were subjected to RE&q analyses. These genes were selected based on
their TPM values as they were expressed in individual samples from at teagraup (i.e.,
control, 3 dpi or 10 dpi) in all three tissues (i.e., head kidney, liver, and spleen). In all cases, first
strand cDNA templates were synthesized, andgRTR amplifications were performed as
described previouslf20,23]. The sequences, &fiencies, and amplicon sizes, and for all primer
pairs used in the RGPCR analyses are presented in Table 2.2.

Table 2.2. Primers used in this study.

Gene name Gene symbgl Efficiency?  Amplicon

Nucleotide sequence (53")

Trinity ID (%) size (bp)
complement componen{€5) F: CTGTCACCCCTCCACAGAGT 98.8 100
(DN137_c0_g1_i25) R: GTTGCATGTCAGCGTTGAGT '
C-X-C motif chemokine receptol
F: AGAGTTCACTGTGGGGGTTG
3(LOC117745182cxcr3) . 93.9 106
(DN2498_c0_g1 i8) R: GACTGCACCTGGTGACCTTT
(ga'eC“”3'bi”diZg pertiiS F: GTGCCTCAGAACGGTCTCTC 6
LOC117735282igals3 i 9 114
(DN1760_c1 g1 i3) R: GGCCATGTTGTCCTTGAAGT
glutathione Sransferase alpha 4 E: CCTATGGTGGAAATGGATGG
(gstas. R: CATGACCCGGTCTTTGAGAT 029 108
(DN1192_c0_g1_i2) :
hepcidin antimicrobial peptide b .
F: CGTCGTGCTCACCTTCATTT
(LOC117728128 hamph) . 91.9 95
(DN2492_c0_g1_i7) R: CTGGGTTGTCAACGCTCAT
interleukin 1 receptor type 2 .
(LOC117750248il1r2) % gggéTTTCGAAGTAGGAGGTCCGA%iéGAgAA 92.5 111
(DN49226 c0 gl i2) '
interleukin 8b (il8balias
C-X-C motif chemokine ligand 8] F: GTCTGAGAAGCCTGGGAGTG 874 138
(cxcl8h R: TCAGAGTGGCAATGATCTCG '
(DN2906_c0 g1 il1)
BPI fold-containing family Clike F:GTTTCCCGGACTTCTGATGA 95.7 130

(bpifcl) (DN1675_c0_g2_i3)  R: GGTACCATTTGGTTGGATGG
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Gene name Gene symbgl . oo Efficiency? Amplicon
Trinity 1D Nucleotide sequence (53") (%) size (bp)
pentraxin 3(ptx33 F: GCCTCAAACCCAGAGATCAG 20 105
(DN6917_c2_g1 i1) R: GTCGGGAAGTTTGCATTTGT
rasrelated proteiMORAB-1 . \ - A\GGAGATCGACCGCTATG
(LOC11774393Porab]) R: GAGTCTGCGAACTCCTTTGC
(DN1973_c0_g3_i2) 92.4 117
?Ii‘)yéoi‘i?p;gée;g(g F: AGAGTGGGTGCAGGAAAGAA o, . 116
(DN17527 c0_g1 i1) R: GAAGTCCTGGTGGCCTGTAA
suppressor of cytokine signaling F: CATGCCTCAGAGCAAAGTGA 93.7 104
(socs33 (DN488_c0 gl i2) R: AGCTGCAGGAGAGAGGTCTG '
TNF receptor superfamily .
F: AGGAGAAGAAAAGCCGATCC
member 4LOC117733297 i 94.4 115
infrsf9) (DN2095. c0_ g3 id) R: CTCGTGGAAACTGCACTCAA
toll-like receptor 5a .
(LOC117727165tIr5a) F: CCATCATGCACTTTGTACGG 92.9 129

(DN8688_c0_g1_i1)

R: TGGACGAGTTTCAGCAGTTG

aefficiency with which primers bind to the target

In the experimental gPCR analyses, expression levels of the genes were normalized to

expression levels of twendogenous control transcripts. Ti@orescence threshold cycle (Ct)

values of all 27 samples in the stuggre measured (in triplicate) for each of these transcripts

using cDNAof 4 ng of input total RNA, and then analyzed using geN[@@). Based on tlsi

analysis,eukaryotic translation initiation factor 3 subunit &tf3d (geNorm M = 0.31) and

elongation factor dalpha(eflg (geNorm M = 0.34) were selectedths two endogenous controls.

Endogenous control selection was followed by the experimentadfFOR analyses.

cDNA representing 4 ng of input RNAas used as a template in the PCR reactfonsach plate,

for every sample, the selected genes and endogenous controls were testiechie,tapd a non

template control was included. The relative quantity (RQ) of each transcript was determined using

the QuantStudio Redlime PCR Software (version 1.3) (Applied Biosystems), where Ct values
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were normalized with botatf3dandeflawith amgification efficiencies incorporation. For each
target of interestT(Ol), the sample with the lowest normalized expression (MRNA) level was set
as the calibrator sample (i.e., assigned an RQ value = 1.0).
To compare the TPM to the RQ values, the lmymdized values were utilized. Statistical
regression analyses and data visualization were performed using GraphPad Prism 7.0.
2.4Results

2.4.1 LDsodetermination and A. salmonicida infection kinetics in lumpfish

Five groups of 60 fish (duplicated tanks, tatat 600) were injected with five different
doses ofA. salmonicidal223 (16, 1¢%, 1¢°, 1¢%, and 16 CFU/dose) to determine the kfand
infection kinetics (Figure 2.3A). After 3 dpi, lack of appetiégratic swimming and internal
hemorrhagic septicemia weobserved. Fish started to die atLl® dpi, and there was no survival
in the fish infected with the $010%, and 16 CFU/dose. Tirty-two percent of lumpfish survived
after the infection with CFU/dose (Figure 2.3A). In contrast, 93% of fish survived after the
infection with the lowest dose tested {IDFU/dose) (Figure 2.3A). The survivors and the-non
infected control fish shogd no symptoms of disease or mortality. Thesddor A. salmonicida
J223 in lumpfish was 187 CFU/dose according to the Reed and Muench method [39] and 273
CFUl/dose according to the Karber method [40]. According to theaiok) (MantelCox) test and

log-rark test for trend, the survival curves and the trend were significantly diffgrer@.0001).
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Figure 2.3. Aeromonas salmonicidanfection kinetics in lumpfish. A. Survival of lumpfish to

A. salmonicidainfection. Lumpfish were ip injected with 5 different dosesAofsalmonicida
ranging from 1.1 x 10to 1.1 x 16 CFU/dose. The survival percentage of lumpfish infected with
these different doses were 93%, 32%, 0%, 0%, and 0% at 30 dpi, respectikzely, E&almonicida
colonization in the lumpfish lymphoid organs (head kidney, spleen, and liver) and blood at 3, 7,
10, 21, 33 dpi; BA. salmonicidecolonization in head kidney; @. salmonicidecolonization in

spleen; D.A. salmonicidacolonization in liver; E.A. salmonicidacolonization in blood. *:
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indicates a significant statistical differenge € 0.05); F. Histopathology of lumpfish tissues
stained with hematoxylin and eosin. Lumpfish tissues were collected from control fislieatedn

fish (1.1 x 16 CFU/dose) and imaged from the stained slides under the light microscope (x 400).
Blue and red arrows indicate inflammatory cells and necrosis, respectively.

A. salmonicidacolonization was determined at 0, 3, 7, 10, 14, 21, and 3 different
tissues (Figure 2.3R.3E).A. salmonicidavas detected in the head kidney at 3 dpi in fish infected
with 10% 1C° CFU/dose, but not when infected with*110? CFU/dose. | did not observe bacterial
colonization in the liver, spleen, and blaatd3 dpi in lumpfish injected with the lowest doses'(10
10* CFU/dose) (Figure 2.3@.3E). In contrast, a few fish infected with the OFU/dose showed
bacterial colonization in the spleen and liver at 3 dpi (Figure-2.3D).A. salmonicidavas first
detected in blood at 7 dpi (Figure 2.3E). At 7 dpi, head kidney, spleen, and liver showed bacterial
colonization in all doses tested except in the lowest doses evaluatednLG CFU/dose)
(Figure 2.3BD). At 10 dpi, bacterial colonization was detected in all the tissues except for the fish
infected with 16 CFU/dose (Figure 2.3BE). Significant differences between bacterial loads were
observed only in the spleen samples of ible ihfected with 1DCFU/dose compared to the other
groups p < 0.003). At 14 dpi, 3 fish infected with the*lOFU/dose showed bacterial colonization
in all tissues sampled (Figure 2-28E). After 15 dpi, no bacteria were detected in the remaining
sunivors in the 18 CFU/dose infected group. Howevé, salmonicidavas detected in the head
kidney, spleen, and liver until 33 dpi in fish infected with C&U/dose. These results suggest that
A. salmonicidatargets the head kidney and disseminates tor aitggans, causing a systemic
infection.

Histopathological analysis indicated that salmonicidacaused inflammation and tissue

necrosis in head kidney, spleen, and liver (Figure 2.3F). Previously, intracéllidaimonicida
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was observed in lumpfish siges at 3 and 10 di0], and similar observations were determined
in the current study.

2.4.2 Quality statistics

RNA samples were collected from the head kidney, spleen, and liver of triplicated non
infected control lumpfish and infected lumpfish {GFU/dose) at 3 and 10 dpi (Figure 2.1). RNA
qualities are presented in table 2.1 and figure Z2ARNA sequencing generated 1.08 billion
lllumina NovaSeq reads ranging from-86 million raw reads per sample, with an average length
of 101 bp (Table 2.3)ranscriptome sequencing generated an average of 79,705,149 + 7,628,565
pairedend readsAfter trimming, reads were applied to reference gengmided transcriptome
assembly ande novdranscriptome assembly analysis (Figure 2.1). Qualities of the &thneads

are presented in figure 2.2D.

Table 2.3. Trimming and mapping statistics.

Experimental conditions Number of Number of Percentage Number of % of
reads reads after trimmed mapped mapped

before trim trim (%) reads reads

Control Head kidneyl 90,833,894 89,460,642 98.49 88,772,934 99.23
Control Head kidney 2 82,357,896 81,214,335 98.61 80,651,238 99.30
Control Head kidney 3 95,840,032 94,471,719 98.57 93,794,340 99.28
3 dpi Head kidney 1 85,364,678 84,249,691 98.69 83,689,892 99.33
3 dpiHead kidney 2 69,166,462 68,321,181 98.78 67,915,962 99.40
3 dpi Head kidney 3 83,210,266 82,006,542 98.55 81,417,744 99.28
10 dpi Head kidney 1 74,687,068 73,641,866 98.60 80,640,940 109.5
10 dpi Head kidney 2 75,696,762 74,572,712 98.52 73,123,686 98.05
10 dpi Head kidney 3 83,134,430 81,500,846 98.04 74,020,234 90.82
Control Liverl 75,238,962 74,186,108 98.60 73,667,016 99.30
Control Liver 2 82,613,962 81,592,390 98.76 81,097,032 99.39
Control Liver 3 89,149,382 87,873,344  98.57 87,249,434 99.28

3 dpi Liver 1 73,482,382 72,624,442 98.83 72,205,844 99.42

3 dpi Liver 2 76,781,706 75,902,586 98.86 75,475,798 99.43

3 dpi Liver 3 78,365,294 77,336,892 98.69 76,810,090 99.31
10 dpi Liver 1 66,590,420 65,684,895 98.64 73,681,162 112.17

10 dpi Liver 2 84,053,066 82,945,239 98.68 72,873,446 87.85

10 dpi Liver 3 72,837,270 71,790,152 98.56 69,948,408 97.43
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Experimental conditions Number of Number of Percentage Number of % of
reads reads after trimmed mapped mapped

before trim trim (%) reads reads

Control Spleenl 82,894,516 81,638,490 98.48 81,023,884 99.24

Control Spleen 2 85,830,500 84,711,276 98.70 84,168,702 99.35

Control Spleen 3 80,510,892 79,352,845 98.56 78,781,698 99.28

3 dpi Spleen 1 67,505,126 66,241,078 98.13 65,565,504 98.98

3 dpi Spleen 2 95,481,322 94,028,713 98.48 93,300,368 99.22

3 dpi Spleen 3 79,665,640 78,523,117 98.57 77,967,908 99.29

10 dpi Spleen 1 75,150,950 74,159,068 98.68 65,230,402 87.96
10 dpi Spleen 2 74,330,220 73,364,626 98.70 82,383,274 112.29
10 dpi Spleen 3 71,265,916 70,388,130 98.77 71,286,900 101.27

2.4.3 Global profile of differentially expressed genes and transcripts identified using

reference genomguided transcriptome assembly

To study the lumpfish response Ao salmonicidainfection, | profiled the global gene

expression of the head kidney, spleen, and liver at 3 and 10 dpi, comparediriteatad fish

using RNASeq. A global gene expression correlation analysis showed a high degree of correlation
(R?=0.89 to 0.98p < 0.0001) between different experimental conditions (Figure 2.4). Principal
component analysis (PCA) and heatmap results reveal a clear tissue and time point clusterization
(Figures 2.5 and 2.6). Among all the organs studied, the spleen has the clearesizelticn

(Figure 2.6).
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Figure 2.4. Global gene expression profile of different lumpfish organs infected witA.
salmonicida A. Scatter plot of RNASeq expression in head kidney 3 dpi; B. Scatter plot of RNA
Seq expression in head kidney 10 dpiScatter plot of RNASeq expression in spleen 3 dpi;
Scatter plot of RNASeq expression in spleen 10 dpi;Scatter plot of RNASeq expression in
liver 3 dpi; F. Scatter plot of RNASeq expression in liver 10 d@tach dot represents a gene,
where red,green, and black represent upregulated, downregulated, andiffevantially

expressed genes. HK: head kidney, SL: spleen, LV: liver.
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Figure 2.5. Clusterization of gene expression profile in different lumpfish organs infected.
salmonicida A. Principal component analysis (PCA) of lumpfish head kidney, spleen, and liver;

blue dot represents nine head kidney tissue samples, red dot represents nine spleen tissue samples,
green dot represents nine liver tissue samples; B. Heatimdifferentially expressed genes in

head kidney (blue), spleen (red), and liver (green) of lumpfish infected Avigalmonicida

compared with nofinfected contral
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Figure 2.6. Clusterization of gene expression profile in different lumpfish organs infectedl.
salmonicda. A. Principal component analysis (PCA) of lumpfish head kidney sangriesn dot
represents three control samples, red dot represents three 3 dpi samples, blue dot represents three
10 dpi samples; B. Heatmap of lumpfish head kidney infectedAvislamonicidacompared with
norrinfected control; C. PCA of lumpfish spleen samplg®en dot represents three control
samples, red dot represents three 3 dpi samples, blue dot represents three 10 dpi samples; D.
Heatmap of lumpfish spleen infected wihsamonicidacompared with noiinfected control; E.

PCA of lumpfish liver samplegreen dot represents three control samples, red dot represents three

3 dpi samples, blue dot represents three 10 dpi samples; F. Heatmap of lumpfish liver infected

with A. salmmicida
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The log fold-change (FCPT1 . 0 o and EDRddjusbedp-v a | u &.0%were €kt as
the cutoff criteria for sorting out significant differentially expressed genes. | found 102 DEGs in
the head kidney at 3 dpi. These DEGs included 94 upregulated and 8 downregulated genes (Table
2.4, Figure 2.7A). Also, 1922 DEGs were itléed in the head kidney at 10 dpi. These DEGs
included 530 upregulated and 1392 downregulated genes (Table 2.4, Figure 2.7A). In the spleen,
637 DEGs were identified at 3 dpi, including 253 upregulated and 384 downregulated genes (Table
2.4, Figure 2.7B)In the spleen, 3133 DEGs were identified at 10 dpi, including 1368 upregulated
and 1765 downregulated genes (Table 2.4, Figure. 2.7B). In the liver, 58 DEGs were identified at
3 dpi. These DEGs included 44 upregulated and 14 downregulated genes @,dkguze 2.7C).
Also, 2766 DEGs were identified in the liver at 10 dpi, including 1360 upregulated and 1406
downregulated genes (Table 2.4, Figure 2.7C). Gene identifier, description/annotatien, fold
change, and FDR adjustpeialue are listed in File SR. A comparison between the head kidney,
spleen, and liver 3 and 10 dpi showed that 309 DEGs were common to all organs, while the head
kidney and the spleen shared 373 DEGSs, the head kidney and the liver shared 196 DEGs, and the
spleen and the liver shar@88 DEGs (Figure 2.7D).

Table 2.4. Differentially expressed genes (DEGSs) identified by reference transcriptome

assembly.
Tissues Days postinfection Upregulated Downregulated Total DEGs
(dpi) genes genes
Head kidney 3 94 8 102
Head kidney 10 530 1392 1922
Spleen 3 253 384 637
Spleen 10 1368 1765 3133
Liver 3 44 14 58
Liver 10 1360 1406 2766
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Figure 2.7.Gene expression profile comparisonA. Venn diagram of upregulated (Up) and
downregulated (Down) DEGs (IegCO11 . 0 o, FDR®O0.05) if head kidney (HK) at 3 and
10 dpi; B. Venn diagram of upregulated (Up) and downregulated (Down) DEGEQ&j 1.0

or OFDRO®O5) in spleen (S at 3 and 10 dpi; C. Venn diagram of upregulated (Up) and
downregulated (Down) DEGs (IggCO11 . 0 o,FDR®0.05) i the liver (LV) at 3 and 10
dpi; D. Venn diagram of all DEGs (lggCO11 . 0 o,rFDRA0.05) il head kidney, spleen,

and liver
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Similarly, the logfCO71 . 0 o and EDRddjufledp-v a | u €0.0Bviere 6et as the
cut-off criteria for sorting out significant DETSs. | identified 133 DETSs in the head kidney at 3 dpi,
including 89 upregulated and 44 downregulated transcripts (Table 2.5). Also, 699 DETs were
identified in the head kidney at 10 dpnciuding 451 upregulated and 248 downregulated
transcripts (Table 2.5). In the spleen, 614 DETs were identified at 3 dpi, including 237 upregulated
and 377 downregulated transcripts (Table 2.5). In the head kidney, 2152 DETs were identified at
10 dpi, incuding 1173 upregulated and 979 downregulated transcripts (Table 2.5). In the liver, 33
DETs were identified at 3 dpi, including 27 upregulated and six downregulated genes (Table 2.5).
Also, 1697 DETs were identified in the liver at 10 dpi, including 88reggated and 810
downregulated transcripts (Table 2.5). Gene identifier;¢blahge, and FDRdjustedy-value are

listed in File S2.2.

Table 2.5. Differentially expressed transcripts (DETS) identified by reference transcriptome

assembly.
Tissues Days past-infection (dpi) Upregulated = Downregulated Total DETs
transcripts transcripts
Head kidney 3 89 44 133
Head kidney 10 451 248 699
Spleen 3 237 377 614
Spleen 10 1173 979 2152
Liver 3 27 6 33
Liver 10 887 810 1697

2.4.4 Global profile of differentially expressed transcripts identified by de novo

transcriptome assembly analysis

To identify potential novel genes and transcriptsleanovotranscriptome analysis was

conducted. Quality filtering and trimming were performed by Trimmomatic, and approximately
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4.28% of the raw reads were removed (Table 2.6). The remainingjbaiity reads (originating
from the three different lymphoid tissuesgre used to build e novotranscriptome assembly

using Trinity v2.8.4 assembler.

Table 2.6. Trinity statistics.

Total trinity transcripts 403,204

Total trinity genes 270,150
Percent GC 45.99
Contig N10 9165
Contig N20 6690
Contig N30 5231
Contig N40 4164
Contig N50 3235

Median contig length 497
Average contig 1296.15

Total assembled bases 522,614,427

Thede novoassembly resulted in 403,204 transcripts with an average read length of 497
bp, representing 270,150 genes identified by Trinity (Table 2.6). The total length of all assembled
transcripts is 522,614,427 bp with an N50 length of 3235 bp and GC conteft of #ftind that
more than 98% of the reads were successfully aligned consistently for each sample (Table 2.7).
Coding transcripts assessment was performed using the blastx search program in the database

NCBI, RefSeq RNA, and SwissPiatlL, 72]
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Table 2.7. Alignment statistics.

Sample name

Aligned
concordantly
exactly 1 time

Aligned
concordantly >1
times

Overall
alignment
rate (%)

Control Head kidneyl
Control Head kidney 2
Control Head kidney 3
3 dpi Head kidney 1
3 dpi Head kidney 2
3 dpi Head kidney 3
10 dpi Head kidney 1
10 dpi Head kidney 2
10 dpi Head kidney 3
Control Spleenl
Control Spleen 2
Control Spleen 3
3 dpi Spleen 1
3 dpi Spleen 2
3 dpiSpleen 3
10 dpi Spleen 1
10 dpi Spleen 2
10 dpi Spleen 3
Control Liverl
Control Liver 2
Control Liver 3
3 dpi Liver 1
3 dpi Liver 2
3 dpi Liver 3
10 dpi Liver 1
10 dpi Liver 2
10 dpi Liver 3

6056815 (14%)
5561239 (14.17%)
5823611 (12.66%)
5995555 (14.67%)
4668466 (14.02%)
5534685 (13.99%)
6204518 (15.73%)
4851800 (13.56%)
4818814 (13.3%)
4935796 (13.74%)
4769616 (11.99%)
5384352 (12.62%)
5420901 (15.39%)
5093933 (13.8%)
5421149 (14.45%)
5355795 (14.93%)
5198840 (14.71%)
5145686 (15.11%)
4775243(12.14%)
5060475 (12.24%)
3988922 (10.35%)
3499716 (10.92%)
4756240 (10.41%)
5063196 (10.72%)
3473492 (10.91%)
4197048 (10.44%)
3454200 (9.93%)

33309331 (76.98%)
3030389977.21%)

36266811 (78.81%)
31412470 (76.87%)
26009476 (78.11%)
3061094577.4%)

28809529 (73.06%)
27816099 (77.73%)
28270093 (78.02%)
2789531377.64%)

31464709 (79.13%)
33497395 (78.51%)
26700202 (75.8%)
28863984 (78.17%)
28750313 (76.62%)
271591009 (75.71%)
26876759 (76.07%)
25916830 (76.1%)
31337959 (79.64%)
33095542 (80.03%)
31537686 (81.8%)
25588309 (79.87%)
3727542581.56%)

38469695 (81.42%)
25995568 (81.64%)
33072408 (82.25%)
28709153 (82.54%)

97.92
97.99
98.2
97.79
98.16
97.93
96.6
97.66
98.01
97.95
98.33
98.1
97.82
98.12
97.88
97.73
97.81
97.83
98.18
98.29
98.49
97.92
98.44
98.67
98.55
98.52
98.5
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| further evaluated the completeness of the transcriptome assembly using BUSCO. BUSCO
pipeline for gene set completeness was assessed for eukanyot@d3), vertebrates(= 2586),
and actinopterygiam(= 4584). The analysis reported that the majoritthefactinopterygian core
genes had been successfully recovered from the lumgdistovoassembly. Specifically, of the
4584 singlecopy orthologs searched, ~88% were completely recovered, and ~4% were patrtially
recovered. Only ~8% dfinglecopy orthologs were classified as missing in the assembly. This

data indicates a complete, consistent, fgghlity lumpfish transcriptome assembly (Figure 2.8).
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Figure 2.8. Quality of transcriptome assemblyBUSCO pipeline for gene set completeness was
assessed for eukaryotes<1803), vertebrates (n 2586), and actinopterygian n4584).Here

~88% actinopterygian core genagere completely recovereavhile only ~8% of singlecopy
orthologs were classified as missing from the assembly. This data indicates a reasonably complete,

consistent, and higguality lumpfish transcriptome assembly.
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DETs identified from the three lymphoid tissues at different time points are summarized in
File S2.3. The lists of DETs identified by DESeq2 were generally higher and were almost
accommodated within the edgeR DETSs lists. | used the more conservativegaigeRted DETS
for further analysis (Table 2.8). The loigld-change (FCDT1 . 0 o and BDRadjusiedp-

v al u &.0%were €kt as the eoff criteria for sorting out significant DETS.

Table 2.8. Differentially expressed transcripts (DETS) identified byde novotranscriptome

assembly.
Tissues . Day_s post. edgeRuprgguIated edgeR dowqregulated Total DETs
infection (dpi) transcripts transcripts

Head kidney 3 138 148 286

Head kidney 10 204 273 a77

Spleen 3 214 287 501

Spleen 10 1005 1410 2415

Liver 3 56 77 133

Liver 10 1053 1040 2093
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My analysis found 286 DETs in thieead kidney 3 dpi. These DETs included 138
upregulated and 148 downregulated transcripts (Table 2.8, Figure 2.9A). 477 DETs were identified
at 10 dpi, including 204 upregulated and 273 downregulated transcripts (Table 2.8, Figure 2.9A).
501 DETs were ideiited in spleen 3 dpi, including 214 upregulated and 287 downregulated
transcripts (Table 2.8, Figure 2.9B). In the spleen, 2415 DETs were identified at 10 dpi. These
DETs included 1005 upregulated and 1410 downregulated transcripts (Table 2.8, Figure 2.9B
133 DETs were identified in liver 3 dpi. These DETs included 56 upregulated and 77
downregulated transcripts (Table 2.8, Figure 2.9C). In liver, 2093 DETs were identified at 10 dpi.
These DETSs included 1053 upregulated and 1040 downregulated trang€apte 2.8, Figure
2.9C). A comparison between the head kidney, spleen, and liver showed that 56 DETs are common
in all organs, while the head kidney and spleen share 53 DETSs, the head kidney, and liver share 26

DETs, spleen and liver share 274 DETg(fFe 2.9D).
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Figure 2.9. Transcripts expression profile comparison.A. Venn diagram of upregulated and
downregulated DETSs identified lole novdranscriptome assembly in head kidney at 3 and 10 dpi
B. Venn diagram of upregulated and downregulated DETs identifiatk byovotranscriptome
assembly in spleen at 3 and 10;dpi Venn diagram of upregulated and downregulated DETs
identified byde novdranscriptome assembly in liver at 3 and 1Q BpiVenn diagram of all DETs

in head kidney, spleen, and liver identified & novotranscriptome assembly. DNle novo
transcriptome assembly. HK: Head kidney. SL: Spleen. LV: Liver. DETs: differentially expressed

transcripts. Dpi: days pestfection. Filtraion of DETs and DEGs are legC Oi1. 0 oy O

FDR 00.05.
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The hierarchical clustering of DETs expressed in abundancgQagi 5. 0 6.0 andO
FDR O 0.05) visualized as i n t h-+spedifieadustenagp S up
(Figure 2.10A). The heatmap also reveals that samples from uninfected lumpfish and infected
animals clustered mostly within each tissue-sluster (Figure2.10A). Also, | observed that the
transcriptomic response was clearly separated based on infection time points in the spleen (Figure
2.10A). On the other hand, transcript responses in head kidney and liver samples from the pre
infected fish and infectedsh at 3 dpi were not highly differentiated, indicating an early process
of infection in these tissues (Figure 2.10A). | also assessed and visualized inter and intragroup
variability using Pearsonds corr elhatbgreewithpl|l ot s

the hierarchical clustering analysis (Figure 2.10B).
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Figure 2.10. Principal component analysis, correlation analysis, and hierarchical clustering.
A.Pearsonédés correlation pl ot vimnplesgB. Hiemarchical t he ¢
clustering of differentially expressed transcripts identifiedf @071 . 0 o ,rFDRD0.05) 0

for each organ (head kidney, spleen, and liver) at 3 dpi and 10 dpi compareditdented

control.
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Furthermore, a blastn analysis of all DETs identifiedleynovaassembly was conducted
against the lumpfish genome using Bi&xs1i2.0 to retrieve lumpfish gene symbols corresponding
to those transcripts (File S2.4). The analysis identified 1954 genegdieacommon to the DEGs
identified by the reference genofgaided transcriptome analysis. In total, 1307 unique genes
were identified, which included 477 genes in the head kidney, 825 genes in the spleen, and 679
genes in the liver (Figure 2.11 and F82.5). These unique genes were added to the DEGs list

generated by the reference geneguéed transcriptome for GO enrichment analysis.
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DN REF ' DN_HK REF_HK

DN _SL REF SL DN_LV REF LV

Figure 2.11.Comparison of DEGs and DETs identified by reference genormguided and

de novotranscriptome assembly.A. Comparison of DEGs identified by reference genome
guided andde novatranscriptome assembly; B. Comparison of DEGs identified by reference
genomeguided andde novotranscriptome assembly in the head kidney; C. Comparison of
DEGs identified by reference genomgeided andde novotranscriptome assembly in the
spleen; D. Comparison of DEGs identified by reference germpnued andde novo
transcriptome assnbly in the liver; REF: reference genocmugided transcriptome assembly.
DN: de novotranscriptome assembly. HK: Head kidney. SL: Spleen. LV: Liver. DETs:
differentially expressed transcripts. DEGs: differentially expressed genes. Filtration of DETs

and DEGs are logFCO11 . 0 o,FDR®0.05. 0
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2.4.5 GO enrichment analysis

Overall, the GO enrichment analysis using a combination @fE&Gs at 3 dpi and 10 dpi
identified multiple enriched GO terms related to biological process (@&lgcularfunction (MF),
andcellular component (CQfFigure 2.12, 2.13, and File S2.6). This result suggests that nucleic
acid metabolism and immune respessire mostly affected at the early point of infection. On the
other hand, a leth&. salmonicidanfection could modulate lumpfish adaptive immune responses

and metabolic processes.
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Figure 2.12. ClueGQObased enriched gene ontology (GO) terms in lumpfish lymphoid organs

at 3 dpi with A. salmonicida GO terms identified from DEGs in head kidney, spleen, and liver

at 3 dpi. The shapes depict the database source i.e., GO biological process (ellipselyl&O cel
component (hexagonal), GO molecular function (octagonal). The statistics of representative GO

terms or pathways are tabulated in File S2.6.
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Figure 2.13. ClueGQGbased enriched gene ontology (GO) terms in lumpfish lymphoid organs

at 10 dpi with A. salmonicida GO terms identified from DEGs in head kidney, spleen, and liver

at 10 dpi. The shapes depict database source i.e., GO biological process (ellipse), GO cellular
component (hexagonal), GO molecular function (octagonal). The statistics oergpte® GO

terms or pathways are tabulated in File SBligh quality figure is provided in supplementary

figure S2.1
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The GO enrichment analysis using all DEGs in the head kidney at 3 dpi identified GO
terms associated with BP (e.g., response to stimulus), MF (e.g., hydrolase activity), and CC (e.qg.,
intracellular anatomical structure) (Figure 2.14A, File S2.6). The ufatsgl DEGs in the head
kidney at 3 dpi were associated with acute phase response (APR), inflammatory response,
complement activation, negative regulation of immune effector process, fibrin clot formation, and
others (File S2.7Xowever, no GO terms wesariched by the downregulated DEGs of the head
kidney at 3 dpiAll the DEGs of the spleen at 3 dpi showed their association with several enriched
GO terms related to BR.Q., cell adhesion, defense response, nucleic acid metabolic process), MF
(DNA binding), and CC (e.g., extracellular region, external encapsulating structure) (Figure 2.14C,
File S2.6).Upregulated DEGs were mostly associated WAMRR, complement component
activation, humoral immune response, inflammatory responses, and many (6ileS2.7).
Downregulated DEGs of the spleen at 3 dpi were associatedlbddome assembly, cytoplasmic
translation, and oxygen carri@file S2.7).Furthermore, the DEGs of the liver at 3 dpi were only
associated witlhesponse to stress (Figure 2.14E and B2.6) Upregulated DEGs showed three
enriched GO terms, such APR, chemoattractant activity, and cellular response to interlelkin

(File S2.7), and downregulated DEGs of the liver at 3 dpi were not associated with any GO terms.
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Figure 2.14. ClueGO-based enriched gene ontology (GO) terms in lumpfish lymphoid
organs.A. GO terms identified from DEGs in the head kidney at 3 dpi; B. GO terms identified
from top 600 DEGs in the head kidney at 10 dpi; C. GO terms identified from DEGs in the spleen
at 3dpi; D. GO terms identified from top 600 DEGs in spleen at 10 dpi; E. GO terms identified
from DEGs in liver at 3 dpi; F. GO terms identified from top 600 DEGs in liver at 10 dpi. Larger
size denotes higher GO term significance. The shapes depict thesgesahrce i.e., GO biological
process (ellipse), GO cellular component (hexagonal), GO molecular function (triangles). The

statistics of representative GO terms or pathways are tabulated in File S2.6.
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Furthermore, the 600 most significdDEGs (lowestFDR adjustedp-value) in the head
kidney at 10 dpi were associated with eight enriched GO terms related to BP (e.g., defense
response, nucleic acid metabolic proce$s30 term related to MF (nucleic acid binding), and 10
GO terms related to CC (e.g., argelle, nucleoplasm, extracellular region) (Figure 2.14B and File
S2.6). The 600 most significaDEGs (lowest FDRadjustedp-value) of the spleen at 10 dpi were
associated with 16 enriched GO terms related to BP (e.g., immune response, inflammatory
resporse, defense responsdpur GO terms associated with MF (signaling receptor binding,
organic cyclic compound binding, heterocyclic compound binding, and nucleic acid binding), and
nine GO terms associated with CC (e.g., organelle, extracellular regigui€R2.14D, File S2.6).

The 600 most significal@EGs of the liver at 10 dpi were associated with 13 enriched GO terms
related to BP (e.g., defense response, small molecule metabolic process, lipid metabolic process,
and nucleic acid metabolic procegsjee GO terms related to MF (catalytic activity, nucleic acid
binding, and oxidoreductase activity), and five GO terms related to CC (e.g., organelle, cell
junction, extracellular region) (Figure 2.14F and File S2.6).

Furthermore, the GO enrichment anadysidicates that upregulat&EGs of the head
kidney at 10 dpi were associated with APR, complement activation, inflammation, regulation of
the apoptosis process, and negative regulation of the immune effector prebesS2(7).
UpregulatedEGs in the pleen at 10 dpi were associated with complement activation, regulation
of the apoptotic process, APR, blood coagulation, and inflammatory resgeihseS2.7)
UpregulatedDEGs of the liver at 10 dpi were associated with APR and inflammatory response
(File S2.7)

Downregulated DEGs of the head kidney at 10 dpi were associated with metabolic

processes, ion transport, and microtubule bundle formation (File S2.7). Downregulated DEGs in
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the spleen at 10 dpi were associated with cytoskeleton organization,cnaciéi metabolic
process, ribosome biosynthesis, and transldfde S2.7) Downregulated DEGs of the liver at

10 dpi were associated with metabolic processes, such as lipid, organic acid, amino acid, DNA,
and RNA metabolic process, ion transport, DNpaie, doublestrand break repair, and cell cycle

(File S2.7)

2.4.6 Analysis of the most significant differentially expressed genes

| analyzed the 300 most significant DEGs based on the |dwRtadjusted-valuein
lumpfish head kidney, spleen, and liver (File S2.8). The results indicate that the most significantly
overexpressed genes in the head kidney, spleen, and liverileydl8, il10, il6, hamp
haptoglobin (hp), ptx3 collagenase(mmpl13h, c7b, and amyloid protein a(Figure 2.1%. In
addition to this, the top significant upregulated genes in the head kidney at 3 dfibvireogen
beta and gamma chain(fbb and fbg) and complement factor Ecfb) (Figure 2.16).The top
significant upregulated ge in the spleen at 3 dpi wabulin alphalA chain (tubalg)and at 10
dpi were tIr5, coagulation factor llla(f3), and socs3a(Figure 2.17).The top significant
upregulated genes in the liver a0 dpi were adenosine receptor A3adorad and
carcinoembyonic antigerrelated cell adhesion moleculgdeacam) (Figure 18) Most of these

genes are involved with inflammation, complement activation, blood coagulatioAPdhd
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Figure 2.15.Most significant DEGs (lowest FDR adjustedp-value)in all organs studied after
A. salmonicidainfection in lumpfish. Bar plots represent the expression pattern{iBiyl) of
interleukinl beta(illb), interleukin8 (il8), interleukin10 (il10), interleukin6 (il6), haptoglobin

(hp),hepcidin (hamp)pentraxinrelated protein PTXBotx3), collagenas€mmpl13h, complement

component C7c7), andamyloid protein a.
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Figure 2.17.Most significant DEGs (lowest FDR adjustedp-value) in the spleen afterA.
salmonicidainfection in lumpfish. Bar plots represent the expression pattern{IBi1) of
tubulin alphalA chain (tubalayho guanine nucleotide exchange fa¢tmagulation factor llla
(f3a), toll-like receptor Htlr5), suppressor of cytokine signaling @Gcs33, ras-specific guanine

nucleotidereleasing factor 24rasgrf2g, protein family member @ppp3.
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Figure 2.18. Most significant DEGs (lowest FDR adjusted p-value) in the liver after A.
salmonicidainfection in lumpfish. Bar plots represent the expression pattern>(IBy1) of
adenosine receptor AGadora3, carcinoembryonic antigerelated cell adhesion molecule 1

(ceacam}, DNA damagenducible transcript 4orotein @dit4), DNA replication ATRdependent

helicase/nuclease DNA@na2, andDNA mismatch repair protein Mst{ghsh3.
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Furthermore, | observed significant downregulation of genes encoding MHCII and IgM
in all analyzed organs (Table 2.9). In additioti793 cd79h andcd209were downregulated in

the head kidney, spleen, and liver (Table 2.9).

Table 2.9. Significant differential regulation of adaptive immune marker (logFC O7 1.0 or

O 1FDR 00.05)identified from RNA -Seq analysis

Logz Fold Change

Head kidney Spleen Liver
3dpi 10dpi 3dpi 10dpi 3dpi 10 dpi

Gene symbol Description

H-2 class Il
histocompatibility
antigen gamma

LOC11773767¢ chain - - - -1.91 -1.37 -1.68
H-2 class I
histocompatibility
antigen, ES beta

LOC11774761¢ chain - - -1.12 -235 -158 -1.76
H-2 class I
histocompatibility
antigen, AU

LOC11773145C alpha chain - - -1.03 -2.75 -1.16 -2.12
H-2 class I
histocompatibility
antigen, AU

LOC11774761¢ alpha chain - - - -2.79 -1.76 -1.65
H-2 class I
histocompatibility
antigen, AU

LOC11774556¢ alpha chain - 1.23 - - - -3.18
V-set and
immunoglobulin
domain
containing

LOC117742904 protein 1 - - -2.20 -5.07 -1.92 -3.44
Immunoglobulin

si.ch21t superfamily

139g16.8 member 6 - - - -1.33 -1.04 -1.58
Immunoglobulin

Sema3fa (Ig) domain - -1.13 - -1.81 - -2.23
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LogzFold Change

Gene symbol Description Head kidney Spleen Liver

3dpi 10dpi 3dpi 10dpi 3dpi 10 dpi

V-set and
immunoglobulin
domain
containing

vsigl10 protein 10 -1.85 - -1.18

Immunoglobulin

LOC11774796z kappa light chain -1.94 - -1.34

Polymeric
immunoglobulin
LOC117737972 receptor - - - -1.97 - -1.68

Immunoglobulin
superfamily
igsf8 member 8 - - - -2.04 - -

Immunoglobulin
superfamily
igsf5b member 5 - -2.05 -1.64 -2.24 - -

Transmembrane
and
immunoglobulin
domain
tmigdl containing 1 1.07 -4.07 -1.28 -2.56 - -

Immunoglobulin
like domain
containing
LOC117750007 receptor 1 - -2.14  -1.42 - - -

V-set and
immunoglobulin
domain

vsig8b containing 8b -2.61 -1.94 - - -

B-cell receptor
complex
associated proteil
cd79a alpha - - -2.27 -5.76 -1.33 -2.49

B-cell receptor
complex
associated proteii
cd79b beta - - -1.21 475 -1.87 -5.44

LOC117735721 CD209 -1.08 -1.69 - -1.96 - -2.53

LOC11775041t CD209 - - - -2.17 -1.31 -3.50

LOC11775040¢€ CD209 - - - -2.90 - -3.59
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Additionally, host genes are associated with cytoskeleton organizatioad¢grgbinding
LIM protein Llike, cdc42 effector protein 1b, rho GTPemgtivating protein 4ike, rho guanine
nucleotide exchange factor -liRe protein, rho guanine nucleotidex@hange factor 18, rho
related GTPbinding protein RhoH, tubulin beta chain, tubulin monoglycylase THlikie3tubulin
polyglutamylase TTLL7#as-specific guanine nucleotideleasing factor 2grasgrf2g, protein
family member Jtppp3) were downregulated in the spleen at 10 dpi (Figure 2.17, Files S2.1,

S2.7, and S2.9).

A. salmonicidai nf ecti on wupregul ated sever al regul
nuclear factor of kappa light polypeptide gene enhancer-@elB inhibitor alpha(la B)|B-cell
lymphoma 3(bcl-3), tumor necrosis factor receptor superfamily member XfiBrsfl1h,
apoptosisenhancing nucleaséen, DNA damagenducible transcript 4 proteir{ddit4), n f a b
inhibitor U nfkbil ) , nuwlead factor interleukif8-regulatedprotein (nfil3) in lumpfish head

kidney and spleen (Files S2.1 and S2.9)

A. salmonicidainfection downregulated several gen@sg. BRCAZ%associated RING
domain protein Xbardl), DNA replication ATRPdependent helicase/nuclease DNAGa2, DNA
excision repair protein ERGQ (erccl), DNA repair endonuclease XP(erccd, E3 ubiquitin
protein ligase HERC2 isoform Xterc2, DNA mismatch repair protein Mshéh3, Poly(ADR
ribose) polymerase {parpl), DNA repair protein RAD52 homolog isoform Xhd52), DNA
repair and recombination protein RAD3#e (rad54l)) involved in DNA damage repair in liver

10 dpi (Figure 2.18, Files S2.1, S2.7, and S2.9).
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2.4.7 RT-gPCR verification analysis

The gene expression relationship between thedbghe RQ values from the RGPCR
and the logof the transcript per million reads (TPM) values from the RB&y was determined
for 14 selected genespmplement component ¢66), cxc chemokine receptor type(&cr3),
galectin3-binding protein a(igals3bp), glutathione stransferase alpha tandem duplicate 1
(gsta4.), hepcidin(hamp, interleukin 1 receptor 2l1r2), interleukin 8(cxcl8b/ilg), bactericidal
permeabilityincreasing protein(bpifcl), pentraxinrelated protein ptx3(ptx3g, rasrelated
protein orabl (orabl), amyloid protein asuppressor of cytokine signaling 8socs3g, tumor
necrosis factor receptor superfamily membétrdrsf9), toll-like receptor tlr5a). As shown in
figure 2.19, there was a significant positoarelation between the RN8eq and RIgPCR data.
Correlation f values ranged from 0.6 to 0.93 for all 14 genes. These results indicated that all
examined DEGs were in agreement with the reference gegaided RNASeq analysis. On the
other hand, the RGPCR results foc6, bpifcl, igals3bp, orabWere not in good agreement with
the de novoRNA-Seq analysis (Figure 2.20). However, the ¢RIR results of all other DEGs
evaluated agreed with tlie novaRNA-Seq analysis, with correlatior? Ralues rangingrbm 0.6

to 0.95 (Figure 2.20).
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Figure 2.19.Gene expression correlation between RGPCR and RNA-Seq data of 14
selected DEGs RNA-Seq data are presented asT&gM (X-axis), and RIQPCR data are
represented as leBQ (Y-axis). Three differentolors represent gene expression in the head
kidney (brown), spleen (reddnd liver (green). The circle represents control samples, square
represents 3 dpi, and triangle represents 10 dpi. Each symbol is an average of three fish at a

particular time poinin that tissue.
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Figure 2.20. Gene expression correlation between RJPCR and RNA-Seq data of 14 gene
expressions de novoRNA-Seq data are presented as:IdgM (X axis). RFgPCR data are
represented as lel§Q (Y- axis). Three different colors represgine expression in head kidney
(brown), spleen (red), and liver (green). The circle represents control samples, the square
represents 3 dpi, and the triangle represents 10 dpi. Each symbol is an average of three fish in a

particular time point in that tisg.
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2.5Discussion

Lumpfish are the emergent cleaner fish species in the North Atlantic rediof].
However, diseases, including bacterial infections, are affecting the performance of lumpfish and
its extended utilization [3]A. salmonicidas a globally distributed pathogen that infects and kills
lumpfish [3]. The infection kinetics oA. salmaicida in lumpfish and its response to early and
lethal infection had not been described before this study. In this study, | established a reproducible
A. salmonicidasystemic infection model in lumpfish. Additionally, | examined the transcriptome
profile of internal organs, including the head kidney, spleen, and liver of lumpfish injected with a
lethal dose (1DCFU) of A. salmonicidaduring early (3 dpi) and late infection stages (10 dpi).
Head kidney is known as a primary lymphoid organ as it is a logoiatic tissue in the teleost,
similar to the bone marrow of higher vertebrd#®3. B cell development, antigen sampling, and
antigen retention have been described in teleosts head kjigagi8,74] The spleen is the
primordial secondary lymphoid orgémat contains macrophages, MHC class I+ cells, and T cells
[24,73,75,76] The liver is also a vital organ that takes part in metabolism and defense, and it is
also considered as a lymphoid organ, aspamre@nchymal cells of the liver take part in antigen
presentation and immunomodulatory functi¢®s,26,28,29] In addition, the liver encompasses
large populations of natural killer (NK) cells and T cdl&6,28] This study analyzed the
transcriptome response of the head kidney, spleen, and liver ofishngbiring a lethalA.
salmonicidainfection.

The virulence of differenA. salmonicidasolates vay in different fish hosts. For instance,

A. salmonicidaDH17082110 showed relatively lower pathogenicity with an 4o®f 6.4 x 1§
CFU/dose in rainbow troi©ncorhynchus mykisand coho salmorQncorhynchus kisutgti77].

Another study described two highly pathogenic strainA.afalmonicidaMT1057, and MT423,
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with an LDso of 10 CFU/dose in Atlantic salmon but a lower virulence in halillippoglossus
hippoglossus)with an LDso of 10° CFU/dos€g[78]. This study showed tha#t. salmonicidal223
(Santander lab collection) is highly virulent for Newfoundland lustipfl determined that an ip
infection of 1@ bacterial cells per dose can kill 50 percent of the infected lumpfish population,
which is similar to rainbow trout, Chinese per&8injperca chuat$j and Atlantic salmofi78,79]

The hypesvirulence ofA. salmonicidal223 strain in lumpfish was further verified by another
study conducted by Santander lab, where a bath infection of lumpfish i@FLO'mL of A.
salmonicidal223 caused 100% lethality within 14 dpi (unpublished data)

SubsequentlyA. salmonicidainfection kinetics in different organs was determined for
different doses used to infect lumpfish. All lethal doses' (I® CFU/dose) showed the presence
of A. salmonicidain the head kidney at 3 dpi, suggesting that this organ is the pritary
salmonicidatarget, and from theré spreads to the spleen and liver, and finally, after 7 Api,
salmonicidanfection in lumpfish becomes systemic (Figure 2.3). Similar toindirigs, previous
studies indicated that 3 to 4 days is a typical incubation period.fealmonicida where the
bacterium rapidly disperses in head kidneys, followed by spleen and[8@&1] Lumpfish
infected with a low dose d&. salmonicida10' CRU/dose) established a persistent infection, as
bacterial colonies were still detected after 30 dpi without causing mortalities. AVe#éémonicida
J223 strain lethal doses cause acute infections, in low doses it might cause chronic infections.

Similarly, Pseudomonas aeruginosaan cause both symptomatic acute and chronic
infections. While acute infections often spread rapidly and can damage tissues as well as contribute
to high mortality by sepsis, chronic infections can be carried on for j&2rd did not explore

the further mechanism oh. salmonicidamediated chronic infection here. Future studies to
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consider howA. salmonicidacan utilize strategies to evade immune clearance to cause chronic
infections would be helpful to explore the pathaggs in marine teleosts.

To understand the transcriptome dynamics and the impaét shlmonicidaon gene
expression levels, higthroughput RNASeq technology was useBNA-Seq can effectively
analyze transcript sequences and estimate gene expressis tlet can be applied to the
identification of DETs or DEGs between different experimental condifg@$)84] lllumina-based
RNA-Seq results in millions of short reads which need to be assembled into transcript sequences
[85]. An RNA-Seq analysis allow®r the distinguishing between individual transcripts (isoform)
of a gene[85]. Analysis of DETs is essential in identifying differences between tig84é¢s
However, the alignment of RN&eq reads to a certain gene allows researchers to study gene
expression86,87] Gene expression estimation from the expression levels of transcripts provides
more robust resul{88]. Gene expression estimation allows reslears to determine DEGs under
different conditions. Analyzing DEGs is more applicable for biological analysis, e.g., GO
enrichment analysif89]. This study utilized two different approachel® novoand reference
based, to assemble the transcriptow@h the availability of the reference genome, a reference
based assembly is more effective thateanovaassemblyf90]; however, studies showed that the
de novaassemblies were able to identify a complete gene coji®g®0,9195]. | applied thede
novoassembly approach at the isoform level, which allowed me to determine DETs in 3 and 10
dpi of the head kidney, spleen, and liver. However, the refettesmed assembly approach allowed
me to generate both DEGs and DETs using CLCGWR.results demonstte that he total
number of DETSs identified by th#e novaotranscriptome assembly analysis was higher than the
total number of DETSs identified by the reference gengunded transcriptome assembly analysis

(5265 vs 4261logzFCOT 1. 0 qr F@ R5),@hidh is @imilar to Kovi et al[91] (Files
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S2.3 and S2.2)ntrinsic methodological issues dé novoanalysis could generate misassembled
transcriptg96]. The Trinity de novoassembler might yield more transcripts because of lacking
strandspecific informatiorf97]. Subsequently, BLAST search of alde novoDETs against the
lumpfish genome identified that only 4839 (91.98€)novoDETs are protektoding transcripts.
Hereafer, the corresponding genes of theeenovoDETs were compared with the reference
based DEGs. | observed that only 25.9% of the genes were shared betwdenntheand
referencebased analysis, 17.3% were uniquel@novoanalysis, and 56.8% were ungjin the
referencebased analysis (Figure 2.11).

In addition to this, the RFPCR verification analysis demonstrates that the overall gene
expression levels were underestimatedéynovanalysis (Figure 2.19 and 2.20). Previous studies
have found that the referenbased method surpasses ttee novomethod for characterizing
transcriptome and gene expressi®,98,99] Still, this study suggested that each method
captured unique trangpts. Therefore, | adopted an integrative approach for GO enrichment
analysis to bring more benefits for the better exploratioh. silmonicidgpathogenicity.

The number of DEGs and DETs was highest in the spleen, followed by the head kidney
and liver at3 dpi. Similarly, the number of DEGs and DETs was highest in the spleen, followed
by liver and head kidney at 10 dpi. However, in most cases, the number of DETs was lower than
that of DEGs. This is because the gémeel expression is global. One gene teve several
transcripts as a result of alternative splicing in eukaryotes and not all the DETs were significant
(logzFCOT 1. 0 o r FOR1 Derefor® Bcannot compare between the gene and transcript
expression. Thus, moving forward, | used gle@elevel analysis.

The head kidneyplays a key role in initiating the immune response in fi&100] |

observed that the initial inflammatory response was triggered in the head kidney at 3 dpi (File
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S2.9). Histopathological analysis also observed the inflammation in the head (kineg 2.3F)
Such responses correlate with the infection kineticsAofsalmonicida(Figure 2.3B2.3E).
Nevertheless, the spleen also was infected very fast and showed large numbers of DEGs and
enriched GO terms (Figures 2.3C, 2.14C, and Table 2)spleen promes humoral immunity
[101,102] and identifies cell dama@E03]. This could be a reason for having the highest spleen
response durind\. salmonicidainfection. The liver controls biochemical processes, including
metabolism[104]. Large numbers of metabolisralated genes were downregulated at 10 dpi in
the liver (Files S2.6, S2.7, and S2.9). Interestingly, | observed fish lethargy (e.g., lack of appetite
and swimming) starting at 7 dpi and continuing until death, which might relate to a metabolic arrest
at the deadly point of the infection.

RNA-Seq analysis suggests that the most significantly upregulated genes are associated
with inflammation, complement activation, blood coagulation, AR (Figures 2.152.18).
Furthermore,GO enricltment analysis indicatethat inflammation andAPR were enriched
pathways in all three organs (Files S2.7 and S2.9). In addition, blood coagulation and complement
activation were enriched in the head kidney and spleen (File S2.7). Inflammation is an immune
defense mechanism in gonse to bacterial infection where leukocytes (neutrophils and
monocytes/macrophages) secrete cytokines into the bloodstream. Cytokines, such as IL1 and IL6,
stimulate hepatocytes to produce and secrete acute phase proteirseii@ny.amyloidroteins
(SAPs), haptoglobin (HP)J105-107]. RNA-Seq results demonstrate the upregulation of genes
related to inflammation andPR in lumpfish head kidney (e.gillb, il6, il10, cxcl8g serum
amyloid A3, hp,cxcr3, hamp, ptx3a, tir9aspleen (e.gamyoid protein g C-C motif chemokine
19 (ccl19)illb, il6, cxcl3 cxcl8a hp, cxcr3, hamp, ptx3a, tiraand liver (e.g.amyloid protein

a, saa3 ccll9 illb, il6, cxcl8a hp, cxcr3, hamp, ptx3a, tirja(Files S2.7 and S2.9)Yhe
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upregulation ofseveral of these genesx¢r3 hamp il1r2, cxcl8bl/il8 ptx3a amyloid protein a
tirsa) was further verified by the RHPCR experiment (Figure 2.19). Like lumpfisA,
salmonicidainfection also induces inflammation aA®R in Atlantic salmon, cod, rainbotrout,
Arctic char, and zebrafigi3,15,32,81,108,109The blood coagulation system and complement
cascade are closely linked to the inflammatory responseABRI[110i 112]. Upregulation of
genes related to blood coagulation was observed in lumpfish head kidney at 3 diirfi@agen
prothrombin plasminogenantithrombirrlll) and spleen at 10 dpi (e.thrombomodulinplatelet
glycoprotein 4 coagulation factor XIIJ coagulation factor Illa andcoagulation factor VIIJ von
Willebrand factoy (Files S2.1, S2.7, and S2.%urthermore, after RNAeq data analysis, the
upregulation of genesomplement factor Htomplement factdB, c3-like complement component
(c3), c7, c8 alpha chain complement componéc®), clr-A subcomponedike complement
componentandc6 were observed in the head kidney and sp(&des S2.1 and S2.9The RF
gPCR analysis confirmed the upregulatiorc®fn all three tissueslhese results dlicate thatA.
salmonicidainfection may induce blood coagulation and complement activation in lumpfish,
similar to observations made in zebrafish, Atlantic salmon, and Arctic char infectioné with
salmonicidg13,15,81]

However, under some circumstaacthese innate immune responses cause tissue damage
and organ failure, eventually leading to death, a hallmark of sg&3. During sepsis, the
association of pattern recognition molecules with theipitammatory mediators and activation
of the NFa Bsignaling cascade could cause the increased expression of proinflammatory
cytokines [111]. Proinflammatory cytokines and complement components activate the
coagulation cascad&14]. The coagulation system acts as a general host defense system to restric

the dissemination of pathogens by recruiting leukocytes, while fibrin promotes the adherence and
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migration of cells[115]. However, overactivation of the coagulation system during acute
bacteremia causes disseminated intravascular coagulation (Bi€)pvascular thrombosgis
induced hypoxia, and prolonged suppression of fibrinolysis, which contributes to multiorgan
failure, abnormalities in host metabolism, immune suppression, diéptishock, and death
[111,115118] Interestingly, the downregulatioof genes encoding hemoglobin subunits alpha
and beta was identified in the spleen at 3 dpi, and the moribund lumpfish was visually noticed with
signs of hypoxia (Files S2.1, S2.7, and S2.9).

The unrestricted activation of inflammation, blood coagulation, complement systems
break the blood/tissue barrier and damage the host tissue and[@dggnisterestingly, excessive
hemorrhages in the lumpfish body, eyes, gills, or at the base of the fins, muscles, and organ tissues
and ascites were visually arged in moribund fish (Figure 2.2These observations suggest that
detrimental and uncontrolled inflammation, overactivation of blood coagulation, and complement
components might lead to a segtle shock, which plays a significant role in thesalnonicida
mediated lethal infection dfimpfish. However, the septic response is an extremely complex
reaction of inflammatory, antnflammatory, humoral and cellular processes, and circulatory
abnormalities, which are highly variable with the repecificnature of the signid20]. Therefore,

further investigation is required to confirm sepsis in lumpfish.
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Figure 2.21.Aeromonas salmonicidd223 infected lumpfish.A. salmonicidanfection causes:
A. swelling B. ascites C. excessive hemorrhages in thempfish body and organ tissues of

moribund fish.

121



Furthermorejl10 was upregulated in all three lumpfish organs at 10 dpi (Figure 2.15).
Previously, it was described that salmonicidaelicits a significant increase il10 expression in
head kidney leucocytd421]. A similar effect was also described in Arctic cfit]. IL-10 can
contribute to immune suppression by inducing a imegliated response. Deleting tigpethree
secretion system(T3SS) genes ofA. salmonicidadecreases the host cytokine expression
significantly [121]. A fully virulent A. salmonicidadownregilated specific innate and adaptive
immune gene expression and reduced the survival of the infected rainbowl12&tit24].
Consequently, | observed the downregulation of genes encoding MHCII and IgM in all analyzed
organs (Table 2.9)Previous research oW\. salmonicidainfection in trout showed the
downregulation of immunoglobulin light chains, constant and variable dorfiE®8s109] In
addition,cd79a cd79h andcd209were downregulated in the head kidney, spleen, and liver (Table
2.9). CD79a and CD79b aBecell antigen receptor complexs soci at ed proteins
that playa crucial role in B cedl activationand antibody productiorjl125]. CD209 is a Gype
lectin, an essential PRR that participates in immune defense and microbial pathogenesis in
mammals, and it is present on the surface of macrophd@&d. Previous studies or\.
salmonicidainfection in rainbow trout showed thati209was downregulated108,109] All of
these observations suggéstsalmonicidamediated immune suppression in lumpfish.

A. salmonicidavirulence factor AopO is an ortholog of théersinia YopO/YpkA
serine/theonine kinase. This serine/threonine kinase ingbagocytosis by blocking the Rac
dependent Fco r ecept[l22] |dbsenves the downregusation af the lpva t h wa
affinity immunoglobulin gamma Fc region receptobilike (LOC11774792pbin the spleen at 3

dpi (File S2.1), suggesting th& salmonicidaJ223 might cause an antiphagocytic effect in
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lumpfish. However, this could result from the impact of an undetermined signaling cascade, which
needs further verification.

At least sixA. salmonicidaT3SSrelated virulence factors, AexT, Ati2, AopH, AopO,
AopN, and AopS could be responsible for disrupting the host cytoskeleton structure, which allows
this pathogen to colonize and survive inside the [38122] TheGTPase activating domain and
the ADRribosylating domain of AexT act on small monomeric GTPases of the Rho family (Rho,
Rac, and Cdc42) and actin, respectively, and causes actin depolymerization and cell rounding
[30,122] Ati2 of Vibrio parahaemolyticuss responsible for the local detachmefitthe actin
binding proteins from the plasma membrane and induces membrane blebbing and cytolysis by
hydrolyzing the host phosphatidylinositol 4sphosphatd30,122] AopH, an ortholog of
YersiniaYopH, is responsible for altering the actin cytoskeidigp dephosphorylating the tyrosine
residugf30,122] AopO, an ortholog oYersiniaYopO, prevents the actin distribution in the host
cell [30,122] AopN, anA. salmonicidae f f ect or , bi n d-wbula ardl insibtsg ue st e
microtubule polymerizationhat induces mitotic arred80,122] AopS, an ortholog oiV.
parahaemolyticud/opS, could inhibit the actin assembly by preventing the interaction of Rho
GTPases with its downstream effectf®8,122] In this study, DEGs associated with cytoskeleton
organzation (e.g.actin-binding LIM protein 1like, cdc42 effector protein 1b, rho GTPase
activating protein 4ike, rho guanine nucleotide exchange factorlik@ protein, rho guanine
nucleotide exchange factor 18, rhelated GTPbinding protein RhoH, tubulibeta chain, tubulin
monoglycylase TTLLBke, tubulin polyglutamylase TTLLisgrf2a tppp3 were downregulated
in the spleen at 10 dpi (Figure 9 and Files S1, S7, and S9). In addition, downregulation of genes
related to microtubule bundle formation wasserved in the head kidney at 10 dpi (e.g., genes

encodingdynein assembly factors, dynein heavy chaipysp3 (Figure 2.17 and Files S2.1, S2.7,
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and S2.9) These findings indicate that the disruption of the lumpfish cytoskeleton might be
possible bymicrofilament and microtubule depolymerization and mitotic arrest durig
salmonicidainfection.

TheA. salmonicidal 3SS effector AopP induces apoptosis ifeeted cells by interfering
with critical signal transduction pd30,b28ays (i
AopP hinders the NBB signaling pathway by restraining the transportation of the p50/p65 protein
compl ex (NFKB1/ Rel A) i fi30,022] rebulting inahe gepticemm arldl 6 s n
furuncles formation (subcutaneous wounds) in host tigERid. | observed the upregation of
several genes that positively regulate the apoptosis process in the head kidney and spleen at 10 dpi
(Files S2.1, S2.7, and S2.9). However, no caspases were differentially expressed in this study.
detected the upregulation of several requlatofs t he NFaB pat hway, i ncl t
bcl-3, tnfrsfllb, aenddit4, nfkbia andnuclear factor interleukif8-regulated proteir(nfil3) (File
S2.1 and S2.9) did not observe the formation of furuncles in lumpfish skin that might be
concurrent wih no expression of caspases involved in apoptosis. A dual transcriptomic study and
in vitro experiments to identify the dysregulatioramipPof A. salmonicidan lumpfish lymphoid
organs could be valuable for future research.

Certain bacterial pathogens could cause chronic inflammation and/or produce genotoxins
that can damage proteins, lipids, metabolites, DNA, and RNA. For exad®lepbacter pylori
infection downregulates DNA mismatch repair and base excision repair nwobfl28]. The
bacterial toxin can be a source of DNA doubleand breaks (DSBs), causing cell deai?o].
DSBs induce DNA damage response (DDR), resulting in cell cycle 4iré8fL My results
indicate that A. salmonicida infection downregulates sewr genes involved in DNA

damage/repair in the liver at 10 dpig.,bardl, dna2 ercc], ercc4 herc2 msh2 parpl, rad52,
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rad54l) (Figure 2.18 and Files S2.1, S2.7, and SZ.Bgrefore, several biological processes such

as DNA replication, DNA and RNA metabolic processeBSB repair, DNA repair, RNA
metabolic process, gene expression, and cell cycle processes were enriched by the downregulated
genes in liver 10 dpi (File S2.7These findings suggest that salmonicidainfection might

provoke lumpfish DNA damage and cause cell cycle arrest in lumpfish liver.

Suitable biomarkers of sepsis and infection are necessary for monitoring fish disease
conditions [131]. hamp hp, amyloid protein g ptx3 mmpl13b illb, il8, il10, andil6 were
significantly upregulated in the head kidney, spleen, and liver of infected lumpfish, suggesting
they could be used as biomarkers for the molecular diagno8issaimonicidanfection (Figure
2.15).Actually, most of these genes were suggested as biomarkers of sepsis in H324:38]
suggesting a conserved response to septic shock in vertebrates. Genes enemlaigdd3TPase
1Ab, rho GTPaseelated proteins, and microtubtdssociated protes might be proposed as
biomarkers to identifyA. salmonicidaspecific infection (Figure 2.17 and File S2.8). In addition,
tIr5, ¢6, c7, fgb, fgg, f3a, socs3aadora3 ceacamltppp3 tubala ddit4, dna2andmsh2can also
potentially be proposed as biomarkers to defecsalmonicidalethal infection in lumpfish.
Multiplex RT-gPCR assays for these genes could then be devetogetect earhA. salmonicida
infection in lumpfish These technologiesould accelerat the identification of potential
biomarkers for various diagnostic and therapeutic developments in the future lumpfish aquaculture
industry and explore the response to septic shock in marine teleost.

2.6 Conclusions

A. salmonicidahas evolved many mechanisms to counteract and modulate the host
responses. Only 2@ells ofA. salmonicidacan kill 50% of the lumpfish population. Overall, this

study characterizeA. salmonicidanfection kinetics in lumpfish head kidney, spleen, andrl

125



(Figure 2.3) and proposes an infection model for lumpfish molecular responses at the early and
lethal point of infection (Figure 2.22). The model suggestsAhsalmonicidanight induce lethal
infection in lumpfish by uncontrolled and detrimentaddd coagulation, complement activation,

and inflammation. Such responses could lead to hypoxia, internal organ hemorrhages, suppression
of the adaptive immune system, and impairment of the DNA repair system, which result in cell
cycle arrest and, ultimaigl death (Figure 2.22). AlsdA. salmonicidamight destabilize the
cytoskeleton structure by depolymerizing microfilaments and microtubules to colonize and survive
inside the lumpfish (Figure 2.22). In additign,salmonicidanay be capable of inhibitirthe NF

9B signaling pathway and the induction of t he
could help aglobal understanding of the molecular networkAofsalmoniciddumpfish host
interactions, which is essential for developing effective treatma Furthermore, this analysis
provides a guideline for future experimental designs to sfidgalmonicidapathogenesis in

lumpfish.

126



.
~

3 days post-infection with A. salmonicida

Head kidney
Hemorrhage, sepsis

Detrimental blood
coagulation
S~._ 112, 1fgb, plg

Inflammation '/
t il1b, cxcl8a, ,+

Hrs: %

% S 11110, cd59, serpingl

Liver

Mild innate immune response

pv

sole A
g™

l 0
0 Acute phase

response
@@ tsaa, saa3, hp
Uncontrol -
complement e
activation .

’ o °
5 4 cg™
S
@™ ® Acute phase
N : response
*._ Immune suppression S +illb, saa, hp

1il6, saa, hp

Uncontrol

1
H ;
complement ‘ i hb};p(l):l‘)l‘;il
activation : hbb2

tc6, c7b, 9 J

1

1

1

'

Spleen

Sepsis

127

~. -
N % ’
.. .,
e ’ ’
~ i~ ’,
N ’
~
Acute phase response B ' m @

¢
.

’
v
.



10 days post-infection with A. salmonicida

Liver
Metabolic and cell cycle arrest, death

\ DNA damage .
‘. | bardl, dna2, P
‘\ hmga2 i

' 0@'*

Acute phase

: ’ S

lnﬂammatmn , S response

t il1b, cxcl8a,, s 1il6, saa, hp
ccll9 ¢ e

’ Ay
# 5
v Y

, . Immune suppression
u%. 1il10, socsl1a,/3a, s

MHCII, IgM

e

s Uncontrol Inflammation \ S
»_  complement 1 il1b, cxcl8a, ' o b !
s activation ccl19 X Lo] @] e o
s 1c3, c6-9 v 2
% 1

Acute phase ,
response  /

@ A}
Apoptosis “ 1il6, saa, hp + Blood

V4 ~ tbcl2, bcl3, ) P o uliion
Apoptosis A 1‘4!40, socs3 g
Acute phase L . +add45b, cd40, ' NG ‘| /’ 1£2, fgh, plg
LN A S . mnfrsf1b 9

~
~ ’—‘
Y So -

1il6, saa, hp ’ <
s ~
L % Uncontrol
X S complement Immune
Z < > activation

‘ Immune suppression s suppression
’
1il10, socsla, te3, CG__g, =T / 1il10, socs1a,/3a,

“/),

serpingl, tnfrsf21 e ' % s\\ MHCII, IgM
J @, ~
um : 2 .
Head kidney Cytoskeleton /| o - ..
Septic-like shock, immune suppression structure disruption! 45y cigs ccl19 4

| rac, rhoh, ,
cdc42eplb "

i
1

Spleen
Septic-like shock, cytoskeleton structure disruption

128



Figure 2.22. Aeromonas salmonicidainfection model in lumpfish lymphoid organs. A.
salmonicidaearly (3 dpi) and late (10 dpi) infection model shows ghaalmonicidacould induce

lethal infection in lumpfish by uncontrolled and detrimental blood coagulation, complement
activation, and ifflammation. Such responses might lead to hypoxia, internal organ hemorrhages,
suppression of the adaptive immune system, and impairment of the DNA repair system, which
results in cell cycle arrest and, ultimately, death. Ao salmonicidamight destabike the
cytoskeleton structure by depolymerizing microfilaments and microtubules. Figure 2.22 was

created with BioRender.com.
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3. Chapter three: Inactivated Aeromonas salmonicidauppresses the humoral

and cell-mediated immunity of lumpfish (Cyclopterus lumpu}

3.1. Abstract

Aeromonas salmonicida a globally distributed aquatic pathogen that causes furunculosis
in fish. The genome of this Granmegative pathogen is very diverse, and several subspecies have
beenidentified. Vaccine efficacy againgt. salmonicidahas been documented with successful
reports in different fish species. MaAy salmonicidgathogenicity and vaccinology studies used
different strains, which led to difficulties in reproducing resuéisause of the genomic diversity
of A. salmonicidastrains. Recently, a hypervirulent strainfofsalmonicidavas sequenced and
characterized, which caused mass mortalities in Atlantic salmon, rainbow trout, and lumpfish.
Using lumpfish as a model, | evaluated several antigen preparations @gaakhonicidal223.

Here, | assessed the potentmaimune protectie effect ofA. salmonicidéacterins in the presence
and absence of the virulence factors VapA layer exidacellular products secreted By
salmonicida Also, | evaluated the impact of outer membrane proteins (QNHR$)ding iron-
regulated outer memane proteins (IROMPs) &. salmonicidan lumpfish. Triplicated groups
of passive integrated transporter (Rtaygedumpfish (L0.3 £ 2.4 g (mean + S[)=48 per group)
were intraperitoneally (ip) injected withe respective antigen formulati¢h. samonicidavVapA*
bacterin, Vap™ bacterin with extracellular product§/apA” bacterin, VapA™ bacterin with
extracellular products, V&g OMPs VapA* IROMPs VapA" OMPs VapA" IROMPs)or control
(TSB + adjuvant)Blood samples were collected every 2 weeks-postunization (wpi) for IgM
titers determination by enzyrsieked immune sorbent assay (ELISA), and spleen samples were
collected at 6 wpi for gene expression evaluation by-tieed quantitative polymerasehain
reaction (RTqPCR) assay. Immunized fish were ip challenged 8@, salmonicidacells/dose
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at 8 wpi. Immunized and control fish died within 2 weeks jobstllenge. ELISA analyses suggest
that immunization witlA. salmonicidal223 bacterins did notcrease IgM titers. RHPCR results
showed that genes having putative roles in adaptive immunity iGgg. mheii, andcd4) were
downregulated. These results indicate thasalmonicidal223 antigen preparations, including
bacterin andDMPs independst of VapA presence, suppress lumpfish immunity. Interestingly, a
similar effect was observed in naive lumpfish when infected with AivesalmonicidaJ223,
suggesting the presence of virulence factors triggers immune suppression in lumpfish. My results
will be valuable in developing an immupeotective vaccine againdt salmonicida
3.2.Introduction

Aeromonas salmonicidaas first identified in the 1890s during a disease outbreak at a
Bavarian brown trout§almo truttd hatchery1]. Since thenA. salmonicidahas been thoroughly
studied and considered as an important fish pathogen due to its diverse host range, wide

distribution, and significant economic impact on aquaculture, especially in salnfi@jnids

Isolates with different phenotypic charaisécs have been classified into typical and
atypical groupg3]. The typical strains correspondAo salmonicidasubspsalmonicida and the
atypical correspond toA. salmonicida subspachromogenes, masoucidasmithia,and
pectinolytica[4-7]. Additionally, A. salmonicidacan be divided into 14 subgroups based on
variations in the gene that encodes for tHayer proteinyapA) [8]. Moreover, the genomieased
analyes revealed thaA. salmonicidasolates from different geographical origing anuch more
diverse than previously thougf, 9]. A total of 95 genome sequencesfofsalmonicidgeither
completed or draft genomes) are available in the GenBank database (accessed in March 2023)

(https://Iwww.ncbi.nlm.nih.gov/genome/browse/#!/prokaryotes)640/
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The A. salmonicidagenome is rich in mobile genetic elements, including plasmids,
transposons, insertion sequences (ISs), and genomic idlEdidsAnalysis of most of these
genomes revealed that the number and size of plasmids vary among different[@olBtasmids
can represent up to 40% of the genoft&], and plasmid repertoire is very diverm@ongA.
salmonicidastraing[9, 12]. Plasmid allow the bacterial genome to adapt rapidly by changing the
gene repertoirgd, 11] The type three secretion systéiBSS) ofA. salmonicidalocated in a
large virulence plasmid, transfessveral effector proteins and toxins into the host cell, suppressing
the host immune responfE3, 14] Genomic variation within the virulence plasmid could affect
T3SS functionalityand virulence. For example, the typical strain J223 harbors a complete T3SS
with additional copies ofopNandacr2virulence genes, correlating with the hypervirulence

displayed by this straifi2, 15, 16]

A comparative genomic analysis Af salmoniaila strains showed that strains with high
chromosome similarity have genomic structural differences. For example, #pical
salmonicidastrain J223 has 99.21% and 99.17% of nucleotide identityAvigalmonicidastrain
01-B526 andA449, respectively, butthey display structural genomic differences (e.g.,
chromosomal inversion, insertions, and deletigh®?]. Genomic differences betweeA.
salmonicidastrains, host range, and environmental adaptation are related to ISs activity, which
might result in the msence and absence of genes encoding for virulence factors, causing
differences between strains that affect their phenotjjheb2, 17] Typical strains harbor more
active ISs than atypical strains, suggesting that atypical strains could have evolvedrécent
endogenous mutagenesis evéh?]. Such mutagenesis events indicate that there might be
considerable flexibility in the capacity of th& salmonicidagenome to respond to diverse

conditions.
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Recent studies identified that tAe salmonicidaspecies includes a myriad of strains with
various ways of living and ecological nichEs8]. The weltknown strict psychrophilebave
extensive host ranges in wild and farmed fish of all ages, and their infection occurs in freshwater,
brackish, and marine environmefit8-21]. Studies have been done to identify possible protective
A. salmonicidaantigens, e.gthe A-layer protein \ApA, several outer membrane proteins (OMPSs),
including ironregulated outer membrane proteins (IROMPSs), extracellular products (ECPs) (e.qg.,
protease, lipase, lipopolysaccharide (LPS)) and the T3SS consisting of effector and structural
proteins[14, 2235]. The potential of these virulence factors as vaccine candidates have been
investigated in several fish spec[éd, 26, 3644]. However, many of these vaccine studies used
different strains ofA. salmonicidaand delivery routes for the infection challeagerhich led to

inconsistent results because of the genomic diversity withgalmonicidd9, 12, 16, 4448].

Lumpfish Cyclopterus lumpuk.) farming has been increasing exponentially to reduce
sealice (e.g.,Lepeophtheirus salmonian ectoparasitéffestation from farmed Atlantic salmon
in Europe and Canadd9-53]. Sealice impact the survival and welfare of salmon and cause
substantiheconomic losses to the aquaculture indufdd; 55] As antilice chemotherapeutic
treatment results in parasite resistance, cleaner fish, like lumpfish, are successfully used to
biocontrol sedice infestation in the North Atlantic regidi®6-58]. However, A. salmonicida
infections are responsible for high mortality in lumpfis8, 59] Also, other farmed species, like
sablefish Anoplopoma fimbrig European perchPerca fluviatilig, rainbow trout ©Qncorhynchus
mykis$, crucian carp Qarassius auratys Atlantic halibut Hippoglossus hippoglossysand
Arctic char Galvelinus alpinusare severely affected . salmonicidg60-64], suggesting that

vaccines are lacking efficacy to control furunculosis outbreaks in species diffenertthatic
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salmon. Efforts to develop vaccines again8t salmonicidain lumpfish are ongoing, but

furunculosis remaingecalcitrani48, 52, 59, 6570].

Inactivated wholeA. salmonicidacell preparations do not confer immune protection in
some fish speciesor examplethe A-layer protein was identified as highly immunogenic in fish
when injected as whoke. salmonicidaell bacterin or purified preparatio[88, 71, 72] However,
washel or unwashed formalikilled virulent cells ofA. salmonicidawith or without the Alayer
did not protecBrook trout Salvelinus fontinalis[39]. A potential reason for this could be the
presence of virulence factors that cause immune suppressionantigienic components of the
vaccine could inhibit adaptive immune response. The antigenic component of an injected vaccine
must be taken up by the antigeresenting cells (APC) and presented by major histocompatibility
complex (MHC) molecules that actieaT cells. Activated Tcells drive B cell activation and the
production of memory B cells and CDiemory Tcells. CD8 memory Tcells can proliferate

rapidly once they encounter a pathogen and trigger immune protgt3jon

In chapter 21 identified thatA. salmonicidasubspeciesalmonicidastrain J223 causes an
acute infection in lumpfisfil6]. The lethal dose 50 (L9 was calculated as 1CFU/dose, and
10° CFU/dose caused 100% mortality to lumpfish in 15 days. In adddiorgroupobserved that
mortality in lumpfish infected by a bath with. salmonicidal223 (16 CFU/mL for 20 min)
reached 100% in 14 days (unpublished dataykalmonicidal223 infection also causes immune
suppression by upregulatinglO and downregulating immunoglobuliigm) and mhell in
lumpfish head kidney, spleen, and liy&6]. Therefore, | aimed to develop a vaccine for lumpfish
againstA. salmonicidal223. For this purpose, | evaluate the immune protective effe@. of
salmoncida bacterins and OMPs/IROMPs with and without Vap A layevA4 in lumpfish. To

further investigate the immune responses triggered by these antigen formulations in lumpfish, |
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tested biomarkers for adaptive immune responses, including genes encod®j, MGHD4",

CD8', and titers of IgM, by redime quantitative polymerase chain reaction {§ACR) and
enzymelinked immune sorbent assay (ELISA), respectively. My results indicate that the farmalin
killed A. salmonicidabacterin and OMPs neither trigger memory immune responses nor confer
protection to lumpfish. These results suggest that prevention of antigen presentation-&Hnd T

activation could be a mechanism exerted by the virulence factors pregersaimontida J223.

3.3. Materials and Methods

3.3.1Bacterial strains, media, and reagents

A. salmonicidastrainsJ223 (A), J225, J227, and J228 (Aab collection) were routinely
grown from a single colony in a 16 mm diameter glass tube containing 3 mL of Trypticase Soy
Broth (TSB, Difco, Franklin Laked\ew Jersey, USAat 15 °C with aeration (180 rpm) for 48 h
according to previous descriptiofib, 7476]. Subsequently, 300 pL of fresh culture was added
to a 250 mL Erlenmeyer flask containing 30 mL of TSB mediacaitdred at 15 °C with aeration
(180 rpm) up to a desired optical density gddm). When required, TSB was supplemented with
1.5% bacto agar (Difco) and 0.01% Cosrgd (TSA) (SigmaAldrich, St. Louis, MissouriUSA).
Bacterial growth in TSB was monitateby the Genesys 10 UV spectrophotometer (Thermo
Scientific, Madison, Wisconsin, USA) and by spreading of serially diluted growth medium on
TSA plate to count colony forming units (CFU/mL). Bacterial cells were harvested by

centrifugation (4,200 g for 10min at 4 C).

3.3.2Bacterin preparation

A. salmonicidastrainswere grown in 250 mL Erlenmeyer flasks containing 30 mL of TSB
media supplemented with 2dpyridyl at 15 °C with aeration (180 rpm) up to 6381.5 to induce
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the expression of IROMHS7]. The lacterial cells were harvested by centrifugation (4,2@0 x

for 10 min at 4 €) and washed three times with phospHaiéfered saline (PBS; 1386M NaCl,

2.7mM KCI, 10.2mM NaHPQ, 1.5mM KH2POQy (pH 7.2))[78] and then fixed with 50 mL of

6% formalin for days at room temperature with gentle agitation. Formalin residues were removed
by centrifugation at 4,200 g for 10 min at 4 € and washed 3 times with PBS. Inactivated cells
were then resuspended in PBS and dialyzed (Molecular weight cut &iD&;5gectra/PorCole
Parmer, Laval, Quebe€anada) at 4 °C with gentle stirring irLlof PBS for three consecutive
days. Cell inactivation was confirmed by streaking the cells on the TSA plate. Then the inactivated
strain J223, and a mix of J225, J227, ang8J&rains were resuspended in 50 mL of PBS and

stored at 4 C until further utilization.

A second batch of bacterial strains was cultured under the previously described conditions
and directly fixed with 0.2% formalin for 3 days at room temperature with gentle agitation. Cell
inactivation was confirmed by streaking the culture on the TSA.pldte growth medium was
saved because that contains ECPs secreted By sadmonicidaThe inactivated cultures of J225,
J227, and J228 strains were mixed in equal quantities (by volume). Bottw&®d and
unwashed preparation of J223 and mixed J2287 Jand J228 bacterins were quantified using
flow cytometry and the Bacteria Counting Kit (Invitrogen ThermoFisher, Waltham,
Massachusetts, USA) according to the manufacturer's instructions. A BD FACS Aria Il flow
cytometer (BD Biosciences, San Joselif@aia, USA) and BD FACS Diva v7.0 software were
used for bacteria cell quantification. The number of bacterial cells/mL was calculated by dividing
the number of signals in the bacterial frame by the number of signals in the microsphere frame, as
descrited previously[79]. Washed and newashedA. salmonicidaJ223 bacterin Hereafter

referred to a®\* W and A" NW, respectively) and the mix &f. salmonicidal225, J227, and J229
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bacterin hereafter referred to @& W and ANW, respectively) were mixed i CARBIGENE ,

a terminallysterilized, carbomebased (Carbopol 934P) adjuvant to prepare the vaccine
formulation according to manufacturer's instructions (MVP Adjuvants®, Phibro Animal Health
Corporation, Teaneckew Jersey, USA Only TSB medium was med with the adjuvant to use

as a control.

3.3.3Bacterial outer membrane proteins preparations

A. salmonicidaOMPs were prepared according to the established mei@ld8riefly, A.
salmonicidaJ223 and J227 were initially grown in 3 mL of TSB media from a single colony.
Subsequently, 300 pL of fresh culture were added to 250 mL Erlenmeyer flasks containing 30 mL
of TSB media supplemented with either 100 uM ReCt  R2dypyri@yh respectivelyat 15 °C
with aeration (180 rpm) up to an optical density gadm) of 1.0. The cells were harvested by
centrifugation at 10,000 g for 10 min at 4 °C and washed three times withAPB&monicida
cells resuspended in T¥fBH/EDTA buffer pH 7.4 (20 mM fis-OH; 1 mM EDTA; 1 mM PMSF)
were lysed by passing the culture twice through a French press (Thermo Electron Corporation,
Madison, Wisconsin, USA) at 10,000 psi (6.9 MPa; 40K cell). The lysed cell preparation was
centrifuged at 7,000 g for 10 min at 4 t&Cremove cell debris and unlysed cells. The supernatant
was centrifuged at 16.000 g for 1 h at 4 °C, and the pellet was resuspended in 10 mL of 0.5% (w/v)
Sarkosyl and incubated overnight on ice. The suspension was then centrifuged at 16,000 g for 1 h
at4 °C to obtain the OMPs. OMPs obtained framsalmonicidal223 supplemented with FeCl
or Rlipyrid¥ldvere denoted as’AOMPs or A IROMPs, respectively. OMPs obtained frém
salmonicidal 227 suppl ement e dipyndyltwere derot@t &8 OMPs oRA 2 6

| ROMP s, respectivel y. The tot al OMPs wer e
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spectrophotometer (Genowano, Jenway, Stone, Staffordshire, England) and mixed with

CARBIGENE to prepare the immunization dose.

334Vaccine pre evaluation
The presere and integrity of bacterins were assessed by staining wifd,%
dichlorotriazinyl] amino¥luoresceirhydrochloride (DTAF) solution (109 g dimethyl
sulfoxide(DMSO); SigmaAldrich, St. Louis, MissourilJSA) according to established protocols
[81] and -déamNidi®2-phenylindole (DAPI; Thermo Fisher Scientific, Waltham,
Massachusetts, USA) according to the manufacturer's instructiosalmonicidastrains labeled

with DTAF and DAPI, were visualized with a Nikon ARdser scanning confocal microscope

Furthermore, OMPs profiles were visualized by Sodium doemdfhte polyacrylamide
gel electrophoresis (SBBAGE) electrophoresis. Proteins preparations were boiled for 10 min
after resuspending in 100 pL of 2X Si8ffer (glycerol 50%, 1M TrigOH [pH 6.8], SDS 10%,
bromophenol brhewcapto€hartol@,5%7)&] nAdiqudis of 10 pL from each sample
were separated in 10% SHPAGE at 120 V for 1.5 h using a Mi®IROTEAN?II Cell
electrophoresis apparatus (BRad, Hercules, California, USA). €hgel was stained for 30 min
with a Coomassie blue solution (Coomassie blue 0.128%; (nethanol 50%WV); glacial acetic
acid 10% vy/v); dH0 up to 1 L) and destained with 30% methanol and 10% acetic acid solution

until visualization.

A. salmonicidaVapA was detected by Western blots. Briefly, SBAGE gels and
nitrocellulose membranes (0.2 um, BRad, Hercules, California, USA) were submersed in
transfer buffer (methanol 20%/Y), 250 mM TrisOH; 1.92 M glycine; d:O up to 1 L) for 5 min.
OMPs were transferred by a semiiy TRANSBLOT®SD apparatus (BiRad, Hercules,

California, USA) at 20 V for 30 min. Membranes were incubated overnight in blocking buffer
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(skim milk 0.5%; PBSTween 0.05% (PBS)) and washed three times with PBSor 5 min each
The membranes were incubated 1 h at room temperature with rabbit g&pAt(1:5000)15],
washed three times with PBIS and incubated 1 h with the goat amtbbit IgG alkalinephosphate
conjugate (1:5000) (Life Technologies, Thermo Fisher Scienfialtham, Massachusetts, USA).
After washing three times, the protein was visualized by adding 1 mkbodrio4-chloro-3-
indolyl phosphate (BCIPjitro blue tetrazolium (NBT) (Thermo Fisher Scientific, Waltham,

Massachusetts, USA) to the membrane.

3.3.5Bacteaia inoculum preparation
A. salmonicidal223 was initially grown in 3 mL of TSB media. Subsequently, 300 pL of

fresh culture were added to a 250 mL baffled Erlenmeyer flask containing 30 mL of TSB media
and incubated at 1% with aeration (180 rpm) in an orbital shaker up to an optical deiDyno)
of 0.7 ¢1 x 16 CFU/mL) according to previous descriptiofts]. The bacterial cells were
harvested by centrifugation (4,200g<€or 10 min at 4°C), washed three times with PBS, and
finally resuspended in 300 puL of PBS. The concentrated bacterial inoculum was serially diluted in
PBS (1:10) and quantified by plating it onto Trypticase Soy Agar (1.5%; TSA) to determine

CFU/mL.

3.3.6 Ethics statement
The expements were performed following the Canadian Council on Animal Care
guidelines and approved by Memorial University of Newfoundland's Institutional Animal Care

Committee (protocols #181-JS, #1803-JS, and biohazard license0il) [53].

3.3.7Fish holding
Juvenie lumpfish(10.3 + 2.4 g (mean = SPyere maintained at 480 °C in 500L tanks

supplied with 95110% airsaturated and U.Mreated filtered flonthroughseawaterand an
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ambientphotoperiodat the Dr. Joe Brown Aquatic Research Building (JBARB) at the Department
of Ocean Sciences (DOS), Memorial University of Newfoundland (MUN), Canada for the
immunization experimenf53]. Challenge assays were conducted at the AQ3 biocontainment
Cold-OceanDeepSea Research Facility (CDRF) at DOS, MUN. Lumpfish were kept in 500 L
tanks, with flowthrough (7.5 L/min) of UMWreated seawater {B0 °C), ambient photoperiod
(winter-spring), and 98.10% air saturation. Biomass density was maintained at 6.6’ kgha

fish were fed daily using a commercial diet (Skretiiriguropa 15; crude protein (55%), crude fat
(15%), crude fiber (1.5%), calcium (3%), phosphorus (2%), sodium (1%), vitamin A (5000
IU/KQ), vitamin D (3000 IU/Kg) and vitamin E (2001U/Kg)) with ati@n of 0.5% of their body

weight per day.

3.3.8.Lumpfish immunization using a common garden experiment

Lumpfish werepassive integrated transpor{@T)-tagged and acclimated fom&eks at
~8 10 °C before immunization. After this period, independent groupgk8dfsh were starved for
24 h, anesthetized with 40 mg of MS222 (Syndel Laboratories, Vancouver, BC, Canada) per liter
of seawaterand intraperitoneally (ip) immunized with 160L o A*Wt(40&16 CFU/dose),
A*NW (5.8x10 CFU/dose), AN (5.1x16 CFU/dose), ANW (3.6x10 CFU/dose), AOMPs (500
ng/dose), AIROMPs (500 ng/dose), ®MPs (500 ng/dose), and'IROMPs (500 ng/dose).
Control fish were injected with TSB and adjuvant (1:1). Fish were distributed randomly into three
different tanks with angual proportion of each group (Figure 3.1). Nethal blood samples
(n=30; 6 fish each treatment) were takexm the caudal veiof anesthetized fiskevery 2 weeks
postimmunization (wpi), and lethal spleen samples from euthanized fish (400 mg of MSaR2/

water) werdaken at 6 wpi (n=30; 6 fish each treatment).
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L AVE AVE AVE 2VA. VA .

Tank 1 Tank 2 Tank 3 Tank 4 Tank$S Tank 6
n =240 n =240 n =240 n =240 n =240 n =240
W=103g W=103g W=103g W=103g W=103g W=103g

T=5 T=5 T=5 T=5

Blood sampling Blood sampling Lethal sampling

(2 wpi) (4 wpi) (6 wpi)
n=30 n=30 Spleen and blood
n=30
Immunization (0 wpi) Blood sampling (8 wpi)
1077-10"9 CFU/dose (bacterin) or Challenge
500 ng/dose (OMPs/IROMPs) 10”4 CFU/dose
TSB (Control)
/Treatments (T): Tanks 1-3 Treatments (T): Tanks 4-6 Rearing condition: \
T1 = Control (TSB+CARBIGEN™) T1 = Control (TSB+Carbigen) Temperature: 10°C
T2 = A"W (A. salmonicida A~ bacterin + T2 = A"OMPs (4. salmonicida A~ OMPs+ Photoperiod: ambient
CARBIGEN™), CARBIGEN™), Feed ration: 0.5%
T3 =A"NW (4. salmonicida A™ bacterin with metabolites+ T3 = A"TROMPs (4. salmonicida A” IROMPs+
CARBIGEN™) CARBIGEN™)
T4 =A"W (Mixed A. salmonicida A bacterin + T4 = A-OMPs (Mixed A. salmonicida A- OMPs +
CARBIGEN™) CARBIGEN™)
T5 =A'NW (mixed A. salmonicida A" bacterin with metabolites + T5 = A'TROMPs (Mixed A. salmonicida A- IROMPs)+
\ CARBIGEN™) CARBIGEN™ /

Figure 3.1. Experimental workflow. Four independent groups of 48 lumpfish were
intraperitoneally (ip) immunized witl. salmonicidaA*/A- and W/NW bacterin. Another four
independent groups of 48 lumpfish were ip immunized with salmonicidaA*/A" and
OMPs/IROMPs. Control fish were injected with TSB and adjuvant CARBIEEM:1). Fish
were distributed randomly into three different tanks \aithequal proportion of each group. Non
lethal blood samples (n 30; 6 fish each treatment) were taken every 2 wpi, and lethal spleen
samples were taken at 6 wpi (n=30; 6 fish each treatnmenthumber of fish, W = average weight

of fish, T= number of gatments, wpi = weeks pesamunization.
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3.3.9.Challenge of immunized lumpfish
Immunized lumpfishvere transferred from JBARB to the AQ3 biocontainment facility and

acclimated for 2 weeks under the previously described optimal conditions. The fish were
anesthézed with 40 mg of MS222 per liter of seawater and ip injected withrdQgf 10*
CFU/doseof A. salmonicidat 8 wpi Mortality was monitored daily, Kaplakleier estimator and
Log-rank test were used to obtain survival fractions after the challenges and to determine the
differences between treatments, respectively -@ag ANOVA was followed byl ukey's multiple
compariens test to obtain thp-value between group® & 0.05 was considered significant).
Statistical analyses and data visualization were performed using GraphPad Prism 7.0 (La Jolla,

San Diego, California, USA).

3.3.10. Direct enzymdinked immunosorbent assayELISA)

Similar to the previous finding0], | verified that higkaffinity anti-lumpfish IgM chicken
IgY binds strongly to thé&. salmonicidal223 in a norspecific fashion that hindered us from
conducting an indirect ELISA. Therefore, total lumpfish IgiMers were evaluated after

immunization using dELISA.

The lumpfish serum samples were kept at 56 °C fomBfutes to inactivate the
complement and mixed with 1@0L o f ¢ h | o rAtdficb, Stnioujs Misgooria USA) for
10 minutesat room temperaterto remove fats. Serum samples were centrifuged at 4,880
10minat room temperatur e, and t he s°Cpntilfuthert ant w
utilization. Serum aliquots of 60 €L mMere se
NaCOs; 0.035mM NaHCQG; pH 9.8) in 96 well plates (Ultreligh Binding Polystyrene

Microtiter, Thermo Fisher Scientific, Waltham, Massachusetts, USA). The plates were incubated
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at 4 °C overnight, washed 3 times with RB8een (PBST; 0.1%), and blocked with50e L o f
ChonBlockE (Chondrex Inc., Woodinville, Washington States, USA) forat 37°C. After this

period, the plates were washed 3 times with AB$oculated with 108 L of t he seco
antibody (antlumpfish IgMchickenlgY (biotinylated) 1:10,@0), and incubated at 3T for 1h.

Following incubation and washing, 160L o f s t+HRP (Sowhern Biotath, Southern

Biotech, Birmingham, Alabama, USA; 1:10,000) was added, and the plates were incubated at
37°C for 1h. For visualization and calodevelopment, 56L of ultraTMB (InvitrogerE ,
ThermoFisher, Waltham, Massachusetts, USA) were added, and the plates were incubated at room
temperature (2@2 °C) for 15min. Optical density was determined at 480 after adding 56 L

of stop solution (M H>SQy). IgM titers were evaluated in naive animals=(@) at 2, 4, 6, and 8

wpi.

The standard curve was developed using established pro{6é€jisBriefly, purified
lumpfish IgM(lab collection, extracted from lumpfish seruwgs serially diluted in @ting buffer
to 500, 250, 125, 62. 5, 31. 25, 15. 63, 7. 8, 3
overnight at £C. Each concentration was evaluated in triplicate. After incubation and washing,
100e L of I gY (1:2120, 000) t3v&rfar 1Lhakblibwinh inaubation and c u b at
washing, 10@ L of S t-HR® (1t1@,000) derenadded and incubated at 37 °C oFbr
visualization and color development, 6. o f-TMB Iwére added and incubated at room
temperature (2@2 °C) for 15min. Optical density was determined at 450 after adding 56 L
of stop solution (M H>SQu). The values were normalized using a natural logarithm standard
curve of known concentrations.gheway ANOVA multi-comparison analysis was performed to
determinesignificant differences between treatments. Statistical analyses were performed using

GraphPad Prism 7.0.
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3.3.11. RNA Preparation

To study the lumpfish immune response tbakhd A A. salmonicidabacterins, spleen
samples (n = 3 per group) were extracted from control fish and fish immunized Witlard A
W. Approximately 80100 mg of tissue suspension in 500 pL of TRIzol reagent (Inviti&gen
ThermoFisher, Waltham, Massachusetts, USA) was honmegknsing a motorized RNageee
Pellet Pestle Grinder (Fisherbrand, Fisher Scientific, USA) and an additional 500 pL of TRIzol
were added. RNA extractions were completed following the manufacturer's instructions. Extracted
RNA samples were further puefil using RNeasy MinElute Cleanup Kit (QIAGEN, Mississauga,
Ontario, Canada) and TURBO DNifeeE Kit (InvitrogenE , ThermoFisherMassachusetts
USA). Purified RNA samples were quantified and evaluated for pusityg a spectrophotometer
at 260 nm wavelengtfGenovanano, Jenway, Stone, Staffordshire, England), and evaluated for

integrity using 1% agarose gel electrophorE&® (Table 3.1 and Figure 3.2).

Table 3.1. RNA quality.

Sample Name Concentration (ug/mL) 260/28@ 260/23®

Control 1 535.32 2.07 1.30
Control 2 824.99 2.06 1.55
Control 3 905.18 2.05 1.70
AW 1 4940.7 2.09 2.09
A*W 2 1360.60 2.07 1.86
A*W 3 2957.90 2.08 2.06
AW1 818.95 2.07 1.66
AW ?2 909.79 2.07 1.70
AW 2 1368.80 2.09 1.76

2260/280 Ratio: 260 nm and 280 nm are the absorbance wavelengths used to assess the purity of DNA and RNA. A
ratio of D2.0 is considered pure for RNA. A lower absorbance ratio may indicate the presence of protein, phenol, or
other contaminants that hase absorbance close to 280 nm. Subtraction ofmmteic acid absorbance at 320 nm,

is also needed to calculate this ratio. Formula:

DNA Purity (Azso/A2s0) = (Azeoreadingi Aszoreading) + (Asoreadingi Aszoreading)

b260/230 Ratio: The ratio of absmnce at 260 and 230 nm can be used as a secondary measure of DNA or RNA
purity. In this case, a ratio between 2.2 is considered pure. If the ratio is lower than this expected range, it may
indicate contaminants in the sample that absorb at 230nm.
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28S
18S

Figure 3.2.0ne percent agarose gel electrophoresis of RNA samples of contrai fisB) @nd
A*W/A'W bacterin injected fishn(= 3). One microgram of RNA was run on a 1% agarose gel
with ethidium bromide staining. Crisp 28S and 18S ribosomal RNA bands at ~2:1 ratio were
indicative of acceptable RNA integrity. M = 1 kb molecular weight marker (Promega, Fisher

Scientific, Ottawa, Oririo, Canada).
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3.3.12. cDNA synthesis and R'GPCR

Firststrand cDNA templates for RGPCR were synthesized in 20 mL reactions from 1 mg
purified RNA using SuperScript IV VILO Master MixnyitrogerE , ThermoFisher, Waltham,
Massachusetts, US§Aollowing the manufacturer's instructions. The sequences, amplicon sizes,
and amplification efficiencies for all primer pairs used in thed®PTCR analyses are presented in
Table 3.2. Primer pairs fanterleukin 1b(ilb), interleukin 8a(il8a), interleukn 8b (il8b),
interleukin 10(il10), immunoglobulin heavy chain dgm-h1), immunoglobulin heavy chain 2
(igm-h2), immunoglobulin mu heavy chain(igm-mu-1), HLA class Il histocompatibility antigen
(mhell), cluster of differentiation 4cd4-1 andcd4-2), andcluster of differentiation §cd8), and
the endogenous control genes, @isomal protein L3rpl32), elongation factor dalpha
(eflg, eukaryaotic translation initiation factor 3 subunit @tf3d, polyadenylatebinding protein
la(pabpclapndpolyadenylatebinding protein 1k{pabpclh, were designed, and quality control

(QC) was tested previous|82].

Table 3.2. Primers used in this study.

Forward (F = 5'-3") Amplification ~ Amplicon
Gene Name Symbol Reverse (R =53 Efficiency (%)  Size (bp)
HLA class Il F:
histocompatibility  mhecll ACGCCAAGACACCTCTGACT 89.8 108
R:
GGAAGGTCTCGTTGAACTGC
immunoglobulin F:
heavy chain 1 igm-hl AGGACTGGAGTGGATTGGAA 90.5 129
R:
TGCATGGTCTGTCCGTTTAG
immunoglobulin F:
heavy chain 2 igm-h2 GAATGGAACAAGGGGACAAA 89.6 108
R:
CGGTCGTTGAGTCTCTCCTC
immunoglobulin F:
mu heavy chain 1 igmmul CAGCTTCTGGATTAGACTTTGA 90.2 107
R.

GATGTTGTTAC'i'GTTGTGTTGG
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Forward (F = 5'-3") Amplification ~ Amplicon
Gene Name Symbol Reverse (R =53 Efficiency (%)  Size (bp)
F:
interleukin 1 beta illb ATTGTGTTCGAGCTCGGTTC 97.4 98
R:
CGAACTATGGTCCGCTTCTC
F:
interleukin 8a iI8a AAGTCATAGCCGGACTGTCG 96.3 109
R:
CCCTGCTGATGGAGTTGTCT
F:
interleukin 8b iI8b GTCTGAGAAGCCTGGGAGTG 87.3 138
R:
TCAGAGTGGCAATGATCTCG
F:
interleukin 10 iI10 AACCAGTGCTGTCGTTTCGT 97.8 106
R:
TGTCCAAGTCATCGTTTGCT
cluster of F:
differentiation 41 cd41 CGTTAAGGTGCTGCAGATCA 84.9 122
R:
GCGGAAACCATTTCAGTTGT
cluster of F:
differentiation 42 cd4-2 TGTGGGGTTAGCTCCTTCAC 94.2 138
R:
TGTTTGCGATCTCACCTTTG
cluster of F:
differentiation 8 cds GCTTTGCTCTCTGGGCATAC 89.6 104
R:
TCCGGGTTCTTAAGTGGTTG
60S ribosomal F:
protein L32 rpl32 GTAAGCCCAGGGGTATCGAC 92.9 107
R:
GGGCAGCATGTACTTGGTCT
elongation factor F:
1 alpha_a efla_a CAAGGGATGGAAGATTGAGC 94.3 151
R:
TGTTCCGATACCTCCGATTT
eukaryotic
translation F:
initiation factor 3 AGCCAGATCAACCTGAGCAT
subunit D etif3d R: 90.3 134
AGGCTGTACACCCGAATCAC
polyadenylate F:
binding protein CAAGAACTTTGGGGAGGACA
1la pabpcl_a R: 86.39 125
TGACAAAGCCAAATCCCTTC
polyadenylate F:
binding protein GACTCAGGAGGCAGCTGAAC
1b pabpcl b R: 91.99 102
TCGCGCTCTTTACGAGATTT
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In the experimental RGPCR analyses, the expression levels of the genes were normalized
to the expression levels of two endogenous control genes. To select these endogenous controls,
rpl32, efla etf3d pabpcla andpabpclbwere analyzed. The fluorescenteeshold cycle (Ct)
values of all 9 samples in the study were measured (in triplicate) for each of these transcripts using
cDNA of 4 ng of input total RNA and then analyzed using geNf{88&j. pabpclbandrpl32
(geNorm M = 0.581) were selected as the amdogenous controls as they were the most stably
expressed. REPCR reactions were done in a final v ol
PowerUpsSYBR Master Mi x (Applied BioSystems, Fost
of each pr i neagsefree Batere(AmbionfAustim,uTexasysa) , and 2 L (4
cDNA. Samples were amplified and detected in a QuantStudio 3 (Applied BioSystems,
ThermoFisher, Waltham, Massachusetts, USA). The reaction mixtures were incubated for 2 min
at 95 °C, followed by @ cycles of 1 s at 95 °C, 30 s at 60 °C, and finally 15 s at 95 °C, 1 min at
60 °C, and 15 s at 95 °C. On each plate, for every sample, the selected genes and endogenous
controls were tested in triplicate, and a #tiemplate control was included. Transtsipelative

quantity (RQ) using the comparative 2®fethod82].

3.4.Results
3.4.1. A. salmonicida bacterin integrity and presence of VapA determination
Bacterin integrity was checked in"®W and AW. DAPI stains showed the presence of
bacterial DNA. DTAF has an affinity toward carbohydrates, proteins, and polysaccharides
components of the bacterial membraf8&% 85] The staining results indicate the presence of an
bacterial membrane around the tegi@al genomic DNA (Figure 3.3A). Bacterial outer membrane
proteins profile and VapA expression analyses were conducted byP8BE& and Western blot.

SDSPAGE showed clear bands of IROMPs (~1(BD kDa) in A IROMPs and AIROMPs
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(3.3B). A clear band of VabA (~530 kDa) was also visualized inf®MPs and AIROMPs
(3.3B). Additionally, the western blot of ®MPs, AIROMPs, AOMPs, and AIROMPs showed

a clear band of VabA in 2OMPs and AIROMPs (Figure 3.3C).
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Figure 3.3. A. salmonicida bacterin integrity and presence of VapA determination.A.
Confocal microscopy oA. salmonicidal223 VapA andA. salmonicidal225, J227, and J228
VapA' strains labeled witl,6-diamidino2-phenylindole (DAPI), and $4,6-dichlorotriazinyl)

amino fluorescein (DTAF). Scale bars represent 10 um of the area. DAPI stains showed the
presence of bacterial DNA, and DTAF staining indicated the presence of bacterial membrane
around thdévacterial genomic DNAB. SDSPAGE represents the outer membrane proteins profile

of AOMPs, AIROMPs, AOMPs, and AIROMPs stained with Coomassie Blue. Clear bands of
IROMPs (~100130 kDa) were visualized in"AROMPs and AIROMPs. Additionally, a clear

band of VabA (~557/0 kDa) was visualized in AOMPs and AIROMPs C. Western blot of A
OMPs, AIROMPs, AOMPs, and AIROMPs. A clear band of VabA was visualized ih@MPs

and A" IROMPs.
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3.4.2 Survival of vaccinated lumpfish after challenge with A. salmonicida

The challenge withA. salmonicidastrain J223 resulted in $0% and 100% mortality in
lumpfish immunized with bacterin and OMPs, respectively, by 15 daysingestion (dpi).
Mortality started at 8 dpi, and there was no significant difference in survival probability between
the control and vaccinated groups (Figure 3.4). Morbid fish presented typical signs of acute
infection, including apathetic behavior, external and internal hemorrasgégs accumulation in
the peritoneal cavity, and swollen intestine. Relative Percentage Survival (RPS) was zero for each
vaccine treatment at each time point. My results show that forkiled vaccines (ECP#$),
OMPs, and IROMPs fromZand A strairs of A. salmonicidaraccine do not confer any protection

to lumpfish agains@. salmonicidal223.
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Figure 3.4. The cumulative survival rate ofintraperitoneally (ip) immunized lumpfish after

ip challenge withA. salmonicida(10* CFU/dose).A. Survival rate of lumpfish injected with.
salmonicida(A*/A"; W/NW) bacterin. Less than 10% survived in control and vaccinated groups
after 30 days posthallenge B. Survival rate of lumpfish injected with. salmonicida(A*/A";
OMPs/IROMPSs) outer membrane proteins. No fish survived in both control or vaccinated groups.
Control groups were mock vaccinated using the same inoculation route. Survival was assessed for
30 days. A: Vap A layer positive; A Vap A layer negative; OMPs: Outer Membrane proteins;
IROMPs: Iron Regulated Outer Membrane Proteins; W: RBShed cells; NW: Nowashed

cells.
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3.4.3IgM titers in immunized lumpfish determined by ELISA

Previously it was determined that salmonicidal223 norspecifically binds to the
secondarygY chicken antibody and goat IgG F(d6)]. Therefore, | determined the tofhsma

IgM titers using dELISA.

| developed a standard curve using different concentrations (500, 250, 125, 62.5, 31.25,
15.63, 7.8, 3.9, 1.95, 0.98, 0. EBigue35nigMm 0. 24
concentrations were standardized using a natural logarithm (In). The linear regression equation
was determined to be= 0.000901*X + 0.008771 with> = 0.988 p ©0.0001) (Figure 3.5A).

Total IgM was measured from ndethal blood samples at 2, 4, 6, and 8 wpi, ranging from 5.5 to
6.1 pg/mL (Figure 3.5B). No significant differences in total IgM concentration were observed
betwea the control and treatment groups. There was no increase in total antibody concentration
over time in vaccinated fish. Instead, dELISA detects a decreasing tendency in antibody

concentration in groups vaccinated withAAand ANW.
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Figure 3.5.Quantification of post-challenge IgM levels is lumpfish by dELISA.A. Standard
curve of purified I gM of known concentrations
concentrations were standardized to the natural logarithmEIn)otal IgM quantification by

dELISA in serum samples collected at 2, 4, 6, and 8 weekdrpoginization from the control

and treatmentsAfW, A*NW, A'W, and ANW,) groups. There were no statistically significant

differences detected.
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3.4.4Gene expression analyses revedfile suppression of humoral and cethediated
immunity of lumpfish
The immune response of lumpfish Ao salmonicidavaccination was evaluated in the

spleen at 6 wpi compared to control fish at the same time point. Expression levels of the 11
transcripts elated to the innate and adaptive immune response were measured in contfWand A
or AW injected lumpfish. Transcript expression levels were compared between immunized fish
and control fish (Figure 3.6). | observed thab was significantly upregulated in lumpfish
immunized with AW (p O0.05), but not in lumpfish immunized with"® bactein. il8a was not
dysregulated in ANV and AW injected lumpfish. Howeveil8b was significantly downregulated
by A*W ( p 00.05) immunized fishiNo significant differences in the expressiorild® andigm-
h1lwereobserved in immunized fish compared to toatrol fish igm-h2 was downregulated by
A*W (p 00.05) but not in AV treated fishigm-mu-1 was not dysregulated in both treatments.
mhell, cd4-1, andcd4-2 were significantly downregulated in" (p O0.05). Finally, | observed

thatcd8was upregulated by ¥ (p ©0.05) but not in AW immunized fish.
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Figure 3.6.Expression of transcripts related to cytokifielb, il8a, il8b, i110,), immunoglobulin
(igm-hl, igmh2, andigm-mu-1), adaptive immunity markenshcii, cd4, andcd8in lumpfish

spleen in response fa salmonicidgA-layer*) bacterins at 6 wpi. Transcript expression levels

in the spleen from the control (T8Bock injected group) and immunized lumpfish at 6 wpi were
analyzed using RGPCR. Relative expression was calculated using 'tlf&*&iethod and was

log transformedrpl32 andpabpclbwere the endogenous control genesorfeway ANOVA

test, followed by the Sidak multiple comparisqust hodest was used to idéfy significant
differences between treatments (control and immunized groups) at a single time point. Asterisks
(*) represent significant differences between treatments at each time poind @5, **p < 0.01).

Each value is mean + S € 3).

176



3.5. Discussion
A. salmonicidasubsp.salmonicidais responsible for furunculosis in Atlantic salmon and
many other fish species (e.g., lumpfi$sd]. A. salmonicidastrain J223 was originally isolated
from the Atlantic salmon in 19995]. However, previously | observed that salmonicidal223
had counteracted and modulated the lumpfish responses and caused lethal ifif&¢tion
Furthermore, no protective vaccine trial is described in lumpfish agairstimonicidasubsp.

salmonicida Therefore, | aimed to develop a vaccine for lumpfish agé&insalmonicidal223.

For the past years, furunculosis has been partly controlled by the use of protective vaccines
containing formaliAnactivatedA. salmonicidébacterinsin Atlantic salmon, rainbow trout, and
Arctic char[37, 8692]. Several studies plained virulence factors, including VapA layer, ECPs,

OMPs (e.g., IROMPSs) dk. salmonicidgrovided immune protection to these speflds 2244].

One of the essential virulence factorsfofsalmonicidais its VapAlayer, encoded by
thevapAgene,comprised of protein subunits tethered to the cell surface vig2R 3395]. The
A-layer protects A. salmonicida against host cell complement and promotes
bacterialautoagglutinationmacrophageénfiltration, and resistanci3, 9496]. Specificmutants
containing a disorganized-layer are avirulent and provide significant protection to salmonids

[95]. Thus,A-layers were considered as a hecessary antigen for vaccines against furupgzjlosis

Furthermore, A. salmonicidgroduces manyextracellular enzymes (e.glipases
proteases)which play a vital role in theroliferation of the baetrium and disease devploent
[34, 94, 97] Vaccines containing ECPs induce inflammatory reactions in Atlantic sgB8hrA.
salmonicidaserine proteasebetagalactosidase hybrid protein conferred immune protection in
Atlantic salmon againgt. salmonicidd99]. Ellis et al. observed thainbow trout immunized to

extracellular antigens produce antibodies to ECP componegisptease)L00].
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Additionally, Gramnegative bacteria contain OMPs, which are essential for maintaining
the selective permeability of the bacterial membrane and play an important role in ion uptake, iron
acquisition, and resistance to antimicrogiaerum, and bile salt Some of them have been
recognized as potential vaccine candidates, and several studies have demonstrated their efficacy
as vaccine candidategl8, 10:108] Comparative reverse vaccinology @éf salmonicida
suggested several OMPsdg TonB-dependent siderophore receptor, the LPS assembly protein
LptD, OMP assembly factor BamA, flagellar basal body rod protein FIgG, and secreted antigens
flagellar hook assembly protein Flgiay potential vaccine candidates for Atlantic salmon and
lumpfish[48]. Additionally, the growth ofA. salmonicidainder ironrestricted conditions resulted
in the expression of OMPs of 73, 76, and 85 kihich were not present when grown under in
vitro iron-replete conditiond27]. Iron is a critical element dfacterial metabolism, and its
availability contributes significantly to the pathogenic mechanism of most bddi@®ig In order
to cause a suessful infection inside the host under Hanited conditions, bacteria must acquire
iron from the host using IROMPs (e.g., siderophores, transferrins, lactoferrins, ferritins, and
hemoproteins)110-112]. The IROMPs oA. salmoniciddhave been demonsteatto be protective

antigens for fis§26, 113, 114]

Hereafter, | evaluated the immune protective effecAofsalmonicidaformalin-killed
bacterins (A/; ECPs'/") and OMPs (A/"; IROMPs™/") in lumpfish. My results show that none of
these vaccine formulations provide immune protection to lumpfish agairsstimonicidal223.
The possible reasons for this could be the vaccine antigens mix does not triggetastiogg

adaptive immune respsa or that the vaccine antigens suppress host immune responses.

An effective vaccine candidate usually contains an immunogenic antigen that can trigger

innate defense mechanisms to generate robust andlalsingy adaptive memory immune
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responsefl15]. Antigen presentation by the MHC molecules allows antggecific B and T cell

response and secretion of cytokifess).

Several studies showed that antibody responses strongly correlate with protection against
furunculosis. For example, ELISA confirmedathAtlantic salmon ip injected with -fayer
negativeA. salmonicidabacterin grown under irerestricted conditions and supplemented with
the extracellular polysaccharide (PS) antigen triggereePshaand artiIROMPs antibody titers in
fish serum and prett up to at least 9 months pesiccination against a viruleAL salmonicida
strain[113]. Other studies on Atlantic salmon also demonstrate antibody response and protection

against virulenA. salmonicidastrains[25, 90, 116]

Similarly, a significant correlation was found between the levél. galmonicidaspecific
antibodies measured before the challenge and the endpoint survival of rainbow trout and Arctic
char[89, 91, 92] All these findings suggest that specific antibedmay an essential role in
vaccinemediated protection againdt salmonicidaThus, | investigated the antibody response
upon vaccination by ELISA at 2, 4, 6, and 8 wpi. Additionally, | checked the gene expression
response level a§m-h1, igm-h2, andigm-mu-1to vaccinationn lumpfish spleen at 6 wpi of three
representing groups, control;W, and AW. Interestingly, ELISA did not detect any increase in
total antibody response in the vaccinated lumpfish serum compared to the control fisignalso,
h2 was significantly downregulated by Aacterin Taken togethethese results suggest that
salmonicidaJ223, J225, J227, and J228 bacterins do not trigger humoral immune responses of

lumpfish, and J223 bacterin suppresses théshBstell response.

A. salmonicidds anintracellular pathogen that can reside within macrophpfgsCell-
mediated immune sponses are needed to eliminate intracellular microbial path@ifefisThe

activities of IL-1 and IL-8 form a direct bridge between innate and adaptive imm{i§]. The
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immediate action of It1 on CD4 and CD8 T cells influences T cell differentiatidi18, 119]
Wang et al. showed that-s@ccination of recombinant protein rENO with-8.enhanced humoral
and cellular immunity (e.g., MH@, CD4", CD8") and increased survivabainstStreptococcus
iniae infection in channel catfisil19]. A study observedhat live A. salmonicidavaccines
preferentially enhance T cell responsiveness and provide protection to rainbowl1#0Lt
However, my previousvork also identified the upregulation oi10 in lumpfish duringA.
salmonicidainfection, which might be an indication of immune prgssion. Therefore, |
investigated the gene responseldy, il8a, il8b, il10, cd4-1, cd42, andcd8towards vaccination

in lumpfish spleen at 6 wpi of lumpfish immunized with salmonicida | noticed thatA.
salmonicidaA* W and AW bacterins differentially immune modulate the lumpfish. For example,
il1lb was significantly upregulated in lumpfish immunized withs&ains while no dysregulation
was observed by Abacterin. Furthermordl8b was significantly downregulated in lumpfish
immunized with A strains, while no significant change was apparent in another group. However,
iI8a andil10 were not significantly dysregulated by And A bacterin. Additionally, | observed
the significant downregulation efi4-1, cd42, andmhell by A* bacterin. Howevergd8was not
dysregulated by A bacterin. These observations suggest #atsalmonicidal223 bacterin
suppresses the innate immune response, antigen presentation, andmédaid immune
responses in lumpfish. Thus, it correlatethwhe no protection level conferred By salmonicida

J223based vaccine preparations.

However, significant upregulation a@fLb and cd8 by A" A. salmonicidasuggests the
activation of cellmediated immunity. Still, Abacterins did not trigger protective immunity to
lumpfish againstA. salmonicidal223. A" OMPs/IROMPs could also not confer protection to

lumpfish. One possible reason for vaccine ineffecssncould be the virulence factorsAof
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salmonicidal223 strainin chapter 2 | demonstrate that A. salmonicidal223 is a hypervirulent
strain for lumpfish, and it could suppress the immune system of lumpfish and cause cell cycle
arrest and sepslike clinical signg[12, 16] Only 1 cells ofA. salmonicidal223 can kill 50% of

the lumpfish populationA. salmonicidal223 is equally virulent to Atlantic salmon (unpublished
data) and rainbow troi74]. Genomewide analysis showed that J223 harbors additional copies
of virulence factor@opNandacr2in the virulent pASal5 plasmifd.2]. In addition to this, most

of the genes encoding flagellar structural proteins and flagedt®emblyassociated genes were
identified in the J223 genonj&2]. These findingsuggest that additional virulence factorsAin
salmonicidal223 strain make it hypervirulent and increase itstald bypass vaccinemediated

response in the host.

3.6.Conclusions

| observed that all immunized fish had a similar pattern of mortality to thénmonized
control fish.Control and vaccinated fish died within two weeks pasdllenge. Thereforehe
results demonstrate that formakilled bacterial cells, OMPs, and IR@s of A/A" A.
salmonicidaderived from J223 do not confer immune protection to lumpfish against vidlent
salmonicida ELISA results showed that formalkilled A. salmonicidal223derived bacterins,
either in the presence or absence of VapA layer,ndb increase IgM titers. Instead, it
downregulates genes encoding IgM, MiHCand CD4, which indicates immune suppression.
Although A A. salmonicidabacterin induced a cethediated immune response, still unable to
protect lumpfish againsA. salmonicidal223, which suggests that J223 has a strong immune
evasion/suppression mechanism. Therefore, this study identfiedsalmonicida subsp.

salmonicidaas a major lumpfish pathogen that can hijack fish defense mechanisms. However, the
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tactics employed by thd223 strain to inactivate host defense are still a mystery, which needs to

be revealed to develop a new immune protective vaccine.
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