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Abstract

In 2014, aquaculture replaced capture fisheries as the primary source of fish supply
for human consumption for the first time in history, but to date, fish domestication has not
developed enough to cope with the dise@tated challenges. Members of thalmonidae
family are among the most popular commercialized fish species and salmon aquaculture has
been the fastest growing food production system worldwide. An OperiArdayice for
Chinook Salmon@ncorhynchus tshawytschiaealth surveillance was valiéat in this
thesis. On each microscope slidezed OpenArraly plate,28 gene transcripts from 48
samples can be quantified usihggMarf RT-gPCR To evaluate the function of the chip,
fish culture water, mucus, head kidney, spleen, and gill tissues were collecteChirank
salmon that were intraperitoneally injected with IMirio anguillarumwithin the course of
96 h Based on the enhip primer efficiency results, primers for 27 of the genes were
considered acceptable for futwalidation Based on the transcript expression patterns
revealed by the OpenArrgy TagMarP RT-gPCR chip, 6 immune genesa{m mhci, mhe
ii, iI-1 pil-8, tapbp wereselected andalidated by SYBR RIGPCRIPear sondés <corr el
analysis revealed that a moderate to strong correlation existed between the results generated

by bothRT-gPCRmethods for the 6 genes analysed.

Both OpenArrafe TagMarP andSYBR RT-qgPCRdetected significantly increaséd
1 fandil-8 expression levels in spleen tissue at 72 h and 96 h, although the peaks of the
expression were not recorded within the time point analysed. In head kidneyitidsbe,
expression level was also increased at 72 h, but there was no difference obseh&d for
between the control and infected groups within any time points. A longer response initiation
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time was observed in the Chinook salmon model in this trial. Comparing to previous studies
in related salmon species, the mlammatory cytokinel-1 fwas observed to increase as
early as 6 h post infectidn vivo. Neverthelessnucus samples showed great potential as a
minimally invasive samplingnethod if the transcripts were quantified YBR RT-gPCR

By comparison, in mucus tf@penArraf TagMarP RT-gPCR chipdid not report as many
guantification data as in spleen and head kidney tissue. In ganats#R T-gPCRmethods
revealed an early systematic immune response induc¥ihbyg anguillarumin spleen and

head kidney, but the biological significance of the delayed immune response initiation will

require further analysis to understand.

TheOpenArrajf TagMarf RT-qPCR chipvalidated in this thesis was designed to
be specific to salmon species under the o&ddmoniformesBy validating thishealth
monitoring toolin other salmon species,istpossible that the interspecies physiological
differences can be horizontally compared. Wi enable the development species

specific, more effectiverophylactic and therapeutic approaches againgaimeondiseases
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Chapter 1ll:ntGeondeurcatli on

Salmon aquaculture was initially industrialized in Norway in the 1980s. After over 40 years

of significantdevelopment, today it has risen to become one of the most profitable and fastest
growing industries which is dominated by Norway, Chite, United Kingdom (UK), and

Canada (Asche & Bjgrndal, 2011; Barton et al., 2023; Salazar & Dresdner, 2021). These four
countries supplied 71.6% of global salmon production in 2021 (3.02 million tonnes) (FAO,
2023a). Salmon aquaculture has been-médigraed into tle global food chain and

salmonids are amongst the most successful commercialized species in the aquaculture
industry. In 2013, salmon became the largest internationally traded fish product in value
terms; in 2020, salmon accounted for 18.4% (USD 27.®b)llof the total value of exported

aquatic products globally, growing from 5.1% in 19F8.0, 2022)

Due to factors like overexploitation, loss of habitat and climate change, global capture
fish production plateaued around 80 million tonnes annually in the late 1&@dfisonally,
because dthevariousregulations designed to avoid overexploitation, capture fishenes ca
no longemeet the growing demand for figheatas a source of higguality protein and
long-chain omeg& polyunsaturated fatty acids, as well as various micronutri€oistello
& Ovando, 2019; Weichselbaum et al., 2018)1980, huma fish consumptiomper capita
was 11.5kg; in 2020, it increased to 20.2 kg, slightly declining from the record high of 20.5
kg in 2019. By 2030, the estimatpdr capitaconsumption will increase to 21.4 kg, while
the global human population reached eight billion in November gd@2m, 2022; FAO,

2020, 2022)In 2014, for the first time in history aquaculture replaced capture fisheries as the
1



primary source of fish supply for human consump{iBAO, 2016) The limited production
of capture fisheries, alongside expanded global trade, competitive pricing, and rising
incomes, have fueled the intensive and rapid growth of aquac(Busé et al., 2019; Little
et al., 2016)From a trading point of view, in 2020 aquacultprevided49.2% (87.5 million
tonnes) of fish product biyve weight(Figure 1.1), which generated 65.3% (USD 265

billion) of total first sale valu¢FAO, 2022)
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Figure 1.1 The comparison between world total production(live weight equivalent)by
capture fisheries and aquaculture sectors, 1950 to 20Zlhedata exclude@quatic
mammals, crocodiles, alligators, caimans and a§A©, 2022)

Salmon, or salmonid, is a blanket term referring to a variety of organisms in the
family of Salmonidae, which include several versatile and-ligbe species that are suitable
for intensiveaquacultur€Gjedrem & Gunnes, 1978; Landry et al., 20Z3)mpared to other

widely traded fish species, salmonid production is more dependent on aquaculture. From
2



2009 to 2021, aquaculture was responsible for increasing salmon production from 58.9%
(1.45 million tonnes) to 80% (2.82 million tonnes) worldwi@&hbandeh, 2023t is
estimated by the Food and Agriculture OrganizatieA®) that in 2024, the global salmon
aquaculture industry will grow by 4%, recovering from the disruptions of aquaculture

operations during COVIEL9 (FAO, 2023b)

From a global point of view, the major farmed salmon species are Atlantic salmon
(Salmo salay, rainbow trout Oncorhynchus mykigsand coho salmorOnhcorhynchus
kisutch. In 2021, they accounted for 68.9%, 22.6%, and 5.5% of the total world salmon
production by weight respectively (FAO, 2@3. Nor way i s the worl dos
Atlantic salmon and rainbow trout. In 2022, Norwegian aquaculture provided 1.55 million
tonnes of Atlantic salmon and 85,000 tonnes Rainbow (@itgctory of Fisheries, @23).
Representing only approximately 1% of the global total salmon production, Chinook Salmon
(Oncorhynchus tshawytschia farmed because it frequently gains the highest price on the

global market due to the excellent taste and teXtdhé&/A, 2020).

Farmed salmon are often exposed to various types of stressors, including infectious
diseases, handling, suptimal water conditions, and crowding, that compromise fish
welfare(Lai et al., 2021)For global salmon aquaculture, pathogens, parasites, and pests are
considered the main barrier to industry expansion, as they cause consistent annual loss and
pose chronic risks as well as new threats to salmon health manag&mnuerdr et al., 2016;
Torrissen et al., 2013Although numerus prophylactic and theeatic approaches have been

proposed to prevent and treat waterborne pathogens, the current disease management



strategies in salmon aquaculture do not effectively prevent outbreaks, leading to the
increased risks of aquatic diseases with economic, social, and ecological ramifications
(Bateman et al., 2021; Mordecai et al., 2021; Teffer et al., 2028¢eper understanding of

how cultured salmon species respond to diseases and the development of more efficient
disease monitoring methods would lead to the development of immunomodulatory products,
vaccines, and therapeutic treatments, which will balirable for thesustainable

development of this industry.

1.1 Disease control in salmon aquaculture

With the intensive and extensive development of aquaculture, infectious diseases are
becoming increasingly more difficult to control, especially with the emergence of novel and
diverse pathogenic agents and wider geographical rgNusglsra et al., 2023; Stentiford et

al., 2012) Intensified aquaculture can facilitate disease outbreaks in both the farmed and wild
populations, yet unfortunately the current disease control strategies, including vaccination,
probiotics, and prebioti¢enay not be effective ipreventing outbreak eventsregeneda
Grandest al., 203; Wanget al., 203; Figueroa et al., 2022; Maisey et al., 2Q1Ajhough

salmon vaccination programs flarunculosisandcold-water vibriosishave been successful

and largely reduced the useantitibiotics, vaccineare designed for specifienown

infectious agents and there are still many deadly pathogerdothathave acommercially
available vaccine available yet, for examplscine myocarditis viruPMCV) (Sommerset

et al., 2021). Nevertheless, as a prophylactic method, vaccination cannot help in monitoring a

potential outbreak when there is a novel infectious agent, and it is also common that

4



vaccination does not generate adequate -lasting protection for the farmed salmon
population for reasons that remain elugiFgueroa et al., 2022Yhis is particularly
problematic for large salmon producers because their sustainable development of salmon

aquaculture is constrained by frequent disease outbreaks which causes large economic losses.

In Norway, alargescaleinfectious salmon anaemia virus (ISAspidemicwas
recordedn the 1990sdespite of the availability of multiple commercializ&RV vaccines,
there werestill 23 outbreaks in 2020 and 25 outbreaks in 2@2brdedDean et al., 2022
Sommerset et al., 2021n Chile, Salmonid Rickettsial Septicemia (SRS) has been the most
damaging and persistent disease to salmon aquaculture since its emergence in #neeh980s
thoughvarious commercialized vaccines against its causative &jgitickettsia salmonis
were availabl€ValenzuelaAviles et al., 2022)To date SRS is still the leading cause of
death of the three major farmed salmon species in GtalaelyAtlantic salmon, Coho
salmon, and rainbow trout, causing 9% of the total mortalities and an estimated annual loss
of over USD 700 million (Dettleff et al., 2015; Jakob et al., 2014; Maisey et al., 2017;
Miranda et al., 2018; Valenzuebwiles et al., 202p Starting in 2019, Chile started to
import smolts that are genetically igant to Infectious Pancreatic Necrosis Virus (IBNV
but largescale INPV outbreaks have still been reported and new INPV variants have been
identified as the caug&odoy et al., 2022Moreover, the existence of crosstalk between
several freshwater and marine pathogenic bacteria in British Columbia, Canada, was recently
reportedBateman et al., 2021The piscine orthoreovires (PRV-1), originally a disease of

the Atlantic Ocean, has become a critical infectious agent in endangered wild Pacific salmon



populations in Canada, and it has also been introduced to farms ir{[@bitdecai et al.,

2021)

These disease outbreaks can pose significant threats not only to the farmed animals,
but also to their sympatric wild compatriots. To date, there are 12 major fish diseases
recognized by the world organization of animal health (WOAH). Severaigrigfiie cases
from this list, namely infectious salmon anemia virus (ISAV), viral haemorrhagic
septicaemia virus (VHSV), salmonid alphavirus (SAV), and infectious hematopoietic
necrosis virus (IHNV), have significantly impacted the salmon industry as well adataker
species, causing an ecological bur@@ean et al., 2022; WOAH, 2023} has also been
reported that global climate change associated effects including increases in water body
temperaturegrastictemperature fluctuation, acidification and hypoxia, adversely influence
fish physiology and increase their susceptibility to infectious dis€hgts et al., 2020;

Melo et al., 2022; Perefasanova et al., 200Q8js the result, the development of better
health evaluation tools for an informed fish tleahanagement strategy will not only benefit

the industry, but also wildlife alike by facilitating research into {ftis¢ase interactions.

1.2 Salmon immune system

It is estimated that 47823 million years ago, Osteichthy@®nyfish) divided into two
categoriesnamely Sarcopteryg(lobe-finnedfish) andActinopterygii(ray-finnedfish)
(Broughton et al., 2013Barcopterygii gave rise to the tetrapods that include the mammals
and birds, while Actinopterygii evolved into the lineage of teleost fishes that includes the

majority of the modern fish species including salni®allan, 2014; Taylor & Leite, 2022)
6



Despite of the early separation, the teleost fishes and the tetrapods share a highly similar
Immune system, including some lymphoid organs and populations of immune cells, and
immune responses in both groups can also be categorized into innate and adaptives.

Some differences exist for teleost immune system, namely the lack of germinal centers, bone
marrow, lymph nodes, and the development of a unique mucosal antiboslagik,

2018; Neely & Flajnik, 2016; Sepulcre et al., 2009; Zhang et all)2Uhe following

information explains the salmon immune defenses that are related to the experiment in this

thesis.

1.2.1The salmon immune cells and organs

Interestingly, mammalian and teleostean immune cell types are very similar, including
lymphocytes, monocytes, granulocytes, macrophages, mast cells, and dendriiiespelisl

et al., 1996; Flajnik, 2018; Reite, 1997; Solem et al., 19%klls in fish do not mature and
differentiate in germinal centres, and it has been suggested that they may proliferate in the
melanemacrophage centres in head kidney and spleen in@teabupandian et al., 2021,

Waly et al., 2022)

Following the order from cranial to caudal, fish lymphoid organs and tissues are
nasalassociated lymphoid tissue (NALT), gdksociated lymphoid tissue (GIALT),
interbranchial lymphoid tissue (ILTdhymus, head kidney, spleen, bursa, skssociated
lymphoid tissue (SALT), and guatssociated lymphoid tissue (GALThymus and head
kidney are regarded as the primary lymphoid organs as they are the sites of lymphocyte

generation, and spleen and mucessdociated lymphoid tissue (MALT) are regarded as the

7



secondary lymphoid organs as initiation of immune responses occur¢Rberewed by
Salinas, 201p Like higher vertebrates, the kidney of fishes is also an important endocrine
organ, which is innervated by sympathetic nervous systems and is involved in stress
equilibrium(Madaro et al., 2023Due to direct contact with pathogens and stimuli from the
environment, MALT has been referred to the first line of immune defense in fish, and there
have been many studies investigating MALT immune function, imaduiis potential in
vaccination delivery and as a diagnostic matrix (Echev8uiguefio et al., 2023; Fast et al.,
2002; FranceMartinez et al., 2022; Hoare et al., 2022; Madaro et al., 2023; Tartor et al.,

2020).

1.2.2Salmon immune response

There are many biochemical changes that happen during the early stage of infection and
inflammation, caused by the activation by the fish innate immainé stress response

systems. As the first response made to pathogen invasion, most of the fediaheminate
immunity are highly conserved in comparison to higher vertebrates. Salmon innate immunity
has been shown to have a greater role because of the limitations in their adaptive immune
system, like the slow initiation in B cells and antibody productand a lack of longerm

iImmune memoryKaattari, 2002; Ye et al., 2011)

Fish mucus matrix is rich in nutrients and harbors complex and dymaicrigbiota
Under evolutionary selective forgasleost have developedacellent innat@andadaptive
immune mechanisnts maintainmicrobiome homeostasaénd todiscriminate between

pathogenic and commensal microorganigmthie MALTSs (Pérezet al., 2010). Similar to

8



mammals, teleost mucus also contains innate humoral components like lysozyme,
complements, antimicrobial peptides (AMP), lectins, and natural antibodies, and studies have
demonstrated their ability to inhibit mucosal bacteria (Chen et al., 2023; Fastenal;

Narvaezet al., 2010Palakshaet al., 2008).

In teleostpopportunistic and pathogenigicroorganismsre recognized by
phagocytotianonocyteghacrophagesand neutrophileS'hese antigen presenting cells
express a variety of germliradded pattern recognition receptors (PRR) that can recognize
and bind to different damaggssociated molecular patterns (DAMPSs) and pathogen
associated molecular patterns (PAMP) like polysaddbarand lipopolysaccharide (LPS)
(reviewed by Boltafia et al., 2011; Ingerslev et al., 20bumansthe activated
macrophagesecrete pranflammatory cytokines includinmterleukirs andtumor necrosis
factor (TNF, IL-1, IL-6, IL-8, and 1-12) and initiatephagocytosigor pathogen digestion
and antigen presentation (reviewed by Duquel@scoteaux2014) For salmonids,
rainbow trout and Atlantic salmon macrophages have been studied extensively in its cytokine
production properties (TNF, LB, IL-6, IL-8) (Castro et al., 2011iGjgenet al., 2004).
Typically, the preinflammatory cytokines It1 b -8 ,1 la n dare ThéNfiistleffectors to be

secreted in salmoffast et al., 2007; Seierstad et al., 2009)

In teleost, neutrophileend monocytédmacrophages are phagocytes while B cells
have been described plsagocytic as well (reviewed by Rieger & Barreda, 20Thg
monocyteghacrophagedestruct the internalized microorganishysthe variousydrolytic

enzymesand low pH environmenh phagolysosomeasndrespiratory burstOn



phagolysosomesiembranes,inotinamide adenine dinucleotide phosphidaDPH)
oxidaseproducegeactive oxygen species (ROfKe superoxide anion (O2andhydrogen
peroxide (HO2). TheseROScanproducebactericidahypochlorous acid (HCIGgfter
reacting with freechlorine ionqreviewed by Zhu & Su, 2022 he digested exogenous
antigens are then presented to the Crcells using the surface major histocompability
complex class Il (MHAI) (Castro et al., 20H). At the same time, the activated
macrophages and CD7Zh cells start to release cytokines and chemokinesctwit and
activatemoreimmune cells of both innate and adaptive response (granulooytescytes,
macrophagesatural killercells, T cells and B cells). These immune cells are summoned to
the site ofinfection and will perform a spectrum of antimicrobial activities until the
elimination of infiltrating pathogen#&part from phagocytosis, twiypes ofnatural killer

(NK) cell homologues have been describedaimon non-specific cytotoxiacells and Nk
like cells(@vergardet al., 2023Ribera et al., 2020As for the endogenous antigen derived
from intracellular pathogens, they are presented by fish N|H@d they can be recognized
by CD8" cytotoxic T lymphocytéCTL). The activatedCTLs theninitiate pathogerspecific
cell-mediated cytotoxicity (CMETto control infectionincluding inducing apoptosis and cell
rupture inthe infected cel{Castro et al., 20H). Previous studies strongly suggest that
teleost CTLs share similar killing pathways with mammalians, includin@##-dependat

perforin/granzyme pathwagndFasL/Fagpathway(reviewed byNakanishiet al., 2011).

Both MHC-| and MHGII antigen presentatiopathways can be induced by

immunostimulants or pathogens in salmon (Hansen & La Patra, 2002; Jgrgensen, Hetland, et
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al., 2007; Kania et al., 2010). Their antigen presentation accessory molecules have also been

Il denti fied in salmonids. Tapasin, al so known
glycoprotein that is essential in MHIGntigen loading because it stii®s the multimeric
peptideloading complex in the endoplasmic reticulum and bridges it with the transporter of

antigen processing (TARBangia et al., 1999; Rizvi & Raghavan, 201i®)salmon species,

tapasin was observed to be-nggulated with MHGE receptor genes post pathogen challenge,
revealing its possible role in regulating endogenous antigen presentation (Jgrgensen et al.,

2007; Sever et al., 2014).

Calcium (C&") ions are a universally conserved intracellular messenger, andthe Ca
binding protein, calmodulin, is one of the most consepretkinsin eukaryotes for Cé&
signaling(Chin & Means, 2000; Luan & Wang, 202The C&*/calmodulin complex
regulates lymphocytes through a variety of kinases, mainly in thigc&lanodulindependent
kinase (CaMK) family. The induced calmodulin kinase cascade controls signaling-of Toll
like receptors (TLR), T cell activation and differentiation, and cytokineymtoh (lllario et
al., 2008; Ivanov et al., 2006; Kim & Leonard, 2007; Yang et al., 2008). Thus, calmodulin
has a critical rule in immune responses and inflammation. Specifically in salmon, calmodulin
was inducible by infectious hematopoietic necrosias/{{HNV), LPS, and salmon louse

(Lepeophtheirus salmonigvlacKenzie et al., 2008; Skugor et al., 2008)

Peroxiredoxins (Prdx) are a family of antioxidant enzymes that may act as modulators
of inflammation, iron metabolism, cell death, and tissue repair after damage, and their

transcription is ubiquitously distributed in all fish tiss@eviewed by Valero et al., 2015)
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Orthologues oprdx gene have been found in a wide range of teleost fish including rainbow
trout and Atlantic salmo(lLoo et al., 2012; Mourich et al., 199%) salmonids, the function

of Prdx has been linked to immune and stress responses, as it can be induced by a range of
stimuli like LPS, bacterial/viral/parasitic pathogens, although the direct effect of Prdx on

salmon immune system needs further st{Rgemelmanns et al., 2021; Valero et al., 2015)

At the early stage of infection, a cascade ofipfammatory cytokines is first
released to initiate inducible innate immune responses, by recruiting cells to the site of
pathogen entry and activating more lymphocytes. The elevated expression of pro
inflammatory cytokines is often associated with acute pathogdKespe et al., 2022)
Three classical primflammatory cytokines commonly studied in salmon immunology

research,It1 b ,-8 | Land TNFU, are the focus of this t

IL-1 Bs a potent inflammation inducer and in salmon it can be released by both
immune cells (macrophages) and aommune cells (epithelial cell§Hong et al., 2001;
Schmittetal., 2015J)L-1 b r eceptors are expressed on a r a
withiL-1 b acti v-aBepathawaMF which wil/l |l ead to t|
range of preinflammatory cytokines and chemokines{ILb ,-6,IL.B, TNFU)> and an:
apoptotc factors (caspasé€l)iu et al., 2017; Weber et al., 20100)-8, also knavn as
CXCLS, can also be released by salmon macrophages and epithelial cells upon infection
(Komatsu et al., 2009; Laing et al., 200B) mammals it is known to recruit neutrophils,

basophils and eosinophils to the site of infection, while in trout it was shown to attract
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macrophages and neutrophiGrimholt et al., 2015; Montero et al., 2008; Omaima Harun et

al., 2008)

S al mo n is Knb\w s a regulator of leukocytes and systematic inflammatory
responsegHong etal,,2013) I n mammal s, TNFU has been rega
both acute and chronic inflammation, by triggering the release of oth@rflamammatory
cytokines and the activation of adaptive immune dedlgiewd by Bemelmans et al., 2017)

TNFU expression in trout macrophage and epi't
stimulation of recombinantHL b and a b a Aeremonasdaimgnigidiormagse n

etal., D09; Laingetal.,2001) It was reported that 1in rainbc¢
expression of a range of pinaflammatory cytokines including H1 b , -6, IL-B, IL-17 and

itself, as well as antimicrobial peptid@dong et al., 2013)

Interferons (IFNs) are important antiviral cytokines in vertebrates. To date, three IFN
families have been reported in mammals and two of them (type | and Il IFN family) have
been identified in teleost fish. In the past 20 years, the IFN receptors aalingigrathways
have been extensively researched, and both fish IFN families have been reported to be
induced in antiviral defengeeviewed by Zou & Secombes, 201l Atlantic salmon, six
members of the type | IFN family have been identified and alawe been confirmed to be
inducible by viral pathogens. Upon virus recognition by PRRs, for example retinoic acid
inducible gene | (RIG), antrmelanoma differentiaticassociated gene 5 (MDADS), or toll
like receptor 3 (TLR3), the cytosolic IRFs and-HFathways activated, which leads to the

induction of type | IFN gene transcripti¢reviewed by Robertsen, 201&ompared to the
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type | IFNs where there are several forms, there are only two salmon type Il IFN types, IFN

2 ane r&dMnathed etal., 20l3JalmonIFNo has a wide range of
regulating innate and adaptive immune responses, including antiviral responses, induction of
MHC-II expression, and enhancement of respiratory burst activity in macrophages (Morales
Lange et al., 2021; Sun &k, 2011; Wiegertjes et al., 2016; Zou et al., 2005). dtdiso been
suggested that both type | IFNs and 6N u s emetlIAKSTAS signal transduction

pathway as mammals (Skjesol et al., 2010).

1.3 Stress responses and metabolic reallocation during infection

During pathogen invasion and the development of infection, stress responses can also be
initiated as a result of inflammation and tissue damage. Stress responses are key to
maintaining homeostasis and they are some of the most conserved mechanismisrate®rte
(Balasch & Tort, 2019)Stress responses in salmon show many similarities to those of the
higher vertebrates, from the principal axis to messenger molecules. For example, fish stress
responses are controlled by two hormonal systems: 1) hypothélgitaitaryi interrenal

(HPI) axis, where adrenocorticotropic hormone (ACTH) is produced by the pituitary gland
and induce cortisol from interrenal cells in the head kidney and 2)-$fyaipathetie

chromaffin cell (BSC) axis that triggers the release of taemines (Sumpter, 1997,
Wendelaar Bonga, 1997). It has been suggested that in salmonids cortisol is the main stress

endocrine in the HPI axi&Sorissen & Flik, 2016; Krasnov et al., 2021)

The HPI axis restores homeostasis and adapts fishes to the stressors by reallocating

resources to the mobilization of energy substrates. This process may include the activation of
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the catabolic pathways to process fatty acids for energy, and the suppression of other high
cost energy and longéerm processes like immune responses, growth, and reproduction
(Balasch & Tort, 2019; Mommsen et al., 1998)ecent transcriptomic study using an
Atlantic salmon stress model examined the metabolic shift and stress responses under
hypoxia and high temperature conditions. A range of highly interconnected metabolic
processes was suppressed, including the cadoate metabolic process, fattyichcatabolic
process, and lipid metabolic procéBeemelmanns et al., 202NMeanwhile, to facilitate
pathogen survival and replication, there is fierce competition between host and infectious
agents. Alterations in host metabolome are a consequence -@itloggen interactions,

which include, but not limited to, the metabolisinglucose, fatty acids, and amino acids

(Olive & Sassetti, 2016; van der Megainssen et al., 2010)

1.4 Thesis objectives

The goal of this thesis was to validate an open array chip that was designed for a range of
salmon species usinghinook salmon as a model. More specifically, the outcome of this
research will help to understand responses generatébrio anguillarumduring an infection

trial in a production facilityThe two specific objectives of this MSc thesis were to:

1. Determine whether the novel nanofluidic OpenABEaychip is a reliable tool to
evaluate fish health status usiiprio anguillarumas a disease model.

2. Determine whether mucus and culture water are a good source for mRNA transcripts
that can indicate the physiological status @iinook salmon, as a nenvasive

sampling strategy.
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To accomplish these objectivesaindependent hypotheses were generated:

1. The OpenArraft chip, as a novetool to quantify transcriptlevels, would generate
RT-gPCR esults that strongly correlate with SYBR-qPCR esults.

2. Water and mucus can be used for mRNA extractiod reveal the physiological
changes during the infection as reliablyo#iserlymphoidorgans like spleen and head

kidney.
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Chapter 2. Validation of the OpenArrayE TagMan® ReakTime PCR chip for

diagnostic biomarkers inOncorhynchus tshawytscha

2.1 Introduction

Vibrio anguillarumis a gram negative, extracellular bacterial pathogen that causes

Avi briosisd, a deadly haemorrhagic septicaen
including several economically important salmonids, such as Atlantic safsadmd salay,
rainbow trout Oncorhynchus mykigsand Chinook salmorOncorhynchus tshawytscha
(ChukwuOsazuwa et al., 2022; Kurpe et al., 2022; Semple et al., 2022). This pathogen was
reported as early as 1893 and it continues to cause high morbidity and mortality in
aquaculture today, although various vaccines have been developed to counter this pathogen
(Canestrini, 1893reviewed by Ji et al., 2020)hus, vibriosis is a highly relevant disease

model for the improvement of salmon aquaculture. Becauséilthie anguillarumis an
opportunistic pathogen, outbreaks of vibriosis can be facilitated by suboptimal and
Immunosuppressive production conditigival et al., 2021)Thus, a deeper understanding of

the relationship between salmon immune, stress responses andutesfeasusceptibility

to vibriosis would greatly assist in the control of this disease

Sustainable aguaculture managenardresponsible decisiemaking require
standardized, reliable fish disease diagnostics and surveillance syStmeniuk et al.,
2022) Importantly, factors like salmon geneliackgroungdage, diet, seasopolyploidy,
amongst many other factors, may result in deviations between different studies (Ketasnov

al., 202). To achieve the standardized transcriptional profiling of immune, metabolic, and
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stress responses for different fish targetsearchers from the Genomic Network for Fish
Identification, Stress and Health (GHNSH; https://geffish.ca) developed suit ofnovel
nanofl ui di ¢ q ucuantitativeRCR (qPCGRpassaysafdr use witlne
OpenArrafE chip platform ThisOpenArraf chip targes a range of fish speciesd itcan
be utilized as a standardized tool for laspale health evaluation. The present study
describes immune and stress responses from Chinook stilatamereinfected with live
Vibrio anguillarumand tested for gene transcription profile response ukiaghanofluidic

TagMarf assay on the OpenArr&y chip.

Current diagnostic methods for fish diseases, with a focus on clinical symptoms and
molecularlevel biomarker quantification, still involve invasive organ sampling and fish
euthanasia; as a result, repeated sampling and longitudinal studies are thff)@uform.

This approach also provides little information on the temporal development of immune
responses at the individual le\Blateman et al., 2021; MacAulay et al., 2022; Mordecai et

al., 2021) Meanwhile, infectious agents and inflammatory respomsgsbe present long

before the manifestation of visible symptoms such as lesions, and thus disease outbreaks may
not be controlled in a timely manner. These methods are often costhcdimeaming, and

not conducive toepeatedneasurementsver the lifespan of a single fisfequire killing

several individuals per test. To address these issues, utilization of mucus and filtered water
samples is gaining attention as an alternative source of biomarkers. Fish mucus is associated
with mucosalassociated lympoid tissue (MALT) that contains abundant immune cells and

biomarkers, and water testing is theoretically based on quantifying biomarkers from the
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constant fish mucus turnover filtered from culture water. Mucus has been widely explored as
a diagnostic matrix, but the quantification targets are usually at the protein level (Birlanga et
al., 2022; Djordjevic, Byron Moralelsange, et al., 2021; Djordjey MoralesLange, et al.,

2021; Fast et al., 2002; Fernangdacid et al., 2018; Franeblartinez et al., 2022; Santoso

et al., 2020). On the other hand, fish culture water has been used for studies using
environmental DNA (Bastos Gomes et al., 2017; Mecét al., 2016), environmental RNA

(Miyata et al., 2021)and microRNAgIkert et al., 2021)

This study describes a range of transcriptomic responses (immune, stress, apoptosis,
growth and metabolism) measured using the novel Operrggtform, after Chinook
salmon juveniles were challenged with IWeanguillarum Fish mucus and culture water, as
well as spleen, head kidney and gill, were collected to assess if they can be used to quantify
fish-sourced transcripts. The expression of six selected immune geheil¢8, calm mhe
I, mheii, andtapbp were validated with SYBR RTPCR. The sigificant positive
correlations observed here indicate the reliability of the novel OperfArpgtform for
nanofluidic TagMafi assays in Chinook salmon. Possible applications of this novel
OpenArrayE chip might be in the fishery and aquaculture sectors that are directly involved
with fish health assessment, management, and conservidtetranscriptional profiling of
the farmed almon immune responses may also assist in the development of spetdE
vaccination plans and disease control strategatsmay promote animal welfare and

economic benefits.
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2.2 Materials and Methods

2.2.1. Experimental Animals

Fish used in this experiment were provided by Yellow Island Aquacultdr€YIAL), on
Quadra Island, British Columbia, Canada. All experimental procedures were approved and
conducted per the University of Waterloo Animal Care Committee and the Canadian Council

of Animal Care guidelines (Animal Care protocol #43212).

Four hundredliploid Chinook salmon@ncorhynchus tshawytschmveniles were
randomly selected and were housed with a 15:9 h (light: dark) photoperiod and fed twice a
day with commercial dry pellets (EWOS Harmony 2 mm) to satigtg.Chinook salmon
were organically reared in the YIAL fresh water tanks, and there was evidenaeterfial
kidney diseaseymptoms prior to this experimeM/ater was maintained at 11.6 + 0.1°C,

87.7 + 2.4 % dissolved oxygen, and water flow was maintained at 1000 mL/minve¥ish
randomly distributed into four 250 L tanks at a density of 100 fish per tank (22.12 kg/m

One blank tank with no fish was designed as the control for water filter safiples.

eliminate contamination, all of the five tanks were sprayed and scrubbed using 10% bleach
prior to the trial Experimental fish had a mean fork length of 20.3 £ 6.6 cm and a mass of
62.4 + 37.2 g and were acclimated for 14 days before live pathogen exposure. To ensure the
infectious agent used in this experiment were eliminakedyater outflow from the

pathogen challenged tanks were treated with a UV sterilizer.
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2.2.2 Culture conditions ofibrio anguillarum

Vibrio anguillarumserotype O1 (J384Machimbirike et al., 2023)as isolated from a

diseased winter Steelhead Trout in Little Campbell River (BC, Canada), and the bacteria
stock was provided by Simon Jones of Pacific Biological Station, Fisheries and Oceans
Canada. Tryptic soy agar (TSA) supplemented with 2% NBSA 2% NaCl;Multicell

Wisent, Quebec, Canadagas used to subculture the frozen stockg.ainguillarumfor 48 h

at room temperature, and a single colony from the agar plate was used for inoculating 2.5 mL
Trypticase Soy Broth (TSB) supplemented with 2% NEGB 2% NaClMulticell Wisent,

Quebec, Canada). The inoculated broth was incubated on a shaker at 20°C for 24h at 200rpm
withaeraton t hen 150 €L of this overnight cul tur e
NaCl media, which was incubated on a shaker at 20°C for 24h at 206tip@meratioragain.

After incubation, the culture was centrifuged for 10 min, at 6,000 rpm, room temperature, to
obtain the bacterial pellet. The pellet was then washed with phosphate buffered saline (PBS
1X, w/o Calcium & Manesium; Multicell Wisent, Quebec, Canada) and centrifuged for 10

min, at 6,000 rpm, room temperature for three times. The pellet was resuspended in 25 mL of
PBS to a concentration 8f1x 1> CFU mL %, which was confirmed by serial dilution and a
2-day TSA 2% NacCl plate culturing. The resuspended bacteria were diluted with sterile PBS
t0 6.2 x 10* CFU mL' ! for intraperitoneal injectioriThe final injection volume for each fish

is 100¢ L.and the application dose for each fish is>*620° CFU.
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2.2.3 LiveV. anguillaruminfection and sample collection

After the twoweek acclimation Chinook salmon juveniles were randomly distributed into

four experimental tanks, with two tank replicates being used fowlihaaguillarum

intraperitoneal pathogen injection (Tank V1 and V2), and the remaining two being used for
sham injection with sterile PBS (Tank P1 and P2). On Augdfis2@22, one day prior to the
pathogen challenge (0 h), fish (n=6) from each tank were sampled as the unstimulated
control. Water samples (n=3, 250 mL) were taken from Tank V1, V2, Pand2he blank

tank (Tank B). On August™ 2022, all fish from Tank V1 and V2 received intraperitoneal

(i .p.) inject i o/nanguillarum(B.2x110' GFUanL' 1) and all fish fromn

Tank P1 and P2 received intraperitoneal (I
72, and 96 hours (h) post treatment, fish (n=6) and water sample (n=3) from each tank were

sampled as illustrated below. Fish survival rats wexorded for 14 days.

Water samples were taken before the fish were sampled from TdrekEresh water
used on YIAL locations was directly sourced from a nearby well on the Quadra island, and
the water was not contaminated with external fish mRNA. The bottles used for fish culture
water sampling were treated with 10% bleach overnight prsieath sampling time point.
From each tank (V1, V2, P1, P2, B), water wampled using bleached 1 L glass botdad
was immediately stored in at 4°C. One hundred and fifty mL of eadr wample was
applied to a 0.45 em filter from the Water
Canada). The Filters were connected to a vacuuming apparatus to draw the water sample

through filter. Subsequently, the filter was recovered usindesterceps and stored in the
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iBead Tubeodo with 500 OL ALysis Buffer EO,
RNA/DNA Purification Kit (Cat. 26450Norgen Biotek Corp., Canada). These filter samples

were moved to liquid hitank immediately.

Fish tissue samples were collected after the water sampling. Following sedation with
clove oil, fish weights and lengths were measured, and spleen, head kidney, and gill were
sampled from each individual then stored in RNAlater in 1.5 mL Eppendorf Tulbds@
were placed in liquisitrogentank immediately. Following sedation, fish were placed on
individual plastic sheets to avoid cross contamination, and the muwagently scraped
with a sterile glass slide, avoiding areas of possible blood and tedalaination. The
mucus samples were stored in 5 mL snap cap tubes (GeneBio Systems, Inc., Canada) directly
in liquid nitrogentank without RNAlater to avoid dilutiofFernandeAlacid et al., 2018).

After shipping all samples were stored&@°C at the University of Waterloo.

2.2.4 Sample processing

2.2.4.1 RNA extraction and DNase treatment

For water filter samples, total RNA extraction and DNAse treatment were conducted as
described in the manufactureroés protocol
RNA/DNA Purification Kit (Norgen Biotek Corp., Canada), except for a compatible RNase
free DNase | Kit (Norgen Biotek Corp., Canada) used fecalnmn genomic DNA

digestion. The DNasteated water filter samples were quantified with Synergy H1 plate

reader (Biotek Instruments, Inc., USA) and were store8&C until further use.
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For spleen, head kidney, and gill samples, RNA was extracted fret 8ty of
tissue using 1 mL of TRIz&l (InvitrogerE ,USA) as described in the m
protocol. The total RNA extracted was quantified with a Synerghwhtid reader (Biotek
Instruments, Inc., USA). To remove the genomic DNA from the total RNA extracted,
samples were treated with DNase |. FigeRNA was added per DNase | (Invitrogen

USA) treatment reaction as described in the

Considering the RNA concentration was lower in mucus compared to other tissue
types, the RNea&yMini Kit (Qiagen, Germany was used for mucus RNA extraction to
ensure better recovery. For each samgdle, 5 0 wasthawed, wellmixed mucus was first
pushed through a syringe with a 23G needle 20 times to break th&deMaseFree
DNase Set (Qiagerisermany was used for ogolumn DNA digestioras described in the
manuf actur er 0s -peatedtisscecampleswhre quahtifiadsveh a Synergy

H1 plate reader (Biotek Instruments, Inc., USA) and were stor@®&E until further use.

2.2.4.2 cDNA synthesis

Complementary DNA (cDNA) was synthesized from 250 ng of DNieessted RNA using

the qScript cDNA Supermix (Quanta BioscienddSA) as descri bed in the
protocol. A pool of DNas#reated RNA samples was prepared for each tissue type to make

the controls for the downstream SYBR greend®ICR reactions. For the positive control,

250 ng of the pooled RNA sample was inclddie the cDNA synthesis reaction. For the non
template control, 250 ng of the pooled RNA sample was included in the cDNAesimth

reaction without qScripb create aeverse transcriptadree reaction systenihe cDNA
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reaction system was incubated at 25°C for 5 min, at 42°C for 30 min, and at 85°C for 5 min.

The cDNA samples were diluted 1:10 and store@@tC until further use.
2.2.5 Nanofluidic TagMdhassays in th®penArrajE platform

2.2.5.1 Validation of TagM&nhRT-qPCR primers and probes f@hinook salmon

TheOpenArrafe TagMar? RT-gPCR system (gene expression platform, Thermo Fisher
Scientific, USA) allows 28 target genes from 48 samples to be tested on one chip, in
technical duplicates. Thus, there are a range of target genes that were included in this assay,
from immune respaerelated genes like primflammatory cytokines, to stresslated genes

like heat shock proteins (full list of genesTiable 2.1). Themethod forprimer desigrwas
developedyy Dr. Kenneth Jefferiégss fromathe University of Manitoa For this thesis,

the primers and probes used on the chips were designed Si&inur Islanfrom the

University of Windsor.

Specifically, for each target gene, multiple alignment was performed using the coding
sequences from a range of phylogenetically related salmon spethesSalmoniformes
order. Subsequently, the conserved regions in the coding sequences (CDS) across salmon
species were selected for primer and probe design for TéRBiPCR.The specificity of
each primer set may fluctuate between species, majorly affected by the availability of the
CDS sequence of a certain target gene in a specific species. Fonglsargestigated in this
study, Atlantic salmonSalmo salay from genusSalmoand rainbow trout@ncorhynchus

mykis$ from genuOncorhynchusre the two species that had the highest CDS sequence
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availability. Phylogenetically, Chinook salmon and rainbow trout are more closely related
because they are both from the ge@usorhynchugCrawford & Muir, 2008), although all

three of these species are within the family of Salmoninae (Stearley & Smith, 1993). Thus, a
high specificity against Chinook salmon samples was expected with the primers and probes

on this chip.

For speciespecific primers, the efficiency is considered acceptable to use when the
primer efficiency is within the range 80-110%, which means that per each cycle of
amplification, the primer and probe set can amplify190% of the total number of the
targeted DNA sequence (Taylor et al., 2010). The large majority (25) of the primers tested on
chip had a primer efficiency within thrange, indicating the robustness of crgisscies
detection using this OpenArray Tagman® RTgPCR chip. Two gene#n-1 andcirbp, had
a slightly higher efficiency value at 111.15 and 11X Bdble 2.1). These primers are
considered acceptable for nestep validations, although the acceptable primer efficiency
rangeon chipshould be determined based on more chip analysisrdetixing more salmon

species, or it should be casgecific.

The primer efficiency targetinGhinook salmort n Wad not calculated due to poor
data quality. Because there are no available Chinook salmmo@D$ sequence identified, six
related species were included in the CDS alignment for conserved region analysis and primer
design (coho salmorOfhcorhynchus kisut¢hrainbow trout Oncorhynchus mykigsAtlantic
salmon Salmo sala), Arctic charr Galvelinus alpinus brook trout Salvelinus fontinalis

and Dolly Varden troutSalvelinus malm@a As a result, there is a lack of primer and probe
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specificity targeting n in @hinook salmon and it is advisable to modify the primers and
probes using the conserved regions within the gé@meorhynchugor future OpenArrak
TagMar? RT-gPCR analysis, although this may affect the primer specificity to other salmon

species.

2.2.5.2 TagMafi RT-gPCR reactions using Nanoflu@penArraf gene chip

The design of the novel OpenAriayTagMar® RT-gPCR system was kindly assisted by
Jonathon LeBlanc and Shahinur Islam from the Great Lakes Institute for Environmental
Research, University of Windsor. Ten chips that could test 480 samples were customized and
manufactured by Thermo Fisher Scientlfic. Because in total there were 555 samples
collected during the live pathogen trial, it was not feasible to test all samples. To reduce the

sample numberlOoutof the 12 samples were selectedchip analysis irrach treatment
group

The cDNA samples were shipped to the University of Windsor for Nanofluidic
TagMarf assays in the OpenArrayplatform. The OpenArrdy TagMarf RT-qPCR
reaction cyclesvereproprietary to Thermo Fisher Scientific Inc., and the assays were run on
the Applied Biosysten¥ QuantStudid™ 12K Flex instrument (Thermofisher Scientific
Inc,USA) as described by the manufactureds prot
method were provided by Jonathon LeBlanc and Shahinur Islam from the University of

Windsor.
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2.2.5.3 Statistical analyses OpenArraf TagMarf RT-gPCR

2.2.5.3.1 Primer efficiency calculation

Two software packages, LinRegPQFrsion 2021.2) and JMP (version 17.1) were used to
calculate the primer efficiency for the 28 primers across the 10 chips. Firstly, the original
data was reorganized in JMP (version 17.1) so that the readings for specific genes could be
filtered and fethed. Then a new Excel file was created for each target gene to combine their
reading results across chipor eachspecific genegits Excel filewas then openeoly

LinRegPCR (version 2021.8) calculateits primer efficiency Lastly, he average primer
efficiency for each of the 28 genes across the 10 chips (Table 2.1) were calculated and were

used for downstream analysis

Table 2.1 Primer and probe sequences of 28 genes @penArrayE TagMan® RT-
gPCR and their average primer efficiency (PE)All the 28 gene were reported with a
primer efficiency value by LinRegPCRRersion 2021.2analysis, except faumor necrosis
f a c t tomfidiBrfefon | {fn-1) and old inducible RNA binding proteirc{rbp) were
observed with @rimer efficiency that exceed@®-110%

Function Gene name Primers a®#8d)probe PE(%)
Endogenous  Ribosomal protein L13a F: CACTGGAGAGGCTGAAGGTGT 102
Control (rpl134) R: GTGGGCTTCAGACGGACAAT
P: CATGGTCGTACCTGCT
Elongation factor 1 alpha F: GAAGCTTGAGGACAACCCCA 109
(ef)iu R: GAAGCTCTCCACACACATGGG
P: CCGCCATCATCGTCAT
Immune Calmodulin ¢alm) F: GAGGAGCAGATTGCCGAGTT 106
Function R: CATGACAGTGCCCAGCTCTTT
P: CGCTCTTTGACAAGGA
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- GTCTCAATGCAGCGACATCG

Major histocompatibility F: AGTCCCTCCCTCAGTGTCTCTG 99
complex class Infhei) g AGGACACCATGACTCCACTGG
P: AGTGACCTGCCACGCG
Major histocompatibility = F: GACAGTTGAGCCCCATGTCAG 103
complex class 2heil) . AGAAGTCATAGGCGCTGCACAT
P: CCCCAGTGGCAGACA
Natural killer enhancing F: GGATCAACACCCCCAGGAA 99
factor (ra) R: GTCCTCCTTCAGCACTCCGTA
P: CCCTTGTGGCTGACCT
I nter| édbi n F ACCTGTCCTGCTCCAAATCG 95
R: TGCTGGCTGATGGACTTCAG
P: CCCACCCTGCACCT
I nt er firkd) on 3 F. GGAAGGCTCTGTCCGAGTTC 95
R: CTCTTCCTGCGGTTGTCCTT
P:CCTCCAAACTGGCC
Tumor necr osF AGTACCAGACGCTGCTCAACTC nr
(t mf U R: TTTTCCTTCACTCGCAGCCT
P: TCTGTACGCACCGTGTGT
Mx protein (X F: GGAGGAGATTGAGGACCCCT 103
R: ATCACTGATACCCACCCCCA
P: TGAAGCCCAGGATGAA
Signal transducer and F: CAGAAAGGCTTCCTGGAGGG 98
(asctt;‘t’gtor of ranscription 1 p. ~1cTGTGGATGTGTGGGCAT
P: CGGGCCCTGTCACT
Interferon | {fn-1) F: TGTGACTGGATCCGACACCA 111
R: TGGGGCATTCTGCTTTGTG
P: CCTGCTGGACCAGAT
Interleukin 8 {I-8) F: TGGCCCTCCTGACCATTACT 101
R
=]

: CATGGGGGCTGACC
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Tapasin tapbp F: ACGGCAAGACTGACCGATTT 97
R: CACTTCAGCTTCCTGCAGGAT
P: AGCGGGGCTAGACTT
Growth and AMP-Activated Prqtein F: AAGTTTGAGTGCACCGAGGAG 97
Metabolism  Kinase alphagmpk) R: GACATAATGCGGCGGTTGTC
P: CGCAACCACCACGAC
Fatty acid synthasdas)  F: TGTGGGAGGTGTAGTCAAGCC 100
R: TCCCTGGGCCATGTATCTGA
P: AGGTGGAGGAGGCC
Cathepsin Ddtsg F: TTCACAGACATCGCCTGCTT 108
R: GGTACCCAGACAGACTGCCAG
P: CCACAAGTATAACGGTGCC
Hormonesensitive lipase ¢ F: ACACTGGTCAAGGTGTTGCAGT 101
&b (ilpealb) R: TGCAGTTAGCGGCAATGTAGC
P: CTTCTGCACATCATCCA
Adipose triglyceride F: TGACAGCGCTGTACAAGAGGG 101
Iin?)se/ lipoprotein lipase . G AGGTGAGGTAGTGCTGCTG
(P P: TGGACTGGCTGACACGG
Stress Glucocorticoid receptor 1 F: GACTCTGCTGCAGTGTTCCTG 96
Response (gr) R: CACTGGTCTGCCATGTAGGG
P: CCTTCGGCCTGGGC
Glucocorticoid receptor 2 F: ATGGCAGACCAGTGTGAACAGAT 108
(ar2) R: GAGCAGCAGCAGAACCTTCAT
P: AGACTGCAGGTGTCTCA
Serpin Family H1 F: AGCGCTGTGAAGTCCATCAA 93
(serpinh) R: TGATGATCATGGCCCCATC
P: CGGCCAAGTCCACCGA
Heat shock protein 70 F: GAGAACACTGTCCTCCAGCTCC 104
(hsp79 R: CCCTGAAGAGGTCGGAACAC
P: ACACCTCCATCACCAGG
Heat shock protein 90 F: GAGGTGGAGGAGGACGAGTACA 100

(hsp9Q

30



: GCTGTGAAGTGGATGTGGGA

: TCTCCAGGGACACAGAC

: CGGGAAGGTCTCGTGGATT 111
TGGTTCTGCCATCGACAGACT

- CATTGGAGGGAATGAA

: TGGATCCTTGTGAATGCTCCA 103
: CTTACAACTGGTGCATGCGC

: CGGTGGATCCTGCAAG

: GAAAAGTTGCTGCCCCTGC 107
- AACAGCTGGTATCGCAGGTCTT

" TTCAGGCTGTGTGTGCA

: GCCAGACAGTTGGTTCGAGAC 94
: GGCTATGCTGCCCTTTCTCA

: TCCCAGCTTTAATAGAG

Cold inducible RNA
binding protein ¢irbp)

Metallothionein 1 intl)

Metallothionein 2 int2)

Apoptosis Caspase Zasp9

T XX M| U X M U XU M U O M UV O

2.2.5.3.2 Bias correction of{Gralue in hydrolysis probe based quantitative PCR

Different types of fluorescent reporters can be used to monitetimeDNA amplification

in quantitative PCR assays (qPCR). Generally, the fluorescent reporters can be categorized
into DNA binding molecules and hybridization reporters and hydrolysetens. SYBR

green can bind with the doubi&&randed DNA, and it is one of the most commonly used
fluorescent reporters in gPCR. The DMYBR greercomplex emits a fluorescent signal

that is noacumulative, and the increase of the signal is positivelycéstsa with the

increased amount of the dowstranded DNA during amplificatiofDragan et al., 2012)
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The OpenArrag TagMar? RT-gPCR system utilizes hydrolysis reporters.
Theoretically, oe fluorophoreshould be cleaved off the proldaring every DNA
amplification event, and theleasedluorophores generate a cumulative fluorescence signal
during further cycles. According to Tuomi al.,the cumulative nature of the fluorophore
does not statistically affect the calculation of primer efficiency, but their mathematical
modeling indicated that the ignoring this factor would cause an underestimatiorCaf the
(cycle of relativehreshold) value by at least one cycle, which means an overestimation of
the target quantity by-fbld (Tuomi et al., 2010)They developed a mathematical method to
correct the biase@r value, by calculatinsni, the cycle number difference between the
cumulative and nogumulative amplification curves. Briefly, for each of the target genes
except fort n, th&averaged primer efficiency calculated in the section 2.2.5.3.1 were used
to calculate th€shitvalue. Then th€snitvalue was used to adjust t@e value for each
sample. All the equations used for bias correction were described by Tuomi et al. without

changgTuomi et al., 2010)

2.2.5.3.3 Gene expression analysis

Two endogenous control genes were included for the chip anapléi8a andefla For

efla there was not an adequate number of signals generated on chip to support meaningful
statistical analysis (data not shown). As a result, the transcript levels of the 26 genes of

interest were analysed in each of the individual samples, with normalizatiplii3a. In all

cases, th€sni-correctedCiv al ue wer e used f GurThisdtepinatuded cul at

normalizing the target ger@: value to thepll3a G: value for each sample and calculating
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the target gene expression difference between the average of 0 h control samples and the
samples from 12 h, 24 h, 72 h, and 96 h post pathogen challenge. Due to suboptimal
transportation conditionshere the nitrogen tank was not properly chargegcus and gill
samples collected at O h, 12 h, and 24 h post infection did not geme&raténgfulsignals on
chipto support statistical analysiSherefore, mucus and gill samples from the control tanks
collected at time pointd2 h and 96 h were combined as the new control group to calculate

P gr. With water filter samples, there were not enough signals generated for housekeeping

genes to support further analysis (data not shown).

Speci fi c &hvalyewere¢ doreverteudo leg(fold change) for normality test
and tweway ANOVA. The primer efficiency (PE) for each gene were listed in Table 2.1.
This was then followed by a Tukeyds posthoc
between the control and treatment groups at eagpbint. A pvalue of less than 0.05 was
considered statistically significwemt (U=0.05

completed using the software GraphPad Prism 9Thé full list of figuresis shown in

Appendix, except for the 6 genes selected for validation (section 2.3.2).

2.2.6 Validation of OpenArrayE RT-qPCR results by SYBR RFqPCR

SYBR RT-gPCR was performed to validate the results of gene expression analyses by the
nanofluid OpenArralg gene chip. Water filter samples were not used in this assay because
of suboptimal sample quality. Spleen, head kidney, gill (72 h, 96 h), and mucus (72 h, 96 h)

samples were included in the validation SYBR-§HCR. Three endogenous control genes
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and six immune responselated genes were selected based on significant differences

detected with OpenArr&y gene chips and the immune responses they were involved with.

2.2.6.1 SYBR RIgPCR reactions using QuantStu#i® ReaiTime PCR Systems

The 10 eLgBEBRr&®adction system is described a
ADVANCEDE gPCR master mix (Wisent, Quebec, Canada)gR.6f forward and reverse

pri mer mix (Sigma Al drich, USA) with each pr
2 . B of sample cDNA. All reactions were performed with QuantStid® Real Time

PCR Systems (Thermo Fisher Scientific, USA). Each sample were tested by technical

triplicates. The reaction mixtures were fmeubated for 5 min at 95°C, followed by 40

cycles of @énaturation for 10 s at 95°C, annealing for 5 s at 60°C, and finally extension for 8

s at 72°C. The melt curve was calculated at the end of the 40 amplification cycles. Product

specificity was confirmed through single peak on the melt curve.

2.2.62 Primer efficiency and DNA electrophoresis usBigBR RT-gPCRproducts

The primers used in the SYBR RjJPCR validation were consistent with the ones used on
the chipwith the following exception8Because witt§YBR RT-gPCRmethod the primer
efficiency foril-1 fwas too high in spleen sampldse primerdor il-1 fwere substituted

with a primer sethat was designed to be specific to rainbow trieat [{F:
ACCGAGTTCAAGGACAAGGA; R: CATTCATCAGGACCCAGCAG (Awad et al.,

2020) In addition to the tw@ndogenous control genestedon chip,a third endogenous
control gene, 18S rdsomal RNA {89 werealso included to th8 YBR RT-gPCRanalysis

(F: CGTCGTAGTTCCGACCATAAA; R: CCACCCACAGAATCGAGAAAYGiroux et
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al., 2019) Both primersetswere previously used and validated in Chinook salmon in the
Dixon lab.QuantStudi®V Design and Analysif2.7.0)softwarewas used to calculate the

SYBR RT-gPCRprimer efficiencies (Table 2.2) and melting curves for the primer sets
mentioned abovd?roduct specificity was confirmed witlsingle peak in melting curgeas

well as DNA electrophoresis using the PCR products. Notably, based on the multiple peaks
in the melting curves, unspecific amplifications were observed in all the four tissue types

usingthee f frither set.

Table 2.2 Primer efficiencies (PE) of the endogenous control and target gene primers
used in SYBR RTqPCR. The primer efficiencie§%) were tested for every tissue type,
including spleen, gill, head kidney (HK), and mucus.

Function Gene name Spleen PE%) Gill PE(%) HKPE(%) Mucus PE%)

§ rpll3a 110 110 110 109

% % ef 1U 107 105 109 113

E © 18S 101 97 109 98
i-1 b 105 110 104 108

S ilI-8 106 109 107 97

g mhei 107 102 113 110

é mhcii 110 110 113 129

E calm 101 101 110 97
tapbp 109 110 109 107
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To further confirm the specificity of the primer sets, a DNA agarose gel
electrophoresis was performed using SYBRgPCRproducts Figure 2.1). A cDNA pool
was made using spleen, head kidney, gill, and mucus samples, andRSYRCR
reactions were performed with the cDNA pool and primerpldf3a, il-1 bil-8, mhei, mhe
ii, calm, andtapbp A 2 % agarose gel was made with 2 g agarose (Fisher Bioreagents,
Canada), 100 mL 1x TAE (is-acetateEDTA) buffer, and 3 LGelGreef® Nucleic Acid
Gel Stain(Biotium, Inc, Canada). In each well on the agarose get, 1PCR product of the
abovementioned genes were loaded with 26x DNA loading dye Fermentas China Co.,
Ltd., China). Lastly, & L100 bp DNA LadderRromega CorporatigitSA) and 1 L6x
DNA loading dye was loaded to mark DNA band sizes. The loaded gel was run in 1x TAE
buffer under 90 \&lectric pressuréor 2 h, at room temperature. Upon the completion of
DNA electrophoresis, the gel was immediately placed irCthemiDo& XRS+Imaging
SystemgBio-Rad Laboratories, IncUSA) for DNA band detection. As shown in Figure
2.1, there was only one DNA product band observed for all 7 primer sets tests. No unspecific

amplification was olerved.
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ml13a i-18  il-8 mhe-i mhe-ii calm tapbp

Figure 2.1 DNA electrophoresis using SYBR RTPCR products ofrpl13a,il-1 bil-8,
mhc-i, mhcii, calm, and tapbpprimer sets. The SYBR RTgPCR products was made using
pooled cDNA samples (spleen, head kidney, gill, and mucus) ampdithers of the target
gene.Only one band was observed in e&BR RT-gPCRproduct.
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2.2.63 Statistical analyses of SYBR RJPCRresults

Three endogenous control gengdX3a, eflg 18S) were included in the SYBR RGPCR
assays. Categorized by tissue typgsle of quantification Cq) values of these endogenous
genes were used for reference gene evaluation using RefFinder
(https://blooge.cn/RefFindgr/aweb-basedool that mathematically integrataad ranks
reference gene evaluation results from Genorm, NormFinder, BestKeeper, and the
comparativegpCt method/Andersen et al., 2004; Pfaffl et al., 2004; Silver et al., 2006;
Vandesompele et al., 2002; Xie et al., 2012, 2028fording b the RefFinder analysis,
rpll3awas the most stable endogenous control gene for spleen, head kidney, and gill
samples, which is the same endogenous control gene selected to normalize OfenArray
TagMar® RT-qPCR results. For mucus sampleld,awas the most stable endogenous
control gene whilepl13awas ranked the secorBlecause the melting curveseflaSYBR
RT-gPCRIindicated unspecific amplificationgpll3awas selected to normalif& valuesof
mucus sampleas well.Figure 2.2shows theRefFinderendogenous gene ranking for spleen

samples as an example.
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Ranking Order (Better--Good--Average)
Method 1 2 3
Delta CT rpl13a efla 18s
BestKeeper efla mpl13a 18s
Normfinder rpli3a efia 18s
Genorm efla | mpl13a 18s
Recommended comprehensive ranking rpl13a efla 18s

Comprehensive Ranking Delta CT BestKeeper Normfinder Genorm

Genes Geomean of ranking values
rpli3a 1.19

efla 1.41

18s 3.00

Comprehensive gene stability

rpl13a

<== Most stable genes Least stable genes ==>

Figure 2.2 The SYBR RT-gPCR endogenous gene ranking result by RefFinder for
Chinook salmon spleen tissu€elhe Cqvaluesof threeendogenous control genapl(3a,
efla 18S) generated b YBR RT-gPCRwere analysed, and tlemdogenous contrgenes
were ranked based on the mathematically integrated resu@srgyrm, NormFinder,
BestKeeper, and the comparative dé€itamethod

All SYBR gRT-PCR datawas anay d u s i nCg methbde Thigostep was done
using the welbased Relative Quantification (RQ) application module on Thermo Fisher
ConnectM Cloud. As indicated in the chip result analysis, the gill and mucus samples
collectedattime point O h, 12 h, and 24 h post infection did gerterateneaningfulsignals
on chipto support statistical analysiBhus mucus and gill samples from the control tanks of

72 h and 96 Ipost infectionwerecombinedas the new control group tolcaz u | &£4 e @@

T h e Cqpajuesfor spleen, head kidney, gill, and mucus samplese converted to

logz(fold change) for normality test and tweay ANOVA. This was then followed by a
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Tukeyds posthoc test to determine significan
groups at each timepoint. Avalue of less than 0.05 was considered statistically significant.
All statistical analyseand graphingvere completed using the softwakeaphPad Prism

9.5.1.

2.2.7 Pearsonbés correlation analysis and sin

In aprevious transcriptomics study on the vacdimguced responses Arctic Charr
(Salvelinus alpinugsPear sonds ¢ o wasasedtb valate tiMAaskquending
results withRT-gPCR(Bradenet al., 209). In another study investigating tealmon louse
induced immune response in Atlantic salmBere a r s o n & s and lioeanregiessioni 0 n
analy®es were applied to validate the microarray results usingfRJIR results (Tadiso et al.,
2011). In this thesisptunderstand the relationship between the results generated by
OpenArrafg TagMar? RT-gPCR and SYBR RPCR,bothPear sonés correl at |
and simple linear regression analysis were performed lsgng(fold change) antbgz(fold
changedata with the matched tissue type and target gene. For spleen and head kidney
samplesollected 896 h post infectionthe six genes assessed with SYBRAPICR were
included in the above analysSonsideringhere was no significant difference detected in
mucus andjill samplesand the totasample numbersere smaller (only samples from time
points 72 h and 96 h), datamiicus and gilsamplesvere not included in theorrelation

and linear regressicamaly®s.

Firstly, logee (fold change) data from OpenArifay TagMar RT-gPCR and

logz(fold change) data SYBR RGPCR were aligned and trimmed. Only therto@old
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changeplndlogz(fold change) data with matched sample name were selected for the simple

linear regressionanalgs and Pear s on 6es.Bathmfrthre énkeaat relationshipanal y s
and the correlation relationship were considered significant wivattue < 0.05. As for the

Pear sonods c a9 nmoenklity test was peaforraed gnd skewed data sets were
transformed into Gaussian distributidfotably, the matchelbgre (fold change)lnd

logz(fold change)Yata were transformed using the same method. The mathematically

transformed data set was then applieda a r sarrelabia analysis, and the correlation
coefficient r were reported for each datap@ihe corr el ati on was consi i
when r was greater wabbatwee0.6@00,7 90 stimonded awleeén v

wasbetween 0.4@.59,andfi we a k 0 wasb e h we e . BBapaddbrgiou, 2022)

As for the simple linear regression analysis, a function describing the line of the best
fit between the matched leg(fold changeplndlogz(fold changedata by OpenArrdy
TagMar? RT-gPCR and SYBR RTPCR methoavasreported A slope greater than 0 was
considered as a positive relationship. TRedRefficient of determination, measdre
goodness of fit between the data set and the line of the bégeéitly whenR?=1, the dataset
falls perfectly on the line of the best #ll statistical analyseand graphingvere completed
using the software GraphPad Prism 9.5He level of significance was noted with asterisks

on r andR? in GraphPad stylep <0.0001****; p <0.0002***; p <0.0021**; p <0.0332*
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2.3 Results

2.3.1 Survival of Chinook salmon juveniles post Meanguillarumchallenge or sham

injected.

Fish survival rates were monitored for 14 days after thedivenguillarumi.p. injections.

From days O to 4, a small reduction in survival was observed irvbathguillaruminjected

and sham injected populations. This small reductreslikely caused by the handling stress

and hypoxiaduringi.p. injections. At day 4, early symptoms of vibrieBlkge skin lesions

were first observed. A sharp drop in survival was observed between day 5 and day 10, which
is typical of the time course of systemic vibriosis infection. After day 10, the suraieal r
remained stable in both groups iittie end of recording. At day 14, the PBS sham injected
group had a survival rate of 92% and the Meanguillarumchallenged group had a survival

of 31% (igure 2.3).
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Figure 2.3. Survival rate curves for the Chinook salmon Qncorhynchus tshawytscha
juveniles during the i.p. injected liveV. anguillarum challenge.Individuals received either
100 &ibrioanguillarumat a concentration @&2x 10)'CF U/ mL o ofstérie0 ¢ L

PBS to act as a sham injected control. Both exposure conditions were completed in duplicate
250 L tanks (n=100 per tank).

2.3.2 Gene expression results by OpenAfrajagMarP RT-gPCR

The OpenArrag TagMarP RT-qPCR chip tested 26 targgenes and 2 housekeeping genes
were included as the endogenous contiall@a andeflg. Forefla there was not an

adequate number of signals generated on the chip to support meaningful statistical analysis,
and across tissue types, Bai-correctedCr values ofeflawere very high (thaverage was
28.0). On the other hand, the aver&@ger-correctedCrt value ofrpll3awas 22.8, and on the

chip assay there was a good number of readings generated to support dowenrsalgsis

The normality ofrpl13awas tested by tissue and the target transcript levels were then
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normalized tapll3a The immune transcripesxpression leveicalm mhei, mheii, il-1 pil -
8, tapbp are displayed by tissue type in the sections below. In general, th&lpromatory
cytokine genes associated with early immune response increased injeatiennal

lymphoid organs starting at 72 h after IMeanguillarumi.p. injection while no significant

expression difference were observed in external MALT tissues, gill and skin mucus.

The rest of the target genes that were associated with stress, metabolism, and
apoptosishowed no significant differencestranscript expression spleen, head kidney,
gill, or mucus samples. Although there was no difference in expression level observed, the
primer efficiencies were calculatéor all the primers and probes on chighich can be used
as areference for futur@ o-¢ h i apadysig(Table 2.1). Specifically, the primer efficiency of
t nWad not calculatable by LinRegPCR (version 2021.2) due t€lodata quality. The
rest of the 27 genes had a crabgp average primer efficiency within the range66-
110% except fromfn-1 andcirbp, which had a slightly higher efficiency valueldtl.15%
and111.45% Because the primers were designed to target a range of salmon species, a
primer efficiencyslightly higher tharl10%should beconsidered acceptablalthough

melting curves should be checked for product specificity.

2.3.2.1 Immune transcripts in spleen post V. anguillarum infection

Of the six immune transcript levels thvagreselected for data validation throughout the live
V. anguillarumchallenge in spleen, three genisl( bil-8, calm) had an increased
expression over timd-{gure 2.4A-C). The preinflammatory cytokinel-1 fstayed stable in

the infected group (n=10) until 24 h post infection. At time point 72 h, the innate immune
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response was initiated ailell firanscriptievel started to elevate in the infected grotipe
iI-1 Bevel was significantly different in the infected group at the final time point of 96 h,
compared to the infected groups sampled at @sh. The control group of time point 96 h
was excluded from the analysis because it only had one dataThaére.was a significant
difference observed between thd firanscript level between time points 24 h and 96 h
(p=0.0311).In comparison, the control groups (3 that received i.p. injections of sterile

PBS had no significant differences at the timepoints aedlfFigure 2.4A).

Similarly, the preinflammatory cytokinel-8 also stayed stable in infected group
until 24 h post infection. At 72 h and 96 h, a significant difference was observed in the
infected group compared to the control group, and the infected groups did not show
significant difference in betweefhere was a significant difference observed betweeit-the
8 transcript level between time points 24 h and 9p49©(0107).The control group received
I.p. injections of sterile PBS had no significant differences at the timepointsech@yjgure
2.4B). At the timepints analged, thetranscript expression levef Ca&* regulatory gene
calmhad no significant difference obserwedhin neither the control nanfected groupBut
at thefinal time point 96 h post infection, tlealmtranscript level was observed to be

significantly different between the infected and control gr¢kjgure 2.4C).

As for the antigerpresenting molecules that are involvedhe initiation ofadaptive
immune responses)hci andmheii were stablecross the time points anagd (Figure

24D, E). The lack ofadaptive immune responses was indirectly validated betajpasin
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the stabilizer for antigen peptideading complex for MHC class I, also had a stable

transcriptexpressiorwithin the time framanalysed (Figure 24D, F).
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Figure 24. Spleen immune transcript expression throughout livé/. anguillarum
challenge, OpenArraye TagMan® RT-qPCR method. Transcript expressioevelsof
pro-inflammatory cytokined-1 fA), il-8 (B), C&* binding proteincalm(C), antigen
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presenting complemhci (D) andmheii (E), and MHC class | stabilizéapbp(F) were
assessed via OpenArfayTagMarP RT-gPCR on 12 h, 24 h, 72 h, and 96 h following i.p.
injection with liveV. anguillarum Each treatment group had 10 individuals. All data was
normalized to the reference gapél3aand expressed as a kegfold change) over the O h
control groupA p-value of less than 0.05 was considered to be statistically significant.

2.3.2.2 Immune transcripts in head kidney post V. anguillarum infection

When observing the six immune transcript levels throughout th&/lieaguillarum

challenge in head kidney, one geiiel( bhad an increased expression over the time points
analysed Figure 25A-C). The preinflammatory cytokinel-1 fwas stable in the infected

group (n=10) until time point 24 h post infection. Thé fexpression level was significantly
different in the infected group at the final time point of 96 h, compared to the infected groups
sampled at 0 h24 h.There was a significant difference observed betweeit-thé®

transcript level between time points 24 h and 964©(0069). In comparison, the control

groups (n=10) that received i.p. injections of sterile PBS had no significant differences at the
timepoints analsed (Figure 25A). The expression pattern ibfl Bn head kidney was

consistent to the expression pattern observed in spadtbough spleeit-1 firanscripts was

observed with a higher magnitude of increase by comparison.

On the other hanao significant difference of thiteanscriptexpression oil -8 was
observedetween treatment groups across the time pdingsife 2.5B). There was also no
significant difference observed in the expression levetsaloh, mhci, mheii, andtapasin

betweertreatment groups across the time poifkig(re 2.5C-F).
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Figure 25. Head kidney immune transcript expression throughout live/. anguillarum
challenge, OpenArrayE TagMan® RT-gPCR method. Transcript expressiolevelsof
pro-inflammatory cytokined-1 f{A), il-8 (B), C&* binding proteincalm(C), antigen
presenting complemhci (D) andmheii (E), and MHC class | stabilizéapbp(F) were
assessed via OpenArfayTagMarP RT-gPCR on 12 h, 24 h, 72 h, and 96 h following i.p.
injection with liveV. anguillarum Each treatment group had 10 individuals. All data was
normalized to the reference gapél3aand expressed as a kegfold change) over the O h
control groupA p-value of less than 0.05 was considered to be statistically significant.
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2.3.2.3 Immune transcripts in gill post V. anguillarum infection

Because of suboptimal transportation conditifamgyill tissuesonly samples taken at time
point 72 h and 96 h were included in the figures. The immune transca@ins (mhel, mhe

ii, iI-1 Pil-8, tapbp were expressed at a constant level post\ivenguillarumchallenge in
gill. There was no significant difference observed between the control group (n=10) and

infected group (n=10) at the time points asaty Figure 2.6A-F).
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Figure 2.6. Gill immmune transcript expression throughout liveV. anguillarum challenge,
OpenArrayE TagMan® RT-qPCR method. Transcript expressidevelsof pro-

inflammatory cytokined-1 f{A), il-8 (B), C&* binding proteincalm(C), antigen presenting
complexmheci (D) andmheii (E), and MHC class | stabilizéapbp(F) was assessed via
OpenArraf TagMar? RT-qPCR on time points 72 h and 96 h following i.p. injection with
live V. anguillarum Each treatment group had 10 individuals. All data was normalized to the
reference genmll3aand expressed as a tegfold change) over theombined72 hand96

h control groupA p-value of less than 0.05 was considered to be statistically significant.
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2.3.2.4 Immune transcripts in mucus post V. anguillarum infection

Also because of suboptimal transportation conditions only the mucus samples taken at time
point 72 h and 96 h were included in @@alysis The immune transcripts were expressed at

a constant level post liwé. anguillarumchallenge in mucus. There was no significant
difference observed between the control group (n=10) and infected group (n=10) at the time
points analged (Figure 2.7A-F). The number of data points that were generated with the
OpenArrafg TagMar? RT-qPCR were fewer compared to spleen and gill tissues because of

the interference of nefish sourced environmental mRNA.
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Figure 2.7. Mucus immune transcript expression throughout liveV. anguillarum
challenge, OpenArrayE TagMan® RT-gPCR method. Transcript expressiolevelsof
pro-inflammatory cytokined-1 [A), il-8 (B), C&* binding proteincalm(C), antigen
presenting complemhci (D), andmheii (E) was assessed via OpenAftayragMar? RT-
gPCR on time points 72 h and 96 h following i.p. injection with {fvenguillarum Each
treatment group had 10 individuals. All data was normalized to the referencepis&zeand
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expressed as a leg(fold change) over theombined72 hand96 h control groupDatafor
tapbpwas notshowndue to poor quality. A{value of less than 0.05 was considered to be
statistically significant.

2.3.3 Gene expression results by SYBRGPICR

To validatethe immune transcripts expression patterns observed using OpeBArray
TagMar® RT-qPCR, the six immune resporsdated genes that were discussed above in the
genechip experimentdalm mhel, mheii, il-1 pil-8, tapbp and three endogenous control
genesipll3a, eflg 189 were tested with SYBR RGPCR. The RIgPCR reactions used

the same set of primers exceptifel @nd18S ribosomal RNA189. As mentioned in
section2.2.63, theCqof dl the samples werérstly normalized tapl13a, the same
endogenous control gene that was chosen for the OpetAfagMar® RT-gPCRresult
analysisIn brief, theimmune transcripéxpression pattesfound using OpenArrdy

TagMar? RT-qPCRmethodwererepeated by SYBR RfPCRmethod.

2.3.3.1 Immune transcripts in spleen post V. anguillarum infection

When validating the six immune transcript levels throughout theinanguillarum
challenge in spleen, two gendls] andil-8) had an increased expression over tifigure
2.8A, B). Thetranscript expression level pfo-inflammatory cytokingl-1 fstayed stable
until 24 hpostinjection. Atboth72 hand 96 ha significant difference was observed
between the infected and control grqngl12) In the infected groupshére was a significant

difference observed between ihd firanscript leved attime pointsl2 h and 96 hf
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<0.0001).In comparison, the control groups (n=12) that receivednigctions of sterile

PBS had no significant differences at the timepoints aedlfFigure 2.8A).

As for the preinflammatory cytokinel-8, & both 72h an®6 hpost injection a
significant difference was observbdtweennfected grougndcontrol group. Between the
infected groups, there was also a significant difference obsbeteden the 12 h and 96 h
post infection |p < 0.0001) The control had no significant differences at the timepoints
analysed Figure 2.8B). Theexpression level aE&* regulatory genealmhad no
significant difference observed in infected group at the timepointssaaalyhe control
groups that received i.p. injections of sterile PBS also had no significant differences across
the time pointsKigure 2.8C). Forthe expression levels aihcl, mhcii, andtapasin there
was alsano significant difference observed across the time points in both infected and

control groupgFigure 2.8D-F).
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Figure 2.8. Spleen immune transcript expression throughout livé/. anguillarum
challenge, SYBR RFgPCR method.Transcript expressidevelsof pro-inflammatory
cytokinesil-1 (A), iI-8 (B), C&* binding proteincalm(C), antigen presenting complexhc

i (D) andmheii (E), and MHC class | stabilizéapbp(F) wereassessed via SYBR RT
gPCR on 12 h, 24 h, 72 h, and 96 h following i.p. injection withMvanguillarum Each
treatment group had 12 individuals. All data was normalized to the referencepjzeand
expressed as a lgfpld change) over the 0 h control group. Avi@due of less than 0.05 was
considered to be statistically significant.
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2.3.3.2 Immune transcripts in head kidney post V. anguillarum infection

When validating the six immune transcript levels throughout theinanguillarum

challenge in head kidnethreegenesi(-1 bil-8 andtapbp had an increased expression over
time points analsed (Figure 2.9A, B, F). The preinflammatory cytokinel-1 fstayed stable

in infected group (n=12) until time poi@4 h post infection. At time point 724nd 96 hil -

1 mexpressiorevelwas elevated in the infected group compared to the control group
comparison, the control groups (n=12) had no significant differences at the timepoints
analysed Figure 2.9A). Thetranscriptexpression pattern @1 bn head kidney was
consistent to the expression pattern observed in spMd®re a significant difference within

time point could be initially observed at 7pbst infection.

At 96 h post infection, thié-8 transcriptievel increased in the infected group, with a
significant difference observdzbtween 12 h and 96 p=0.0@®4). The control groups had no
significant differences from 0 h to 96 h pasfection Figure 2.9B). The expression aof-8
in head kidney was weaker to the expression level observed in,splaénno difference
was observed between the infected and control groups within the same tinéptabty,
the significant increase dt8 transcriptdetectedy SYBR RFgPCR methodvasnot
detectedby OpenArraf TagMarf RT-qgPCR methodNevertheless, the expression level of
tapbpwas observed to increase between the infection groups at time point 12 h and 96 h
(p=0.0117).The control grops had no significant differences from 0 h to 96 h post infection
(Figure 29F). There was no significant difference observed of the expression |lesahof

mheci, andmhcii between treatment groups across the time pdtigsi(e 2.9C-E).
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Figure 29. Head kidney immune transcript expression throughout live/. anguillarum
challenge, SYBR RFgPCR method.Transcript expressidevelsof pro-inflammatory
cytokinesil-1 [{A), il-8 (B), C&* binding proteincalm (C), antigen presenting complexhc

I (D) andmheii (E), and MHC class | stabilizéapbp(F) wereassessed via SYBR RT
gPCR on 12 h, 24 h, 72 h, and 96 h following i.p. injection withVvanguillarum Each
treatment group had 12 individuals. All data was normalized to the referenegpti3aand
expressed as a lg(@pld change) over the 0 h control group. Arigdue of less than 0.05 was
considered to be statistically significant.
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