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Abstract

Lumpfish (Cyclopterus lumpus) have been utilized to biocontrol sea-lice (e.g.,
Lepeophtheirus salmonis) infestations in Atlantic salmon (Salmo salar) farms in the North Atlantic
region. Aeromonas salmonicida subsp. salmonicida is a Gram-negative facultative intracellular
pathogen infecting several fish species, including lumpfish. Here, | established an A. salmonicida
systemic infection model in lumpfish. Juvenile lumpfish were intraperitoneally (ip) injected with
different doses of A. salmonicida strain J223. A. salmonicida median lethal dose (LDso) was
calculated at 102 colony-forming units (CFU)/dose. Samples from blood, head kidney, spleen, and
liver were collected at different time points to determine the infection kinetics. Triplicated RNA
samples from the head kidney, spleen, and liver of non-infected and infected (10* CFU/dose)
lumpfish at 3 and 10 days post-infection (dpi) were utilized for RNA sequencing (RNA-Seq).
Analysis of RNA-Seq data suggested that A. salmonicida could induce lethal infection in lumpfish
by septic-like shock, suppression of the adaptive immune system, impairment of the DNA repair
system, and disruption of cytoskeleton structure. Thus, an effective vaccine for lumpfish against
A. salmonicida is highly needed. Here, | evaluated the immune protective effect of A. salmonicida
bacterins and outer membrane proteins (OMPSs) expressing iron-regulated outer membrane
proteins (IROMPs) in lumpfish. However, my results demonstrate that vaccines do not confer
protection to lumpfish against A. salmonicida J223. Additionally, I observed that formalin-killed
A. salmonicida J223 bacterins do not increase IgM titers in lumpfish serum. Instead, the bacterins
downregulate genes encoding IgM, MHC-II, and CD4, which indicates immune suppression and
vaccine’s inability to trigger humoral and cell-mediated immune responses. Furthermore, different
post-transcriptional factors (e.g., microRNAs (miRNAs)) that significantly determine an

organism’s disease state are not explored yet in lumpfish. Therefore, | characterized miRNA



encoding genes in lumpfish from three developmental stages (adult, embryos, and larvae) in this
study, providing the reference miRNAome for future functional studies. Altogether, 443 unique
mature miRNAs were identified in lumpfish. Transcriptomics analysis suggested organ-specific
and age-specific expression of miRNAs. This thesis contributes significantly to understanding
lumpfish- A. salmonicida interactions and provides guidelines for future host-pathogen interaction

and vaccine studies.



General summary

Lumpfish is a cleaner fish that biocontrols sea-lice infestations in Atlantic salmon.
Aeromonas salmonicida subsp. salmonicida is a bacterial pathogen infecting several fish species,
including lumpfish. Here, | proposed an A. salmonicida infection model in lumpfish. Juvenile
lumpfish were infected with different doses of A. salmonicida strain J223. | determined that ~10?
J223 cells can kill 50% of the lumpfish population. Samples from blood, head kidney, spleen, and
liver were collected at different time points. Triplicated RNA samples from the head kidney,
spleen, and liver of non-infected and infected lumpfish at 3 and 10 days post-infection (dpi) were
used for RNA sequencing (RNA-Seq). Analysis of RNA-Seq data suggested that A. salmonicida
could induce a lethal condition in lumpfish, suppress its immune system, impair the DNA repair
system, and disrupt cytoskeleton structure. Thus, an effective vaccine for lumpfish against A.
salmonicida is needed. Here, | evaluated the immune protective effect of formalin-inactivated A.
salmonicida and its outer membrane proteins (OMPs) in lumpfish. However, my results
demonstrate that vaccines do not protect lumpfish against A. salmonicida J223. Additionally, I
observed that formalin-killed A. salmonicida J223 bacterins suppressed the immune responses of
lumpfish. Furthermore, different post-transcriptional factors (e.g., microRNAs (miRNAs)) that
significantly determine an organism’s disease state are not explored yet in lumpfish. Therefore, |
characterized miRNA encoding genes in lumpfish from three developmental stages (adult,
embryos, and larvae) in this study, providing the reference miRNAome for future functional
studies. Altogether, 443 unique mature miRNAs were identified in lumpfish. Transcriptomics
analysis suggested organ-specific and age-specific expression of miRNAs. This thesis contributes
significantly to understanding lumpfish- A. salmonicida interactions and provides guidelines for

future host-pathogen interaction and vaccine 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% annually [1].
The Food and Agriculture Organization (FAQ) evaluated that global agricultural production would
need to be increased by at least 60% to feed the projected 9.7 billion growing population in 2050
[2]. The rising human population affects food security by overexploiting agricultural land [3]. In
addition, overexploitation of ocean fisheries causes fish stocks to decline [4]. Global fish
consumption has increased by 3% annually from 1961 to 2019, twice as high as the world
population growth [5, 6]. FAO estimated that the proportion of fish stocks within biologically
sustainable levels decreased from 90% in 1974 to 64.6% in 2019 [5, 6]. As capture fishery
production has been declining since the late 1980s, aquaculture has been responsible for
developing seafood supply for human consumption [5, 6]. For example, global fish production
reached approximately 178 million tonnes in 2020, of which 87.5 million tonnes came from
aquaculture production [6]. Aquaculture is likely the fastest-growing food-producing sector,
valued at USD 281 billion in 2020 [4, 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 years [5, 6]. Given the worldwide aquaculture sector's contribution
to food security and the global economy, the aquaculture sector's sustainable development is a

requirement to meet future demand from the world population [8].



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 industry [9]. Atlantic Salmon (Salmo salar), Chinook salmon (Oncorhynchus
tshawytscha), coho salmon (Oncorhynchus kisutch), Arctic char (Salvelinus alpinus), rainbow
trout (Oncorhynchus mykiss), brown trout (Salmo trutta), lake trout (Salvelinus namaycush), brook
trout (Salvelinus fontinalis), Eastern and Pacific oyster (Crassostrea virginica and Crassostrea
gigas), Blue mussel (Mytilus edulis, Mytilus trossulus) and Mediterranean mussel (Mytilus
galloprovincialis), and clam (e.g. Venerupis philippinarum) are well-established aquaculture
industries in Canada that valued at ~$1.2 billion [10]. The farming of several other species, e.g.,
sablefish (Anopoploma fimbria), tilapia (Oreochromis niloticus), halibut (Hippoglossus
hippoglossus), is at various stages of development, which generates 1.6% (~$22 million) of total
Canadian aquaculture value [11, 12].

Today aquaculture in Canada generates $3.86 billion in economic activity and employs over
14,500 Canadians in every province and the Yukon [13]. Aquaculture constitutes about 20% of
total seafood production and 33% of Canada’s total fisheries value [11]. Over the last ten years,
the aquaculture production value has increased by 63% [11]. In 2019 Canada’s total aquaculture
production was estimated at 187,026 tonnes, valued at 1.2 billion dollars. This production was
essentially from offshore farming of Atlantic salmon, representing 118,632 tonnes of volume and
0.91 billion dollars of value [14, 15]. Canada is the fourth-largest farmed salmon producer in the
world after Norway, the United Kingdom, and Chile [16]. According to a 2009 study, Canada’s
farmed salmon industry provides more than 10,000 jobs alone [11]. Atlantic Canadian production

occurs mainly on the southern coasts of New Brunswick, Nova Scotia, 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 production. In fact, since 2006, salmonid production (Atlantic salmon
and steelhead trout) in Newfoundland and Labrador has increased by 195% in volume (Statistics
Canada, 2010) [17].

1.3 Sea-lice: one of the most significant challenges in salmon aquaculture

Diseases are a fundamental challenge in aquaculture. Globally industry-wide losses 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 industry can be approximately $90 million
[18, 19]. One of the most prominent disease challenges currently restraining the global Atlantic
salmon aquaculture is infestation by caligid sea-lice, specifically Lepeophtheirus salmonis and
Caligus spp [20-24]. Sea-lice are naturally 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 sea-lice numbers and infesting farmed salmon [25].

Sea-lice are a group of grossly visible host-dependent copepod ectoparasites with vast
reproductive potential [20-24]. The caligidae family of copepod ectoparasites comprises 30 genera
and 509 valid species [26]. Among them, Lepeophtheirus and Caligus, collectively known as sea-
lice, are causing the most significant economic impact of any group of parasites in salmonid fish
culture; in particular, the species Lepeophtheirus salmonis (Krgyer, 1837) is the most notorious
one [27]. The salmon louse, L. salmonis, is a parasite of salmonids in the Salmo, Oncorhynchus,
and Salvelinus genera with a circumpolar distribution in the Northern Hemisphere [27, 28].

Different life stages of L. salmonis are nauplii, copepodites, chalimi, pre-adults, and adults.

Nauplii are non-infectious, free-swimming, and non-feeding 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 pre-adults and adults that move freely over the host skin (Figure 1.1) [28].
The attached sea-lice feed on salmon mucus, blood, and skin, which leads to significant physical
and biochemical damage, including skin lesions, loss of protective skin function, secondary
infections due to immunosuppression, and osmoregulatory failure. Additionally, it causes chronic

stress to the fish and reduces fish growth and appetite [20, 24, 28-30].



Figure 1.1. Different life stages of L. 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 economic impacts due to
production losses and treatment costs [20, 29]. The global economic impact of sea-lice was
estimated at US$807 million in 2015, with costs likely to rise since then [20]. A survey in Norway
shows that the percent of total biomass growth lost per production cycle due to average sea-lice
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, equivalent to 9% of farm revenues
[31].

Fisheries and Oceans Canada (DFO) and coastal provincial governments take regulatory
measures to control sea-lice levels on salmon farms. Typically, in Canada, sea-lice are controlled
through early harvesting, in-feed medications, and topical pesticides. The development of alternate
methods for managing sea-lice is also being encouraged through integrated pest-management
strategies and investment in research [32].

1.4 Sea-lice control in salmon aquaculture

The salmon aquaculture industry has been dealing with sea-lice infestations since its origin
[33]. Several preventative and control methods have been implemented to minimize sea-lice
prevalence and reduce their impact on both farmed and wild fish. Such methods are categorized
into physical, chemical, and biological methods [34].

1.4.1 Physical methods

Additions of filtration and sieving devices (e.g., plankton nets or tarpaulin skirts) around
salmon cages can reduce sea-lice infestation [35]. Closed cages can reduce the abundance of sea-
lice reproduction within the cages without adversely affecting fish survival or growth rates [36].
Another option is snorkel sea cages, which allow salmon to access the surface via an enclosed

tube, impervious to sea-lice larvae. Snorkel sea cages can prevent an effective sea-lice infestation



on farmed salmon with little or no, adverse effects on fish growth [37, 38]. However, snorkel sea
cages may affect salmon behavior, which must be considered in welfare assessments of their use.
The placement of conducting cables around the cages can inactivate sea-lice and reduce infection
rates by using electric pulses [34].

Study shows that culturing Atlantic salmon under natural light and at 4 to 12 m deep in the
water column, especially in areas where salinity is lower at the water surface, significantly reduces
sea-lice infestation [39]. Also, irradiation by ultraviolet-C (UVC) light is found to be highly
effective at suppressing lice reproduction; however, UVC exposure leads to cataract-like
pathologies at an early age, skin damage, and behaviors indicating discomfort [40]. Furthermore,
sea-lice removal technologies using brushes or water jets (e.g., hydrolicer), novel bath treatments
using warm water (thermolicer) or freshwater, and air-desiccation can control sea-lice infestation
[20, 29].

1.4.2 Chemical treatments

Traditionally, the salmon aquaculture industry has relied heavily upon parasiticides either
as bath treatments (e.g., azamethiphos, cypermethrin, deltamethrin, hydrogen peroxide,
organophosphates) or feed (e.g., emamectin benzoate, teflubenzuron) [41, 42]. Three commercial
products are currently approved against sea-lice in Canada: (a). Slice® (Merck Animal Health),
which contains emamectin benzoate and is used as an in-feed parasiticide, (b) Interox®
Paramove® 50 (Solvay Interox Pty Ltd.), which contains hydrogen peroxide and is applied as a
bath treatment, (c) Calicide® (Nutreco), which has tebflubenzuron and delivered in feed [34].
However, the continuous and frequent use of chemical parasiticides can lead to genetic mutation
of sea-lice [43, 44] and resistance to chemotherapeutic [29, 42, 45, 46]. Sea-lice 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 yet [41, 42, 47-63].
1.4.3 Biological methods
Biological methods include selective breeding [64], vaccination [65, 66], and the use of
cleaner fish [20, 35, 67-69]. Selective breeding for disease resistance is a long-established practice;
however, it is still in the exploration phase for sea-lice [70-73]. Identifying the lice-resistant
individuals and the genes involved in the host response to infection can improve the control
strategies. Developing a vaccine against sea-lice remains elusive [35, 74, 75]. Another biological
pest control strategy is using cleaner fish [20]. The most used cleaner fish for controlling sea-lice
in salmon farms in the northern hemisphere are European wrasse (Labridae), such as ballan
(Labrus bergylta A.), corkwing (Symphodus melops L.), goldsinny (Ctenolabrus rupestris L.)
wrasses and lumpfish (Cyclopterus lumpus). Ballan wrasse, widespread in Scotland and Norway,
is not a native species in Canada. Instead, a different wild-caught wrasse, cunner (Tautogolabrus
adspersus), has been used in Atlantic Canada. However, wrasse is an efficient cleaner fish but
tends to become inactive in winter [69]. On the other hand, lumpfish continue to feed on sea-lice,
both L. salmonis and C. elongatus, at low temperatures, indicating that lumpfish is a suitable cold-

water option for the biological delousing of Atlantic salmon [35, 67, 68, 76, 77].



1.5 Lumpfish
1.5.1 Taxonomy and distribution

The lumpfish was first named and characterized by Linnaeus in 1758 [78]. It is a bony fish
(class: Osteichthyes, infraclass: Teleostei) belonging to the Order Scorpaeniformes, family
Cyclopteridae, and genus Cyclopterus [78].

Lumpfish occur naturally in the North Atlantic and southern parts of the Arctic Ocean
(Figure 1.2), and it populates bays and channels and extends off the coasts of Iceland, Norway,
Canada, Scotland, Ireland, and Portugal [79-89]. 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 water [81].
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Figure 1.2. Lumpfish distribution. Lumpfish can be found in the North Atlantic and southern
parts of the Arctic Ocean, including, coasts of Iceland, Norway, Canada, Scotland, Ireland, and

Portugal
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1.5.2 Physical and genetic characteristics
A short, swollen, and tadpole-like 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 a flat and smooth substrate, like plastic,
or stick with stone or floating seaweed [90]. The lumpfish has 25 diploid chromosomes (2n) [91,
92]. There are three genetically distinct populations of lumpfish in the North Atlantic, Maine—

Canada—Greenland (Northwest), Iceland—Norway (Northeast), and the Baltic Sea [84].
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Figure 1.3. Lumpfish (Cyclopterus lumpus) physical appearance. A short, swollen, and
tadpole-like body with a cartilaginous and gelatinous humpback together with the ventral fins

unite into a sucking disk.
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1.5.3 Feeding and reproduction

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

Lumpfish spawning occurs on the rocky sea substrate on both sides of the North Atlantic
[82, 93-95]. Lumpfish exhibit a sexual dimorphism while breeding [81, 82]. They have an
extended courtship involving nest cleaning, fin brushing, and quivering [81, 82]. Each female
lumpfish produces an average of 1000,000 eggs per spawning season, depending on body size.
Males fertilize pink eggs onto the nest’s surface, mold the eggs into the nest, produce funnel-like
depressions in the egg mass, remain there throughout the incubation period, and defend the egg
mass against invertebrate predators [81, 82].

1.5.4 Production

The number of cleaner fish used by the salmon farming industry has increased
exponentially since 2008 [69, 96]. Commercial production of lumpfish juveniles is ongoing in
Norway, and it is an emergent species in the aquaculture industry in Atlantic Canada. Marbase
Marystown Inc. is North America’s first lumpfish hatchery in Newfoundland and Labrador,
Canada. Together with that, the Ocean Sciences Centre (OSC) of the Memorial University of
Newfoundland (MUN) is home to Canada’s leading cleaner fish research and development (R&D)
facility. Lumpfish production and genomic research are ongoing in these facilities [97]. Extensive
commercial lumpfish aquaculture will help to alleviate economic, environmental, and 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 suggests the overexploitation of natural stock [69,

13



84]. Therefore, lumpfish must be reared in captivity to supply the salmon farming industry with
the number of lumpfish required for sea-lice control.
1.5.5 Research on lumpfish diseases, immunity against infections, and vaccinology

The cultivation of lumpfish is a relatively novel aquaculture. However, diseases caused by
various pathogens preclude this industry’s development. The knowledge of lumpfish diseases has
increased in recent years, alongside research into its immune system that may foster vaccine
development against different pathogens [99, 100].

Recent studies have revealed that lumpfish have a similar innate immune response to other
teleosts; for instance, macrophages display phagocytosis and respiratory burst [101], and IgM* B-
cells have phagocytic activity [102]. Antimicrobial peptides and proteins involved in complement
activation, inflammation, and pathogen lysis have been identified by proteomic analysis of
lumpfish skin mucus [103]. Lumpfish interleukin (IL) 1 (IL-1) signaling pathways, four ligands of
the IL-1 family in lumpfish (i.e., IL-1B type I and type II, IL-18, and the novel IL-1 family
members (nIL-1F)), tumor necrosis factor-alpha (TNF-a) and IL-6 were identified and
characterized at mMRNA and gene levels [104, 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), IL-1p, IL-8, IL-6, TNFa, IL-
17A/F3, IL-17C, and several components of the complement system [106]. Renibacterium
salmoninarum infection in lumpfish showed upregulation of genes encoding cytokines (interleukin
1 beta (il1p), interleukin 8a (il8a), interleukin 8b (il8b)), pattern recognition receptor (toll-like

receptor 5 (tlr5a), interferon-induced effectors (radical S-adenosyl methionine domain-containing
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protein 2/viperin (rsad2) and three gene isoforms of interferon-induced GTP-binding protein
(mxa, mxb, mxc)), and acute phase reactants (hepcidin antimicrobial peptide (hamp), serum
amyloid A 5 (saab)) at 28 days post-infection (dpi) [107]. In contrast, cell-mediated adaptive
immunity-related genes (T-cell surface glycoprotein CD4a (cd4a), T-cell surface glycoprotein
CD4b (cd4b), lymphocyte antigen 6 complex locus protein G6f (ly6g6f), T-cell surface
glycoprotein CD8 alpha chain (cd8a), HLA class Il histocompatibility antigen gamma chain
(cd74)) were downregulated at 28 dpi, but cd74 was significantly upregulated at 98 dpi [107].
Vaccination studies in lumpfish indicate the total levels of Immunoglobulin M (IgM) in sera are
lower than in salmon, but lumpfish produce specific antibodies upon immunization and can mount
protective adaptive immune response [108-110]. Real-time quantitative polymerase chain reaction
(RT-gPCR) analyses showed that the oral immunization of lumpfish larvae resulted in a subtle
stimulation of canonical immune transcripts such as il8b, interleukin 10 (il10), immunoglobulin
heavy chain variable region a (igha), immunoglobulin mu heavy chain a (ighma), immunoglobulin
mu heavy chain b (ighmb), C-C motif chemokine-like 19 (ccl19), C-C motif chemokine-like 20
(ccl20), cd8a, cd74, and ATP-dependent RNA helicase Igp2 (Igp2) [109].

On the other hand, there is growing interest in identifying major pathogens infecting
lumpfish in Atlantic Canada [111]. Bacterial infections are among the significant factors
contributing to reduced production and profits [112]. Several studies identify bacterial pathogens
in lumpfish, including Pseudomonas anguilliseptica, Vibrio anguillarum, Pasteurella sp.,
Piscirickettsia salmonis, and Aeromonas salmonicida [110, 113-116]. Typical and atypical A.
salmonicida outbreaks in farmed salmon and lumpfish have been reported in the UK, Norway, and

Canada [20, 69, 100, 113, 117-119]. Still, there is no successful vaccine against some A.
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salmonicida strains in lumpfish. Antibacterial treatments against A. salmonicida are also
unsuccessful in lumpfish [120].

1.6 Aeromonas salmonicida subsp. salmonicida

Isolates with different phenotypic characteristics have been classified into typical and
atypical groups [121]. The typical strains correspond to A. salmonicida subsp. salmonicida, and
the atypical correspond to A. salmonicida subsp. achromogenes, masoucida, smithia, and
pectinolytica [121]. A. salmonicida subsp. salmonicida is one of the oldest known fish pathogens,
endemic worldwide in both fresh and marine water in a broad host range [121-124]. This Gram-
negative, non-motile, rod-shaped, facultative intracellular, and gamma proteobacterium is the
etiologic agent of furunculosis (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 (Figure 1.4B-D) [124-129]. A. salmonicida is
well equipped to resist the host defense ways. It can enter the fish through skin, gills, and
gastrointestinal tract by removing mucus [121, 130]. Many virulence factors (e.g., structural
components like flagella, fimbriae, lipopolysaccharide (LPS), and outer membrane proteins
(OMPs)), affect the intestinal barrier function in fish and facilitate translocation by increasing
receptor-mediated endocytosis and paracellular permeability [121, 130].

A. salmonicida Type I pilus system contributes to host tissue colonization [131]. Also, the
VapA layer in the outer membrane of A. Salmonicida, along with LPS, assists in adhering and
spreading throughout the host tissues (Figure 1.4E) [121, 128, 132]. Using the type three secretion
system (T3SS), A. salmonicida secrete toxins and effector proteins (e.g. AexT, Ati2, AopH, AopO,
AopN, AopP, and AopS) into the host cell cytoplasm, suppress host immunity mechanisms, and
induces apoptosis (Figure 1.4E) [121, 128]. Additionally, extracellular products, such as

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

communication contribute to the host pathogenicity [121].
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Figure 1.4. Aeromonas salmonicida subsp. salmonicida infection. A. Gram staining of A.
salmonicida subspecies salmonicida; B-C. A. salmonicida subspecies salmonicida infection in
lumpfish shows internal organ haemorrhage; D. A. salmonicida subspecies salmonicida infection
in Atlantic salmon develops furuncles on skin; E. A model of A. salmonicida attachment to the
host cell and secretion of toxins in the host cell cytoplasm. It shows that the VapA layer in the
outer membrane of A. salmonicida, along with lipopolysaccharide (LPS), assists in adhering and
spreading throughout the host tissues. Using the type three secretion system (T3SS), A.
salmonicida secrete toxins into the host cell cytoplasm. Figure 1.4A-D are original pictures that
were taken while conducting the experimental work for this thesis. Figure 1.4E was created with

BioRender.com, while the concept was adopted from Origgi et al. 2016 [133].
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1.7 Host-pathogen interactions

Properly understanding bacterial pathogens and the host’s resulting disease state is key to
developing effective vaccines for several terrestrial pathogens. Teleostei, 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 species) [134]. The immune system's
composition and response of teleosts toward 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 cod (Gadus morhua) has lost the genes for MHCII and its accessory
molecules [135]. 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 genome-based analysis revealed that A. salmonicida isolates from different
geographical origins are diverse [136, 137]. A total of 109 genome sequences of A. salmonicida
in the GenBank database revealed that the number and size of plasmids are very diverse among
different isolates [137, 138]. Even if the plasmids are stable, the repertoire may change [137].
Furthermore, genome analysis showed that strains with high chromosome sequence similarity have
substantial differences in structure [139]. Genetic diversity influences the outcome of host-
pathogen interactions [140]. Host-pathogen interactions are essential to understand
infectious diseases, as well as their prevention and treatment [141, 142]. Therefore, elucidating the
interspecies differences and host-pathogen interactions will help increase the efficacy of future

therapies and vaccine initiatives.
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Transcriptomics analysis using different laboratory techniques (e.g., RNA-Sequencing) is
one of the methods to examine host-pathogen 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 post-transcriptional factors, including small non-
coding RNAs, play an important role in determining an organism’s disease state by regulating gene
expression related to many cellular functions. MicroRNAs (miRNAs) are a major class of small
non-coding RNAs that function as guide molecules in RNA silencing by negatively regulating
gene expression at the messenger RNA (mRNA) level or by promoting a large proportion of
cellular mMRNA degradation [144-152]. They are a large family of post-transcriptional regulators
that are ~22 nucleotides long and found in animals, plants, and some viruses [150, 152]. Functional
studies indicate that miRNAs have unique, diverse expression patterns and regulate almost every
cellular process in animals, including developmental, physiological, and pathophysiological
processes in living organisms [144-152]. Additionally, miRNAs are connected to many diseases,
and miRNA-mediated clinical trials have shown promising results for treating such diseases,
including viral and bacterial infections [145, 146, 152]. Researchers use state-of-the-art tools, such
as high-throughput sequencing (HTS), to characterize the miRNAome repertoire, understand the
host immune strategies activated against the pathogen, and how the pathogen overcomes host-
mediated immune responses directed against it [153]. Such information could help to develop
vaccine therapeutics against the pathogen [145, 146, 152].

1.8 Vaccinology

The concept of fish vaccination was first published in the period 1935-1938, when the

immune mechanisms behind protective immunization were mostly unknown [154]. In 1938

Snieszko et al. showed that fish build up protective immunity after injecting with killed bacteria.
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Subsequently, his group developed commercial fish vaccination methods, which were employed
successfully in carp culture in central Europe [154]. Duff published the first oral immunization of
fish in 1942, where chloroform-killed Bacterium (Aeromonas) salmonicida induced protection
to cutthroat trout (Oncorhynchus clarkii) against furunculosis after an injection challenge [154,
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 antimicrobial
compounds [156]. The first vaccine for fish was licensed in the USA in 1976 for aquaculture [156].
Since then, the use of vaccines has expanded along with the growth of the aquaculture industry.
For example, furunculosis has been controlled by the use of protective vaccines containing
formalin-inactivated A. salmonicida bacterins in Atlantic salmon, rainbow trout, and Arctic

char [157-164].

Vaccination is the most critical measure to prevent bacterial infection in aquaculture [165].
The vaccine contains a non-virulent, innocuous form of the given pathogen, which can initiate the
innate immune response that shapes memory adaptive immune responses (Figure 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 pathogen [167].
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Figure 1.5. The immune response following immunization with an antigen. The vaccine is
injected into fish and the antigen is taken up by antigen-presenting cells (APC, e.g., macrophages).
The presentation of the vaccine antigen by MHC molecules on the cell surface activates T cells
through the T cell receptor (TCR). The T cells drive B cell activation, which results in the
production of short-lived plasma cells that actively secrete antibodies specific for the vaccine
antigen and long-lived memory B cells that mediate immune memory. Furthermore, 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 and CD8" cytotoxic T cells that can

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

Bedekar 2022 [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 defenses [169]. Functionally,
macrophages are equipped with many pattern recognition receptors (PRRs) (e.g., TLRs, C-type
lectin receptors (CLRs), NOD-like receptors (NLRs)) that detect a multitude of pathogen-
associated molecular patterns (PAMPs) and initiate phagocytosis of the foreign entity [170]. At
least 20 different TLRs have been identified in fish species [171, 172]. However, TLRs that bind
and recognize PAMPs derived from bacteria are TLR2 (peptidoglycan, lipoteichoic acid), TLR5
(flagellin), TLR9, and TLR21 (CpG DNA) [173-181]. Subsequent PRRs binding to PAMPs
initiates a signaling cascade that stimulates transcription factors (such as nuclear factor kappa-
light-chain-enhancer of activated B cells (NFkB)), leading to the inflammatory response by
upregulating genes involved in cytokine synthesis [182]. 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 particles [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 wide array of antigenic epitopes
[184]. Activated CD4" (cluster of differentiation 4/ T cell surface glycoprotein) T cells and CD8"*
(cluster of differentiation 8/ T cell transmembrane glycoprotein) T cells can produce cytokines and
cytotoxic proteins to direct immune responses [185]. On the other hand, activated B cells will
transform into plasma cells to secrete antigen-specific antibodies [186]. Antibody development
and production are critical when dealing with most bacterial pathogens because it prevents
bacterial pathogen’s growth and colonization by complement activation, neutralization, and/or

opsonization to enhance phagocytosis [187]. 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 production [188].

Vaccinated fish are less at risk of contracting infections than unvaccinated fish [167, 189,
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 justify compared with the value of
the fish, efficacy, and type of immune response induced close to what is needed to obtain protection
[167, 189, 190]. Vaccines for fish are usually inactivated whole-cell vaccines (WCV), subunit
vaccines, and live attenuated vaccines [188]. 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 site [167, 189, 190]. The addition of an adjuvant will result in the
antigen's retention for a prolonged period and a slow antigen release [167, 189, 190]. Adjuvants
are compounds used in vaccine preparation that increase vaccine efficacy by promoting APC
maturation or retaining antigens within tissues without compromising the resulting immune
response [167, 189, 190]. A vaccine containing purified antigens alone could produce a minor

antibody response with little to no T cell activation [189, 190].

However, not all formulations confer immunological memory. Antigens prepared for
vaccination or the pathogen could trigger adaptive immune suppression, hindering protective
disease control measures [191-193]. For example, vaccination against Salmonella is challenging
because non-typhoidal Salmonella (NTS) targets and suppresses B cell lymphopoiesis and
activation and 1gG-secreting plasma cells against NTS [191]. Intraperitoneal injection (ip) of
inactivated phase | Coxiella burnetii WCV into mice resulted in marked and persistent suppression

of the proliferative response of spleen cells [192]. A vaccine formulation based on bacterial surface
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antigens was unsuccessful against ulcerative A. salmonicida in carp (Cyprinus carpio) because the

pathogenesis was characterized by a state of immune suppression [193].

Disease control or elimination requires the induction of protective immunity in a sufficient
proportion of the population [194]. This is best achieved by immunization programs capable of
inducing long-term protection, a hallmark of adaptive immunity by maintaining antigen-specific
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 exposure [195].

1.9 Major 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 responsible for significant losses in the
aquaculture industry. Research is required to characterize immune function in these species, host-
pathogen interaction, and develop vaccines against the most virulent bacteria (e.g., A.
salmonicida). Furthermore, before the current 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 of A. salmonicida in lumpfish; strategies to develop a vaccine for lumpfish with a
comparison to current industrial methods; the reason for vaccine ineffectiveness; and provides a
reference miRNAome for lumpfish by characterizing the miRNAs of embryonic, larval, and adult

lumpfish for future functional studies.
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To explore the pathogenicity of A. salmonicida in lumpfish, in chapter 2, | characterized the
kinetics of A. salmonicida subsp. salmonicida J223 (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 post-infection (dpi). The main objectives of this chapter were the
determination of lethal dose 50 (LDsg) of A. salmonicida J223 in lumpfish and lumpfish
transcriptome response to the A. salmonicida early and lethal infection. High-throughput RNA-
Seq data of three lymphoid organs, head kidney, spleen, and liver, were assembled through the de
novo transcriptome assembler and reference genome-guided transcriptome assembler to reveal
organ-specific response to the infection.

In chapter 3, I primarily aimed to develop a vaccine for lumpfish against A. salmonicida
subsp. salmonicida. For this purpose, | evaluated the immune protective effect of A. salmonicida
outer membrane proteins (OMPs) and bacterins in lumpfish with and without the Vap A layer
(A*/AY). The finding of the primary investigation leads to the hypothesis that the inactivated A.
salmonicida J223 does not trigger memory immune responses and confer protection to lumpfish.
To further investigate, | tested the biomarkers for adaptive immune responses by enzyme-linked
immune sorbent assay (ELISA) and RT-gPCR 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 types (i.e., adult lumpfish
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 organ-specific expression of some miRNAs.

Finally, in Chapter 5, | summarized the research findings and highlighted the main

conclusions, indicating how they may improve our understanding of A. salmonicida pathogenicity
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and vaccine development in lumpfish with aquaculture applications. It also provides directions for

future research in these areas.

1.11 Publications arising from this thesis
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a)

b)

Chakraborty S, Hossain A, Cao T, Gnanagobal H, Segovia C, Hill S, Monk J, Porter J,
Boyce D, Hall JR, Bindea G, Kumar S, Santander J. Multi-organ transcriptome response
of lumpfish (Cyclopterus lumpus) to Aeromonas salmonicida subspecies salmonicida

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
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(DB), Gabriel Bindea (GB); Investigation: SC, AH, TC, HG, JH, SK, CS, DB, JS; Writing
original draft: SC, SK, JH, JS; Resources: JS, DB; Writing - Review & Editing: HG, TC,
AH, MD, JH, SK, CS, DB, JS; Visualization: JS, SC, SK, CS, GB; Supervision: JS;

Funding acquisition: JS, DB.
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2. Chapter two: Multi-Organ transcriptome response of lumpfish (Cyclopterus

lumpus) to Aeromonas salmonicida subsp. salmonicida systemic infection.

2.1 Abstract

Lumpfish (Cyclopterus lumpus) are utilized as cleaner fish to biocontrol sea-lice
(Lepeophtheirus salmonis) infestations in Atlantic salmon (Salmo salar) farms in the North
Atlantic region. Aeromonas salmonicida, a Gram-negative facultative intracellular pathogen, is the
causative agent of furunculosis in several fish species, including lumpfish. The molecular immune
response of lumpfish to A. salmonicida infection was unknown. In this study, | established an A.
salmonicida systemic infection model in lumpfish and examined the transcriptome profile of
central and peripherical lymphoid tissues. Lumpfish (55.9 + 6.4 g (mean * SD)) were
intraperitoneally (ip) injected with different doses of A. salmonicida to calculate the median lethal
dose (LDso). Samples of blood, head kidney, spleen, and liver were collected at different time
points to determine the infection kinetics. | determined that A. salmonicida LDso is 10 colony-
forming units (CFU) per dose. | found that the lumpfish head kidney is the primary target organ
of A. salmonicida. Triplicated biological samples were collected from head kidney, spleen, and
liver from non-infection and infected lumpfish at 3 and 10 dpi for RNA-sequencing (RNA-Seq).
RNA-Seq generated 79,705,149 + 7,628,565 (mean = SD) paired-end reads. The reads were de
novo and reference genome-guided assembled. The reference genome-guided transcriptome
assembly resulted in 6,246 differentially expressed genes (DEGS) (log2FC <—1.0 or > 1.0, FDR <
0.05). The de novo assembly resulted in 403,204 transcripts, which added 1307 novel genes not
identified by the reference genome-guided transcriptome assembly. Differential gene expression
and gene ontology (GO) enrichment analyses suggested that A. salmonicida could induce lethal

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 death. A. salmonicida might inhibit the NF-kB signaling
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 A.
salmonicida virulence factors. This study provided insight into the interactions between a marine

teleost and A. salmonicida.

2.2 Introduction

Lumpfish (Cyclopterus lumpus) has been utilized as a cleaner fish species to biocontrol
sea-lice (e.g., Lepeophtheirus salmonis) infestations in Atlantic salmon (Salmo salar) farms in
Atlantic Canada, Iceland, the US, the UK, and Norway [1-4]. Lumpfish cultivation is becoming
an emergent aquaculture industry in the North Atlantic region since its utilization significantly
reduces or eliminates the application of toxic chemotherapeutics [2-6].

Bacterial diseases are a health concern for lumpfish delousing performance and survival
rates in sea-cages [3,4]. Aeromonas salmonicida, a facultative intracellular pathogen, endemic
worldwide in fresh and marine water and the etiologic agent of furunculosis [7-10], is one of the
most frequent pathogens of lumpfish [3,4,11,12]. A. salmonicida infection causes a cascade of
events that usually result in fish death [13-15].

Recent studies have revealed that lumpfish have a similar innate immune system to other
teleosts; for instance, macrophages display phagocytosis and respiratory burst [16], and IgM™ B-
cells have phagocytic activity [17]. Proteomic analysis of lumpfish skin mucus has identified
antimicrobial peptides and proteins involved in complement activation, inflammation, and
pathogen lysis [18]. Transcriptomics analysis of primary macrophages infected with Vibrio

anguillarum revealed the upregulation of genes encoding proteins involved in cell signaling,
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cytokines, and pathogen recognition components, e.g., toll-like receptors (TLRs), NOD-like
receptors (NLRs), interleukins (ILs), and several components of the complement system [19].
Renibacterium salmoninarum infection in lumpfish showed the upregulation of cytokines, pattern
recognition receptors (PRR), iron regulation, and acute phase reactant-related genes. In contrast,
cell-mediated adaptive immunity-related 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 response [21-23]. Real-time quantitative polymerase chain reaction (RT-qPCR) analyses
showed that the oral immunization of lumpfish larvae induced canonical cytokines and
chemokines-related genes [23]. However, A. salmonicida infection kinetics in lumpfish and
lumpfish transcriptomic response to A. salmonicida infection had not been explored before this
study. Therefore, in this study, | characterized the kinetics of A. salmonicida infection in lumpfish
and profiled the transcriptome 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., metabolism) [25].
Besides, the liver is also considered as a lymphoid organ because non-parenchymal cells of the
liver take part in antigen presentation and immunomodulatory functions [26-28], and these
immune defense mechanisms of the liver are present in teleost fish [29].

| determined that A. salmonicida kills lumpfish in a dose-dependent manner, and the lethal
dose 50 (LDso) was determined as 102 colony-forming units (CFU) per dose. | found that the
lumpfish head kidney is the primary target organ of A. salmonicida. Using reference genome-
guided and de novo transcriptome assembly analysis, | identified tissue-specific gene expression

profiles in the head kidney, spleen, and liver. This study suggests uncontrolled and detrimental
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blood coagulation, complement activation, and inflammation could cause a septic-like shock,
which leads to hypoxia, internal organ hemorrhages, and suppression of the adaptive immune
system. The analysis also suggests an impairment of the DNA repair system, which results in cell
cycle arrest and death. These findings relate to the effects of the type three secretion system (T3SS)
effectors described in A. salmonicida (e.g., destabilize cytoskeleton structure by depolymerizing
microfilament and microtubules, induce apoptosis [30]. Similarly, the gene ontology (GO)
enrichment analysis indicates that downregulated genes in the spleen are associated with
cytoskeleton structure formation. Upregulated genes are associated with the positive regulation of
the apoptotic process. Overall, this study provides fundamental knowledge to understand the A.
salmonicida infection model in a marine environment and provides valuable guidance for future
pathogenicity studies.
2.3 Materials and Methods

2.3.1 Bacterial strain, culture media, and reagents

Virulent A. salmonicida J223 (CP048223) [31-33] isolated from Atlantic salmon in 1999
was used in this study. A single colony of A. salmonicida J223 [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 15 °C with aeration (180 rpm) for 48 h. TSB was supplemented with bacto
agar (1.5%; Difco) and Congo-red (0.01%; Sigma-Aldrich, St. Louis, Missouri, USA) when
required. Bacterial growth was monitored by spectrophotometry using a Genesys 10 UV
spectrophotometer (Thermo Scientific, Madison, Wisconsin, USA) and by plating to count

CFU/mL [35].
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2.3.2 Bacteria inoculum preparation

A. salmonicida J223 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 density (ODeoo) Of
0.7 (~1 x 108 CFU/mL) according to the previous description [31]. The bacterial cells were
harvested by centrifugation (4200 x g for 10 min at 4 °C), washed three times with phosphate-
buffered saline (PBS; 136 mM NaCl, 2.7 mM KCI, 10.1 mM NazHPOg4, 1.5 mM KH2PO4 (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 determine
CFU/mL.

2.3.3 Ethics statement

The experiments were performed according to the Canadian Council on Animal Care
guidelines and accepted by Memorial University of Newfoundland’s Institutional Animal Care
Committee (protocols #18-01-JS; #18-02-JS) [37].

2.3.4 Fish holding

Juvenile specific-pathogen-free 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), Canada [37]. All the infection assays were
conducted at the nationally certified marine AQ3 biocontainment unit at the Cold-Ocean Deep-
Sea Research Facility (CDRF), DOS, MUN. Lumpfish were kept in 500 L tanks, with flow-
through (7.5 L min™!) of filtered and UV treated seawater (8—10 °C), ambient photoperiod (winter-
spring), and 95-110% air saturation. The fish were fed daily using a commercial diet (Skretting —

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 IU/Kg))
with a ration of 0.5% of their body weight per day.

2.3.5 Lumpfish infection and lethal dose 50 (LDso) determination

Lumpfish were transferred from JBARB to the AQ3 biocontainment facility in 500 L tanks
containing 60 fish each and acclimated for 2 weeks under optimal conditions (described above).
LDso of A. salmonicida J223 was evaluated in naive lumpfish according to established protocols
in the relevant literature [38]. Briefly, the fish were anesthetized with 40 mg of MS222 (Syndel
Laboratories, Vancouver, British Colombia, Canada) per liter of seawater and intraperitoneally
(ip) injected with 100 uL of 10%, 102, 103, 10% and 10° CFU of A. salmonicida J223 per dose. Five
independent tanks were utilized for monitoring the mortality, and five other separate tanks were
used for sampling. An additional non-infected group served as a control. Fish were visually
inspected for any signs of the disease. The LDso dose was determined for A. salmonicida in
lumpfish according to the Reed and Muench method [39] and the Karber method [40]. Kaplan-
Meier estimator and Log-rank tests were used to obtain survival fractions after the challenges and
determine the differences between treatments. A one-way ANOVA was followed by Tukey’s
multiple comparisons test (p < 0.05 was considered as significant). Statistical analyses and data
visualization were performed using GraphPad Prism 7.0 (La Jolla, San Diego, California, USA).

2.3.6 A.salmonicida tissue colonization

Five fish were netted at each of 0, 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 the sterile homogenizer bags (Nasco whirl-pak®, 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 incubated at 15 °C for
4 days to determine the number of A. salmonicida CFU per gram of tissue or 1 mL of blood,
respectively. The Tukey’s multiple comparisons test followed one-way ANOVA (p < 0.05 was
considered significant). Statistical analyses and data visualization were performed using GraphPad
Prism 7.0.

2.3.7 Histopathology

Sections of lumpfish head kidney, spleen, and liver were collected from the non-infected
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 in PBS at 4 °C
until further processing for paraffin-embedded tissue block according to established procedures
[41]. Tissues were sectioned, and 5 pum sections were stained with hematoxylin and eosin (Leica
Biosystems, Concord, Ontario, Canada) and visualized under a light microscope (Olympus CX21,
New York, USA).

2.3.8  RNA purification

The tissue (~100 mg) of head kidney, spleen, and liver were sampled from 3 non-infected
lumpfish and 3 infected lumpfish (10* CFU/dose) at 3 and 10 dpi (Figure 2.1) for RNA-Seq and
RT-gPCR analyses, similar to other studies [42—-47]. Lumpfish tissues (n = 27) were preserved in
500 uL of RNAlater (Invitrogen™, ThermoFisher, Waltham, Massachusetts, USA) according to
the manufacturer’s instructions until further processing. RNA was extracted from fish tissues using
the mirVana RNA isolation kit (Invitrogen™, ThermoFisher, Waltham, Massachusetts, USA)
following the manufacturer’s instructions. RNA samples were treated with TURBO DNase

(TURBO DNA-free™ Kit, Invitrogen™, ThermoFisher, Waltham, Massachusetts, USA)
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following the manufacturer’s instructions for the complete digestion of DNA and removal of
remaining DNase and divalent cations, such as magnesium and calcium. Purified RNA samples
were quantified 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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Figure 2.1. RNA-Seq sample collection and data analysis workflow.
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Table 2.1. Quality of the RNA.

Sample name? 285S/18SP RIN® Concentration (ng/pl)  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 2.06 151
10 dpi Head kidney 3 0.50 5.4 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
Control Liverl 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 dpi Liver 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

2dpi: days post-infection.

b28S: structural ribosomal RNA (rRNA) for the large subunit (LSU) of eukaryotic cytoplasmic ribosomes. 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 eukaryote total RNA 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 ~2.0 is considered pure for RNA. A lower absorbance ratio may indicate the presence of protein, phenol, or
other contaminants that have an absorbance close to 280 nm. Subtraction of non-nucleic acid absorbance at 320 nm,
is also needed to calculate this ratio. Formula:

DNA Purity (Azeo/Azs0) = (Azeo reading — Aszo reading) + (Azso reading — Aszo reading).

€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 2.0 - 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 RNA-Seq

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 generated from 250 ng of total RNA using
the NEBNext® Multiplex Oligos for Illumina® (Dual Index Primers Set 1; Adapter 1: 3'-
AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC-5'; Adapter 2: 3-
AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT-5") and sequenced in a NovaSeq 6000
Sequencer (Illumina) using a NovaSeq 6000 S4 100 bp PE flow cell. The raw data were deposited

in the NCBI Sequence Read Archive (SRA) (Accession number PRINA596743).
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Figure 2.2. Quality of the RNA samples and sequenced reads. A. Quality of RNA samples
collected from head kidney of non-infected control and 3 and 10 days post-infected lumpfish
analyzed in Bioanalyzer 2100; B. Quality of RNA samples collected from spleen of non-infected
control and 3 and 10 days post-infected lumpfish analyzed in Bioanalyzer 2100; C. Quality of
RNA samples collected from liver of non-infected control and 3 and 10 days post-infected
lumpfish analyzed in Bioanalyzer 2100; D. Sequence quality histograms: the mean quality value

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

After RNA sequencing, paired-end raw reads were mate-paired and filtered to remove low-
quality reads using the CLC Genomics Workbench v20.0 (CLCGWB; Qiagen, Hilden, Germany)
with default parameters (mate-paired read information, minimum distance = 1; maximum distance
= 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 quality of the reads was checked using
the FastQC [48], and a MultiQC [49] report was generated before and after trimming. CLCGWB
then mapped trimmed reads against the lumpfish genome (NCBI accession number
PRJINAG625538) using the RNA-Seq analysis tool. Reads mapping and 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 strand-specific = both. Gene expression quantification and normalization of the
mapped reads were performed by an alignment-dependent expectation-maximization (EM)
algorithm [50] based on the RSEM and eXpress methods [51]. The TPM values were then
computed from the counts assigned to each transcript after normalization by the trimmed mean of
M-values (TMM) [52]. A global correlation analysis was performed using log.-transformed 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
CLCGWSB and the differential expression tool based on a negative binomial general linear model
(GLM) [53]. A standard selection of biologically significant differentially expressed genes (DEGS)
and differentially expressed transcripts (DETs) were performed with cut-off values of log. fold-

change (FC) <—1.0 or > 1.0 and a false discovery rate (FDR) p <0.05.
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2.3.11 de novo transcriptome assembly, contig abundance, and functional annotation

Adaptor sequences and reads < 50 base pairs (bp) were trimmed using the Trimmomatic
v0.38 [54]. Reads were assembled into a de novo transcriptome using the Trinity software (v2.8.4)
with default parameters [55]. Assembled contigs shorter than 200 bp were excluded from the
analysis. | examined the read representation of the assembly by aligning the processed reads on de
novo assembled transcriptome using the SAMtools v1.9 [56] and Bowtie2 v2.3.5 [57]. | also
examined how successfully assembled protein-coding transcripts were reconstructed to full or near
full-length using the BLAST" [58] and Swissprot/TrEMBL. The de novo transcriptome assembly
quality and completeness were evaluated using BUSCO version 3 [59] against 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 annotation report for the potential
biological function of the assembled contigs [61]. Trinotate uses the TransDecoder v5.5 [55] to
identify protein-coding regions in each assembled transcript. BLAST" variants (blastn, blastx, and
blastp) against sequence databases downloaded locally (last accessed, January 2021), including
RefSeg-rna, RefSeqg-protein, nt, nr, and SwissProt, were used to annotate the de novo assembled
transcriptome. The transcriptomes were further annotated for remote homologs and protein
domains using HMMER v3.2.1 and Pfam v3.2.1 [62,63]. The SignalP v5.0 [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 DESeq2 [66] and edgeR [53].
Within each pairwise comparison, only transcripts with an FDR adjusted p-value < 0.05 were
considered significantly differentially expressed. The differential expression analysis was

conducted at the isoform level to identify the DETSs in each organ at different timepoint.

65



2.3.12 Gene filtration and GO enrichment analysis

DEGs identified by reference transcriptomic assembly analysis were filtered (log2FC <
—1.0 or > 1.0, p-value < 0.05) for the GO enrichment analysis. On the other hand, DETSs identified
by de novo reference assembly analysis and edgeR analysis 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 head kidney, spleen, and liver at 3 dpi and 10 dpi were conducted by the
ClueGO App (2.5.8) [67] in Cytoscape 3.9 [68] using ClueGO source files for lumpfish
(Supplementary data 1). ClueGO source files were created using a GO OBO file downloaded on
24 March 2022. Fisher’s exact test was conducted to study the enrichment of GO terms with a p-
value cut-off < 0.05 for 3 dpi and a p-value cut-off <0.00001 for 10 dpi. A differential p-value
cut-off and the GO term fusion strategy were employed to reduce the redundancy of the GO terms
and simplify the network. To obtain a global view, GO enrichment analysis of DEGs (n = 600 for
10 dpi; 300 most significant DEGs (lowest FDR adjusted p-value) from each assembly analysis of
head kidney, spleen, and liver at 3 dpi and 10 dpi were conducted by ClueGO. Fisher’s exact test
was conducted to study the enrichment of GO terms with a p-value cut-off < 0.05. The GO term
fusion strategy was employed. However, to explore the A. salmonicida pathogenecity, GO
enrichment analysis associated 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 specificity at medium in the ClueGO. Fisher’s exact test was
conducted to study the enrichment of GO terms with a p-value cut-off < 0.05 (3 dpi) and < 0.001

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

To verify the RNA-Seq analyses, expression levels of 14 genes were measured in the same
27 RNA samples that were subjected to RNA-Seq analyses. These genes were selected based on
their TPM values as they were expressed in individual samples from at least one group (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, and RT-gPCR amplifications were performed as
described previously [20,23]. The sequences, efficiencies, and amplicon sizes, and for all primer

pairs used in the RT-gPCR analyses are presented in Table 2.2.

Table 2.2. Primers used in this study.

Gene name (Gene symbol) . g Efficiency? Amplicon
Trinity ID Nucleotide sequence (5'-3") (%) size (bp)
complement component 6 (c6) F: CTGTCACCCCTCCACAGAGT 98.8 100
(DN137_c0_g1 i25) R: GTTGCATGTCAGCGTTGAGT '
C-X-C motif chemokine receptor
F: AGAGTTCACTGTGGGGGTTG
3 (LOC117745182 /cxcr3) . 93.9 106
(DN2498_c0_gl. i8) R: GACTGCACCTGGTGACCTTT
galectin-3-binding protein .
’ F: GTGCCTCAGAACGGTCTCTC
(LOC117735282/ igals3bp) . 96 114
(DN1760.c1 gl i3) R: GGCCATGTTGTCCTTGAAGT
glutathione S-transferase alpha 4 F: CCTATGGTGGAAATGGATGG
(gstaa.1) R: CATGACCCGGTCTTTGAGAT 929 108
(DN1192_c0 g1_i2) '
hepcidin anti-microbial peptide b .
F: CGTCGTGCTCACCTTCATTT
(LOC117728128 / hampb) . 91.9 95
(DN2492_c0_gl. i7) R: CTGGGTTGTCAACGCTCAT
interleukin 1 receptor type 2 i
(LOC117750249/ il1r2) i géé@%ﬁ’é&%ﬁ?ﬁiﬁiﬁ%ﬁ 925 111
(DN49226 c0 gl i2) ’
interleukin 8b (il8b) alias
C-X-C motif chemokine ligand 8b  F: GTCTGAGAAGCCTGGGAGTG 874 138
(cxcl8b) R: TCAGAGTGGCAATGATCTCG '
(DN2906_c0_g1_i1)
BPI fold-containing family C- like F: GTTTCCCGGACTTCTGATGA 957 130

(bpifcl) (DN1675_c0_g2_i3)

R: GGTACCATTTGGTTGGATGG
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Gene name (Gene symbol) Efficiency? Amplicon

Nucleotide sequence (5'-3")

Trinity ID (%) size (bp)
pentraxin 3 (ptx3a) F: GCCTCAAACCCAGAGATCAG 90 105
(DN6917_c2_g1 i1) R: GTCGGGAAGTTTGCATTTGT
ra(ngéaltit#)Atg;eslg /32@3—1 F: ACAGGAGATCGACCGCTATG
. R: GAGTCTGCGAACTCCTTTGC
(DN1973_c0_g3_i2) 924 117

?["gg’i‘i;’;gg*?'%"’)‘ F: AGAGTGGGTGCAGGAAAGAA 0.1 116
(DNI7527 0 g1, 11) R: GAAGTCCTGGTGGCCTGTAA :

suppressor of cytokine signaling3  F: CATGCCTCAGAGCAAAGTGA

(socs3a) (DN488_c0_g1_i2) R: AGCTGCAGGAGAGAGGTCTG 937 104

mTeTn'Zerf %e?tcgcsgggg%nzlg;/ F: AGGAGAAGAAAAGCCGATCC 94.4 115
infrefo) (DN2095. 60 g3, i4) R: CTCGTGGAAACTGCACTCAA

toll-like receptor 5a
F: CCATCATGCACTTTGTACGG
("(3%22221%63/1“{15)"") R: TGGACGAGTTTCAGCAGTTG 929 129

aefficiency with which primers bind to the target

In the experimental qPCR analyses, expression levels of the genes were normalized to
expression levels of two endogenous control transcripts. The fluorescence threshold cycle (Ct)
values of all 27 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 geNorm [69]. Based on this
analysis, eukaryotic translation initiation factor 3 subunit D (etf3d) (geNorm M = 0.31) and
elongation factor 1-alpha (efla) (geNorm M = 0.34) were selected as the two endogenous controls.

Endogenous control selection was followed by the experimental RT-gPCR analyses.
cDNA representing 4 ng of input RNA was used as a template in the PCR reactions. On each plate,
for every sample, the selected genes and endogenous controls were tested in triplicate, and a non-
template control was included. The relative quantity (RQ) of each transcript was determined using

the QuantStudio Real-Time PCR Software (version 1.3) (Applied Biosystems), where Ct values
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were normalized with both etf3d and efla with amplification efficiencies incorporation. For each
target of interest (TOI), 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 log. normalized values were utilized. Statistical
regression analyses and data visualization were performed using GraphPad Prism 7.0.
2.4 Results

2.4.1 LDso determination and A. salmonicida infection kinetics in lumpfish

Five groups of 60 fish (duplicated tanks, total n = 600) were injected with five different
doses of A. salmonicida J223 (10%, 102, 10%, 10% and 10° CFU/dose) to determine the LDso and
infection Kkinetics (Figure 2.3A). After 3 dpi, lack of appetite, erratic swimming, and internal
hemorrhagic septicemia were observed. Fish started to die at 7-10 dpi, and there was no survival
in the fish infected with the 103, 10* and 10° CFU/dose. Thirty-two percent of lumpfish survived
after the infection with 10 CFU/dose (Figure 2.3A). In contrast, 93% of fish survived after the
infection with the lowest dose tested (10 CFU/dose) (Figure 2.3A). The survivors and the non-
infected control fish showed no symptoms of disease or mortality. The LDso for A. salmonicida
J223 in lumpfish was 187 CFU/dose according to the Reed and Muench method [39] and 273
CFU/dose according to the Karber method [40]. According to the log-rank (Mantel-Cox) test and

log-rank test for trend, the survival curves and the trend were significantly different (p < 0.0001).
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Figure 2.3. Aeromonas salmonicida infection kinetics in lumpfish. A. Survival of lumpfish to
A. salmonicida infection. Lumpfish were ip injected with 5 different doses of A. salmonicida
ranging from 1.1 x 10! to 1.1 x 10° CFU/dose. The survival percentage of lumpfish infected with
these different doses were 93%, 32%, 0%, 0%, and 0% at 30 dpi, respectively; B-E. A. salmonicida
colonization in the lumpfish lymphoid organs (head kidney, spleen, and liver) and blood at 3, 7,
10, 21, 33 dpi; B. A. salmonicida colonization in head kidney; C. A. salmonicida colonization in

spleen; D. A. salmonicida colonization in liver; E. A. salmonicida colonization in blood. *:
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indicates a significant statistical difference (p < 0.05); F. Histopathology of lumpfish tissues
stained with hematoxylin and eosin. Lumpfish tissues were collected from control fish and infected
fish (1.1 x 10* 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. salmonicida colonization was determined at 0, 3, 7, 10, 14, 21, and 33 dpi in different
tissues (Figure 2.3B-2.3E). A. salmonicida was detected in the head kidney at 3 dpi in fish infected
with 10%°10° CFU/dose, but not when infected with 101-10? CFU/dose. | did not observe bacterial
colonization in the liver, spleen, and blood at 3 dpi in lumpfish injected with the lowest doses (10*-
10* CFU/dose) (Figure 2.3C-2.3E). In contrast, a few fish infected with the 10° CFU/dose showed
bacterial colonization in the spleen and liver at 3 dpi (Figure 2.3C-2.3D). A. salmonicida was 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 evaluated (10 and 10> CFU/dose)
(Figure 2.3B-D). At 10 dpi, bacterial colonization was detected in all the tissues except for the fish
infected with 10* CFU/dose (Figure 2.3B-1E). Significant differences between bacterial loads were
observed only in the spleen samples of the fish infected with 10° CFU/dose compared to the other
groups (p < 0.003). At 14 dpi, 3 fish infected with the 103 CFU/dose showed bacterial colonization
in all tissues sampled (Figure 2.3B-2.3E). After 15 dpi, no bacteria were detected in the remaining
survivors in the 10> CFU/dose infected group. However, A. salmonicida was detected in the head
kidney, spleen, and liver until 33 dpi in fish infected with 10 CFU/dose. These results suggest that
A. salmonicida targets the head kidney and disseminates to other organs, causing a systemic
infection.

Histopathological analysis indicated that A. salmonicida caused inflammation and tissue

necrosis in head kidney, spleen, and liver (Figure 2.3F). Previously, intracellular A. salmonicida
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was observed in lumpfish tissues at 3 and 10 dpi [70], 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 (10* CFU/dose) at 3 and 10 dpi (Figure 2.1). RNA

qualities are presented in table 2.1 and figure 2.2A-C. RNA sequencing generated 1.08 billion

Illumina NovaSeq reads ranging from 66-95 million raw reads per sample, with an average length

of 101 bp (Table 2.3). Transcriptome sequencing generated an average of 79,705,149 + 7,628,565

paired-end reads. After trimming, reads were applied to reference genome-guided transcriptome

assembly and de novo transcriptome assembly analysis (Figure 2.1). Qualities of the trimmed reads

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 kidney1 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 dpi Head 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
3dpi 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 genome-guided transcriptome assembly

To study the lumpfish response to A. salmonicida infection, | profiled the global gene
expression of the head kidney, spleen, and liver at 3 and 10 dpi, compared to non-infected fish
using RNA-Seq. A global gene expression correlation analysis showed a high degree of correlation
(R? =0.89 to 0.98; p < 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 clearest clusterization

(Figure 2.6).
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Figure 2.4. Global gene expression

Control log2(TPM)

profile of different lumpfish organs infected with A.

salmonicida. A. Scatter plot of RNA-Seq expression in head kidney 3 dpi; B. Scatter plot of RNA-

Seq expression in head kidney 10 dpi; C. Scatter plot of RNA-Seq expression in spleen 3 dpi; D.

Scatter plot of RNA-Seq expression in spleen 10 dpi; E. Scatter plot of RNA-Seq expression in

liver 3 dpi; F. Scatter plot of RNA-Seq expression in liver 10 dpi. Each dot represents a gene,

where red, green, and black represent upregulated, downregulated, and non-differentially

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 A.
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. Heatmap of differentially expressed genes in

head kidney (blue), spleen (red), and liver (green) of lumpfish infected with A. salmonicida

compared with non-infected control.
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Figure 2.6. Clusterization of gene expression profile in different lumpfish organs infected A.
salmonicida. A. Principal component analysis (PCA) of lumpfish head kidney samples, green 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 infected with A. salmonicida compared with
non-infected control; C. PCA of lumpfish spleen samples, green 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 with A. salmonicida compared with non-infected control; E.
PCA of lumpfish liver samples, green 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. salmonicida.
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The log: fold-change (FC) <—1.0 or > 1.0 and FDR adjusted p-value of < 0.05 were set as
the cut-off 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 identified 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 (Table 2.4, Figure 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/annotation, fold-
change, and FDR adjusted p-value are listed in File S2.1. 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 DEGs, the head kidney and the liver shared 196 DEGs, and the
spleen and the liver shared 738 DEGs (Figure 2.7D).

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

assembly.
Tissues Days post-infection 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 comparison. A. Venn diagram of upregulated (Up) and
downregulated (Down) DEGs (log2FC <—1.0 or > 1.0, FDR < 0.05) in head kidney (HK) at 3 and
10 dpi; B. Venn diagram of upregulated (Up) and downregulated (Down) DEGs (log2FC < -1.0
or > 1.0, FDR < 0.05) in spleen (SL) at 3 and 10 dpi; C. Venn diagram of upregulated (Up) and
downregulated (Down) DEGs (log2FC <—1.0 or > 1.0, FDR < 0.05) in the liver (LV) at 3 and 10
dpi; D. Venn diagram of all DEGs (log2FC <— 1.0 or > 1.0, FDR < 0.05) in head kidney, spleen,

and liver.
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Similarly, the log2FC < —1.0 or > 1.0 and FDR adjusted p-value of < 0.05 were set as the
cut-off criteria for sorting out significant DETS. | identified 133 DETs 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 dpi, including 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, including 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 887 upregulated and 810
downregulated transcripts (Table 2.5). Gene identifier, fold-change, and FDR adjusted p-value are

listed in File S2.2.

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

assembly.
Tissues Days post-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 transcripts, a de novo transcriptome 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 remaining high-quality reads (originating
from the three different lymphoid tissues) were used to build a de novo transcriptome 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

The de novo assembly 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 content of 46%. | found 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 SwissProt [71, 72].
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Table 2.7. Alignment statistics.

Sample name Aligned Aligned Overall
concordantly concordantly >1 alignment
exactly 1 time times rate (%)

Control Head kidney1 6056815 (14%) 33309331 (76.98%) 97.92
Control Head kidney 2 5561239 (14.17%) 30303899 (77.21%) 97.99
Control Head kidney 3 5823611 (12.66%) 36266811 (78.81%) 98.2
3 dpi Head kidney 1 5995555 (14.67%) 31412470 (76.87%) 97.79
3 dpi Head kidney 2 4668466 (14.02%) 26009476 (78.11%) 98.16
3 dpi Head kidney 3 5534685 (13.99%) 30610945 (77.4%) 97.93
10 dpi Head kidney 1 6204518 (15.73%) 28809529 (73.06%) 96.6
10 dpi Head kidney 2 4851800 (13.56%) 27816099 (77.73%) 97.66
10 dpi Head kidney 3 4818814 (13.3%) 28270093 (78.02%) 98.01
Control Spleenl 4935796 (13.74%) 27895313 (77.64%) 97.95
Control Spleen 2 4769616 (11.99%) 31464709 (79.13%) 98.33
Control Spleen 3 5384352 (12.62%) 33497395 (78.51%) 98.1

3 dpi Spleen 1 5420901 (15.39%) 26700202 (75.8%) 97.82

3 dpi Spleen 2 5093933 (13.8%) 28863984 (78.17%) 98.12

3 dpi Spleen 3 5421149 (14.45%) 28750313 (76.62%) 97.88

10 dpi Spleen 1 5355795 (14.93%) 27159109 (75.71%) 97.73

10 dpi Spleen 2 5198840 (14.71%) 26876759 (76.07%) 97.81

10 dpi Spleen 3 5145686 (15.11%) 25916830 (76.1%) 97.83

Control Liverl 4775243 (12.14%) 31337959 (79.64%) 98.18

Control Liver 2 5060475 (12.24%) 33095542 (80.03%) 98.29

Control Liver 3 3988922 (10.35%) 31537686 (81.8%) 98.49

3 dpi Liver 1 3499716 (10.92%) 25588309 (79.87%) 97.92
3 dpi Liver 2 4756240 (10.41%) 37275425 (81.56%) 98.44
3 dpi Liver 3 5063196 (10.72%) 38469695 (81.42%) 98.67

10 dpi Liver 1 3473492 (10.91%) 25995568 (81.64%) 98.55

10 dpi Liver 2 4197048 (10.44%) 33072408 (82.25%) 98.52

10 dpi Liver 3 3454200 (9.93%) 28709153 (82.54%) 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 eukaryotes (n = 303), vertebrates (n = 2586),
and actinopterygian (n = 4584). The analysis reported that the majority of the actinopterygian core
genes had been successfully recovered from the lumpfish de novo assembly. Specifically, of the
4584 single-copy orthologs searched, ~88% were completely recovered, and ~4% were partially
recovered. Only ~8% of single-copy orthologs were classified as missing in the assembly. This

data indicates a complete, consistent, high-quality lumpfish transcriptome assembly (Figure 2.8).
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Figure 2.8. Quality of transcriptome assembly. BUSCO pipeline for gene set completeness was
assessed for eukaryotes (n = 303), vertebrates (n = 2586), and actinopterygian (n = 4584). Here,
~88% actinopterygian core genes were completely recovered, while only ~8% of single-copy
orthologs were classified as missing from the assembly. This data indicates a reasonably complete,

consistent, and high-quality 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 DESeg2 were generally higher and were almost
accommodated within the edgeR DETSs lists. | used the more conservative edgeR-generated DETS
for further analysis (Table 2.8). The log fold-change (FC) <—1.0 or > 1.0 and FDR adjusted p-

value of <0.05 were set as the cut-off criteria for sorting out significant DETSs.

Table 2.8. Differentially expressed transcripts (DETSs) identified by de novo transcriptome

assembly.
Tissues _ Day_s post- edgeR upre_gulated edgeR downr.egulated Total DETs
infection (dpi) transcripts transcripts

Head kidney 3 138 148 286

Head kidney 10 204 273 477

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 the head 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 identified 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 transcripts (Table 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 DETSs (Figure 2.9D).
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Figure 2.9. Transcripts expression profile comparison. A. Venn diagram of upregulated and
downregulated DETSs identified by de novo transcriptome assembly in head kidney at 3 and 10 dpi;
B. Venn diagram of upregulated and downregulated DETs identified by de novo transcriptome
assembly in spleen at 3 and 10 dpi; C. Venn diagram of upregulated and downregulated DETs
identified by de novo transcriptome assembly in liver at 3 and 10 dpi; D. Venn diagram of all DETs
in head kidney, spleen, and liver identified by de novo transcriptome assembly. DN- de novo
transcriptome assembly. HK: Head kidney. SL: Spleen. LV: Liver. DETSs: differentially expressed
transcripts. Dpi: days post-infection. Filtration of DETs and DEGs are log2FC < —1.0 or > 1.0,

FDR <0.05.
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The hierarchical clustering of DETs expressed in abundance (log.FC < —5.0 or > 5.0 and
FDR < 0.05) visualized as in the heatmap supports the tissue and time point-specific clustering
(Figure 2.10A). The heatmap also reveals that samples from uninfected lumpfish and infected
animals clustered mostly within each tissue sub-cluster (Figure 2.10A). 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 infected fish 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 Pearson’s correlation plots of correlation values between samples that agree with

the hierarchical clustering analysis (Figure 2.10B).
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Figure 2.10. Principal component analysis, correlation analysis, and hierarchical clustering.
A. Pearson’s correlation plot visualizing the correlation values between samples; B. Hierarchical
clustering of differentially expressed transcripts identified (log.FC <—1.0 or > 1.0, FDR < 0.05)

for each organ (head kidney, spleen, and liver) at 3 dpi and 10 dpi compared to non-infected

control.
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Furthermore, a blastn analysis of all DETSs identified by de novo assembly was conducted
against the lumpfish genome using Blast™ 2.12.0 to retrieve lumpfish gene symbols corresponding
to those transcripts (File S2.4). The analysis identified 1954 genes that were common to the DEGs
identified by the reference genome-guided 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 File S2.5). These unique genes were added to the DEGs list

generated by the reference genome-guided transcriptome for GO enrichment analysis.

90



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 genome-guided and
de novo transcriptome assembly. A. Comparison of DEGs identified by reference genome-
guided and de novo transcriptome assembly; B. Comparison of DEGs identified by reference
genome-guided and de novo transcriptome assembly in the head kidney; C. Comparison of
DEGs identified by reference genome-guided and de novo transcriptome assembly in the
spleen; D. Comparison of DEGs identified by reference genome-guided and de novo
transcriptome assembly in the liver; REF: reference genome-guided transcriptome assembly.
DN: de novo transcriptome assembly. HK: Head kidney. SL: Spleen. LV: Liver. DETS:
differentially expressed transcripts. DEGs: differentially expressed genes. Filtration of DETSs

and DEGs are log2FC <—1.0 or > 1.0, FDR < 0.05.
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2.4.5 GO enrichment analysis

Overall, the GO enrichment analysis using a combination of all DEGs at 3 dpi and 10 dpi
identified multiple enriched GO terms related to biological process (BP), molecular function (MF),
and cellular component (CC) (Figure 2.12, 2.13, and File S2.6). This result suggests that nucleic
acid metabolism and immune responses are mostly affected at the early point of infection. On the
other hand, a lethal A. salmonicida infection could modulate lumpfish adaptive immune responses

and metabolic processes.
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Figure 2.12. ClueGO-based 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 (ellipse), GO cellular
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. ClueGO-based 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 of representative GO
terms or pathways are tabulated in File S2.6. High 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.g.,
intracellular anatomical structure) (Figure 2.14A, File S2.6). The upregulated 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 S2.7). However, no GO terms were enriched by the downregulated DEGs of the head
kidney at 3 dpi. All the DEGs of the spleen at 3 dpi showed their association with several enriched
GO terms related to BP (e.g., 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 with APR, complement component
activation, humoral immune response, inflammatory responses, and many others (File S2.7).
Downregulated DEGs of the spleen at 3 dpi were associated with ribosome assembly, cytoplasmic
translation, and oxygen carrier (File S2.7). Furthermore, the DEGs of the liver at 3 dpi were only
associated with response to stress (Figure 2.14E and File S2.6). Upregulated DEGs showed three
enriched GO terms, such as APR, chemoattractant activity, and cellular response to interleukin-1

(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 3 dpi; 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 the database source 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 significant DEGs (lowest FDR adjusted p-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 process), 1 GO term related to MF (nucleic acid binding), and 10
GO terms related to CC (e.g., organelle, nucleoplasm, extracellular region) (Figure 2.14B and File
S2.6). The 600 most significant DEGs (lowest FDR adjusted p-value) of the spleen at 10 dpi were
associated with 16 enriched GO terms related to BP (e.g., immune response, inflammatory
response, defense response), four 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 region) (Figure 2.14D, File S2.6).
The 600 most significant DEGs 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 process), three 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 analysis indicates that upregulated DEGs 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 process (File S2.7).
Upregulated DEGs in the spleen at 10 dpi were associated with complement activation, regulation
of the apoptotic process, APR, blood coagulation, and inflammatory response (File S2.7).
Upregulated DEGs 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, nucleic acid metabolic
process, ribosome biosynthesis, and translation (File 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, DNA repair, double-strand 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 lowest FDR adjusted p-value in
lumpfish head kidney, spleen, and liver (File S2.8). The results indicate that the most significantly
overexpressed genes in the head kidney, spleen, and liver were illb, il8, il10, il6, hamp,
haptoglobin (hp), ptx3, collagenase (mmpl13b), c7b, and amyloid protein a (Figure 2.15). In
addition to this, the top significant upregulated genes in the head kidney at 3 dpi were fibrinogen
beta and gamma chain (fob and fbg) and complement factor B (cfb) (Figure 2.16). The top
significant upregulated gene in the spleen at 3 dpi was tubulin alpha-1A chain (tubala), and at 10
dpi were tlr5, coagulation factor Illa (f3), and socs3a (Figure 2.17). The top significant
upregulated genes in the liver at 10 dpi were adenosine receptor A3 (adora3) and
carcinoembryonic antigen-related cell adhesion molecule 1 (ceacaml) (Figure 18). Most of these

genes are involved with inflammation, complement activation, blood coagulation, and APR.
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Figure 2.15. Most significant DEGs (lowest FDR adjusted p-value) in all organs studied after
A. salmonicida infection in lumpfish. Bar plots represent the expression pattern (log.TPM) of
interleukin-1 beta (il1b), interleukin-8 (il8), interleukin-10 (il10), interleukin-6 (il6), haptoglobin
(hp), hepcidin (hamp), pentraxin-related protein PTX3 (ptx3), collagenase (mmp13b), complement

component C7 (c7), and amyloid protein a.
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Figure 2.17. Most significant DEGs (lowest FDR adjusted p-value) in the spleen after A.
salmonicida infection in lumpfish. Bar plots represent the expression pattern (log.TPM) of
tubulin alpha-1A chain (tubala), rho guanine nucleotide exchange factor, coagulation factor Illa
(f3a), toll-like receptor 5 (tIr5), suppressor of cytokine signaling 3a (socs3a), ras-specific guanine

nucleotide-releasing factor 2a (rasgrf2a), protein family member 3 (tppp3).
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Figure 2.18. Most significant DEGs (lowest FDR adjusted p-value) in the liver after A.

salmonicida infection in lumpfish. Bar plots represent the expression pattern (log2TPM) of

adenosine receptor A3 (adora3), carcinoembryonic antigen-related cell adhesion molecule 1

(ceacaml), DNA damage-inducible transcript 4 protein (ddit4), DNA replication ATP-dependent

helicase/nuclease DNA2 (dna2), and DNA mismatch repair protein Msh2 (msh2).
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Furthermore, | observed significant downregulation of genes encoding MHCII and IgM
in all analyzed organs (Table 2.9). In addition, cd79a, cd79b, and cd209 were downregulated in

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

Table 2.9. Significant differential regulation of adaptive immune marker (log2FC <-1.0 or

> 1.0, FDR < 0.05) identified from RNA-Seq analysis.

Gene symbol

Description

Logz Fold Change

Head kidney

Spleen

Liver

3 dpi

10 dpi

3dpi 10 dpi

3 dpi

10 dpi

LOC117737678

H-2 class Il
histocompatibility
antigen gamma
chain

- -1.91

-1.37

-1.68

LOC117747618

H-2 class |1
histocompatibility
antigen, E-S beta
chain

-1.12 -2.35

-1.58

-1.76

LOC117731450

H-2 class Il
histocompatibility
antigen, A-U
alpha chain

-1.03  -2.75

-1.16

-2.12

LOC117747619

H-2 class Il
histocompatibility
antigen, A-U
alpha chain

- -2.79

-1.76

-1.65

LOC117745568

H-2 class Il
histocompatibility
antigen, A-U
alpha chain

1.23

-3.18

LOC117742904

V-set and
immunoglobulin
domain-
containing
protein 1

-2.20  -5.07

-1.92

-3.44

si:ch211-
139916.8

Immunoglobulin
superfamily
member 6

- -1.33

-1.04

-1.58

Sema3fa

Immunoglobulin
(Ig) domain

- -1.81

-2.23
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Gene symbol

Description

Logz Fold Change

Head kidney

Spleen

Liver

3 dpi

10 dpi

3 dpi

10 dpi

3 dpi

10 dpi

vsig10

V-set and
immunoglobulin
domain-
containing
protein 10

-1.85

-1.18

LOC117747962

Immunoglobulin
kappa light chain

-1.94

-1.34

LOC117737972

Polymeric
immunoglobulin
receptor

-1.97

-1.68

igsf8

Immunoglobulin
superfamily
member 8

-2.04

igsfsb

Immunoglobulin
superfamily
member 5

-2.05

-1.64

-2.24

tmigdl

Transmembrane
and
immunoglobulin
domain
containing 1

1.07

-4.07

-1.28

-2.56

LOC117750007

Immunoglobulin
like domain-
containing
receptor 1

-2.14

-1.42

vsig8b

V-set and
immunoglobulin
domain
containing 8b

-2.61

-1.94

cd79a

B-cell receptor
complex-
associated protein
alpha

-2.27

-5.76

-1.33

-2.49

cd79b

B-cell receptor
complex-
associated protein
beta

-1.21

-4.75

-1.87

-5.44

LOC117735721

CD209

-1.08

-1.69

-1.96

-2.53

LOC117750415

CD209

-2.17

-1.31

-3.50

LOC117750406

CD209

-2.90

-3.59
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Additionally, host genes are associated with cytoskeleton organization (e.g. actin-binding
LIM protein 1-like, cdc42 effector protein 1b, rho GTPase-activating protein 4-like, rho guanine
nucleotide exchange factor 10-like protein, rho guanine nucleotide exchange factor 18, rho-
related GTP-binding protein RhoH, tubulin beta chain, tubulin monoglycylase TTLL3-like, tubulin
polyglutamylase TTLL7, ras-specific guanine nucleotide-releasing factor 2a (rasgrf2a), protein
family member 3 (tppp3)) were downregulated in the spleen at 10 dpi (Figure 2.17, Files S2.1,

$2.7, and S2.9).

A. salmonicida infection upregulated several regulators of NFkB activity, including
nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor alpha (IxBa), B-cell
lymphoma 3 (bcl-3), tumor necrosis factor receptor superfamily member 11B (tnfrsfllb),
apoptosis-enhancing nuclease (aen), DNA damage-inducible transcript 4 protein (ddit4), nfib
inhibitor o (nfkbia), and nuclear factor interleukin-3-regulated protein (nfil3) in lumpfish head

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

A. salmonicida infection downregulated several genes (e.g. BRCAl-associated RING
domain protein 1 (bardl), DNA replication ATP-dependent helicase/nuclease DNA2 (dna2), DNA
excision repair protein ERCC-1 (erccl), DNA repair endonuclease XPF (ercc4), E3 ubiquitin-
protein ligase HERC2 isoform X1 (herc2), DNA mismatch repair protein Msh2 (msh2), Poly(ADP-
ribose) polymerase 1 (parpl), DNA repair protein RAD52 homolog isoform X1 (rad52), DNA
repair and recombination protein RAD54-like (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 the log. of the RQ values from the RT-qPCR
and the logz of the transcript per million reads (TPM) values from the RNA-Seq was determined
for 14 selected genes, complement component c6 (c6), cxc chemokine receptor type 3 (cxcr3),
galectin-3-binding protein a (igals3bp), glutathione s-transferase alpha tandem duplicate 1
(gstad.1), hepcidin (hamp), interleukin 1 receptor 2 (il1r2), interleukin 8 (cxcl8b/il8), bactericidal
permeability-increasing protein (bpifcl), pentraxin-related protein ptx3 (ptx3a), ras-related
protein orab-1 (orabl), amyloid protein a, suppressor of cytokine signaling 3a (socs3a), tumor
necrosis factor receptor superfamily member 9 (tnfrsf9), toll-like receptor 5 (tlr5a). As shown in
figure 2.19, there was a significant positive correlation between the RNA-Seq and RT-gPCR data.
Correlation r? 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 genome-guided RNA-Seq analysis. On the
other hand, the RT-qPCR results for c6, bpifcl, igals3bp, orabl were not in good agreement with
the de novo RNA-Seq analysis (Figure 2.20). However, the gRT-PCR results of all other DEGs
evaluated agreed with the de novo RNA-Seq analysis, with correlation R? values ranging from 0.6

to 0.95 (Figure 2.20).
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Figure 2.19. Gene expression correlation between RT-gPCR and RNA-Seq data of 14
selected DEGs. RNA-Seq data are presented as log.TPM (X-axis), and RT-qPCR data are
represented as log2RQ (Y-axis). Three different colors represent gene expression in the head
kidney (brown), spleen (red), and 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 point in that tissue.

111



Y =-0.01283*X + 5.601
R?=0.0004348

S

-

20 2 4 6 8 1012 14
Log,TPM

-14-12-10 -8 -6 -4

hampb

Y =0.8439*X +5.96
R*=0.949

Log,RQ

-14-12-10 -8 6 4 -2 0 2 4

Log,TPM

6 8 10 12 14

Y =0.8442*X - 1.166
R?=0.7422

Log,RQ

2

6
4
2

a
. ¢

s
1412108 -6 4 2 0 2 4 6 8 10 12 14
Log,TPM

socs3

20

Y —0.5168*X + 0.8344
R*=0.6651

Log,RQ
1 e e
W h SR E S x

20 2 4
Log,TPM

-14-12-10 -8 -6 -4 6 8 10 12 14

excl8a

20

Y - 0.9617*X +2.188
R*=0.6977

Log,RQ
-\4 2o %= o R %

exer3 gstad.1
20 20
Y=o_§121*x+1.539 :2 Y- 0.6527*% + 2428 18
R%=0.7704 R2= 0,609 16
14 14
g n 2 12
410 5 10
- 8 3 8
6 - 61 s
4 ‘{;,}". 4 "';'," .
o f ot
-14-12-10 8 6 4 2 0 2 4 6 8 10 12 14 14-12-10 -8 6 4 -2 0 2 4 6 8 10 12 14
LogsTEM Log, TPM
bpifel igals3bp
20 20
Y-02988*X+4822 18 Y=02513*X +3309 18
R?=02159 R*=0.07017 16
14
9 12
& 10
o
0 %
i 4>
Ny by .
.
14412410 8 6 4 -2 0 2 4 6 8 10 12 14 14-12-10 -8 6 4 2 0 2 4 6 8 10 12 14
Log, TPM Log,TPM
orabl pex3
20 20
Y -0.1076*X + 2245 18 Y =0.9082*X +0.5416 18
RE-005168 16 R2=0.8636 16
14 14
o
I n Z 1
@10 Eﬂ 10
- 8 8 &
6 6 P
o i 4, o
— ¥ el
14-12-10 -8 6 4 2 0 2 4 6 8 10 12 14 -14-12-10 -8 -6 4 -2 0 2 4 6 8 10 12 14
Log,TPM Log, TPM
tirsa mfisf9
20 20
Y=09672°X 13573 18 Y-1002*X + 1.196 18
R2=0.9485 R=0.8617 ij
g n A g n
fo 50
i Y = 8 .
6 * y
P Ny
Fo4 £~
o2 1 F
e »
14-12-10-8 -6 4 2 0 2 4 6 8 10 12 14 1412108 6 4 2 0 2 4 6 8 10 12 14

Log, TPM

Log,TPM

amyloid protein a

20
Y -08138*X +3225 18

R?=0.9135

Log,RQ

5

-14-12-10 -8 6 -4 2 0 2

Log, TPM

4 6 8 10 12 14
Log,TPM

112

.
-18-161412-10-8 -6 -4 -2 0 2 4 6 8 1012141618



Figure 2.20. Gene expression correlation between RT-gPCR and RNA-Seq data of 14 gene
expressions. de novo RNA-Seq data are presented as log,TPM (X axis). RT-gPCR data are
represented as 1og2RQ (Y- axis). Three different colors represent gene 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 tissue.
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2.5 Discussion

Lumpfish are the emergent cleaner fish species in the North Atlantic region [1-6].
However, diseases, including bacterial infections, are affecting the performance of lumpfish and
its extended utilization [3]. A. salmonicida is a globally distributed pathogen that infects and kills
lumpfish [3]. The infection kinetics of A. salmonicida in lumpfish and its response to early and
lethal infection had not been described before this study. In this study, | established a reproducible
A. salmonicida systemic 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 (10* CFU) of A. salmonicida, during early (3 dpi) and late infection stages (10 dpi).
Head kidney is known as a primary lymphoid organ as it is a hematopoietic tissue in the teleost,
similar to the bone marrow of higher vertebrates [73]. B cell development, antigen sampling, and
antigen retention have been described in teleosts head kidney [24,73,74]. The spleen is the
primordial secondary lymphoid organ that contains macrophages, MHC class I1+ 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, as non-parenchymal cells of the liver take part in antigen
presentation and immunomodulatory functions [25,26,28,29]. In addition, the liver encompasses
large populations of natural killer (NK) cells and T cells [26,28]. This study analyzed the
transcriptome response of the head kidney, spleen, and liver of lumpfish during a lethal A.
salmonicida infection.

The virulence of different A. salmonicida isolates vary in different fish hosts. For instance,
A. salmonicida DH170821-10 showed relatively lower pathogenicity with an LDso of 6.4 x 10°
CFU/dose in rainbow trout (Oncorhynchus mykiss) and coho salmon (Oncorhynchus kisutch) [77].

Another study described two highly pathogenic strains of A. salmonicida, MT1057, and MT423,
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with an LDso of 102 CFU/dose in Atlantic salmon but a lower virulence in halibut (Hippoglossus
hippoglossus), with an LDso of 10° CFU/dose [78]. This study showed that A. salmonicida J223
(Santander lab collection) is highly virulent for Newfoundland lumpfish. | determined that an ip
infection of 102 bacterial cells per dose can kill 50 percent of the infected lumpfish population,
which is similar to rainbow trout, Chinese perch (Siniperca chuatsi), and Atlantic salmon [78,79].
The hyper-virulence of A. salmonicida J223 strain in lumpfish was further verified by another
study conducted by Santander lab, where a bath infection of lumpfish with 10® CFU/mL of A.
salmonicida J223 caused 100% lethality within 14 dpi (unpublished data).

Subsequently, A. salmonicida infection Kinetics in different organs was determined for
different doses used to infect lumpfish. All lethal doses (10°-10° CFU/dose) showed the presence
of A. salmonicida in the head kidney at 3 dpi, suggesting that this organ is the primary A.
salmonicida target, and from there, it spreads to the spleen and liver, and finally, after 7 dpi, A.
salmonicida infection in lumpfish becomes systemic (Figure 2.3). Similar to my findings, previous
studies indicated that 3 to 4 days is a typical incubation period for A. salmonicida, where the
bacterium rapidly disperses in head kidneys, followed by spleen and liver [80,81]. Lumpfish
infected with a low dose of A. salmonicida (10' CFU/dose) established a persistent infection, as
bacterial colonies were still detected after 30 dpi without causing mortalities. While A. salmonicida
J223 strain lethal doses cause acute infections, in low doses it might cause chronic infections.

Similarly, Pseudomonas aeruginosa can 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 years [82]. | did not explore

the further mechanism of A. salmonicida mediated chronic infection here. Future studies to
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consider how A. salmonicida can utilize strategies to evade immune clearance to cause chronic
infections would be helpful to explore the pathogenesis in marine teleosts.

To understand the transcriptome dynamics and the impact of A. salmonicida on gene
expression levels, high-throughput RNA-Seq technology was used. RNA-Seq can effectively
analyze transcript sequences and estimate gene expression levels that can be applied to the
identification of DETs or DEGs between different experimental conditions [83,84]. Illumina-based
RNA-Seq results in millions of short reads which need to be assembled into transcript sequences
[85]. An RNA-Seq analysis allows for the distinguishing between individual transcripts (isoform)
of a gene [85]. Analysis of DETSs is essential in identifying differences between tissues [84].
However, the alignment of RNA-Seq reads to a certain gene allows researchers to study gene
expression [86,87]. Gene expression estimation from the expression levels of transcripts provides
more robust results [88]. Gene expression estimation allows researchers to determine DEGs under
different conditions. Analyzing DEGs is more applicable for biological analysis, e.g., GO
enrichment analysis [89]. This study utilized two different approaches: de novo and reference-
based, to assemble the transcriptome. With the availability of the reference genome, a reference-
based assembly is more effective than a de novo assembly [90]; however, studies showed that the
de novo assemblies were able to identify a complete gene content [55,60,91-95]. | applied the de
novo assembly approach at the isoform level, which allowed me to determine DETSs in 3 and 10
dpi of the head kidney, spleen, and liver. However, the reference-based assembly approach allowed
me to generate both DEGs and DETs using CLCGWB. My results demonstrate that the total
number of DETSs identified by the de novo transcriptome assembly analysis was higher than the
total number of DETSs identified by the reference genome-guided transcriptome assembly analysis

(5265 vs 4261, log2FC < —1.0 or > 1.0, FDR < 0.05), which is similar to Kovi et al. [91] (Files
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S2.3 and S2.2). Intrinsic methodological issues of de novo analysis could generate misassembled
transcripts [96]. The Trinity de novo assembler might yield more transcripts because of lacking
strand-specific information [97]. Subsequently, a BLAST search of all de novo DETSs against the
lumpfish genome identified that only 4839 (91.9%) de novo DETS are protein-coding transcripts.
Hereafter, the corresponding genes of these de novo DETs were compared with the reference-
based DEGs. | observed that only 25.9% of the genes were shared between the de novo and
reference-based analysis, 17.3% were unique in de novo analysis, and 56.8% were unique in the
reference-based analysis (Figure 2.11).

In addition to this, the RT-qPCR verification analysis demonstrates that the overall gene
expression levels were underestimated by de novo analysis (Figure 2.19 and 2.20). Previous studies
have found that the reference-based method surpasses the de novo method for characterizing
transcriptome and gene expression [96,98,99]. Still, this study suggested that each method
captured unique transcripts. Therefore, | adopted an integrative approach for GO enrichment
analysis to bring more benefits for the better exploration of A. salmonicida pathogenicity.

The number of DEGs and DETs was highest in the spleen, followed by the head kidney
and liver at 3 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 gene-level expression is global. One gene can have several
transcripts as a result of alternative splicing in eukaryotes and not all the DETs were significant
(log2FC <—1.0 or>1.0, FDR < 0.05). Therefore, | cannot compare between the gene and transcript
expression. Thus, moving forward, I used the gene-level analysis.

The head kidney plays a key role in initiating the immune response in fish [73,100]. |

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 kidney (Figure 2.3F).
Such responses correlate with the infection kinetics of A. salmonicida (Figure 2.3B-2.3E).
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 2.4). The spleen promotes humoral immunity
[101,102] and identifies cell damage [103]. This could be a reason for having the highest spleen
response during A. salmonicida infection. The liver controls biochemical processes, including
metabolism [104]. Large numbers of metabolism-related 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, and APR (Figures 2.15-2.18).
Furthermore, GO enrichment analysis indicates that inflammation and APR 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 response 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 proteins (e.g., serum amyloid proteins
(SAPs), haptoglobin (HP)) [105-107]. RNA-Seq results demonstrate the upregulation of genes
related to inflammation and APR in lumpfish head kidney (e.g., illb, il6, il10, cxcl8a, serum
amyloid A-3, hp, cxcr3, hamp, ptx3a, tlr5a), spleen (e.g., amyloid protein a, C-C motif chemokine
19 (ccl19), il1b, il6, cxcl3, cxcl8a, hp, cxcr3, hamp, ptx3a, tlr5a), and liver (e.g., amyloid protein

a, saa3, ccll9, illb, il6, cxcl8a, hp, cxcr3, hamp, ptx3a, tlr5a) (Files S2.7 and S2.9). The
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upregulation of several of these genes (cxcr3, hamp, il1r2, cxcl8b/il8, ptx3a, amyloid protein a,
tlrsa) was further verified by the RT-qPCR experiment (Figure 2.19). Like lumpfish, A.
salmonicida infection also induces inflammation and APR in Atlantic salmon, cod, rainbow trout,
Arctic char, and zebrafish [13,15,32,81,108,109]. The blood coagulation system and complement
cascade are closely linked to the inflammatory response and APR [110-112]. Upregulation of
genes related to blood coagulation was observed in lumpfish head kidney at 3 dpi (e.g., fibrinogen,
prothrombin, plasminogen, antithrombin-111) and spleen at 10 dpi (e.g., thrombomodulin, platelet
glycoprotein 4, coagulation factor XIIl, coagulation factor Illa, and coagulation factor VIII, von
Willebrand factor) (Files S2.1, S2.7, and S2.9). Furthermore, after RNA-Seq data analysis, the
upregulation of genes complement factor H, complement factor B, c3-like complement component
(c3), c7, c8 alpha chain complement component (c8), clr-A subcomponent-like complement
component, and c6 were observed in the head kidney and spleen (Files S2.1 and S2.9). The RT-
gPCR analysis confirmed the upregulation of c6 in all three tissues. These results indicate that A.
salmonicida infection may induce blood coagulation and complement activation in lumpfish,
similar to observations made in zebrafish, Atlantic salmon, and Arctic char infections with A.
salmonicida [13,15,81].

However, under some circumstances, these innate immune responses cause tissue damage
and organ failure, eventually leading to death, a hallmark of sepsis [113]. During sepsis, the
association of pattern recognition molecules with the pro-inflammatory mediators and activation
of the NF-xB signaling cascade could cause the increased expression of proinflammatory
cytokines [111]. Pro-inflammatory cytokines and complement components activate the
coagulation cascade [114]. The coagulation system acts as a general host defense system to restrict

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 (DIC), microvascular thrombosis—
induced hypoxia, and prolonged suppression of fibrinolysis, which contributes to multiorgan
failure, abnormalities in host metabolism, immune suppression, septic-like shock, and death
[111,115-118]. Interestingly, the downregulation of 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, and complement systems
break the blood/tissue barrier and damage the host tissue and organs [119]. Interestingly, excessive
hemorrhages in the lumpfish body, eyes, gills, or at the base of the fins, muscles, and organ tissues
and ascites were visually observed in moribund fish (Figure 2.21). These observations suggest that
detrimental and uncontrolled inflammation, overactivation of blood coagulation, and complement
components might lead to a septic-like shock, which plays a significant role in the A. salmonicida-
mediated lethal infection of lumpfish. However, the septic response is an extremely complex
reaction of inflammatory, anti-inflammatory, humoral and cellular processes, and circulatory
abnormalities, which are highly variable with the non-specific nature of the signs [120]. Therefore,

further investigation is required to confirm sepsis in lumpfish.
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Figure 2.21. Aeromonas salmonicida J223 infected lumpfish. A. salmonicida infection causes:
A. swelling; B. ascites; C. excessive hemorrhages in the lumpfish body and organ tissues of

moribund fish.
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Furthermore, 1110 was upregulated in all three lumpfish organs at 10 dpi (Figure 2.15).
Previously, it was described that A. salmonicida elicits a significant increase in il10 expression in
head kidney leucocytes [121]. A similar effect was also described in Arctic char [81]. IL-10 can
contribute to immune suppression by inducing a Treg-mediated response. Deleting the type three
secretion system (T3SS) genes of A. salmonicida decreases the host cytokine expression
significantly [121]. A fully virulent A. salmonicida downregulated specific innate and adaptive
immune gene expression and reduced the survival of the infected rainbow trout [122-124].
Consequently, 1 observed the downregulation of genes encoding MHCII and IgM in all analyzed
organs (Table 2.9). Previous research on A. salmonicida infection in trout showed the
downregulation of immunoglobulin light chains, constant and variable domains [108,109]. In
addition, cd79a, cd79b, and cd209 were downregulated in the head kidney, spleen, and liver (Table
2.9). CD79a and CD79b are B-cell antigen receptor complex-associated proteins o and f chains
that play a crucial role in B cells activation and antibody production [125]. CD209 is a C-type
lectin, an essential PRR that participates in immune defense and microbial pathogenesis in
mammals, and it is present on the surface of macrophages [126]. Previous studies on A.
salmonicida infection in rainbow trout showed that cd209 was downregulated [108,109]. All of
these observations suggest A. salmonicida-mediated immune suppression in lumpfish.

A. salmonicida virulence factor AopO is an ortholog of the Yersinia YopO/YpkA
serine/theonine kinase. This serine/threonine kinase inhibits phagocytosis by blocking the Rac-
dependent Fcy receptor internalization pathway [122]. | observed the downregulation of the low-
affinity immunoglobulin gamma Fc region receptor I1-b-like (LOC117747925) in the spleen at 3

dpi (File S2.1), suggesting that A. salmonicida J223 might cause an antiphagocytic effect in

122



lumpfish. However, this could result from the impact of an undetermined signaling cascade, which
needs further verification.

At least six A. salmonicida T3SS-related 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 host [30,122]. The GTPase activating domain and
the ADP-ribosylating 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 parahaemolyticus is responsible for the local detachment of the actin-
binding proteins from the plasma membrane and induces membrane blebbing and cytolysis by
hydrolyzing the host phosphatidylinositol 4,5-bisphosphate [30,122]. AopH, an ortholog of
Yersinia YopH, is responsible for altering the actin cytoskeleton by dephosphorylating the tyrosine
residue [30,122]. AopO, an ortholog of Yersinia YopO, prevents the actin distribution in the host
cell [30,122]. AopN, an A. salmonicida effector, binds and sequesters ap-tubulin and inhibits
microtubule polymerization that induces mitotic arrest [30,122]. AopS, an ortholog of V.
parahaemolyticus VopS, could inhibit the actin assembly by preventing the interaction of Rho
GTPases with its downstream effectors [30,122]. In this study, DEGs associated with cytoskeleton
organization (e.g. actin-binding LIM protein 1-like, cdc42 effector protein 1b, rho GTPase-
activating protein 4-like, rho guanine nucleotide exchange factor 10-like protein, rho guanine
nucleotide exchange factor 18, rho-related GTP-binding protein RhoH, tubulin beta chain, tubulin
monoglycylase TTLL3-like, tubulin polyglutamylase TTLL7, rasgrf2a, 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 was observed in the head kidney at 10 dpi (e.g., genes

encoding dynein assembly factors, dynein heavy chains, tppp3) (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 by microfilament and microtubule depolymerization and mitotic arrest during A.
salmonicida infection.

The A. salmonicida T3SS effector AopP induces apoptosis in affected cells by interfering
with critical signal transduction pathways (i.e., NFkB signaling) that activate caspase 3 [30,122].
AopP hinders the NF-«B signaling pathway by restraining the transportation of the p50/p65 protein
complex (NFKB1/RelA) into the target cell’s nucleus [30,122], resulting in the septicemia and
furuncles formation (subcutaneous wounds) in host tissue [127]. | observed the upregulation 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 regulators of the NFkB pathway, including IkBa inhibitor,
bcl-3, tnfrsf1lb, aen, ddit4, nfkbia, and nuclear factor interleukin-3-regulated protein (nfil3) (File
S2.1 and S2.9). | did not observe the formation of furuncles in lumpfish skin that might be
concurrent with no expression of caspases involved in apoptosis. A dual transcriptomic study and
in vitro experiments to identify the dysregulation of aopP of A. salmonicida in 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 example, Helicobacter pylori
infection downregulates DNA mismatch repair and base excision repair mechanisms [128]. The
bacterial toxin can be a source of DNA double-strand breaks (DSBs), causing cell death [129].
DSBs induce DNA damage response (DDR), resulting in cell cycle arrest [130]. My results
indicate that A. salmonicida infection downregulates several genes involved in DNA

damage/repair in the liver at 10 dpi (e.g., bardl, dna2, erccl, ercc4, herc2, msh2, parpl, rad52,
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rad54l) (Figure 2.18 and Files S2.1, S2.7, and S2.9). Therefore, several biological processes such
as DNA replication, DNA and RNA metabolic processes, DSB repair, DNA repair, RNA
metabolic process, gene expression, and cell cycle processes were enriched by the downregulated
genes in liver 10 dpi (File S2.7). These findings suggest that A. salmonicida infection 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 a, ptx3, mmpl3b, illb, il8, il10, and il6 were
significantly upregulated in the head kidney, spleen, and liver of infected lumpfish, suggesting
they could be used as biomarkers for the molecular diagnosis of A. salmonicida infection (Figure
2.15). Actually, most of these genes were suggested as biomarkers of sepsis in humans [132,133],
suggesting a conserved response to septic shock in vertebrates. Genes encoding ras-related GTPase
1Ab, rho GTPase-related proteins, and microtubule-associated proteins might be proposed as
biomarkers to identify A. salmonicida-specific infection (Figure 2.17 and File S2.8). In addition,
tlr5, 6, c7, fgb, fgg, f3a, socs3a, adora3, ceacaml, tppp3, tubala, ddit4, dna2, and msh2 can also
potentially be proposed as biomarkers to detect A. salmonicida lethal infection in lumpfish.
Multiplex RT-qPCR assays for these genes could then be developed to detect early A. salmonicida
infection in lumpfish. These technologies could accelerate 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. salmonicida has evolved many mechanisms to counteract and modulate the host
responses. Only 102 cells of A. salmonicida can kill 50% of the lumpfish population. Overall, this

study characterizes A. salmonicida infection kinetics in lumpfish head kidney, spleen, and liver
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(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 suggests that A. salmonicida might induce lethal
infection in lumpfish by uncontrolled and detrimental blood 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, ultimately, death (Figure 2.22). Also, A. salmonicida might destabilize the
cytoskeleton structure by depolymerizing microfilaments and microtubules to colonize and survive
inside the lumpfish (Figure 2.22). In addition, A. salmonicida may be capable of inhibiting the NF-
kB signaling pathway and the induction of the apoptotic process (Figure 2.22). These findings
could help a global understanding of the molecular network of A. salmonicida-lumpfish host
interactions, which is essential for developing effective treatments. Furthermore, this analysis
provides a guideline for future experimental designs to study A. salmonicida pathogenesis in

lumpfish.
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Figure 2.22. Aeromonas salmonicida infection model in lumpfish lymphoid organs. A.
salmonicida early (3 dpi) and late (10 dpi) infection model shows that A. salmonicida could induce
lethal infection in lumpfish by uncontrolled and detrimental blood coagulation, complement
activation, and inflammation. 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. Also, A. salmonicida might destabilize 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 salmonicida suppresses the humoral

and cell-mediated immunity of lumpfish (Cyclopterus lumpus).

3.1. Abstract

Aeromonas salmonicida is a globally distributed aquatic pathogen that causes furunculosis
in fish. The genome of this Gram-negative pathogen is very diverse, and several subspecies have
been identified. Vaccine efficacy against A. salmonicida has been documented with successful
reports in different fish species. Many A. salmonicida pathogenicity and vaccinology studies used
different strains, which led to difficulties in reproducing results because of the genomic diversity
of A. salmonicida strains. Recently, a hypervirulent strain of A. salmonicida was sequenced and
characterized, which caused mass mortalities in Atlantic salmon, rainbow trout, and lumpfish.
Using lumpfish as a model, | evaluated several antigen preparations against A. salmonicida J223.
Here, | assessed the potential immune protective effect of A. salmonicida bacterins in the presence
and absence of the virulence factors VapA layer and extracellular products secreted by A.
salmonicida. Also, | evaluated the impact of outer membrane proteins (OMPs), including iron-
regulated outer membrane proteins (IROMPS) of A. salmonicida in lumpfish. Triplicated groups
of passive integrated transporter (PIT)-tagged lumpfish (10.3 + 2.4 g (mean £ SD); n=48 per group)
were intraperitoneally (ip) injected with the respective antigen formulation (A. salmonicida VapA*
bacterin, VapA* bacterin with extracellular products, VapA™ bacterin, VapA~ bacterin with
extracellular products, VapA* OMPs, VapA* IROMPs, VapA™ OMPs, VapA™ IROMPs) or control
(TSB + adjuvant). Blood samples were collected every 2 weeks post-immunization (wpi) for IgM
titers determination by enzyme-linked immune sorbent assay (ELISA), and spleen samples were
collected at 6 wpi for gene expression evaluation by real-time quantitative polymerase chain
reaction (RT-gPCR) assay. Immunized fish were ip challenged with 10* A. salmonicida cells/dose
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at 8 wpi. Immunized and control fish died within 2 weeks post-challenge. ELISA analyses suggest
that immunization with A. salmonicida J223 bacterins did not increase IgM titers. RT-qPCR results
showed that genes having putative roles in adaptive immunity (e.g., igm, mhc-ii, and cd4) were
downregulated. These results indicate that A. salmonicida J223 antigen preparations, including
bacterin and OMPs, independent of VVapA presence, suppress lumpfish immunity. Interestingly, a
similar effect was observed in naive lumpfish when infected with live A. salmonicida J223,
suggesting the presence of virulence factors triggers immune suppression in lumpfish. My results
will be valuable in developing an immune-protective vaccine against A. salmonicida.
3.2. Introduction

Aeromonas salmonicida was first identified in the 1890s during a disease outbreak at a
Bavarian brown trout (Salmo trutta) hatchery [1]. Since then, A. salmonicida has 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 salmonids [2].

Isolates with different phenotypic characteristics have been classified into typical and
atypical groups [3]. The typical strains correspond to A. salmonicida subsp. salmonicida, and the
atypical correspond to A. salmonicida subsp.achromogenes, masoucida, smithia, and
pectinolytica [4-7]. Additionally, A. salmonicida can be divided into 14 subgroups based on
variations in the gene that encodes for the A-layer protein (vapA) [8]. Moreover, the genome-based
analyses revealed that A. salmonicida isolates from different geographical origins are much more
diverse than previously thought [7, 9]. A total of 95 genome sequences of A. salmonicida (either
completed or draft genomes) are available in the GenBank database (accessed in March 2023)

(https://www.ncbi.nlm.nih.gov/genome/browse/#!/prokaryotes/540/).
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The A. salmonicida genome is rich in mobile genetic elements, including plasmids,
transposons, insertion sequences (1Ss), and genomic islands [10]. Analysis of most of these
genomes revealed that the number and size of plasmids vary among different isolates [9]. Plasmids
can represent up to 40% of the genome [11], and plasmid repertoire is very diverse among A.
salmonicida strains [9, 12]. Plasmids allow the bacterial genome to adapt rapidly by changing the
gene repertoire [9, 11]. The type three secretion system (T3SS) of A. salmonicida, located in a
large virulence plasmid, transfers several effector proteins and toxins into the host cell, suppressing
the host immune response [13, 14]. Genomic variation within the virulence plasmid could affect
T3SS functionality and virulence. For example, the typical strain J223 harbors a complete T3SS
with additional copies of aopN and acr2 virulence genes, correlating with the hypervirulence

displayed by this strain [12, 15, 16].

A comparative genomic analysis of A. salmonicida strains showed that strains with high
chromosome similarity have genomic structural differences. For example, typical A.
salmonicida strain J223 has 99.21% and 99.17% of nucleotide identity with A. salmonicida strain
01-B526 and A449, respectively, but they display structural genomic differences (e.g.,
chromosomal inversion, insertions, and deletion) [12]. Genomic differences between A.
salmonicida strains, host range, and environmental adaptation are related to ISs activity, which
might result in the presence and absence of genes encoding for virulence factors, causing
differences between strains that affect their phenotypes [7, 12, 17]. Typical strains harbor more
active 1ISs than atypical strains, suggesting that atypical strains could have evolved from a recent
endogenous mutagenesis event [12]. Such mutagenesis events indicate that there might be
considerable flexibility in the capacity of the A. salmonicida genome to respond to diverse

conditions.
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Recent studies identified that the A. salmonicida species includes a myriad of strains with
various ways of living and ecological niches [18]. The well-known strict psychrophiles have
extensive host ranges in wild and farmed fish of all ages, and their infection occurs in freshwater,
brackish, and marine environments [19-21]. Studies have been done to identify possible protective
A. salmonicida antigens, e.g., the A-layer protein VapA, several outer membrane proteins (OMPs),
including iron-regulated outer membrane proteins (IROMPs), extracellular products (ECPSs) (e.g.,
protease, lipase, lipopolysaccharide (LPS)) and the T3SS consisting of effector and structural
proteins [14, 22-35]. The potential of these virulence factors as vaccine candidates have been
investigated in several fish species [24, 26, 36-44]. However, many of these vaccine studies used
different strains of A. salmonicida and delivery routes for the infection challenges, which led to

inconsistent results because of the genomic diversity within A. salmonicida [9, 12, 16, 44-48].

Lumpfish (Cyclopterus lumpus L.) farming has been increasing exponentially to reduce
sea-lice (e.g., Lepeophtheirus salmonis, an ectoparasite) infestation from farmed Atlantic salmon
in Europe and Canada [49-53]. Sea-lice impact the survival and welfare of salmon and cause
substantial economic losses to the aquaculture industry [54, 55]. As anti-lice chemotherapeutic
treatment results in parasite resistance, cleaner fish, like lumpfish, are successfully used to
biocontrol sea-lice infestation in the North Atlantic region [56-58]. However, A. salmonicida
infections are responsible for high mortality in lumpfish [16, 59]. Also, other farmed species, like
sablefish (Anoplopoma fimbria), European perch (Perca fluviatilis), rainbow trout (Oncorhynchus
mykiss), crucian carp (Carassius auratus), Atlantic halibut (Hippoglossus hippoglossus), and
Arctic char (Salvelinus alpinus) are severely affected by A. salmonicida [60-64], suggesting that

vaccines are lacking efficacy to control furunculosis outbreaks in species different than Atlantic
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salmon. Efforts to develop vaccines against A. salmonicida in lumpfish are ongoing, but

furunculosis remains recalcitrant [48, 52, 59, 65-70].

Inactivated whole A. salmonicida cell preparations do not confer immune protection in
some fish species. For example, the A-layer protein was identified as highly immunogenic in fish
when injected as whole A. salmonicida cell bacterin or purified preparations [38, 71, 72]. However,
washed or unwashed formalin-killed virulent cells of A. salmonicida with or without the A-layer
did not protect Brook trout (Salvelinus fontinalis) [39]. A potential reason for this could be the
presence of virulence factors that cause immune suppression or the antigenic components of the
vaccine could inhibit adaptive immune response. The antigenic component of an injected vaccine
must be taken up by the antigen-presenting cells (APC) and presented by major histocompatibility
complex (MHC) molecules that activate T cells. Activated T cells drive B cell activation and the
production of memory B cells and CD8* memory T cells. CD8* memory T cells can proliferate

rapidly once they encounter a pathogen and trigger immune protection [73].

In chapter 2, | identified that A. salmonicida subspecies salmonicida strain J223 causes an
acute infection in lumpfish [16]. The lethal dose 50 (LDso) was calculated as 10> CFU/dose, and
10® CFU/dose caused 100% mortality to lumpfish in 15 days. In addition, our group observed that
mortality in lumpfish infected by a bath with A. salmonicida J223 (10® CFU/mL for 20 min)
reached 100% in 14 days (unpublished data). A. salmonicida J223 infection also causes immune
suppression by upregulating 1110 and downregulating immunoglobulins (igm) and mhc-11 in
lumpfish head kidney, spleen, and liver [16]. Therefore, | aimed to develop a vaccine for lumpfish
against A. salmonicida J223. For this purpose, | evaluate the immune protective effect of A.
salmonicida bacterins and OMPs/IROMPs with and without Vap A layer (A*/A") 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 encoding MHC-11, CD4",
CD8", and titers of IgM, by real-time quantitative polymerase chain reaction (RT-gPCR) and
enzyme-linked immune sorbent assay (ELISA), respectively. My results indicate that the formalin-
killed A. salmonicida bacterin and OMPs neither trigger memory immune responses nor confer
protection to lumpfish. These results suggest that prevention of antigen presentation, B and T-cell

activation could be a mechanism exerted by the virulence factors present in A. salmonicida J223.

3.3. Materials and Methods

3.3.1.Bacterial strains, media, and reagents

A. salmonicida strains J223 (A*), J225, J227, and J228 (A"; lab 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 Lakes, New Jersey, USA) at 15 °C with aeration (180 rpm) for 48 h
according to previous descriptions [15, 74-76]. Subsequently, 300 pL of fresh culture was added
to a 250 mL Erlenmeyer flask containing 30 mL of TSB media and cultured at 15 °C with aeration
(180 rpm) up to a desired optical density (ODsoo Nm). When required, TSB was supplemented with
1.5% bacto agar (Difco) and 0.01% Congo-red (TSA) (Sigma-Aldrich, St. Louis, Missouri, USA).
Bacterial growth in TSB was monitored by 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 x g for 10 min at 4 °C).

3.3.2. Bacterin preparation

A. salmonicida strains were grown in 250 mL Erlenmeyer flasks containing 30 mL of TSB
media supplemented with 2,2'-dipyridyl at 15 °C with aeration (180 rpm) up to ODsoo 1.5 to induce
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the expression of IROMPs [77]. The bacterial cells were harvested by centrifugation (4,200 x g
for 10 min at 4 °C) and washed three times with phosphate-buffered saline (PBS; 136 mM NacCl,
2.7mM KCI, 10.1 mM NaxHPOQOg4, 1.5 mM KH2PO4 (pH 7.2)) [78] and then fixed with 50 mL of
6% formalin for 3 days at room temperature with gentle agitation. Formalin residues were removed
by centrifugation at 4,200 x g for 10 min at 4 °C and washed 3 times with PBS. Inactivated cells
were then resuspended in PBS and dialyzed (Molecular weight cut off 3.5 kDa; Spectra/Por, Cole
Parmer, Laval, Quebec, Canada) at 4 °C with gentle stirring in 1 L of 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, and J228 strains 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 plate. The growth medium was
saved because that contains ECPs secreted by the A. salmonicida. The inactivated cultures of J225,
J227, and J228 strains were mixed in equal quantities (by volume). Both PBS-washed and
unwashed preparation of J223 and mixed J225, J227, and 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 Jose, California, 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
described previously [79]. Washed and non-washed A. salmonicida J223 bacterin (hereafter

referred to as A" W and A" NW, respectively) and the mix of A. salmonicida J225, J227, and J229
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bacterin (hereafter referred to as AW and A" NW, respectively) were mixed with CARBIGEN™,
a terminally-sterilized, carbomer-based (Carbopol 934P) adjuvant to prepare the vaccine
formulation according to manufacturer's instructions (MVP Adjuvants®, Phibro Animal Health
Corporation, Teaneck, New Jersey, USA). Only TSB medium was mixed with the adjuvant to use

as a control.

3.3.3.Bacterial outer membrane proteins preparations

A. salmonicida OMPs were prepared according to the established methods [80]. Briefly, A.
salmonicida J223 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 FeCl3 or 2, 2’-dypyridyl, respectively at 15 °C
with aeration (180 rpm) up to an optical density (ODeoo nm) of 1.0. The cells were harvested by
centrifugation at 10,000 g for 10 min at 4 °C and washed three times with PBS. A. salmonicida
cells resuspended in Tris-OH/EDTA buffer pH 7.4 (20 mM Tris-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 °C to remove 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
at 4 °C to obtain the OMPs. OMPs obtained from A. salmonicida J223 supplemented with FeCls
or 2, 2’-dipyridyl were denoted as A* OMPs or A" IROMPs, respectively. OMPs obtained from A.
salmonicida J227 supplemented with FeCI3 or 2, 2’-dipyridyl were denoted as A" OMPs or A

IROMPs, respectively. The total OMPs were normalized to 5 pg/mL by using the
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spectrophotometer (Genova-nano, Jenway, Stone, Staffordshire, England) and mixed with

CARBIGEN™ to prepare the immunization dose.

3.3.4. Vaccine pre-evaluation
The presence and integrity of bacterins were assessed by staining with 5-([4,6-
dichlorotriazinyl] amino) fluorescein hydrochloride (DTAF) solution (100 pg in dimethyl
sulfoxide (DMSO); Sigma-Aldrich, St. Louis, Missouri, USA) according to established protocols
[81] and 4',6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific, Waltham,
Massachusetts, USA) according to the manufacturer's instructions. A. salmonicida strains labeled

with DTAF and DAPI, were visualized with a Nikon ARL1 laser scanning confocal microscope.

Furthermore, OMPs profiles were visualized by Sodium dodecyl-sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) electrophoresis. Proteins preparations were boiled for 10 min
after resuspending in 100 pL of 2X SDS-buffer (glycerol 50%, 1M Tris-OH [pH 6.8], SDS 10%,
bromophenol blue 0.5%, and B-mercaptoethanol 0.5%) [78]. Aliquots of 10 pL from each sample
were separated in 10% SDS-PAGE at 120 V for 1.5 h using a Mini-PROTEAN®II Cell
electrophoresis apparatus (Bio-Rad, Hercules, California, USA). The gel was stained for 30 min
with a Coomassie blue solution (Coomassie blue 0.125% (w/v); methanol 50% (v/v); glacial acetic
acid 10% (v/v); dH>O up to 1 L) and destained with 30% methanol and 10% acetic acid solution

until visualization.

A. salmonicida VapA was detected by Western blots. Briefly, SDS-PAGE gels and
nitrocellulose membranes (0.2 um, Bio-Rad, Hercules, California, USA) were submersed in
transfer buffer (methanol 20% (v/v), 250 mM Tris-OH; 1.92 M glycine; dH>O up to 1 L) for 5 min.
OMPs were transferred by a semi-dry TRANS-BLOT®SD apparatus (Bio-Rad, Hercules,

California, USA) at 20 V for 30 min. Membranes were incubated overnight in blocking buffer
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(skim milk 0.5%; PBS-Tween 0.05% (PBS-T)) and washed three times with PBS-T for 5 min each.
The membranes were incubated 1 h at room temperature with rabbit 1gG anti-VapA (1:5000) [15],
washed three times with PBS-T, and incubated 1 h with the goat anti-rabbit 1gG alkaline-phosphate
conjugate (1:5000) (Life Technologies, Thermo Fisher Scientific, Waltham, Massachusetts, USA).
After washing three times, the protein was visualized by adding 1 mL of 5-bromo-4-chloro-3-
indolyl phosphate (BCIP)-nitro blue tetrazolium (NBT) (Thermo Fisher Scientific, Waltham,

Massachusetts, USA) to the membrane.

3.3.5.Bacteria inoculum preparation

A. salmonicida J223 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 15 °C with aeration (180 rpm) in an orbital shaker up to an optical density (ODsoo)
of 0.7 (~1 x 10® CFU/mL) according to previous descriptions [15]. The bacterial cells were
harvested by centrifugation (4,200 x g for 10 min at 4 °C), washed three times with PBS, and
finally resuspended in 300 pL 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 experiments were performed following the Canadian Council on Animal Care
guidelines and approved by Memorial University of Newfoundland's Institutional Animal Care

Committee (protocols #18-01-JS, #18-03-JS, and biohazard license L-01) [53].

3.3.7.Fish holding
Juvenile lumpfish (10.3 £ 2.4 g (mean + SD)) were maintained at ~8-10 °C in 500 L tanks

supplied with 95-110% air-saturated and U.V.-treated filtered flow-through seawater, and an
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ambient photoperiod at the Dr. Joe Brown Aquatic Research Building (JBARB) at the Department
of Ocean Sciences (DOS), Memorial University of Newfoundland (MUN), Canada for the
immunization experiment [53]. Challenge assays were conducted at the AQ3 biocontainment
Cold-Ocean Deep-Sea Research Facility (CDRF) at DOS, MUN. Lumpfish were kept in 500 L
tanks, with flow-through (7.5 L/min) of UV-treated seawater (8-10 °C), ambient photoperiod
(winter-spring), and 95-110% air saturation. Biomass density was maintained at 6.6 kg/m®. The
fish were fed daily using a commercial diet (Skretting — Europa 15; crude protein (55%), crude fat
(15%), crude fiber (1.5%), calcium (3%), phosphorus (2%), sodium (1%), vitamin A (5000
IU/Kg), vitamin D (3000 IU/Kg) and vitamin E (2001U/Kg)) with a ration of 0.5% of their body

weight per day.

3.3.8. Lumpfish immunization using a common garden experiment

Lumpfish were passive integrated transporter (PIT)-tagged and acclimated for 2 weeks at
~8-10 °C before immunization. After this period, independent groups of 48 fish were starved for
24 h, anesthetized with 40 mg of MS222 (Syndel Laboratories, Vancouver, BC, Canada) per liter
of seawater. and intraperitoneally (ip) immunized with 100 uL of the A*W (4.0x10° CFU/dose),
A*NW (5.8x107 CFU/dose), A'W (5.1x108 CFU/dose), ANW (3.6x10” CFU/dose), A*OMPs (500
ng/dose), ATIROMPs (500 ng/dose), A"OMPs (500 ng/dose), and A'TROMPs (500 ng/dose).
Control fish were injected with TSB and adjuvant (1:1). Fish were distributed randomly into three
different tanks with an equal proportion of each group (Figure 3.1). Non-lethal blood samples
(n=30; 6 fish each treatment) were taken from the caudal vein of anesthetized fish every 2 weeks
post-immunization (wpi), and lethal spleen samples from euthanized fish (400 mg of MS222/ L of

water) were taken at 6 wpi (n=30; 6 fish each treatment).
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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

@ 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 Ilumpfish were
intraperitoneally (ip) immunized with A. salmonicida A*/A"and W/NW bacterin. Another four
independent groups of 48 lumpfish were ip immunized with A. salmonicida A*/A" and
OMPs/IROMPs. Control fish were injected with TSB and adjuvant CARBIGEN™ (1:1). Fish
were distributed randomly into three different tanks with an equal 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 treatment). n = number of fish, W = average weight

of fish, T= number of treatments, wpi = weeks post-immunization.
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3.3.9.Challenge of immunized lumpfish

Immunized lumpfish were transferred from JBARB to the AQ3 biocontainment facility and
acclimated for 2 weeks under the previously described optimal conditions. The fish were
anesthetized with 40 mg of MS222 per liter of seawater and ip injected with 100 ul of 10*
CFU/dose of A. salmonicida at 8 wpi. Mortality was monitored daily, Kaplan-Meier estimator and
Log-rank test were used to obtain survival fractions after the challenges and to determine the
differences between treatments, respectively. One-way ANOVA was followed by Tukey's multiple
comparisons test to obtain the p-value between groups (p < 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 enzyme-linked immunosorbent assay (dELISA)

Similar to the previous finding [60], | verified that high-affinity anti-lumpfish IgM chicken
IgY binds strongly to the A. salmonicida J223 in a non-specific fashion that hindered us from
conducting an indirect ELISA. Therefore, total lumpfish IgM titers were evaluated after

immunization using dELISA.

The lumpfish serum samples were kept at 56 °C for 30 minutes to inactivate the
complement and mixed with 100 uL of chloroform (Sigma-Aldrich, St. Louis, Missouri, USA) for
10 minutes at room temperature to remove fats. Serum samples were centrifuged at 4,000 g for
10 min at room temperature, and the supernatant was collected and stored at —80 °C until further
utilization. Serum aliquots of 60 pL. were serially diluted (1:2) in coating buffer (0.015 mM
Na>CO3z; 0.035 mM NaHCOgz; pH 9.8) in 96 well plates (Ultra-High 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 PBS-Tween (PBS-T; 0.1%), and blocked with 150 uL of
ChonBlock™ (Chondrex Inc., Woodinville, Washington States, USA) for 1 h at 37 °C. After this
period, the plates were washed 3 times with PBS-T, inoculated with 100 uL of the secondary
antibody (anti-lumpfish IgM chicken IgY (biotinylated); 1:10,000), and incubated at 37 °C for 1 h.
Following incubation and washing, 100 uL of streptavidin-HRP (Southern Biotech, Southern
Biotech, Birmingham, Alabama, USA; 1:10,000) was added, and the plates were incubated at
37 °C for 1 h. For visualization and color development, 50 uL of ultra-TMB (Invitrogen™,
ThermoFisher, Waltham, Massachusetts, USA) were added, and the plates were incubated at room
temperature (20-22 °C) for 15 min. Optical density was determined at 450 nm after adding 50 uL
of stop solution (2 M H2S0Os). IgM titers were evaluated in naive animals (n = 6) at 2, 4, 6, and 8

wpi.

The standard curve was developed using established protocols [60]. Briefly, purified
lumpfish IgM (lab collection, extracted from lumpfish serum) was serially diluted in coating buffer
to 500, 250, 125, 62.5, 31.25, 15.63, 7.8, 3.9, 1.95, 0.98, 0.49, and 0.24 pg/ml and incubated
overnight at 4 °C. Each concentration was evaluated in triplicate. After incubation and washing,
100 pL of IgY (1:10,000) were added and incubated at 37 °C for 1 h. Following incubation and
washing, 100 pL of Streptavidin-HRP (1:10,000) were added and incubated at 37 °C for 1 h. For
visualization and color development, 50 uL of ultra-TMB were added and incubated at room
temperature (20-22 °C) for 15 min. Optical density was determined at 450 nm after adding 50 puL
of stop solution (2 M H2SO4). The values were normalized using a natural logarithm standard
curve of known concentrations. A one-way ANOVA multi-comparison analysis was performed to
determine significant 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 to A" and A" A. salmonicida bacterins, spleen
samples (n = 3 per group) were extracted from control fish and fish immunized with A*"W and A"
W. Approximately 80-100 mg of tissue suspension in 500 puL of TRIzol reagent (Invitrogen™,
ThermoFisher, Waltham, Massachusetts, USA) was homogenized using a motorized RNase-Free
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 purified using RNeasy MinElute Cleanup Kit (QIAGEN, Mississauga,
Ontario, Canada) and TURBO DNA-free™ Kit (Invitrogen™, ThermoFisher, Massachusetts,
USA). Purified RNA samples were quantified and evaluated for purity using a spectrophotometer
at 260 nm wavelength (Genova-nano, Jenway, Stone, Staffordshire, England), and evaluated for

integrity using 1% agarose gel electrophoresis [78] (Table 3.1 and Figure 3.2).

Table 3.1. RNA quality.

Sample Name  Concentration (ug/mL)  260/280%  260/230°

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
AW 2 1360.60 2.07 1.86
AW 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 ~2.0 is considered pure for RNA. A lower absorbance ratio may indicate the presence of protein, phenol, or
other contaminants that have an absorbance close to 280 nm. Subtraction of non-nucleic acid absorbance at 320 nm,
is also needed to calculate this ratio. Formula:

DNA Purity (Azeo/Azs0) = (Azeo reading — Aszo reading) + (Azso reading — Aszo reading)

®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 2.0 - 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. One percent agarose gel electrophoresis of RNA samples of control fish (n = 3) and
A*W/A'W bacterin injected fish (n = 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, Ontario, Canada).
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3.3.12.  c¢DNA synthesis and RT-gPCR

First-strand cDNA templates for RT-qPCR were synthesized in 20 mL reactions from 1 mg
purified RNA using SuperScript IV VILO Master Mix (Invitrogen™, ThermoFisher, Waltham,
Massachusetts, USA) following the manufacturer's instructions. The sequences, amplicon sizes,
and amplification efficiencies for all primer pairs used in the RT-gPCR analyses are presented in
Table 3.2. Primer pairs for interleukin 1b (ilb), interleukin 8a (il8a), interleukin 8b (il8b),
interleukin 10 (il10), immunoglobulin heavy chain 1 (igm-h1), immunoglobulin heavy chain 2
(igm-h2), immunoglobulin mu heavy chain 1 (igm-mu-1), HLA class Il histocompatibility antigen
(mhc-11), cluster of differentiation 4 (cd4-1 and cd4-2), and cluster of differentiation 8 (cd8), and
the endogenous control genes, 60S ribosomal protein L32 (rpl32), elongation factor 1l-alpha
(efla), eukaryotic translation initiation factor 3 subunit D (etf3d), polyadenylate-binding protein
la (pabpcla) and polyadenylate-binding protein 1b (pabpclb), were designed, and quality control

(QC) was tested previously [82].

Table 3.2. Primers used in this study.

Forward (F =5'-3") Amplification ~ Amplicon
Gene Name Symbol Reverse (R =5'-3" Efficiency (%)  Size (bp)
HLA class I F:
histocompatibility =~ mhc-II ACGCCAAGACACCTCTGACT 89.8 108
R:
GGAAGGTCTCGTTGAACTGC
immunoglobulin F:
heavy chain 1 igm-h1 AGGACTGGAGTGGATTGGAA 90.5 129
R:
TGCATGGTCTGTCCGTTTAG
immunoglobulin F:
heavy chain 2 igm-h2 GAATGGAACAAGGGGACAAA 89.6 108
R:
CGGTCGTTGAGTCTCTCCTC
immunoglobulin F:
mu heavy chainl igm-mu-1 CAGCTTCTGGATTAGACTTTGA 90.2 107
R.

GATGTTGTTAC'i'GTTGTGTTGG
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Forward (F = 5'-3") Amplification ~ Amplicon
Gene Name Symbol Reverse (R =5'-3") Efficiency (%)  Size (bp)
F:
interleukin 1 beta illb ATTGTGTTCGAGCTCGGTTC 97.4 98
R:
CGAACTATGGTCCGCTTCTC
F:
interleukin 8a iI18a AAGTCATAGCCGGACTGTCG 96.3 109
R:
CCCTGCTGATGGAGTTGTCT
F:
interleukin 8b i18b GTCTGAGAAGCCTGGGAGTG 87.3 138
R:
TCAGAGTGGCAATGATCTCG
F:
interleukin 10 i110 AACCAGTGCTGTCGTTTCGT 97.8 106
R:
TGTCCAAGTCATCGTTTGCT
cluster of F:
differentiation 4-1 cd4-1 CGTTAAGGTGCTGCAGATCA 84.9 122
R:
GCGGAAACCATTTCAGTTGT
cluster of F:
differentiation 4-2 cd4-2 TGTGGGGTTAGCTCCTTCAC 94.2 138
R:
TGTTTGCGATCTCACCTTTG
cluster of F:
differentiation 8 cds8 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

165



In the experimental RT-gPCR 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, and pabpclb were analyzed. The fluorescence threshold 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 geNorm [83]. pabpclb and rpl32
(geNorm M = 0.581) were selected as the two endogenous controls as they were the most stably
expressed. RT-qPCR reactions were done in a final volume of 20 pL, containing 10 pL of 1 x
PowerUp-SYBR Master Mix (Applied BioSystems, Foster City, California, USA), 1 pL (10 uM)
of each primer, 6 uL of nuclease-free water (Ambion, Austin, Texas, usa), and 2 pL (4 ng) of
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 40 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 non-template control was included. Transcripts relative

quantity (RQ) using the comparative 244t method [82].

3.4. Results
3.4.1. A. salmonicida bacterin integrity and presence of VapA determination
Bacterin integrity was checked in A*W and A'W. DAPI stains showed the presence of
bacterial DNA. DTAF has an affinity toward carbohydrates, proteins, and polysaccharides
components of the bacterial membranes [84, 85]. The staining results indicate the presence of an
bacterial membrane around the bacterial genomic DNA (Figure 3.3A). Bacterial outer membrane
proteins profile and VVapA expression analyses were conducted by SDS-PAGE and Western blot.

SDS-PAGE showed clear bands of IROMPs (~100-130 kDa) in A* IROMPs and A" IROMPs
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(3.3B). A clear band of VabA (~55-70 kDa) was also visualized in A* OMPs and A" IROMPs
(3.3B). Additionally, the western blot of A‘OMPs, A TROMPs, A*OMPs, and A" IROMPs showed

a clear band of VVabA in A" OMPs and A" IROMPs (Figure 3.3C).
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Figure 3.3. A. salmonicida bacterin integrity and presence of VapA determination. A.
Confocal microscopy of A. salmonicida J223 VapA* and A. salmonicida J225, J227, and J228
VapA™ strains labeled with 4,6-diamidino-2-phenylindole (DAPI), and 5-(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 the bacterial genomic DNA; B. SDS-PAGE represents the outer membrane proteins profile
of AOMPs, A TIROMPs, A"OMPs, and A"IROMPs stained with Coomassie Blue. Clear bands of
IROMPs (~100-130 kDa) were visualized in A* IROMPs and A" IROMPs. Additionally, a clear
band of VabA (~55-70 kDa) was visualized in A* OMPs and A" IROMPs; C. Western blot of A"
OMPs, A'TROMPs, A*OMPs, and A*IROMPs. A clear band of VVabA was visualized in A" OMPs

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

The challenge with A. salmonicida strain J223 resulted in > 90% and 100% mortality in
lumpfish immunized with bacterin and OMPSs, respectively, by 15 days post-infection (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 hemorrhage, ascites 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 formalin-killed vaccines (ECPs*/"),
OMPs, and IROMPs from A*and A strains of A. salmonicida vaccine do not confer any protection

to lumpfish against A. salmonicida J223.
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Figure 3.4. The cumulative survival rate of intraperitoneally (ip) immunized lumpfish after
ip challenge with A. salmonicida (10* CFU/dose). A. Survival rate of lumpfish injected with A.
salmonicida (A*/A"; W/NW) bacterin. Less than 10% survived in control and vaccinated groups
after 30 days post-challenge; B. Survival rate of lumpfish injected with A. salmonicida (A*/A’;
OMPs/IROMPs) 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: PBS-washed cells; NW: Non-washed

cells.
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3.4.3. IgM titers in immunized lumpfish determined by ELISA

Previously it was determined that A. salmonicida J223 nonspecifically binds to the
secondary IgY chicken antibody and goat IgG F(ab) [60]. Therefore, | determined the total plasma

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, 0.49, and 0.24 pg/ml) of purified lumpfish IgM (Figure 3.5A). IgM
concentrations were standardized using a natural logarithm (In). The linear regression equation
was determined to be y = 0.0003001*X + 0.008771 with r? = 0.988 (p <0.0001) (Figure 3.5A).
Total IgM was measured from non-lethal 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
between 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 with A"W and A'NW.
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Figure 3.5. Quantification of post-challenge IgM levels is lumpfish by dELISA. A. Standard
curve of purified IgM of known concentrations (500; 250, 125, 63.5,31.8,15.9,7.9,4,2, 1 pg/mL);
concentrations were standardized to the natural logarithm (In); B. Total IgM quantification by
dELISA in serum samples collected at 2, 4, 6, and 8 weeks post-immunization from the control
and treatments (A*W, A*NW, A'W, and A'NW,) groups. There were no statistically significant

differences detected.
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3.4.4.Gene expression analyses reveal the suppression of humoral and cell-mediated
immunity of lumpfish

The immune response of lumpfish to A. salmonicida vaccination was evaluated in the

spleen at 6 wpi compared to control fish at the same time point. Expression levels of the 11
transcripts related to the innate and adaptive immune response were measured in control and A*W
or A'W injected lumpfish. Transcript expression levels were compared between immunized fish
and control fish (Figure 3.6). | observed that ilb was significantly upregulated in lumpfish
immunized with A'W (p < 0.05), but not in lumpfish immunized with A*W bacterin. il8a was not
dysregulated in A*W and A"W injected lumpfish. However, il8b was significantly downregulated
by A*"W ( p < 0.05) immunized fish. No significant differences in the expression of il10 and igm-
h1 were observed in immunized fish compared to the control fish. igm-h2 was downregulated by
A*W (p < 0.05) but not in A"W treated fish. igm-mu-1 was not dysregulated in both treatments.
mhc-11, cd4-1, and cd4-2 were significantly downregulated in A*W (p < 0.05). Finally, | observed

that cd8 was upregulated by A"W (p < 0.05) but not in A*"W immunized fish.
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Figure 3.6. Expression of transcripts related to cytokines (illb, il8a, il8b, il10,), immunoglobulin
(igm-h1, igm-h2, and igm-mu-1), adaptive immunity markers mhc-ii, cd4, and cd8 in lumpfish
spleen in response to A. salmonicida (A-layer ***) bacterins at 6 wpi. Transcript expression levels
in the spleen from the control (TSB-mock injected group) and immunized lumpfish at 6 wpi were
analyzed using RT-qPCR. Relative expression was calculated using the 2724t method and was
log> transformed; rpl32 and pabpclb were the endogenous control genes. A one-way ANOVA
test, followed by the Sidak multiple comparisons post hoc test was used to identify significant
differences between treatments (control and immunized groups) at a single time point. Asterisks
(*) represent significant differences between treatments at each time point (*p < 0.05, **p < 0.01).

Each value is mean + SD (n = 3).
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3.5. Discussion
A. salmonicida subsp. salmonicida is responsible for furunculosis in Atlantic salmon and
many other fish species (e.g., lumpfish) [50]. A. salmonicida strain J223 was originally isolated
from the Atlantic salmon in 1999 [15]. However, previously | observed that A. salmonicida J223
had counteracted and modulated the lumpfish responses and caused lethal infection [16].
Furthermore, no protective vaccine trial is described in lumpfish against A. salmonicida subsp.

salmonicida. Therefore, | aimed to develop a vaccine for lumpfish against A. salmonicida J223.

For the past years, furunculosis has been partly controlled by the use of protective vaccines
containing formalin-inactivated A. salmonicida bacterins in Atlantic salmon, rainbow trout, and
Acrctic char [37, 86-92]. Several studies explained virulence factors, including VapA layer, ECPs,

OMPs (e.g., IROMPs) of A. salmonicida provided immune protection to these species [14, 22-44].

One of the essential virulence factors of A. salmonicida is its VapA-layer, encoded by
the vapA gene, comprised of protein subunits tethered to the cell surface via LPS [22, 93-95]. The
A-layer protects A. salmonicida against host cell complement and promotes
bacterial autoagglutination, macrophage infiltration, and resistance [23, 94-96]. Specific mutants
containing a disorganized A-layer are avirulent and provide significant protection to salmonids

[95]. Thus, A-layers were considered as a necessary antigen for vaccines against furunculosis [24].

Furthermore, A. salmonicida produces many extracellular enzymes (e.g., lipases,
proteases), which play a vital role in the proliferation of the bacterium and disease development
[34, 94, 97]. Vaccines containing ECPs induce inflammatory reactions in Atlantic salmon [98]. A.
salmonicida serine protease - beta-galactosidase hybrid protein conferred immune protection in
Atlantic salmon against A. salmonicida [99]. Ellis et al. observed that rainbow trout immunized to

extracellular antigens produce antibodies to ECP components (e.g., protease) [100].
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Additionally, Gram-negative 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 antimicrobials, serum, and bile salts. Some of them have been
recognized as potential vaccine candidates, and several studies have demonstrated their efficacy
as vaccine candidates [48, 101-108]. Comparative reverse vaccinology of A. salmonicida
suggested several OMPs (e.g., 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 FIgD) as potential vaccine candidates for Atlantic salmon and
lumpfish [48]. Additionally, the growth of A. salmonicida under iron-restricted conditions resulted
in the expression of OMPs of 73, 76, and 85 kDa, which were not present when grown under in
vitro iron-replete conditions [27]. Iron is a critical element of bacterial metabolism, and its
availability contributes significantly to the pathogenic mechanism of most bacteria [109]. In order
to cause a successful infection inside the host under iron-limited conditions, bacteria must acquire
iron from the host using IROMPs (e.g., siderophores, transferrins, lactoferrins, ferritins, and
hemoproteins) [110-112]. The IROMPs of A. salmonicida have been demonstrated to be protective

antigens for fish [26, 113, 114].

Hereafter, | evaluated the immune protective effect of A. salmonicida formalin-killed
bacterins (A*/; ECPs */") and OMPs (A*/"; IROMPs */°) in lumpfish. My results show that none of
these vaccine formulations provide immune protection to lumpfish against A. salmonicida J223.
The possible reasons for this could be the vaccine antigens mix does not trigger a long-lasting

adaptive immune response 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 and long-lasting adaptive memory immune
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responses [115]. Antigen presentation by the MHC molecules allows antigen-specific B and T cell

response and secretion of cytokines [115].

Several studies showed that antibody responses strongly correlate with protection against
furunculosis. For example, ELISA confirmed that Atlantic salmon ip injected with A-layer
negative A. salmonicida bacterin grown under iron-restricted conditions and supplemented with
the extracellular polysaccharide (PS) antigen triggered anti-PS and anti-IROMPs antibody titers in
fish serum and protect up to at least 9 months post-vaccination against a virulent A. salmonicida
strain [113]. Other studies on Atlantic salmon also demonstrate antibody response and protection

against virulent A. salmonicida strains [25, 90, 116].

Similarly, a significant correlation was found between the level of A. salmonicida-specific
antibodies measured before the challenge and the endpoint survival of rainbow trout and Arctic
char [89, 91, 92]. All these findings suggest that specific antibodies play an essential role in
vaccine-mediated protection against A. salmonicida. Thus, I investigated the antibody response
upon vaccination by ELISA at 2, 4, 6, and 8 wpi. Additionally, | checked the gene expression
response level of igm-h1, igm-h2, and igm-mu-1 to vaccination in lumpfish spleen at 6 wpi of three
representing groups, control, A*W, and A'W. Interestingly, ELISA did not detect any increase in
total antibody response in the vaccinated lumpfish serum compared to the control fish. Also, igm-
h2 was significantly downregulated by A* bacterin. Taken together, these results suggest that A.
salmonicida J223, J225, J227, and J228 bacterins do not trigger humoral immune responses of

lumpfish, and J223 bacterin suppresses the host's B cell response.

A. salmonicida is an intracellular pathogen that can reside within macrophages [46]. Cell-
mediated immune responses are needed to eliminate intracellular microbial pathogens [117]. The

activities of IL-1 and IL-8 form a direct bridge between innate and adaptive immunity [118]. The
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immediate action of IL-1 on CD4* and CD8* T cells influences T cell differentiation [118, 119].
Wang et al. showed that co-vaccination of recombinant protein rENO with IL-8 enhanced humoral
and cellular immunity (e.g., MHC-1I, CD4", CD8") and increased survival against Streptococcus
iniae infection in channel catfish [119]. A study observed that live A. salmonicida vaccines
preferentially enhance T cell responsiveness and provide protection to rainbow trout [120].
However, my previous work also identified the upregulation of il10 in lumpfish during A.
salmonicida infection, which might be an indication of immune suppression. Therefore, |
investigated the gene response of ilb, il8a, il8b, il10, cd4-1, cd4-2, and cd8 towards vaccination
in lumpfish spleen at 6 wpi of lumpfish immunized with A. salmonicida. | noticed that A.
salmonicida A* W and A'W bacterins differentially immune modulate the lumpfish. For example,
il1b was significantly upregulated in lumpfish immunized with A" strains while no dysregulation
was observed by A™ bacterin. Furthermore, il8b was significantly downregulated in lumpfish
immunized with A* strains, while no significant change was apparent in another group. However,
il8a and il10 were not significantly dysregulated by A" and A" bacterin. Additionally, | observed
the significant downregulation of cd4-1, cd4-2, and mhc-I1 by A* bacterin. However, cd8 was not
dysregulated by A" bacterin. These observations suggest that A. salmonicida J223 bacterin
suppresses the innate immune response, antigen presentation, and T cell-mediated immune
responses in lumpfish. Thus, it correlates with the no protection level conferred by A. salmonicida

J223-based vaccine preparations.

However, significant upregulation of illb and cd8 by A" A. salmonicida suggests the
activation of cell-mediated immunity. Still, A" bacterins did not trigger protective immunity to
lumpfish against A. salmonicida J223. A*- OMPs/IROMPs could also not confer protection to

lumpfish. One possible reason for vaccine ineffectiveness could be the virulence factors of A.
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salmonicida J223 strain. In chapter 2, | demonstrated that A. salmonicida J223 is a hypervirulent
strain for lumpfish, and it could suppress the immune system of lumpfish and cause cell cycle
arrest and sepsis-like clinical signs [12, 16]. Only 102 cells of A. salmonicida J223 can kill 50% of
the lumpfish population. A. salmonicida J223 is equally virulent to Atlantic salmon (unpublished
data) and rainbow trout [74]. Genome-wide analysis showed that J223 harbors additional copies
of virulence factors aopN and acr2 in the virulent pASal5 plasmid [12]. In addition to this, most
of the genes encoding flagellar structural proteins and flagella-assembly-associated genes were
identified in the J223 genome [12]. These findings suggest that additional virulence factors in A.
salmonicida J223 strain make it hypervirulent and increase its ability to bypass vaccine-mediated

response in the host.

3.6. Conclusions

| observed that all immunized fish had a similar pattern of mortality to the non-immunized
control fish. Control and vaccinated fish died within two weeks post-challenge. Therefore, the
results demonstrate that formalin-killed bacterial cells, OMPs, and IROMPs of A'/A" A.
salmonicida derived from J223 do not confer immune protection to lumpfish against virulent A.
salmonicida. ELISA results showed that formalin-killed A. salmonicida J223-derived bacterins,
either in the presence or absence of VapA layer, do not increase IgM titers. Instead, it
downregulates genes encoding IgM, MHC-I1I, and CD4, which indicates immune suppression.
Although A" A. salmonicida bacterin induced a cell-mediated immune response, still unable to
protect lumpfish against A. salmonicida J223, which suggests that J223 has a strong immune
evasion/suppression mechanism. Therefore, this study identified A. salmonicida subsp.

salmonicida as a major lumpfish pathogen that can hijack fish defense mechanisms. However, the
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tactics employed by the J223 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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4. Chapter four: Characterization of miRNAs in embryonic, larval, and adult

lumpfish provides a reference miRNAome for Cyclopterus lumpus.

4.1 Abstract

MicroRNAs (miRNAs) are endogenous small RNA molecules involved in the post-
transcriptional regulation of protein expression by binding to the mRNA of target genes. They are
key regulators in teleost development, maintenance of tissue-specific functions, and immune
responses. Lumpfish (Cyclopterus lumpus) is becoming an emergent aquaculture species as it has
been utilized as a cleaner fish to biocontrol sea-lice (e.g., Lepeophtheirus salmonis) infestation in
the Atlantic Salmon (Salmo salar) aquaculture. The lumpfish miRNAs repertoire was unknown.
This study identified and characterized miRNA-encoding genes in lumpfish from three
developmental stages (adult, embryo, and larvae). A total of 16 samples from six different adult
lumpfish organs (spleen, liver, head kidney, brain, muscle, and gill), embryos, and larvae were
individually small RNA sequenced. Altogether, 391 conserved miRNA precursor sequences
(discovered in the majority of teleost fish species reported in miRbase), eight novel miRNA
precursor sequences (so far only discovered in lumpfish), and 443 unique mature miRNAs were
identified. Transcriptomics analysis suggested organ-specific and age-specific expression of
miRNAs (e.g., miR-122-1-5p specific to the liver). Most of the miRNAs found in lumpfish are
conserved in teleost and higher vertebrates, suggesting an essential and common role across
teleosts and higher vertebrates. This study is the first miRNA characterization of lumpfish that

provides the reference miRNAome for future functional studies.
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4.2 Introduction

The discovery of microRNAs (miRNAs) in 1993 in Caenorhabditis elegans and further
identification in humans and many other animals significantly altered the longstanding dogmas
that defined gene regulation [1]. These studies revealed that miRNAs were a class of small non-
coding RNAs that function as guide molecules in RNA silencing machinery, often termed the
RNA-induced silencing complex (RISC). RISC regulates gene expression at the messenger RNA
level either by degrading mRNAs targeted by the miRNASs or preventing their translation [1-3].
miRNAs constitute a large family of post-transcriptional regulators with ~22 nucleotides in length
and are present in animals, plants, and some viruses [3, 4]. Functional studies indicate that miRNAs
have diverse expression patterns and regulate almost every cellular process, including
developmental, physiological, and pathophysiological processes [3, 5, 6].

miRNA biogenesis involves multiple steps; first, miRNAs are processed from precursor
molecules (pri-miRNASs), which are transcribed by RNA-specific endoribonuclease (Drosha) and
processed into an ~70-nucleotide pre-miRNA in the nucleus [2, 3, 6-9]. Pre-miRNAs are then
transported to the cytoplasm for further processing by the enzyme Dicer to an ~22-bp
mMiRNA/miRNA duplex [2, 3, 6-9]. The miRNA duplex is loaded into the RISC. Only one of the
mature miRNAs (guide miRNA) is incorporated in RISC, and the other is degraded (passenger
miRNA). The guide miRNA directs the RISC to target mMRNAs, where the mature miRNA usually
binds in the 3" untranslated region (UTR) of the target mRNAs [2, 3, 6-9].

Teleosts are an essential component of aquatic ecosystems and a primary source of proteins
for human and animal consumption worldwide. Teleosts are one of the most diverse vertebrates
on the earth [10]. The exploration of the role of mMiRNA in teleost development, organogenesis,

tissue differentiation, growth, regeneration, reproduction, endocrine system, and responses to

200



environmental stimuli, as well as their role in the maturation of the immune system and response
to infectious diseases, is still under investigation [11-17]. miRNA characterization is the first step
in any investigation of their regulatory roles. Such characterizations have been carried out in some
economically important fish species such as Atlantic salmon (Salmo salar), Atlantic cod (Gadus
morhua), rainbow trout (Oncorhynchus mykiss), Atlantic halibut (Hippoglossus hippoglossus),
channel catfish (Ictalurus punctatus), turbot (Scophthalmus maximus), European seabass (Lates
calcarifer), olive flounder (Paralichthys olivaceus) [18-26], and fish models like zebrafish (Danio
rerio) and three-spined stickleback (Gasterosteus aculeatus) [27, 28].

Global production of farmed Atlantic salmon is estimated just over 2.6 million tonnes in
2019. This growth was mainly driven by Norway and Chile, the two leading producing
countries. The Norwegian salmon industry alone earned some NOK 19-20 billion (USD 2.1-2.2
billion) in profits before tax in 2019 (FAO, 2021) (https://www.fao.org/in-
action/globefish/market-reports/resource-detail/en/c/1268636/) (Last accessed: 21 January 2021.
Atlantic salmon is the main species of the Atlantic Canadian aquaculture industry, which
represents approximately 80% of Atlantic Canada's total aquaculture value [29].

Infectious diseases are a challenge for the aquaculture industry. Globally losses due to
diseases in the aquaculture industry exceed US$6 billion annually [30, 31]. One of the most
prominent disease challenges currently restraining Atlantic salmon aquaculture is the infestation
by the parasite sea-lice, specifically Lepeophtheirus salmonis and Caligus spp. [32-36]. Sea-lice
are a group of visible host-dependent ectoparasite copepods with vast reproductive potential [32-
36]. The attached sea-lice feed on salmon mucus, blood, and skin, which leads to significant
physical damage and immunosuppression [32, 36-39]. In addition, these effects on fish health lead

to substantial economic impacts due to production losses and treatment costs [32, 37, 40]. The
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salmon industry in the North Atlantic region has adopted cleaner fish, e.g., lumpfish (Cyclopterus
lumpus), for biological control of sea-lice infestations [32, 41-44]. However, several aspects of
lumpfish biology remain unknown, including their miRNA repertoire.

This study aimed to identify and characterize miRNA encoding genes in lumpfish by small
RNAs high-throughput sequencing (HTS) followed by miRDeep2 analysis. The identification was
carried out in two early developmental stages, embryos and larvae, and six organs of adult
lumpfish, brain, muscle, gill, liver, spleen, and head kidney. A combination of HTS and
computational analytical approaches (e.g., miRNA precursor prediction) has been successfully
used for miRNA characterization, particularly in two early developmental stages and adult
lumpfish organs. Therefore, here | provide the first reference miRNAome for lumpfish,

4.3 Materials and Methods

4.3.1 Fish holding

Five adult lumpfish (1,100 g £ 99.5 (mean * SD), male = 4, female = 1) were obtained
from the Dr. Joe Brown Aquatic Research Building (JBARB) at the Department of Ocean Sciences
(DOS), Memorial University of Newfoundland (MUN), Canada. The animals were kept in a
23,000 L tank, with flow-through (14.0 L/min) of UV-treated seawater (6 °C), ambient
photoperiod (winter-spring), and 95-110% air saturation. Biomass density was maintained at 20
kg/m?®. The fish were fed daily using a commercial diet (Skretting — Europa 18 (6.0-9.0 mm pellet))
with a ration of 0.25% of their body weight per day. Additionally, lumpfish embryos (300 degree
days) and lumpfish larvae (one-week post-hatch) were obtained from the JBARB. Lumpfish egg
masses were fertilized and maintained with flow-through in 5 L upwelling black nontranslucent

incubators at 8-10 °C supplied with 95-110% air saturated and 5 um UV-treated filtered flow-
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through seawater (spring-summer) [45]. After completing the development of the embryos, the
larvae hatched and were maintained at 10 °C [46].

4.3.2 Ethics statement

The fish dissection and tissue sample collection were performed following the Canadian
Council on Animal Care guidelines (https://ccac.ca/en/standards/guidelines/) and approved by
Memorial  University of Newfoundland's Institutional Animal Care Committee
(https://mww.mun.ca/research/about/acs/) under the protocols #18-1-JS and #18-03-JS.

4.3.3 Sample collection

Fish were euthanized with 400 mg of MS222 (Syndel Laboratories, Vancouver, British
Colombia, Canada) per liter of seawater and dissected immediately after death confirmation.
Tissue samples were collected from adult lumpfish brain, gill, skeletal muscle, liver, spleen, and
head kidney. Tissue samples from five adult lumpfish, two pools (each pool contains 5 embryos)
of lumpfish embryos, and two pools (each pool contains 5 larvae) of lumpfish larvae were
immediately flash-frozen in liquid nitrogen (Air Liquide Canada Atlantic) and stored at -80 °C
until further processing.

4.3.4 RNA extraction

Total RNA was extracted by using the mirVana RNA isolation kit (Invitrogen™,
ThermoFisher, Waltham, Massachusetts, USA) following the manufacturer's protocol. RNA
concentration and integrity were quantified using spectrophotometry (Genova-nano, Jenway,
Stone, Staffordshire, England) and 1% agarose gel electrophoresis. The total RNA concentrations
of 32 samples (four adult individuals with brain and muscle samples, five adult individuals with
gill, liver, spleen, and head kidney samples, and four samples from two early life stages) were

ranging from 100 — 3250 ng/uL (total volume 100 pL) (Table 4.1). Sixteen samples from two adult
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lumpfish, two embryos pools, and two larvae pools were used for HTS by independent library
preparation and sequencing of each sample (Table 4.1). In contrast, all 32 samples were used for

RT-gPCR analysis.

Table 4.1. Concentration and quality of RNA samples.

Tissue samples for RT-gPCR Concentration (ng/ul) 260/2802  260/230°

Brain 1 183 2.2 1.7
Brain 2 227 2.2 1.22
Brain 3 905 2.1 1.9
Brain 4 105 2.18 1.78
Muscle 1 159 2.25 15
Muscle 2 129 2.1 1.6
Muscle 3 182 2.23 1.83
Muscle 4 100 2.22 1.7
Gill1 965 2.22 2.03
Gill 2 790 2.17 2.14
Gill 3 766 2.31 1.93
Gill 4 640 2.2 1.94
Gill 5 522 2.26 1.94
Liver 1 3250 2.21 2.16
Liver 2 262 2.2 15
Liver 3 904 2.16 1.95
Liver 4 653 2.29 2.01
Liver 5 887 2.23 2.1
Spleen 1 292 2.146 2.1
Spleen 2 241 2.147 2.1
Spleen 3 542 2.19 1.95
Spleen 4 904 2.1 1.9
Spleen 5 916 2.1 1.9
Head kidney 1 622 2.204 2.3
Head kidney 2 203 2.119 2.1
Head kidney 3 530 2.22 1.7
Head kidney 4 921 2.13 1.83
Head kidney 5 477 2.25 1.8
Embryo 1 393 2.189 2.1
Embryo 2 324 2.168 1.76
Larvae 1 320 2.207 2.03
Larvae 2 343 2.108 1.72
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4260/280 Ratio: 260 nm and 280 nm are the absorbance wavelengths used to assess the purity of DNA and RNA. A
ratio of ~2.0 is considered pure for RNA. A lower absorbance ratio may indicate the presence of protein, phenol, or
other contaminants that have an absorbance close to 280 nm. Subtraction of non-nucleic acid absorbance at 320 nm,
is also needed to calculate this ratio. Formula:

DNA Purity (Azso/Azso) = (Azeo reading — Aszo reading) + (Azso reading — Asgo reading)

b260/230 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 2.0 - 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.

4.3.5 High-throughput sequencing (HTS)

The library construction and small RNA sequencing were performed by the Genomics Core
Facility Oslo (Oslo University Hospital, Norway). The NEBNext Small RNA Library Prep Set for
Illumina (New England Biolabs, Inc. Ipswich, Massachusetts, USA) was used to prepare the
libraries according to the manufacturer’s protocol. One pg of total RNA from each of the samples
was used as input for the preparation of the libraries, and a final size selection of 140-150 bp
fragments using 6% polyacrylamide gel was used to enrich for small RNAs. The adapter sequences
(5’- AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC - 3°) were used in the library
preparation process. Following library preparation, next-generation RNA sequencing was carried
out using the Illumina Genome Analyzer l1x sequencing platform described in Woldemariam et
al. [19], generating single-end reads of length 75 bp.

4.3.6 Analysis of sequencing data

The quality of the sequencing raw and processed data was checked before miRNA
discovery analysis. FastQC v0.11.9 [47] was used to check the quality of the raw sequencing data
and the data obtained after adapter removal and size filtering. The adapter removal and size
filtering were carried out using cutadapt v1.8.3 [48]. Reads shorter than 18 bp and longer than 25
bp after the adapter removal were discarded. The reads passing the filtering step were converted

to fasta format with fastq to fasta from FASTX toolkit v0.0.14 (http://hannonlab
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.cshl.edu/fastx_toolkit/). Each of the 16 samples were analyzed independently to detect miRNAs
highly expressed in particular adult organs/tissues and early developmental stages. The lumpfish
reference genome [49], and Bowtie v1.0.0 [50] were used for mapping the reads to the reference
genome. The workflow applied to identify novel lumpfish miRNA sequences is illustrated in

Figure 4.1.
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Figure 4.1. Experimental workflow used for characterization of lumpfish miRNAome.
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High-quality trimmed reads were used to discover lumpfish miRNA using the miRDeep?2
software package v0.0.7 (mapper and miRDeep2 analysis modules) applying default commands
[51, 52]. The miRDeep?2 tools assign a log-odds score (the miRDeep?2 score) based on an algorithm
that integrates the statistics of the read positions, the frequencies of reads within hairpins, and the
posterior probability that the hairpin was derived from a true miRNA gene [51]. A miRDeep2
score of > 2 was used as a cut-off to prevent false positive detection of miRNA precursors. In
addition, they were inspected regarding the following criteria: i) reads between 5" and 3' end of a
precursor should be aligned perfectly in a discrete manner; ii) miRNA precursors should be
detected in at least 2 independent deep sequencing samples; and iii) at least 10 sequence reads of
mature and miRNAs mapped to the hairpin precursor [53]. | further analyzed these putative
precursor sequences by BLAST searches against known precursor sequences deposited in
miRBase, (http://www.mirbase.org/index.shtml) (last accessed November 22, 2021). Any putative
miRNA precursor sequence having a significant hit (E-value < 1E®) in the BLAST analyses was
regarded as a true evolutionarily conserved lumpfish ortholog of the miRNA gene in miRBase that
retrieved the best hit and annotated as the evolutionarily conserved lumpfish ortholog of the
miRNA gene according to the miRbase nomenclature guidelines (clu-prefix and same number as
in other teleosts) [54, 55]. The putative miRNA precursor sequences that were identified by
miRDeep2 and passed the additional criteria but did not show any significant match to the existing
precursors in miRBase were considered as putative novel miRNAs. All those sequences were
further analyzed by blastn searches against RNA databases in GenBank (http://
blast.ncbi.nlm.nih.gov/Blast), the small RNA databases Rfam (https://rfam.xfam.org/search), and
the functional RNA database fRNAdb (https://dbarchive.biosciencedbc.jp/en/frnadb/desc.html).

Sequences that had a significant hit against these databases were considered as other kinds of small
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RNA and discarded from the analysis. The remaining precursors were used as queries in blastn
analysis against the lumpfish genome sequence. Sequences with a significant BLAST hit (E value
< 1E) against multiple loci (> 10) in the lumpfish genome reference sequence were considered
to be interspersed repeats or tandem repeats and discarded from the analysis. Sequences that
passed all these filtering steps were regarded as true novel lumpfish miRNAs. A reference
miRNAome of unique mature miRNA sequences (5p or 3p) for expression analysis of HTS data
was generated by aligning all mature miRNAs by use of Sequencher software 5.3 (Gene Codes
Corporation, Ann Arbor, Michigan, USA). Applying strict settings, the identical mature miRNAs
from the same families were aligned, and the final reference, thus, consisted of only the unique

different mature miRNAs.

4.3.7 Disclosing putative differentially expressed and/or organ and developmental stage

enriched miRNAs

The HTS data from 16 tissue samples were used to estimate the expression of individual
miRNAs across the different organs and developmental stages. The adapters were trimmed from
the raw reads, and resulted reads were filtered based on size. The filtered reads from each of the
16 samples were mapped to the reference applying STAR aligner software (v.2.5.2b) [48]. The
index for mapping was generated from the unique mature lumpfish miRNAs (see 2.6) with
parameters genomeSAindexNbases 6. STAR aligner software (v.2.5.2b) with alignintronMax1
and default parameters was then used for the mapping. Next, the output files of STAR mapping
(BAM format) were processed further in R-Studio by using the feature Counts function from the
Rsubread package (v.1.34.2) to produce count matrices [48]. The count tables were used as input
in the DESeqg2 R package (v.1.24.0) for differential expression analysis. Samples from an organ

or developmental stage (n = 2) were compared to all other tissues sampled (n = 14). Putative
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differentially expressed miRNAs were defined as those with Benjamini-Hochberg adjusted p <
0.05, logz fold change threshold value of at least < —3.0 or > 3.0. The miRNA abundance of the
different miRNAs within a particular organ or developmental stage was estimated as the
percentage of a certain miRNA out of the total based on the average of normalized read counts
from duplicated samples (reads less than 20 were filtered out). Enriched miRNAs were analyzed

for each organ and developmental stage.

438 RT-gPCR

| selected 8 different miRNAs that were suggested as differentially expressed in literature
and enriched in one of the organs by the DESeq?2 analysis for further expression analysis with RT-
gPCR. These miRNAs had previously shown similar organ-specific enrichment in other teleosts
[19, 20]. The RNA-seq read numbers of these 8 miRNAs are provided in File S4.1. Those 8
mIiRNAS (clu-miR-135c-5p, clu-miR-9b-3p, clu-miR-133ab-3p, clu-miR-205-1-5b, clu-miR-203-
3p, clu-miR-203a-5p, clu-miR-192a-5p, clu-miR-122-1-5p) were analysed by RT-gPCR to verify
the DESeq?2 results (Table 4.2). All forward primer sequences used for RT-gPCR were retrieved
from the mature sequences of these miRNAs in the characterization step (methods 2.6). The primer
sequences are listed in Table 4.2. The cDNA synthesis and RT-qPCR were carried out applying
the miScript (miScript 11 RT Kit and miScript SYBR Green PCR Kit) assays following the
manufacturer's instructions (Qiagen, Hilden, Germany). The RT-qPCR reaction mixture contained
12.5 pL 2x QuantiTect SYBR Green Master Mix, 2.5 pL. 10x miScript Universal Primer, 2.5 pLL
of 10 uM forward miRNA-specific primer, 5 uL. RNase free water, and 2.5 uL. cDNA. The RT-
gPCR analysis was carried out by Mx3000p (Stratagene, Agilent Technologies, LA Jolla,
California, USA) using the following cycle, 95 °C for 15 min followed by 40 cycles of 94 °C for

15 sec, 55 °C for 30 sec and 70 °C for 30 sec as described in Andreassen et al. 2016 [20]. The

210



mature sequences of clu-mir-25-3p and clu-mir-17-5p were used as reference genes [20, 56]. The
instrument-provided Ct values were applied to the LinRegPCR (v2021.1) software to calculate
efficiency in all assays, and then the efficiency-adjusted Ct values were provided [57]. The
efficiency-adjusted values were also used in the normalization (geomean from the two reference
genes) to provide the dCt-values. The relative change in expression in each miRNA's target organ
was calculated using the comparative Ct method (2724t method) [58]. All the comparisons were
relative to the lowest expressed organ/tissue for the particular miRNA. All relative quantity (RQ)
data are presented as mean = SD. To compare gene expression across tissues, the RQ values for
each target gene were subjected to a one-way ANOVA with Tukey’s post-hoc test. All statistical
tests were performed using GraphPad Prism 7.04 (La Jolla, San Diego, California, USA) with the
p-value threshold set at < 0.05. The number of organ samples was four or five for each group,

while the early developmental stages had two biological replicates in each group (Table 4.1).

Table 4.2. Primers used in RT-gPCR analysis of mature miRNAs.

MiRNAs Primer sequences (5'to 3°)
clu-miR-25-3p CATTGCACTTGTCTCGGTCTGA
clu-miR-17-1-5p CAAAGTGCTTACAGTGCAGGTA

clu-miR-122-1-5p
clu-miR-133ab-3p
clu-miR-205-1-5p
clu-miR-135c-5p
clu-miR-203-3p
clu-miR-203a-5p
clu-miR-192a-5p
clu-miR-9b-3p

TGGAGTGTGACAATGGTGTTTG
TTTGGTCCCCTTCAACCAGCTGT
TCCTTCATTCCACCGGAGTCTG
TATGGCTTTTTATTCCTATGTG
GTGAAATGTTTAGGACCACTTG
AGTGGTTCTCAACAGTTCAACA
ATGACCTATGAATTGACAGCCA
TAAAGCTAGAGAACCGAATGTA
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4.4 Results
4.4.1 Total RNA extraction, library preparation, and small RNA sequencing
Total RNA extracted from 32 samples (brain, muscle, gill, liver, spleen, and head kidney

from five adult fish and two samples each from larvae and embryos) showed concentrations
ranging from 100 to 3,250 ng/uL (Table 4.1) and intact 28S and 18S bands in 1% agarose gel
indicated that they were of high quality. All these samples were qualified for further analysis by
HTS and RT-gPCR. Small RNA libraries were successfully generated for 16 samples (12 tissue
samples from two adult fish and two samples from each early developmental stages). The HTS
resulted in a total of 147,972,041 raw reads, ranging from 6.6 to 13.3 million reads per sample.
After adapter trimming there were a total of 86,054,423 reads ranging from 4.5 to 6.9 million reads
per sample (Table S4.1). All raw HTS results were submitted to NCBI with BioProject accession
number PRINA679415. The individual SRA accession numbers are given in Table S4.1.

4.4.2 Characterization of lumpfish miRNA

The processed reads from each sample were analyzed with miRDeep2 software for miRNA

gene discovery (Figure 4.1). Subsequent BLAST homology searches of all putative miRNA
precursor sequences against miRbase revealed a total of 391 miRNA genes from 104 different
families that were lumpfish orthologs to evolutionarily conserved miRNAs. They were
subsequently annotated as the lumpfish orthologs of these miRNAs. miRDeep2 analysis also
revealed 5p or 3p arm domination (most abundant mature miRNA from a given precursor) and the
genome location of each miRNA gene. An overview of all precursor sequences along with their
corresponding 5p and 3p mature sequences is given for all evolutionarily conserved miRNA genes

in Table S4.2.
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A total of 98 precursors identified by miRDeep2 did not show significant matches in the
homology analyses against miRBase. These were considered as putative novel miRNA precursor
sequences. They were further analyzed by blastn searches against RNA databases in GenBank,
small RNA databases Rfam, functional RNA database fRNAdb, and lumpfish genome sequence
(GenBank Accession: PRINA625538). Sequences that had a significant hit against these databases
were discarded from the analysis as described in the methods section. Following this filtering
process, 8 precursor and corresponding mature sequences showed characteristics expected from
true miRNAs. These eight miRNA precursor sequences are likely to represent novel lumpfish
miRNAs, and all these novel miRNA genes along with their corresponding 5p and 3p mature
sequences, the observed arm dominance of mature sequences, and the genome location of each
miRNA gene are given in the last part of Table S4.2. Finally, the mature miRNAs were aligned by
the use of Sequencher software to identify all unique mature miRNAs (many mature miRNAs from
the same families were identical). There were 443 unique mature miRNAs. These unique miRNAS
representing the lumpfish miRNAome are given in File S4.2.

4.4.3 Abundance of miRNAs within organs and developmental stages

| determined the diversity of miRNAs within the lumpfish tissues/organs and
developmental stages based on the normalized read counts. The normalized read counts for all
samples are shown in Table S4.3, while the average normalized read counts for each tissue/organ
or developmental stage are shown in Table S4.4.

My results show the presence of 340 unique mature miRNAs in the lumpfish brain, 328 in
muscle, 289 in gill, 288 in liver, 268 in spleen, 289 in head kidney, 328 in embryos, and 327 in
larvae (Figure 4.2). Two hundred forty-one mature miRNAs were expressed in all six organs of

adult lumpfish, 324 mature miRNAs were expressed commonly in embryos and larvae, and 223
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mature miRNAs were expressed across all three developmental stages. All the miRNAs expressed
in the early life stages, such as embryos and larvae, were also expressed in at least one organ of
adult fish. The exceptions were clu-miR-19a-2-5p, which was only expressed in embryos, and clu-

miR-137-1-5p, which was only expressed in larvae.
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Figure 4.2. miRNA diversity in lumpfish tissue/organs and early developmental stages.
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The abundance of the most common mature miRNAs within each organ and developmental
stage is shown in Figures 4.3 and 4.4, respectively. These figures show the distribution of the top
20 enriched mature miRNAs within each of the six organs and in the two early developmental
stages. The abundances for all miRNAs within each of the organs and early developmental stages
are shown in Table S4.4. Five of the top 20 enriched mature miRNAs, clu-miR-21a-5p, clu-miR-
22ab-3p, clu-miR-26-1-5p, clu-miR-100-2-5p, and clu-let-7g-5p were highly abundant within all
organ and early developmental stages. While the five mature miRNASs clu-miR-146a-5p, clu-let-
7a-3-5p, clu-miR-126-3p, clu-let-7e-5p and clu-miR-143-3p were highly abundant miRNAS
within all six organs of adult lumpfish, but not among the highly expressed miRNAs within
lumpfish embryos and larvae (Figures 4.3 and 4.4). Additionally, several miRNAs were highly
abundant within one of the tissue/organs of adult fish compared to others. For example, Clu-miR-
122-1-5p, clu-miR-192a-5p, clu-miR-152ab-3p, and one novel mMiRNA (clu-miR-nov-5-5p) were
also among the top 20 most abundant miRNAs in liver, but with much lower abundance when
comparing expression of miRNAs within other organs. Likewise, clu-miR-1-1-3p, clu-miR-206-
3p, and clu-miR-133ab-3p were abundant only in muscle, clu-miR-451a-5p only in spleen, clu-
miR-142-2-3p only in head kidney, and clu-miR-9-2-5p and clu-miR-7-3-5p only in brain (Figure
4.3, Table S4.4). Two miRNAs, clu-miR-217b-5p and clu-miR-181b-3-5p were common in the
two early developmental stages while having relatively low expression within adult organs. In
addition, there were some miRNAs common in one organ and early developmental stage. These
were clu-miR-9-2-5p and clu-miR-7-3-5p (brain and early developmental stages), clu-miR-1-1-3p
and clu-miR-206-3p (brain and early developmental stages) and clu-miR-192a-5p (liver and early

developmental stages).
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Figure 4.3. Twenty most abundant miRNAs in lumpfish brain, muscle, gill, liver, spleen,

and head kidney.

Spleen

Head kidney

219

H clu-miR-146a-5p (12%)
M clu-miR-126-3p (11%)
¥ clu-miR-21a-5p (11%)
1 clu-miR-143-3p (8%)
M clu-miR-22ab-3p (7%)
M clu-miR-100-2-5p (5%)
H clu-let-7e-5p (4%)

® clu-miR-26-1-5p (3%)
M clu-let-7a-3-5p (3%)

M clu-miR-27b-3p (3%)
M clu-let-7g-5p (2%)

M clu-miR-451a-5p (2%)
H clu-miR-10c-1-5p (2%)
M clu-let-7i-1-5p (1%)

m clu-miR-30d-5p (1%)
clu-miR-462a-5p (1%)
M clu-miR-181a-1-5p (1%)

® clu-miR-101a-3p (1%)
B clu-miR-125a-4-5p (1%)
M clu-miR-125c¢-5p (1%)

H Others (20%)

M clu-miR-21a-5p (21%)

M clu-miR-146a-5p (12%)

¥ clu-miR-22ab-3p (6%)

= clu-miR-126-3p (5%)

M clu-let-7e-5p (4%)

M clu-miR-100-2-5p (3%)

M clu-miR-143-3p (3%)

M clu-let-7g-5p (3%)

M clu-let-7a-3-5p (3%)

H clu-miR-26-1-5p (3%)

M clu-miR-200ac-3p (2%)

M clu-let-7i-1-5p (2%)

M clu-miR-30d-5p (2%)

m clu-miR-462a-5p (2%)

m clu-miR-30b-1-5p (1%)
clu-miR-142-2-3p (1%)

M clu-miR-92-2-3p (1%)

¥ clu-miR-30c-3-5p (1%)

M clu-miR-181a-1-5p (1%)

= clu-miR-200b-3p (1%)

M Others (23%)



Em bryo B clu-miR-9-2-5p (11%)

H clu-miR-181a-1-5p (4%)

® clu-miR-206-3p (3%)

© clu-miR-1-1-3p (3%)

™ clu-miR-100-2-5p (3%)

o clu-miR-26-1-5p (3%)

M clu-miR-199-2-5p (3%)

® clu-miR-181a-4-3p (3%)

M clu-miR-21a-5p (3%)

H clu-miR-128-2-3p (3%)

M clu-miR-10a-2-5p (3%)

B clu-miR-199-2-3p (2%)

® clu-miR-22ab-3p (2%)

® clu-miR-217b-5p (2%)

i clu-miR-181b-3-5p (2%)
clu-miR-7-3-5p (2%)

m clu-miR-192a-5p (2%)

m clu-let-7g-5p (2%)

M clu-miR-203-3p (2%)

B clu-miR-125a-1-5p (2%)

m Others (41%)

B clu-miR-9-2-5p (12%)
La rvae M clu-miR-181a-1-5p (4%)

¥ clu-miR-100-2-5p (3%)

= clu-miR-206-3p (3%)

M clu-miR-199-2-5p (3%)

¥ clu-miR-26-1-5p (3%)

H clu-miR-181a-4-3p (3%)

B clu-miR-1-1-3p (3%)

H clu-miR-128-2-3p (3%)

H clu-miR-21a-5p (3%)

M clu-miR-10a-2-5p (3%)

H clu-miR-22ab-3p (2%)

® clu-miR-199-2-3p (2%)

m clu-miR-217b-5p (2%)

™ clu-miR-181b-3-5p (2%)
clu-miR-7-3-5p (2%)

M clu-miR-125a-1-5p (2%)

¥ clu-miR-192a-5p (2%)

M clu-let-7g-5p (2%)

M clu-miR-203-3p (2%)

H Others (41%)

Figure 4.4. Twenty most abundant miRNAs in lumpfish embryos and larvae.
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4.4.4 Comparison of mature miRNA expression between organs and early developmental
stages

To further explore whether some miRNAs (any of the miRNAs, not only top common

ones) were differentially expressed between adult organs or early developmental stages, | also
carried out expression analysis of the HTS data and additional RT-gPCR of selected miRNAs.
DESeq?2 analysis of the HTS data was conducted by comparing one organ or early developmental
stage (n = 2) to all other samples (n = 14). The results (File S4.3) suggested that several miRNAS
have higher or lower expression in one organ or early developmental stages compared to all other
samples. miRNAs suggested as with an increased expression (logz fold change > 3.0) in a certain
organ or early developmental stage compared to expression in all others are given in Table 4.3 and
Table 4.4, respectively. The numbers of such miRNAs were 9 in brain, 5 in muscle, 8 in gill, 15 in
liver, 3 in spleen, 13 in embryos, and 22 in larvae. However, DESeq2 analysis did not suggest any

enrichment of miRNAs in the lumpfish head kidney.

Table 4.3. Mature miRNAs suggested as highly expressed in one organ compared to others.

Organ® miRNAsP Log2FC¢
Brain  clu-miR-31-3p 6.14
Brain clu-miR-153c-3p 5.96
Brain  clu-miR-153a-3p 5.33
Brain  clu-miR-1788-5p 4.91
Brain clu-miR-212b-1-5p 4.10
Brain  clu-miR-212b-1-3p 3.14
Brain clu-miR-128-2-3p 3.49
Brain clu-miR-338-1-3p 3.40
Brain clu-miR-132-1-5p 3.08
Muscle clu-miR-133b-3p 6.08
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Organ? miRNAsP LogzFC°¢
Muscle clu-miR-133ab-3p 5.45
Muscle clu-miR-1-1-3p 5.23
Muscle clu-miR-1-3-5p 3.56
Gill clu-miR-31-5p 6.91
Gill clu-miR-1788-3p 6.21
Gill clu-miR-203-3p 5.13
Gill clu-miR-203a-5p 4.61
Gill clu-miR-375-1-3p 4.82
Gill clu-miR-205-1-3p 4.16
Gill clu-miR-200b-3p 3.8
Gill clu-miR-200b-5p 3.36
Liver clu-miR-122-1-5p 8.23
Liver clu-miR-122-1-3p 7.65
Liver clu-miR-nov3-3p 6.78
Liver clu-miR-nov3-5p 4.68
Liver clu-miR-nov1-5p 5.58
Liver clu-miR-101b-3p 4.83
Liver clu-miR-101b-5p 441
Liver clu-miR-722-3p 4.71
Liver clu-miR-722-5p 4.38
Liver clu-miR-92b-3p 4.04
Liver clu-miR-92b-5p 3.91
Liver clu-miR-192a-5p 3.75
Liver clu-miR-94a-5p 3.43
Liver clu-miR-152ab-3p 3.37
Liver clu-miR-nov5-5p 3.36
Spleen  clu-miR-2187b-5p 5.10
Spleen  clu-miR-2187b-3p 3.47
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Organ?

miRNAsP

LogzFC®

Spleen

clu-miR-460-5p

3.27

40rgan samples were obtained from adult lumpfish

The names are in a few cases with different lettered/numbered suffixes than in miRBase as several
mature family members are identical. The miRNAs in the table are grouped in families, and the
family member with the highest FC is used to list families in descending order.

¢ Log-transformed fold-change (FC) as determined by DESeq2 analysis

Table 4.4. Mature miRNAs suggested as highly expressed in embryos or larvae.

Embryos/Larvae® miRNAsP LogzFC¢
Embryos clu-miR-430b-5-5p 5.61
Embryos clu-miR-430b-4-3p 451
Embryos clu-miR-430b-1-3p 4.37
Embryos clu-miR-190b-5p 5.45
Embryos clu-miR-726-5p 4.91
Embryos clu-miR-184ab-2-3p 4.77
Embryos clu-miR-184ab-3p 4.77
Embryos clu-miR-301b-5p 4.73
Embryos clu-miR-301b-1-5p 4.40
Embryos clu-miR-124-1-5p 4.40
Embryos clu-miR-217b-5p 4.23
Embryos clu-miR-217a-5p 4.13
Embryos clu-miR-216a-1-5p 4.20
Larvae clu-miR-124-1-5p 441
Larvae clu-miR-130-1-5p 3.15
Larvae clu-miR-130-6-5p 3.62
Larvae clu-miR-183-5p 4.09
Larvae clu-miR-184ab-2-3p 471

223



Embryos/Larvae? miRNAsP LogzFCe¢

Larvae clu-miR-184ab-3p 4.71
Larvae clu-miR-190b-5p 5.44
Larvae clu-miR-194b-3p 3.46
Larvae clu-miR-196a-1-5p 3.95
Larvae clu-miR-216a-1-5p 4.00
Larvae clu-miR-217a-5p 411
Larvae clu-miR-217b-5p 411
Larvae clu-miR-301b-1-5p 4.38
Larvae clu-miR-301b-3p 3.44
Larvae clu-miR-301b-5p 4.70
Larvae clu-miR-430a-12-3p 3.97
Larvae clu-miR-430a-3-3p 3.97
Larvae clu-miR-430b-1-3p 4.28
Larvae clu-miR-430b-4-3p 4.40
Larvae clu-miR-430b-5-5p 541
Larvae clu-miR-459-3p 4.01
Larvae clu-miR-726-5p 4.64

& Lumpfish embryos were obtained at 300 degree days, and lumpfish larvae were obtained after
one-week post-hatch.

bThe names are in a few cases with different lettered/numbered suffixes than in miRBase as several
mature family members are identical. The miRNAs in the table are grouped in families, and the
family member with the highest FC is used to list families in descending order.

¢ Loge-transformed fold-change (FC) as determined by DESeq2 analysis.

RT-qPCR was applied to verify the findings from the DESeq2 analysis in a few selected
miRNAs. The two conserved mature miRNAs clu-mir-25-3p and clu-mir-17-5p, shown as suitable
reference genes in other teleosts [20, 59], revealed stable expression across all samples in this

study (mean Ct values were 22.8 + 0.9 (SD), 22.4 + 1.1 (SD), respectively) and were, consequently,
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used as reference genes in the RT-qPCR analysis. Eight miRNAs known to be highly expressed in
certain organs [19, 20] were selected for RT-gPCR (Table 4.2). These selected miRNAs showed
significantly increased expression levels in the expected tissue/ organs (Figure 4.5) that align with
the literature [19, 20]. For instance, clu-miR-135c-5p and clu-miR-9b-3p expression was
significantly higher in brain, clu-miR-205b-5b, clu-miR-203a-3p, and clu-miR-203b expression
was significantly higher in gill, clu-miR-133-3p expression was significantly higher in muscle,
and clu-miR-122-5p and clu-miR-192a-5p expression was significantly higher in liver compared
to other tissue/organs. These RT-gPCR results were in agreement with the DESeq?2 results for 6
of the organ samples, while the increases observed for clu-miR-135c-5p and clu-miR-9b-3p in
brain were similar in the DESeqg2 analysis but not significant. However, | utilized four or five
biological replicates for the RT-gPCR analysis, whereas two were used in the DESeq2 analysis.
Additionally, the significance levels were adjusted according to a large number of tests in the
DESeq?2 analysis. This could explain why the increases did not reach the significant thresholds in

the DESeq2 analysis for these two miRNAs.
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Figure 4.5. Verification of tissue-specific expression of conserved miRNAs. RT-gPCR results
show the relative expression of eight miRNAs (clu-miR-135¢-5p, clu-miR-9b-3p, clu-miR-133ab-
3p, , clu-miR-205-1-5b, , clu-miR-203-3p, clu-miR-203a-5p, clu-miR-192a-5p, clu-miR-122-1-
5p) across lumpfish organs (brain, muscle, gill, liver, spleen, and head kidney). The number of
replicates for tissue samples was five (n = 5) except brain (n = 4) and muscle (n = 4). RQ: relative
quantity normalized to clu-miR-25-3p and clu-miR-17-1-5p, and calibrated to the individual
sample with the lowest miRNA of interest expression. *** on the top of a particular sample
indicates that the expression of the particular miRNA is significantly higher when compared to

others by one-way ANOVA (p < 0.001) with Tukey’s post-hoc test.
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4.5 Discussion

miRNAs play a significant role in embryonic development, determination of cell fate, and
control of cell proliferation, differentiation, and death. Their dysregulation has a significant impact
on critical cellular pathways and is linked to a variety of diseases [11, 13, 16, 48]. A species-
specific and well-characterized miRNAome generated from small RNA sequencing of different
developmental stages is required to study miRNA expression by analysis of HTS data.
Characterization of miRNAs in multiple organs and developmental stages in a new aquaculture
species like lumpfish will also facilitate further studies to determine their role in development,
whether they regulate organ/developmental stage-specific functions, immune responses to
infectious diseases, and disease progression. Therefore, this study was undertaken to define and
characterize miRNAs expressed in the brain, muscle, gill, liver, spleen, and head kidney of adult
lumpfish, as well as the two developmental stages, embryos and larvae. Together this resulted in
a miRNAome consisting of 443 unique mature miRNAs that were used as lumpfish miRNA
reference for analysis of HTS data and primer design (RT-gPCR analysis) of single miRNAs.

The expression of different miRNAs within an organ or developmental stage would reveal
which ones were highly abundant and likely to have essential regulatory functions. Comparisons
between adult organs and early developmental stages could further reveal the highly expressed
ones in a few or single organs. Here, | applied DESeq?2 analysis to demonstrate that the miRNAome
worked well as a reference in such HTS analysis. However, as there were two biological replicates
of each adult organ (or early developmental stages) compared to all other HTS samples (n = 14)
in these analyses, | report them as suggestive expression differences. Ideally, there should be 3 or
more biological replicates in each group compared in such analysis. However, I did choose a rather

conservative log2FC (3 or more) to suggest them as differently expressed between organs (File
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S4.3), and some of the miRNAs increased in particular organs were also supported in the additional

RT-gPCR analysis (Figure 4.5).

My analysis identified that 10 mature miRNAs were highly abundant and among the top
20 enriched miRNAs within all six organs (five were also among the top 20 enriched in the early
developmental stages). These 10 mature miRNAs (clu-let-7a-3-5p, clu-let-7e-5p, clu-let-7g-5p,
clu-miR-21a-5p, clu-miR-22ab-3p, clu-miR-26-1-5p, clu-miR-100-2-5p, clu-miR-126-3p, clu-
miR-143-3p, and clu-miR-146a-5p) are conserved miRNA families discovered in the majority of
vertebrates in miRBase [19, 20, 60]. Their high expression within all adult organs could suggest
that these miRNAs play a critical role in lumpfish cellular homeostasis. Still, as they are highly

abundant in all adult organs, they are not likely to regulate organ-specific functions.

The brain receives information from sense organs that monitor conditions both within and
around the fish. In the brain, the immune cells and the central nervous system interactions allow
the immune system to fight against infection and enable the nervous system to regulate immune
functioning [61, 62]. Any change in these interaction pathways can cause many pathological
conditions attributed to organ dysfunction [61, 62]. However, miRNAs are critical brain
development and function regulators, such as neuronal activity [63, 64]. miRDeep2 analysis
identified 340 conserved mature miRNAs in the lumpfish brain. Among highly enriched in the
brain are clu-miR-9-2-5p and clu-miR-7-3-5p. These two miRNAs do not have similar high
relative expression levels within any other adult organs but are similarly enriched in the two early
developmental stages indicating they could be important in developing neural tissue in lumpfish
(Table S4.4). A similar enrichment pattern of miR-9-5p is seen in Atlantic salmon, cod, halibut,
three-spined stickleback, and zebrafish brain [19, 20, 22, 28]. Enrichment of miR-7 in brain is also

observed across vertebrates [65]. Several studies have shown that these two miRNAs are crucial
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for brain development in zebrafish and other vertebrates [66-68], and it is likely that clu-miR-9-2-
5p and clu-miR-7-3-5p may have similar functions in lumpfish. The DESeq2 analysis also
suggested that clu-miR-128-2-3p, clu-miR-153c-3p, clu-miR-212b-1-5p, and clu-miR-338-1-3p
were more than 10x higher expressed in brain than other organs (File S4.3). Similar findings were
observed in Atlantic cod, three-spined stickleback, and zebrafish [19, 69]. In higher vertebrates,
miR-128 controls neural motor behaviors by regulating the expression of various ion channels
[70]. The three other miRNAs have also all been reported as having important brain functions in

higher vertebrates [71-73].

Fish muscles are the major edible parts worldwide, which determines the nutritional and
market value. The teleost muscle is also an immunologically active organ, which plays an
important role against pathogens [74]. MicroRNAs are established modulators of muscle cell
proliferation, differentiation, regeneration, and diseases [75]. miRDeep2 analysis identified 328
conserved mature miRNAs in lumpfish muscle. The muscle-specific top enriched miRNAs were
clu-miR-1-1-3p, and clu-miR-133ab-3p (present in other organs but much less abundant). Like in
this study, miR-133 and miR-1 were enriched in zebrafish, Atlantic salmon, and cod, suggesting
the maintenance of muscle-specific miRNAs expression and function [18-20, 76]. As an example,
miR-133 is one of the foremost studied and best-characterized miRNAS in vertebrates. It is
required for proper skeletal and cardiac muscle development and function in mammals and fish
[77, 78]. On the other hand, miR-1 is a conserved miRNA in the muscle tissue that plays a key

role in maintaining muscle integrity [79].

Because of direct exposure to the water, teleost gills are the main mucosal surfaces for the
entrance of pathogens, which trigger an immune response [80]. miRNAs are important regulators

of immune response to those infections in the gills of fish [20, 81, 82]. However, DESEQ2 analysis
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was on apparently healthy organs and suggested the enrichment of clu-miR-200 and clu-miR-203
family members and clu-miR-205-1-3p, clu-miR-375-1-3p, clu-miR-31-5p, and clu-miR-1788-3p
in lumpfish gill. RT-gPCR results confirmed the enrichment of clu-miR-203-3p, clu-miR-203a-
5p, and clu-miR-205-1-5p. Some of these miRNAs, such as miR-200, miR-205, miR-375 were
enriched in cod gill as well [20], while miR-200, miR-203, and miR-205 were enriched in gills of
tilapia [83]. One of these miRNAs, miR-200, has been shown as important to gill function in cell
studies of fish [84]. However, no study has been conducted to decipher the gill-associated role of

the remaining five lumpfish miRNAs suggested as differentially expressed in teleost gill.

The liver is involved in various vital functions in controlling biochemical processes,
including detoxification and metabolism [85]. miIRNAs are essential for regulating liver
development and functions, and alterations in intrahepatic miRNA networks have been associated
with liver disease in humans [86]. They are also associated with hepatic lipid metabolism in
Atlantic salmon [87]. miRDeep analysis identified 288 conserved mature miRNAs in the lumpfish

liver (Table S4.4).

Four of the top 20 enriched miRNAs in liver; clu-miR-122-1-5p, clu-miR-152ab-3p, clu-
miR-192a-5p, and clu-miR-nov5-5p did not show similar enrichment in any other adult organs
(Figure 4.3). DESEQ2 analysis also suggested these as having significantly increased expression
in liver, and this was confirmed by RT-qPCR for clu-miR-122-1-5p and clu-miR-192a-5p (Figure
4.5). This finding is similar to other teleosts and mammals [20, 88, 89]. miR-122 is the most
abundant miRNA in the liver of many species. In mammals, miR-122 is studied extensively and
is known to be involved in lipid metabolism [88]. Furthermore, miR-192 is involved in cell
growth, lipid synthesis, and apoptosis [90] and having such roles is also in agreement with this

miRNA being among the top 20 miRNAs expressed in the early developmental stage samples
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(Figure 4.4). Dysregulation of miR-152 is associated with liver disease in higher vertebrates
indicating they are important hepatic miRNAs [87, 91]. Based on the high conservation of these
miRNAs among vertebrates (miRBase 22.1) [60] and with a similar enrichment pattern as

observed in lumpfish, we could assume they also play a similar liver-specific role in lumpfish.

As the body's major blood filter, the spleen plays a major role in detecting cell damage
during infection [92]. The spleen is the home of different types of immune cells that trigger
different immune responses [92-94]. Splenic miRNAs have been identified to modulate immune
responses during diseases in humans, mice, chickens, dogs, and fishes [95-102]. miRDeep analysis
identified 268 conserved mature miRNAs in the lumpfish spleen. One mature miRNA, clu-miR-
451a-5p was only among the top 20 enriched miRNAs in spleen, and this particular miRNA has
been shown to regulate erythroid maturation in zebrafish [103]. Furthermore, DESeqg2 analysis
suggested the enrichment of clu-miR-2187b-5p and clu-miR-460-5p in the lumpfish spleen. These
two miRNAs are also enriched in Atlantic salmon and cod spleen [19, 20], but their particular

function in spleen has not yet been investigated.

The anteriormost part of the kidney in the teleost is referred to as the head kidney. It is
predominantly a lymphoid compartment. The head kidney is an essential hematopoietic organ and
serves as a secondary lymphoid organ, a lymph node analog, vital in inducing and elaborating
immune responses [93, 94]. Assessing changes in the expression of miRNAs in the head kidney
could provide more comprehensive insight into the immune response to infection. miRDeep2
analysis identified 289 conserved mature miRNAs in lumpfish head kidney. DESeq2 analysis did

not suggest any enrichment of miRNA in the head kidney.

The embryos and larvae samples did reveal several miRNAs suggested as early

developmental stage enriched. Notably, the miR-430 family was suggested as enriched by the
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DESeq2 analysis. These are known as highly expressed in early development, and among
suggested functions is maternal RNA clearance during early embryogenesis in zebrafish [104,
105]. Another miRNA that was highly enriched and expressed only in the early developmental
stages was clu-miR-217b-5p. This miRNA, as well as mature miRNAs from miR-124, miR-184,
and miR-216 families that also were enriched in the lumpfish early developmental stages, have all

been shown as important in zebrafish development [76].

4.6 Conclusion

In conclusion, this study represents the first characterization of a lumpfish miRNA
transcriptome produced by independent analysis of small RNA sequences from several adult
organs and early developmental stages. | identified 391 conserved and eight novel miRNA
precursor sequences, which account for 443 unique mature miRNAs. My results demonstrate that
most of the lumpfish miRNAs are highly conserved with highly similar precursor sequences to
those observed in other teleosts. Many miRNAs also appear to have similar tissue-specific
expression patterns as in other vertebrates. Thus, the miRNAs profile of lumpfish suggested a
similar organ-specific expression pattern as other vertebrates. It is possible that these conserved
miRNAs are regulating essential and conserved genes in vertebrates. Furthermore, the
identification and characterization of lumpfish-specific novel miRNAs repertoire in this study will

be crucial for further functional studies of the novel miRNAS in this species.
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5. Chapter five: Conclusions and prospects

5.1 Findings and future directions

Chapter 5 summarizes the research findings and highlights the main conclusions. It also
presents directions for future research.

Chapter 1 provides the general introduction to this thesis work. Here, | highlighted the facts
about aquaculture identified by FAO. The world needs more fish to meet the protein demand of
the rising human population [1]. Annual fish consumption has increased by 3% from 1961 to 2019
[2, 3]. Aquaculture is likely the fastest-growing food-producing sector [3-5]. Aquaculture
generated jobs for more than 20 million people worldwide in 2020 [4]. In Canada, aquaculture has
become a large-scale commercial industry, while Atlantic salmon represent 63.43% and 74.3% of
volume and value, respectively [6, 7]. Given the aquaculture sector's contribution to food security
and the economy, its sustainable development is required. However, diseases are a challenge in
any animal food production sector, including aquaculture. One of the most prominent disease
challenges currently restraining the global Atlantic salmon aquaculture is infection by caligid sea-
lice, specifically L. salmonis and Caligus spp [8-12]. | explained the characteristics of sea-lice,
sea-lice impact on Atlantic salmon aquaculture, and current sea-lice control methods in chapter 1.
An efficient biological pest control strategy is using cleaner fish, e.g., lumpfish (Cyclopterus
lumpus) [8, 13-16]. Lumpfish feed on sea-lice at low temperatures (6-7 °C), indicating that
lumpfish is a suitable cold-water option for the biological delousing of Atlantic salmon [13-15, 17,
18]. The number of cleaner fish used by the salmon farming industry has increased exponentially
since 2008 [16, 19]. Lumpfish is a native fish in the North Atlantic Ocean. Commercial production
of lumpfish is ongoing in Norway and Atlantic Canada. Due to its growing demand, | have focused

on lumpfish during my Ph.D. research. Here, | have highlighted lumpfish's physical and genetic
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characteristics, its distribution, reproduction, and commercial production in chapter 1. However,
diseases caused by various pathogens preclude this industry’s development. A. salmonicida subsp.
salmonicida is one of the oldest known fish pathogens, endemic worldwide in both fresh and
marine water in a broad host range, including Atlantic salmon and lumpfish, and is the etiologic
agent of furunculosis [20-23]. A proper understanding of A. salmonicida and the host's resulting
disease state is key to developing effective vaccines. The transcriptomic analysis techniques (e.g.,
RNA-Sequencing (RNA-Seq)) draw the scientific community's attention to elucidating host-
pathogen interactions [24-27]. On the other hand, different post-transcriptional factors, including
small RNAs (microRNA (miRNAS)), play a major role in determining an organism’s disease state
by regulating gene expression related to many cellular functions [28-36]. Recently, miRNA-
mediated clinical trials have shown promising results for treating such diseases, including viral
and bacterial infections [28, 29, 36]. Researchers use state-of-the-art tools, such as high throughput
sequencing (HTS), to characterize the miRNAome repertoire, understand the host immune
strategies activated against the pathogen, and how the pathogen overcomes host-mediated immune
responses directed against it [26]. Such information could help develop vaccine therapeutics
against the pathogen.

Nowadays, vaccination is the most critical measure to prevent bacterial infection in
aquaculture [37]. The principle of vaccinology is described in chapter 1. The principle of
vaccination is immune memory [38]. However, not all formulations confer immunological
memory. Antigens prepared for vaccination, or the pathogen, could trigger adaptive immune
suppression, hindering protective disease control measures [39-41]. Disease control or elimination
requires the induction of protective immunity in a sufficient proportion of the population [42]. This

is best achieved by immunization programs capable of inducing long-term protection, a hallmark
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of adaptive immunity by maintaining antigen-specific 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 exposure [43].

In chapter 1, I also described the major knowledge gaps in lumpfish biology and their
immune functions. Overall, research is required to characterize the immune function of lumpfish,
lumpfish-A. salmonicida interaction, and develop vaccines against A. salmonicida. It is also very
important to characterize the miRNAome of lumpfish for future functional studies. Finally, 1
outlined the major thesis objectives in this chapter as i) determining A. salmonicida infection
kinetics in lumpfish and multi-organ transcriptomic response of lumpfish during A. salmonicida
infection; ii) investigating the immune protection and immune response of lumpfish to inactivated
whole cell vaccine (WCV) or outer membrane proteins (OMPs) of A. salmonicida; iii)
characterizing miRNAome of lumpfish.

The molecular interactions between lumpfish and A. salmonicida were unknown before
this research. Therefore, in chapter 2, | characterized the kinetics of A. salmonicida infection in
lumpfish. Lumpfish were intraperitoneally (ip) injected with different doses of A. salmonicida.
This study showed that A. salmonicida J223 is highly virulent for lumpfish. After 3 days post-
infection (dpi), lack of appetite, erratic swimming, and internal hemorrhagic septicemia were
observed in the infected fish. Mortality began within 7-10 dpi, reaching 100% in the fish infected
with the 103, 10* and 10° colony forming units (CFU)/dose, 68% in the fish infected with 102
CFU/dose and 7% in the fish infected with 10! CFU/dose. The calculated LDso for A. salmonicida
J223 in lumpfish was 102 CFU/dose. Subsequently, A. salmonicida infection kinetics in different
organs were determined for the different doses used to infect lumpfish. All lethal doses (10%-10°

CFU) showed A. salmonicida in the head kidney at 3 dpi, suggesting that this organ is the primary
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A. salmonicida target, and from then spread to the spleen and liver, and finally, after 7 dpi A.
salmonicida infection in lumpfish became systemic. Lumpfish infected with a low dose of A.
salmonicida (10 CFU) established a persistent infection as bacterial colonies were still detected
after 30 dpi without mortalities. While A. salmonicida J223 strain's lethal doses caused acute
infection, in low doses, it might cause chronic infections. Similarities and differences between
bacterial physiology in acute and chronic infection are needed. Investigation of genetic
requirements for A. salmonicida colonization and persistence during infection in the lumpfish
model could encapsulate many key characteristics of infection. Future studies should reveal the
strategies employed by A. salmonicida to evade host immune clearance to cause chronic infection.
One possible approach could be dual RNA-sequencing analysis to simultaneously define changes
in the transcriptomic profiles of the host and the pathogen, which would be helpful to explore the

A. salmonicida pathogenicity in marine teleost.

In this study, | examined the transcriptome profile of central lymphoid organs, including
the head kidney, spleen, and liver, during early (3 dpi) and late infection stages (10 dpi). | identified
organ-specific and typical gene expression profiles using reference genome-guided and de novo
transcriptome analysis. | investigated the molecular interactions and relationships between these
organs. Principal component analysis (PCA) and heatmap results reveal clear tissue and time point
clusterization. Among all the organs studied, the spleen has the clearest clusterization.
Furthermore, | observed only 25.9% of the differentially expressed genes (DEGSs) were shared
between the de novo and reference-based analysis, 17.3% were unique in de novo analysis, and
56.8% were unique in reference-based analysis. This study suggested that each assembler was able
to capture unique transcripts not detected by other. Therefore, | adopted an integrative approach

for gene ontology (GO) enrichment analysis to bring more benefits for the better exploration of

250



pathogenicity. In addition, this study has provided a substantial transcriptomics database and a

novel public platform for GO analysis.

| observed that the most significantly upregulated genes are associated with inflammation,
complement activation, blood coagulation, and acute phase responses (APR). Furthermore, GO
enrichment analysis revealed that inflammation and APR were activated pathways in all three
organs. This study suggested that A. salmonicida infection could induce inflammation and APR
by upregulating associated genes in lumpfish head kidney (e.g., illb, il6, il10, cxcl8a, serum
amyloid A-3, hp), spleen (e.g., app, ccl19, illb, il6, cxcl3, cxcl8a, hp), and liver (e.g., app, saa3,
ccl19, illb, il6, cxcl8a, hp). In addition, blood coagulation and complement activation might co-
occur in the head kidney and spleen because upregulation of genes related to blood coagulation
was observed in lumpfish head kidney at 3 dpi (e.g., fibrinogen, prothrombin, plasminogen,
antithrombin-111) and spleen at 10 dpi (e.g., thrombomodulin, platelet glycoprotein 4, coagulation
factor XIII, coagulation factor Illa, and coagulation factor VIII, von Willebrand factor).
Interestingly, downregulation of genes encoding hemoglobin subunits alpha and beta was
identified in spleen 3 dpi and hypoxia was suggested in the moribund lumpfish. In this study, the
upregulation of genes complement factor H, complement factor B, c3, ¢7, ¢8, c1r-A subcomponent-

like complement component, and ¢6 was observed in head kidney and spleen.

Excessive activation of inflammation, complement, and coagulation systems damages the
host tissues by breaking the blood/tissue barrier and organs, leading to multiple organ failures and
death. Interestingly, excessive hemorrhages in the lumpfish body, eyes, gills, or at the base of the
fins, muscles, organ tissues, and ascites were observed in moribund fish. These observations
suggest that detrimental and uncontrolled inflammation, overactivation of blood coagulation, and

complement components lead to a septic-like shock, which might play a significant role in the A.
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salmonicida mediated lethal infection of lumpfish. However, the septic response is an extremely
complex reaction of inflammatory, anti-inflammatory, humoral and cellular processes, and
circulatory abnormalities, which are highly variable with the non-specific nature of the signs [44].

Therefore, further investigation is required to confirm sepsis in lumpfish.

Furthermore, | observed the downregulation of genes encoding MHCII and IgM in all
analyzed organs. In addition, cd79a, cd79b, and cd209 were downregulated in the head kidney,
spleen, and liver. All these observations suggest that A. salmonicida mediated immune suppression
in lumpfish. I also observed the downregulation of the low-affinity immunoglobulin gamma Fc
region receptor I1-b-like (LOC117747925) in the spleen at 3 dpi, suggesting that A. salmonicida

J223 exerts an antiphagocytic effect in lumpfish.

In this study, host genes associated with cytoskeleton organization (e.g. actin-binding LIM
protein 1-like, cdc42 effector protein 1b, rho GTPase-activating protein 4-like, rho guanine
nucleotide exchange factor 10-like protein, rho guanine nucleotide exchange factor 18, rho-
related GTP-binding protein RhoH, tubulin beta chain, tubulin monoglycylase TTLL3-like, tubulin
polyglutamylase TTLL7, rasgrf2a, tppp3) were downregulated in the spleen at 10 dpi. In addition,
downregulation of genes related to microtubule bundle formation was observed in the head kidney
at 10 dpi (e.g., genes encoding dynein assembly factors, dynein heavy chains, tppp3). These
findings suggest the disruption of the lumpfish cytoskeleton might be triggered by microfilament

and microtubule depolymerization and mitotic arrest during A. salmonicida infection.

| observed the upregulation of several genes in head kidney and spleen at 10 dpi, which
positively regulates the apoptosis process. However, no caspases were differentially expressed in
this study. I detected the over-expression of several regulators of NFxB activity, including the bcl-

3, tnfrsf1lb, aen, ddit4, nfkbia, and nfil3. I did not observe the formation of furuncles in lumpfish
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skin that is concurrent with no expression of caspases involved in apoptosis. Identification of the
dysregulation of A. salmonicida virulence gene AopP, which is known to induce apoptosis during

infection, could be valuable for future research.

A. salmonicida infection downregulates several genes (e.g. bardl, dna2, erccl, ercc4,
herc2, msh2, parpl, rad52, ddit4, rad54l) involved in DNA damage repair in liver 10 dpi.
Therefore, several biological processes like DNA metabolic process, DNA replication, DNA
repair, double-strand break repair, RNA metabolic process, gene expression, and cell cycle
processes were enriched by GO enrichment analysis using the downregulated genes in liver 10
dpi. These findings suggest that A. salmonicida infection might provoke DNA damage and cause

cell cycle arrest in the lumpfish liver.

This study suggested these genes as biomarkers for the molecular diagnosis of A.
salmonicida early infection. Multiplex gPCR assays for these genes could then be developed to
help to detect A. salmonicida infection in lumpfish, which could speed up 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 teleosts.

Overall, in chapter 2, | proposed an infection model for lumpfish molecular responses at
the early and lethal point of infection. The model suggested that A. salmonicida could induce lethal
infection in lumpfish by uncontrolled and detrimental blood coagulation, complement activation,
and inflammation. 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. Also, A. salmonicida might destabilize the cytoskeleton
structure by depolymerizing microfilament and tubulin to colonize and survive inside the lumpfish.

In addition to this, A. salmonicida may induce the apoptotic process. These findings fill the gap of
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global understanding of the molecular network of A. salmonicida-lumpfish host interactions,
which is essential for developing effective treatments. This information could be used for
prophylactic and therapeutic vaccination in marine teleost. However, future studies will be needed
to integrate the interaction of A. salmonicida virulence factors with the cells of the lumpfish

immune system.

Driving from the need for vaccination against A. salmonicida in lumpfish, in chapter 3, I
evaluated the immune protective effect of A. salmonicida bacterins and OMPs expressing iron-
regulated outer membrane protein (IROMPSs) in lumpfish. This study included wild-type A.
salmonicida J223 strain that contains VVap A layer (A™) and three other mutant strains, J225, J227,
and J228, that do not have Vap A layer (A°). Additionally, one set of bacterins contained
extracellular products (ECPs, secreted by A. salmonicida) in the growth medium. Triplicated
groups of passive integrated transporter (P1T)-tagged lumpfish (10.3 £ 2.4 g; n=48 per group) were
ip injected with formalin-killed A" or A" A. salmonicida bacterins (ECPs*/), A*OMPs,
A'IROMPs, A‘OMPs or A'IROMPs. However, all immunized and non-immunized control fish
similarly died within 2 weeks post-challenge. Therefore, my results demonstrate that vaccines do
not confer protection to lumpfish against A. salmonicida J223. ELISA and RT-gPCR analyses
were conducted for bacterin-injected lumpfish to investigate further. Interestingly, ELISA results
demonstrate that formalin-killed A. salmonicida J223 bacterins either in the presence or absence
of Vap A layer do not increase IgM titers. Instead, A. salmonicida J223 bacterins significantly
downregulate genes encoding MHCII, IgM, and CD4, which suggests immune suppression and
the vaccine’s inability to trigger humoral and cell-mediated immune responses. On the other hand,
A. salmonicida A" strains differentially modulate lumpfish’s immune system. However, A.

salmonicida A" strains did not trigger humoral immune responses and confer protection in
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lumpfish. Therefore, this study identified A. salmonicida subsp. salmonicida as a major lumpfish
pathogen that can hijack fish defense mechanisms. However, the tactics employed by the J223
strain to inactivate host defense are still a mystery, which needs to be revealed to develop a new

immune protective vaccine.

miRNAs are key regulators in teleost development, maintenance of tissue-specific
functions, and immune responses [29, 33, 34]. Before this study, the miRNAs repertoire of
lumpfish was unknown. In chapter 4, | identified and characterized miRNA encoding genes in
lumpfish from three developmental stages (adult, embryo, and larvae). A total of 16 samples from
six different adult lumpfish organs (spleen, liver, head kidney, brain, muscle, and gill), embryos,
and larvae were individually small RNA sequenced. This study represents the first characterization
of a lumpfish miRNA transcriptome produced by independent analysis of small RNA sequences
from several adult organs and early developmental stages. | identified 391 conserved and 8 novel
miRNA precursor sequences, which account for 443 unique mature miRNAs. My results
demonstrate that most of the lumpfish miRNAs are highly conserved with highly similar precursor
sequences to those observed in other teleosts. Many miRNAs also appear to have similar tissue-
specific expression patterns as in other vertebrates. Thus, the miRNAs profile of lumpfish
suggested a similar organ-specific expression pattern as other vertebrates. It is possible that these
conserved miRNAs are regulating essential and conserved genes in vertebrates. Furthermore, the
identification and characterization of lumpfish-specific novel miRNAs repertoire in this study will
be crucial for further functional studies of the novel miRNAs in this species. Future studies must
be carried out to identify the mRNA targets of lumpfish miRNA repertoire and miRNA-mRNA
interactions. This could help functional enrichment analysis during A. salmonicida infection in

lumpfish as well by mapping the genes uniquely regulated by candidate miRNAs to GO database
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for analysis of enriched signaling pathway and disease ontology. There are studies in rainbow
trout, turbot, and Atlantic salmon that characterized miRNA during A. salmonicida infection [45-
48]. RT-gPCR experiment can be designed to identify the expression of these miRNAs in lumpfish
by using primer sequences obtained in this study. Furthermore, miRNAs play a key role in the
inflammatory response and have been validated to be potential sepsis biomarkers recently [49].
Future studies can apply a miRNA regulatory network-based method to identify novel miRNA
biomarkers associated with the early diagnosis of sepsis. These could promote designing miRNA
therapeutics for lumpfish during bacterial infections.

5.2 Conclusions

Firstly, this study characterized A. salmonicida subsp. salmonicida J223 infection kinetics
in lumpfish and lumpfish molecular responses during lethal infection [24]. My research suggested
that A. salmonicida J223 might cause septic-like shock and cell cycle arrest in lumpfish, which
need to be verified by future experimental work [24]. Several biomarkers were also suggested in
this study to identify A. salmonicida J223 infection [24]. Interestingly, | observed that both active
and dead A. salmonicida J223 suppressed the immune system of lumpfish. Additionally, A.
salmonicida J223 bacterin did not protect lumpfish, while many A. salmonicida WCV provided
immune protection to several fish species [50-57]. These results indicated that not all WCV trigger
immune protection. Therefore, my thesis identified that A. salmonicida J223 strain is hypervirulent
and suggested that virulence factors in A. salmonicida J223 might hinder vaccine-induced
protections in lumpfish even if in an inactivated form. This information will contribute to future
lumpfish- A. salmonicida interactions studies. Furthermore, the lumpfish miRNA repertoire
characterized in this thesis is crucial for future functional analysis and for identifying key miRNAs

during bacterial infection (e.g., A. salmonicida) [58]. Overall, this thesis work contributed

256



significantly to understanding lumpfish- A. salmonicida interaction, revealed lumpfish miRNA

repertoire, and provided guidelines for future vaccine and therapeutic vaccine design.
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