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ABSTRACT

During the past few decades, the aquaculture industry has contributed immensely to food
security in the face of the continuous growth in the global human population—and farming of
Atlantic salmon has significantly contributed to this growth. Consequently, the rapid growth
of the industry has led to intensification, which in turn has brought about increased disease
incidences; with cardiomyopathy syndrome (CMS), a viral disease caused by piscine
myocarditis virus (PMCV), being among the top diseases of economic importance in salmon
farming in Norway. There are currently no known effective vaccines against the disease, and
several studies have linked resistance against CMS to different variants of the major
histocompatibility complex genes. However, no known functional study has pinpointed the
mechanisms involved. Therefore, this study explored the sequence distribution and diversity in
skin, spleen, heart, gill, liver and head kidney tissues and between infected and uninfected fish
for the MHC-I-F10 gene. While no big differences were observed in the MHC-1-F10 gene in
the different tissues, some insertions and deletions were only observed in the heart samples.
Furthermore, the alignment of clean sequences from these tissues, except the heart, indicated
a single nucleotide polymorphism at nt 533, which results in an amino acid change from
cysteine to tryptophan. In contrast, the sequences from the heart showed messy chromatograms
with double peaks in proximity to the N terminus. Therefore, the heart samples were sequenced
with both forward and reverse primers—where the latter returned clean and contrasting results
to the former. Moreover, we have developed CRISPR-mediated editing of the MHC gene in
the TO cells, a permanent cell line of Atlantic salmon origin, via transfection and
electroporation methods and demonstrated the possibility of successful editing of the MHC-I-
F10 gene in TO cells, which lay the foundation for further functional studies of this gene related
to PMCV infection. The editing efficiency was low which might have emanated from many

factors. The most significant one is the short duration set aside for these studies, which has



influenced the overall results. However, the foundation laid for editing of the MHC-1-F10 gene
in this study can serve as a component of a toolbox for future functional genetics and

immunological studies in Atlantic salmon.
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Chapter 1 Introduction
The world human population is projected to be over 9 billion by the year 2050 (United Nations,
2019), and this increase needs robust strategies to meet the population’s nutritional
requirements. One of such requirements is the daily intake of animal proteins of about 20 g per
person per day (FAO, 2014). As a result, livestock had been implicated to be contributors to
the global climate change with the emission of greenhouse gases either directly from the enteric
fermentation or indirectly, through activities used to feed them (Cassandro, 2020). Therefore,
the need to look at other sources to meet the animal protein requirement without jeopardising
the survival and sustainability of the human population has been eminent. One important sector
that can contribute to reducing the greenhouse gas effect is aquaculture. Aquaculture has
consequently become increasingly important as a sector that contributes to global food security
and income generation as it accounts for 46 percent of the total output and 52 percent of the
consumption of fish by humans (FAO, 2020). About 17 percent of the global intake of animal
proteins came from fish consumption in 2017 (FAO, 2020). One important fish species
contributing to the growth of aquaculture is the farmed Atlantic salmon (Salmo salar L.).
Atlantic salmon is a salmonid fish species (including trout, char, grayling and others)
characterised by a dorsal, adipose fin posterior to the main dorsal fin and a laterally compressed

body (Verspoor et al., 2007).

Since 2013, salmonids have been the most valuable commaodity traded, accounting for over 19
percent of the entire value of internationally traded fish products in 2018 (FAO, 2020). They
are important contributors to the improvement in the aquaculture sector and the continuous
increase in the world’s per capita fish consumption. The farmed Atlantic salmon has become a
flexible and popular seafood item that matches trends in modern consumer preferences.
Therefore, it is not strange that the farmed Atlantic salmon has become the most significant

single fish product by value for several years now, as it makes up the largest portion of the
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global export revenue compared to other salmonids (FAO, 2020). The industry is known for
its well-coordinated international marketing strategies and swift product innovation. All these
and more have contributed to the success of the Atlantic salmon aquaculture, as the industry
prides itself among the world’s most lucrative and technologically advanced fish culture
industries. The leading countries at the core of these achievements for the Atlantic salmon
culture are Norway, closely by Chile, UK and Canada. These countries account for the chief

proportion of farmed Atlantic salmon sold worldwide.

In addition, the salmonid industry has benefited generously from the advancement in selective
animal breeding, using the application of recent tools and techniques, such as markers assisted
selection, genomic selection and prediction of breeding values of selection candidates—which

are made parents and founders for the next generations (Yafiez et al., 2014).

However, despite these advancements and successes, the industry’s intensification has resulted
in a series of infectious disease outbreaks, threatening the profitability and sustainability of the
industry. These diseases impact health and welfare, with substantial economic losses and
environmental consequences such as cross-species disease transmission to wild fauna—with
the widespread use of antibiotics and chemicals in disease control efforts (Barrett et al., 2020).
One of the most critical diseases bedevilling the farmed Atlantic salmon industry is the

Cardiomyopathy Syndrome (CMS) (Sommerset et al., 2020).

1.1 Cardiomyopathy Syndrome (CMS)
Cardiomyopathy syndrome (CMS) has been described as a severe cardiac disease that occurs
in the grow-out sea phase of farmed Atlantic salmon. Moreso, field reports have indicated the
manifestation of CMS in younger fish with a time range between five to six months after sea
transfer (Fritsvold et al., 2021; Wiik-Nielsen et al., 2016). As the largest producer of farmed

Atlantic salmon, Norway has witnessed approximately 100 outbreaks of CMS annually (Su et
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al., 2021a). The disease has consequently caused a lot of losses in the industry due to the
incessant outbreaks that threaten its prosperity and sustainability. Due to the economic
importance of this disease, several research efforts have been geared toward understanding the
underlying mechanisms of pathogenicity. This has eventually led to the identification and
characterisation of the causative agent, the Piscine Myocarditis Virus (PMCV) (Haugland et

al., 2011).

Currently, there is no known effective vaccine available to control CMS—this is partly due to
the difficulty of culturing PMCV in cell lines. In the absence of vaccines, strategies to control
viral infections rely mainly on stimulating and potentiating the fish immune system to ward off
the viral infection. Several studies have been conducted to assess the tolerance and resistance
levels of the farmed Atlantic salmon to the PMCYV infection. These studies can provide insights
as to how to utilise several tools, such as selective breeding, genomic selection and many

others, to enhance the resistance, survivability, and even phasing out the menace of the virus.

In previous studies, the spatio-temporal regulation of the different arms of immunity during
CMS was characterised using transcriptome analysis of immune responses in fish, which
developed the strongest pathology and infection (Timmerhaus et al., 2011). The peak of cardiac
pathology and viral load coincided with a cardiac-specific induction of T cell response genes
and a splenic induction of complement genes. These responses were activated before viral load
and pathology were reduced, implying that they may be important for viral clearance and
recovery. In another study, the resistance of Atlantic salmon to CMS was found to be heritable,
with values ranging between 0.12 and 0.46 (Boison et al., 2019). Furthermore, some research
groups have conducted a handful of genome-wide association studies (GWAS) to detect the
genomic regions linked to resistance against CMS in Atlantic salmon. One of these studies
observed some regions in the salmon genome that may contribute to resistance against CMS

(Boison et al., 2019). In addition, another study has confirmed the presence of major
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quantitative trait loci (QTLs) detected from previous GWAS studies on the resistance of farmed
salmon to PMCYV infection (Hillestad et al., 2020). The regions implicated in these studies, the
major histocompatibility complex (MHC), contain genes involved in the induction of adaptive

immunity against viral and bacterial diseases.

1.2 Major Histocompatibility Complex (MHC)
The MHC is an important molecule that plays a crucial role in the generation of adaptive
responses. Professional antigen-presenting cells (APC) present foreign peptides in association
with MHC to T cells, leading to the activation of the specific immune responses (Dionne et al.,
2009). There are two types of MHC in vertebrates, including the Atlantic salmon. These two
are referred to as classes I and Il MHC. The MHC class | molecules are expressed by all
nucleus-containing cells. On the other hand, the MHC class Il molecules are explicitly
produced by APCs such as the dendritic cells, macrophages and B cells. Both classes of the
MHC are essential in the adaptive immune system of Atlantic salmon. Therefore, in-depth
knowledge of the underlying mechanism of the MHC, with the integration of various breeding

and molecular tools, could be pivotal in combating the PMCV infection.

1.3 Modern tools in enhancing disease resistance in Aquaculture
As mentioned before, disease outbreaks inflict significant economic losses and affect the
welfare of the fish in the aquaculture industry. About 15% of the global production value of
cultured shellfish and fish accounts for the losses—with nearly 9 billion USD annually (Zilong
Tan, 2007). In light of these losses and accompanying welfare problems, myriads of control
measures have been devised to combat infectious diseases in the aquaculture industry. These
include management practices and biosecurity measures, grouped into treatment and

preventive measures (Lafferty et al., 2015). However, the incessant use of chemicals with these
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measures, such as vitamins, disinfectants, antibiotics, and others, have directly or indirectly
contributed to environmental problems and the ever-increasing antibiotic resistance in bacteria
(Karunasagar et al., 1994). In addition, there had been the use of probiotics—non-harmful

bacteria for protection against infection.

As a result of the challenges, high costs, and the transient effects of the measures mentioned
above, selective breeding has been proposed and used as a natural and sustainable means of
improving resistance to diseases in fish (Gjerde et al., 2004; Gjerde, 2006). Selective breeding
methods have recorded immense successes in various livestock and aquaculture species and

have helped in improving various economic traits of interest.

Selective breeding methods have gone through phases since their inception; from the mass
selection of animals to selection based on relatives (family selection), the use of molecular
markers, known as markers assisted selection (MAS) and the recent, advanced use of the
genome-wide markers, popularly known as genomic selection (GS), based on single nucleotide
polymorphism (SNPs). Most of the breeding programs that consider disease resistance in
Atlantic salmon have been using family selection approach with relatively slow progress (long
generation interval). This is mainly because the estimated breeding values (EBVs) of selection
candidates were achieved with low accuracy due to the dearth of information from the selection
candidates—as they are not used in challenge tests (Falconer and Mackay, 1996). However,
the advent of new technologies, such as the next-generation sequencing and high throughput
genotyping platforms, has heralded a new era at the frontiers of breeding for disease resistance
in salmonid species. This is because of the unravelling of the regions in the genome, known as
genetic variants, that influence resistance against infectious diseases (Goddard & Hayes, 2009).
With these technologies, different methods have been used to obtain records on the traits of
interest and the accompanying genetic variability among the fish. In Atlantic salmon and other

salmonids, these methods have been used in several studies (Fevolden et al., 1999; Fevolden
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& Roedb, 1990; Gjedrem & Gjgen, 1995; Gjedrem et al., 1991; Houston et al., 2010; Wetten
et al., 2007) to study immunological and physiological parameters associated with specific
infectious diseases in the field and in challenge experiments, where fish are exposed to
pathogens in controlled environments. For example, studies on PMCYV resistance in Atlantic
salmon have resulted in detection of genetic variants underlying resistance to the virus (Boison
et al.,, 2019; Hillestad et al., 2020). Heritability estimates, pointing to significant genetic
variation in susceptibility to CMS were detected in several populations, giving room for genetic
improvement of resistance to the disease, and of note, genes clustering in the MHC-region were
found to be associated with resistance to infection. However, functional validation of the
importance of these genes is required and could be done using the novel genome-editing tool

such as CRISPR cas9.
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1.4 Objectives of the study
As a result of the importance of the CMS disease in the Atlantic salmon industry, several
research efforts have been geared towards understanding the underlying molecular mechanism
and how the immune system build resistance against infection / disease. In their study in 2019,
Boison and colleagues detected some QTLs associated with resistance to CMS infection in
Atlantic salmon. In the same year, a study by Hillestad and others observed the same QTLSs.
After that, another study (Hillestad et al., 2020) confirmed the presence of the QTLs in
association with resistance to CMS disease. In addition, these studies detected part of MHC
genes associated with resistance to infection. There have been no known functional studies to
assess the genes implicated therein. Consequently, this study aims to understand the
distribution and sequence diversity of the MCH-1-F10 genes (LOC106588401 ssa27,;
10508991- 10512119, LOC106588402 ssa27; 10122008- 10149393) in different tissues of the
Atlantic salmon. In addition, the study also aims to establish and develop tool to study the

functional importance of these genes using the novel genome editing tool approach in cell lines.
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Chapter 2 Literature Review

2.1 Overview of Atlantic salmon (Salmo salar)
Atlantic salmon is part of the fish family Salmonidae, an essential part of the Teleosts—the
modern bony fishes with the presence of a homocercal tail (Nelson, 1984). The family consists
of about seven genera: Salmo (the Atlantic and trout species) and others (Hucho,
Oncorhynchus, Salvelinus, Salmothymus Brachymystax, and Salvethymus). They are
characterised by possessing a laterally compressed body with a dorsal, adipose fin posterior to
the main dorsal fin (Verspoor et al., 2007). In addition, they are primarily found in temperate
water with characteristic complex biology—spending their early life in freshwater and their

later life in the sea (Storebakken, 2009).

https://aquatechcenter.com/species/atlantic-salmon/

Figure 1. Atlantic salmon (Salmo salar), by Aquatechc enter, CC BY 4.0.
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2.2 Atlantic salmon culture
The contribution of farmed Atlantic salmon to ensure global food security is due to the
intensification in the industry and the substantial contributions from the major producers like
Norway, Chile, Canada, and the UK (Boudry et al., 2021). During the 1970s, the aquaculture
of Atlantic salmon kicked off in Norway (Boudry et al., 2021) and has since become the most
valued fish species in recent times (FAO, 2020). As has been indicated earlier, the lifecycle of
farmed Atlantic salmon (as well as the wild) begins in the freshwater, where they are raised in
pens in freshwater lakes (Chile/UK), on land-based hatcheries running on flow-through or
recirculating water systems (most other salmon producing countries). Afterwards, they go
through different growth phases and are transferred into the seawater for on-growth to reach
harvest size (3-6kg). These different phases and practices in farmed Atlantic salmon include
egg and milt collection, fertilisation, incubation, hatching, transfer to the sea and slaughter

when fish reach marketable size.
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1 Broodstock transferred to freshwater tanks/cages

salmaon puer
Fry/pareismalts in tanks'capes
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_-;-” .
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¢ I afber %-16 months|
o o TS
250 degroe days W eycing 4
250 degree days cycing 1o hatch & Floating
500 degroe days haach 10 firdt feed cage
Freshwater Scawater

Source:hges://theﬁshsite.com/artides/cultured-aquatic-species-atlantic-salmon

Figure 2. Atlantic salmon production, 2010, by the fish site. (https://thefishsite.com/articles/cultured-aquatic-

species-atlantic-salmon). CC-BY 2.0
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10-16 months

Transfer
to sea

12-24 months

Growth phase
in sea

Slaughtering

Figure 3. Atlantic salmon production cycle, including processing. From Salmon Farming Industry Handbook,
2020, by MOWI. Reprinted with permission.
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2.2.1 Broodstock breeding and rearing
Norway began its first Atlantic salmon broodstock programs in 1971 by spawning wild Atlantic
salmon from several rivers (Storebakken, 2009). This has since been advanced using various
selective breeding methods and other modern molecular technologies, including family
selection and mass selection, marker-assisted selection, and the recent genomic selection.
Using these different methods, parental broodstocks have been selected and are kept either in
the freshwater for their entire life, in sea water cages, or a combination. The age range of the
broodstock is between three to seven years. However, care is usually taken to avoid using old

fish due to the generation interval and inherent costs incurred (Storebakken, 2009).

2.2.2 Stripping and Fertilisation and Hatchery
Shorter photoperiod and dropping water temperature induce spawning; the timing and the
relative change in daylight hours are crucial in stimulating the oogenesis, vitellogenesis, as well
as gamete maturation and release (Storebakken, 2009). Furthermore, with technological
advancement in the aquaculture industry spawning is synchronized through light, water
temperature and hormones to make fertilized eggs available throughout the year. Stripping
refers to the removal or harvesting of eggs or milt from the female or male broodstock,
respectively. Before stripping, the male and female are kept in conducive conditions without
disturbance. The collected eggs and milt are mixed, with the addition of water, to bring about
fertilisation (Vassvik, 2000). In the hatchery, the incubation period is dependent on the
prevailing water temperature. The recommended water temperature is around 8 'C, and

hatching takes about 60 days (Vassvik, 2000).
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2.2.3 Incubation
During incubation, the fertilised eggs are left untouched due to their delicate conditions but can
subsequently be handled after reaching the eyed egg stage—which takes about 220-250 degree
days (Storebakken, 2009). The degree days is calculated as the product of the number of days
in incubation with the prevailing temperature at that particular time (Vassvik, 2000). After that,

the dead eggs are sorted from the live ones, as the two black dots can be seen in the live eggs.

2.2.4 Alevin Stage
The succeeding stage after hatching is known as the alevin stage. In this stage, the young fish
possess an attached yolk on the underside, serving as a reservoir of food for continuous
nourishment until their first feeding. The duration of the stage is similarly contingent on the
prevailing water temperature. This stage lasts for some weeks as the nutrients in the yolk is

used for growth and development with minimum movement.

2.2.5 First Feeding
This happens when most of the attached yolk in the previous stage is almost used up and is
subsequently called the fry. Here, the fries are transferred from the hatchery into fish tanks.
The fries are much more active as they search for food. They are provided with feed particles
commensurate with their feeding stage as they grow during this phase (Vassvik, 2000). Various
stocking densities are used during this stage, and as large as 10 000 fish per square meter with
a water temperature range of 10-14 °C can be used (Vassvik, 2000). This period takes about
six weeks, after which fry are sorted into bigger tanks according to their various sizes. The light
conditions and the water temperature are essential for the development of the salmon parr—an
advanced fry with several dark parallel lines on the back, into smolt. Subsequently, the sorted

fish are vaccinated against diseases before transferring them to the sea.

24



2.2.6 Smolting
Smolting can be described as the processes and series of changes that transform young Atlantic
salmon parr in the freshwater to life in seawater. These changes are behavioural, morphological
and physiological in nature and prepare them for seawater entry (Mccormick, 2013). Increased
salinity tolerance with accompanied alteration in kidney, gill and gut function has been
described as one of the most essential and amenable changes during this phase (Mccormick,
2013). Other changes include the disappearance of the parr marks and the emergence of silvery
colours on the side and underside of the body. Furthermore, some visible changes occur in with
the gills as the parr finally advances to a smolt (Vassvik, 2000). During this phase, the smolts
are sometimes gradually acclimatised to life in the sea before final transfer. They are usually
about one year in age before transfer to the sea, but can be transferred earlier using light

manipulation.

2.2.7 Smolt Transfer
The smolts are transferred to the sea by boats and trucks. In addition, the storage area of these
trucks and boats is filled with seawater to make the availability of fresh seawater to the smolt

easy.

2.2.8 Grow-out
The remaining life of farmed Atlantic salmon is spent in the sea pens or cages up until
harvesting. This period is usually referred to as the grow-out phase. In this phase, the fish face
several challenges as they live in a new environment with less control from the farmers. One
of these challenges is the outbreak of diseases. However, due to the vaccination before the sea
phase, fish are protected against many diseases. Nevertheless, effective vaccines are yet to
develop against some diseases, which continue to cause significant losses to the salmon

industry. One of these diseases is the CMS, caused by PMCV, which is known to adversely
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affect the health and welfare of farmed Atlantic salmon in the second year of the grow-out

phase (Svendsen et al., 2019).

2.3 Piscine Myocarditis Virus: Bane of farmed Atlantic salmon
The recent intensification and expansion of global trade in the aquaculture industry have led to
incidences of diseases that have impacted the health and welfare of the fish and caused
economic losses. PMCYV is a small unencapsulated icosahedral virus that possesses a double-
stranded RNA (dsRNA) genome with three open reading frames (ORFs) (Haugland et al.,
2011). Two of the three ORFs encode for presumptive proteins that may be part of the 91 kDa
capsid and an RNA-dependent RNA polymerase. In addition, the third ORF in the PMCV
genome encodes a putative toxin, which may be equivalent to the killer toxins whose genes
carried in satellite virus particles (Dunn et al., 2013). The disease has been observed in both
farmed and wild Atlantic salmon that have been exposed to PMCV (Su et al., 2021b). This
virus was tentatively assigned to the Totiviridae family (Haugland et al., 2011; Lavoll et al.,
2010). In general totiviruses have been mainly linked with latent infections in fungi and
protozoan. that is transmitted through cell division, sporogenesis or cell fusion (Adams et al.,
2014). However, PMCV differs from other Totiviridae in several ways, including the choice

of a vertebrate host and the mode of extracellular transmission (Haugland et al., 2011).

Even though CMS was first discovered in 1985 (Amin & Trasti, 1988), knowledge about the
pathogenic mechanisms and immune responses required for protection are lacking. The disease
is now widespread along the Norwegian coast and a few other countries where salmon farming
occurs. Studies using quantitative polymerase chain reaction (QPCR or real-time PCR) analysis
showed a strong correlation between virus levels in the heart and the severity of cardiac lesions
(Haugland et al., 2011; Timmerhaus et al., 2011). PMCV’s biophysical properties are still not
known and have proven to be a hard nut to crack in cell culture experiments. As a result,

developing a vaccine against the virus has been difficult, and there is currently no known
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effective vaccine on the market. Therefore, protection against the disease is mainly through
management practices and biosecurity measures, leaving the Atlantic salmon to use its immune
system to ward off the infection by the PMCV when an outbreak occurs. Recent studies have
implicated some genomic regions associated with the major histocompatibility complex
(MHC) in Atlantic salmon to be associated with resistance to the CMS (Boison et al., 2019;

Hillestad et al., 2020).

24 MHC: An essential pillar in vertebrates’ immune systems
The histocompatibility antigen (or H2-locus) was initially defined as a gene with a significant
effect on tissue rejection in mice. However, when it became clear that several closely linked
genes influenced rejection, the region was dubbed the major histocompatibility complex or
MHC for short (Grimholt, 2016). The MHC has been found to consist of primarily two classes
of molecules—MHC class | and I1. The bid to get a clear picture of how the MHC molecules
work took some few decades after their discovery. The MHC classes | and Il were observed to
comprise proteases and MHC-like chaperones that aid them in presenting peptides to the
immune system (Rock et al., 2016). These were only made possible due to concerted efforts
and several studies in the field to understand the MHC molecules. Therefore, many details have
been revealed in recent years, providing new insights into their control and specificity (Neefjes

etal., 2011).

The MHC classes | and 11 are similar and, at the same time, different from each other in their
features and mode of antigen presentation. Therefore, the antigen presentation mechanism
utilised by MHC genes to combat invading viruses, bacteria, and other infectious agents
necessitates a deeper comprehension of the underlying processes involved. The MHC class |

molecules present intracellular peptides—mostly of cytosolic and nuclear origin, to CD8+ T

27



cells on the cell surface, while the class Il molecules present exogenous peptides to CD4+ T
cells on the cell surface (Vyas et al., 2008). In addition, MHC class | molecules consist of one
alpha chain and B2-microglobulin—with class Il having one alpha and one beta chain
(Grimholt et al., 2003). Furthermore, while MHC class Il is mainly present in antigen-
presenting cells (APCs), which include the dendritic cells, macrophages, and B cells and are
used to present peptides to activate T cells, the MHC 1 is present in all nucleated cells and
present cellular peptides to the surveying immune cells (Rock et al., 2016). Consequently, cells
that present foreign or pathogens associated peptides are identified and eliminated by activated
T cytotoxic cells. The MHC class I gene is of interest to this study and will therefore be focused

on.

2.4.1 Antigen Presentation by MHC class |
The understanding of antigen presentation by the MHC class | molecules of the adaptive
immune system has been deeply enriched due to recent advances in the field. These advances
contributed to the recent observations that revealed the complexities of various steps in the
antigen presentation pathway of MHC class | molecules (Neefjes et al., 2011). Prior to antigen
presentation, the peptides involved in this pathway are processed from various sources in the
cell that include the defective proteins, known as defective ribosomal products (DRiPs) and
other antigens degraded by the cytosolic and nuclear proteasomes (Neefjes et al., 2011; Rock
et al., 2016). To access MHC class | molecules, the consequent peptides are then translocated
to the endoplasmic reticulum (ER) by the transporter associated with antigen presentation
(TAP). A polymorphic heavy chain and a light chain, known as p2-microglobulin (2m) of the
MHC class | are used in assembling heterodimer in the ER (Neefjes et al., 2011). To maintain
stability, peptides of 8-9 amino acids must enter the MHC class | peptide-binding groove,
which can only accommodate peptides of this length. However, without the peptides, the

stability of the MHC class | molecules is ensured by chaperone proteins of the ER, such as the
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protein disulphide isomerase (PDI), calreticulin, and the dedicated chaperone, tapasin (Neefjes

etal., 2011; Rock et al., 2016).

CD8* T cell

W @ © Peptides

Proteins in Proteasome
the cytosol
or nucleus J

Figure 4. Basic depiction of MHC class | antigen presentation. A series of events are involved in the presentation
of antigens in the intracellular spaces. Foremost, degradation of antigen proteins in the proteasome and the
transportation of the ensuing peptides into the endoplasmic reticulum (ER) lumen via the transporter associated
with antigen presentation (TAP) and loaded onto MHC class | molecules. The ER releases peptide—MHC class |
complexes, which are then transported to the plasma membrane by the Golgi apparatus and used to present antigen
to CD8+ T cells. From Towards a systems understanding of MHC class | and MHC class |1 antigen presentation,
by Neefjes et al., 2016, Nature Reviews Immunology, 11(12), p.824. Reprinted with permission.

After loading the peptides onto the MHC | molecule in the ER, the peptide-MHC class |
complexes leave the ER to be presented on the cell surface (Vyas, 2008). On the contrary,

peptides and MHC class | molecules that cannot bind in the ER are returned to the cytosol for
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degradation. In summary, the antigen presentation pathway of the MHC class | molecules can
be divided into three main stages; antigen processing, the peptide-MHC class | complexes

formation with modifications and antigen presentation.

2.4.2 MHC classes, polymorphism, and disease resistance in Atlantic salmon
Marsh et at., 2000, described the MHC genes as the most polymorphic genes known to date,
with multiple loci and a large number of alleles at each locus. The proteins responsible for this
characteristic are the human leucocyte antigens (HLAS). They are expressed in three highly
polymorphic genomic regions in MHC class | (HLA-A, HLA-B, HLA-C) and MHC class Il
(HLA-DR, HLA-DP, HLA-DQ). The resulting allelic variability primarily influences the
nature and constitution of the peptide-binding groove and, consequently, the peptide or antigen
fragment repertoire displayed on the surface (Wieczorek et al., 2017). This diversity enables
each individual to bind and present a diverse array of peptide ligands, which has direct
functional implications for immune responses. Heterozygous advantage, over-dominant
selection and frequency-dependent or balancing selection have all been proposed as possible

explanations for the MHC gene’s extensive polymorphism (Parham & Ohta, 1996).

In Atlantic salmon, previous studies have shown that genotypes of MHC classes I and 11 confer
resistance to infectious diseases. For example, Langefors et al., 2001, established an association
between MHC class 1l B and resistance to Aeromonas salmonicida. In the same vein, there
were associations between MHC class | and class Il A and resistance to Aeromonas
salmonicida and Infectious salmon anaemia virus (ISAV) (Grimholt et al., 2003). Nevertheless,
Miller and colleagues (2004) reported that the MHC class | and class 11 loci are associated with
susceptibility to infectious haematopoietic necrosis virus (IHNV). A similar association has

recently been found between the MHC class | genes and the CMS in farmed Atlantic salmon
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(Boison et al., 2019; Hillestad et al., 2020; Hillestad & Moghadam, 2019). From animal
breeding and genetics perspective, these associations between MHC genes and infectious
diseases in salmon could be exploited further to develop selective breeding programmes that
increase the fish population’s resistance to these diseases and minimise their impact. A further
investigation into the underlying mechanisms of this association is therefore warranted. One of
the ways to study this association is the use of high-density single nucleotide polymorphism
(SNP) chips in genotyping both challenged fish and their relatives, known as the selection
candidates, for the QTL associated with the disease resistance—and making use of these groups
of fish as parents of the next generation, a method known as genomic selection (GS).
Furthermore, due to the rapid advancement in molecular techniques and tools, there are many
other opportunities to improve resistance against infectious diseases—one of which is through

novel genome editing technology.

2.5 Genome Editing Tools
The capacity to alter the building blocks of living organisms—the DNA bases, is extremely
valuable in molecular biology, agriculture, medicine, and the general field of life sciences.
Subsequently, a long-held goal in molecular biology is the ability to make desired changes to
the genomes which came with homologous recombination (Adli, 2018; Capecchi, 1989). In
addition, the unprecedented power to characterise the functional roles of various genes in
model organisms provided by such targeted gene integration into the genome was
revolutionary. However, this approach had some drawbacks, including the significantly low
rate of integration of exogenous DNA copy (Capecchi, 1989). Furthermore, the rate of
integration varied according to the cell type and state. Finally, the genome editing approach
may result in arbitrary integration of the exogenous DNA into undesirable genomic loci at a

rate comparable to or greater than that of the genomic area of interest (F. L. Lin et al., 1985).

31



Several research efforts have been geared to provide alternative approaches to overcome the
abovementioned problems. An early breakthrough was the discovery that introducing a double-
stranded break (DSB) at a target site increases the frequency of targeted gene integration by
several manifolds. One of the approaches used in introducing the DSBs in the genome is
through the use of uncommon cutting endonuclease enzymes—examples of which include an
18 base pairs I-Scel cutter that introduce the DSBs into the mouse genome (Rouet et al., 1994).
However, there were two shortcomings of this method: the uniqueness of the meganucleases
to recognise sequences made it challenging and lowered the chances of finding a suitable one
for a locus of interest, and the use of the error-prone non-homologous end joining (NHEJ) in
repairing the DSBs in the target area of interest (Adli, 2018). Thereafter, the discovery of zinc
finger nucleases (ZFN) and transcription activator-like effector nucleases (TALEN) brought
enormous improvement to the frontiers of genome editing due to their improved capabilities as
compared to previous tools. For ZFN, they recognise three base pairs of the target area of
interest in the genome, while the TALEN can precisely target and edit one base pair. Despite
their stellar performances and advances they brought with applications in therapeutics and
other areas of life sciences, re-designing or re-engineering of a new set of proteins was required
to target different sites in the genome. ZFNs and TALENSs have not been widely adopted by
the scientific community due in part to their difficulty in cloning and protein engineering (Adli,

2018).

Subsequently, the advent of the novel clustered regularly interspaced short palindromic repeats
(CRISPR) has transformed the field because its editing capabilities are on par with, if not
superior to, the existing tools. CRISPR, with its associated nuclease, Cas, have been observed
to be initially part of the prokaryotic adaptive immune systems against invading pathogens
such as the phages— by binding and cutting foreign nucleic acids (Barrangou et al., 2007;

Brouns et al., 2008; Marraffini & Sontheimer, 2008). In the molecular biology community, the
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most commonly used type Il CRISPR system comprises two parts: Cas9 nuclease and synthetic
single-guide RNA (sgRNA), which is a merger of a CRISPR RNA (crRNA) and trans-
activating crRNA (tracrRNA) (Deltcheva et al., 2011; Jinek et al., 2012). When Cas9-sgRNA
recognises an NGG—where N might be A, T, C, or G, proto- spacer-adjacent motif (PAM)
sequence, the sgRNA spacer pairs with the target DNA strand to form an R-loop. The Cas9
nuclease cleaves the DNA strands and creates a blunt-end DSB 3 bp upstream of the PAM

(Cong et al., 2013; Jinek et al., 2012; Mali et al., 2013).

Target site

l::
R

Non-Homologous End Joining Homologous Recombination

Gene disruption by insertions or deletions

4L

Gene replacement or correction by
homologous recombination

Figure 5 above depicts and sums up the typical process of CRISPR-mediated editing via non-homologous end-
joining and homology-directed repair. Firstly, the guide (sgRNA) sequences attach to the target sequence, which
is about 20 nucleotides away from the PAM (red) and precisely cut through the site. The disruption caused by this
incident is repaired either by NHEJ, which causes insertion or deletion or by HDR, by adding a donor template.
From Applications of CRISPR-Cas9 as an advanced genome editing system in life sciences, by Tavakoli et al.,
2021, BioTech, 10(3), p.3. CC-BY 4.0

In aquaculture, the CRISPR Cas system has many potentials to improve disease resistance—
one of which is the fixation of alleles at existing loci. This is done through , removal, promotion

or fixation of these functional alleles of interest, segregating within the broodstock at one or
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many loci in the population (Gratacap, Wargelius, et al., 2019). This could fast-track the rate
of genetic improvement with disease resistance in Atlantic salmon. Also, beneficial variants
from distinct populations, species, or strains could be introduced to improve uncommon traits
through introgression-by-editing (Gratacap, Wargelius, et al., 2019). This method has been
described as having prospects in providing new opportunities to avoid traditional introgression
and the accompanying drawbacks of linkage drag— and it permits access to genetic variation
in other strains and species, which would not be possible with traditional selective breeding
techniques (Gratacap, Wargelius, et al., 2019). Finally, the novel CRISPR Cas technology
could also be of immense help in improving disease resistance against diseases, including the
CMS, by generating and employing de novo beneficial alleles that are unknown elsewhere. In
this context, using the CRISPR Cas system, novel alleles can be created based on prior
knowledge of the biology of the trait of interest or from approaches that use genome-wide
genetic perturbation to identify candidate genes that influence the trait of interest (Gratacap,

Wargelius, et al., 2019).
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Chapter 3 Materials and Methods

The experiments were carried out at the Lab Nord at the Host-pathogen interactions in
infections and immunity group, Department of Paraclinical Sciences, Faculty of Veterinary
Medicine, Norwegian University of Life Sciences, Norway. In addition, the complementary
deoxyribonucleic acid (cDNA) of TO cells and other cells used in this study was acquired from
other experiments involving RNA extraction from different tissues of farmed Atlantic salmon.

The cDNA was then further used for other downstream methods in the study.

3.1 Cell culture

3.1.1 Cell line
The cell line used in this study was the TO cell line developed from the head kidney leucocytes
of the Atlantic salmon (Wergeland & Jakobsen, 2001). All cells were grown as a monolayer in
L15 media (Gibco, Thermofisher) and supplemented with the heat-inactivated foetal serum
(FBS) (Gibco, Waltham, USA). Cell incubation occurred at 20 °C without carbon dioxide

(COy).

3.2 RNA isolation and cDNA synthesis
Total RNA was isolated from TO cells and different Atlantic salmon tissues. All the tissues,
except the heart were obtained from fish with similar genetic backgrounds. On the other hand,
the heart samples were obtained from fish with different backgrounds, including fish infected
with PMCV. For TO cells, RNA was extracted using RNeasy Plus mini kit (Qiagen) as
recommended by the manufacturer. On the other hand a combination of Trizol and RNeasy
mini Kit procedures was used as previously described (Guo et al., 2015). After extraction, the
RNA concentrations were determined by spectrophotometry using Nanodrop ND1000
(Thermo Scientific). 250 ng TO cells RNA or 1ug tissue RNA was used for cDNA synthesis
using Transcription First Strand cDNA Synthesis Kit (Roche) using both oligo (dT) and

random hexamer primers, as recommended by the manufacturer.
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3.3 Polymerase Chain Reactions (PCR)
To amplify the gene sequences and prepare them for downstream methods, such as sequencing,
the cDNA from cell lines and different tissues, namely the heart, liver, spleen, head kidney,
skin, and gill, were subjected to PCR reactions. Each PCR reaction, contained Phusion master
mix, (Thermofisher Scientific) and the two genes’ (LOC106588401 and LOC106588402)
forward primers (5' GGATCGTATGTCTGCCTGGA 3', 5' ACGGGCTAACGACGATATGA
3) and the reverse primers (5' CCCGCTCGACCCAATTAAGG 3', 5
AGGTGTCTGTCCATGGATGC 3"), respectively. In addition, all PCR reactions were carried
out with a program as follows; initial denaturation at 98°C for 30 secs, followed by 39 cycles
at 98°C for 10 secs, then 64.2°C for 30 secs and 72°C for 1 minute. The final extension was set

at 72°C for 10 minutes with a Biorad Thermocycler (model and version).

3.4 Gel Electrophoresis
After PCR amplification, the PCR products were examined using gel electrophoresis. 1.5%
agarose was prepared in a corresponding volume of 1X TAE buffer. The mixture was then
heated in a microwave until a clear solution was achieved. Afterwards, a SYBRsafe gel stain
was added, and the gel was casted into mold with combs and left to solidify. After proper
solidification, the gel mold was placed into the electrophoresis apparatus (Bio-Rad PowerPac
Basic) and the coms removed. 1X TAE buffer was added to cover the gel completely. For the
loading into the wells, 10 pl 1 kb DNA ladder was added to the first well in the gel, while a
mixsture of 10 pul of samples and 2 pl loading dye was loaded into the remaining wells. The
electrophoresis instrument is set to 90 volts of electric current at 400 mAh for 45 minutes.
Finally, the visualisation of the bands and capturing of the gel picture was done with a UV box

(Safe Imager™, Invitrogen) and an Azure ¢300 Fluorescence and Chemiluminescence Imager.
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3.5 DNA purification from agarose gel
The obtained PCR products were excised from the gels and weighed with a digital analytical
balance scale (Model: LPW-2103i, VWR). The PCR products were then purified with Qiagen
QIAquick Gel Extraction Kit using a spin protocol recommended by the manufacturer. Briefly,
about 3 volumes of the Buffer QG were added to the excised gels in the microcentrifuge tubes
and incubated for 10 minutes at 50°C with intermittent vortexing every 2-3 minutes
manufacturer instructions. This is done to ensure the homogenous dissolution of the gel with a
clear yellowish colouration confirming it. The resulting solution was then transferred into a
QIAquick spin column, placed into a 2 ml collecting tube, and centrifuged for 1 minute. All
flow-throughs were discarded from the collecting tubes and 500 ul Buffer QG was added to
the QIAquick spin column to remove all traces of agarose. At this stage, 750 pl Buffer PE was
added to the QIAquick spin column and allowed to stand for 5 minutes before centrifuging for
1 minute. This is done to ensure that the resulting DNA is amenable to sequencing at the end
of the extraction. All flow-throughs were discarded from the collecting tubes. After this, the
QIAquick spin column was then placed into a clean 1.5 ml microcentrifuge tube and eluted by
adding 40-50 pl Buffer EB (10 mM Tris.Cl, pH 8.5) or RNase free water carefully at the center
of the QIAquick membrane and the columns were centrifuged for 1 minute. The DNA quality
was checked with the Nanodrop (name and model), and samples were prepared and sent for
Sanger sequencing at Eurofins Genomics. All centrifugation steps were carried out at 13 000

rpm in a tabletop microcentrifuge (name and model) at room temperature.
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3.6 CRISPR Cas9 Genome Editing of TO Cells
To culture the required amount of cells for the experiment, old media were removed from the
growing cells in the cell culture lab using the aspirator. After that, two rounds to washing with
10 ml of PBS buffer was performed in order to wash off any remaining media from the cells.
The cells were then detached from the cell culture flask by trypsinisation and checked under
the microscope to ensure successful trypsinisation. This was followed by adding about 3 ml of
the media to stop the action of trypsin. Thereafter, cells were counted using the T-20 automated
cell counter (Bio-Rad) and plated into a 24-well plate using a cell density of 50 000-90 000 per

well.

3.6.1 Cas9 Ribonucleoprotein (RNP) complex assemblies
To test and optimise the Cas9 RNP in this study, the major histocompatibility complex (MHC)
gene, MCH-1-F10 (NCBI accession LOC106588402 ssa27; 10122008- 10149393) of the
Atlantic salmon was targeted with multiple single guide RNA (sgRNASs) through transfection

of the TO cell line.

The sgRNAs were designed with the CRISPR Design Tool (Synthego Inc., Menlo Park, USA)
and then ordered from Synthego Inc. (details of all SJRNASs are given in Table 1). The RNP
complex was assembled as follows: the sgRNAs (1.5 nmol) tubes were briefly centrifuged to
ensure the RNA pellets were collected at the bottom of the tubes and were carefully rehydrated
using 15 pl nuclease-free 1X TE buffer to make 100 15 uM (100 pmol/ pl) stock solution.
After that, the solution was vortexed for 30 seconds to ensure that the sgRNAs were fully
resuspended and stored at -20°C. Afterwards, the working concentration was produced by
diluting the rehydrated sgRNAs using nuclease-free water in a sterile microcentrifuge tube. For
example, to make a 30 UM (30 pmol/ pl) working stock, 6 pl of 100 uM sgRNA is added to 14
ul of nuclease-free water. In this study, two conditions were used for the incorporation of the

SgRNAs; one with the recommended volume (1259 ng/7.5 pmol) of each sgRNA ( 3X ) and
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the other with one-third of each sgRNA (1X) in each reaction. In order to form the RNP
complex, 25 pl Opti-MEM™ | Medium (Thermo Scientific), 2490 ng (7.5 pmol) TrueCut™
Cas9 Protein (Thermo Scientific) and lastly, 2.5 pl Lipofectamine™ Cas9 PLUS™ Reagent
(Thermo Scientific). The resulting solution was mixed and incubated for 5 minutes at room
temperature to allow the formation of the RNP complex. Table 1 below shows the CRISPR
effector, guide sequences and the primers used for the editing and onward sequencing of the

products thereof.

Table 1. Guide RNA sequences and primers used for amplification and sequencing of MHC-I-F10 gene

Table 1 Guide RNA sequences and primers used for amplification and sequencing of MHC-I-F10 gene

CRISPR effector, target Guide sequences (3-37) Primerz (5-37) Size (bp)

Tm{*C)  PAM

spCasg, MHC-1-F10 TCTTTCATCCAGTCCTGTCG F- ACGGGCTAACGACGATATGA 500 55 GGG
R- GCGTTGGGGOGATACATTTC

s5pCasg, MHC-1-F10 TGTTTCTATTCCAGTAATCA F- ACGGGCTAACGACGATATGA 500 55 GGG
R- GCGTTGGGGOGATACATTTC

spCasg, MHC-1-F10 F- ACGGGCTAACGACGATATGA 500 55 AGG

TGGGAAGTCTGGTATTCCTG

R- GCGTTGGGGCGATACATTTC

F/R forward and reverse primers for the MHC-I-F10 gene.

3.6.2 Transfection Solution
The transfection solution was constituted in another clean microcentrifuge tube with 25 pl
Opti-MEM™ | Medium (Thermo Scientific) and 1.5 pl Lipofectamine™ CRISPRMAX™
Reagent (Thermo Scientific) and incubated for 1 minute at room temperature. The resulting
solution was not allowed to sit for more than 3 minutes to ensure optimal transfection

efficiency.
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3.6.3 Transfection Complex and Incubation
The transfection solution was added to each of the 3X and 1X reactions from the RNP complex
and mixed well by pipetting up and down. Afterwards, the mixed solution was incubated for

20 minutes at room temperature.

3.6.4 Cell Transfection
A 50 pl (per well) transfection complex was added to 4-9 x 10* cells in the 24-well plate on
transfection and incubated for 48 hours in a 20 °C incubator. The transfection was performed

either once, twice or three times, based on the experimental groups (Fig. 6).
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Cas9 nuclease 1250 ng (7.5 P }

pmolll . gt 3 Lipo_Cas9 Plus Reagent 1.5 pl

sgRNA 240 ng (7.5 prmicl) — ~
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Figure 6. Cell transfection with RNP complexes. Tubes 1 and 2 contain the RNP complex and the transfection
solution, respectively. Addition of the two gives the RNP complex-transfection solution, or the transfection
complex. This is followed by the addition of 50 p pl of the transfection solution per well with about 50 000 cells
plated in each well which are then subsequently incubated at 20 °C for 48 hours. Transfection was performed once
for the wells labelled 1 and 2 in the plates, twice for 3 and 4 and three times for 5 and 6.
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3.6.5 Electroporation Method
The transfection solution was added to each of the 3X and 1X reactions from the RNP complex
and mixed well by pipetting up and down. Afterwards, the mixed solution was incubated for
20 minutes at room temperature. After incubation, the cells and the transfection complex were
electroporated with the Neon system (Invitrogen, Carlsbad, USA) according to manufacturer’s
instructions. The mixture was electroporated with 10 pl tips at 1200 V, 1 pulse with 40 ms

speed, and dispensed in 1 ml of fresh media on a 6-well plate.
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Figure 7. Cell electroporation with RNP complexes. Tubes 1 and 2 contain the RNP complex and the transfection
solution, respectively. Addition of the two gives the RNP complex-transfection solution, or the transfection
complex. This is followed by the electroporation of the cells with the transfection complex and their respective
addition to the wells and subsequently incubated at 20 °C for 48 hours.
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3.7 Analysis
All sequencing results were analysed using the CLC Main Workbench (version 6.9.2) software
for quality controls, alignment, and others. In addition, the products from both the lipofection
and electroporation methods were amplified via PCR and then analysed using the cleavage
assay with the GeneArt Genomic Cleavage Assay Kit (Thermo Scientific) and the Inference of

CRISPR Edits (ICE) (Synthego) for sequenced products, to ascertain the editing efficiency.
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Chapter 4 Results

4.1 Amplification of the MHC-1-F10 gene in different tissues and TO cell
line

As indicated previously from past works (Boison et al., 2019; Hillestad et al., 2020; Hillestad
& Moghadam, 2019), two genes have been found and confirmed to be associated with
resistance against the PMCV infection. The genes include LOC106588401 and
LOC106588402 from the major histocompatibility complex families, class I. Before
performing the gene-editing studies, we needed to understand the presence of the different
genes in the cell line and different tissues. Therefore, these genes were targeted for
amplification through polymerase chain reactions (PCR) and electrophoresis with specially
designed primers and the results were analysed. Only the LOC106588402 gene was
successfully amplified for different tissues including the heart, liver, head kidney, gill, skin,
and spleen, and from the TO cell lines. Below are the results from the tissues and the cell line.
Amplification of the MHC-1-F10 gene, as shown in Figures 3a and b, resulted in bands with a
size of around the 1300 bp mark, which corresponds to the expected amplicon size. Similar
results were obtained from TO cell lines (Fig. 3c) and other tissues (Fig. 3d). Therefore, the
LOC106588402 gene was successfully amplified in the cell lines and all the tested tissues. In
contrast, no positive PCR results was obtained for LOC106588401 gene, and it was

consequently excluded from the subsequent studies.
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Figure 8. PCR results from the amplification of the MHC-1-F10 gene, where L is the DNA ladder in all cases (a)
1-negative control, 2 and 3- heart samples’ bands (b) 1-10-heart samples’ bands, 11- negative control (c) 1-
negative control, 2-4-TO cell samples’ bands(d) 1-4- liver, 5-8- spleen, 9-12- head kidney, and 13-14- skin
samples.

4.2 Sequence Diversity of Target Gene in Different Tissues
To gain insigts into the diversity of the targeted MHC | sequences, the PCR results from the
tissues mentioned above were extracted and purified and subsequently sequenced using Sanger
Sequencing at Eurofins Genomics. We obtained results for 3 or more samples from all tissues
except the liver. All the tissues came out with clean chromatograms except for the sequences
from the heart samples. This was due to the presence of double peaks at the beginning of the
sequences, which spanned to about 319 bp at the beginning of the amplified sequences in the
heart samples (Fig.9). Therefore, the heart samples were excluded from the initial alignment
that aimed to show the sequence diversity. The remaining sequence with clean chromatograms
(from 319 nt to 970 nt of the ref sequence) in all tissues were then aligned with the reference

sequence of the MHC-1-F10 gene (LOC106588402; Accession number: NC_059468, region:
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10426984...10442999). Figure 10 below shows the alignment results from the tissues with the
reference sequences. The results indicated that the sequences obtained from the different tissues
were very similar to the reference sequences except for a single nucleotide change at position
nt 533 of the reference sequence, where T in the reference was swapped with Gs in the samples
(Fig. 10), resulting in aminoacid change from cysteine to tryptophan. The only exceptions were
the sequences obtained from the heart, which showed great variability and were only similar to

the reference sequences at positions 620 to 920 nt from the alignment (Fig. 11)

Figure 9. Heart sequence data of MHC-I-F10 gene. This shows the messy results from the beginning of the
sequences up to around 500 nt before they become clean.
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