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ABSTRACT

Arctic charr (Salvelinus alpinus) are a salmonid with potential economic growth in
Canadian aquaculture. They are native to the Arctic, and have been an important food source
for many years. Arctic charr can be sold for a higher price per kilogram than salmon, due to
their delicacy status and niche market. For this reason, Arctic charr farming is becoming more
popular. Unlike other salmonids, Arctic charr require a high stocking density to keep aggressive
behaviours at bay, and thus many intensive culture-related diseases are easily spread among
individuals. Currently, little information is available on the Arctic charr immune system, and
their disease susceptibility to common culture-related diseases, such as furunculosis.
Furunculosis is a septicemic disease caused by Aeromonas salmonicida, which has two forms:
typical and atypical. Both of these diseases have the potential to cause mortality and spread
quickly within a population. These infections tend to have acute onsets, with chronic
conditions only occurring in adult fish. Previous research has been conducted on culturerelated diseases in Arctic charr, although more information is needed to determine what
prophylactic measures would work best to prevent such diseases. The objectives of the current
thesis were to: (1) determine the efficacy of two commercial salmonids vaccines against
furunculosis infections in Arctic charr; (2) to determine the length of protection acquired by
these vaccines; and (3) to characterize the immune responses to vaccination and subsequent A.

salmonicida infection.

To answer these questions, an infection trial was designed to determine the Arctic
charr immune response to a typical A. salmonicida infection using two different vaccine
regimes. Vaccination with the vaccine Forte Micro® (Micro®) showed 72% survival, while

vaccination with Forte Micro® + Renogen® (MicroRenogen) showed 83% survival. The presence
of A. salmonicida was detected, and results showed significant differences between both
vaccinates and a control (Sham -PBS vaccinated) group at 8 days post-infection (dpi) with A.
salmonicida. Molecular techniques such as ELISA (Enzyme Linked lmmunosorbent Assay) and
RT-qPCR (Reverse Transcriptase quantitative PCR) were used to examine the immune
responses to vaccination, and following challenge with a typical A. salmonicida at 8 and 29 dpi.
Strong IgM responses, specific to typical A. salmonicida, were detected at 8 dpi in vaccinated
fish only. Reverse transcriptase quantitative PCR revealed an emphasis on the acute phase
response of innate immunity, and some intracellular responses to vaccination and infection.
Co-administering of the vaccines did not negatively impact vaccine efficacy, and could provide
a viable option for protection against typical A. salmonicida infections in Arctic charr in
aquaculture settings.

During atypical A. salmonicida infections, Arctic charr were either challenged
approximately 2-months or 1- year post-vaccination. The Micro® vaccine provided good
protection (88% survival) at 2-months post-vaccination in Arctic charr challenged with atypical
A. salmonicida, but only 63% survival when challenged 1-year post-vaccination. The
MicroRenogen vaccinated fish showed approximately 80% survival in both challenge trials.
When Renogen® was administered alone it provided similar protection as the sham control.
Presence of infection was evaluated by the presence/absence of A. salmonicida-specific
bacterial growth on blood agar. Positive bacterial growth was found in 25% of fish per
treatment group at 10 dpi and 13 dpi (short-term vaccine efficacy and long-term vaccine
efficacy, respectively), while no detectable levels of bacterial growth were found at 28 dpi in
the long-term vaccine efficacy study, and only one Renogen® fish at 23 dpi in the short-term
vaccine efficacy study. Circulating IgM antibody responses to A. salmonicida infection were
ix

strongest in Micro® vaccinated fish when challenged 2-months post-vaccination, while overall
muted IgM responses were observed when challenged 1-year post-vaccination for all groups.
Similar to the typical A. salmonicida infection, Arctic charr showed similar results to the
circulating IgM antibody responses, and acute phase and intracellular responses to infection.
The Micro® vaccine appeared to provide significant protection when fish were challenged 2months post-vaccination, but not at 1-year post-vaccination and no apparent negative effects
on vaccine efficacy were observed when the Micro® and Renogen® were co-administered.

Overall, these data demonstrate the protective effects of two vaccination regimes
(Micro® and Micro®+ Renogen ) on Arctic charr at different sizes/age classes to challenge with
A. salmonicida subspecies. This has provided a better understanding of the Arctic charr
immune response to vaccination and A. salmonicida infection. More work should, however, be
done to concentrate on the ideal timing for vaccination, to provide the most protection for
these fish. Finally, these vaccines can currently be used to manage A. salmonicida infections in
Arctic charr culture situations, but further research is required to determine if protection can
be enhanced through different vaccination strategies, such as targeting more specific A.
salmonicida antigens, or through coordinating vaccination and harvest, to find the ideal time to
vaccinate Arctic charr.
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Chapter 1: Introduction

1.1 An Introduction to Aquaculture
Aquaculture is a driving force in the economy worldwide, where over 500 species of
aquatic organisms, such as fish, shellfish, crustaceans and aquatic plants are cultured in
freshwater, brackish and marine environments (Pillay & Kutty, 2005). Aquaculture is defined as
agriculture in the water, where aquatic organisms have been cultured and harvested for over
4000 years in both fre0- and saltwater, with controlled and semi-controlled conditions
(Beveridge & Little, 2002; Canadian Aquaculture Industry Alliance, 2017; Stickney, 1994).
Aquaculture aims to increase yield by manipulating growth and reproduction factors, on a
species-specific basis, with the goal of increasing production yield using a cost-effective
method (Beveridge, 2008). Within the past century, aquaculture has increased in popularity,
initially for purposes of stocking lakes and rivers, but now more so for human consumption
(Johnston, 2002; Tabachek & De March, 1991). Over the period of 2003-2013, the value of the
global aquaculture industry increased by 63%. In 2014, aquaculture worldwide produced over
73.8 million tonnes (Food and Agriculture Organization of the United Nations, 2017). The
Department of Fisheries and Oceans Canada (DFO) anticipates that the global production of
aquaculture will at least double by 2025 (DFO, 2012).

1.1.2 Canadian Aquaculture
In 2015 alone, sales in Canadian aquaculture products and services were $907.4
million, which was an increase of 23% from 2014 (Statistics Canada, 2016). Finfish farming
represents over 90% of sales in Canadian aquaculture, producing over 151,000 tonnes in 2015
(DFO, 2017). Well-established farm species, such as Atlantic (SaImo salar) and chinook salmon
(Oncorhynhcus tshawytscha), rainbow trout (0. mykiss), Arctic charr (Salvelinus alpinus),
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mussels (Mytlius edulis), oysters (Crassostrea virginica), and clams (Mercenaria mercenaria),
along with other aquatic species, are contributing to the ever-growing aquaculture industry in
Canada. Being the third largest salmon producer and the top shelf exporter of mussels, the
Canadian aquaculture industry adds great value to the economy (Asche, Roll, Sandvold, Sorvig,
& Zhang, 2013).

With seawater on each coast, and plenty of freshwater available inland, there are
many opportunities for aquaculture in Canada and, more specifically, fish production. Salmon
are by far the most popular finfish, representing over 80% of the total production of finfish
(DFO, 2018). While many salmonid species are cultured in Canada, Arctic charr are an up-andcoming species with plenty of potential. While there are currently a small number of Arctic
charr farms throughout Canada, these fish are still a relatively new species to culture in
comparison to Atlantic salmon and rainbow trout, and little is known about the culture
conditions necessary for this species (Tabachek & De March, 1991).

1.2 Arctic charr
Arctic charr are a stenothermic, coldwater salmonid that have a unique history that
sets them apart from all other salmon species (Baroudy & Elliott 1994). They were first
described by Linnaeus in 1758 in Sweden. Soon after, this species of fish was found in other
Northern locations worldwide, including other Scandinavian countries, Greenland, Iceland,
Russia, and North America, specifically in the Arctic basin. Arctic charr phenotypically appear
similar to other salmon species, though they have a small head and snout (Delabbio, 1995).
These fish are known for being well-adapted to the rigorous arctic environment. Based on their
circumpolar distribution, it appears that Arctic charr have adapted to their harsh environment
without any physical adaptations to cold water (Delabbio, 1995; Johnson, 1980).
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These fish typically inhabit the rivers of the Northern latitudes, where water
temperatures can vary between freezing and 4°C (Baker, 1983; Larsson, 2005; Uraiwan, 1982).
Wild Arctic charr in Svalbard, Norway (78°N) maintain a healthy population in low water
temperatures of 0.1°C in the winter and a maximum of 3.6°C in the summer (Svenning,
Klemetsen, & Olsen, 2007). Due to these preferred water temperatures, Arctic charr provide a
great opportunity for their culture in more northern locations (Brannas & Linner, 2000;
Johnston, 2002). Arctic charr have a wide thermal tolerance, which is much wider than most
other salmonids, with a range of 5-16°C, and up to 22-24°C, according to Barton (1996).
However, Arctic charr do not do well at the high end of these temperature ranges (Baroudy &
Elliott, 1994). While most Arctic charr tend to remain in their home rivers in freshwater, some
populations migrate to seawater during the summer months in search of food (Rounsefell,
1958). Over-wintering in freshwater can be challenging, due to lack of food resources and
colder water temperatures.

Arctic charr are long-lived and are iteroparous (capable of multiple spawnings), unlike
many other salmonid species (Nagahama, 1983). Spawning can occur any time after sexual
maturity is reached, but typically only occurs once every 2 or 3 years. Arctic charr are known to
have aggressive behaviours when kept at low stocking densities, and are therefore more likely
found in densely packed groups in the wild (Johnson, 1980; Johnston, 2002).

1.2.1 Arctic Charr Aquaculture and Fisheries

At the beginning of the 20th century, Arctic charr fisheries became very popular upon
the arrival of Europeans in Canada. Spear fishing became obsolete and gillnetting was the sole
method of harvest. Charr were traded for ammunition, guns and other trade goods. In some
locations, overfishing occurred, causing communities to relocate (Moshenoke, Peet, Dahlke, &
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Dowler, 1981). Exports of charr began in the 1940s and lasted until 1966, when commercial
fishing became unfavourable due to the risk of exhausting native populations of charr. Midway
through the 1970s, the commercial harvesting of charr once again became feasible, though the
culture of charr did not grow as rapidly as predicted. Many obstacles prevented Arctic charr
farming from attaining great success and contributed to its slow development. Some issues
included variable egg quality and hatching success, as well as poor growth and survival in
seawater, early maturation and variable fillet pigmentation, which led to a decrease in sales
(Jobling, Tveiten, & Hatlen, 1998). Many small-scale Arctic charr farms produced few fish, and
of poor quality, due to the use of rearing practices similar to Atlantic salmon or rainbow trout
(Jobling, Tveiten, & Hatlen, 1998). Arctic charr are a unique fish species that require their own
specific practices.

Arctic charr farming became more popular in the 1980s in Europe and Scandinavia,
where Sweden produced 50 tonnes of charr in 1985. In 1984, 30-50 tonnes per year were
harvested in Canada (Kristofferson, McGowan, & Carder, 1984). In 2012, commercial landings
of Arctic charr in Canada alone were 57 tonnes (52 metric tonnes; DFO, 2014). In 2011,
Brannas et al. (2011) estimated that approximately 6,000-10,000 metric tonnes of charr were
being produced each year globally, with Iceland contributing one-third of that production
(Brannas et al., 2011). Currently, approximately 800 metric tonnes of charr are thought to be
produced in Canada each year (Rogers & Davidson, 2001). Arctic charr are more expensive to
buy compared to other salmon species; this is due to the bright colouration of meat with good
flesh and texture. Arctic charr products are considered a delicacy worldwide, and are known as
a symbol of Canada's Arctic (Aarset, 1999; Kim, 1993; Talley, 1991).

Farming techniques have been adapted from other salmonid species, in the hopes of
acquiring ideal growing conditions for Arctic charr. Several different techniques were tested,
including sea cages and circular and square tanks in land-based systems, along with raceways
and ponds (Johnston, 2002). The Norwegians tested the ability of anadromous Arctic charr in
sea cages year-round but observed that Arctic charr could not withstand the saltwater
environment for more than one summer (Gjedrem, 1975). Broodstock testing was completed
in Scandinavia and Canada, from which eggs and fingerlings were used in early Arctic charr
commercial development in the 1980s (Johnston, 2002). In Canada, two strains of anadromous
Arctic charr were developed: the Fraser strain from Labrador, and the Nauyuk strain from the
Northwest Territories. The Fraser strain proved to be more problematic, having smaller sized
fish and jack males occurring often. The Nauyuk strain has produced larger fish with even
colouration. Much research has been conducted and optimal rearing conditions for each strain
have been established, however gaps of knowledge exist on disease susceptibility and
vaccination (Johnston, 2002). Currently, there are no commercially available vaccines for Arctic
charr.

Currently in Canada, there are several small-scale commercial Arctic charr farms in
Newfoundland, Nova Scotia, New Brunswick, Ontario, Quebec, Manitoba, and Alberta, with the
largest being in the Yukon (Canadian Aquaculture Industry Alliance, 2017; Dempson, 1995;
Dempson & Shears, 1998; Kristofferson, McGowan, & Carder, 1984). These farms operate landbased systems where the fish are primarily kept in freshwater. The process begins at a
hatchery, where the fish are cared for until they reach approximately 100g, which takes
approximately 1 year. Then they are moved to a grow-out facility, where they grow rapidly to
market size (around 2.5kg) in just 1 year. Throughout the growing process, fish are fed
commercial dry pellet diets. When in grow out tanks, charr are usually kept at a high stocking

density. Arctic charr prefer to be densely stocked between 40-60 kg/m3, while most other
salmon species prefer 10-15 kg/m3 (Baker & Ayles, 1990). This high stocking density also allows
the fish to grow much faster, keeping aggressive behaviour at bay and provides potential for
decreased operating costs (Brown, Brown, & Srivastava, 1992; Johnston, 2002; Wallace,
Kolbeinshavn, & Reinsnes, 1988). In the wild during the cold winter months, Arctic charr
aggregate together in pockets of unfrozen water, which may be why they prefer to be kept in
such high stocking densities in culture (Canadian Aquaculture Industry Alliance, 2017; Johnson,
1980).

1.3 Stress and Disease
1.3.1 Stress Response and Causes of Stress
Stress is defined as a disturbance of a host's homeostasis caused by a challenge that
may result in compromising the body's integrity (Selye 1953; Wendelaar Bonga, 1997). This
occurs through changes in physiological conditions, such as: gene and protein regulation,
metabolism, energetics, immune, endocrine, neural and behavioural aspects. These changes
aim to regain homeostasis through processes of eliminating the stressor or different
mechanisms to cope with it (Tort, 2011). In terms of molecular responses, increases in heat
shock proteins, and the induction of acute phase proteins occur at different quantities,
depending on the duration and type of stressor (Bayne & Gerwick 2001; Sung et al., 2009).
During stressful events, fish may have a delayed or reduced immune response, which is due to
the stimulation of the initial stressor, which compromises the immune system, leaving the fish
immunosuppressed (Tort, 2011).

Responses to stress occur three-fold. The first is the primary stress response, which is a
neuroendocrine/endocrine response, and includes the rapid release of stress hormones.

Within the head kidney, catecholamines are released from the chromaffin tissue, while cortisol
is released from the interrenal tissue (Balm, PepeIs, Helfrich, Hovens, & Wendelaar Bonga,
1994; Randal & Ferry, 1992). Adrenaline is another important hormone released during this
response. Plasma glucose levels are also commonly used as indicators of stress in fish
(Wedemeyer, Barton, & McLeay, 1990). Secondary responses include biochemical and
physiological effects, and the activation of specific metabolic pathways (e.g. release of glucose
into the blood, increases in heart rate, gill blood flow and metabolic rate) following the release
of hormones during the primary response (Barton & lwama, 1991; Maule, Tripp, Kaattari, &
Schreck, 1989; Randall & Ferry, 1992; Vijayan, Reddy, Leatherland, & Moon, 1994). Tertiary
responses are whole-animal or population-based, and triggered if the above mechanisms
cannot be used or are not capable of dealing with the stress, such as partitioning energy from
other processes (e.g. growth, reproduction and anabolic processes), to use more energy to
regain homeostasis (lwama, 1998; Wendelaar Bonga, 1997).

The neuroendocrine responses, outlined above, are responsible for stress-related
immune suppression (Ader & Cohen, 1981; Stein, Keller & Schleifer, 1985). The secretion of the
glucocorticoids, catecholamines, and select neuropeptides increase with stress, and have the
potential to have negative effects on the immune system functionality (Munck, Guyre &
Holbrook, 1984; Spangelo, Hall & Goldstein, 1985; Yu & Clements, 1976). Cortisol is a
glucocorticoid hormone that is a particularly common measure of stress in animals. Despite the
usefulness of this hormone during stress responses (provide alertness and energy to
regain/maintain homeostasis), it is known to be immunosuppressive to humoral factors of the
inflammatory response, limiting leukocyte trafficking to sites of infection and generally
reducing the amount of circulating leukocytes and lymphocytes (Ainsworth, Dexiang &
Waterstrat, 1991; Cato & Wade, 1996; De Bosscher, Vanden Berghe & Haegeman, 2000;

Engelsma et al., 2003; Maule & Schreck, 1990; Mommsen, Viyayan & Moon, 1999; Pickering &
Pottinger, 1985,1987; Schreck, 1981). Based on the reasons stated above, stress can provide
ideal conditions for pathogens to enter the body, and take advantage of the
immunosuppressed fish.

•
The aquaculture setting aims to provide ideal conditions for fish to grow. Sometimes,
these conditions can be difficult to maintain, and can result in stressful situations for the fish.
There are many reasons why a fish may undergo stress in this setting, such as physical or
environmental stressors, that differ depending on the type and location of farming and the
species of fish. As stated above, there are ideal stocking densities for Arctic charr that differ
from other salmonids, and these densities can reduce the stress of aggressive tank mates (i.e.
low density), stress of food competition, and water quality parameters (e.g. dissolved oxygen
and dissolved nitrogen species) (Funge-Smith & Phillips, 2001). Other types of stressors cannot
be avoided in fish farming, such as transportation, handling (e.g. grading, vaccination), just to
name a few. Some of these activities have consequences that are not always visible at the time
they take place, but can have deleterious effects after the procedures are complete. These can
include hypoxic conditions, and temperature and osmotic shock (Bouck & Ball, 1966; Parker,
Black, & Larkin, 1959).

Stress caused by any of the factors listed above, or by other sources, such as
pathogens, have the ability to alter the immune system of the fish, making it easier for
opportunistic pathogens (e.g. saprolegnia) to enter the body. Stress responses result in various
systemic changes can impact the immune system, both positively and negatively, depending on
the type of stressor and the duration of the stress (Dhabhar, 2002, 2008; Dhabhar, Miller,
McEwen, & Spencer, 1995). For example, local immune responses such as the trafficking of

lymphocytes to the skin and other locations can be positively influenced by acute stress
(Dhabhar, 2000, Dhabhar, 2014). After intrapertitoneal (i.p.) injection with bacteria, myeloidtype leukocytes are known to increase in the peritoneum (Afonso, Ellis & Silva, 1997; Afonso,
Lousada, Silva, Ellis, & Silva, 1998; Afonso, Silva, Lousada, Ellis, & Silva, 1998). However, after
the initial induction of leukocyte trafficking, a general decrease is observed systemically, while
leukocytes aggregate in areas of stress and in affected organs (Tort, 2011). Chronically
stressed fish provide ideal hosts for pathogen invasion and establishment, as over time, these
lymphocyte populations become suppressed, with decreased antibody production, decreased
number of leukocytes in peripheral blood, and decreased lymphocytes in the spleen and head
kidney, compared to pre-stress levels (Dhabhar, 2000; Maule, Schreck & Kaattari, 1987; Saeij,
Verburg-van Kemenade, Van Muiswinkel, & Wiegertjes, 2003; Tort, 2011; Tripp, Maule,
Schreck, & Kaattari, 1987).

The innate immune system plays a vital role in the initial stress response; adaptive
responses are just as useful and necessary during these stressful situations (Tort, 2011). During
the activation phase of a stress response following injury, the acute phase response plays an
important role in attracting immune effector cells to the impacted site and enhancing
elimination of foreign bodies and/or potential pathogens (Demers & Bayne, 1997; Sunyer &
Tort, 1995). Increased levels of lysozyme and Complement C3 protein are known to occur after
acute stressors. Acute stress and trauma can often impact the skin and mucus and higher
numbers of activated macrophages are present in the skin, during these types of stress, along
with increased 1-cell activation (Tort, 2011).
1.3.2 Disease Susceptibility and Common Culturing Diseases
As stated above, under stressful conditions fish can become particularly susceptible to
disease. Many pathogens are ubiquitous in the fish's environment, but will only cause disease
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under favourable conditions in which the pathogen can grow and replicate and the host
immune system is potentially functioning below optimal (i.e under stress-induced
immunosuppression). Therefore, avoiding practices that could cause significant stress to the
fish is favourable for reducing disease (Johnston, 2002). Disease susceptibility in fish is
determined by numerous factors including, but not limited to, their physical barriers (skin,
mucus), previous exposure to the disease, the strain and year class of the fish (broodstock
used), and the fish's age (Pillay & Kutty, 2005).
Arctic charr, like all salmonids, have differing susceptibilities to certain diseases under
aquaculture conditions and, in particular, when kept at high stocking densities (Bass 1998;
Bebak-Williams, 2001; Ricks, 1991). Similar to other salmonids, two of the most important
pathogens Arctic charr are exposed to in intensive rearing systems are the bacterial infections,
furunculosis and bacterial kidney disease (BKD).

Both furunculosis and BKD are primary pathogens and can cause morbidity and
mortality, especially in young fish before the immune system has had a chance to fully mature,
but can also be exacerbated by or induced by stress in carrier fish. Little is known about Arctic
charr comparative susceptibility to these diseases, despite them being commonly observed in
hatcheries and grow-out facilities (Johnston, 2002). For a description of common culturing
salmonid bacterial diseases, see Woo, Leatherland, & Bruno (2011).

Furunculosis is caused by Aeromonas salmonicida, which has 2 forms: typical (caused
by the subspecies salmonicida) and atypical (caused by all other subspecies). It was first
observed in 1890 by Emmerich and Weibel in a brown trout (Salmo trutta) hatchery in
Germany. A. salmonicida has been referred to as Bacterium trutta, Bacterium salmonicida, and

Bacillus salmonicida over time, until the name Aeromonas salmonicida was used. A.
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salmonicida is a gram negative non-motile, rod-shaped bacterium. There are thought to be at
least 5 subspecies of A. salmonicida: salmonicida, achromogenes, masoucida, smithia, and
pectinolytica (Holt, Krieg, Sneath, Staley, & Williams, 1994; Martin-Carnahan & Joseph, 2005;
Pavan, Abbott, Zorzopulos, & Janda, 2000). A. salmonicida bacteria have a unique extra layer,
called the A-layer, that surrounds the bacteria and blocks bacteriophage receptors on the outer
membrane by presenting a chemically refractile and almost completely impermeable barrier
(Trust, Kay, lshiguro, Buckley, & Pearson, 1982). This barrier is present in typical and some
atypical A. salmonicida strains, and is hydrophobic and water insoluble (Hamilton, Kalnins,
Ackland, & Ashburner, 1981). The presence of the A-layer protein on A. salmonicida allows it to
adhere, enter and survive within macrophages, making it difficult for the immune system to get
rid of this bacterium (Garduno et al., 2000). This bacterium is capable of producing
glycerophospholipid cholesterol acyltransferase which, when paired with lipopolysaccharide
(LPS), becomes hemolytic for erythrocytes and is leukocytolytic and cytotoxic (Cipriano &
Bullock, 2001). Aeromonas species have a Type Ill Secretion System (TTSS) that allows gramnegative bacteria to secrete and translocate toxins and effector proteins within host cells (Burr,
Stuber, Wahli, & Frey, 2002), and appears to significantly contribute to the virulence of A.
salmonicida (Burr, Wahli, Segner, Pugovkin, & Frey, 2003; Burr, Pugovkin, Wahli, Segner, &
Frey, 2005). The TTSS of A. salmonicida is made up of multiple proteins, such as Aeromonas
outer proteins (aop) ,secretion proteins (asc), and some extracellular products (such as aexT)
that can impact the bacterial virulence (Frey & Origgi, 2016). These characteristics help the A.
salmonicida bacteria to survive within its host.

Furunculosis is found worldwide and in many species of fish, in fresh and saltwater.
Acute and chronic forms of this disease are found in juveniles and adults, respectively.
Furunculosis is considered a significant bacterial disease for Arctic chart-, and a major threat to
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charr farming development (Eriksson & Wiklund, 1989). This disease is spread horizontally
between individuals in freshwater and marine environments (Horne 1928; Nomura, Yoshimizu,
& Kimura, 1993; Scott 1968). Often no obvious clinical signs are observed, however
hemorrhaging at the base of fins and lethargy can be noted frequently (Post, 1987). Internal
pathologies include hemorrhaging of the internal organs, splenomegaly, and swelling or
liquefaction of the kidney. A widespread septicemia is associated with this infection, and
mortality often results due to organ failure (Post, 1987). Furuncles, which are boil-like lesions,
are usually seen in atypical furunculosis, and are often associated with chronic forms of the
disease (Eriksson & Wiklund, 1989). Overuse of antibiotics, especially in the late 1980s and
1990s prior to effective vaccine development, and possibly horizontal gene transfer, have
resulted in some populations of A. salmonicida becoming antibiotic resistant, leading to fewer
and fewer resources to combat the disease. Slaughter is often the only solution once an
outbreak has occurred, though it causes drastic economic losses (Eriksson & Wiklund, 1989).

Treatment for A. salmonicida infections is possible through the use of antibiotics, such
as oxytetracycline and ROMET® (sulfadimethoxine and ormetoprim), which are approved for
use in all salmonids. Previously, sulfamerazine was used as well, though it was found to inhibit
growth in brown trout (Bullock, Stuckey, Collis, Herman, & Maestrone, 1974; Snieszko & Wood,
1955). Since the advent of oil-adjuvant furunculosis vaccines, the use of antibiotics has
precipitously declined in aquaculture for treating culture-related infections (Evelyn, 1997).

Bacterial kidney disease is a common disease in freshwater and seawater salmonid
farming. This disease is caused by Renibacterium salmoninarum, which is a gram-positive, rod
shaped, non-spore forming, diplobacillus bacterium (Fryer & Sanders, 1981). This obligate
pathogen resides intracellularly within its host's macrophages, which is one reason why this
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disease is difficult to combat (Gutenberger, Dumistra, Rohovec, & Fryer, 1997). It was first
diagnosed as Dee Disease in 1930 in Atlantic salmon in Scotland (Smith, 1964), as a bacteria
particularly difficult to grow on any available media. Due to its slow growing behaviour,
research was intitialy impacted; advances in molecular techniques have greatly contributed to
the current knowledge available on R. salmoninarum. R. salmoninarum was initially named
Corynebacterium due to its morphological appearance (Ordal & Earp, 1956). This disease
mainly impacts juveniles and pre-spawning adults (Evelyn, 1993). Losses due to BKD in the
range of upwards of 80% in pacific salmon stocks and 40% of Atlantic salmon stocks have been
noted (Evenden, Grayson, Gilpin, & Munn, 1993).

R. salmoninarum contains an immunodominant antigen that is secreted and present on
the bacterial cell surface (Getchell, Rohovec, & Fryer, 1985; Turaga, Wiens, & Kaattari, 1987;
Wiens & Kaattari, 1999). This antigen, the major soluble antigen (MSA, also known as p57
antigen), is responsible for much of the virulence of the bacteria, which is determined by the
concentration of MSA found on the surface of R. salmoninarum (Coady, Murray, Elliott, &
Rhodes, 2006; Turaga, Wiens, & Kaattari, 1987). Major soluble antigen is encoded in all strains
of R. salmoninarum by two identical genes, msal and msa2. A third gene, msa3, is also present
in some strains of R. salmoninarum. When MSA is released/secreted by bacteria upon entry
into the host, it causes leukocyte agglutination, which activates the chronic inflammation
response and reduces the host's ability to overcome infection (Grayson et al., 2002). Bacterial
kidney disease is transmitted vertically between parent and progeny, and is hypothesized to be
transmitted horizontally through mortalities shedding large numbers of bacteria into the water
(Bell, Higgs, & Traxler, 1984; Evelyn, Ketcheson, & Prosperi-Porta, 1986; Jondottir, Malmquist,
Snorrason, Gudbergsson, & Gudmonsdottir, 1998; Mitchum & Sherman, 1981; Pascho, Elliott,
& Steufert, 1991; Post, 1987). Key clinical signs include exophthalmia, dark coloured skin, and
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lethargy. Internal pathologies include swollen and/or gray coloured kidney, with white nodules
and/or pseudomembranes forming on the kidney, spleen and possibly other viscera (Post,
1987; Willoughby, 1999). This pathogen is capable of growing at a wide range of temperatures,
causing acute and chronic forms. The chronic form is more common, where mortalities are
often not observed until months post-infection. Similar to other diseases, there are no distinct
gross external pathologies upon mortality.

Few treatments are available for BKD; therefore preventive measures play a key role in
minimizing outbreaks. Erythromycin has been used to treat BKD outbreaks in salmon species
(Austin, 1985; Evelyn, Ketcheson, & Prosperi-Porta, 1986). Pre-spawners and adults are treated
via injection, while juveniles respond best when it is administered with their food (Groman &
Klontz, 1983; LaII, Paterson, Hines, & Adams, 1985; Wiens & Kaattari, 1999). Despite many
efforts to treat BKD with antibiotics, it is often ineffective due to the intracellular nature of the
bacteria, and the fact that antibiotics typically work with rapidly dividing pathogens, not slow
growing bacteria like R. salmoninarum (Gutenberger, Dumistra, Rohovec, & Fryer, 1997). There
has been much research on vaccination against BKD, with limited success. Due to the
unreliability of these treatment techniques, infected broodstock are often culled to prevent
further spread of the disease. In addition, biosecurity measures (such as disinfecting tanks and
equipment) are used to prevent disease.

1.4 Fish Immune System
As stated above, the first line of defense for fish and higher vertebrates against disease
are physical structures such as skin and mucous. Internally, the fish immune system is similar
in some ways to higher vertebrates like mammals and differs in others, such as the lack of
lymph nodes (LN) and bone marrow (BM) (Press & Evensen, 1999). Some of the classical
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functions associated with LN and BM, such as hematopoiesis, antigen presentation and
lymphocyte maturation occur in the fish kidney, which is separated into anterior and posterior
portions, each with separate functions. The posterior kidney has classical nephritic functions
(Ellis & de Sousa, 1974; Press & Evensen, 1999; Zapata, 1979, 1981). The anterior region,
known as the head kidney, has lymphoid and hematopoietic properties and is aglomerular
(Fange, 1986; Meseguer, Lopez-Ruiz, & Garci-Ayala, 1995; Zapata, 1996). This is the main organ
involved in phagocytosis, antigen processing and formation of Immunoglobulin M (IgM) and
memory (Herraez & Zapata, 1986; Tsujii & Seno, 1990). The head kidney also has endocrine
functions, as mentioned above, similar to a mammalian adrenal gland (Tort, Balasch, &
Mackenzie, 2003). The head kidney stroma is primarily responsible for nonspecific immunity
and processing/eliminating debris and damaged cells (Press & Evensen, 1999). During
infections, bacteria are transported to/through the head kidney, acting as the major center for
processing as well as colonization by the bacteria. Ferguson et al. (1982) found that
approximately 70% of radiolabelled Salmonella pullorum bacteria migrated to the head kidney
post-infection.

The head kidney plays an important role in various forms of immunity. Press et al.
(1994) reported that more Ig-positive cells were found in the head kidney than the spleen. The
majority of antibodies are produced and stored in the head kidney with the help of
melanornacrophages, and can also be retained in the head kidney for long periods of time
post-infection (Brattgjerd & Evensen, 1996; Bromage, Kaattari, Zwollo & Kaattari, 2004;
Herraez & Zapata, 1986; Kaattari, Bromage & Kaattari, 2005; Lamers & de Haas, 1985; Tsujii &
Seno, 1990), which likely plays a key role in immunological memory (Press, Evensen, Reitan, &
Landsverk, 1996).
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In addition to the head kidney, the thymus is the other primary lymphoid organ. The
thymus is located as a paired organ, along the superior edge of the opercular cavity in teleosts
(Press & Evensen, 1999). T-lymphocytes are produced by the thymus, and stimulate
phagocytosis and antibody production by B-cells (Powell, 2000; Zapata & Amemiya, 2000).
Additionally, 1-cell differentiation takes place within the thymus (Kennedy-Stoskopf, 1993; van
Muiswinkel, 1995). Thrombocytes and 1-cells originate in the thymus, and move to peripheral
lymphoid organs as needed, as the fish matures and grows (Metcalf, 1965; Tatner, 1985).

The head kidney serves as both a primary and secondary lymphoid organ (Kaattari &
Irwin, 1985). The secondary lymphoid organs are the spleen and mucosal-associated lymphoid
tissue (MALT). The spleen is a blood-filtering organ that traps and processes antigens (Zapata,
1996). It also takes part in memory function, plasma cell development, and erythropoiesis
(Kennedy-Stoskopf, 1993; Van Muiswinkel, 1995). Mucosal-associated lymphoid tissue includes
the skin, mucus, gut and gills. The skin and mucus are the first lines of defense and form an
initial barrier to pathogens (Dalmo, lngebrigten, & Bogwald, 1997). The skin secretes mucus,
which contains many nonspecific and specific defense factors, such as complement-like
proteins, lysozyme, antibodies, and peroxidases (Iger, Jenner, & Wendelaar Bonga, 1994;
Shephard, 1994). Under stressful conditions, mucus production is increased to prevent
bacterial colonization (Tort, Balasch, & Mackenzie, 2003). The MALT lymphoid cells originate in
the head kidney and thymus, while the spleen is capable of developing its own lymphocytes,
but at a much slower rate than the head kidney and thymus (Bly 1985; Doggett & Harris, 1987;
Grace, 1981; Hart, Wrathmell, & Harris, 1986). The gills play an important role in mucosal
immunity because they are exposed to water (and potential pathogens) constantly. The gill
arches, along with interbrachial lymphoid tissue in salmon contain 1-cells, with small
populations of scattered B-cells, and use IgT as a humoral responder post-infection (Parra,
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Reyes-Lopez & Tort, 2015). All cells that are necessary for mucosal immune responses are
found in the intestinal tract of teleosts (Kaattari & Piganelli, 1996). In most teleosts, the
posterior segment of the intestine can uptake and process antigens (Fujino, Ono, & Nagai,
1987; Georgopoulou & Vernier, 1986; Georgopoulou, Sire, & Vernier, 1986; Hart, Wrathmell,
Harris, & Grayson, 1988; lida & Yamamoto, 1985; Noaillac-Depreure & Gas, 1973). After
processing, the antigenic proteins appear on the intraepitheial macrophages and can then be
presented to B- and T-Iymphocytes (Rombout, Lamers, Helfrich, Dekker, & Taverne-Thiele,
1985).

If the MALT is unable to prevent a pathogen from entering the body, other protective
networks of cells including various macrophages, melanomacrophages, dendritic cells,
granulocytes and lymphocytes are capable of capturing pathogens (Press & Evensen, 1999).
Melanomacrophages are cells that contain a pigment (usually melanin) that are capable of
phagocytosis (Zapata, 1996). These cells are found in hematopoietic tissues, such as head
kidney and spleen (Press & Evensen, 1999), and are capable of erythrocyte destruction and
storage of metabolic cellular waste (Agius & Agbede, 1984; Zapata & Cooper, 1990). Once
phagocytic cells have engulfed bacteria or other infectious materials, they are transported to
melanomacrophage centres, in either the head kidney or spleen, for processing and possibly
antigen presentation.

1.4.1 Activating the Immune System
Pathogen-associated molecular patterns (PAMPs) are used to activate the immune
system during an infection or stressful situation (e.g. hypoxia). Initially, the innate immune
response is important to prevent infectious material from colonization but cannot differentiate
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between new or previously recognized pathogens, whereas the adaptive immune response
takes longer to mount a response but is pathogen-specific (Magnadottir, 2006).

1.4.2 Innate Immunity
Innate immunity is the oldest form of immunity known to exist. Over 98% of
pluricellular organisms rely only on innate responses to fight off infection. In general, the
nonspecific, innate response in fish is comparable to that of higher vertebrates (Yano, 1996).
Innate immunity consists of both fixed and mobile cells, along with many soluble components
in body fluids (Bayne & Gerwick, 2001). One of the best studied of these components and
important in anti-bacterial responses is lysozyme, which is an enzyme that acts on the
peptidoglycan layer of bacteria and causes cell death via lysis (Tort, Balasch, & Mackenzie,
2003). Innate immunity is fast-acting and energetically costly, and is meant to be stimulated
for a short period of time only (Alexander & Ingram, 1992; Ellis, 2001). It includes the acute
phase response (APR), which is a rapid, systemic reaction to tissue injury (Jensen et al., 1997;
Magnadottir, 2006). This consists of many proteins such as serum amyloid A and P, C-reactive
protein, fibrinogen and others (Bayne & Gerwick, 2001). The complement cascade proteins
play an important role in the APR. This pervasive bodily response to tissue injury causes an
array of metabolic and physiological changes (Kushner, 1982). Such changes occur, but are not
limited to the hepatic, musculo-skeletal, hennatopoietic, and neuroendocrine systems.
Essentially, the APR tries to regain homeostasis as quickly as possible (Bayne & Gerwick, 2001).
Activation of the APR is induced by and promotes pro-inflammatory cytokine signalling, such as
interleukin-1 (IL-1), interleukin-6 (IL-6), or tumor necrosis factor alpha (TNFa). Induction of the
complement system is one of the APR's most important features and can be activated via one
of three pathways (Endo et al., 1998, Nonaka & Smith, 2000; Secombes, 1996). Complement is
made up of many components, which react in a cascade. The end of the cascade includes
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components that form a membrane attack complex, which is capable of causing death in target
cells (Yano, 1996). Once complement has been activated, it is capable of opsonization of
bacterial cells (Secombes, 1996). Complement activation, and in particular, complement
component C3 release is important in activation of inflammation. During inflammation, an
increase in blood supply to the infected area occurs, along with the migration of leukocytes out
of capillaries and into surrounding tissues at the site of infection (Secombes, 1996). Neutrophils
and macrophages are the first responders and most common cell types at the site of injury,
and attempt to capture the pathogen and prevent it from doing further damage (Roberts,
1989; Suzuki & lida, 1992). Phagocytosis of the bacteria usually occurs between 3-4 days postinfection (dpi) by macrophages and neutrophils (Suzuki, 1984).

1.4.3 Adaptive Immunity
Within the realm of adaptive immunity, there are both specific and nonspecific
aspects. Specific immune responses that do not rely on antibody responses are also known as
cell-mediated responses. T-Lymphocytes (T-cells) are primarily responsible for these responses
(Mitchison, 1954). Cytotoxic T-cells are a T-cell that have the CD-8 surface marker and are able
to recognize intracellular antigens associated with the major histocompatability (MH) I antigen
presenting molecules. These are responsible for differentiating between "self" cells, with and
without a virus or bacteria in them, similar to natural killer cells in mammals (Manning &
Nakanishi, 1996). T-helper cells, those expressing CD-4 surface markers, on the other hand
recognize extracellular antigens presented as part of the major histcompatibility (MH) class II
complex on the surface of professional antigen presenting cells, mainly macrophages and
dendritic cells but possibly B-cells and neutrophils as well. As mentioned previously, fish have
both B- and T-lymphocytes that appear to have analogous functions with mammalian
lymphocytes (Clem, Miller, & Bly, 1991). B-lymphocytes (or B-cells) have immunoglobulins on
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their surface, while T-cells have T-cell receptors (Manning & Nakanishi, 1996).
Immunoglobulin-positive cells are mainly found in the spleen and head kidney (40%), while
only 5% are found in the thymus for fish such as catfish, trout, carp and seabream (Deluca,
Wilson, & Warr, 1983; Lobb & Clem, 1982; Navarro, Quesada, Abad, Taverne, & Rombout,
1993; Secombes, Van Groningen, & Egberts, 1983; Sizemore, Miller, Cuchens, Lobb, & Clem,
1984; Thuvander, Fossum, & Lorenzen, 1990; Van Diepen, Wagenaar, & Rombout, 1991).

Cytokines play an important role in the control and signalling of the immune response.
Salmonids have interleukins (IL) such as IL-1, IL-2, IL-3, IL-4/13, IL-6, IL-8, IL-10, IL-12 and several
others, again in many cases showing analogous functions to higher vertebrates, or are not well
described, but also some deviations. IL-1 is produced mainly by macrophages and is an
important pro-inflammatory cytokine with conserved structure and function across many
diverse species (Dinarello, 1996; Huising, Stet, Savelkoul, & Verburg-van Kemenade, 2004;
Secombes, Wang, & Bird, 2011) . IL-2 induces T-cell proliferation and is produced by T-helper
cells in mammals (Goldsby, Kindt, & Osborne, 2000; Osborne & Abraham, 2010; Secombes,
Wang, & Bird, 2011). IL-3 in mammals is a multi-potential hematopoietic cell growth factor that
stimulates early growth of lymphoid and hematopoietic cells (Goldsby, Kindt, & Osborne,
2000). IL-4 and IL-13 have similar redundant functions in mammals and are produced by a
subset of T-Helper cells known as Th2 in mammals, and one of their main functions are
stimulating B-cells and antibody production. These genes exist as a single ancestral form in
salmon referred to as IL-4/13, but appear to have a conserved function within Th2 response
polarization (see Sequeida, Maisey, & Imarai, 2017 for review). I1-6 is best known for its proinflammatory function when secreted by macrophages and T-cells, and induces the synthesis of
acute phase proteins for the APR (Goldsby, Kindt, & Osborne, 2000). Fish also have interferons,
which are typically involved in immune responses to viral infections, or other intracellular
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pathogens. Tumor necrosis factor (TNF) is important in cell-mediated cytotoxic immunity, and
is produced by macrophages. It synergistically works to kill target cells with interferon gamma.
TNF-alpha is important in the response to gram-negative bacterial infections, but is also useful
in parasitic and viral infections (Secombes, 1994). It is commonly produced in macrophages of
salmonids (Zelinkoff, Enane, Bowser, & Squibb, 1990).

Specific humoral responses in fish and mammals have many similarities, including a
basic immunoglobulin structure, cellular requisites for the induction of antibodies, and the role
played by antibodies during an infection (i.e. neutralization, complerrient, opsonization)
(Kaattari & Piganelli, 1996). Antibodies use various mechanisms to stop antigens from causing
infection and damage. One mechanism is neutralization, which occurs when an antibody
interacts with an antigen and physically blocks the antigen and prevents further
infection(Kaattari & Piganelli, 1996). Precipitation is used with solubleantigens, while
agglutination refers to cellular antigens and the process of them undergoing phagocytosis.
Opsonization is the process where an antibody promotes phagocytosis of antigens, by coating
the pathogen with specific antibodies, labelling it for phagocytosis (Kaattari & Piganelli, 1996).
While the structure and general function may be similar, there are some very important
differences between fish and mammalian antibodies. Salmonids have IgM, IgD and IgT
antibodies (Hikima, Jung, & Aoki, 2011; Hordvik, 2015). Little is known about IgD's function, but
IgM is the main serum antibody, and IgT is the main mucosa! antibody. There is no class
switching in fish antibodies as exists in mammals (Van Epps, 2005).

1.4.4 Memory in Fish
Immune memory also has similar and dissimilar functions in fish compared to
mammals. Memory is useful when fish get exposed to pathogens multiple times. Memory
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functions, in essence, to allow the fish to remember which pathogens it has come in contact
with previously, and to quickly mount a response whereby those pathogens can be
phagocytised and killed if they enter again. Exposing the fish to the causative agents of disease
through vaccination allows the fish to quickly recognize and destroy the pathogen upon the
first natural exposure to it (Kaattari, 1994). The secondary antibody response is similar in fish
and mammals, with the induction of enhanced antibody production (Ambrosius & Fenzel,
1972; Arkoosh & Kaattari, 1991; Clem & Sigel, 1965; Finstad & Fichteli, 1965; Tatner, 1986), and
an increased sensitivity to the antigen (Arkoosh & Kaattari, 1991). Logarithmic increase in
immunoglobulin concentration and affinity maturation occurs to a lesser degree in fish than in
mammals (Eisen, 1980; Kaattari & Piganelli, 1996; see Magor, 2015 for review on'affinity
maturation).

1.4.5 Vaccination
Vaccination is essential in preventing disease in all vertebrates and is no different in an
aquaculture setting. The premise and application of vaccination follows the basic idea of
immune memory (discussed above), in that it provides a faster, stronger and more efficient
killing of pathogens based on prior exposure/priming of the immune response to common
antigens of that pathogen. Vaccination requires a certain minimum period (vaccine specific)
before possible exposure to the pathogen, in order to be efficacious enough to provide
protection (Lillehaug, 1997). Methods used for vaccination in fish include: intraperitoneal or
intramuscular injections, immersion bath treatments, hyperosmostic immersion, spray and oral
routes (Ellis, 1988). Oral immunization is the oldest form of vaccination for many species, and it
offers less handling stress on the fish, and is time efficient for mass immunization (Fryer, 1977;
Fryer, Rohovec, Tebbit, McMichael, & Pilcher, 1976). Unfortunately, poor and inconsistent
results have been obtained using oral vaccination, as the antigens often get destroyed in the
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gut of the fish (Hart, Wrathmell, Harris, & Grayson, 1988; Quentel & Vigneulle, 1997).
Although i.p. is the most effective/common method to provide the best overall protection, it is
time consuming with large populations of fish, and can be more stressful on the fish than other
methods (Sommerset, Krossoy, Biering, & Frost, 2005). Intraperitoneal injections are typically
given with an adjuvant to aid in stimulating the immune system, while other methods usually
only use the bacteria (either live or killed) (Kaattari & Piganelli, 1996). Increasing the antigen
concentration or the duration of an immersion vaccination treatment does not result in greater
antigen uptake. Immersion vaccination generally provides lower levels of protection than i.p.
injections, but still provides enough protection to justify using this method in fish at sizes
where i.p. administration may be dangerous (Fryer, 1977; Tatner, 1987).

The antibody response following vaccination can vary depending on the route of
immunization and components of the vaccine. The route of vaccination impacts the way the
fish respond to infection. When fish are orally vaccinated, fish exhibit less detectable serum Ig,
which indicates that fish may have a regional/compartmentalized immune system, similar to
mammals (Fletcher & White, 1972; Kawai & Kusuda, 1981; Lobb 1986; Rombout, TaverneThiele, & Villena, 1993). Specific antibody-secreting cell concentrations found in the head
kidney and intestinal mucosa varied depending on the route of immunization (oral intubation
vs. i.p. injection), as studied by Davidson et al. (1993). During this study antibody levels in
rainbow trout were highest 2 weeks post-vaccination in the head kidney, and at 7 weeks postvaccination in the intestinal mucous when i.p. injected. For the oral intubation, peak antibody
levels were observed in both tissues at 3 weeks post-vaccination.

The immune system develops at different rates for each species, depending on the
water temperature and physiology. In rainbow trout at 14°C, head kidney lymphocytes are
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observed at 5 days post-hatch, in the thymus at 3 days post-hatch, in the spleen at 6 days posthatch, and the gut associated lymphoid tissue at 13 days post-hatch. This does not mean that
these cells are active at this time, just that they are beginning to develop (Grace & Manning,
1980). When fish are growing, it is thought that length is more important than weight when
determining immunological maturation (Nakanishi, 1986, 1991), although weight gain is
important during this period of development (Tatner & Horne, 1983, 1984). Head kidney,
spleen, and thymus have been shown to grow until 2-3 months post-hatch, and maintain the
same weight for many months later. This indicates that the lymphoid tissues are likely fully
developed at this time, and potentially able to mount an immune response (Zapata, Diez,
Cejalvo, Gutierrez-de Frias, & Cortes, 2006). Johnson et at. (1982) state that the quantity of
lymphocytes and where they are being stored in the body is also indicative of immunological
maturation (Johnson, Flynn, & Amend, 1982). The percentage of Ig+ cells in the lymphoid
organs was been shown to be positively correlated with the age of the fish (Van Loon & Van
Oosteronn, 1981). The head kidney retains more leukocytes than the spleen over time, while
the head kidney and spleen both retain melanin deposition as time goes on (Tatner & Manning,
1983). Development and maturation need to be accounted for when determining a
vaccination schedule and the protective window for the animals being administered the
vaccine.

Diseases are common in any intensively cultured species. In previous years, antibiotics
were used to treat disease outbreaks. By the 1990s, the use of adjuvants in vaccine
formulations began to show increased protection following vaccine administration (Paterson &
Fryer, 1974). The best example of this would be vaccines for furunculosis and vibriosis, which
after their introduction to salmonid aquaculture (especially with oil-based adjuvants),
contributed to a drastic decline in the use of antibiotics and an increase in fish production in
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the Norwegian salmon industry (Sommerset, Krossoy, Biering, & Frost, 2005). Adjuvants have
been added to vaccines to ensure the immunogenicity of highly purified antigens, and to
reduce the amount of vaccine and frequency of vaccination, which ultimately make the
vaccines more efficacious (Petrovsky & Aguilar, 2004). Much research has been done on
different adjuvants, although oil-emulsified adjuvants seem to be the most effective and most
popular due to the depot effect, which slows the release of antigens and stimulates the
immune system for a longer period of time, compared to a vaccine without an adjuvant
(Tafalla, Bogwald, & DaImo, 2013).

Gram-negative bacteria, such as A. salmonicida can elicit antibody responses to their
outer surface proteins, proteases, lipopolysaccharide (LPS), toxins, and capsular
polysaccharides; each with their own unique properties which can result in homeostatic
disruptions (Kaattari & Piganelli, 1996). Vaccination to prevent A. salmonicida was initially
difficult due to a lack of understanding of the virulence factors and what impact they had on
the host during infection. A. salmonicida vaccination studies began in 1942, where Duff (1942)
used long-term oral exposure to killed bacterins in cutthroat trout. During a study with rainbow
trout bath vaccinated against A. salmonicida, a primary response to infection was detected at 2
months of age, while a memory response was observed at 3 months post-hatch (Tatner, 1996).
Work by Bricknell et al. (1997, 1999) in Atlantic salmon vaccinated against A. salmonicida
revealed significant protection in fish vaccinated with A-layer negative A. salmonicida and
extracellular polysaccharide of A. salmonicida bacterins (separately), and challenged with Alayer positive A. salmonicida. Additionally, a positive correlation between survival and antibody
titre was detected post-vaccination (Bricknell, Bowden, Lomax, & Ellis, 1997; Bricknell, King,
Bowden, & Ellis, 1999).
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Currently, there are effective A. salmonicida vaccines marketed in various locations
worldwide, through companies such as Pharmaq0 and Elanco Animal Health Canada Inc©.
Both these companies produce formalin-killed bacterin multivalent vaccines with a mineral oil
adjuvant, administered i.p. , for protection against furunculosis, vibriosis and cold water
vibriosis, after 400 degree days (dd; daily water temperatures summation) post-vaccination.
Elanco Animal Health Canada Inc.© produces Forte Micro® for salmonids, while Pharmaq©
produces Alpha Ject micro® 4, for use in Atlantic salmon only. Both vaccines require a
minimum of 400 dd prior to challenge to ensure enough time for protection to be acquired.
While other vaccines exist for prevention of A. salmonicida infection, they are not approved for
use in Canada.

While there have been several very successful vaccines developed for A. salmonicida,
this is not the case for R. salmoninarum. Bacterial Kidney Disease has been one of the most
prevalent diseases to salmonids (Fryer & Sanders, 1981), with limited effective methods for
controlling infections and outbreaks (Kaattari, Turaga, & Wiens, 1989). The facultative
intracellular characteristics of this gram-positive bacterium allow it to survive and multiply
within phagocytes, possibly allowing it to escape efficient humoral responses (Bruno, 1986;
Gutenberger, Dumistra, Rohovec, & Fryer, 1997). Only one vaccine is commercially licensed for
use against BKD in Canada, but it has had mixed results in terms of protection. Renogen®
(Elanco Animal Health Inc.()) is a live Arthrobacter species vaccine, that is marketed to protect
Atlantic salmon, (Burnley, Stryhn, Burnley, & Hammel!, 2010), although limited or inconsistent
efficacy has been found for pacific salmon species (Rhodes, Coady, & Deinhard, 2004; Alcorn,
Murray, Pascho, & Varney, 2005). Other research has been conducted using Renibacterium in
vaccine preparations, with little to no success (Elliott, Wiens, Hammel!, & Rhodes, 2014;
Evelyn, Ketcheson, & Prosperi-Porta, 1988; Kaattari, Turaga, & Wiens, 1989; McCarthy, Croy,
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Amend, 1984; Paterson, Desautels, & Weber, 1981; Sakai, Atsuta, & Kobayashi, 1989; Shieh,
1989).

In aquaculture settings, it is common practice to administer more than one vaccine
simultaneously, to save time and avoid additionally stressing the fish. Giving different vaccines
at the same time is similar to administering one multivalent vaccine, which can contain
multiple bacterins. Vaccination with one or more vaccines is known to be successful for up to
five vaccines, although the protection inferred can be species specific. Much analysis is needed
prior to administering vaccines in combination in the field, as some combinations of antigen
may react unexpectedly due to antigen interferences or non-specific immunosuppression
(Busch, 1997; Plant & LaPatra, 2011). For Atlantic salmon aquaculture, Forte Micro® and
Renogen® have been given in combination, without adverse effects to the fish or efficacy of the
vaccines (Burnley, Stryhn, Burnley, & Hammell, 2010).

1.5 Current Investigation
1.5.1 Problem
Arctic charr farming is on the rise in Canada, however, gaps of knowledge exist with
respect to prevention and management of disease. For instance, while vaccines and other
treatments may have a label indication for 'salmonids' not all vaccines have been thoroughly
tested in species such as Arctic charr. The current investigation aims to determine the efficacy
of a preventive vaccination regime for furunculosis and BKD.

1.5.2 Objective of the Current Investigation
In this study, the aim was to determine the efficacy of the Forte Micro® and Renogen®
vaccines using a classical infection model and assessing host immune responses through
molecular techniques. This work involved the determination of the effectiveness of the two
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vaccines (Forte Micro® and Forte Micre+Renogen6), on survival of Arctic charr postvaccination and post-infection with A. salmonicida (the BKD efficacy trials and associated data
are not included herein). Separate infection trials occurred, involving typical and atypical
strains of A. salmonicida, in juveniles, and juveniles and maturing fish, respectively. Postmortality, these fish underwent molecular analysis to determine the effectiveness of the
vaccines based on gene expression on innate and adaptive immune responses, as well as acute
phase and intracellular responses, and immunological signalling.

1.5.3 Specific Aims
Quantitative PCR was conducted on individual head kidney samples to determine the
gene expression of select genes involved in the above processes. Genes were selected based
on RNA-sequencing from the typical A. salmonicida trial (Whyte et al., 2016). Additionally, sera
from individual fish were used to determine the specific antibody level of fish in all vaccinate
groups post-vaccination/pre-infection, and post-infection, using an enzyme-linked
immunosorbency assay.

It was hypothesized that the Forte Micro® would provide significant protection against
typical and atypical A. salmonicida infections compared to the sham (control). I hypothesize
that protection against atypical A. salmonicida infections will last beyond 1 year postvaccination, although the degree of that protection is suspected to be lower than that
observed in fish infected closer to their vaccination date. Multiple vaccines are often given in
combination in aquaculture settings. Additionally, other work has been conducted using the
predecessor of Forte Micro® (Lipogen Forte®) and Renogen® with good results (Burnley,
Stryhn, Burnley, & Hammell, 2010). Based on these facts,it was hypothesized that there will be
no impact on fish health or vaccine efficacies if co-administered. The IgM titres were
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anticipated to increase in all groups overtime, with the vaccinate groups showing the highest
level due to their previous exposure to pathogen antigens during vaccination.

Chapter 2: Vaccine-induced protection against typical furunculosis:
Testing efficacy of commercial vaccines and characterizing immune
responses to infection in Arctic charr

Abstract
Arctic charr aquaculture is gaining in popularity, although a lack of knowledge on
prophylactic measures for common aquaculture diseases are preventing Arctic charr farming
from expanding. Furunculosis is a septicemic bacterial disease commonly prevented by
vaccination in other salmonid species, although no such testing for use in Arctic charr has
occurred in Canada. In the present study, two vaccines, Forte Micro® (protects against strains
of Aeromonas salmonicida which cause furunculosis) and Renogen® (protects against bacterial
kidney disease caused by Renibacterium salmoninarum), were tested to determine if they were
efficacious in preventing disease in Arctic charr, and to determine if a vaccine interaction
occurred when both vaccines were co-administered. The survival and immune responses of
fish exposed to typical A. salmonicida at 517 degree days post-vaccination were examined,
using molecular techniques, such as enzyme-linked immunosorbent assay and reverse
transcriptase — qPCR. Both vaccines exhibited significant protection against furunculosis
compared to sham injected fish, with Micro® providing 72% survival and Micro® + Renogen®
providing 83% survival. The presence of A. salmonicida bacteria was detected using qPCR and
growth on non-selective media, where both results showed significant differences between
vaccinates and the sham control by 8 days post-challenge. Strong IgM responses, specific to A.

salmonicida, were also observed within 8 days post-infection, but only in vaccinated fish.
Reverse transcriptase — qPCR revealed a strong emphasis on the acute phase response, in
particular with complement factors C3 and C7 being upregulated in Micro ® vaccinates
compared to sham fish. Co-administration of vaccines did not negatively impact vaccine
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efficacy, and could provide a viable option to protection of Arctic charr against A. salmonicida
in intensive aquaculture situations.

2.1 Introduction

Salmon farming has been a growing industry in the aquaculture sector since the 1970s
(Department of Fisheries and Oceans Canada [DF0], 2015). Finfish alone contribute to over
90% of aquaculture sales in Canada (DFO, 2014). This industry has expanded greatly, and shows
room for potential growth in other species of interest, such as Arctic charr (Salvelinus alpinus).
In Canada, there are a few small-scale Arctic charr operations, where potential for growth in
sales and production requires further knowledge of the Arctic charr immune system, and their
susceptibilities to various farming related diseases, such as furunculosis.

Furunculosis is caused by the gram-negative bacteria, Aeromonas salmonicida, which can
be subdivided into typical and atypical forms. Typical A. salmonicida infections are caused by
the subspecies salmonicida, while the atypical form is caused by all other subspecies
(McCarthy, 1975; Cipriano & Austin, 2011). This septicemic disease commonly infects juvenile
Arctic charr in hatcheries and grow-outs, but can also appear as a more chronic disease in
older, adult fish (McCarthy & Roberts, 1980). Fish infected with typical furunculosis often lack
clinical signs of infection prior to mortality. In some cases, fish develop boil-like lesions, known
as furuncles, on the flanks and abdomen, and can perforate the body wall in extreme cases;
this normally occurs in chronically infected fish (McCarthy, 1975; Eriksson & Wiklund, 1989).
External signs of acutely infected fish may be present, including exophthalmia, hemorrhages at
the base of fins and petechial hemorrhaging on the ventral abdomen (Cipriano & Austin, 2011).
Upon post-mortem examination, signs of infection, such as septicemia, inflammation, and
ascites (fluid build-up in the abdomen) were frequently observed in A. salmonicida infected
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fish. Other internal pathologies, such as swollen kidneys, splenomegaly, constricted intestines,
and hemorrhaging on other viscera are also common (Cipriano & Austin, 2011).

In order for the Arctic charr industry to further expand production, potential prophylactic
measures to reduce the economic impact of disease need to be investigated. Vaccines
preventing furunculosis are commonly used in other forms of salmonid aquaculture with great
success, and thus their efficacy in Arctic charr should be confirmed. Elanco Animal Health
Canada Inc.© produce the vaccines Forte Micro® and Renogen®, which are commonly used in
the Atlantic salmon (Salmo solar) aquaculture industry in Canada. Forte Micro®, which
prevents typical furunculosis, vibriosis and cold-water vibriosis, is a killed bacterin multivalent
vaccine. Renogen® is a live vaccine that contains Arthrobacter species bacterins, and is
marketed to prevent bacterial kidney disease, which is another prominent disease in salmon
aquaculture and of which Arctic charr are particularly susceptible (Johnston, 2002).
Combinations of vaccines like these have been co-administered to Atlantic salmon in the past
to reduce handling and cost, and could further benefit Arctic charr culture practices (Burnley,
Stryhn, Burnley, & Hammel!, 2010).

The present study aims to determine the efficacy of the commercially available vaccines,
Forte Micro® and Renogen®, and their ability to protect juvenile Arctic charr against typical A.
salmonicida infections. Briefly, Arctic charr were vaccinated with Forte Micro® or both Forte
Micro® and Renogen®, and experimentally infected with typical A. salmonicida via an
intraperitoneal (i.p.) injection. Vaccine efficacy, and characterization of the immune responses
related to vaccination and bacterial challenge were determined using molecular techniques.
Quantitative measures were used to determine the infection status of each fish.
•
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2.2 Materials and Methods

2.2.1 Animal Husbandry
All experimental protocols for the use of fish followed the guidelines provided by the
Canadian Council on Animal Care (Canadian Council on Animal Care, 2005) and were submitted
for review and approved by the University of Prince Edward Island Animal Care Committee
(Protocol Number 13-044). Arctic charr (Fraser River strain; ?.10 g) were obtained from the
Coastal Zones Research Institute (Shippagan, NB) in December 2014 (n=1500). Upon arrival into
the Aquatic Animal Facility at the Atlantic Veterinary College, fish were housed in large holding
tanks (1200 L) at 11 ± 1.0°C in a flow-through freshwater system. Fish were fed twice daily to
satiation with a commercial feed (EWOS Transfer, St. George, New Brunswick, Canada) and
maintained on a 14 h light:10 h dark photoperiod. Once fish reached approximately 20 g in
weight, fish were anaesthetized in 100-150 mg1:1 of Tricaine methanosulphonate (MS-222),
buffered with an equal amount of sodium bicarbonate (NaHCO3 ) in tank water and passive
integrated transponder (PIT) tags were inserted intraperitoneally (i.p.) into each fish to aid in
later identification and assignment to experimental groups.

2.2.2 Challenge with typical A. salmonicida
2.2.2.1 Dose determination
Approximately one month prior to the vaccine efficacy study, the appropriate dose of
typical A. salmonicida (Dr. Jeff Lewis; Dept. of Pathology and Microbiology, Atlantic Veterinary
College) was determined. One hundred and eighty (180) naïve Arctic charr were separated into
three experimental groups (using a random block design), each consisting of tanks (160 L)
holding 30 fish. The fish were maintained as stated above while being monitored twice daily
during feeding times. Fish were individually netted from their tanks, anaesthetized in 100-150
mg1:1of MS-222 (buffered in NaHCO3), and administered a 0.1 mL i.p. injection of their
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respective bacterial suspension (101, 103, 105 colony forming units (cfu)/fish) to obtain a dose
that would result in approximately 60-70% mortality (Appendix 1 Figure 1). Fish were allowed
to recover, and then returned to their respective tanks.
Fish were monitored for morbidity or mortalities a minimum of twice daily. Mortalities
were netted from the tank and posterior kidneys were aseptically swabbed and plated on
blood agar (BA) media. The media was then incubated at 13°C for 1-month while being
monitored a minimum of once weekly for growth. Once approximately ..70% mortality was
observed in the two higher dosage groups, and mortality had slowed down in the low dose
group, the remaining fish were euthanized via MS-222 overdose (300 mg1:1). The posterior
kidneys of the euthanized fish were also cultured on BA, and incubated and monitored as
above. A dosage of 105 cfu/fish (0.1 mL) was chosen for the vaccine efficacy trial, based on its
ability to cause mortality in at least 60% of fish after 7 days of no mortalities (Appendix 1 Figure
1).

2.2.2.2 Vaccine efficacy

Fish were randomly assigned to treatment groups using their PIT tag identification
number. The treatment groups were: "sham" (phosphate buffered saline [PBS]), "Micro" (Forte
Micro® vaccine), and "MicroRenogen" (Forte Micro® and Renogen® vaccines). The remaining
fish were not vaccinated, and used in the dose determination studies outlined above.
Fish were netted from their tanks and anaesthetized in 100-150 mg1:1of MS-222,
buffered with an equal amount of NaHCO3 in tank water. Fish were injected with 0.1 mL of
their respective vaccine (MicroRenogen fish received 0.1 mL of each vaccine), via an i.p.
injection (see Figure 2.1 for study information). Post-vaccination, fish were allowed to recover
in a parallel tank before being returned to their home tanks.
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Study fish were housed in triplicate 160 L tanks for each vaccinate/sham group
(n=30/tank) and allowed to acclimate for a minimum of 2 weeks before challenge. At 517
degree days post-vaccination (ddpv), fish were individually netted from their tanks and
anaesthetized as described previously. Each fish was injected, i.p. with 0.1 mL of bacterial
suspension (105 cfu/fish of typical A. salmonicida), allowed to recover, and then returned to
their respective tanks (see Figure 2.1 for study information). Fish were monitored a minimum
of twice daily during feeding times; morbidity (inability to maintain normal dorsoventral
position in the water column, lack of response to stimuli, etc.) and mortalities were noted.
Mortalities were removed and posterior kidneys were swabbed and plated on BA media, and
incubated as stated above.

105durnsh
(0.1ml)
517 ddpv

517 ddpv

PostChallenge
Sampling 1
605 ddpv
(8 dpi)

836 ddpv
. (29 dpi)

Figure 2.3: Study timeline and information for vaccinated Arctic charr, experimentally infected

with typical A. salmonicida at 517 ddpv with
cfu/fish. The efficacy of Micro®, and
Micro6+Renogen® vaccine groups were tested. (ddpv) denotes degree days post vaccination;
(dpi) denotes days post-infection.

2.2.2.4 Sampling
Prior to bacterial challenge on 517 ddpv, ten fish from each vaccinate/sham group
were euthanized (MS-222 overdose-300 mgL-1), to provide baseline data for immunological
markers, and to show the absence of bacterial infection (see Figure 2.1 for study information).
Weight and length were recorded from each sampled fish and head kidney (HK), spleen,
intestine, were collected for molecular analysis and stored at -80°C. Blood was collected from
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the caudal vein of each fish, centrifuged at 15 000 x g for 15 minutes at 4°C, with resulting
serum stored at -80°C. For histology, the above three tissues were collected from 3 fish per
group, along with samples of liver, pyloric caeca, gill, heart, and brain and stored in 10%
buffered formalin. Posterior kidneys were also plated on BA media and incubated at 13°C (as
described above).
Fish were again sampled 24 hours following the observation of the first mortality in
each sham tank (605 ddpv; 8 days post-infection [dpi])). Fish from each tank (n=4) were
euthanized via a MS-222 overdose (300 mgL 1), and the same procedure was completed for
sample collection as described above.
Final samples were collected, consisting of four fish per tank, 7 days after the last
mortality was observed in a vaccinate group (836 ddpv [29 dpi]). The same sampling
procedures were conducted as above. Any remaining fish in the study were then euthanized
via MS-222 overdose, and their posterior kidneys were swabbed and plated on BA and
incubated, as previously described.

2.2.2.5 Bacterial Growth
To determine growth of A. salmonicida, posterior kidneys were swabbed and cultured
on BA and stored at 13°C to incubate. The plates were checked weekly for bacterial growth.
The presence of bacterial growth, and the characteristic A. salmonicida brown indole produced
were considered positive criteria for typical A. salmonicida. Those plates showing
uncharacteristic growth (possible contamination) or no growth were considered negative for
the presence of the bacteria.
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2.2.3 Tissue Analysis
2.2.3.1 Enzyme-Linked Immunosorbent Assay (ELISA)
Serum IgM analyses were optimized for typical A. salmonicida infected Arctic charr.
Antibodies directed against typical A. salmonicida were quantified using a direct ELISA. Flat
bottomed 1x12 Immulon® 2HB ELISA strips (Thermo Labsystems), arranged in 96-well stripholders were coated with typical A. salmonicida bacteria (grown to Optical Density (OD)
550=1.0) and coating buffer (15 mM Na2CO3, 35 mM NaHCO3, pH 9.6), and incubated at 4°C
overnight to allow the antigen to bind. The antigen suspension was removed, and subsequently
saturated with 200 µI of 3% Bovine Serum Albumin (BSA) in PBS-T (phosphate buffer saline
with Tween 206)(137 mM NaCl; 1 mM KH2PO4 monobasic; 8 mM Na2HPO4 dibasic; 3 mM KCI;
0.05% Tween 20 (v/v); pH 7.4) and incubated at room temperature for 1-hour to block the
remaining binding sites. Unless otherwise stated, after each step, the plate was incubated for
one hour at 37°C and then washed three times with PBS-T. A pool of Micro® samples (from
post-infection sampling time points) were used to complete a 1:2 serial dilution from 1/20
down to 1/20,480, to determine the ideal concentration for serum to use on individual
samples. Similar testing was done to identify the ideal primary and secondary antibody
concentrations. Individual fish serum samples were diluted with 1% BSA-PBS-T at 1/5000 for
final analysis. To each well, 100 µI of diluted serum was added, and allowed to incubate at
13°C for 1.5 hours. The primary antibody (mouse monoclonal a-trout IgM; Braden et al., 2017)
was diluted 1:250 with 1% BSA-PBS-T, and 100 p.I was added to each well, and allowed to
incubate for 1.5 hours at 37°C. The secondary antibody (1:1000 in 1%BSA-PBS-T goat a-mouse
IgG+M; Jackson ImmunoResearch, Pennsylvania, USA) was then added (100 pl), and incubated
at 37°C for 1 hour. Lastly, 100 µI of 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
solution (ABTS)-H202 substrate was added per well, and incubated (in the dark) for 30 minutes
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at 37°C. Optical densities were measured at 405 and 490 nm wavelengths on a SpectraMAX
340 plate reader (Molecular Devices).

2.2.3.2 RT-qPCR for Gene Expression
Arctic charr head kidneys (n=102; 10 fish per group pre-challenge, 4 fish per tank
[triplicate tanks x three treatment groups x 2 post-challenge samplings]) were isolated and
examined for immunological gene expression over the course of the study. RNA was extracted
from HK samples using Tr-Reagent, according to Chomczynski & Sacchi (1987), and Ambion®
TURBO DNAfreeTM treatment was used as per the manufacturer's instructions to eliminate
genomic DNA. RNA quality was tested using BioRad's ExperionTM Automated Electrophoresis
Station and ThermoFisher's Nanodrop 3000 to test both purity and quantity; all samples had
RNA Quality Indicator (ROI) values > 6, and 260/280 and 260/230 values of approximately 2.0).
The RNA was reverse transcribed usingBioRad's iScriptTM Reverse Transcription cDNA kit using
the following 40 p.I reaction specifications: 2 p.g of RNA, 8 p.I of 5x iScriptTM RT supermix, and
nuclease free water until a volume of 40 pl is reached. cDNA was synthesized using an
Eppendorf MasterCycler thermal cycler, with the following program: priming at 25°C for 5
minutes, reverse transcription (RT) at 42°C for 30 minutes and RT inactivation at 85°C for 5
minutes. Reverse Transcription quantitative Polymerase Chain Reaction (RT-qPCR) was
conducted on BioRad's CFX96 thermal cycler, using the following thermal program: 95°C for 30
sec (1 cycle), 95°C for 15 sec then 60°C for 30 sec (40 cycles), followed by melt curve analyses
from 65-95°C with fluorescence being read every 0.5 seconds with a ramp rate of 0.5°C. Once
complete, a pooled sample was made by combining 3 p.I aliquot of each sample. Standard
curves were generated for each gene tested, using the pooled sample to perform serial
dilutions (5-point, 10-fold each point). Efficiencies were between 85% and 105%, and their
quality checked with melt point analysis. Each reaction (11 p.I total) consisted of 5 pl of Sso
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Advanced" Universal SYBR Green Supermix (BioRad), 1 µI of template, 4 µI of nuclease-free
water, and 0.5 p.I of both forward and reverse primers (10µM; Table 1). Each sample was run
in triplicate, along with no-RTs (no reverse transcriptase control) were also included for each
gene. To control for contamination, every plate had a no template control (NTC) and positive
control (a pool of all samples) to calibrate across plates, as each gene spanned two 384 well
plates.

The PCR products for each gene were gel purified using QIAquick Gel Extraction Kit
(Qiagen, Canada) as per the manufacturer's instructions, and tested for quality and quantity on
Thermo Fisher's Nanodrop 3000. Purified products were sent to The Centre for Applied
Genomics at the Hospital for Sick Children (Toronto, Canada) for primer specificity and product
sequence verification; all products were verified except hsp9Ob (Table 2.1).
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Table 2.1: Arctic charr gene identification and ontology.

Gene

E-value

Identity
(%)

NCBI Accession #

Description

il-6rb

Query
Cover
(%)
100

1.00E-16

96

XM_014174891.1

cc3

97

1.00E-36

97

XM_014186867.1

Salmo salar interleukin-6
receptor subunit beta-like
(L0C106587036), transcript
variant X4, mRNA
Salmo salar complement C3
(LOC106595495), mRNA

cc7

100

2.00E-43

98

XM_024002090.1

fibb

94

1.00E-09

97

XM_024143195.1

mx2

100

9.00E-47

99

XM_023993826.1

blnk

100

4.00E-35

99

XM_024007819.1

mh Ilab

100

1.00E-10

95

EF450432.1

mh 1

75

2.00E-03

93

HM181991.1

il-13r

100

6.00E-07

97

NM_001246337.1

Salvelinus alpinus complement
component C7
(L0C111974371), mRNA
Salvelinus alpinus fibrinogen
beta chain (fgb), partial mRNA
Salvelinus alpinus interferoninduced GTP-binding protein
Mx2 (LOC111968289),
transcript variant X2, mRNA
Salvelinus alpinus B-cell linker
protein (LOC111978048),
transcript variant X3, mRNA
Salvelinus alpinus isolate
SW3B MHC class II antigen
(Saal-DAA) gene, SaalDAA*1202 allele, exon 2 and
partial cds
Salmo salar MHC class I
antigen (Sasa-UGA) mRNA,
complete cds
Oncorhynchus mykiss IL-13
receptor-alpha- 1-a precursor
(ill3rala), mRNA

2.2.3.3 DNA Isolation and qPCR
DNA was isolated from 81 individual HK tissues (3 fish per group pre-challenge, and 4
fish per tank [triplicate tanks x 3 treatment groups x 2 post-challenge samplings]) using the
Qiagen® DNeasy Blood and Tissue Kit. Tissues were cut (-25 mg) and put into 1.5m1
microcentrifuge tubes, along with 180 ill of Buffer ATL and 20 µI of proteinase K, and were
homogenized in the Qiagen® TissueLyser for 20 minutes at 50 Hz. Tissues were then incubated
at 56°C for 4 hours, with the remainder of the protocol followed as per the manufacturer's
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instructions. DNA was quantified used ThermoFisher's() Nanodrop 3000, and diluted with
nuclease-free water to a concentration of 50nghtl.
PCR products were made using 12.5 IA GoTaq, 2 III of forward aop0 primer (5'AGCTCATCCAATGTTCGGTATT-3'), 2 µI of reverse aop0 primer (5'-AAGTTCATCGTGCTGTTCCA3'), 5 i.tl of 50ng/µ1 DNA and 3.5 µI of NF-H20, and run on an Eppendorf MasterCycler thermal
cycle (aop0 primers from Fernandez-Alvarez, Gonzalez, & Santos, 2016). The program was:
Initial heating at 95°C for 2 minutes, then denaturation at 95°C for 1 minute, annealing at 60°C
for 30 seconds, extension at 72°C for 30 seconds, repeat for 34 cycles, final extension at 72°C
for 5 minutes, and hold at 4°C. PCR products were then run on a 2% agarose gel at 100 volts for
1 hour, to confirm if the samples were positive or negative for the aop0 gene. Gels were
viewed on a UV Transilluminator at 302 nm.
The diluted DNA (50nghtl) was used to run a qPCR assay to quantify the level of
infection in each individual. The DNA was prepared and plated as per the above qPCR, with a
similar program used, except using an annealing temperature of 62°C instead of 60°C.
Triplicate Ct values per sample were used to determine the level of infection, where lower Ct
values were indicative of high level of infection, while low infections were seen with higher Ct
values, up to and including 37 Cts. Any Ct values greater than 37 cycles were considered nonspecific amplification, and was given a Ct value of 40 for further statistical analyses.

2.2.3.4 Statistical Analyses
Two main groups of genes were analyzed, the acute phase response (APR) and
intracellular signalling, due to the expected outcomes of infection with typical A. salmonicida.
The RT-qPCR results were imported to qBASE+ (Biogazelle), and calibrated normalized relative
quantities (CNRQ) were calculated based on reference genes (Hellemans, Mortier, De Paepe,
Speleman, & Vandesompele, 2007). Candidate reference genes were: 60.5 ribosomal protein L7
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(60s), beta-2-microglobulin (b2m), elongation factor 1-alpha (efla), glyceraldehyde-3phosphate dehydrogenase (gapdh), hypoxanthine-guanine phosphoribosyltransferase (hprt),
ribosomal protein S20 (rps20), beta-actin (I3-actin), and eukaryotic initiation factor SA(e115),
and tubulin alpha chain (tub), where efla and rps20 showed the highest stability, with geNorm
M value and coefficient of variation of 0.993 and 0.370, respectively (Vandesompele et al.,
2002; Table 2.2). The CNRQ values were then analyzed in log2 form using R Statistical Software
(version 3.4.0), using 2-way ANOVAs, with time and treatment as independent variables, and
post-hoc Tukey HSD analyses used if significant results were obtained. Similar 2-way ANOVA
analyses were conducted for the ELISA data, using average OD (optical density) readings per
triplicate, and subtracting the blank on the plate from that value.
The aop0 gene data were also analyzed using a 2-way ANOVA, using the same method
listed above for gene expression. Survival data were analyzed using a nonparametric
distribution analyses with right censoring and Kaplan-Meier survival estimates in Minitab 17
software (reporting the Log-Rank p-value). This was completed for treatment groups, as well as
tanks within treatment groups. For all analyses, an a=0.05 was used.
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2.3 Results

2.3.1 Survival and Clinical Signs of Infection
Arctic charr (284 ± 56g) were challenged i.p. with an isolate of typical A. salrnonicida at
105cfu/fish (administered 0.1mL) at 517 ddpv. This exposure level was chosen based on results of the
dose titration and a desired mortality rate of 60-70% (Appendix 1 Figure 1). For the vaccine efficacy
study, mortality began at day 6 and plateaued at day 22 for all groups (Figure 2.2). The MicroRenogen
vaccine was found to provide the best protection with 83% survival. The Micro® vaccine provided
slightly less protection with 72% survival (Figure 2.2). The Micro® and MicroRenogen vaccines were
found to provide significantly more protection than the sham vaccine (p<0.001), but did not provide
significant protection when compared to each other. The sham fish died rapidly between days 6-13, with
minimal mortality occurring thereafter (Figure 2.2).
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Figure 4.2: Cumulative percent survival for vaccine efficacy in Arctic charr experimentally infected with
105 cfu/fish of typical A. salmonicida. Green represent the sham group, blue represents Micro® group,
and pink represents Micro6+Renogen® group.
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Consistent clinical signs of infection with A. salmonicida were observed throughout the study.
Fish appeared physically healthy (no clinical signs of infection) until hours before death, when they
displayed symptoms of lethargy, and were observed lying on the bottom on the tank. Upon postmortem examination, fish showed signs of septicemia, liquified kidneys, splenomegaly, and inflamed
intestines. Most fish mortalities exhibited intestines empty of digesta, indicating they were not eating.
Additionally, there was ascites, along with varying degrees of serositis. Furuncles, or boil-like lesions,
were observed on only a few mortalities, with muscle and skin damage, but did not protrude into the
peritoneal cavity.

2.3.2 Bacterial isolation

Posterior kidneys from all mortalities and sampled fish were plated on BA and maintained at
13°C. Positive bacterial growth, with an A. salmonicida distinct colony appearance (i.e. small brownish
colonies) was indicative of the presence of bacterial infection within an individual fish. There were no
fish with positive growth prior to inoculation with typical A. salmonicida. At 605 ddpv (8 dpi), 9 sham fish
were positive for A. salmonicida, while only 3 fish from the MicroRenogen group tested positive (Table
2.3). The Micro® group had no fish testing positive for the infection. At 836 ddpv (29 dpi), none of the
sampled fish tested positive on BA for A. salmonicida infection in the posterior kidney (Table 2.3).
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Table 2.3. Bacteriological growth of Arctic charr head kidney smears grown on Blood Agar media, at
13°C. Data presented in terms of number of individuals having positive typical A. salmonicida growth vs.
total number of individuals tested at that time for the specific treatment group.

Time
(dpi)

sham

Micro®

MicroRenogen

8 dpi

9/12

0/12

3/12

29 dpi

0/12

0/12

0/12

2.3.3 Aeromonas salmonicida quantification
Head kidney samples were used to determine the expression level of the aop0 gene in
individual samples. Pre-challenge, only one sample showed amplification: a Micro®-vaccinated fish (35.5
Ct; Figure 2.3). At 8 dpi, low Ct values (indicating high bacterial load) were observed in all groups,
especially in the shams, where the Ct values ranged from 23-36. Micro® and MicroRenogen fish had Ct
values ranging from 30-35, with the exception of a MicroRenogen outlier at 23 (Figure 2.3). At 836 ddpv
(29 dpi), no amplification occurred in the Micro® fish, while the sham and MicroRenogen groups had Ct
values ranging from 31-34 and 25-35, respectively. Again, the MicroRenogen group had one outlier
sample with a Ct value of 25.5. Over time, all treatment groups had lower median Ct values at 8 dpi,
than at 836 ddpv (29 dpi) (Figure 2.3). Similar to bacteriological growth on BA, the Micro® vaccinates
were found to have the lowest bacterial load (i.e. amplified aop0 product <40 Ct values) compared to
the MicroRenogen and sham groups (Figure 2.3). Overall, there were significant differences between the
Micro® and sham fish (p=0.004), and between 517 ddpv (1-month pre-challenge) and 605 ddpv (8 dpi)
(p=0.0001), and 605 ddpv (8 dpi) and 836 ddpv (29 dpi) (p<0.001). Specifically, fish vaccinated with
Micro® had significantly higher Ct values than sham fish at 605 ddpv (8 dpi; p=0.02). A significant
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decrease in Ct values was observed in sham fish from 517 ddpv (one-month pre-challenge) to 605 ddpv
(8 dpi; p=0.004), while a significant increase in Ct values was observed from 605 ddpv (8 dpi) to 836
ddpv (29 dpi; p=0.0005). A significant difference in aop0 expression between treatment and time was
driven by the number of fish without infection, as determined by the ability to quantify aop0 abundance
via qPCR (11/27 fish for Micro®, 18/27 fish for MicroRenogen, 11/27 fish for sham). Upon removal of
fish without detectable levels of aop0 from the analysis, there was no significant difference between
the groups.

sham Micro MR sham Micro MR sham Micro MR
517 ddpv

605 ddpv

Pre-Challenge

8 dpi

836 ddpv
29 dpi

Figure 2.3: Level of infection detection via aop0 quantification in typical A. salmonicida infected Arctic
charr. Green represent the sham group, blue represents Micro® group, and pink represent
Micro°+Renogen° (MR). Symbols represent significant differences within treatment groups over time
(p<0.05). Letters represent significant differences within a sampling period across treatment groups
(p<0.05). (ddpv) denotes degree days post vaccination; (dpi) denotes days post-infection.
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2.3.4 IgM ELISA
Individual fish serum samples were analyzed for IgM levels at all sampling time points using an
ELISA. IgM levels in the sham group changed very little overtime, while both the Micro® and
MicroRenogen groups increased over time (Figure 2.4). IgM antibody levels were highest in the
MicroRenogen group at 836 ddpv (29 dpi), where levels increased significantly from pre-challenge levels
(517 ddpv; p=0.045; Figure 2.4). At the final sampling, the Micro® and MicroRenogen fish had
significantly higher levels of IgM compared to the sham (p=0.0001, p<0.001). There was quite a bit of
variability in the Micro® and MicroRenogen groups at both post-infection sampling time points,
indicating that fish within the same treatment group were responding differently to vaccination and the
infection (Figure 2.4).
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sham Micro MR sham Micro MR sham Micro MR
517 ddpv

605 ddpv

Pre-Challenge

8 dpi

836 ddpv
29 dpi

Figure 2.4: Optical density of serum IgM (at 405 nm) in Arctic charr experimentally infected with typical
A. salmonicida, displayed in boxplots and whiskers, showing median expression and 95% confidence
intervals, respectively. Closed circles represent outlier data points. Symbols represent significant
differences within treatment groups over time (p<0.05). Letters represent significant differences within
a sampling period across treatment groups (p<0.05). (ddpv) denotes degree days post vaccination; (dpi)
denotes days post-infection.

2.3.5 Immunological Gene Expression
The acute phase response and the complement cascade play important roles in innate
immunity, where they are responsible for initiating an innate immune response. Complement
Component C3 (cc3) and Complement C7 (cc7) were both found to be significantly lower and higher
(respectively) overall between Micro® and sham (p=0.029; p=0.038, respectively; Figure 2.5a,b). When
comparing with the MicroRenogen vaccinate group, expression was basal.
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Log2 CNRQ

Micro

MR

sham

Micro

MR

Log2CNRQ cc7

sham

Figure 2.5: Complement component 3 (cc3) [A] and complement component 7 (cc7) [B] calibrated
normalized relative quantities (CNRQs) in Arctic charr (head kidney) experimentally infected with typical
A. salmonicida shown between treatment groups. Log2-transformed data are shown with median
boxplots whiskers indicating 95% confidence intervals. Green represents the sham group, blue
represents the Micro© vaccinates, and pink represents the Micro©+Renogen© (MR) vaccinated fish.
Open circles represent outlier data points. Letters represent significant differences within a sampling
period across treatment groups (p<0.05).

Expression of Interleukin-6 receptor beta (i1-6rb) was not significantly different for treatment
over time, but did exhibit an overall significantly higher expression in the Micro® group compared to
sham (p=0.0002; Figure 2.6). No significant differences in gene expression were found in Fibrinogen
(fibb), which is involved in wound healing. Variability within treatment groups at different time points
were observed (Appendix 1 Figure 2). This is especially evident at 4675 ddpv (28 dpi) in the sham group,
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where expression spans at least 2-fold changes on either side of the median. Expression of Heat shock
protein 90 beta (hsp90b) exhibited an interaction effect between time and treatment (p=0.004), and a
significantly higher expression overall at 836 ddpv (29 dpi) compared to 517 ddpv (pre-challenge)
(p=0.004; Figure 2.7). Expression was basal over time and treatment groups, with drastic outliers found
at pre-infection and 29 dpi for the Micro® and MicroRenogen groups, respectively (Figure 2.7).

sham

Micro

MR

Figure 2.6: Interleukin-6 receptor beta (11-66) calibrated normalized relative quantities (CNRQs) in Arctic
charr (head kidney) experimentally infected with typical A. salmonicida shown between treatment
groups. Log2-transformed data are shown with median boxplots whiskers indicating 95% confidence
intervals. Green represents the sham group, blue represents the Micro© vaccinates, and pink
represents the Micro©+Renogen© (MR) vaccinated fish. Open circles represent outlier data points.
Letters represent significant differences within a sampling period across treatment groups (p<0.05).
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I;

517 ddpv
Pre Challenge

605 ddpv
8 dpi

836 ddpv
29 dpi

Figure 2.7: Heat shock protein 90 beta (hsp90b) calibrated normalized relative quantities (CNRQs) in
Arctic charr (head kidney) experimentally infected with typical A. salmonicida across time and treatment
groups. Log2-transformed data are shown with median boxplots whiskers indicating 95% confidence
intervals. Green represents the sham group, blue represents the Micro© vaccinates, and pink
represents the Micro©+Renogen0 (MR) vaccinated fish. Open circles represent outlier data points.
(ddpv) denotes degree days post vaccination; (dpi) denotes days post-infection.

Expression of Interferon-induced GTP-binding protein Mx2 (mx2) was similar to expression of cc3
. Significantly higher expression of this gene was observed in the Micro® group compared to the sham
group overall (p=0.028) (Figure 2.8). B-cell linker (blnk) was observed to increase in expression in the
sham group over time (i.e. from 8 to 29 dpi; Figure 2.9). Expression of blnk increased from 517 ddpv
(pre-challenge) to 836 ddpv (29 dpi) in the MicroRenogen group (p=0.025), with levels at 605 ddpv (8
dpi) showing more variability across individual fish. At 605 ddpv (8 dpi), the Micro® vaccine group also
expressed significantly more blnk than the sham group (p=0.021).
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6

Log2CNRCItnx2

4

2

Figure 2.8: Interferon-induced GTP-binding protein Mx2 (mx2) calibrated normalized relative quantities
(CNRQs) in Arctic charr (head kidney) experimentally infected with typical A. salmonicida shown
between treatment groups. Log2-transformed data are shown with median boxplots whiskers indicating
95% confidence intervals. Green represents the sham group, blue represents the Micro© vaccinates,
and pink represents the Micro0+11nogen© (MR) vaccinated fish. Open circles represent outlier data
points. Letters represent significant differences within a sampling period across treatment groups
(p<0.05).
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517 ddpv
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Sham Micro MR Sham Micro MR

605 ddpv
8 dpi

836 ddpv
29 dpi

Figure 2.9: B-cell linker (blnk) calibrated normalized relative quantities (CNRQs) in Arctic charr (head
kidney) experimentally infected with typical A. salmonicida shown across time and treatment groups.
Log2-transformed data are shown with median boxplots whiskers indicating 95% confidence intervals.
Green represents the sham group, blue represents the Micro© vaccinates, and pink represents the
Micro@+Renogen@ (MR) vaccinated fish. Open circles represent outlier data points. Symbols represent
significant differences within treatment groups over time (p<0.05). Letters represent significant
differences within a sampling period across treatment groups (p<0.05). (ddpv) denotes degree days post
vaccination; (dpi) denotes days post-infection.

Interleukin-13 receptor (11-13r) and Major histocompatibility class II antigen, A-B alpha chain (mh
II ab) exhibited similar expression pre-challenge, with basal gene expression at both post-challenge
samplings (Appendix 1 Figures 3-4). Major histocompatibility class I antigen, alpha chain BL3-7 (mh I)
exhibited basal expression overtime, but with variability among individuals within treatment groups
(Appendix 1 Figure 5).
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2.4 Discussion
2.4.1 Survival, Clinical Signs and Bacteriology
Arctic charr were experimentally infected with typical A. salmonicida after receiving the vaccines
Micro®, or a combination of Micro® and Renogen®. The vaccines were found to be efficacious in
providing significant protection in Arctic charr, compared to the sham group. As previously mentioned,
the Micro® vaccine contains adjuvant, killed Vibrio spp. and killed whole bacterin from A. salmonicida,
making it impossible to determine the relative contribution of individual components to host
immunostimulation. However, many of the virulence factors of A. salmonicida and their potential as
vaccine targets have been studied in the past, and have been shown to play an important role in the
ability of the bacterium to invade their host, effectively transmit infection, and act as important
immunogens for vaccination.

Marsden et al. (1996) eliminated the aroA gene, which is part of the aromatic amino acid
pathway that causes loss of virulence if it is deleted or blocked, from A. salmonicida. The authors
observed that a live A. salmonicida aroA mutant vaccine stimulated more enhanced T-cell
responsiveness than fish vaccinated with a killed A. salmonicida vaccine, and noted that the live bacteria
was capable of priming lymphocyte proliferation and antibody production in rainbow trout (Marsden,
Vaughan, Foster, & Secombes, 1996). Dacanay et al. (2003) observed that levels of superoxide
dismutase (sodA and sodB) were higher in virulent strains compared to avirulent strains of A.
salmonicida. Dacancay et al. (2010) further reported that Type I pilus played an important role in
adhesion, but did not impact the ability to invade a host once attached. It is well understood that the
type Ill secretion system (TTSS) is important in A. salmonicida virulence as well as many other septicemic
bacterial species (Frey & Origgi, 2016; Tan, Zheng, Tung, Rosenshine, & Leung, 2005; Vanden Bergh &
Frey, 2014). In vitro studies using Atlantic salmon head kidney have shown that the outer membrane
protein of the TTSS, ascC, plays an important role in host invasion, as well as survival within the host
55

(Fast, Tse, Boyd, & Johnson, 2009). Dacanay et al. (2006) also demonstrated that ascC deficient A.
salmonicida were avirulent, and that deletions of aexT, or aopH genes also contributed to delayed
infection and decreased virulence, respectively, with overall virulence not being impacted by the
removal of select virulence effectors (Dacanay et al., 2006).

Extracellular polysaccharide (EPS) and lipopolysaccharide (LPS) produced by A. salmonicida
contribute to the overall virulence of the bacteria. Studies comparing the efficacy of extracted EPS and
LPS reported that EPS was effective at protecting against A. salmonicida infections, while LPS was not
(Bricknell, Bowden, Lomax, & Ellis, 1997). Additionally, salmon antibodies to EPS protected fish by
neutralizing the glycerophospholipid cholesterol acyltransferase toxin, which is likely complexed with
the EPS during infection (Bricknell, Bowden, Lomax, & Ellis, 1997). Mutoloki et al. (2006) evaluated the
potential side effects caused by extracellular products (ECPs), and suggested that ECPs were actually
pro-inflammatory when i.p. injected and play an important role in the induction of early inflammatory
responses (Mutoloki, Brudeseth, Reite, & Evensen, 2006). Finally, Hirst & Ellis (1994) demonstrated that
iron regulated outer membrane proteins (IROMP) of A. salmonicida were capable of significantly
protecting against heterologous A. salmonicida strains.

As the Micro ® and Micro® + Renogen ® vaccines were both protective, both vaccine
preparations would likely contain TTSS, outer membrane proteins (OMPs), LPS and other effectors
mentioned above. It is likely that these all contribute to protection in the current study in Arctic charr.
Future work should include comparisons of adjuvant/non-adjuvant as well as different individual
virulence targets from A. salmonicida in Arctic charr specific vaccines, which may further our
understanding and enhance protection in this host species.

Clinical signs of moribund/dead fish and sampled fish confirmed the presence of a hemorrhagic
septicemia consistent with A. salmonicida subsp. salmonicida infection (Cipriano & Austin, 2011).
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Bacteriological growth on non-specific media and distinct colony morphology and pigmentation also
confirmed the presence of hemolytic, pigmented bacteria consistent with A. salmonicida subsp.
salmonicida. Quantitative PCR confirmed the specificity of the bacteria present to be A. salmonicida
subsp._salmonicida. Interestingly, over the course of the study, growth on BA from sampled (clinically
normal) fish indicated that some of the sampled sham and MicroRenogen fish were infected with A.
salmonicida (605 ddpv; 8 dpi), while all of the sampled Micro® fish had effectively cleared the infection,
or had undetectable levels in their posterior kidneys at the time of sampling. This also held true for the
last sampling at 836 ddpv (29 dpi; Table 2.2). Dacanay et at. (2006) observed that i.p. challenge in
Atlantic salmon with 105 cfu/fish of virulent strains of A. salmonicida (despite having aop0 or aopH
deletions) resulted in mortalities beginning within 3 days post-challenge, and ending after 21 days postchallenge. All mortalities were A. salmonicida positive (parent and aop0 deletion only) via PK growth on
trypticase soy agar (TSA) and 20lig of chloramphenicol mL-1. For fish that were bath challenged,
mortalities in the aop0 mutant and parental strains lasted 29 dpi, while mortalities in the aexT and aopH
deletion strains lasted 12 and 22 days longer than the parent stain, respectively. This is likely due to
their lack of/or decreased virulence due to the deletions. Similar bacterial dose and mortality patterns
were observed in the present study. Following a fin puncture challenge of 3.4 x107 cfu/fish A.
salmonicida subsp. salmonicida in rainbow trout, mortalities began in groups (containing varying
amounts of antigen) at 3dpi, and plateaued at approximately 8dpi (Marana et al., 2017). The bacterial
dosage in the Marana et at. study was higher than in the present study, although different infection
methods were used. The difference of dosages and exposure methods may have contributed the longer
mortality period observed in the present study. Head kidney swabs from all mortalities were found to be
A. salmonicida positive when grown on BA. Other A. salmonicida vaccine studies have also used HK or
PK growth on BA or TSA media to confirm the presence of A. salmonicida in moribund/dead fish
(Bricknell, Bowden, Lomax, & Ellis, 1997; Bricknell, King, Bowden, & Ellis, 1999; Chettri et at., 2015;
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Dacanay, Boyd, Fast, Knickle, & Reith, 2010; Romstad, Reitan, Midtlyng, Gravningen, & Evensen, 2013).
Unfortunately, the majority of A. salmonicida vaccine studies evaluate the protection of vaccines by
looking at percent survival and antibody titres only, while not quantifying bacterial load present or
examining carrier fish that survived the bacterial challenge, so comparisons of bacterial load cannot be
done with the current work. There was good agreement between the bacteriology results and the qPCR
detection of aop0 in individual head kidney samples. Both methods found that the Micro® vaccinated
group had the fewest A. salmonicida positive fish at 605 ddpv (8dpi), with more fish in all groups having
no bacterial growth and less aop0 present at 836 ddpv (29 dpi). There was no significant differences in
aop0 expression between 605 ddpv (8 dpi) and 836 ddpv (29 dpi). Additionally, since few fish at 8 dpi

(in the Micro® vaccinates, especially) tested A. salmonicida positive, it is likely that the protective
immune responses in the vaccinated fish act quite quickly and are able to reduce the level of bacteria to
undetectable levels by routine bacteriology within a few days post-challenge. As stated in the results,
one Micro® fish showed a positive Ct value of 35.5 prior to challenge; this weak positive is likely due to
the presence of bacterial DNA from vaccination.

2.4.2 Antibody Response

A positive correlation between survival and circulating antibody response was detected postvaccination in the present study. This is in agreement with other A. salmonicida vaccine studies in
salmonids (Bricknell, Bowden, Lomax, & Ellis, 1997; Bricknell, King, Bowden & Ellis, 1999; Villumsen,
Dalsgaard, Holten-Anderson, & Raida, 2012; Romstad, Reitan, Midtlyng, Gravningen, & Evensen, 2013;
Chettri et al., 2015). However, there have been occasions where antibody response was not correlated
with protection, which the authors hypothesized to be the result of the method of vaccination (bath
immersion) and lack of adjuvant (Villumsen & Raida, 2013).
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Other factors such as, vaccine formulation, sexual maturity, and age of the fish can influence
antibody response. For example, Chalmers et al. (2016) found that both diploid and triploid Atlantic
salmon produced significantly higher antibody responses post-vaccination with Alpha Ject 2.2®
(Pharmaq AS, Norway) compared to control fish when challenged with 6 x 103 cfu/fish. Similar results
were found by Chettri et al. (2010), Villumsen et al. (2012), and Villumsen et al. (2015) in rainbow trout
vaccinated with AlphaJect°3000 and challenged with 6 x 105 cfu/fish or 1.2 x 107cfu/fish (Chettri et al.,
2015; Villumsen, Dalsgaard, Holten-Anderson, & Raida, 2012; Villumsen, Koppang, & Raida, 2015).

Many studies have been examining typical A. salmonicida vaccine efficacy in salmonids using
experimental vaccines, targeting various components. For example, Romstad et al. (2013) tested the
efficacy of A-layer positive A. salmonicida bacterins with varying amount of antigen in Atlantic salmon.
Results showed an increase in antibody response in fish inoculated with the A-layer positive vaccine
containing 80% antigen content, with antibody response being positively correlated with survival.
Marana et al. (2017) examined the efficacy of experimental vaccines with similar components to the
Forte Micro® vaccine used in the present study (killed A. salmonicida and Vibrio anguillarum 01, 02a
serotype and V. ordalii and V. salmonicida serotypes I & II bacterins, with oil-based adjuvant)
(https://www.drugs.com/vet/forte-micro-can.html) using a fin puncture technique. Marana et al.
(2017) reported high antibody levels in vaccinated fish at 9 weeks post-vaccination until 3 weeks postchallenge, when levels began to drop. Chettri et al. (2015) and Villumsen et al. (2012) observed
significantly higher A. salmonicida specific antibody levels post-vaccination, with a slight increase
occurring post-challenge in rainbow trout vaccinated with Alpha Ject® 3000 or with experimental
vaccines with different oil-based adjuvants. All vaccinated fish had a positive correlation between
antibody response and survival (Chettri et al., 2015; Villumsen, Dalsgaard, Holten-Anderson, & Raida,
2012).
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Several studies demonstrate that the addition of an adjuvant increases the longevity of
protection given by the vaccine, based on the depot effect and its ability to continuously stimulate nonspecific immunity for prolonged periods of time (Adams, Auchinachie, Bundy, Tatner, & Horne, 1988;
Lillehaug, Lunder & Poppe, 1992). Midtlyng, Reitan, & Speilberg (1996) tested 8 commercial or
experimental vaccines in Atlantic salmon, with different adjuvants. They found that fish administered
vaccines containing mineral oil (Biojec 1500 and Biojec 1900; Biomed Inc., U.S.A.) as an adjuvant had
higher relative percent survival 6 weeks, 3 and 6 months post-vaccination compared to control fish.
Antibody levels (testing A-layer protein-specific titre) were highest in the mineral oil adjuvanted vaccines
at 3 and 6 months post-vaccination. While the current study showed significantly higher IgM antibody
response in vaccinates receiving a vaccine with a mineral oil adjuvant (Forte Micro®) compared to the
sham group, a direct comparison of a bacterin without the added adjuvant was not possible here.

2.4.3 Immunological Gene Expression

Acute phase and intracellular responses and immunological signalling related gene expression
were examined in Arctic charr post-vaccination and post-bacterial challenge. The acute phase response
and complement cascade play a key role in innate immune response activation as well as B-cell
regulation and adaptive responses (Carroll, Fangman, Hambach, & Wiedmeyer, 2004). In mammals,
classical or lectin activated complement pathways are initiated by circulating IgM, C-type or nnannanbinding lectins, respectively, which result in the antigen-attached enzyme, C4b2a, inducing C3
convertase and cleavage of C3 (Carroll, Fangman, Hambach, & Wiedmeyer, 2004). In teleosts, Bayne &
Gerwick (2001) speculated that pre-synthesized pools of CC3 are present in the blood, and are used in a
pre-acute phase response. This may help explain the lower expression of cc3 in Micro ® vaccinates (with
highest circulating IgM), over the entire study, since preformed CC3 protein had already initiated the
classical complement pathway, reducing the requirement of cc3 transcription. Higher overall expression
of cc7, in these same fish would suggest that regardless of the reduced transcription of cc3, and/or
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activation pathway of C3, the cytolytic membrane attack complex is induced to enhance bacterial cell
lysis. The lack of cc3 and cc7 significance at any specific time point indicates that the Micro ® fish may
initiate this response earlier post vaccination. Expression of mx2 and il-6rb was similar in that they were
also significantly higher in Micro® fish compared to sham fish, but without significant differences at
specific time points, based on treatment. Interleukin-6 is an important inflammatory
mediator/modulator and the relative expression of il-6rb has been shown to correlate with the degree
of vaccine-induced protection against Francisella tularensis (Kurtz, Foreman, Bosio, Anver, Elkins, 2013).
Expression of il-6rb increased in all fish from pre-challenge to 605 ddpv (8 dpi) and again to 836 ddpv (29
dpi), suggesting its importance in response to bacterial infection, but a lack of a significant difference
between vaccinates. This may also be why no impact was observed on the antigen presenting genes mh
/ and mh II ab. No change was observed in il-13 expression post-vaccination and infection, which is
similar to Kumar', Bogwold & DaImo (2013) and Schwenteit et al. (2013) with typical and atypical A.

salmonicida infections, respectively.

During this trial, various stages of disease and infection were observed, and varied greatly
between vaccinate groups and individuals. Fibrinogen beta chain (fibb), which is involved in wound
healing, was the most variable post-infection, specifically in the sham group. The sham fish at 836 ddpv
(29 dpi) in the present study, exhibited quite variable expression offibb, suggesting that fish may have
been at different stages with respect to the healing pathway. Heat shock protein 90 beta (hsp90b)
showed basal expression across all time points, inferring that its level did not change when i.p.
challenged with A. salmonicicla in Arctic charr, contrary to other reports (Roberts, Aguis, Saliba, Bossier,
& Sung, 2010).

Similar to cc7, mx2 and il-6rb, significantly higher expression in blnk was observed in Micro®
compared to sham groups at 605 ddpv (8 dpi). This gene may specifically be impacted by bacterial
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presence in the kidney, since the difference in significance between groups of blnk (Micro
MicroRenogen sham) had an inverse relationship to the bacterial growth in these same fish at this
time (sham ?. MicroRenogen Micro®). Furthermore, the nature of blnk involvement in B-cell regulation
in Arctic charr is unknown, however, the association of complement cascade and IgM pathway induction
in the same vaccinated group of fish in which blnk was induced, would further support this prediction
(Ishiai et al., 1999).

2.5 Conclusion
Overall, this study not only found that the vaccine Forte Micro® was able to protect Arctic charr
from a typical furunculosis infection, but that it can also be given in combination with Renogen®,
without any apparent adverse effects, with respect to efficacy. This is believed to be the first study to
examine the efficacy of these vaccines for use in Arctic charr. IgM antibody responses were detected in
both the Micro® and MicroRenogen groups, indicating that the fish mounted a strong humoral response
to the infection, likely due to its previous encounter with bacterial antigens in the vaccine. Moreover,
protective responses also appeared to be associated with complement cascade and intracellular
signalling in the Micro® vaccinates.

This is vital information for the Arctic charr aquaculture industry, as vaccines are commonly
given in combination in aquaculture settings to avoid cost of labor and handling stress on the fish. The
information presented here has contributed a wealth of knowledge on Arctic charr immunology,
specifically on IgM antibody detection and gene expression of innate and adaptive immune responses.
This work will inform future Arctic charr work on vaccinology and general immunology, to better our
understanding of Arctic charr and ways to increase production in Canadian Arctic charr farms.
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Chapter 3: Vaccine-induced protection against atypical furunculosis: Assessing
short- and long-term vaccine efficacy in Arctic charr

Abstract
Arctic charr (Salvelinus alpinus) farming is an emerging component in today's aquaculture
sector; however, intensive aquaculture sites provide optimal conditions for disease. Although vaccines
have been developed and tested for other major cultured salmonids, such as Atlantic salmon, it is
unknown if such vaccines provide ideal protection in Arctic charr. Two vaccines, Forte Micro® (protects
against strains of Aeromonas salmonicida which cause furunculosis) and Renogen® (protects against
bacterial kidney disease caused by Renibacterium salmoninarum), were tested to determine efficacy,
and to identify potential interactions when co-administered. Additionally, molecular techniques, such as
reverse transcriptase qPCR and enzyme linked immunosorbency assay, were used to evaluate the
immune responses post-vaccination and bacterial challenge. To do this, survival and immune response
of fish exposed to atypical A. salmonicida were quantified in a short-term vaccine efficacy study and a
long-term efficacy study, to determine the length of protection acquired with the vaccines. It was
hypothesized that the Forte Micro® vaccine would provide the best protection at both the short-term
and long-term vaccine efficacy studies, as the vaccine contains A. salmonicida bacterins and an oil-based
adjuvant. Both survival and circulating IgM responses specific for atypical A. salmonicida were
significantly induced by both single (Forte Micro®) and double (Forte Micro® and Renogen®) vaccine
administration during the short-term vaccine efficacy study, however, circulating IgM responses during
the long-term vaccine efficacy were reduced. The Forte Micro® vaccine provided better protection when
exposed to infection in the short-term vaccine efficacy compared to the long-term vaccine efficacy,
where it provided worse protection than the sham. Gene expression data revealed strong acute phase
and cellular signalling post-vaccination and post-challenge for fish in the short-term vaccine efficacy,
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with similar to muted responses observed in fish in the long-term vaccine efficacy study. Transcript
abundance of complement components C3 (CC3), C7 (CC7), interleukin receptors 6B (IL-6RB) and
interleukin 13 receptor (IL-13R) along with other responses to vaccination and infection indicated a
strong acute phase response post-challenge, along with cellular signalling. This research provides insight
on the use of two commercial salmonid vaccines in Arctic charr, as a means for preventing atypical A.
salmonicida infections.

3.1 Introduction
Arctic charr (Salvelinus alpinus) are a coldwater salmonid that have been cultured worldwide
since the 1970s, although they have been harvested in the wild for hundreds of years (Johnson, 1980).
Many attempts were made to expand Arctic charr aquaculture in Canada since first initiated in the
1970s with limited success, due to lack of knowledge on the specific rearing and farming requirements
for Arctic charr (Jobling, Jorgensen, Arnesen, & Ringo, 1993). Over the last several decades, there has
been significant improvement in our understanding of the biology and husbandry of this species,
resulting in increasing popularity and high demand for products in the marketplace. Improved
husbandry techniques have resulted in commercial production of Arctic charr reaching 500 metric
tonnes in Canada, and over 3200 metric tonnes in Iceland (Ethier, 2014). However, despite this
increased knowledge in husbandry, little is known about disease susceptibility and prophylactic
treatments, and these gaps currently limit expansion of Arctic charr aquaculture (Johnston, 2002).
As part of the Salmonidae family, Arctic charr are susceptible to many of the same diseases as
Atlantic salmon, with furunculosis and bacterial kidney disease (BKD) among the most impactful
bacterial pathogens (Johnston, 2002). Aeromonas salmonicida is the aetiological agent of furunculosis, a
septicemic disease that causes acute or chronic mortality in most populations of salmonids (Austin &
Austin, 1993). Typical furunculosis is caused by the subspecies (subsp.) salmonicida, while atypical
furunculosis is caused by all other subspecies. Atypical A. salmonicida is considered to be the most
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destructive disease economically for Atlantic salmon in Icelandic aquaculture (Laxdal, 1989;
Gudmundsdottir & Bjornsdottir, 2007), and one of the most common bacterial diseases reported in
salmonids (Gudmundsdottir & Bjornsdottir, 2007). Bacterial kidney disease is caused by Renibacterium
salmoninarum, which is transmitted both horizontally and vertically between parent and progeny
(Elliott, Pascho, & Bullock, 1989). This disease is slow to progress, but can have deleterious impacts on
both juvenile and adult fish. Septicemia, liquefied head kidney, and an opaque pseudomembrane on the
spleen are characteristic of this disease (Fryer & Sanders, 1981).
Prior to effective vaccination programs, furunculosis caused major economic impacts in
salmonid culture. Since the mid-1990s, oil-based adjuvanted vaccines have been commonly used in the
prevention of furunculosis and vibriosis in salmonid culture (Sommerset, Krossoy, Biering, & Frost, 2005;
Pedersen et al., 2008; Plant & LaPatra, 2011). Forte Micro® (Elanco Animal Health Canada Inc.©) is an
adjuvanted multivalent vaccine containing killed bacterins commercially applied to prevent typical
furunculosis (caused by A. salmonicida ssp. salmonicida), vibriosis, and cold water vibriosis. The only
licensed vaccine for the prevention of BKD is Renogen® (Elanco Animal Health Canada Inc.©), a live
attenuated vaccine containing Arthrobacter davidanieli, a non-pathogenic bacterium with a relatively
close phylogenetic relationship to R. salmoninarum. These two vaccines are commonly co-administered
in Atlantic salmon culture (Burnley, Stryhn, Burnley, & Hammell, 2010), and therefore this strategy may
be useful in Arctic charr.
Vaccination with oil-based adjuvanted vaccines increases the adaptive immune response,
stimulating specific antibody production in vaccinated animals, and improving B- and T-cell conversion
to memory cells, which are necessary for effective protection (Anderson, 1997; McKee, Munks, &
Marrack, 2007; Thim et al., 2014). Vaccine-induced protection has been shown to positively correlate
with antibody levels for up to 6 months post-vaccination (Erdal & Reitan, 1992; Midtlyng, Reitan, &
Speilberg, 1996; Bricknell, King, Bowden, & Ellis, 1999). The complement cascade (i.e. acute phase
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response), intracellular responses, antigen presentation and cell signalling are innate immune
components important in understanding how the vaccines are effective, and what aspects of the
immune system are being stimulated (Magnadottir, 2006; Zhu, Nie, Zhu, Xiang, & Shao, 2013). The
objectives of the current study are to: (1) determine the efficacy of these two commercially available
vaccines in Arctic charr; (2) evaluate the short- and long-term protection of these vaccines; (3)
determine if any interaction occurs (i.e. impact on efficacy) between the two vaccines, and (4)
characterize the immune response to vaccination and subsequent infection in Arctic charr.

3.2 Materials and Methods
3.2.1 Animal husbandry

All experimental protocols for the use of fish followed the guidelines provided by the Canadian
Council on Animal Care (Canadian Council on Animal Care, 2005) and were submitted for review and
approved by the UPEI Animal Care Committee (Protocol Number 13-044). Arctic charr (Fraser River
strain; ?_10 g) were obtained from the Coastal Zones Research Institute (Shippagan, NB) in December
2014 (n=1500; long-term vaccine efficacy cohort) and July 2016 (n=1500; short-term vaccine efficacy
cohort). Upon arrival into the Aquatic Animal Facility at the Atlantic Veterinary College, fish were housed
in large holding tanks (1200 L) at 11 ± 1.0°C in a flow-through fresh-water system. Fish were fed twice
daily to satiation with a commercial feed (EWOS Transfer, St. George, New Brunswick, Canada) and
maintained on a 14 h light:10 h dark photoperiod. Once fish reached approximately 20 g in weight, fish
were anaesthetized in 100-150 mg1:1 of Tricaine methanosulphonate (MS-222), buffered with an equal
amount of sodium bicarbonate (NaHCO3) in tank water and passive integrated transponder (PIT) tags
were inserted intraperitoneally (i.p.) into each fish to aid in later identification and assignment to
experimental groups.
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3.2.2 Challenge with atypical A. salmonicida
3.2.2.1 Dose determination
Approximately one-month before the vaccine efficacy study began, the appropriate dose of
atypical A. salmonicida was determined (Research and Productivity Council (RPC); Fredericton, NB,
Canada; strain FFA-43). Briefly, 180 naïve charr (from short-term vaccine efficacy cohort) were
separated into three experimental groups using a random block design, each group consisting of
duplicate tanks (160 L), holding 30 fish each. Fish were fed and maintained as stated above, while being
observed a minimum of twice daily at feeding times. Fish were individually netted from their tanks,
anaesthetized in 100-150mgC of MS-222 (buffered in NaHCO3 ), and administered a 0.1 mL i.p. injection
of their respective bacterial suspension (102, 104, 106 cfu/fish) to obtain a dose that would result in
approximately 60-70% mortality. Fish were allowed to recover, and then returned to their respective
tanks.
Fish were monitored for morbidity or mortalities twice daily. Mortalities were netted from the
tank and posterior kidney swabs were plated on blood agar (BA) media. The media was then incubated
at 13°C for one-month while being monitored a minimum of once weekly for growth. Once
approximately 70% mortality was observed in each dosage group, the remaining fish were euthanized
via MS-222 overdose (300 mg/L). The posterior kidneys of the euthanized fish were also cultured on BA,
and incubated and monitored as above. The dosage that provided an adequate mortality rate was
chosen to use in the vaccine efficacy trial. The volume of inoculum administered per fish was twice that
used in the short-term vaccine efficacy, due to the larger size of the fish in the long-term vaccine
efficacy. For the short-term vaccine efficacy trial, a dosage of 105 cfu/fish was selected (0.1 mL
administered), based on projected resulting mortality of 60-70% (Appendix 3 Figure 1). In contrast, a
4
dosage of 10 cfu/fish (0.2 mL administered) was selected for the long-term vaccine efficacy trial based
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on mortality results from a similar dose determination study testing 100, 102, 104 cfu/fish (Appendix 3
Figure 2).

3.2.2.2 Vaccine efficacy
Fish were randomly assigned to treatment groups using their PIT tag identification number. The
treatment groups were: "sham" (phosphate buffered saline [PBS]), "Micro" (Forte Micro® vaccine),
"Renogen" (Renogen® vaccine) and "MicroRenogen" (Forte Micro® and Renogen® vaccines). For the
short-term vaccine efficacy study, all vaccinate groups were used, while Renogen® was not used in the
long-term vaccine efficacy study. Remaining fish from each cohort were not vaccinated, but were used
to determine the challenge dose as outlined below.
Fish were netted from their tanks and anaesthetized in 100-150 mg!: of MS-222, buffered with
an equal amount of NaHCO3 in tank water. Fish were injected with 0.1 mL of their respective vaccine
(MicroRenogen fish received 0.1 mL of each vaccine), via an i.p. injection (see Figure 3.1 for study
information). Post-vaccination, fish were allowed to recover in a separate tank before being returned to
their home tanks.
Fish were housed in triplicate, 160 L tanks for each vaccinate/sham group (n=30/tank) and
allowed to acclimate for a minimum of 2 weeks before challenge. For the short-term study, the fish
were not separated into tanks by vaccinate group, but co-housed with all groups, to mimic farming
conditions, where the fish may be exposed to individuals who are not vaccinated (3 tanks each
containing approximately 25 fish per group).
The two cohorts of fish (short-term efficacy and long-term vaccine efficacy cohorts) were
challenged with atypical A. salmonicida at 1133 degree days post-vaccination (ddpv) and 4367 ddpv,
respectively (see Figure 3.1 for study information). The differences in challenge times were to examine
both the short-term and long-term protective effects of the vaccine, and are subsequently referred to as
long-term vaccine efficacy studies (and short-term vaccine efficacy) from this point forward.
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Fish were individually netted from their tanks and anaesthetized as described previously. Each
fish was i.p.-injected with 0.1 mL (short-term vaccine efficacy) or 0.2 mL (long-term vaccine efficacy)
bacterial suspension or phosphate buffered saline (PBS), allowed to recover, and then returned to their
respective tanks. Fish were monitored twice daily during feeding times. Morbidity (inability to maintain
normal dorsoventral position in the water column, lack of response to stimuli, etc.) were noted, and
mortalities were removed and posterior kidneys were swabbed and plated on BA media.

Short-Term
Vaccine Efficacy
Vaccination

PostCheelge
Sampling

Pre-Challenge
Sampling 1

429 ddpv

1133 ddpv

1232 ddpv
(10 dpi)

Post Challenge
Sampling 2

1368 ddpv
(23 dpi)

Long-Term
Vaccine Efficacy
Vaccination

PreChalTerr3e
Samplmg 1

517 ddpv

Challenge

PreChallenge
Sampling 2

C,-a!lepte
Samp`mg

3751 ddpv

4367 ddpv

4499 ddpv
(13 dpi)

PostChallenge
Sampling 2

4675 ddpv
(28 dpi)

Figure 3.1: Study timeline and information for vaccinated Arctic charr, experimentally infected with
atypical A. salmonicida at 1133 and 4367 ddpv. For the short-term vaccine efficacy, Micro®,
Micre+Renogen® were tested, while Micro®, Renogen®, and Micre+Renogen® were tested in the
long-term vaccine efficacy. (ddpv) denotes degree days post vaccination; (dpi) denotes days postinfection.

3.2.2.4 Sampling
Prior to bacterial challenge, ten fish from each vaccinate/sham group were euthanized (MS-222
overdose-300 mg[') to provide a basal level of genetic expression, as well as to confirm the absence of
bacterial infection. For the short-term vaccine efficacy, the baseline sampling occurred at 429 ddpv. For
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the long-term vaccine efficacy, two baseline samplings occurred: 517 ddpv (approximately 1-year prior
to bacterial challenge; pre-challenge); and 3751 ddpv (1-month prior to bacterial challenge; prechallenge; Figure 3.1). Upon sampling, weight (g) and length (cm) were recorded and head kidney,
spleen, and intestine were sampled for molecular analysis and stored at -80°C. Blood was collected from
the caudal vein of the fish, centrifuged at 15 000 x g for 15 minutes at 4°C, and resulting serum was
stored at -80°C. For histology, the above three tissues were collected from 3 fish per group, along with
samples of liver, pyloric caeca, gill, heart, and brain and stored in 10% buffered formalin. Posterior
kidneys were aseptically plated on blood-agar media and incubated at 13°C for one month (as described
above).
Twenty-four hours following the observation of the first mortality in each sham tank (1232 ddpv
(10 days post-infection [dpi] short-term vaccine efficacy; 4499 ddpv (13 dpi) long-term vaccine efficacy),
fish from each tank (n=4) were euthanized via a MS-222 overdose (300 mg 1_4), and the same procedure
was completed for sample collection as described above.
Seven days after the last mortality was observed in a vaccinate group (1368 ddpv [23 dpi] shortterm vaccine efficacy; 4675 ddpv [28 dpi] long-term vaccine efficacy), final samples were collected
(n=4/tank). The same sampling procedures were conducted as above. Any remaining fish in the study
were then euthanized via MS-222 overdose, and their posterior kidneys were swabbed, plated on BA
and incubated, as previously described.

3.2.2.5 Bacterial Growth
To determine growth of A. salmonicida, posterior kidneys were swabbed and cultured on blood
agar media and incubated at 13°C. The plates were checked weekly for bacterial growth. The presence
of bacterial growth, and the characteristic A. salmonicida brown indole produced was considered a
positive criterion for atypical Aeromonas salmonicida. Those plates showing uncharacteristic growth
(possible contamination) or no growth were considered negative for the presence of the bacteria.
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3.2.3 Tissue Analysis
3.2.3.1 Enzyme-Linked Immunosorbent Assay (ELISA)
Antibodies directed against atypical Aeromonas salmonicida were quantified using a direct
ELISA. Briefly, flat bottomed 1x12 Immulon® 2HB ELISA strips (Thermo Labsystems), arranged in 96-well
strip-holders were coated with atypical Aeromonas salmonicida bacteria (grown to Optical Density (OD)
550=1.0) and coating buffer (15 mM Na2CO3, 35 mM NaHCO3, pH 9.6), and incubated at 4°C overnight to
allow the antigen to bind. The antigen suspension was removed, and subsequently saturated with 200 p.I
of 3% Bovine Serum Albumin (BSA) in PBS-T (phosphate buffer saline with Tween 20®; 137 mM NaCI; 1
mM KH2PO4 monobasic; 8 mM Na2HPO4 dibasic; 3 mM KCI; 0.05% Tween 20 (v/v); pH 7.4) and
incubated at room temperature for 1-hour to block the remaining binding sites. Unless otherwise stated,
after each step, the plate was incubated for one hour at 37°C and then washed three times with PBS-T.
Pooled Micro® and pooled MicroRenogen samples were used to complete a two-fold dilution from 1/20
up to 1/20,480, to determine the ideal concentration for serum to use on individual samples. Similar
testing was done to identify the ideal the primary and secondary antibody concentrations. Individual fish
serum samples were initially diluted to 1:50 with 1% BSA-PBS-T, then in 1:1000, and finally in 1:5000.To
each well, 100 pl of diluted serum was added, and allowed to incubate at 13°C for 1.5 hours. The
primary antibody (mouse monoclonal a-trout IgM; Braden et al., 2017) was diluted 1:100 with 1% BSAPBST, and 100plwas added to each well, and allowed to incubate for 1.5 hours at 37°C. The secondary
antibody (1:1000 in 1%BSA-PBST goat a-mouse IgG+M; Jackson ImmunoResearch, Pennsylvania, USA)
was then added (100µ1), and incubated at 37°C for 1 hour. Lastly, 100 pl of 2,2'-azino-bis(3ethylbenzothiazoline-6-sulphonic acid) solution (ABTS)-H202 substrate was added per well, and
incubated (in the dark) for 30 min at 37°C. Optical densities were measured at 405 and 490 nm
wavelengths on a SpectraMAX 340 plate reader (Molecular Devices).
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3.2.3.2 RT-qPCR for Gene Expression
RNA was extracted from head kidney samples (n=136 for short-term vaccine efficacy [10 fish per
group pre-challenge, 4 fish x triplicate tanks x 4 treatment groups x 2 post-challenge sampling time
points] and n=132 for the long-term vaccine efficacy [10 fish x 2 pre-challenge samplings, and 4 fish per
tank x 2 post-challenge samplings (9 tanks)]), using Tr-Reagent, according to Chornczynski & Sacchi
(1987), and Ambion® TURBO DNAfreeTM treatment was used as per manufacturer's instructions to
eliminate genomic DNA contamination. RNA quality was assessed using BioRad's ExperionTM Automated
Electrophoresis Station (all samples had RNA Quality Indicator (ROI) values > 6) and ThermoFisher's
Nanodrop 3000 (260/280 and 260/230 values were approximately 2.0) to test both purity and quantity.
Total RNA was reverse transcribed using ThermoFisher's High Capacity cDNA kit, making a 40 p.I reaction
for each individual sample with 4 Ill 10x RT buffer, 1.6 Ill 25x dNTP mix, 4 pi 10x RT random primers, and
2 µI of multiscribe RT, 2 pg of total RNA, and the remaining volume of nuclease-free water until 40 lii is
reached (as per the manufacturer's instructions). cDNA was synthesized using an Eppendorf
MasterCycler thermal cycler, with the following specifications: priming at 25°C for 10 minutes, reverse
transcription (RT) at 37°C for 2 hours and RT inactivation at 85°C for 5 minutes. Once complete, a
pooled sample was made by combining 3 µI aliquot of each sample. Standard curves were generated for
each gene tested, using the pooled sample to perform serial dilutions (5-point, 10-fold each point).
Efficiencies were between 86% and 106%, and their quality checked with with melt point analysis.
Reverse transcription quantitative PCR (RT-qPCR) was conducted on BioRad's CFX96 thermal cycler,
using the following thermal program: initial activation of 95°C for 30 sec, 95°C for 15 sec then 60°C for
30 sec (40 cycles), followed by melt curve analysis from 65-95°C with fluorescence being read every 0.5
seconds with a ramp rate of 0.5°C. Each reaction (11 .t.1 total) consisted of 5 p.I of Sso Advanced'
Universal SYBR Green Supermix (BioRad), 1 p.I of cDNA template, 4 µI of nuclease-free water, and 0.5 pl
of both forward and reverse primers (10 p.M) (Table 1). Each sample was run in triplicate, and no-RT (no
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reverse transcriptase) controls were also included for each gene. To control for contamination, every
plate had a no template control (NTC) and positive control (a pool of all samples) to calibrate across
plates, as each gene spanned two 384 well plates.

3.2.3.3 Statistical Analyses
RT-qPCR results were imported to qBASE+ (Biogazelle), and calibrated normalized relative
quantities (CNRQ) were calculated (Hellemans, Mortier, De Paepe, Speleman, & Vandesompele, 2007).
Candidate reference genes included 605 ribosomal protein L7 (60s), beta-2-microglobulin (b2m),
elongation factor 1-alpha (ef1a), glyceraldehyde-3-phosphate dehydrogenase (gapdh), hypoxanthineguanine phosphoribosyltransferase (hprt), ribosomal protein 520 (rps20), beta-actin (ft-actin), and
eukaryotic initiation factor 5A (eif5), and tubulin alpha chain (tub); where 60s, and tub showed the
highest stability, with geNorm M value and coeffieicent of variation of 0.434 and 0.153, respectively
(Table 3.1; Vandesompele et al., 2002; Ahi et al., 2013). These genes were selected for further CNRQ
analysis for the short-term study. For the long-term study, the above candidate reference genes, as well
as 40s ribosomal protein 59, were tested, and ft-actin and hprt were chosen (geNorm M value and
coefficient of variation of 0.606 and 0.212, respectively; Table 3.1). CNRQ values were then logtransformed and statistical differences were detected using R Statistical Software (3.4.0) and a Two-way
ANOVA, with time and treatment as variables, with post-hoc Tukey HSD were performed if significant
results were detected (p<0.05).
Two-way ANOVA analyses were conducted for the ELISA (Enzyme-Linked Immunosorbent Assay)
data, using average OD (optical density) readings per triplicate, and subtracting that value from the
blank on the plate.
Survival data were analyzed using a nonparametric distribution analyses with right censoring
and Kaplan-Meier survival estimates in Minitab 17 software (reporting the Log-Rank p-value). It was also
used to determine if there were significant differences in mortality between tanks within treatment
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groups. This was completed for treatment groups; as well as tanks within treatment groups. Data were
analyzed for normality and potential outliers in Minitab 17 software. For all analyses, an a=0.05 was
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3.3 Results
3.3.1 Survival and Clinical Signs of Infection

3.3.1.1 Short-Term Vaccine Efficacy
Arctic charr (123 ± 21g) were injected i.p. with an isolate of atypical Aeromonas
salmonicida at 105cfu/fish at 1133 ddpv (Figure 3.1). This exposure level was chosen based on
results of the dose titration and a desired total mortality of 60-70% (Appendix 3 Figure 1).
Mortality began between 6-7 days post-infection (dpi) and plateaued by 18 dpi in all groups
(Figure 3.2a). Mortality was most rapid between 6-10 dpi. The Micro®-vaccinated fish had
significantly higher survival than both the Renogen®-vaccinated and sham groups (p<0.001;
Figure 3.2a). Survival in the Micro® group was similar to the MicroRenogen group (88% and
80%, respectively) (Figure 3.2a). Survival in the Renogen® and sham groups was <40% and
<30%, respectively. There were significant differences in survival in the Micro® and
MicroRenogen groups compared to the sham and Renogen® groups (p<0.001; Figure 3.2a).
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Figure 3.2: Cumulative percent survival for short-term (A) and long-term (B) vaccine efficacy
studies in Arctic charr experimentally infected with atypical A. salmonicida. Green represent
the sham group, blue represents Micro® group, yellow represents Renogen® group, and pink
represents Micro®+Renogen® group.
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Consistent clinical signs of infection were observed throughout the study. Upon
external examination, a few individuals showed anal prolapse and lesions on the ventral side of
the fish (<1cm in width) upon external examination (Figure 3.3a-b), with discoloured skin on
the head and body and unilateral or bilateral exophthalmia. However, the majority of fish did
not show any signs of infection until an internal examination was completed post-mortem. All
mortalities showed the following signs of infection: swollen kidney and spleen, ascites,
hemorrhage of the liver or pyloric caeca, and empty and/or swollen intestines with fecal casts
(Figure 3.3c).

Figure 3.3: Clinical signs of atypical A. salmonicida infections in Arctic charr, including skin

lesions on the flank (A), ulcers/lesions on the belly of the fish (B), and internal signs of infection
(C).
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3.3.1.2 Long-Term Vaccine Efficacy

Arctic charr (284 ± 56g) were challenged i.p. with the same isolate of atypical
Aeromonas salmonicida as in 3.1.1, but at 104 cfu/fish (administered in 0.2mL) at 4367 ddpv
(Figure 3.1). Again, the dosage was chosen from the results of a dose determination (Appendix
3 Figure 2). Mortality was initially observed at 4, 7, and 9 dpi in the sham, Micro® and
MicroRenogen fish, respectively, and plateaued for all groups around 21 dpi (Figure 3.2b).
Mortality was most rapid between 9-13 dpi (Figure 3.2b). The MicroRenogen group showed
significantly higher survival than both the Micro ®and sham groups (p=0.001 and p=0.049,
respectively; Figure 3.2b). Similar clinical signs were observed as the short-term immunity
study (Figure 3.3a-b). Signs of maturation (presence of testes and ovaries) were observed in
approximately 74% (26% mature males; 48% mature females) of the fish during sampling time
points.

3.3.2 Bacterial Growth
3.3.2.1 Short-Term Vaccine Efficacy

Head kidneys from all mortalities and sampled fish were plated on BA and incubated at
13°C. Positive bacterial growth showing colony appearance characteristic of A. salmonicida (i.e.
small brownish colonies) was indicative of the presence of bacterial infection. All fish sampled
prior to inoculation with atypical A. salmonicida were negative for bacterial growth of A.
salmonicida, but at 1232 ddpv (10 dpi), 25% of the sham fish were positive, while 17% of both
the Micro® and Renogen® groups were positive for growth of atypical Aeromonas salmonicida
on BA, and the MicroRenogen group had 8% prevalence (Table 3.2). By 1368 ddpv (23 dpi),
only the Renogen® group was positive for bacteria with an 8% prevalence (Table 3.2). The head
kidneys from all mortalities were positive for atypical A. salmonicida growth when plated on
BA.
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Table 3.2: Bacteriological growth of A. salmonicida isolated from Arctic charr head kidney
smears after culture on blood agar media at 13°C. Data shows the number of individuals with
positive atypical A. salmonicida growth compared to the total number of individuals tested at
that time for the specific treatment group.

Experiment

Time (dpi)

sham

Micro®

Renogen®

MicroRenogen

Short-term

10 dpi

3/12

2/12

2/12

1/12

Vaccine Efficacy

23 dpi

0/5

0/12

1/6

0/12

Long-term

13 dpi

0/12

1/12

1/12

Vaccine Efficacy

28 dpi

0/12

0/12

0/12

3.3.2.2 Long-Term Vaccine Efficacy
At 4499 ddpv (13 dpi), 8% of both the Micro® and MicroRenogen groups were positive
for A. salmonicida (Table 3.2). At 4675 ddpv (28 dpi), we did not observe any positive growth
from the posterior kidneys of exposed fish (Table 3.2). Kidneys from every mortality were
found to be positive for atypical A. salmonicida, based on the bacterial growth and colony
morphology on BA.

3.3.3 IgM ELISA

3.3.3.1 Short-Term Vaccine Efficacy
Both the Micro® and MicroRenogen groups showed an increase in IgM over time postchallenge, while the Renogen® group was similar to the sham group, with very little change
over time (Figure 3.4a). There was very low circulating IgM levels in the sham group from 4291232 ddpv (2 months pre-challenge to 10 dpi), with more variability at 1368 ddpv (23 dpi),
though still showing similarly low median IgM levels (Figure 3.4a). Fish vaccinated with Micro®
had significantly higher concentration of IgM between 429 ddpv (1-year pre-challenge) and
79

1232 ddpv (10 dpi; p=0.008), 429 ddpv (2 mo. pre-challenge) and 1368 ddpv (23 dpi; p<0.001)
and 1232 ddpv (10 dpi) and 1368 ddpv (23 dpi) [p=0.04]. Similarly, MicroRenogen-vaccinated
fish had significantly higher concentrations of IgM between 429 ddpv (2 mo. pre-challenge) and
1368 ddpv (23 dpi; p<0.001) and 1323 ddpv (10 dpi) and 1368 ddpv (23 dpi; p<0.001; Figure
3.4a). At 1232 ddpv, significant differences were observed between the Micro® and Renogen®
groups, and the sham and Micro® groups, respectively (p=0.035 and p=0.024; Figure 3.4a). The
Micro® and MicroRenogen-vaccinates were both significantly different from Renogen®vaccinated and sham injected fish at 1368 ddpv (23 dpi, p<0.03; Figure 3.4a).
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3.3.3.2 Long -Term Vaccine Efficacy
Overtime, there was no significant difference in IgM antibody concentration in the
MicroRenogen group (Figure 3.4b). In the Micro® group, levels had increased slightly at 3751
ddpv (1 mo. pre-challenge) compared with 517 ddpv (1-year pre-challenge) and again by 4499
ddpv (13 dpi), but had decreased by 4675 ddpv (28 dpi; Figure 3.4b). The IgM levels in the
sham group had also increased slightly at 3751 ddpv (1 mo. pre-challenge), but were observed
to have returned to Aeromonas salmonicida levels by 4499 ddpv (13 dpi) and 4675 ddpv (28
dpi; Figure 3.4b). At 4499 ddpv (10dpi), the Micro® injected fish had significantly higher IgM
levels than sham injected fish (p=0.025; Figure 3.4b). The long-term vaccine efficacy fish had
lower IgM levels than the short-term vaccine efficacy fish. In both studies, there were IgM
levels (:).5 OD pre-challenge. At 1232 ddpv (10 dpi; short-term vaccine efficacy) and 4499 ddpv

,(13dpi; long-term vacine efficacy study), 25% of fish had IgM levels .0.5 OD for the short-term
vaccine efficacy (1/12 sham, 6/12 Micro®, 1/12 Renogen®, 3/12 MicroRenogen), and only 3% of
fish in the long term study (all from the Micro® group). At 1368 ddpv (23 dpi; short-term
vaccine efficacy) and 4675 ddpv (28 dpi; long-term vaccine efficacy), 60% of fish had IgM levels
.>.0.5 OD for the short-term vaccine efficacy (1/12 sham, 9/12 Micro®, 10/12 MicroRenogen),
while there were only 5% of fish for the long-term vaccine efficacy (1/12 Micro®, 1/12
MicroRenogen).

3.3.4 Gene Expression
3.3.4.1 Short-Term Vaccine Efficacy
Expression of complement component C3 (cc3) was basal at 429 ddpv (2 mo. prechallenge), with variable up- and downregulation over time and treatment groups 1232 ddpv
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(10 dpi) and1368 ddpv (23 dpi; Figure 3.5a). There were no significant differences over time or
between treatment groups.

Complement Component C7 (cc7) expression was lower in all groups at 429 ddpv (2 mo.
pre-challenge) compared to 1232 ddpv (10 dpi) and 1368 ddpv (23 dpi) (Figure 3.6a). Micro&
and Renogen®-vaccinated groups had a significant increase between 429 ddpv (2 mo. prechallenge) and 1232 ddpv (10dpi) (p=0.039, p=0.026, respectively). Fibrinogen (fibb) had
variable gene expression across all sample times and treatment groups (Appendix 2 Figure 3).
Little change was observed in the expression of interleukin-6 receptor beta (11-6rb) over time
and treatment group (Figure 3.7).
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Fish vaccinated with MicroRenogen had significantly higher expression of B-cell linker
(blnk) compared to the sham controls at 1232 ddpv (10 dpi) (p=0.01; Figure 3.8a), with basal
expression for all other times and treatment groups. Expression of Interleukin-13 receptor (II13r) appeared to be generally upregulated over time across all vaccinate groups but•
significantly upregulated in the Renogen® group between 429 ddpv and 1232 ddpv (10 dpi) and
429 ddpv and 1368 ddpv (23 dpi) (p<0.001, p=0.0002; Figure 3.9a). Major histocompatibility
class I antigen, alpha chain BL3-7 (mh I) was significantly downregulated between prechallenge and 1232 ddpv (10 dpi) in the sham group (p=0.002; Figure 3.10a), with basal
expression observed at 1368 ddpv (23 dpi). No significant differences were observed in the
expression of interferon-induced GTP-binding protein Mx2 (mx2) (Figure 3.11a), heat shock
protein 90 beta (hsp90b) (Figure 3.12a), or major histocompatibility class ll antigen, A-B alpha
chain (mh II ab) (Appendix 2 Figure 4).

87

-o

HIE .
f--- ---i .
EfT1 i
f

i

-1
flIEf
f--01-1

f

4

.

„n

0
.
0

Fl--H

00 1,0

co

sham Micro MR sham Micro MR sham Micro MR sham Micro MR

a) a„ ec-2_c E _c 2 E
8 @

>

-D 0.
r... N
(.0

CO CL1 =

2

CU .417, Ci.

0.0
0
0
>E
o., =
._
0..
*L--.
2
2
-2
-cs B.
CU
co en

v

tr cu
00
C
oi
>a

0. -o
-o
I-- ci

i,-i
to
tio
0
-ci -c
N. 6
in 0-

-a o

...4

el•

. 04

L_
-0 c ac, a) 4-,
a) as 0 00 0
s_ 0 In
,..!. 0_ a)
C I4- ' '
r0
_
-I CU CI 1-'
0

(pc co c u)
al
_C CU

>. 0 in 0 CO
a)
C _C ai 13_) C
-0 in -C
LE

0 s....
a) :I"'
32 0
a) 4-,
..., c

0 •

_c U) a)

L-L co CU 0
4(12
U C47- aS 5.
-7'
.
•7
4.,
0 cu cu c
,••• con
71,
- C1
,-1
.tc
s_. 0
>. as0
.
.5 u.;
as =
C (-) as u •..=
- ›...
in
s_
00 as

CO co
..0 (-)

u .° a

CU — E 4E' T,
4-.
a) Cr) a.) 4-.
0
U rlo
CU
C
'
'
•
s_
a)
••-•
0 C C
a)

0 0

a

11

Ran MR sham Micro Ren MR sham Micro Ran MR

z

>

-0 -0
>3 ori
l0 N
m
-4

E

..-v.
.7
)1Wq bliND tool

, >. ... , c _1 o

a

>0 01 .CO 00 o
(.) v)
4- fa

, c
03 (-) C ra C.

.5 2

co.
-a -13
1:1
N 0

m
,..,
N
I-I

NI

0- co
>

c

u 0 0
.coCO1_7
C

E>

QV

Co ch

-0 0
1... 0_

a) a) v)
4-, CO

C ,
_.7 ._E -C 0
ou

on
C

>0
-a o

2 al
iN

o

" :-fT;_
.4-7e Ca 4=
C ..._...
-C
y) 0
C .--... 0
" -CS
as -0 0 in
a)
4-,
a)
—
= C 60

6
E
rs,

aj

c a) 0.0
co o t 4-j
v) a)
-a
in Clte)
X a)
2
ct
a
to
0 e< 0
co
z E 2 2 al c

s... 0 E
.... .- -C
zu
.-

.C) .3.

>.:
oi o_
c19 ;
IIw 0 —
Co •
,co
, c c .c _c in
T
30o
t:3 0
Ca 0
d
-0
t
-FA

..., -.rn Co
2 cpco
u r0 2 .c a
cu
'- *-

(7) =
m 0_ r0
0 o,
to >- -Co •L' co
ii ro -a 2 > b.0
-'

(1)

C

aJ
E

4-,

U
al

4.C

03

>ft

CD

fp

1-----{

4-

4- HMI
i-°
* IM

I I -1
I

*H-171

co

sham Micro MR sham Micro MR sham Micro MR sham Micro MR

1— 1--1:11-1

4-,
C

1 S:2

(NI
a) 0 = a) :I--'
E -1 o -45 §

.W

+... 1.0] co
1... 0,..._....,
0
1- F---m---i
4- Fl I --I
..,__ii,

12)-

=

o.
in
1••• CO
to r4

u
CO
a) vs _c
a) a)
C (-) -C 2

-vs
-a -.
CL
cy,
cn m

13

C
co Oa)
a) -C

a. asu

.

1
:5 .i4=

as E
aj - co •

ft--. (/)eL

bp

s- CU

•
0

CO -0

2
43. v

U

e-i Cl..

s-

VI •
r.
0
M E
I-I
ii,to
c
2
ct. co

-a y
r•d.)
a..1 ...
in
0-

4-'
V)

(13

.17 g
4-, • —

a)
a)

0

>.

•

C-)
CD a)
,.._
.-

(I)

' - CU

-7.7) • a) :a), E_o°>-'
Cf
cc -g .s
z (...)a.)

▪

>-•

— > CD
c 0 if;
4-'
4../ 0
al E -o -c
v) .o c

>.

4.4

Cftl

CO 11

,E, -0
g
,6 : —
1:$ c:
,..,
▪

Micro Ren MR

t-- col
--EL

CO en

CIS C .47,
CU Co al C 0 C
"
° a) 4-, .0
"CS L) -0 CIO C U
a) co C 0 CU CO

en
ri

Li6

TS CI.
kO N

NI

U • — C

E
a' 3
" CU in
sham Micro Ren MR sham Micro Ren MR s

,e-

4`.

0

ft,ft

lft$

c

U)

>

L.

0 c
. C -*C _4-' v)
a.)

O. .
-0
a
TS 15

ni•
U
in
a) CO in C
4... > 4..' a) -5 a)
(0 ,_ 0 v)

E

a)
',3) to

N 0

.15

as
is0
a
• l'.

r71 v) 73,‘-‘ e4"-: c
:-- ----- (1) 5. 10 es
--:
.. .'::_t. E ' a) -a

en

&)
aj

CT .
N CO

ci
E
iN)

,-,
7) Cu
CU 4t3 c *(C
L- 1:5
,V, >
in -6- o 5; -c27
. ..._ .5
0 "F
(3 )j
-'
'''.z — Cu
•

-

•
in

v

1311 NO eacil
4...
°J . C. 43 r_
a) o
w ••g•
° co -o v..
U
7
4 .›..
6_ E
i_ 4E' CC
+ 8
4- 0 Q., © v)
2 CI3 17) (D
v) 2 a
3 -C C" U =
1213 :I-. r13 a '— 2

"0
C
CO

s_
sca
u

>
o- c _
c

t2 U
r° a)
a) o
4-,
0
f.....
..)
1- ›... C
co
ca u u
<a) (.9 U

CU
c c
7
.,t+-,0 8

shorn Micro MR sham Micro MR shorn Micro MR sham Micro MR

. _C .2 To
vi)
i F- 4--

.

A---BA

--in
A -El .

1

A
A-- i

1
( II
1-1

1

A
flH
II
A
0 0

e'•' ‘t

4?

'9

4

0

[-V

0
0

I
r
v cv o

I

I,

I

4•:, 1

I

r

5. 49

Yu/ MIND 001

0.

Z

'43 c•
113
in ,
ko

,- CU CU v)

u E *— -t'

2

>.

ro
0 0_ 10

r4

.47, .- • - ...-...

>
ci.
ch
13
as
3 '
ci,
bc,
.
cu
>
Cl. al

C 2 4E ,,, t.r) •,-'
0
CD
0 a" 0 C
1:-Os U 4( I:1
cu -0 0' • - >. ;":-:
.47, n3 01 ra ,
-,T, 0 c
". ea 7-; ..
•JJ ,...,
7. s.0

10

0

r0 c

-0 0

0_ •47,

WI a.

r.

c..)
E

1.4
w

DO

i_ 5

C

ta,

cc i- as

Ci3
0 .c
> • -

75

4-.
V)

-0 . 0 LA
cn
•- t — cU a)

-0

"co A

I,. s'
I-I di
0.
.:
›.

/-I

0

sham Micro Ron MR sham Micro Ron MR sham Micro Ron MR

"

u ()
CD a) E 4-,
cc >
-,-'
,_ 1- a Q.

>

03 ,..•
x a 1- a)
u _Co a., 0_ w

..=. V) -0

N 0
41 4c

_1

>

0

CD >.

E

CU

r: 4-.
'....,

0
1.fi' C C

-C CU (1) a)
-0:
,-. 4-4
co m
•C .Ci
[0
13 0 ..->-••
10 CV

C-6 . -".
Z C .1.7)-.,.: 0U 1
0
,) -0
i4C
-0
E o (3

CM

(..)
CO

>
0. .
'V -c)
C., 0
C.)4
-1

76, szz• La)_

2 ro

1
0
-t1

ra u C __:
._

CU
:3 "V
0.0 fti co 2 1
' -- -0
co
CL
CL
a) co ..-.°
›..
-C > CL)
4-.
CO cu 0
E

..j0
C
CD

7.
v) -c E "E' ...-2 '4
s_

01

00
c

a)
CU
0 0 © >

...
C.?
c..)

-0 ro

ad
E

C.,4

4e0 • - I:4)
„
2 ce
a) 0.0
›... ....fj _Q +
c: >__
4-,
C

E
n 76 0
.. si. g CD
- = o
L'CEo"E
0 a) •4•:-.; I_ .L) CO
4-,
v) E „)
-C 17. In E
4-,
'-. 4) 2ro_ ac) c
.--, a)
x co 14 VI LE
C CI) 4d

45 a) 5
92 o ,,, 0_ „0,
g-i -—
_c
4-, U.' c,"
0 0 c I
- u
-

VI

›-

0

in CD a)
E -a _
a)
1a)
to a) = 0- C
Li= -c U

.,_ F."1_,
,_
. .
fir)
,
,_ F. ...
0
,F..,
-I

4„ 0

El...1

H-1-11-i
. [Eli
. ,___N.,
.„ID

o
,

I-

m

sham Micro MR sham Micro MR sham Micro MR sham Micro MR

4-.

o. ,
-0 -0
Le) 00
r•••• 04
k0

>• L_
D a)
0 ra
o
n
(0 „"
C, C
C 1L
._
•••-• U LL,
L... ft " ....,..... Lo...:

< a.) 0 >.
C aJ • c

-0
—

a.
0.
'II a

_

(3) cy,
0r4

cc (13 cu (13 =
Z > 4' ::-) C
•tl'° a
L. a, F„
0
..• Ln
4-, .'al 4?e
tj a
t) E
.47, t:10 a.) :15 Cli cD
..0 0 -10 +4 V) 4CU.C
C 0 47. 4.,
1 I-

4

to

130
C
-92
C/1. 70
V1 ,t-. ci•
m ci

.-,
co

a. g
0 -0
-0 .0
r... 0
.-,
IA a.
m..1

CM

E a) a)
c
a)
▪ 4-. E
v, 0 +-•
C a _c
-o
'-' o _c
_a _c
tn 4,-/-.) a
l
Co
(A
(1.)
_C
a, Cll
I1- = CD _. .(13
” V> a • = aJ
•
a, 0_ 0
-0

>
ro•.

13 0.

ea en

'.0(4
m

coc

a

0
2

la

Lu
c' 4
8

.....
a)
-_- c Li-) 0 0 v,
.4-'
• re; al
>.
.<'

•Lt• i.-6 a c >v., 0
a)
.5
0

•'-`-' a) La > c c

ro ai c am -6 _c )
E .0,,
..--..
w
u a., tta 4-,
C°
c cl,

0

a

>, ._
,,, 0 Co .13
-0
cu E -c cu a"E
%
4-,
L
cc ._) o
ro a,
L_
47, 4, ej
co
•- t 0 4.., =
0 .c
fp 0 0_ In 4_, 5
.......
° _c
v, o
X 4:_
,.. C
wm
u
CNi
x ..--. _o ,., In >

--• ---c fp
" CL 0
.- 0_
s_
0 >,.
0
"
[--41
-1
171
-1

N 0
m .-i
(4
.-1

.-E
L... 0 c

> w--.c
..-

d. cc?) r0

C Ivi• cu 1:10

E 0 cu
1:1.
0) -• O
CL la)
'
46 V) -C
V) •C- .C. w
.."
U 0 4-'
.- o
-L_
I4-•
c
w-co
rzy ra
00

-o 6

> -0 a)
CU -0

r
o Ts .0 .(7) -cs
0 _c

•

rt k
d
E

eNi

CM

0

00_

eXtli btIND 001

2

lz:s
z >
.— -0 ;.;
0 „ Co
L. 4-'
- ,...

c

v
"'s
....)
, o.

'
c r •'4 1
,i4.1•... a5 ---(11
CL) - CO
>,0 0- ,..,
t1D E

4-1

4-' 03 a) 2 16
,-1 c7) E m
>

o
w
ci: o sp15 w o = t3 =
0_ L_ 0 ._ 2
ill' cu no on 2 to

to . u u

4-,
c
a)
E
+-,
as
a)
,...
+.,

>.
Co
a) -'
Ea.) S)

.

TF1_,

4— 1---II--I
at o

Ili

°

4— H-11-11---4
+- 1-1111
-I—

1---IE--1
ffli

4—

E---1
--1
4—

2 E—

*

i1:1]--

I

FIE-1

.
.
.
.
.
.
.
.
sham Micro MR sham Micro MR sham Micro MR sham Micro MR

:p
...

.-

0..

>.
cu 0"

c (13 E (7) ‘,2

kci
a
.>
0.
en

Ot

0

o. =

TS o
TS 4,
IA CL
N •

..>.0

'0 0
.
4
1;%

,I

MR sham Micro Ren MR sham Micro Ren MR

•

>
0. .
00.
73 TS
00 M
LO N
01

.-I

>
0. .
.0 a
.0 .0
N 0

r•I

tsH ND aol

c
cr -,.7,-, -0
4= ---Ln •,...
-c a)

(1) tt.'. C V)
L' -to
>
0 a) o.
-E3

.o%j t fa Cl
c 1
4 .1
a) 4-, LS
it4 b.13 C L.)
a) i
E C
co
„n >
o a.)
0 1.-j .S. c
CU
c.)
CO

la 0
'to• E --vi _C
a) (1)
L- la
4-, V)
i 41 TJ
CU >n
ea

1o

13
0.,

•

(-)
CU c

V)

2

rrs ...... X 0. c
a)
L (1)
14

...I

C
a)

cr 6
E

(106dsti

._
t:10 t..) 4' ti) u)
C C c 8 vi -FE

7,

CT Cl.
N

'7

.0 a) I) 0 a) y,
..-... C 6- U 2 . 0
Cf .5 v; .3 a 1-A
T
" 0

-E., >. in i3 -, —
a, f...) s_ ...
;-43
a, 3 c
0.0 >
r° ._
•W o

0.
> 5

0

0_ 00 •

.
fl)

,z
>•

CO

".
-o o v)
co _c cL) 0- 4'2
a)
'''
_c
i
°
2
...5
.4_c v) 4-,
— a) 0 -V
c 4..
d
4-)
L.,15
7
L..
C •a 3
ro = a)

.-5.... E a
:15
4:::1 13 E

cu

10

c) •.-c,

vi% •,-,

•C 0
46;2 E

c .0 (IS -a

C 0.
Ca .5 -0

L...
....
-c
° 3 ra"
a

2

V1 • a. U
La
CO
0,
,0 2
0 ?;
4 4-'
bp
0.1 ro
-0 a) 0 E
-C C .4 '
-C
Ai .4.....+
a) Lil =
W

>

eti -o

0
ai © 0
00.
s- 0 v, 2
(1)
=

(1) C

4-, L.

=

NI

01

3.3.4.2 Long-Term Vaccine Efficacy
Expression of complement component C3 (cc3) in head kidney significantly increased
between 517 ddpv (1-year pre-challenge) and 4675 ddpv (28 dpi) for fish vaccinated with
Micro® (p=0.013), as did sham vaccinates (p=0.0003). In contrast, cc3 levels in fish vaccinated
with MicroRenogen did not change (Figure 3.5b). Complement Component C7 (cc7) appeared
to be higher post-vaccination for all groups at 517 ddpv (1-year pre-challenge). A significant
decrease was observed in gene expression at all other time points (p<0.001; Figure 3.6b).
Similarly, expression of fibb was not significant over time or between treatment groups, with
high variability in expression across all groups (Appendix 2 Figure 3).
Interleukin-13 receptor subunit alpha-2 (i1-13r) was lower at all time points after 517
ddpv (Figure 3.9b). Significant decreases in expression were observed in fish vaccinated with
Micro® and MicroRenogen during the pre-challenge period between 517 ddpv and 3751 ddpv
(p=0.0007; p<0.001) and between 517 ddpv (1-year pre-challenge) and 4499 ddpv (13 dpi)
(p<0.001). The sham group also showed significant decrease in expression of il-13r between
517 ddpv (1-year pre-challenge) and 4499 ddpv (13 dpi) (p=0.0001). A decrease in expression
of il-6rb was observed from 517 ddpv (1-year pre-challenge) to 4499 ddpv (13 dpi), with a slight
increase at 4675 ddpv (28 dpi) in all groups (Figure 3.7b). Micro® vaccinates had significant
decrease in expression between 517 ddpv (1-year pre-challenge) and 4499 ddpv (13 dpi),
followed by an increase in expression between 4499 ddpv (13 dpi) and 4675 ddpv (28 dpi)
(p<0.001). There was a general decrease in the expression of mx2 and hsp9Ob at all time points
compared to 517 ddpv (1-year pre-challenge) (Figure 3.11b, 3.12b, respectively). During the
pre-challenge period (p= 0.0003; p=0.0004), and between 517 ddpv (1-year pre-challenge) and
4499 ddpv (13 dpi; p<0.001), expression of hsp9Ob decreased in Micro® and sham vaccinates

93

(Figure 3.12b). In addition, expression of hsp9Ob in the Micro® group decreased significantly
between 517 ddpv (1-year pre-challenge) and 4675 ddpv (28 dpi; p<0.01; Figure 3.12b). Fish
vaccinated with MicroRenogen exhibited a decreased expression of hsp9Ob between 517 ddpv
(1-year pre-challenge) and 4499 ddpv (13 dpi) but an increase in expression between 4499
ddpv (13 dpi) and 4675 ddpv (28 dpi) (p<0.001, p=0.008; Figure 3.12b). The expression of mx2
decreased over time compared to 517 ddpv (1-year pre-challenge). Significant differences were
observed between 517 ddpv and all time points for all vaccinate groups (p<0.02; Figure 3.11b).
No significant differences were observed either by time or treatment for blnk (Figure 3.8b), mh
I (Figure 3.10b), or mh II ab (Appendix 2 Figure 4).

3.4 Discussion
3.4.1 Survival, Clinical Signs, and Bacteriology
The first objective of this study was to determine the efficacy of two commercially
available vaccines commonly used for salmonids in Arctic charr challenged with atypical
Aeromonas salmonicida. Micro® and MicroRenogen vaccines were hypothesized to have the
greatest protection, as they contained heat killed typical Aeromonas salmonicida (subsp.
salmonicida) cultures. Despite the differences in subspecies between typical and atypical
Aeromonas salmonicida, many of the virulence factors and bacterial determinants are shared,
such as the A-layer protein, iron-regulated outer membrane proteins (IROMPs) and porins, and
LPS component (Evenberg, Versluis, Lugtenberg, 1985; Pyle & Cipriano, 1986; Chu et al., 1991;
Hirst & Ellis, 1994; Lutwyche, Exner, & Hancock, 1995). This hypothesis appeared to hold true
for Micro® in the short-term study, but not the long-term study, where Micro® vaccinates had
more mortality than the sham group. A recent study (Chapter 2) demonstrated that combining
Forte Micro® with Renogen® resulted in the highest protection against typical A. salmonicida.
Similarly, in the present trials, vaccination with MicroRenogen provided —80% protection after
94

both the short-term and long-term vaccine efficacy studies. The combination of the Renogen®
and Micro® vaccines did not have a significant additive impact on fish survival during the shortterm vaccine efficacy study. In the long-term vaccine efficacy trial, however, there appeared to
be additive potentiative effect of the combination vaccine as it provided greater protection
compared to the Micro® vaccine alone.

In the short-term vaccine efficacy study, Renogen® alone was not significantly different
from the PBS sham, indicating it did not provide protection against atypical Aeromonas
salmonicida challenges. The Renogen® vaccine contains Arthrobacter davidanieli, which
contains a surface carbohydrate similar to the exopolysaccharide of R. salmoninarum (Griffiths,
Melville, & Salonius, 1998). Renogen® has been shown to provide protection against salmonid
rickettsial septicemia caused by Piscirickettsia salmonis and BKD when administered in coho
salmon (Salonius, Siderakis, MacKinnon, & Griffiths, 2005). In field trials, Atlantic salmon reared
in sea cages demonstrated significantly higher survival during a BKD outbreak when vaccinated
with Renogen® and Lipogen Forte® (formulated to protect against Aeromonas salmonicida, V.
anguillarum (1 & 2), V. ordalli, V. salmonicida) compared to fish which only received Lipogen
Forte®, or five other commercially available non-BKD-related vaccines (Salonius, Siderakis,
MacKinnon, & Griffiths, 2005; Burnley, Stryhn, Burnley, & Hammell, 2010). Based on these
findings, it was hypothesized that the combination of Renogen® and Micro® may also provide
protection against atypical A. salmonicida, although no such protection was observed when
Renogen® was administered alone in the present trial.

Clinical signs of infection, positive growth and morphology/appearance of bacterial
colonies from head kidney cultures were indicative of the presence of infection. Despite the
low number of individuals with positive atypical A. salmonicida growth on the BA plates from

95

sampling time points, it is important to consider, that these isolations occurred at the
beginning of clinical presentation (i.e. 1 mortality in each of the sham tanks) and at the
cessation of mortalities (7 days after final mortality), when the survivors may have either
cleared the infection or entered a carrier phase, with the bacteria residing in other tissues, or
below detection by culture methods (Bartkova, Kokotovic, Skall, Lorensen, & Dalsgaard, 2017).
However, all mortalities were positive for atypical A. salmonicida growth, confirming the
causative agent of infection.
Various vaccine efficacy studies are reported in the literature, where both typical and
atypical strains of A. salmonicida have been tested. There have been reports of protection
found against atypical A. salmonicida subsp. achromogenes when vaccinated for typical
Aeromonas salmonicida, and when the vaccination and challenge are reversed, though this is
uncommon (Gudmundsdottir & Gudmundsdottir, 1997). This is likely due to the extreme
diversity across atypical strains, which has been suggested to challenge the concept of
grouping them into generic typical/atypical Aeromonas salmonicida (Gulla, Lund, Kristoffersen,
Sorum, & Colquhoun, 2016). Wang et al. (2007) found that LPS immune responses are specific
to their respective A. salmonicida subspecies, and show no cross-reactivity with other A.
salmonicida subspecies. Chart et al. (1984) suggest that most antibodies are directed towards'
the complete o-chain polysaccharide structure, which is associated with typical A. salmonicida
(Chart, Shaw, lshiguro, & Trust, 1984; Wang et al., 2007). These studies further explain why
typical A. salmonicida vaccines may not provide protection in atypical A. salmonicida
infections. For example, Pylkko (2004) showed protection against atypical A. salmonicida
subsp. achromogenes in Arctic charr, but not in European grayling when vaccinated with an
atypical A. salmonicida subsp. achromogenes experimental bacterin vaccine (Alpharma AS,
Norway). Similar findings that show vaccine-induced protection in one species but not in
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another were discussed by Gudmundsdottir & Bjornsdottir (2007) who tested a commercial
furunculosis vaccine (Biojec.1500®, Iceland), and an autogenous atypical A. salmonicida subsp.
achromogenes bacterin against both typical and atypical A. salmonicida infections in Atlantic
salmon.
Gudmundsdottir et at. (1997) tested the efficacy of an A. salmonicida subsp.
achromogenes vaccine and a commercial autogenous Biojec.00® vaccine and found that both
vaccines had higher antibody levels at 12 weeks post-vaccination (840 dd) compared to 6
weeks (420 dd) post-vaccination, and there was significantly greater protection at these later
times (Gudmundsdottir, Jonsdottir, Steinhorsdottir, Magnadottir, & Gudmundsdottir, 1997).
These data agree with our study and the label indication of the Micro® vaccine which state that
> 400 dd post-vaccination is required before optimal immune responses/protection occur. Of
the literature that exists on salmonid furunculosis, most examines short-term vaccine efficacy,
while research on long-term vaccine efficacy is lacking, especially on atypical A. salmonicida
infections >1 year post-vaccination. Romstad et at. (2013) tested the efficacy of experimental
vaccines with A-layer positive A. salmonicida bacteria with varying amounts of antigen, finding
that at 9 weeks post-infection, the antibody response positively correlated with the amount of
antigen in the vaccine. The most- effective vaccine contained 80% antigen content, with 80%
survival. This is not surprising, as most vaccines contain approximately 100% antigen content
(Romstad, Reitan, Midtlyng, Gravningen, & Evensen, 2013). Villumsen, Koppang & Raida (2015)
tested Alpha Ject® 3000 (Pharmaq AS, Norway; available in Scandanavia and select European
countries) and an experimental vaccine with a subsequent A. salmonicida bath bacterial
challenge, where survival was not significantly different between vaccinate groups. The clinical
signs of disease observed in this latter study were observed here, and in Chapter 2.
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Chettri et al. (2015) tested the efficacy of experimental vaccines and adjuvants, as well
as the commercial vaccines, Alpha Ject® 3000, which protects against typical A. salmonicida in
rainbow trout. The efficacy of Alpha Ject® 3000 was found to provide significantly better
protection (0% mortality) than the controls (84% mortality) (Villumsen, Dalsgaard, HoltenAnderson, & Raida, 2012). Similar to Forte Micro®, Alpha Ject® 3000 is a multivalent vaccine
protecting against furunculosis and vibriosis, with the help of an oil-based adjuvant (Pharmaq
AS).

Fish vaccinated with the Forte Micro® vaccine exhibited different mortality patterns
depending on the length of time between vaccination and bacterial challenge, where vaccine
efficacy decreased proportional to time administered. Time of vaccination did not affect
manifestation of clinical signs, although slightly larger ulcers were observed in the older fish.
Additionally, there were similarities in mortality onset and resolution, although less overall
mortality was observed in the older cohort (long-term vaccine efficacy). The sham group had
very different survival between the two studies. Since the same inoculum, albeit with an
adjusted dosage, was used, it appears that the larger, older fish were innately more resistant to
atypical A. salmonicida infections, as evidenced by the decreased mortality in the sham group,
and decreased serum IgM concentrations overall. The possible resistance with age is difficult to
quantify in these experiments due to the different year classes of fish and different bacterial
cultures used from one study to the next, but warrants further investigation to inform best
industry practices with respect to the need for booster vaccination and/or harvest scheduling.

3.4.2 Antibody Responses

Serum IgM concentrations in the short-term vaccine trial were almost twice that of the
long-term trial, and were observed within a shorter time between vaccination and challenge.
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Fish vaccinated with Micro® or MicroRenogen had the highest circulating IgM levels compared
to other vaccinate groups in each time point in the short-term vaccine efficacy study. This
result is similar to a recent vaccine efficacy study in Arctic charr against typical Aeromonas
salmonicida infections (Chapter 2). Low levels of serum IgM prior to challenge, were likely due
to the time of initial sampling occurring after the primary antigen stimulation had resolved.
Kumari, Bogwald & DaImo (2013), for instance found that antibody titers were higher at 6 days
post-vaccination, compared to 28 days post-vaccination, with significant protection and
antibody production against A. salmonicida found at 60 days post-vaccination.
Other studies have also quantified circulating IgM levels in salmonids vaccinated
against furunculosis, and showed variation in peak antibody production. Studies have
reported that vaccinated (Alpha Ject® 3000) and challenged rainbow trout had significantly
more A. salmonicida specific IgM post-vaccination, but lower levels observed post-challenge
(Chettri et al. 2015; Villumsen, Dalsgaard, Holten-Anderson, & Raida, 2012). Additionally,
Villumsen et al. (2012) reported that that the high antibody levels lasted up to 18 weeks postvaccination, before falling as soon as 3 dpi (Villumsen, Dalsgaard, Holten-Anderson, & Raida,
2012). Another study by Villumsen et al. (2015) found significantly more circulating A.
salmonicida-specific antibodies in vaccinated (experimental vaccines) fish prior to bacterial
challenge, with that significance lasting until 1 and 3 dpi. At 14 months post-challenge,
antibody levels were significantly higher than the adjuvant only control (Villumsen, Koppang, &
Raida, 2015).

The linkages between antibody production, protection and adjuvant preparations have
been discussed andreported for furunculosis for over 30 years. Olivier et al. (1985a, 1985b,
1986) and Gudmundsdottir & Magnadottir (1997), demonstrated the stimulating effect of
adjuvant administration (i.e. Freund's complete adjuvant; FCA) alone and the importance of
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boosting with Freund's Incomplete Adjuvant (FIA), on protective responses in salmonids to A.
salmonicida (Olivier, Evelyn, & Lallier, 1985a, 1985b, 1986). Gudmundsdottir and Magnadottir
(1997) reported a similar induction of specific antibody to the A-layer protein of A. salmonicida
and some level of protection (RPS ca. 30%) in Atlantic salmon administered adjuvant (FCA) +
antigen preparations of A. salmonicida subsp. achromogenes and adjuvant alone. These
antibody levels were much lower than the present study (1:200 dilutions vs. 1:5000),
protection was markedly less, and challenge occurred only 30 days after a booster (FIA)
immunization (<500 ddpv). The level of specific antibody production observed in the present
study (as percent mortality), coupled with the extended time post-vaccination prior to
challenge, would suggest that enhanced protection, compared to Gudmundsdottir &
Magnadottir (1997), was likely the result of memory-based specific stimulation, though the
contribution of adjuvant related non-specific impacts of vaccination should be further
investigated in the future.
There are few studies that have identified the length of protection of commercial
vaccines, while also quantifying antibody production. In the present study, while there was a
decrease in serum IgM concentration with an extended period of time post vaccination prior to
challenge, vaccination still resulted in significantly elevated serum IgM concentrations. The
fact that some of the long-term vaccine efficacy study fish were reaching maturation may have
also impacted their IgM levels and overall immune responses, as observed in studies testing
the impact of sexual maturation and hormones on immune responses (Maule, Schrock, Slater,
Fitzpatrick, & Schreck, 1996; Hou, Suzuki, & Aida, 1999; Cuestra et al., 2007).

3.4.3 Immunological Gene Expression
The acute phase response (APR) is an important reaction to a disruption in
homeostasis, caused by injury, infection or other trauma (Gordon & Koy, 1985; Bayne &
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Gerwick, 2001). Local responses to injury or infection are initiated by the release of
complement, as well as pro-inflammatory cytokines, which cause specific immune responses
from the stressed fish, against foreign antigens and invading microorganisms (Van Miert, 1995;
PineIli, 1996). The APR has been studied in salmonids, specifically looking at inflammation,
complement, and other acute phase proteins (APPs), and in many cases following bacterial
stimulation (Sakai, 1992; Olivier, Evelyn, & Lanier, 1985a, 1985b; Kodama et al., 1989; Jensen et
al., 1997; Bayne, Gerwick, Fujiki, Nakao, & Yao, 2001).

A few studies have reported gene expression in salmonids during A. salmonicida
infections. Ewart et al. (2005) found that genes related to innate humoral responses were
mainly upregulated at 13 dpi (156 degree days post-challenge) in A. salmonicida-infected
Atlantic salmon, including several APPs such as c-type lectin, serum amyloid A, haptoglobin,
and complement component C7 (cc7). Skugor et al. (2009) also showed that highly resistant
Atlantic salmon exhibited significant upregulation of complement proteins as part of the
protective response. Similarly, in the current study, cc7 was upregulated in vaccinated fish at
10 dpi, during the acute phase of infection and when mortality was observed. These results are
expected as the complement cascade is part of the acute phase response, which is fast to
. respond, but does not continue long after the initial infection (Bayne & Gerwick, 2001). This
upregulation at 1232 ddpv (10 dpi; present short-term vaccine efficacy study) supports the
importance of the membrane attack complex in killing extracellular bacteria (Shen et al., 2016).
Complement C7 has been specifically implicated in the teleost responses to Aeromonas spp.
For example, during A. hydrophila infections in carp, cc7 expression was shown to increase 20fold (Shen et al., 2012). The complement system plays an important role in both innate and
adaptive immune responses. Complement is able to initiate inflammatory reactions by
attracting phagocytic cells to sites of injury, allowing for pathogen opsonization and
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phagocytosis. Complement-mediated killing occurs when antibody-antigen complexes are
activated, allowing for pathogens to be quickly recognized and phagocytised (Holland &
Lam bris, 2002).

B-cell linker has an unknown function, but is speculated to have a connection to B-cell
responsiveness based on its gene ontology (Ishiai et al., 1999). Upregulation of B-cell linker
(blnk) at 1232 ddpv (10 dpi) indicates that B-cell transcriptional responses to the infection may
also occur relatively quickly and shut off after resolution of infection (i.e. the end of the study,
1368 ddpv [23 dpi]). The MicroRenogen group had increased blnk expression, concordant with
the highest protection and significant antibody production, suggesting b-cell linker may have a
similar function in B-cell activation in Arctic charr, but will require follow up studies to
elucidate this relationship further.

Interleukin-13 (IL-13) is secreted by T helper type 2 (Th2) CD4 cells, natural killer T cells,
mast cells, as well as basophils and eosinophils. IL-13 is hypothesized to play a role in IgM
regulation of B-cells (similar to IgE in mammals), and is an important regulator of pro- and antiinflammatory responses (Lowenthal et al., 1998; De Vries, 1998; Goldsby, Kindt, & Osborne,
2000; Schwenteit et al., 2013). IL-13 is not as well studied in fish. In salmonids, IL-13 is actually
referred to as 11_4/13; potentially an ancestor to these two Th2 cytokines in higher vertebrates.
IL-4/13 is expected to have similar function as its IL-4 and IL-13 mammalian counterparts
(Takizawa et al., 2011; Wang et al., 2016). The upregulation of il-13r at 1232 ddpv (10 dpi) is
indicative of a polarization towards a Th2 response, and if carrying out similar functions to
mammalian IL-4 would be expected to be accompanied by increased IgE production by
differentiated B-cells/plasma cells. Salmonids (i.e. Arctic charr) do not produce Th2 specific Igs
(i.e. IgE), but promote effective Ig (IgM or IgT) responses specific to the pathogen and site of
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infection, (Salinas, 2015). Similarly here, Arctic charr expression of II-13r coincided with strong
IgM production. The increased expression in all groups in the short-term vaccine efficacy is
somewhat surprising, but may suggest alternative macrophage induction as described in
Atlantic salmon macrophages/leucocytes exposed to typical A. salmonicida (Fast et al., 2009),
and might be part of the bacteria's host immune evasion response to reduce intracellular
killing. Although it appears that the upregulation of II-13r may not be related to vaccineassociated protection, it is important in mounting an immune response to this bacterial
infection, similar to descriptions reported by Fast et al. (2009). It might be expected that after
the clearance of the pathogen, and when pathogen levels are low, that Th2 responses also
subside. Chettri et al. (2015) found that after vaccination and subsequent challenge with
typical A. salmonicida in rainbow trout that no changes in 11-4/11-13 in the spleen occurred.
Similarly, Kumari, Bogwald & DaImo (2013) found that 11-4 did not change with vaccination or
bacterial challenge in head kidney of Atlantic salmon. Schwenteit et al. (2013) examined the
innate and adaptive immune response of Arctic charr infected with atypical A. salmonicida
subsp. achromogenes. Post-challenge, there was no significant regulation of 11-4/11-13.

3.5 Conclusion

This study demonstrated that two commercial salmonids vaccines, Forte Micro® and
Renogen®, provided excellent protection against atypical A. salmonicida infections when coadministered. Forte Micro® administered alone also provided protection, although the best
protection was found when the two vaccines were given in combination. The Renogen ®
vaccine administered alone did not provide protection against atypical A. salmonicida
infections, as compared to the sham. In this regard, it appeared that there was a
immunopotentiation of the vaccines when co-administered. Based on the concentration of
circulating IgM observed after both a short- and a long-term delay before bacterial challenge,
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vaccinating fish more -closelyto when they maybe expose,d to A. salmonicida may be more
beneficial. However, as fish were large in size and the mortality was low in general after the
long-term delay, protection to this point may be sufficient in an industry that harvests fish at
4000 cldpv. It is evident that more work is required for understanding long-term protection
after vaccination, not only in Arctic charr, but also in other salmohids.

Chapter 4: General Discussion
4.1 Introduction
The overarching goal of this thesis was to determine the efficacy of the Forte Micro®
and Renogen® vaccines in Arctic chaff, through the use of a classical infection model and
assessing host immune responses through molecular techniques. It was the hope that these
data would be informative for both basic comparative immunological understanding of Arctic
charr compared to other salmonids and teleosts, as well as to direct industrial application for
use in prophylactic management of disease in the Arctic charr culture industry.

4.2 Vaccination against typical A. salmonicida
It was hypothesized that vaccination with Micro ® would produce significant protection
against A. salmonicida subsp. salmonicida infection. Additionally, co-administration with
Renogen® would have no significant impact on this protection, and that vaccine protection
would be antibody mediated. Overall, this study not only found that Micro® was able to
protect Arctic charr from typical furunculosis infection, but that it could also be given in
combination with Renogen®, without any apparent adverse effects to the vaccine efficacy. This
is believed to be the first study to examine the efficacy of these vaccines for use in Arctic charr.
IgM antibody responses were detected in both the Micro® and MicroRenogen groups,
indicating that the fish mounted a strong humoral response to the infection, likely due to the
fish previously encountering the bacterial antigens in the vaccine. Protective responses also
appeared to be associated with the complement cascade and intracellular signalling in the
Micro® vaccinates.
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4.3 Vaccination against atypical A. salmonicida

Similar to the typical infection studies, the vaccination with Micro® was hypothesized
to produce significant protection against atypical A. salmonicida infection. I further
hypothesized that co-administration with Renogen® would have no significant impact on this
protection, and that vaccine protection would also be antibody mediated. Finally, I
hypothesized that protection would wane after 1-year post-vaccination, so older fish would
produce less antibody and have lower survival following vaccination, as compared to sham
vaccinates in a long-term study. Forte Micro® administered alone, provided significant
protection in the short-term study, although the best protection was found when the two
vaccines were given in combination. The Renogen® vaccine alone did not provide protection
against atypical Aeromonas salmonicida infections, as compared to the sham. In this regard, it
appeared that there was an immunopotentiation of the vaccines being given together. IgM
levels were much lower in exposed fish one year after vaccination, indicating thata booster
vaccination may be required 1-year after the initial vaccination. This fact may be disputed by
farms, as Arctic charr are typically harvested close to this time point, and a booster may not be
economically feasible. However, interestingly, despite the lower level of IgM, fish mortality was
less than the targeted 60-70% and protection to this point may be sufficient in an industry that
harvests fish at 4000 ddpv. Further work needs to be done in Arctic charr on long-term
immunity due to vaccination, and how susceptible charr are to these infections when they
approach harvest size (over 4000 dd post-vaccination). Similar to the trial with Aeromonas
salmonicida subsp. salmonicida, there were no strong transcriptional responses in the
MicroRenogen vaccinated fish. Where complement and intracellular signalling responses were
impacted in Micro® vaccinated fish, other than antibody levels being enhanced in the coadministered group, it was difficult to identify any other responses associated with protection.
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4.4 Overall Conclusions and Future Directions
This study demonstrated that two commercial salmonids vaccines, Forte Micro® and
Renogen®, provided excellent protection against typical and atypical Aeromonas salmonicida
infections when given together. Forte Micro® also provided protection during the typical and
short-term atypical studies, though the best protection was found when the two vaccines were
given in combination. The Renogen® vaccine alone did not provide protection against atypical
A. salmonicida infections, and reacted similarly to the sham. It appeared that there was a
immunopotentiation of the vaccines being given together. It is evident that more work needs
to be done on long-term immunity and vaccination, not only in Arctic charr, but in other
salmonids. Additionally, further work is warranted on gene expression during vaccination trials
to identify immune function which can aid in the performance of vaccines in these fish species.
In terms of immunological responses, both the acute phase response and other
intracellular responses were stimulated during these infections, though there was much
variability within treatment groups in each study. It is evident that Arctic charr are capable of
mounting an immune response to A. salmonicida subsp., though it is unclear if one specific
vaccination regime caused more/less of an immune response.

Overall, the Micro® and MicroRenogen vaccination regimes appear to provide
necessary protection against typical and atypical furunculosis infection for Arctic charr who
may be infected around 2-month post-vaccination. The antibody and immunological gene
expression results indicate that these fish are capable of mounting immune responses to these
infections, though the exact method used to do this requires further research.

The Micro® vaccinated fish had significant responses overall, but not at a specific time
point. Examining shorter periods between vaccination and challenge may elucidate when this
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difference first emerges, and how the vaccine is providing protection. The label indications for
both vaccines include vaccinating salmonids over 20g and waiting 400 ddpv before potential
exposure to pathogens to ensure protection. Testing smaller sized Arctic charr over shorter
periods between vaccination and challenge may indicate when antibody and other responses
occur, and how early they induce protection. Such information would aid in identifying how the
vaccines are working, and how early protection is acquired post-vaccination.

Finally, the data herein has improved basic immunological understanding of Arctic
charr, as well as given insight into protective mechanisms and strategies that can be used by
industry to enhance Arctic charr health. This will be useful for current and future applications
in Arctic charr aquaculture, in terms of vaccination and general understanding of charr immune
responses to vaccination and acute bacterial infections, such as furunculosis.
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Appendix 1: Typical A. salmonicida Vaccine Efficacy Additional Figures
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Figure A1.1: Dose determination for unvaccinated Arctic charr experimentally infected with
typical A. salmonicida, with the following dosages: 101 cfu/fish, 103 cfu/fish, 105 cfu/fish.
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Figure A1.2: Fibrinogen beta chain (fibb) calibrated normalized relative quantities (CNRQs) in
Arctic charr (head kidney) experimentally infected with typical A. salmonicida shown across
time and treatment group. Log2-transformed data are shown with median boxplots whiskers
indicating 95% confidence intervals. Green represents the sham group, blue represents the
Micro() vaccinates, yellow represents the Renogen0 vaccinates (short-term efficacy only), and
pink represents the Micro0+Renogen© (MR) vaccinated fish. Open circles represent outlier
data points. (ddpv) denotes degree days post vaccination; (dpi) denotes days post-infection.
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Figure A1.3: Interleukin-13 receptor (i1-13r) calibrated normalized relative quantities (CNRQs) in
Arctic charr (head kidney) experimentally infected with typical A. salmonicida shown across
time and treatment group. Log2-transformed data are shown with median boxplots whiskers
indicating 95% confidence intervals. Green represents the sham group, blue represents the
Micro© vaccinates, yellow represents the Renogen© vaccinates (short-term efficacy only), and
pink represents the Micro©+Renogen© (MR) vaccinated fish. Open circles represent outlier
data points. (ddpv) denotes degree days post vaccination; (dpi) denotes days post-infection.
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Figure A1.4: Major histocompatibility class ll antigen A-B alpha chain (mh II ab) calibrated
normalized relative quantities (CNRQs) in Arctic charr (head kidney) experimentally infected
with typical A. salmonicida shown across time and treatment groups. Log2-transformed data
are shown with median boxplots whiskers indicating 95% confidence intervals. Green
represents the sham group, blue represents the Micro© vaccinates, yellow represents the
Renogen© vaccinates (short-term efficacy only), and pink represents the Micro©+Renogen©
(MR) vaccinated fish. Open circles represent outlier data points. (ddpv) denotes degree days
post vaccination; (dpi) denotes days post-infection.
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Figure A1.5: Major histocompatibility class I antigen, alpha chain BL3-7 (mh I) calibrated
normalized relative quantities (CNRQs) in Arctic charr (head kidney) experimentally infected
with typical A. salmonicida shown across time and treatment groups. Log2-transformed data
are shown with median boxplots whiskers indicating 95% confidence intervals. Green
represents the sham group, blue represents the Micro© vaccinates, yellow represents the
Renogen© vaccinates (short-term efficacy only), and pink represents the Micro©+Renogen0
(MR) vaccinated fish. Open circles represent outlier data points. (ddpv) denotes degree days
post vaccination; (dpi) denotes days post-infection.
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Appendix 2: Atypical A. salmonicida Additional Figures
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Figure A2.1: Dose determination for unvaccinated Arctic charr experimentally infected with
atypical A. salmonicida, with the following dosages: 102 cfu/fish, 104 cfu/fish, 106 cfu/fish, for
the short-term vaccine efficacy study.
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Figure A2.2: Dose determination for unvaccinated Arctic charr experimentally infected with
atypical A. salmonicida, with the following dosages: 100 cfu/fish, 102 cfu/fish, 104 cfu/fish, for
the long-term vaccine efficacy study.
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