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Abstract
Intensive fish farming at aquaculture sites is reaching maximum exploitation of the environment,
providing suitable conditions for simultaneous infections to occur in wild and farm systems. A
major parasitic contributor that is negatively impacting the health of Atlantic salmon (Salmo
salar) is the salmon louse, Lepeophtheirus salmonis. This thesis aimed to determine the
pathogenic effects of several co-infection models with a concurrent L. salmonis infection by
evaluating responses of host immune gene transcription identified by RT-qPCR. The first study
investigated winter ulcer disease; a cold-water disease of salmonids caused by Moritella viscosa.
When co-infected with L. salmonis at high lice loads, mortalities were significantly higher and
skin lesions were more severe than in a single infection with M. viscosa or co-infections with
lower lice loads. Evidence of osmoregulatory stress from increased potassium levels and
significant up-regulation in genes associated with wound healing and humoral responses in skin
was also prevalent in co-infected fish with high lice loads, suggesting that co-infection may have
a significant impact on the ability of lesions to resolve, leading to increased mortality. The
second study investigated functional feeds, which are an alternative anti-louse management
strategy. Atlantic salmon were co-infected with L. salmonis and a high virulent isolate of
infectious salmon anemia virus (ISAv). Fish were administered one of four functional diets with
varying EPA/DHA levels; a control feed with a low EPA/DHA mix of 0.3% (Ctrl), an
EPA/DHA enriched diet (1.0%) with pro-inflammatory supplementation (FA+I), an EPA/DHA
enriched diet (1.0%) with anti-inflammatory supplementation (FA-I), and a low EPA/DHA feed
(0.3%) with an immunostimulant added (Ctrl + IS). Fish fed fatty acid enriched (FA+I, FA-I)
feeds had significantly lower lice abundance during single infection and lower survival during
co-infections, suggesting the improved anti-parasitic responses may not be effective in a co-
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infection model. Reverse transcription qPCR was used to assess immune gene transcription
modulation in the head kidney between single and co-infected fish fed functional diets. Proinflammatory and antiviral genes associated with the interferon system were modulated
following co-infection with ISAv in all functional diets but the immunostimulated diet, while
several genes accounted for high lice and high viral loads in diets FA+I and Ctrl + IS. The results
generated from this thesis contribute to the growing body of knowledge of understanding fish
immune responses during co-infections and developing alternative strategies, such as functional
diets, for managing pathogenic outbreaks at farm sites.
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CHAPTER 1: INTRODUCTION
1.1 Overview and objectives
The studies in this thesis were designed to investigate the immunological consequences of
heterologous co-infections: parasitic and bacterial, and parasitic and viral. The studies were
designed to simulate natural disease succession as close to what may be expected in aquaculture
conditions as possible. The overall objectives of the thesis were to investigate the impact of coinfections in the Atlantic salmon (Salmo salar) immune system. The aim involved gaining better
understanding of host immune responses while determining any additive effects on the host
during simultaneous infections.
The overall theme of the thesis was to characterize immunologic responses between
simultaneous infections. The first co-infection study involving Lepeophtheirus salmonis and
Moritella viscosa in Atlantic salmon focused on skin immune responses targeting immune
candidates involved in wound healing, antigen presentation and lymphocyte responses at
different louse exposure levels. The second co-infection study involving Lepeophtheirus
salmonis and infectious salmon anemia virus (ISAv) assessed whether there was an additive
effect on the host immune responses when experimental groups were fed four different
functional diets. Candidate biomarkers were selected to determine responses in wound healing
and systemic immune markers from head kidney samples, to ultimately determine if varying feed
components can modulate host immune responses and impact louse infection and co-infection
survival for future implications to the aquaculture industry.

1.2 Introduction to salmon aquaculture
As the world population continues to grow, aquaculture is gaining acceptance as a high-
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quality source of protein for human consumption. In 2016, according to the Food and
Agricultural Organization (FAO), worldwide production from aquaculture alone was over 101
million tons ($166 billion USD), with salmonid production reaching 2.7 million tons valued at
approximately $17.2 million USD (FAO 2016) and still growing. Salmonids, although only
comprising approximately 2.6% of overall aquaculture production, is an attractive candidate for
an alternative protein source in Western Europe and North America to livestock. Norway, which
began Atlantic salmon aquaculture in 1970, is now the largest contributor in salmonid production
at 1.3 million tonnes per year (11.7 billion USD) (FAO 2016). Of the world’s total salmonid
tonnage in 2016, 2.3 million tons is made up of Atlantic Salmon (Salmo salar), 171,749 tonnes
of coho salmon (Oncorhynchus kisutch), 12, 400 tonnes of Chinook salmon (Oncorhynchus
tshawytscha), and 814,000 for rainbow trout (Oncorhynchus mykiss) (FAO 2016). Canada, Chile,
Ireland, Scotland and the Faroe Islands are also major global suppliers of salmon, specifically
Atlantic salmon, with a total production value of 105 million tons per year (FAO 2016).
The majority of Canada’s salmon farming industry on the Atlantic and Pacific coasts is
carried out in marine net-pen grow-out sites. Net-pens consist of an open mesh net that is
anchored to a buoy and suspended in place. A typical net-pen arrangement in an Atlantic salmon
farming site includes 10 net-pens, each approximately 30 m in width and 20 m in depth (Ayer
and Tyedmers 2009).
Location of farm sites, as well as stocking density, is determined based on seasonal
fluctuations in water temperature, dissolved oxygen content, salinity, depth, exposure to storms,
presence of harmful algae, and the movement of currents to naturally remove waste and provide
a continuous supply of dissolved oxygen (Nash 2003). Typical Atlantic salmon grow-out sites
maintain a maximum stocking density between 15-18 kg/m3. (RSPCA 2015). This stocking

7

density is quite high compared to other salmonids, such as coho salmon, where stocking density
during harvest does not exceed 8-12kg/m3 (FAO 2016). Generally, the high stocking density in
farmed Atlantic salmon is to prevent the fish from becoming territorial, which may increase
aggression and result in reduced access to feed. By increasing the stocking density, fish school
together and do not have the space for territorial tendencies (Turnbull et al. 2008). Alternatively,
species such as coho and Chinook salmon are more aggressive at higher densities.
Proper production strategies are important to yield maximum profits. However, a number
of environmental impacts are inevitable due to the marine net-pen farming system. Such impacts
include: potential amplification and spread of disease between farmed and wild fish populations
(Bjørn et al. 2001; Krkošek et al. 2005; Naylor et al. 2000); ecological and genetic impacts of
escaped salmon (Hindar et al. 1991; Krkošek et al. 2005; Mcginnity et al. 2003); release of
chemotherapeutants into coastal waters (Ernst et al. 2001); alterations in the local ecological
environment under net-pen systems (Kempf et al. 2002).
One of the major costs in the aquaculture industry, along with the cost of feed, is the
concern of fish health and disease. It has become common practice throughout salmon
aquaculture to vaccinate fish as a preventative management strategy, however intraperitoneal
(IP) vaccination is costly and time consuming for farmers and causes stress to the fish.
Chemicals can be introduced to the water column to aid in disease prevention. However, there
are increasing concerns regarding the environmental impacts and safety of non-target species
during these treatments (Saunders 1995).

1.3 Atlantic salmon biology
Atlantic salmon (Salmo salar) [Linnaeus, 1758] is a teleost, in the Salmonidae family. Wild
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Atlantic salmon are endemic throughout the North Atlantic Ocean, in North America from Maine
to the Arctic and Europe, from Portugal to Russia. Atlantic salmon are anadromous species,
meaning they spawn and spend early development in freshwater before migrating to seaweater
where they grow for several years before returning to spawn back in their natal streams. Salmon
spawn in upstream gravel beds in freshwater rivers between October and January. It takes
approximately 250-degree days (dd) for eggs to eye, followed by 250 dd to hatch into the alevin
stage during the spring (Kottelat and Freyhof 2007). At this stage, alevin depend on their yolk
sac for nutrition (~300 dd), until the yolk sac is fully absorbed, and they begin to feed as fry
(Kottelat and Freyhof 2007). Fry feed on zooplankton, insect larvae and small invertebrates as
they become stronger and move up the water column. The next juvenile stage is parr (fingerling),
identified by their prominent black markings to aid in camouflage as they increase in size.
Juvenile salmon may remain in either the fry or parr stages from 1 to 5 years, until a
physiological change called smoltification occurs (Balon 1990). This process is triggered by a
change in photoperiod as the smolts migrate downstream to saltwater environments between
March and June. Salmon feed on pelagic species in the marine environment such as squid,
herring and krill. Upon maturation, salmon return to their original river from sea to spawn in the
fall and winter after one year at sea are known as grilse (McCormick et al. 1998). Salmon often
spawn only once. A fish that remains in freshwater following spawning or returns to sea is called
a kelt (FAO 2016; Hansen and Quinn 1998). Atlantic salmon differ from other salmon species in
that they have the ability to spawn multiple times, observed up to six times (Halttunen et al.
2009).
Within aquaculture, the production cycle has tried to parallel the natural life cycle as
close as possible, through a concept called precision fish farming (Føre et al. 2018). The
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manipulation of temperature and photoperiod allows for the life cycle to occur over a shorter
period of time and to produce market sized fish year-round (Deacon and Hecht 1996). In the
culture environment, broodstock are mature individuals (male and female) that are used for
breeding purposes. They are kept in freshwater tanks in a facility until eggs have been produced,
typically in the fall. Eggs are removed, disinfected and fertilized with milt. Unfertilized eggs are
sifted out, while fertilized eggs are placed in hatchery trays for hatching. During early life stages,
fish remain in freshwater tanks in flow-through or recirculation systems (Willoughby 1999).
Smoltification typically occurs in the following spring unless artificially manipulated to occur at
an alternate time of year. Once fish have smoltified, they are transferred to sea cages with
stocking densities up to 20 kg/m3. Fish remain at sea cage sites until market weight is reached,
typically 18-22 months to reach a minimum weight of 2kg but targeted at 4-6 kg. Harvesting
techniques aim to minimize stress to the fish. Fish are crowded in the sea cage and transferred to
a well boat for processing or processed on site (Willoughby 1999).

1.4 The teleost immune system
The vertebrate immune system is composed of innate (non-specific) and adaptive (specific)
immune responses, providing a complex network of molecules and signaling pathways to protect
the host against heterologous pathogens. The following section will introduce the innate and
adaptive host response, contributing organs involved in immunity, and how each of these
responses are reliant on the other. It is important to note that immune responses may be
influenced by nutrition and stress. In poikilothermic species like salmon, environmental factors,
such as water temperature, have potential immunosuppressive/inducing effects and could affect
disease susceptibility.
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1.4.1 The mucosal immune system
The skin surface is the largest immunological organ within the fish. The skin, gills, and gut are in
intimate contact with the surrounding aqueous environment, making their associated lymphoid
tissue of major importance in pathogen defense. The MALT (mucosa-associated lymphoid
tissue) in teleosts is subdivided into the GALT (gut-associated lymphoid tissue), SALT (skinassociated lymphoid tissue) and GIALT (gill-associated lymphoid tissue) (Salinas, Zhang, and
Sunyer 2011).

1.4.2 Overview of teleost skin
Vertebrate skin is not only important as a physical barrier responsible for ensuring systemic
homeostasis with respect to acid-base and osmotic balance, but also for protecting the host from
invading pathogens and by secreting mucus that is directly involved in immune function. Since
the aquatic environment provides a pathogen optimal accessibility to the host, cutaneous diseases
are more common in fish than in terrestrial species (Groff 2001).
According to Hawkes (1974), the structure of teleost skin is composed of the cuticle or
mucosal layer, the epidermis, and the dermis. The epidermis is 5-10 cell layers thick and composed
of squamous stratified epithelium and goblet cells. The majority of the cell composition is nonkeratinized. The intermediate stratum of the epidermis houses mucosal goblet cells containing
antimicrobial substances (Kumar, Mittal and Whitear 1979). The dermis can be characterized in
two layers: the hypodermis, or stratum spongiosum, and the stratum compactum. In fish, the
dermis is composed primarily of dense connective tissue and collagen fibers. The epidermis has
relatively little pigmentation, while the dermis contains chromatophores, melanin, and guanine or
carotenoid pigments (Kumar, Mittal and Whitear 1979). The hypodermis is encompassed by loose
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collagen fibers and blood vessels. The stratum compactum is the innermost layer that is attached
to striated muscle.
The mucus is secreted by goblet cells, unicellular glands within the epidermis (Harris and
Hunt 1975). The number of mucus-producing cells varies depending on the stress experienced by
the fish in its’ environment. It has been demonstrated that the number of goblet cells
is positively correlated with increased stress-levels experienced by the fish (Angeles Esteban et
al. 2012).
Teleost skin is also structurally comprised of motile keratocytes. These are located along
the surface of the skin and function by rapidly migrating to a wound or port of entry created by
an invasive pathogen as studied in sea bream (Vieira et al. 2011). Specific cell types have been
shown to internalize surface bacteria, change the architecture of the surface of the epidermis, and
aid in response to injury via mucus secretion, wound healing, and regeneration by
cell rearrangement (Sire and Akimenko 2004).

1.4.3 The innate immune response
The innate immune system provides a nonspecific response that acts as the first line of defense
against invading pathogens. It is an evolutionarily ancient defense mechanism found in all
animals that has the ability to distinguish between homologous host cells and heterologous
pathogens. The innate immune response aims to prevent the pathogen from attaching, invading
and multiplying within the host. To combat this, the innate immune response is typically divided
into 3 components of defense: (1) providing physical barriers to pathogens through epithelial
surfaces and mucus secretion (gills, skin, gut), (2) chemical barriers and humoral parameters,
such as antimicrobial compounds, complement secretions, interferons, lysozymes, transferrin,
lectins, etc., and (3) initiating cellular responses such as leukocytes, including monocytes (ie.
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dendritic cells) and macrophages, neutrophils, lymphocytes, and non-specific cytotoxic cells
(Buonocore et al. 2009; Ellis 2001; Magnadottir 2010). The ability of the innate immune system
to recognize a pathogen as “non-self” is accomplished by pattern-recognition receptors (PRRs)
(Ellis 2001). PRRs are proteins expressed on the surfaces of leukocytes and epithelial cells to
target pathogen-associated molecular patterns (PAMPs) released/expressed by heterologous
pathogens or signals released from the host’s apoptotic cells (Alvarez-Pellitero 2008; Ellis 2001;
Whyte 2007). PAMPs released from pathogens are generally polysaccharides and glycoproteins
associated in viral double-stranded RNA, bacterial CpG, and peptidoglycans, to name a few.
PAMPs are recognized by transmembrane Toll-like receptors (TLRs) that span both the innate
and adaptive immune responses, triggering effector molecules such as pro-inflammatory
cytokines and interferons (Akira et al. 2006). The innate immune response in fishes has been
shown to be more diverse in comparison to their mammalian counterparts. For example, the
diversity in the response of the complement classical and alternative pathways (Magnadóttir
2006). Recent aquaculture industry efforts have focused on introducing immune enhancing
compounds, such as immunostimulants, probiotics, and prebiotics, to further support the innate
immune response, in order to manage, and ultimately prevent, pathogenic outbreaks
(Magnadóttir 2006).

1.4.4 Humoral mechanisms in the mucus layer
The mucosal surfaces of fish skin acts as a semipermeable barrier functioning in the exchange of
gases, nutrients, water, hormones and gametes (Raj et al. 2011). As a biological barrier, the
mucus layer traps particles, bacteria, and viruses and is comprised predominantly of
macromolecules, such as mucins (Ellis 2001). These elements are removed from the fish surface
as the fish moves through the water column and the mucus layers slough off the epithelial
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surface (Mayer 2003). Motile agents that become entrapped in the mucus may move “upstream”
through mucosal layers to the skin epithelium. Epidermal goblet cells and glycoproteins are
involved in inhibiting invasion and proliferation of pathogens, ion regulation, osmoregulation,
and lubrication of the skin surface (Alvarez-Pellitero 2008; Subramanian et al. 2007). If fish are
stressed or injured, the mucus composition changes by increasing total protein within the mucus
(Blackstock and Pickering 1982).
Several proteins have been isolated from fish mucus that are determined to have specific
immune functions. Bergsson et al. (2005) isolated histone H2B from Atlantic cod that was shown
to inhibit bacterial and fungal pathogens in vitro. Other histone fragments have also been isolated
and have demonstrated antimicrobial properties in the presence of alpha-defensins, lysozyme,
and LL-37 (mature peptide) (Frohm et al. 1996). LL-37 was originally noted in wound healing
fluids in humans, but also important in fish tissues. Lactoferrin, an iron-binding protein
necessary for skin immunity and the inhibition of allergic responses has also been
identified (González-Chávez et al. 2009).
To combat bacterial disease, the iron transporter transferrin provides tight regulation on
the pathogen’s ability to acquire iron to establish infection. Iron availability in the skin is low
with high affinity to transferrin making it difficult for the pathogen to access iron reserves
(Griffiths and Bullen 1987). However, some pathogens have evolved mechanisms of obtaining
iron. Genetic polymorphism in the transferrin genotype (AA, AC, CC) may allow for greater
restriction on the acquisition of iron by the pathogen. This restriction has been seen in the Ctransferrin allele of coho salmon when introduced to bacterial kidney disease (Suzumoto et al.
1977; Winter et al. 1980).
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Antiproteases are another response to challenge the growth of pathogens, in the form of
α1-antiprotease and α2-antiprotease. They are found in the plasma and function in inhibiting the
degradation of peptides and proteins. In a study by Ellis (1987), Aeromonas salmonicida was
shown to be resistant to α1-antiprotease but inhibited by α2-antiprotease. Similarly, antiprotease
activity and infection resistance was also seen in rainbow trout and brook trout exposed to A.
salmonicida (Freedman 1991).
Lectins are found in the mucus, serum and ova and have the ability to bind to specific
sugars which may lead to agglutination (Arason 1996). Mannose-binding lectin (MBL) plays an
essential role in innate immunity by the lectin pathway, makes bacteria more susceptible to
phagocytosis, and may have a role in complement activation (Kuhlman et al. 1989). MBL has
been isolated in the serum of Atlantic salmon and the Japanese eel (Gercken and Renwrantz
1994). Lectin in the ova of chinook salmon has been reported in inhibiting the growth of
Aeromonas hydrophila, Yersinia ruckeri, Edwardsiella tarda and Vibrio anguillarum (Voss et al.
1978).
Lysins are another non-specific humoral factor that include antibacterial peptides,
proteases, lysozymes, C-reactive protein (CRP), and complement. Antibacterial peptides (AMPs)
target both Gram-negative and Gram-positive bacterial membranes, fungi, parasites and
enveloped viruses. AMPs cause membrane instability, which inhibits the pathogen from
infecting host cells (Edward Robinson et al. 1998). In mammalian cells, AMPs have been shown
to bind to receptors on the cell surface preventing viral particle sequestration. Proteases catalyze
the breakdown of peptide bonds and have been found in the skin mucus of fish. Hjelmeland et al.
(1983) reported digestive activity of proteases from rainbow trout against V. anguillarum cells.
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Lysozymes are present in the mucus, plasma, and body fluids of fish and expressed in
most tissues (Murray and Fletcher 1976). They have lytic responses against bacteria, play a
major role in phagocytosis, activate the complement system and are opsonic. Lysozyme activity
has a direct responsibility in conserving homeostasis, although it is dependent on stressors,
disease, and environmental factors, such as season, water temperature and pH.
C-reactive proteins (CRP) are found in skin mucus and levels rise in response to
inflammation, generally associated with pathogenic infections. CRP targets bacteria, parasites
and fungi by reacting with their surface membranes and initiating complement (Nakanishi et al.
1991). In fishes, CRP levels are higher than in mammals due to the increased susceptibility of
infection in an aqueous environment. CRP levels are also elevated in the summer and increase
20-fold during temperature increases and when inflammatory agents are administered (Kodama
et al. 1989; Szalai et al. 1994; Winkelhake and Chang 1982).
Many of these non-specific humoral factors contribute to the classical (antibodydependent), alternative (antibody-independent) and lectin pathway of the complement system.
Activation of any of these pathways results in the activation of C3 and the subsequent binding of
C3a or C3b to the surface of the pathogen (bacteria, fungi, viruses). Following binding, the
terminal complement complex (TCC) is formed on the pathogen surface, ultimately leading to
microbial elimination (Janeway et al. 2001). The complement system is comprised of lytic,
inflammatory and opsonic activities, linking the non-specific humoral responses along with
phagocytic responses for microbial removal.
Antibodies associated with specific humoral responses include anti-adhesins (prevent
bacteria from entering host cells), anti-toxins (neutralize toxins released by pathogens), and antiinvasins (antibodies blocking the invasion of non-phagocytic host cells) (Gudmundsdóttir and
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Magnadóttir 1997; Magariños et al. 1996). The activation of the classical complement pathways
(CCP) occurs when an antibody comes in contact with the microbial surface. A localized CCP
response directed at the pathogen occurs and inflicts more damage than the alternative
complement pathway. In bacterial infections, CCP is activated by lipopolysaccharides found in
the cell wall of Gram-negative bacteria. C5a chemokine production activates the phagocytic
activity of neutrophils and macrophages, which further contain receptors for C3 (Uribe et al.
2011). Cell mediated responses in conjunction with CCP act by lysing the infecting cell,
promoting an influx of phagocytic cells, and increasing cytokine release by T lymphocytes (Ellis
2001).

1.4.5 The adaptive immune response
Adaptive immunity has evolved more recently in comparison to the primitive innate immune
response and it is found in only 1.5% of species, mostly vertebrates (Hirano et al. 2011). The
adaptive immune system is responsible for recognizing a pathogen that has been previously
encountered and mounts a faster and more efficient immune response (Shanker 2010). When
antigen presenting cells (APC) such as macrophages and dendritic cells are contacted, effector
and memory cells are subsequently generated by the proliferation of naïve lymphocytes.
Lymphocytes differentiate into T and B cells produced in the thymus and the head kidney,
respectively (Hirano et al. 2011). Cluster of differentiation (CD) are markers on the cell surface
that can be used to determine different lymphocyte populations by specific antigen receptors and
population-specific co-receptors (Randelli et al. 2008). Immunoglobulins in fish (IgM, IgD,
IgT/Z) are released by B-cells and have functions in neutralizing and opsonizing antigens (Xu et
al. 2013). In teleosts, immunoglobulin M (IgM) is the main Ig class protein present that is
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modified into circulating antibodies and may have roles in determining the B-cell recognition
capacity (Magnadóttir 2006; Shoemaker et al. 2001). As previously mentioned, pattern
recognition receptors (PRRs) activate the innate immune response when an infection has been
detected. However, signals are also released to activate adaptive immunity. Although adaptive
immunity is highly specific and is able to target an infection while sparing uninfected tissue, T
and B cell responses need to be activated and targeted to appropriate infection sites, which
occurs through innate signaling and antigen presentation. T-cell responses are initiated through
specific T-cell receptors that interact with Ig proteins known as major histocompatibility (MH)
receptors (Klein and Sato 2000). There are two types of MH receptors; MH class I receptors and
MH class II receptors. Class I MH receptors present peptides from intracellular pathogens and
class II MH receptors present peptides from extracellular pathogens (Klein and Sato 2000).
Once the necessary immune response has been activated, granulocytes and macrophages are
involved in the removal of bacteria by phagocytosis through the production of reactive oxygen
species (ROS) during respiratory burst (Secombes et al. 2001). Degranulation activity of teleost
neutrophils requires further examination, however, an assay to assess myeloperoxidase activity
has been developed (Palić et al. 2005). This assay has shown degranulate activity when exposed
to Aeromonas salmonicida (Katzenback and Belosevic 2009).

1.4.6 Immune signaling of the teleost head kidney
It is difficult to make comparisons between teleost and mammalian immunity due to the
differences in morphology between the immune systems. Mammals rely on bone marrow and
lymph nodes to generate blood cells and assist the body in inducing an immune response.
Instead, fish have the head kidney (pronephros) and along with the spleen and thymus are largely
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responsible for immunity through endocrine and hemopoietic-lymphoid tissue (Gallo and
Civinini 2003; Press and Evensen 1999; Uribe et al. 2011). The head kidney is located posteriodorsal to the gills and involved in the production of immune effector cells, and their signaling
molecules including cytokines, cortisol, catecholamines and thyroid hormones (Geven and
Klaren 2017). It also contains nerve endings which may have functions in neuroimmunoendocrine connections (Tort et al. 2003). The head kidney is responsible for functions including
hemopoiesis, phagocytosis and antigen presentation in melano-macrophage centers,
myelopoiesis, antigen processing as the fish matures, IgM production, immunogenic memory,
and it is the primary B-cell producing organ (Alvarez-Pellitero 2008; Galindo-Villegas and
Hosokawa 2004; Press and Evensen 1999; Shoemaker et al. 2001).

1.5 Sea Lice: Lepeophtheirus salmonis
Parasitic copepods, known as sea lice, are naturally occurring pathogens in marine and
freshwater environments. Within the order Copepoda, suborder Siphonostomatoida, family
Caligidae, there are approximately 36 genera, which include approximately 124 Lepeophtheirus
species and 257 Caligus species, with these numbers rising as more species are being accepted
(Walter and Boxshall 2017). Lepeophtheirus salmonis and some Caligus species have become
common pests in intensive salmon farming that provides suitable conditions for parasite growth
and transmission compared to natural conditions. These marine parasites can cause considerable
economic and ecological impacts to the aquaculture industry and wild populations of salmon,
respectively.
Disease-related economic losses of L. salmonis to marine salmoniculture are estimated to
exceed 1 billion USD worldwide (Abolofia et al. 2017). This is the primary species of concern in
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the northern hemisphere. The recently sequenced salmon louse genome and biology of L.
salmonis has been extensively studied to gain a better understanding of the parasite and hostparasite interactions. The most pressing issue for aquaculture is the development of resistance in
the parasite against the few drug therapies available for control. The following review of the
literature will focus on the biology and pathology of the salmon louse, Lepeophtheirus salmonis,
host-pathogen interactions, and current control strategies within the aquaculture industry.

1.5.1 Louse development
Lepeophtheirus salmonis is a parasite that infects salmonids in the genera Salmo (salmon:
Salmo salar; sea trout: Salmo trutta), Salvelinus (Arctic charr: Salvelinus alpinus) and
Oncorhynchus (all Pacific salmon species). However, coho (Oncorhynchus kisutch) and pink
(Oncorhynchus gorbuscha) salmon are resistant to sea lice due to the initiation of strong
immunological responses during initial attachment within the first week of infection (Burka et al.
2012; Wagner et al. 2008).
The life cycle of L. salmonis exhibits 8 different life stages individually separated by a
single moult (Fast 2014; Hamre et al. 2013). These stages are divided into planktonic (freeswimming) and parasitic stages. The rate at which the life cycle progresses from egg to adult is
dependent on the temperature and salinity (<30%) of the surrounding environment (González
and Carvajal 2003; Johnson and Albright 1991; Schram 2006). The life cycle can be as short as
19 days (at 17°C) up to 93 days (at 5°C), with 43 days (at 10°C) being optimal (Burka et al.
2012; Pike and Wadsworth 1999).
The life cycle begins as eggs hatch into nauplius I, free-swimming and lecithotrophic,
relying on reserved energy from yolk and lipid stores. Nauplii may also be planktotrophic by
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feeding on other planktonic organisms (Fast 2014). There are two nauplii stages, followed by an
infectious copepodid stage, where the louse attaches to the fins or scales of the host. At this
stage, the copepodids rely on chemo- and mechanosensory- reception by the antennae in search
of a host. These mechanisms are also involved in L. salmonis mating behavior (Hull et al. 1998).
If there is an abscission of the antennae, there is a reduced rate in which the louse finds a host
and/or mate (Hull et al. 1998). The life cycle of the louse continues through 2 molts of the
chalimus stages once it has attached to a host and are the first stages in which sex differentiation
occurs (Hamre et al. 2013). The chalimus stages can be identified as the parasite attaches using
the frontal filament structure by puncturing the epidermis of the host. Following the chalimus
stages are two pre-adult stages. At this stage, the parasite is free moving on the host. The genital
complex is still under development, however there is already a clear distinction in size between
female (8-18mm) and male (5-6mm) lice. Once the final molt to the adult stage is complete, the
lice are now mature. Females are capable of producing 10-11 pairs of egg strings with an average
of 285 eggs/egg string over their lifetimes of at least 7 months (Heuch et al. 2000). Males exhibit
mate guarding within the first 48 hours of becoming sexually viable (Pike and Wadsworth 1999).
In some cases, multiple males may fertilize the females’ eggs, leading to multiple paternal
gametes (Todd et al. 2005).
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Figure 1.1. The life cycle of Lepeophtheirus salmonis from Schram 1993, reproduced by Burka et al. 2012 with
author’s permission.

1.5.2 Attachment and feeding behaviour
Initial attachment to the host must be made by the free-swimming copepodid stage in
order to stimulate molting behavior and to progress through the life cycle. Physiologically
optimal ranges of water temperature, salinity and light are necessary for successful attachment.
Preferred attachment locations of the host are likely to be in areas with the least hydrodynamic
disturbances, specifically on the fins and protected areas of the scales, such as the operculum
over the gills (Bron et al. 1991; Genna et al. 2005). Semiochemicals, or kairomones, are released
by the host and detected by the louse to aid in locating an attachment site while also avoiding
non-hosts organisms (Bailey et al. 2006). L. salmonis copepodids are attracted to isophorone and
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6-methyl-5-hepten-2-one, two semiochemicals emitted by Atlantic salmon. Once the infectious
copepod has attached to a suitable fish host, the louse moves to a well-protected area of the host
body surface using their sharp maxillipeds as grip. The two antennae are brought in close contact
with the host by the probing behavior of the anterior cephalothorax (Bron et al. 1991). The first
antennae are the most prominent and covered in setae. At this stage of attachment, there is still
the possibility that the copepod may be released from the surface of the host.
The primary attachment phase involves the hook-shaped secondary antennae repeatedly
puncturing the epidermis of the host. This structure contains heavy sclerotization on the surface,
allowing the antennae to go as far as the basal membrane. The louse has the capability of
drawing the rostrum and dorsal cephalic shield, the structures between the antennae, in a
downward motion causing the epithelium of the host to lift and aggregate over the louse (Bron et
al. 1991). The secondary attachment phase involves the anchoring of the frontal filament to the
host. This occurs once the louse has molted from the copepodid to the first chalimus stage (Bron
et al. 1991).
Once attached to the host, L. salmonis feeds on mucus, skin, and blood. As the louse
develops and matures, female lice are known to be aggressive feeders on blood, while males and
earlier developmental stages primarily feed on mucus and skin tissue (Burka et al. 2012). L.
salmonis is known to secrete enzymes/compounds in the host’s mucus and tissues to aid in
feeding, digestion, and to avoid immune responses implemented by the host (Fast et al. 2005;
Firth et al. 2000; Wagner et al. 2008). Such compounds include trypsin to assist in feeding and
digestion and prostaglandin E2 (PGE2) to regulate the feeding site (Fast et al. 2005; Wagner et al.
2008). Heavy infections of L. salmonis can lead to severe lesions on the host’s skin, underlying
muscle tissue, and in some cases into the cranium (Fast 2014).
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Figure 1.2. Gravid female salmon lice conjugated around the anus of an Atlantic salmon

1.5.3 Sea lice as potential vectors
Sea lice have been suggested to be vectors for bacterial and viral pathogens. Isolations of
L. salmonis intestines have been shown to contain infectious salmon anemia virus (ISAv) from
clinically diseased fish (Nylund et al. 1994). Aeromonas salmonicida, Pseudomonas fluorescens,
Tenacibaculum maritimum, Vibrio spp., and infectious haematopoietic necrosis virus (IHNv)
have also been found present in multiple species of the sea lice, including Lepeophtheirus
salmonis and Caligus clemensi (Barker et al. 2019). When considering the life cycle of the
salmon louse, it is suspected that the louse becomes a carrier of a viral or bacterial pathogen
through the attachment and feeding of contaminated fish. Annual and seasonal fluctuations that
depend on salinity and water temperature may influence the pathogen they carry, as well as the
length of viability.
It is still not universally accepted as to whether sea lice are a classical vector or if the lice
act merely as passive carriers of fish pathogens. However, Hammell and Dohoo (2005) reported
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a reduced infection frequency of ISAv when regular delousing practices were put in place in
New Brunswick salmon farms. Jakob et al. (2011) demonstrated the capabilities of L. salmonis
infections with IHNv through water bath exposure to further infect naïve Atlantic salmon in
vitro. The short-term interaction between IHNv and L. salmonis gives evidence that the louse
acts more like a mechanical vector as opposed to a biological vector. It is also important to
consider that the pathogens mentioned above have the potential of targeting the host through
waterborne transmission as the natural pathway of viral dissemination. A highly susceptible fish
host along with a highly infectious dose of a pathogen may have the ability to spread on its own.
More research is required to determine if sea lice infections can increase viral transmission
efficacy.

1.6 Co-infections
Aquatic species have an intimate relationship with their surroundings and can effectively be
immersed in potential pathogens. The majority of research in fish health focuses on single
infections in a controlled system to better understand the virulence effects of one pathogen and
the response of the host. However, throughout the lifetime of an aquatic host, a succession of
different pathogens at any given life stage is the norm. Single infection studies do not
characterize a realistic host response in natural conditions. The term co-infection, or
simultaneous infection, is defined by the infection of a host by genetically different pathogens
(Cox 2001). These pathogens provide their own evasion mechanisms that cause harm to the host.
In a host, the pathogenic load, parasitic abundance, disease severity, host-pathogen dynamics and
host survival can be significantly different in co-infections compared to single infections. This
may ultimately alter fish disease pathogenesis, prognosis and treatment needed to clear the
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infection as synergistic or antagonistic interactions may occur between co-infecting pathogens.
Such studies have been researched in humans and reported that synergistic co-infections may
cause the disease to spread faster in surrounding tissue compared to random networks (HébertDufresne and Althouse 2015). The infection of the first pathogen triggers the host response,
influencing other pathogens to take advantage of the immunosuppression/immune-diversion of
the host, altering typical disease outcomes (Zhu et al. 2013). Recently, there has been growing
interest to investigate infections of multiple pathogens in succession and the epidemiological,
ecological, immunological and evolutionary consequences resulting from co-infection (Telfer et
al. 2010).

1.6.1 Parasitic and bacterial co-infections
Following the host attachment of a parasite, the risk of subsequent bacterial infections increases.
Past experimental studies have shown an increase in mortalities in fish co-infected with parasitic
and bacterial pathogens (Bandilla et al. 2006; Caballero-Solares et al. 2017; Pylkko et al. 2006).
The parasite likely has the ability to immunomodulate the host and serve as a mode to transmit
bacterial pathogens (Holzer and Levis 2007). Stress of the host caused by parasitic attachment
may present opportunities for microbes to sequester at attachment sites. Strategies of prevention
at sea cage sites in some cases aim to prevent initial parasitic attachment to reduce the chances of
mortality from secondary bacterial infections.

1.6.2 Parasitic and viral co-infections
Co-infections of parasites and viruses have caused severe damage to the aquaculture industry,
most notable in Chile between 2007 and 2009. Valdes-Donoso et al. ( 2013) reported the ISAv
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outbreak may have been in succession with sea lice infestation. Previous studies have shown sea
lice species, C. elongatus and L. salmonis, act as vectors for viral infections causing severe
mortalities (Nylund et al. 1994). Ogut and Cavus (2014) investigated parasitic and viral loads in
whiting (Merlangius merlangus euxinus) and suggest that environmental factors including
spawning stress, water quality and temperature may impact mortality rates during a co-infection
of ectoparasites (Trichodina spp. and Gyrodactylus alviga) and viral hemorrhagic septicemia
virus (VHSv). Details of co-infections between parasites and viruses are still unclear and may
continue to be a challenge due to the diversity of viral infections.

1.7 Moritella viscosa
Winter ulcer disease is a chronic and contagious infection of salmonids caused by the gramnegative bacterium, Moritella viscosa. The bacterium is psychrophilic, affecting fish marine
waters below 7-8°C by producing localized inflammation, gill pallor, fin rot and the development
of severe lesions (Lunder 1992). M. viscosa is responsible for significant bacterial-related loss to
the aquaculture industry and is responsible for high levels of antibiotic use in North America
(MacKinnon 2017). Outbreaks of M. viscosa have also been reported along the Norwegian coast,
Iceland, Scotland and the Shetland Islands (Hoffman et al. 2012). Life stages at risk for
contracting the disease are juvenile and adult salmonids in saltwater and smolts reared in
freshwater hatcheries (Lunder 1992). Atlantic salmon in particular are highly susceptible to one
particular isolate of M. viscosa that has high virulent host specificity to the species (Grove et al.
2010). The outer membrane of the bacterium contains lipopolysaccharides and suggested to have
protective antigens against the host (Heidarsdóttir et al. 2008). The bacterium has been reported
to penetrate host cells and alter epithelial structure, disrupt the cellular cytoskeleton, and cause
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the formation of pores leading to cell lysis in vitro (Tunsjø et al. 2009). Ulcers form chronic
infections ranging from scale loss and mild inflammation to severe ulcers exposing underlying
muscle tissue, hemorrhaging and ascites, which may lead to septicemia and mortality of fish
(Benediktsdóttir et al. 1998). As colonization, proliferation and ulceration by M. viscosa is
generally external, the mortalities are typically low, ranging between 10-40% in natural
conditions (Hoffman et al. 2012). However, quality of fish at the time of harvest is low, resulting
in economic losses.

1.8 Infectious salmon anemia virus
Infectious salmon anemia virus (ISAv) is the causative agent of infectious salmon anemia (ISA).
It is a highly contagious, negative-sense, single stranded RNA virus that is a member of the
Orthomyxoviridae family in the Isavirus genus (Krossøy et al. 1999; Mjaaland et al. 1997). ISAv
has a genome consisting of eight segments and 10 proteins (Aspehaug et al. 2005; Falk et al.
2004). At the surface, two glycoproteins reside with segment 5 coding fusion protein and
segment 6 coding hemagglutinin-esterase. ISAv targets Atlantic salmon by attacking the
epithelium lining of the circulatory system (Rimstad et al. 2017). Mortality can vary between 590% depending on the degree of virulence associated with the 3’ end of the ISAv haemagglutinin
gene in the highly polymorphic region (HPR) located amongst segments 6, 7, and 8 (CookVersloot et al. 2004; Ritchie et al. 2009). The level of virulence is determined by the deletions in
the HPR in comparison to ISAV-HPR0, the non-pathogenic strain (Cunningham et al. 2002;
Gagné and LeBlanc 2018). Atlantic salmon head kidney (SHK) lines have shown up-regulation
in genes involved in innate immunity upon ISAv infection (Kileng et al. 2007; Lyng Schiøtz et
al. 2008). Although antiviral responses are initiated in the host, virulence factors, viral
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replication and load quickly spread when exposed to high-virulence isolates (LeBlanc et al.
2010).

1.9 Prevention and management strategies
Multiple strategies have been proposed and recommended to maintain, but preferably
prevent the outbreak of L. salmonis at salmon farm locations within Canada, Norway, Scotland,
and Ireland. Control strategies within the management of the salmon farm have been
implemented mainly involving anti-louse drugs and but there are other methods gaining in use
due to the development of drug resistance, and these can include functional feed additives and
targeting virulence factors in the louse for vaccines. (Revie et al. 2003).
It is expected that a site will have an ongoing low level of lice regardless of prevention
methods as it is a commonly occurring parasite of salmon, however management plans are put in
place to prevent a sea lice outbreak that would lead to health concerns at the farm and further
affect wild salmon in the area. Techniques including the removal of dead fish, cleaning
equipment and fallowing are basic techniques that have been shown to reduce lice levels (Revie
et al. 2003). Other good farm practices include separating salmon based on year class, regular
louse checks and counts, use of parasiticides when there is a noticeable increase of lice counts
and monitoring pesticide resistance to keep salmon louse levels at a level below welfare issues
for the host (Revie et al. 2003). On a genetic level, there is evidence that certain Atlantic salmon
families are susceptible to L. salmonis and C. elongatus. Specifically, Glover et al. (2007) has
linked louse susceptibility to the major histocompatibility (MH) class II.
An increasingly growing management strategy of diseases in mariculture includes the use
of immunostimulant and/or functional feed additives. This can include biological factors,
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vitamins and probiotics to kill pathogenic diseases as well as to enhance the growth and quality
of the cultured fish. With respect to salmon louse infections, there are currently several widely
used immunostimulants on the market to protect fish against sea lice. The immunostimulants do
this by enhancing the fish’s systemic and localized inflammatory systems to aid in initiating an
immune response prior to or during a salmon louse outbreak (Burka et al. 2012).
Salmon farms widely administer the use of drugs as bath treatments or in-feed treatments
as methods of sea lice control. Depending on the location, specific drugs of either type may be
used. This allowance is based on environmental risk assessments of proven safety to the fish and
the surrounding environment (Burridge et al. 2010). There are multiple advantages and
disadvantages when it comes to the efficiency of bath and in-feed treatments. Bath treatments are
beneficial when it comes to administering drugs to prevent sea lice because the entire net pen is
exposed to the drug. However, drug release into the environment can lead to low dose exposure
of other cages and potentially farms leading to the development of resistance to the drug or
negative consequences for non-target species.
Several types of bath treatments are commonly used individually or in combination as
they target different mechanisms and pathways of the sea lice. Organophosphates directly kill the
mobile phases of the salmon louse by inhibiting acetylcholinesterase pathways (Burka et al.
1997). Pyrethoids cause initial paralysis leading to louse death. This type of drug stimulates
neuronal cell sodium channels. Drug resistance has been developed to both of these compound
classes in Norway, Scotland and Chile. Mutations have been observed in the structure of the
sodium channels preventing the depolarization of these channels (Fallang et al. 2005). Along
with resistance to this drug, when combined with cold-water temperatures, toxic effects to the
fish have been reported. Lastly, another common drug used at salmon farms is hydrogen
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peroxide. Although environmentally friendly in solution when dissociated to water and oxygen,
this chemical can have toxic effects for both the farmers, production operators and fish. This
depends on the water temperature during administration and the time of exposure (Grant 2001).
Hydrogen peroxide targets mobile lice at a 98% reduction to C. rogercresseyi and a 56%
reduction against the chalimus stages (Bravo et al. 2010). At the mobile stage, hydrogen
peroxide promotes louse detachment, however does not prevent the louse from reattaching to
another host causing further infection. Each type of bath-treatment drug provides suitable
elements as a therapeutant against sea lice infections. However, drug resistance and the potential
for further infection is a common theme among all the drugs described.
In-feed drug treatments involve the administration of drug-coated feed. Since the drug is
lipid soluble, they can be in effect for up to 2 months with the unused drug being slowly
excreted. Unlike bath treatment, in-feed treatments are less of an environmental risk and are less
toxic to the fish and the farmers administering the drug. A disadvantage is if fish are already
diseased or stressed, they may not be willing to feed causing an insufficient drug dose. Further,
these low-feeding fish may also drive resistance in the louse due to under-dosing (Burka et al.
2012).
Several examples of in-feed drug treatments include growth regulators and avermectins.
Growth regulators prevent moulting by directly targeting chitin-synthesis pathways. This drug is
most effective on the larval stages on sea lice while moulting requires the majority of energy.
Once the lice have moulted to the adult stages, growth regulators have no effect. A disadvantage
of using growth regulators in a net pen farm site is the potential for the drug to target the chitinsynthesis pathways of other crustaceans that are not the target of the drug. A major advantage of
growth regulators is there have yet to be any reports of resistance to these drugs (Aaen et al.
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2015). Avermectins are the most widely used in-feed drug treatment and target glutamate-gated
chloride channels in neuromuscular tissues, which lead to louse death. Ivermectin and emamectin
benzoate are within the avermectin drug category, however ivermectin was generally not used
due to the neurotoxic effects on fish (Merck 1988; Sanderson et al. 2007). On the other hand,
emamectin benzoate has been a much safer and less toxic drug to fish, as the drug does not
accumulate in the brain. Emamectin benzoate also poses much less of an environmental threat.
However, wide spread resistance to this drug has occurred in the salmon industry globally
(Igboeli et al. 2012). Due to these resistance concerns, other drugs are in formulation to find an
alternative to emamectin benzoate as an in-feed drug treatment.
Prevention and management strategies for Moritella viscosa are difficult to combat and
antimicrobial treatment is not always effective. Commercial vaccines that target other known
bacterial infections are available, however are not fully effective. Over a third of antibiotics
administered to fish in Norway were targeting winter ulcer disease (Bruno et al. 1998). Oral
antimicrobial therapeutics, oxolinic acid, and a fluorinated thiamphenicol derivatives have also
been studied, however are not effective against winter ulcer disease and it is suggested that
antimicrobial therapy may be an inappropriate method in management (Coyne et al. 2004; Coyne
et al. 2006; MacPhee 2001). Since M. viscosa is prevalent at cold water temperatures, fish tend to
have difficulty fighting the infection and taking in enough feed and more susceptible to stressors.
Alternatively, when water temperature rises above 10°C, the disease is no longer prevalent.
Similar to winter ulcer disease, infectious salmon anemia has no effective treatments and
only a handful of licensed vaccines, Elanco Forte V II and Pharmaq Alpha Ject®️ micro 3
(Chile) being several currently available. Efforts are being made to increase longevity of the
vaccinations past the first year of production. To manage outbreaks in the European Union,
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legislation promotes slaughter and disinfection of farms, strict biosecurity of fish and worker
movement, farm sites to be at least 3 km apart, daily collection of dead fish, ultraviolet
disinfections, sanitation of well boats and farm sites under surveillance (Lyngrøy 2003).

1.10 Functional diets
Functional diets were introduced to the aquaculture industry to meet the nutritional needs while
also strengthening the immune system to reduce infection and mortality. Administering vaccines,
antibiotics and other drugs is expensive to the industry. Although feed is also high in cost to the
industry, it is a necessity. Additive stimulants aim to positively affect the immune system against
common aquacultural pathogens, such as sea lice, and to promote disease prevention that is
crucial to the industry. Bioactive compounds, including the addition of fatty acids, such as
omega-3 and omega-6, are dosage and life stage specific to fish (Doñate et al. 2010; Tacchi et al.
2011). Omega-3 fatty acids have immunosuppressive and anti-inflammatory effects on juvenile
Atlantic salmon, while increased amounts of omega-3s have been shown to increase erythrocyte
cell wall strength and lower Vibrio salmonicida infection (Erdal et al. 1991). Excessive amounts
of omega-6 fatty acids increases pro-inflammatory eicosanoid production above optimal levels,
increasing inflammation and inflammatory related diseases. In humans, a high omega-6/omega-3
ratio promotes the onset and pathogenesis of diseases including cardiovascular disease,
inflammation, autoimmune diseases and cancer, while a lower omega-6/omega-3 ratio has a
decreased risk of the aforementioned diseases (Simopoulos 2002). Other common additives in
functional diets include prebiotics, probiotics, immunostimulants, and vitamins.
Immunostimulants, in particular, have been widely used in many vertebrate species and
have been shown to reduce the attachment and infection of sea lice in fish (Refstie et al. 2010).
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Immunostimulants contain pattern associated molecular patterns (PAMPs) that trick the host’s
pattern recognition receptors (PRRs) into thinking the molecule is from a foreign pathogen, as
PAMPs are typically released by microbial pathogens. This activation initiates a signaling
cascade to promote the release of pro-inflammatory cytokines to mimic the response of a
heterologous invader, further promoting phagocytosis and the complement cascade (Cuesta et al.
2008). A typical immunostimulant used in aquaculture are β-glucans, naturally found in the cell
walls of yeast, fungi, plants and bacteria (Petit and Wiegertjes 2016). A study by Guselle et al.
(2009) showed β-glucans suppress the infection of bacterial and microsporidial pathogens in
salmonids. β-Glucans have also been shown to modulate innate immunity and complement in
fish. However, Covello et al. (2012) reported no differences in lice counts between control fish
and those with β-glucan stimulated diets.
Immunostimulatory diets may also contain another PAMP, unmethylated DNA,
containing cytosine-phosphate-guanine oligodeoxynucleotide motifs (CpG ODN). CpG motifs in
the unmethylated form found in bacterial and viral DNA act as a foreign signal by amplifying
TLR9 causing a trigger in antibacterial and antiviral cell signaling (Iliev et al. 2013). CpG motifs
are also found in vertebrate hosts but are methylated and do not trigger toll-like receptor
activation (Iliev et al. 2013). The same study by Covello et al. (2012) reported a decrease in lice
infection and counts in the CpG ODN diet compared to controls. The reduction in numbers
attributed to systemic inflammatory responses, particularly at the louse attachment site. Purcell et
al. (2013) exposed Atlantic salmon to L. salmonis showing a reduction in lice infection when fed
a diet containing CpG ODN.
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Abstract
This study was conducted to determine the pathogenic effects of a co-infection with M. viscosa
at different exposure levels of sea lice in Atlantic salmon. Host wound healing and immune
responses were studied throughout the challenge period as copepodids were introduced at
medium (Mv+LsM) and high exposure (Mv+LsH) levels and salmon sampled over time (7, 12, 20,
46 days post lice infection, dpLs). M. viscosa (1.14x106 cfus/ml) was introduced to all
experimental tanks at 10 days post lice infection (dpLs). Mean lice counts decreased over time in
both Mv+LsM (31.5 ± 19.0 at 7 dpLs; 16.9 ± 9.3 at 46 dpLs) and Mv+LsH (62.0 ± 10.8 at 7dpLs;
37.6 ± 11.3 at 46 dpLs). There was significantly higher mortalities and more severe skin lesions
in the co-infected group with high lice densities (Mv+LsH) compared to medium-infected group
(Mv+LsM) or M. viscosa only infection (Mv+Ls-). Serum analyte analysis revealed an increase in
potassium in all groups over the course of the study. Quantitative gene expression analysis by
RT-qPCR was used to elucidate host responses to single infections and co-infections in skin
tissue. There was significant up-regulation in Mv+LsH consistent with the wound healing genes
il-8, mmp-9, hep, and saa. Skin lesions observed throughout the study were positive for M.
viscosa through bacteriology, but these were rarely located in regions associated with lice (i.e.
posterior to the dorsal and anal fin, posterior region of the head). Furthermore, M. viscosa was
rarely identified in non-lesion skin samples by RT-qPCR. This suggests that while M. viscosa
infection itself may increase potassium levels, impact osmoregulatory function and induce skin
lesion development in salmon, co-infection with high numbers of lice can enhance this impact
and significantly reduce the ability of these lesions to resolve, resulting in increased mortality.
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2.1 Introduction
Fishes have an intimate relationship with their external environment that exposes them to a wide
range of pathogens, including parasites and bacteria. In their natural environment, fishes are
frequently suspected to be infected with a succession of different pathogens at any given time,
resulting in co-infections of the host (Cox 2001). Fishes are often able to repulse pathogenic
organisms before they are able to establish and initiate disease through the activation of the
innate and adaptive immune systems (Workenhe et al. 2010). In the case of successive
infections, one pathogen may alter the host immune response allowing for easier colonization by
another pathogen; and in concurrent infections, the combination of pathogens may have additive
or synergistic impacts on the health of the fishes (Cox 2001). Despite their importance and
suspected commonality, our understanding of the impact of co-infections in teleosts is limited, as
most studies focus on single pathogen interaction with their host.
Sea lice, such as Lepeophtheirus salmonis, mainly infect salmonids and significantly
impact the aquaculture industry due to high density of hosts and limited successful treatment
interventions. Disease- and treatment-related economic losses of L. salmonis to marine
salmoniculture have been estimated at nearly 500 million USD in Norway alone (Abolofia et al.
2017), and therefore most likely exceeds 1 billion USD worldwide (FAO 2016). Adult female
lice are aggressive feeders of blood, mucus and skin, while males and earlier developmental
stages primarily feed on mucus and skin tissue (reviewed in Burka et al. 2012; Fast 2014). L.
salmonis is known to secrete enzymes that aid in feeding, digestion, and modulation of the host
immune response (Fast et al. 2005; Firth et al. 2000; Wagner et al. 2008). But this is likely a
common strategy across ectoparasite copepods, as González et al. (2015) observed that as few as
6 adult lice, of another species of Caligid copepod (Caligus rogercresseyi), per fish may
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negatively impact the immune function and physiology of Atlantic salmon weighing
approximately 80 g. The immunomodulation by anti-parasitic defense mechanisms interferes
with immune cells and signaling pathways against both L. salmonis and C. rogercressyii (Jodaa
Holm et al. 2016); similar well-established strategies are also observed in the evasion of parasites
of mammalian hosts (Hewitson et al. 2009).
The physiological and economic cost of sea lice in salmon aquaculture may be
compounded by the impacts of co-infection. Holm et al. (2016) reported an impact on genes
involved in innate antiviral responses in skin from L. salmonis-infected Atlantic salmon
suggesting reduced ability to fight off viral infections when pre-exposed to L.salmonis. Barker et
al. (2018) further demonstrated this effect, whereby infection with L. salmonis significantly
reduced salmon survival following infectious salmon anemia virus (ISAv) exposure. Similarly, a
recent study by Figueroa et al. (2017) of Atlantic salmon co-infected with Piscirickettsia
salmonis and C. rogercreesyi reported reduced vaccine efficacy, as observed by decreased
survival, reduced growth, greater bacterial load and increased pathological changes in fish at sea
cage sites.
Outbreaks of Moritella viscosa, the causative agent of winter ulcer disease, is responsible
for elevated antibiotic use and mortalities in Atlantic Canada salmon culture (MacKinnon 2017).
M. viscosa is a gram-negative bacterium that generally affects fish in seawater below 7-8°C.
(Lunder 1992). Grove et al. (2010) documented two phenotypically and genetically different
clades of M. viscosa. The variant strain has host specificity to Atlantic salmon, while the typical
strain appears to have no disease effect on Atlantic salmon and rainbow trout, even though both
strains appear relatively homogenous (Grove et al. 2010). The variant strain of M. viscosa may
disrupt the cytoskeleton of the host cells, altering epithelial structure followed by pore formation
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and cell lysis in vitro (Tunsjø et al. 2009). Characteristic ulcers are formed during M. viscosa
infection progressing from scale loss and mild inflammation to severe ulcers exposing
underlying muscle tissue, hemorrhage of internal organs and peritoneal ascites and, in some
cases, septicemia (Benediktsdóttir et al. 1998; Karlsen et al. 2014). The skin has been suggested
as the primary site of colonization and proliferation of M. viscosa as the ulceration resulting
from infection occurs directly on the skin surface (Karlsen et al. 2012). The host skin is also the
primary site of infection by the parasite L. salmonis. Furthermore, both pathogens produce
secretory/virulence factors that impact inflammation and can modulate the site of interaction and
the host response in their presence (Fast et al., 2007; Bjornsdottir et al., 2009).
Despite the relative importance of both L. salmonis and M. viscosa in Atlantic salmon
aquaculture, there is little known about the impact of both organisms occurring simultaneously.
Mortality patterns and transcript abundance of several genes involved in wound healing, antigen
presentation and lymphocyte response in the skin of salmon infected with either M. viscosa
alone, or in a co-infection of M. viscosa and L. salmonis were quantified. A complete
understanding of pathogenesis and host response may aid in developing countermeasures to
prevent and manage outbreaks at farm sites.

2.2 Methods
2.2.1 Fish maintenance and husbandry
Atlantic salmon smolts (ca. 90 g; n = 360) were purchased from Cooke Aquaculture Inc. and
transferred from Oak Bay Hatchery, New Brunswick (NB) to the Aquatic Biological
Containment Level II Facility at the Atlantic Veterinary College, Charlottetown, PE. Smolts
were individually identified with passive integrated transponder (PIT) tags and were randomly
distributed to 9 tanks (n = 40 /tank; 170 L water volume) and maintained at 33 ± 3 ppt in a semi-
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closed, recirculation aquatic system. Over the course of the study, fish were maintained under a
14h:10h light:dark photoperiod and hand-fed to satiation twice daily (Skretting Spirit Supreme
Saltwater diet).

2.2.2 L. salmonis infection
Ovigerous (egg-bearing) L. salmonis were collected from harvested Atlantic salmon in the Bay
of Fundy region, New Brunswick, Canada. Sea lice were transported on ice in aerated coolers to
the Atlantic Veterinary College where egg strings were removed from gravid females and placed
in a hatching system with light aeration until eggs hatched and developed to the infectious
copepodid stage (ca. 9 days at 11oC). Prior to exposure, water was turned off to all tanks and the
water level was reduced to below tank outflows. Fish were challenged with three exposure levels
on the first day of the study: medium infection dose of 50 copepodids/fish (LsM) and high
infection dose of 100 copepodids/fish (LsH), and 0 copepodids/fish (Ls-). This resulted in three
groups, in triplicate; M.viscosa and medium lice exposure (Mv+LsM), M.viscosa and high lice
exposure (Mv+LsH), and a single infection with M. viscosa only (Mv+Ls-). Fish in tanks receiving
a single infection of M. viscosa were treated in the same way as fish in tanks exposed to
copepodids. Supplemental oxygen was added during the sea lice infection procedure to maintain
oxygen between 6.0-9.0 mg/L for a 2-hour duration. Fish exposed to sea lice exhibited behaviour
associated with sea lice infections, including flashing, rubbing and jumping. After the 2-hour
exposure, tank in-flows were re-established.
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2.2.3 Preparation of M. viscosa inoculum and bacterial challenge
The Moritella viscosa isolate used in this study (Elanco Animal Health, Charlottetown, PE,
Canada) was originally isolated from Atlantic salmon from the Bay of Fundy, NB in 2012. M.
viscosa cultures were produced by RPC (Fredericton, NB). M. viscosa was cultured in Tryptone
Soya Broth (TSB-2; 2% NaCl final concentration), at 8 ± 1°C in 2 L flasks with agitation. The
cultures were pooled together and allowed to reach the bath challenge temperature (~10°C)
before use. Atlantic salmon were challenged with M.viscosa 10 days post lice infection (dpLs) by
combining all the fish from each of the three replicate tanks of the same L. salmonis infection
group (Mv+Ls-, Mv+LsM, Mv+LsH; n = 3 tanks per group) into three Xactics™ holding tanks.
Fish were exposed to Moritella viscosa at 1.14 x106 colony-forming units per ml for 1 h with
supplemental oxygen. The concentration of bacteria to induce a target mortality level of <30%
had been informed by an in vivo challenge model developed independently at the Fisheries and
Oceans Canada, St. Andrew’s Biological Station (DFO-SABS) in St. Andrew’s, NB, Canada
(Manning et al. 2015). Following a one-hour bath treatment, fish were returned to their
respective experimental tanks. The initial temperature was 10.7 ± 0.1oC, however, after 15 days
post-M. viscosa challenge (dpMv), the temperature was decreased to 9.0 ± 0.04oC, and again at
22 dpMv to 7.0 ± 0.1oC to prevent the fish from resolving the bacterial infection and to maintain
a steady level of disease progression throughout. Mortalities were removed upon detection.
Moribund fish, which had the inability to maintain normal dorsoventral position in the water,
were removed and euthanized (tricaine methanesulfonate overdose: 250 mg/L). Fish weight,
length, lesion location, lesion grade, lice number and stage were recorded. Bacteriological
culture swabs were collected from the leading edge of the lesion and from the head kidney for all
mortalities.
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2.2.4 Sampling
Fish (n = 4 per tank) were sampled prior to the Moritella viscosa challenge at 7 dpLs (Figure
2.1). Subsequent sampling periods occurred at 12, 20, 46 dpLs (n = 8 fish per treatment).
Treatment groups included: no M. viscosa and no L. salmonis (Mv-Ls-), medium lice infection
(Mv-LsM) and high lice infection (Mv-LsH). Fish were fasted for 24 h prior to sampling. Four fish
per tank (n = 12 per group) were opportunistically selected and euthanized by overdose with
tricaine methanesulphonate (TMS, 250 mg/L). Fish weight and length were recorded for each
fish. Whole blood (serum) was collected for osmolality determination and swabs from head
kidney and skin lesions were collected for bacteriological analysis. Samples of head kidney, skin
at louse attachment sites and corresponding gill arches were collected from each fish for gene
expression. It is important to note that skin tissue for qPCR assessment was collected from a site
posterior to the dorsal fin to assess the impact of sea lice infection (Braden et al. 2012). If a
suspected Mv lesion was present at the sampling location, reference skin tissue was collected
behind the pectoral fin so that sampled skin tissue did not include the M. viscosa lesion site as
Mv lesions were used for culture confirmation of M. viscosa. Samples were immediately placed
on dry ice and subsequently stored at -80°C; replicate samples of all tissues were collected for
histological analysis and stored in 10% buffered formalin. Only skin samples collected from lice
attachment sites behind the dorsal fin were analysed by qPCR in this study. Finally, the number
and stage of L. salmonis and presence and grade of lesion(s) were quantified.
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Figure 2.1. Schematic outlining the design of the single and co-infection trials. Three exposure
groups (40 fish/group) in triplicate. Following infection with L. salmonis from 1 to 10 dpLs
experimental groups consisted of: no M. viscosa, no lice (Mv-Ls-); medium lice infection (MvLsM); high lice infection (Mv-LsH). Fish were further challenged with M. viscosa at 10 dpLs,
after which the experimental groups consisted of: single infection M. viscosa, no lice (Mv+Ls-);
medium co-infection (Mv+LsM); high co-infection (Mv+LsH). Sampling occurred at 7, 12, 20 and
46 dpLs.

2.2.5 Lesion grading
Skin lesions were classified based on severity, frequency and size using grading categories from
Manning et al. (2015). Briefly, Atlantic salmon showing no signs of infection from M. viscosa
and/or L. salmonis had a grade index of 0. Grade 1 lesions were characterized by minor scale
loss, epidermal and dermal erosion, and minor petechial hemorrhaging. Grade 2 lesions were
characterized by minor scale loss, epidermal and dermal erosion, and moderate petechial
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hemorrhaging. Grade 3 lesions included dermal ulceration along with visible muscle tissue and
were further classified by size based on 1 cm progressions of the longest axis of the ulcer.

2.2.6 Osmolality analysis
Whole blood (n = 144) was collected in lithium heparin vacutainers (Becton Dickinson) and
placed immediately on ice. Serum was separated by centrifugation within 2 hours of collection
and stored at -80°C until analysis. Serum samples, corresponding with fish samples analyzed for
gene expression by qPCR, were submitted to Aquatic Diagnostic Services, Atlantic Veterinary
College for determination of osmolality analysis. Ion selective electrodes were used to measure
sodium, chloride and potassium levels in the serum using Cobas® p 501 (Roche Diagnostics,
North America).

2.2.7 Bacteriology
Lesions and surrounding skin were topically disinfected with 70% ethanol. An incision was
made with a sterile scalpel to lift the epidermis and swab the subcutaneous tissue followed by
transfer onto trypticase soy agar (TSA) plates with salt. Plates were incubated and evaluated for
growth of M. viscosa by colonization.
Head kidney and skin samples were processed by RPC (Fredericton, NB) to confirm the
presence of M. viscosa. DNA was extracted using the DNeasy Blood and Tissue kit (Qiagen) and
quantified using Nanodrop® ND-1000 (Nanodrop Technologies). The real-time PCR assay was
conducted using primers and probe which target the tonB gene of M. viscosa (GenBank
EU332345) as specified in Grove et al. (2008). Samples were analyzed in duplicate in 25 µL
reactions using 2x TaqMan Universal PCR Master Mix (Life Technologies) on a BioRad CFX96
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Real-Time PCR machine. Amplification conditions followed those determined in Løvoll et al.
(2009) using a modified TaqMan® probe-based qPCR assay targeting the tonB gene of M.
viscosa (Grove 1999). DNA from the original M. viscosa isolate from the challenge culture was
used as a positive control; Aliivibrio wodanis and negative reagents were used as negative
controls. The assay was analyzed on a CFX96 system (Bio-Rad Laboratories Inc., US) and was
allowed to run for 45 cycles.

2.2.8 RNA isolation and cDNA synthesis
Total RNA was isolated from ~100 mg of skin tissue (n = 110) using Tri-reagent and a modified
phenol-chloroform method (Chomczynski and Sacchi 1987). The quantity and quality of RNA
was determined using a NanoDrop 2000 Spectrophotometer (Thermo Scientific). The integrity of
the RNA samples was assessed by visualization on a 3% agarose gel. To eliminate potential
genomic DNA, all samples were treated with Turbo DNase DNA-free™ kit (Ambion, Austin,
TX, US). First strand synthesis was performed with 750 ng of RNA using the High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Cheshire, UK) in 40 μl reactions.
Negative reverse transcriptase (noRT) samples were generated by pooling up to 12 individual
DNase-treated RNA samples. In the case where a pooled noRT showed genomic DNA
contamination all total RNA samples making up the pool were retreated with DNase and tested
again to ensure there was no gDNA. Approximately 2 μl of each sample was added to a cDNA
pool to generate standard curves. Each cDNA sample was further diluted by 1:5 for gene
expression analysis. cDNA was stored at -20ºC until downstream analysis.
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2.2.9 Reverse Transcription - Quantitative PCR
Reverse transcription quantitative PCR (RT-qPCR) was performed with the SsoAdvanced™
Universal SYBR® Green Supermix (Bio-Rad Laboratories Inc., US) in triplicate using clear 96well Multiplate® PCR Plates™ (Bio-Rad Laboratories Inc., UK) on a CFX Connect™ RealTime qPCR System (Bio-Rad Laboratories Inc., US). The thermal profile was as follows: an
initial denaturation step at 95°C for 30s, followed by 40 cycles of annealing at 95°C for 15 s and
extension at 60°C for 15 s, with fluorescence detections following each 60°C step. Following
this protocol, melt curve analyses were performed at 0.5°C intervals from 65°C to 95°C for 5 s.
Primers were diluted to a concentration of 10 mM and 1 μl of template was used, resulting in a
total reaction volume of 11 μl. For every primer pair, a 6-point 10-fold serial dilution was
performed to determine the efficiency, with all assays between 86.4-109.1%. No template
controls (NTC) were included on every plate. An internal positive control (IPC) was used as a
calibrator on each plate to compare individual plates to each other. Three reference genes were
included in the study: ribosomal protein S20 (RPS20), eukaryotic initiation factor 3 subunit 6
(eIF3s6) and eukaryotic translation elongation factor 1-alpha (EF1αAb) (Table 2.1). Only
RPS20 and eIF3s6 met the stability requirements for inclusion in the analyses, with a geNorm
M-value and coefficient of variation value of 0.584 and 0.246, respectively (Vandesompele et al.
2002). Raw data was used as input into qBASE+ that generates calibrated and normalized
relative quantities using sample-specific normalization factors (Hellemans et al. 2007). Genes of
interest included those known to be activated during L. salmonis infection, as well as other
cellular and humoral genes involved in the innate and adaptive immune response (Table 2.1).
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Table 2.1. Primers used for RT-qPCR, indicating forward and reverse sequences, efficiency values, accession number, amplicon size
and original reference.

GENE TARGET

NAME

ACCESSION #

REFERENCE

FORWARD (5-3')

REVERSE (5-3')

Collagen type-1 α
Cluster of
differentiation 4
Cluster of
differentiation 83
C-type lectin
Hepcidin-1
Immunoglobulin M
Immunoglobulin T
Interleukin 1β-1
Interleukin 8
Interleukin 12
Major
histocompatibility class
II β-chain
Matrix
metalloproteinase 9
Serum amyloid-A

COL1α

XM_014209886.1

Purcell et al., 2012

TCAAGGCAGAGGGAAACAAC

ACACTGTCTTGCCCCATTTG

CD4

EG852912

Skugor et al., 2008

TGCATTGTTCCTCTCTTCCACAGC

CCGTCCCAAGGTACCATAGTACCAA

EFFICIENCY
(%)
94.1
87.0

AMPLICON
87
128

97.6
CD83
CLEC4M2
Hep
IgM
IgT
IL-1β
IL-8
IL-12

microarray
microarray
NM_001140849.1
S48652.1
GQ907004
AY617117
NM_001140710.2
AJ548830

Sutherland et al., 2014
Sutherland et al., 2014
Sutherland et al., 2011
Braden et al., 2015
Tadiso et al., 2011
Fast et al., 2004
Braden et al., 2012
Skugor et al., 2008

TCTTTCCATTGTGGGGATTG
CTCTGCTTACGCCTGGGTAG
TTCAGGTTCAAGCGTCAGAG
TCATTAAGATCACCCCGCCG
CAACACTGACTGGAACAACAAGGT
CGTCACATTGCCAACCTCAT
GAATGTCAGCCAGCCTTGTC
TCTACCTACACGACATTGTCCAGCC

TTGGCCCCAGAGTGTAAATC
TTTCGGACCAGAACCAATTC
AGGTCCTCAGAATTTGCAGC
TTCCTCGACATCGCACACAA
CGTCAGCGGTTCTGTTTTGGA
ACTGTGATGTACTGCTGAAC
TCCAGACAAATCTCCTGACCG
ATCCATCACCTGGCACTTCATCC

MH II

X70166

Braden et al., 2012

AAGGCTTGAAGACACGTTGC

CAGTCCAGCAGTAACGTCCA

86.8
93.3
97.7
86.4
95.1
90.7
93.1
92.0

164
95
125
77
97
200
226
62

106
96.9

MMP9
SAA

CA342769
NM_001146565.1

Skugor et al., 2008
Braden et al., 2015

ACTCTACGGTAGCAGCAATGAAGGC
CTCGGGGCAACTATGATGCTA

CGTCAAAGGTCTGGTAGGAGCGTAT
AGTCCTCATGTCCTCGACCA

108.6

72
114

Reference Genes
Eukaryotic translation
initiation factor-3
subunit-6
Ribosomal protein s20

98.2
eIF3s6
RPS20

CX040383
BG936672

Skugor et al., 2008
Olsvik et al., 2005

GTCGCCGTACCAGCAGGTGATT
GCAGACCTTATCCGTGGAGCTA
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CGTGGGCCATCTTCTTCTCGA
TGGTGATGCGCAGAGTCTTG

92
109.1

2.2.10 Statistical analysis
To analyze mortality data, a Kaplan-Meier survival estimate was generated in Microsoft Excel
(2011). Ion osmolality concentration was analyzed by ANOVA (p < 0.05) and a Tukey’s honest
significant difference (HSD) test. Analyses were performed in RStudio 1.0.143 (RStudio, Inc.,
Boston, MA). An analysis of variance (two-way, p < 0.05) followed by a post-hoc Tukey’s HSD
was performed on resulting gene expression data to determine significance across time (12, 20,
46 dpLs) and lice exposure levels (Mv+Ls-, Mv+LsM, Mv+LsH). Samples at 7 dpLs were not
included in this analysis due to an imbalance of treatment groups for accurate statistical testing.
An ANOVA (one-way, p < 0.05) was performed to determine significance of single and coinfection status within the first time point of infection with L. salmonis and/or M. viscosa (7 and
12 dpLs). A principal component analysis (PCA) was constructed to summarize variables (fish
weight, fish length and genes of interest) into a linear model to determine any correlation
(visualized in Rstudio, using R 3.5, ggbiplot package).

2.3 Results
2.3.1 Atlantic salmon survival
Mortalities were first observed in the single infection of M.viscosa (Mv+Ls-) and the
medium co-infection (Mv+LsM) at 6 days post M. viscosa challenge (dpMv; 16 dpLs). At 24 h
post water temperature was decreased from 10.7 ± 0.1oC to 9.0 ± 0.04oC. In contrast, mortalities
in the high co-infection group began at 8 dpMv/18 dpLs. Gross pathology of mortalities included
multiple lesions of varying severity on the flank and dorsal surface, with scale loss, caudal fin
erosion and ulceration and necrosis of the eye and nares. There were 6 total mortalities in the
single infection (Mv+Ls-) fish resulting in 7.1% cumulative mortality (CM), 14 mortalities
(16.7% CM) in Mv+LsM and 28 mortalities (33.3% CM) in Mv+LsH (Figure 2.2). The final
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mortality in the single infection fish occurred at 32 dpLs, unlike both the medium and high coinfection groups where the final mortality occurred at 44 dpLs. Using a Kaplan-Meier survival
estimate, the high co-infection group had a significantly higher probability of mortality
compared to the medium co-infection group (p = 0.024) and the single infection group (p =
0.028) (Figure 2.3).
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DAYS POST-CHALLENGE WITH M. VISCOSA

Figure 2.2. Percent cumulative mortality (%) in the single infection (Mv+Ls-), medium coinfection (Mv+LsM), and high co-infection (Mv+LsH) groups. Temperature changes indicated by
dashed lines. Temperature at the start of the trial was 10.7oC and was decreased to 9.0oC at 15
days post- M. viscosa challenge (15 dpMv; 25 dpLs), and again to 7.0oC (22 dpMv; 32 dpLs).
Sampling occurred at 7, 12, 20 and 46 dpLs.
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Mv+Ls-

Mv+LsM

Mv+LsH

Figure 2.3. Kaplan-Meier survival plot for condition estimates of the single infection (Mv+Ls-),
medium co-infection (Mv+LsM), and high co-infection (Mv+LsH) groups.

2.3.2 L. salmonis infection
Louse attachment sites were characterized by scale loss and depigmentation of the epithelial
tissue. Prevalence of infection was 100% in both co-infection groups with abundance in the high
co-infection group approximately twice that of the medium co-infection group, suggesting
similar attachment success rate per individual copepodid between the two exposure levels (Table
2.2). Lice counts and life stages were also recorded on dead and moribund fish, with higher total
sea lice counts observed in the high co-infected fish compared to the medium co-infected fish
(Table 2.3).
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Table 2.2. Average lice counts in single, medium co-infected and high co-infected groups over
time (7, 12, 20, 46 dpLs).
Exposure

Time A
(7 dpLs)

Time B
(12 dpLs)

Time C
(20 dpLs)

Time D
(46 dpLs)

Single infection

0±0

0±0

0±0

0±0

Medium co-infection

31.5 ± 19.0

31.7 ± 11.7

32.8 ± 16.1

16.9 ± 9.3

High co-infection

62 ± 10.8

74.7 ± 28.4

65.6 ± 13.0

37.6 ± 11.3

Table 2.3. Lice counts for mortalities and euthanized moribund fish separated by exposure level
and L. salmonis life stage.
Exposure

Chalimus

Pre-adult/Adult males

Adult females

Water bath

Total Lice

Single infection

0±0

0±0

0±0

0±0

0

Medium co-infection

2.4 ± 8.3

20.2 ± 8.7

0±0

3.8 ± 7.4

343

High co-infection

1.1 ± 4.2

45.7 ± 17.7

0.0 ± 0.2

5.4 ± 11.1

1566

2.3.3 Bacteriology
Moritella viscosa was detected in 40% of skin lesions (29/72) from sampled fish at 12 dpLs and
20 dpLs (Table 2.4). While M. viscosa was detected by bacteriological culture from skin lesions
representing all groups, bacterial growth following swabs of the head kidney was only observed
in one fish from the medium co-infection group at 20 dpLs. No bacterial growth was observed
from the head kidney or skin lesions from any infection group at 46 dpLs. In comparison, M.
viscosa was detected in only 3 skin samples by qPCR: one medium co-infected fish sampled at
20 dpLs, and two high co-infected fish sampled at 20 dpLs (Table 2.4). All other head kidney
and skin tissue samples were negative when tested with qPCR. Bacterial growth from swabs
collected from skin lesions of mortalities revealed positive growth in 100% of fish from the
single infection and high co-infection groups and positive growth in 75% of the medium coinfection group (Table 2.5).
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Table 2.4. Confirmation of M. viscosa by culture on tryptone soy agar plus salt and by qPCR
from the reference skin site (non-M. viscosa lesion site) and head kidney in sampled fish from
each exposure group at 12, 20 and 46 days post-infection with L. salmonis (dpLs).
Time

12 dpLs

20 dpLs

46 dpLs

Exposure

Sampled fish

qPCR

Skin

Head kidney

Skin

Head kidney

Single infection

6/12

0/12

0/6

0/6

Medium co-infection

6/12

0/12

0/6

0/6

High co-infection

3/12

0/12

0/6

0/6

Single infection

2/12

0/12

0/6

0/6

Medium co-infection

8/12

1/12

1/6

0/6

High co-infection

4/12

0/12

2/6

0/6

Single infection

0/12

0/12

0/6

0/6

Medium co-infection

0/12

0/12

0/6

0/6

High co-infection

0/12

0/12

0/6

0/6

Table 2.5. Confirmation of M. viscosa by culture on Tryptone Soy Agar plus salt from
mortalities.
Exposure

Skin

Head kidney

Single infection

7/7

5/7

Medium co-infection

6/8

7/12

14/14

21/30

High co-infection

2.3.4 Lesion grading
Lesion formation was recorded during sampling at 12, 20 and 46 dpLs. Lesions were
predominantly present on the lateral flanks, with some lesions around the mouth, and they were
not associated with lice attachment (Figure 2.4). Severity of lesions appeared to increase with
time: while only grade 1 lesions were observed in fish at 12 dpLs (20% prevalence), at 20 dpLs
31.3% of fish presented with grade 1 lesions, 15.6% exhibited grade 2 lesions, and 6.3% grade 3
lesions. Of the fish sampled at 20 dpLs, 18.8% lesion positive fish belonged to the single
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infection group, 25.0% represented the medium co-infection group, and 9.4% the high coinfection group. By 46 dpLs, the majority of lesions had resolved such that only 2 fish were
observed with grade 1 lesions.

A

a

b

B

a

b

C

a

b

Figure 2.4. Lesion grading scheme during sampling. A. a-b) Grade 1 lesions: arrows indicate
areas of scale loss and slight epidermal erosion. B. a-b) Grade 2 lesions: petechial hemorrhaging
apparent on lateral and ventral regions of the body. C. a-b) Grade 3 lesions: severe dermal
ulceration with muscle tissue visible.
Ninety-six (n = 96) mortalities or euthanized moribund fish euthanized were recorded as
having lesions. When assessing all mortalities, grade 1 lesions were most prevalent (19.8% of
fish), with fewer higher-grade lesions observed, i.e. 6.3% grade 2 lesions and 1.0% grade 3
lesions. Overall, euthanized moribund fish and mortalities removed from the single infection
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tanks exhibited 26.3% grade 2 lesions and 10.4% grade 3 lesions. Moribund and mortalities from
the medium co-infection exhibited 22.2% grade 1, 5.3% grade 2, and 25.0% grade 3 lesions
whereas, mortalities from the high co-infection exhibited 77.8% grade 1, 68.4%, grade 2 and
64.6% grade 3 lesions. Severity of lesions increased in moribund/dead fish over the course of the
trial (Figure 2.5).
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Figure 2.5. Lesion severity by grade in moribund fish and mortalities for each experimental
group over the study period; single infection (Mv+Ls-), medium co-infection (Mv+LsM), and high
co-infection (Mv+LsH) groups. Numbers on the bottom row of the x-axis indicate days post L.
salmonis infection (dpLs) and numbers on the top row indicate days post-M. viscosa challenge
(dpMv). Grade of fish recovered on each day is shown in grey on bars. Multiple mortalities have
a higher cluster of bars per day. Sampling occurred on 7, 12, 20 and 46 days post-infection of L.
salmonis (dpLs).

The severity of lesions between treatment groups in mortalities was also analyzed. In the
single infection group, grade 2 lesions were the most frequent (20%) compared to grade 1 and 3
lesions. The medium co-infection group had a similar frequency of lesion severity per grade at
21.1% (grade 1), 20% (grade 2), and 21.3% (grade 3). The severity of lesions was much higher
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in the high co-infection group (68.4%) compared to the single infection (60%) and the medium
co-infection) (68.1%) groups. Grade 3 lesions were further divided based on the diameter of the
longest axis: lesions less than 0.5mm, 0.5 to 2.0 mm, and greater than 2.0 mm. The majority of
lesions (80%) in the single infection group were greater than 2.0 mm whereas 93.8% of lesions
in the high co-infection group and all of the lesions in the medium co-infection were all greater
than 2.0 mm.

2.3.5 Osmolality: Serum Analytes
There were no significant differences between the treatment groups with respect to sodium and
chloride, however, there was a significant increase in potassium levels at 46 dpLs in all infection
groups compared to all other time points (2.8 to 16.03 mmol 1-1; Table 2.6), with levels
increasing 10-fold by the final sampling period.

Table 2.6. Concentration of serum analytes over time. Data is represented as mean ± standard
deviation. Significance denoted by an asterisks (*).
Serum analyte

Sodium

Time
7 dpLs

12 dpLs

20 dpLs

46 dpLs

166.3 ± 2.8

167.1 ± 2.9

170.0 ± 4.3

166.8 ± 17.9

135.0 ± 3.2

138.1 ± 3.0

143.4 ± 6.6

143.7 ± 20.6

0.7 ± 0.1

0.7 ± 0.1

0.9 ± 0.4

7.6 ± 3.3*

(mmol/L)
Chloride
(mmol/L)
Potassium
(mmol/L)

2.3.6 Gene expression in skin over time and exposure level
All 13-immune related genes involved in wound healing, antigen presentation and lymphocyte
response showed transcriptional changes in the single infection with M. viscosa and the medium
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and high co-infections with L. salmonis and M. viscosa. To compare the impact of a single
infection with either M. viscosa or L. salmonis and co-infection with both M. viscosa and L.
salmonis, control salmon were sampled 3 d prior to bacterial challenge (7 dpLs). A significant
up-regulation of interleukin 12 (il-12) and immunoglobulin mu (igm) expression was observed at
12 dpLs in the high co-infection fish compared to the control fish at 7 dpLs (Figure 2.6). At 12
dpLs, there was also significant up-regulation of igm in the high co-infection group compared to
the control fish.

Figure 2.6. Gene expression in skin tissue samples (n = 59) of a) interleukin 12 (il-12), and b)
immunoglobulin mu (igm). Values are median log-2 transformed data representing the calibrated
normalized relative quantities (CNRQ) between treatment groups: no M. viscosa, no sea lice
(Mv-L-); no M. viscosa, medium sea lice exposure (Mv-ML); no M. viscosa, high sea lice
exposure (Mv-HL); M. viscosa, no lice (Mv+L-); M. viscosa, medium sea lice exposure
(Mv+ML); M. viscosa, high sea lice exposure (Mv+HL). Treatments analyzed over time (7 and
12 dpLs). Letters and bars denote significant differences in expression (1-way ANOVA, p <
0.05).

2.3.7 Inflammatory and Acute Phase Genes
In general, expression of collagen 1-α (col1α) did not change over time (Figure 2.7a) with the
exception of 46 dpLs, where expression was significantly down regulated both in medium and
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high co-infection groups compared to the single infection group. Interleukin 8 (il-8) expression
was significantly higher in the high co-infection group at 20 and 46 dpLs compared to 12 dpLs
(Figure 2.7b). While down regulation of il-8 was observed in the medium co-infection group
between 12 and 46 dpLs. Interleukin 1β (il-1β) appeared to be up-regulated in the high coinfection group over time but expression was highly variable, and there was no significant
overexpression of il-1β at any time point in any treatment group (Figure 2.7c). Expression of
matrix metalloproteinase-9 (mmp-9) increased in the high co-infection over time compared to the
single infection and decreased over time in medium co-infection group compared to single
infection (Figure 2.7d).
Significant down regulation of hepcidin (hep) was observed at 46 dpLs compared to 12
dpLs in the medium co-infection group (Figure 2.7e). Serum amyloid A (saa) was strongly
induced over time, with significant down regulation of saa observed in the medium co-infection
between 12 and 46 dpLs, while there was a significant increase observed in the high co-infection
group between 20 and 46 dpLs (Figure 2.7f).
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Figure 2.7. Gene expression in skin tissue samples (n = 82) of a) collagen 1-⍺ (col⍺), b)
interleukin 8 (il-8), c) interleukin 1β (il-1β), d) matrix metalloproteinase-9 (mmp-9), e) hepcidin
(hep), and f) serum amyloid a (saa) with functions in inflammatory and acute phase responses.
Values expressed as box plots, median log-2 transformed data representing the calibrated
normalized relative quantities (CNRQ) of each treatment group: M. viscosa positive, sea lice
negative (L-); M. viscosa positive, medium sea lice exposure (ML); M. viscosa positive, high sea
lice exposure (HL). Treatments analyzed over time (12, 20, 46 dpLs). Letters and bars denote
significant differences in expression (2-way ANOVA, p < 0.05).

2.3.8 Cellular effectors
The T lymphocyte marker cluster of differentiation 4 (cd4) was down regulated at 20 dpLs in the
high co-infection group, followed by a significant up-regulation at 46 dpLs (Figure 2.8b).
Expression of cluster of differentiation 83 (cd83), a marker of antigen presenting cells, such as
dendritic cells, was not affected in the single and medium co-infection groups; however, there
was a significant increase in expression by 46 dpLs in the high co-infection group (Figure 2.8c).
Fish with a single infection of M. viscosa exhibited an increase in immunoglobulin tau (igt) over
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time (12 dpLs to 46 dpLs). At 46 dpLs, fish in the medium and high co-infection groups had
significantly lower igt expression compared to the single infected fish (Figure 2.9b). Expression
of major histocompatibility class II beta chain (mhii) was significantly down regulated in the
skin over time from 12 dpLs to 46 dpLs in the high co-infection group compared to the single
infection group (Figure 2.9c). No differential expression was detected in c-type lectin 4 m
(clec4m2) between treatments or over time (data not shown). Principal component analysis, as
well as heat map visualization, show clustering of these cellular effector genes together (mhii,
igm, igt) as well as the inflammatory genes above distinctly clustering together (il-1β, il-8, mmp9, hep, etc.) over the course of the study (Figure 2.10).

Figure 2.8. Gene expression in skin tissue samples (n = 82) over time (12, 20, 46 dpLs) of a)
interleukin 12 (il-12), b) cluster of differentiation 4 (cd4), and c) cluster of differentiation 83
(cd83). Values are median log-2 transformed data representing the calibrated normalized relative
quantities (CNRQ) over time (12, 20, 46 dpLs). Letters denote significant differences in
expression (2-way ANOVA, p < 0.05).
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Figure 2.9. Gene expression in skin tissue samples (n = 82) of cellular marker genes a)
immunoglobulin m (igm), b) immunoglobulin tau (igt) and c) major histocompatibility class II
beta chain (mhii). Values are median log-2 transformed data representing the calibrated
normalized relative quantities (CNRQ) of each treatment group: M. viscosa positive, sea lice
negative (L-); M. viscosa positive, medium sea lice exposure (ML); M. viscosa positive, high sea
lice exposure (HL). Treatments analyzed over time (12, 20, 46 dpLs). Letters and bars denote
significant differences in expression (2-way ANOVA, p < 0.05).
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Figure 2.10. a) Principal component analysis (PCA) of skin samples of Atlantic salmon coinfected with sea lice and M. viscosa showing the clustering of genes. Red represents similarities
between expression profiles, while blue identifies variables with differentiated values. b)
Hierarchical clustering of pro-inflammatory markers and cellular effector genes represented in a
heat map. Expression is mapped based on mean log2 normalized intensities of each gene, with
blue representing low expressing transcripts and red representing high expressing transcripts.

2.3.9 Expression profiles of fish positive for Moritella viscosa by culture
We further separated skin samples that tested positive for bacteriology and with a lesion severity
score of at least grade 1 (n=11) for additional gene analysis. Samples meeting these criteria were
observed in all groups at 20 dpLs. Expression profiles of all genes were similar, with
inflammatory genes hep, il-1β, il-8, and mmp-9 downregulated in co-infected fish compared to
single M. viscosa-infected fish, however, only expression of il-8 and hep showed significantly
different expression (Figure 2.11).
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Figure 2.11. Gene expression in skin tissue samples (n = 11) of a) interleukin 8 (il-8), and b)
hepcidin (hep). Values are median log-2 transformed data representing the calibrated normalized
relative quantities (CNRQ) of each treatment group: M. viscosa positive, sea lice negative (L-);
M. viscosa positive, medium sea lice exposure (ML); M. viscosa positive, high sea lice exposure
(HL). Treatments analyzed at 20 dpLs. Letters denote significant differences in expression (1way ANOVA, p < 0.05).

2.4 Discussion
Understanding interactions between co-infecting pathogens at the physiological and
immunological level is important for aiding in the prevention and management of disease in
commercial salmonid aquaculture. Here we investigated the host response of Atlantic salmon
during co-infection with the salmon louse, Lepeophtheirus salmonis and the causative agent of
ulcer disease, Moritella viscosa.
Atlantic salmon smolts challenged with M. viscosa produced characteristic clinical signs
of ulcer disease, including scale loss and skin lesions (Løvoll et al. 2009; Karlsen et al. 2012).
However, mortalities were spread over a much longer period of time. This might have been due
to the low dose of bath-challenged M. viscosa (1.14x106 cfus/ml). This dose is lower in
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comparison to a study by Bjornsdottir et al (2011), where the virulence of M. viscosa was
determined by IP injecting nine selected isolates with concentrations ranging between 2x104 to
2x106 cfus/ml per fish. The isolate at 2x106 cfus/ml had the lowest virulence. Additionally, the
slow onset of mortalities in the present study may have resulted from water temperatures above
10°C. Previous work has shown M. viscosa-associated clinical disease occurs at temperatures
below 7-8°C and fish begin to recover from the infection when temperatures are higher than 8°C
(Lunder et al. 1995). M. viscosa has shown highest adhesion at 4°C compared to 10°C and 15°C
(Tunsjø et al. 2009). Moritella viscosa was recovered from epithelial ulcer swabs, corresponding
to the direct skin colonization required for ulcer formation (Karlsen et al. 2012). However, using
bacteriology, we detected M. viscosa in the head kidney of dead salmon, indicating that
internally, the bacterium disseminated systemically. With respect to L. salmonis, development
rates were consistent with previous studies, reaching the pre-adult stage by 20 dpLs at 9.0°C
(Johnson and Albright 1992). Characteristic pathology due to L. salmonis infection was
observed, including scale loss, tissue erosion and mild inflammation at louse attachment sites.
Significant mortality was seen in the high co-infection group compared to the medium
co-infection and single infection groups. While there is no evidence to suggest that direct feeding
by L. salmonis is involved in the dissemination of the bacterium, this requires further
investigation as L. salmonis has been implicated as a vector for other bacterial pathogens (Barker
et al. 2009; Novak et al. 2016) and enhance the susceptibility to, or risks for, acquiring a viral
infection (Jakob et al. 2011; Valdes-Donoso et al. 2013; Barker et al. 2019).
Attachment of L. salmonis to fish resulted in observations of sloughed scales and
compromised epithelia. This may have provided a portal for M. viscosa to colonize. Lesions
were observed in the mouth, nares, anterior and lateral regions of the head, the dorsal fin and
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caudal peduncle, with the high lice exposure group having the greatest lesion severity. Multimicrobial communities on fish skin or in ulcers are likely to interact with each other (Karlsen et
al. 2012). With respect to winter ulcer disease, Aliivibrio wodanis is often co-isolated with M.
viscosa in the field. Interestingly, A. wodanis colonization of fish surfaces impedes the growth of
M. viscosa (Hjerde et al. 2015). This may reduce the virulence of M. viscosa and result in a more
chronic presentation of the disease in the field unlike the more rapid and acute mortality
observed in laboratory trials when M. viscosa is used alone (Karlsen et al. 2014). This is likely
the reason for the mortalities observed in this study particularly in the co-infection with L.
salmonis, in which there was a higher frequency of grade 3 lesions > 2.0mm.
L. salmonis is thought to immunomodulate, and in severe cases potentially
immunosuppress, the host (Fast 2014). It is possible that in the high co-infection group, there
may have been an additive or synergistic effect with L. salmonis modulating the host response
and increasing the severity of the M. viscosa infection and mortality rate. This is also observed in
other co-infections. For example, immunosuppression by R. salmoninarum in chinook salmon
(Oncorhynchus tshawytscha) is thought to facilitate infections with pathogenic motile
Aeromonas spp. (Loch et al. 2012). Atlantic salmon previously infected with L. salmonis have
also shown increased susceptibility to Loma salmonae (Mustafa et al. 2000). Furthermore,
infection by Ichthyophthirius multifilis enhances mortalities in channel catfish infected
concurrently with A. hydrophila (Xu et al. 2013).
Osmoregulatory stress and variations in plasma chloride, sodium and potassium is well
documented in L. salmonis infections (Dawson et al. 1999; Wagner et al. 2003; Wells et al.
2006). In the present study, potassium levels were reported to be as high as 16.03 mmol 1-1,
which is substantially higher than previous reports (Bowers et al. 2000; Dawson et al. 1999). An
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induction in iron regulation by hepcidin expression was seen at 20 dpLs followed by an upregulation of expression by 46 dpLs, similar to earlier observations in the skin of L. salmonisinfected pink, coho and Atlantic salmon (Braden et al. 2015; Sutherland et al. 2014). The influx
of potassium at 46 dpLs may be a result of nutritional imbalance from changes in iron
homeostasis as the abundance of iron in the marine environment is limited and M. viscosa
competes for iron with the host by producing siderophores (Bjornsdottir et al. 2011). This may
be reflected in the overexpression of hepcidin, which is involved in iron homeostasis and
regulation.
We assessed the immune response of infected skin tissue focusing on genes involved in
inflammation and wound healing that are acutely and/or chronically stimulated in other skin
infection models. Previous research by Tadiso et al. (2011) reported increases in acute phase
proteins, immunoglobulins and matrix metalloproteases (MMPs) during the early transition from
copepodid to chalimus life stages of L. salmonis. Similarly, we observed significantly elevated
expression of immunoglobulins (igm) that was specific to L. salmonis-infected fish at 12 dpLs,
indicating the upregulation of igm was likely due to a typical response to the chalimus life stage
(Tadiso et al. 2011).
Infection with L. salmonis has been associated with dysregulation of inflammatory
responses and delayed wound healing in the skin of Atlantic salmon. A decrease in expression of
inflammatory cytokine il-12 was observed in co-infected salmon which follows previous work
showing a downregulation of innate inflammatory genes in the host during infection with the
first chalimus stage (Fast 2014; Fast et al. 2006; Skugor et al. 2008). Strong up-regulation of
mmp-9 and il-8 in co-infected fish were also observed in the high co-infection group by 46 dpLs.
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A critical component of tissue remodeling and wound repair, MMP-9 has been shown to
be induced during initial infection with L. salmonis, followed by a second induction once lice
reach mobile stages as wound healing responses transition from acute to chronic in heavy
infections (Fast 2014; Skugor et al. 2008). In salmon exposed to medium lice infection and M.
viscosa, mmp-9 showed upregulation between 12-20 dpLs followed by a downregulation at 46
dpLs. However, in the high co-infection group, there was significant upregulation throughout the
study. It is postulated that the host delays tissue regeneration until the pathogen has been cleared
and dead tissue removed (Ingerslev et al. 2010). The continued upregulation in the high coinfection group may be due to the high lice burden alongside the continued presence of M.
viscosa.
Collagen production in L. salmonis infected skin was upregulated at 20 dpLs, likely due
to the moulting of chalimus to pre-adult followed by a downregulation of col1α by 46 dpLs.
These findings are in agreement with Matsumoto and Sugimoto (2007) as type I collagen
activates the migration of keratocytes to the extracellular matrix for wound remodeling. It is
possible that low water temperatures used to stimulate M. viscosa colonization during the
infection trial slowed epithelial repair by keratocytes, allowing M. viscosa to effectively colonize
and promote lesion formation (Åsbakk 2001). This is achieved by the bacterium forming a
biofilm composed of exopolysaccharides to mimic teleost cell function and avoid or inhibit the
innate immune system of the host (Karlsen et al. 2012). Delays in the healing cascade caused by
the immunomodulatory capabilities of these pathogens may have contributed to the late wound
healing responses observed by 20 dpLs in the high co-infection fish. Severe lesion development
and inhibited inflammatory signaling was seen within the M. viscosa culture positive members of
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the population, while an overexpression of inflammatory signals was seen in fish with no lesions
and that were negative for bacterial growth and PCR.
Up-regulation of acute phase protein transcription, serum amyloid A and interleukin-8,
later in the infection indicates a delayed inflammatory chemotactic signal produced to attract
neutrophils and other leukocytes to the site of louse attachment, previously described in lice only
infections of Atlantic salmon (Johnson and Albright, 1992; Fast 2014). Serum Amyloid A is
produced by macrophages and is involved in chemotactic activity for T-cells and monocytes in
response to pathogen-associated gene activation, stimulating production of cytokines and MMPs
(Mullan et al. 2006; Rebl et al. 2011). Interestingly, increased expression of cd83 and cd4 was
also observed at 46 dpLs, regardless of treatment group. This would suggest that there was
migration and/or, activation of dendritic cells and T-helper cells in the skin in response to either
M. viscosa or L. salmonis. As expression of igm, igt and mhii was locally suppressed in the skin
of co-infected fish exposed to high levels of lice at 46 dpLs, cellular recruitment to the infection
site in this group likely did not involve B-cells or other leucocytes that present antigen to CD4+
T-cells, but this would need further confirmation through use of cell specific markers.
All mortalities showed a high frequency of lesion scores over time, which may indicate
animals with the inability to overcome stress and modulation of pathogens, due to
limited/delayed inflammatory responses may have succumbed to infection. This would also
explain higher inflammatory gene expression at 46 dpLs in the high infection group, if low
responders from 20 dpLs had been removed from the population.
In conclusion, we observed fish that were positive for lesions and bacterial growth
showed inhibited inflammatory signals in the skin at 20 dpLs in the high co-infection group,
potentially due to greater immunomodulation from L. salmonis (Fast et al., 2004; 2007). By 46
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dpLs, lesions showed signs of resolution and mortalities had slowed, suggesting the fish were
able to resolve the M. viscosa infection by this time. In fish negative for lesions and bacterial
growth, strong inflammatory and APR signals were observed comparatively earlier in the study
(12 - 20 dpLs) and may have been a marker of successful resolution of infection and eventual
survival of co-infection.
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Abstract
Due to the nature of open-pen farming, salmon are exposed to numerous pathogens shared by
their wild counterparts. Industry must manage these outbreaks through vaccination, oral or bath
treatments, and more recently through functional feed administration. Globally, the most
important pathogens of farmed salmon are sea lice (Lepeophtheirus salmonis, and Caligus
rogercresseyi) not only due to their direct impacts on the host, but indirectly enhancing host
susceptibility to co-infection. This study aims to characterize biomarkers and molecular
responses during a co-infection of L. salmonis and a highly contagious salmon orthomyxovirus
(infectious salmon anemia virus; ISAv) under administration of four functional feed diets: a
control feed with a low EPA/DHA mix of 0.3% (Ctrl), an EPA/DHA enriched diet (1.0%) with
pro-inflammatory supplementation (Ω6>Ω3; FA+I), an EPA/DHA enriched diet (1.0%) with
anti-inflammatory supplementation (Ω3>Ω6; FA-I), and a low EPA/DHA feed (0.3%) with an
immunostimulant added (Ctrl + IS). Atlantic salmon (40 fish per tank; 8 tanks per feed) were
acclimated to one of the four functional diets selected at random. Sea lice copepodids were
introduced to all experimental tanks and 10 fish sampled from each tank over time (-3, 11, 33, 47
days post infection). A high virulence ISAv isolate (ISAV-HPR4) was IP injected into donor
fish. Donor fish were cohabited (ca. 10-15% of tank density) 10 days after injection with
experimental tanks (4 tanks per feed group) to achieve peak shedding rates at time of stocking.
Diets had a significant impact on sea lice abundance during single infection in fatty acid enriched
feeds, FA+I and FA-I. However, FA+I and FA-I had lower overall survivorship compared to the
other functional diets. Quantitative gene expression was used to elucidate the host responses to
single infections and co-infections in head kidney tissue using reverse transcriptase-qPCR. Gene
expression profiles showed significant upregulation in the irf7b and mxb antiviral genes
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associated with the interferon system in fish fed the control, FA+I and FA-I diets. High lice and
high viral loads in fish fed FA+I and Ctrl + IS may have an effect on the increase in irf7b,
isg15a, mmp-9, and mxb transcript levels. As feeds successful at reducing lice were the least
successful in the survival of co-infected fish, there appears to be a trade-off for better antiparasitic and anti-viral responses.
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3.1 Introduction
As the demand for fish and other aquatic organism production increases, wild fisheries
production has plateaued since the 1990s from past over-exploitation. However, the Canadian
finfish aquaculture sector continues to grow with production value upwards of $1.29 billion
(151,342 tonnes) in 2017 (DFO 2017). To control disease outbreaks in the field, farmers utilize
prevention and management strategies involving pre-emptive vaccination against bacteria and
viruses and drug therapy for parasite control (Jackson et al. 2018). The development and
production of these interventions are time consuming, labour intensive and costly. Furthermore,
unforeseen environmental factors can impact efficacy. As resistance development continues to
reduce efficiency of antibiotics and anti-parasiticides, efforts into researching genetic markers
and the development of functional diets are being implemented to enhance innate immunity
(Aaen et al. 2015). Recent work in Atlantic salmon has shown diets enriched with a high dose of
a glucosinolate provide an up-regulation of innate antiviral responses in the skin, and reduce
infection of ectoparasitic sea lice (Holm et al. 2016).
Marine ectoparasitic copepods, Leopeophtheirus salmonis and Caligus rogercresseyi
(Family: Caligidae), are the most economically important pathogens affecting Atlantic salmon
culture worldwide. Commonly referred to as sea lice, these parasites thrive in farm settings with
high host density and limited treatment options. Sea lice have been shown to immunomodulate
the host through the secretion of compounds that able to interfere with inflammatory and
immunological signalling (Fast et al. 2004; Fast et al. 2007). In terrestrial and aquatic species,
successful and/or resistant hosts respond to infection through rapid inflammation initiated by
interleukin -1β (IL-1β) and other pro-inflammatory cytokine production and release, attracting
MH class II expressing antigen-presenting cells to the infection site. In turn, wound healing and
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tissue remodelling mechanisms follow in response to epithelial grazing by the parasite (Braden et
al. 2015; Fast 2014; Grimholt 2016). In Atlantic salmon infected with L. salmonis and infectious
salmon anemia virus (ISAv), a reduction in antiviral responses has been reported, leading to
significantly increased mortalities showing clinical signs of viral infection regardless of L.
salmonis infection level (Barker et al. 2012).
RNA viruses, such as ISAv, have caused severe consequences and massive losses to the
aquaculture industry. The first outbreak of ISAv occurred in Norway in 1984 (Thorud and
Djupvik 1988). The virus has since been a continued threat to Atlantic salmon aquaculture in
Canada (Bouchard et al. 1999; Lovely et al. 1999; Mullins et al. 1998), the United States
(Bouchard et al. 2001), Scotland (Rodger et al. 1998; Rowley et al. 1999) the Faeroe Islands
(Lyngrøy 2003), Chile (Kibenge et al. 2007; Godoy et al. 2008), and Iceland (OIE 2017). The
most notable of these outbreaks was in Chile where the industry suffered a loss of 210,000 tons
of Atlantic salmon between 2007 and 2010. ISAv has also impacted Atlantic Canada on a
massive scale between 1996 and 2007 in the Bay of Fundy, and in 2012 Newfoundland
experienced losses of up to 750,000 Atlantic salmon mortalities (Godoy et al. 2008; Asche et al.
2009; Harvell 2019).
ISAv is a negative-sense, single stranded RNA virus with a genome consisting of eight
segments and 10 proteins (Aspehaug et al. 2005; Falk et al. 2004). Two glycoproteins are found
at the surface, with segment 6 encoding the hemagglutinin-esterase (HE), and segment 5
encoding the fusion protein. ISAv is a member of the Orthomyxoviridae family in the Isavirus
genus (Krossøy et al. 1999; Mjaaland et al. 1997). Cumulative mortality can vary between 5% to
90% depending on the strain and degree of virulence (Ritchie et al. 2009). Virulence is
determined by deletions in the highly polymorphic region (HPR) of the HE protein, compared to
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a completely intact HE protein in the non-pathogenic ISAV-HPR0 strain, with these isolates
indicated by ISAV-HPRΔ (Cunningham et al. 2002; Gagné and LeBlanc 2018). Antiviral
responses in the host are induced by the type I interferon (IFN) system, which releases proteins
(ISGs) that bind to cell surface receptors, initiating cell-to-cell signalling and further promoting
natural killer cell proliferation to eliminate viral pathogens (Cunha et al. 1996; Recht et al. 1991).
Although antiviral responses are initiated in the host, virulence factors, viral replication
and load quickly spread as the fish succumb to systemic infections in high-virulence isolates
(LeBlanc et al. 2010). Mx proteins have shown antiviral activity in mice (Mx1) and humans
(MxA) when infected with Orthomyxoviruses, making these proteins a good candidate for
studying antiviral effects against ISAv (Haller et al. 1998). Up-regulation of Mx expression has
been reported in viral infections such as ISA, however no subsequent reduction in viral loads was
observed (Kibenge et al. 2005). A promising approach by Caballero-Solares et al. (2017)
analyzed functional diet impacts on Atlantic salmon injected with a synthetic viral mimic,
polyriboinosinic polyribocytidylic acid (pIC). The study found that functional diets with low
arachidonic acid (ARA) proportion to EPA had highest pIC-induction of antiviral transcripts
(tlr7, mxb) and high ARA/EPA diets showed an increased expression of pro-inflammatory
eicosanoids and increased chemotaxis (ccl19b). Their conclusions suggested a well-balanced diet
regimen may enhance the response of the salmon immune system to viral infections.
The present study investigated co-infections of L. salmonis and ISAv to assess whether
there was an additive effect on the host immune system when experimental groups were fed
different functional diets. Candidate biomarkers were selected to characterize host responses
using qPCR to determine if varying feed components can modulate host immune responses and
impact louse infection and co-infection survival.
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3.2 Methods
3.2.1 Fish maintenance and husbandry
Atlantic salmon smolts (70 g; n = 1200) were purchased from Cooke Aquaculture Inc. and
transferred from Oak Bay Hatchery, New Brunswick to the Aquatic Biological Containment
Level II Facility at the Atlantic Veterinary College, Charlottetown, PE. Fish were maintained in
1500 L tanks on flow-through freshwater (FW) at 11oC for several weeks and PIT (passive
integrated transponder)-tagged during this period. At approximately 90 g, fish were randomly
distributed to 32 tanks across four modules (n=40 fish/tank; 270 L water volume), each on a
biofiltration fed recirculation unit (10.5 ± 1oC, 15-17 PSU). The fish were acclimated to
increasing salt, through the addition of Instant Ocean® to a reservoir, over a period of two weeks
until salinity reached 33 ± 3 PSU. Fish were kept under a 14 h:10 h light-dark photoperiod and
hand fed commercial pellets twice daily while on the FW system, and transitioned to the EWOS
standard marine diet until the functional diets were introduced.

3.2.2 Experimental diets and feeding trial
The feeding trial consisted of four functional diets formulated by Cargill Innovation Center
(Dirdal, Norway). The content of the four diets were blinded to investigators until the completion
of the trial (Table 3.1). The first diet was a basic commercial feed (Ctrl; EWOS Dynamic S).
This diet contained 0.3% eicosapentaenoic acid (EPA)/docosahexaenoic acid (DHA). The second
diet was EPA/DHA enriched (1%) with pro-inflammatory supplementation (Ω6>Ω3; FA+I)
having omega-6 fatty acid levels twice as high as omega-3 fatty acids; the third diet was
EPA/DHA (1%) enriched with anti-inflammatory supplementation (Ω3>Ω6; FA-I) with omega-3
fatty acid levels twice as high as omega-6 fatty acids; and the fourth diet was the control feed

75

above with an undisclosed immunostimulant (Boost ®) added. All feeds met the nutritional
requirements for Atlantic salmon smolts (Jobling and National Research Council (NRC) 2012).
Fish were given the experimental diets for 28 d prior to first pathogen exposure. Each functional
diet was randomly assigned to two tanks in each module, totaling 8 tanks per diet across the four
modules (Figure 3.1). Each module consisted of nine tanks; 8 tanks fed experimental diets (n =
40 fish per tank) and a ninth tank in each module (n = 24 fish per tank) remained on the basic
EWOS marine diet. Throughout the trial, Atlantic salmon were hand-fed a 1% body weight
ration twice daily. Feeding behaviour was monitored and recorded using a scoring system of 1-4,
indicating the percent of fish demonstrating normal behaviour. Feed consumption was assessed
using a feed scoring system of 1-4 and uneaten pellets were counted in the effluent and recorded
following each of the two feedings per day to determine daily feed consumption.
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Table 3.2. Experimental and control functional diet composition.
EPA+DHA
Ω3: Ω6
Immunostimulant
Fish oil (% diet) *
Soy oil (% diet)
Linseed oil (% diet)
Poultry fat (% diet)
Rapeseed oil (% diet)
Added oil (% diet)
EPA+DHA (% diet)
Saturated (% total FA)
18:2n-6 (% total FA)
18:3n-3 (% total FA)
n-6 (% total FA)
n-3 (% total FA)

1% EPA+DHA
High Ω6
4,320
10,100
0,580
15,000
1,00
17,0
38,1
5,9
38,4
13,4

Experimental Diets
1% EPA+DHA
High Ω3
4,250
6,450
4,300
15,000
1,00
17,0
12,3
24,6
13,0
32,3

0.3% EPA+DHA
High Ω6
B+S
0,090
12,500
2,410
15,000
0,34
17,0
48,1
7,2
48,3
7,4

Standard Diet
EWOS
Dynamic S
-

*Fish oil not same inclusion as EPA+DHA level to correct for analysed 0.37% of total FA in poultry fat (OilsFABudge)
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Figure 3.7. Experimental tank layout indicating single and coinfected rooms and function diets fed per tank in duplicate. Fish
in auxiliary tanks (tank 9) housing donor fish in each room were injected with either a high virulent ISAv isolate (ISAVHPR4) or L-15 supplemented with 10% FBS.
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3.2.3 Copepodid challenge
Ovigerous L. salmonis females were collected from harvested Atlantic salmon in New
Brunswick, Canada. Lice were transported on ice in aerated coolers to the Huntsman Marine
Science Center where egg strings were removed from gravid females and placed in a flowthrough hatching system with light aeration until eggs hatched and developed to the copepodid
stage (ca. 9 days at 10oC). Atlantic salmon in all experimental tanks (n= 32 tanks) were
challenged with ~2000 copepodids (50 lice per fish) initiating the infection trial (0 dpi).
Air stones were added to each tank and dissolved oxygen was maintained between 6.0-9.0 mg/L
during the 2-h static bath. Following the bath period, additional air stones were removed, and
tank in-flows were re-established. Netting was put in place to prevent lice from entering the
flow-through system.

3.2.4 ISAv viral cultures and infection
Viral preparations of infectious salmon anemia virus (ISAv), were obtained from the Department
of Fisheries and Oceans, in Moncton, New Brunswick (Dr. N. Gagné), initially provided by the
Research and Productivity Council (RPC) in Fredericton, New Brunswick. The prepared highvirulence ISAv isolate ISAV-HPR4 (RPC/NB 04-085-1) was suspended in L-15 culture media
harvested from Atlantic salmon head kidney tissue by Ritchie et al. (2009). The ISAv isolate
(TCID50 of 1x105/ml) virulence was confirmed on an Atlantic salmon kidney (ASK) cell-line
monolayer in vitro using the Spearmean-Kärber method at the Atlantic Veterinary College
(Hierholzer and Killington, 1996).
Viral preparations were thawed on ice, and aliquoted into 1 ml syringes. Atlantic salmon
housed in the auxiliary (donor) tank in each module (n = 48 fish) were transported to a
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quarantined module for viral inoculation at 9 dpi. Each fish was lightly anesthetized using
tricaine methanesulphonate (MS-222) and were IP-injected with 0.8 ml of the ISAv isolate
(Figure 3.1). Fish were allowed to recover from anesthesia in an auxiliary tank aerated with
oxygen stones. Fish were scanned using a PIT tag reader for identification and placed into their
respective tanks. Viral donor fish remained in the quarantined module until 15 dpi. Three donor
fish were added to experimental diet tanks in two of the four modules (n = 16 tanks) where the
cohabitation element of the trial began. Sham donor fish (injected with L-15 media), were
maintained in their home module until cohabitation began, at which point, similar to the ISAv
exposed modules, 3 fish per tank were added, to ensure the same design and density across all
experimental groups. Fish were monitored and checked for mortalities four times daily. In the
case of a mortality, fish were necropsied, externally/internally examined for clinical signs of
disease and posterior kidney samples were taken and stored in RNAlater™ RNA Stabilization
Solution for 24 h at 4oC (Thermo Fisher Scientific) prior to long term storage at -80 oC. Fish care
and husbandry practices were in accordance with the guidelines of the Canadian Council of
Animal Care protocol approved by the University of Prince Edward Island and Atlantic
Veterinary College Animal Care Committee.

3.2.5 Sampling
Atlantic salmon (298.4g ± 16.7g) were sampled at -3, 11, 33, and 47 dpi (n= 832). Fish were
fasted 24 h prior to sampling. Two fish per tank were sampled at time 1 (-3 dpi; n = 64 fish) prior
to pathogen introduction. Time 2 sampling occurred when lice were anticipated to have moulted
to the chalimus stage (11 dpi; n = 320 fish, 10 per tank) and time 3 sampling occurred once all
donor fish died, and cohabitants first experienced mortality (33 dpi; n=320 fish, 10 per tank).
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Time 4 sampling occurred when mortalities began to plateau in experimental tanks (47 dpi; n =
128 fish, including all remaining survivors). Modules containing experimental tanks with single
L. salmonis infection were sampled within 24-48 h of the co-infected modules. Fish were
opportunistically selected and euthanized by MS-222 overdose (250 mg/L). Whole blood serum,
head kidney, spleen, skin at louse attachment site, skin away from attachment site, posterior
kidney, and individual lice were collected for gene expression. Head kidney, skin at louse
attachment site, spleen and liver samples were also collected for histology. Whole blood plasma
was stored on ice and centrifuged for serum removal. Tissues for gene expression were
immediately put on dry ice once sampled. Serum and tissues were stored at -80°C until further
processing and histological samples were stored in formalin at room temperature for 24-48 h
before processing and embedding. Lice were counted and staged on each fish before discarding
for incineration.

3.2.6 ISAv detection
Total RNA from RNA preserved posterior kidney samples collected from donor fish mortalities
was performed using Trizol™ Reagent. Approximately 100 mg of sample was removed from
RNAlater™, homogenized and adhered to the extraction protocol outlined at (Chomczynski and
Sacchi 1987). Samples were DNase treated using the DNA-free™ kit (Ambion, Austin, TX, US).
Reverse transcription was performed using iScript™ Reverse Transcription Supermix (Bio-Rad
Laboratories, Inc., US) from 2 μg of DNase treaded RNA. Detection of ISAv was determined
using Taqman® Gene Expression Master Mix (Thermo Fisher Scientific) in 20 μl reactions: 10
μl of Taqman®️ Gene Expression Master Mix, 7 μl nuclease-free water, 1 μl of FAM-labelled
primer probe and 2 μl of cDNA. The primer probe targeted segment 8 of the virus (ISAV-8;
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AIS08LC; PN4331348). Negative reverse transcriptase (noRT) samples, along with a no
template control (NTC) and an internal positive control (IPC) were included on each plate in
triplicate. The PCR profile consisted of an initial incubation step at 50 °C for 2 min, an enzyme
activation step of 95 °C for 10 min followed by 40 cycles of denaturation at 95°C for 15 s and
extension at 60 °C for 1 min, with fluorescence detection following each 60 °C step. The qPCR
assay was performed using a CFX Connect™ Real-Time qPCR System (Bio-Rad Laboratories
Inc., US).
Following the detection of ISAv in the posterior kidneys of donor fish mortalities, total
RNA was extracted from posterior kidney samples of all time 3 (33 dpi) and time 4 (47 dpi
cohabitated fish (n = 266). Methods were consistent with those described above for ISAv
detection. To account for inter-plate variation, an ISAv-infected sample was used to link and
calibrate Ct values across plates. Samples with a Ct value of 37.0 or higher were considered
negative for ISAv, while any samples less than 37.0 Ct were considered infected with ISAv.

3.2.7 RNA isolation and cDNA synthesis: Gene expression analysis
For gene expression analysis, fish were divided into four infection groups: low lice (LL) fish
(<10 lice per fish); high lice (HL) fish (10-20 lice per fish); low virus (LV) fish (33-35.5 Ct);
high virus (HV) fish (<27 Ct). Low lice and high lice groups were determined from lice counts of
single infected fish, while low virus and high virus groups were determined by the Ct value of
posterior kidney samples in the co-infected fish. Total RNA was isolated from 100 mg of head
kidney tissue (n = 236) using Tri-reagent and the phenol-chloroform method (Chomczynski and
Sacchi 1987). The quantity and quality of RNA was determined using a NanoDrop 2000
Spectrophotometer (Thermo Fisher Scientific). The integrity of RNA samples was assessed using
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a 3% agarose gel (IBI Scientific, Peosta, IA, US). Samples were DNase treated using the DNAfree™ kit (Ambion, Austin, TX, US). cDNA was synthesized from 2000 ng of DNase treated
total RNA using iScript™ Reverse Transcription Supermix (Bio-Rad Laboratories, Inc., US).
NoRT samples were generated by pooling up to 15 individual DNase treated RNA samples. In
the case of genomic DNA contamination in a noRT pool, all RNA samples included were
retreated with DNase and tested again to ensure no impact on downstream quantification. Total
RNA and cDNA were stored at -80°C and -20°C, respectively. While running the reverse
transcription - quantitative PCR assay, cDNA samples were stored at 4 °C.

3.2.8 RT-qPCR: Gene expression
Reverse transcription quantitative PCR (RT-qPCR) was performed with the SsoAdvanced™
Universal SYBR® Green Supermix (Bio-Rad Laboratories Inc., US) in triplicate using clear 96well Multiplate® PCR Plates™ (Bio-Rad Laboratories Inc., UK) on CFX Connect™ Real-Time
qPCR System (Bio-Rad Laboratories Inc., US) for standard curves and CFX384 (Bio-Rad
Laboratories Inc., US) when running samples. Primers were diluted to a concentration of 10 mM
and 1 μl of template was used, resulting in a total reaction volume of 11 μl. Ten-fold and fivefold serial dilution standard curves were used to determine the efficiency of the primer pairs for
reference genes and genes of interest, respectively. NoRT and no template controls (NTC) were
run in triplicate in conjunction with the standard curves to ensure no genomic contamination of
the sample groups. An internal positive control (IPC) was used as a calibrator to link the plates of
each gene. Reference genes were quantified to ensure stability of samples. Reference genes
chosen were ribosomal protein S20 (rps20), 18S ribosomal RNA (18s) and eukaryotic translation
elongation factor 1-alpha (ef1αb), all of which were previously validated. Only RPS20 and 18S
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met the stability requirements, using geNORM software, to be included in the analyses
(M=0.997; CV= 0.349).
Genes of interest selected were CC chemokine-like ligand 19b (ccl19b), interferon
regulatory factor 7b (irf7b), interleukin-1β (il-1β), interferon stimulated gene 15a (isg15a), major
histocompatibility class II (mhii), matrix metalloproteinase-9 (mmp-9), interferon-induced GTPbinding protein or myxovirus resistance b (mxb), and toll-like receptor 7 (tlr7) (Table 3.2). Two
PCR amplification profiles were used in analysis. The first PCR profile consisted of an initial
denaturation step at 95°C for 30 s, followed by 40 cycles of annealing at 95°C for 15 s and
extension at 60°C for 15 s, with fluorescence detections following each 60°C step. Following
this protocol, melt curve analyses were performed at 0.5°C intervals from 65°C to 95°C for 5 s.
This profile was used to analyze mchii, mmp-9, rps20, and 18s. The second PCR profile used
was adapted by Caballero-Solares et al. (2017) and used to analyze the remaining genes. The
PCR profile consisted of 1 cycle of 50°C for 2 min, 1 cycle of 95°C for 10 min and 40 cycles of
95°C for 15 s and 60°C for 1 min with fluorescence detections following each 60°C step. Melt
curve analysis as previously mentioned concluded the protocol.
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Table 3.3. Primers used for RT-qPCR, indicating forward and reverse sequences, efficiency values, accession number, amplicon size
and original reference.
GENE TARGET

NAME

REFERENCE

FORWARD (5-3')

REVERSE (5-3')

EFFICIENCY
(%)

AMPLICON

CC chemokine-like 19b

CCL19b

Caballero-Solares et al.,
2017
Caballero-Solares et al.,
2017
Fast et al., 2004

CTGCTTGACAACGACCGATA

GTTGTTCTTGGTGGCAGGAG

87.7

151

GTCAGTGGTAAAATCAACACGC

CACCATCATGAAACGCTTGGT

87.3

99

CGTCACATTGCCAACCTCAT

ACTGTGATGTACTGCTGAAC

88.5

200

AAAGTGGCCACAACAAAGCAG

ATAGGAGCGGGCTCCGTAATC

85.6

140

AAGGCTTGAAGACACGTTGC

CAGTCCAGCAGTAACGTCCA

96.7

106
72

Interferon regulatory factor 7b

IRF7b

Interleukin 1β

IL-1β

Interferon stimulated gene 15a

ISG15a

Major histocompatibility class II βchain
Matrix metalloproteinase 9

MHC II

Caballero-Solares et al.,
2017
Braden et al., 2012

MMP9

Skugor et al., 2008

ACTCTACGGTAGCAGCAATGAAGGC

CGTCAAAGGTCTGGTAGGAGCGTAT

106.8

Interferon-induced GTP-binding
protein or myxovirus resistance b
Toll-like receptor 7

Mxb

Barket et al., 2019

TGCAGCTGGGAAGCAAACT

CAACGTTTGGCTGATCAGATTC

97.4

TLR7

Caballero-Solares et al.,
2017

CACCAACACAGAGCTGGAGA

GCCTTGGAAAACTTGCTGAG

93.2

184

18S

Sutherland et al., 2017

CCCCGTAATTGGAATGAGTAC

ACGCTATTGGAGCTGGAATTA

93.8

98

RPS20

Olsvik et al., 2005

GCAGACCTTATCCGTGGAGCTA

TGGTGATGCGCAGAGTCTTG

100.3

462

Reference Genes
18S ribosomal RNA
Ribosomal protein s20
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3.2.9 Statistical analysis
Statistical analysis of gene expression data was performed using qbase+ (Biogazelle) software
with geNorm implementation to fully normalize and evaluate quality control of the data set.
Statistical significance of gene expression data was determined based on relative expression of
genes of interest to reference genes (rps20, ef1ab, 18a). Reference genes selected for analysis
were RPS20 and 18S based on stability. An ANOVA (two-way, p < 0.05) followed by a post-hoc
Tukey’s honest significant difference (HSD) test was used to determine significance across time
(-3, 33, 47 dpi), infection level and diet. An ANOVA (one-way, p < 0.05) was performed to
determine significance of control, single and coinfection status with L. salmonis and/or ISAv (-3
and 33dpi). Kaplan-Meier survival curves, logistic regression and gene expression analyses were
performed in RStudio 1.1.456 (RStudio, Inc., Boston, MA). The logistic regression predictive
analysis was used to describe the gene expression data and to explain the relationship within
variables (functional diets, infection level, and time). To determine the relative measure of effect,
an odds ratio (OR) was computed from the regression coefficient to allow comparisons within
each variable and to measure the association between amplification of a gene product and no
amplification. Chi-square test of independence and condition factor calculations were computed
in Microsoft Excel (2016). The condition factor (𝐾 =

105 𝑊
𝐿

) was also determined for fish

sampled throughout the study, where W is the weight of the fish and L is the fork length of the
fish.
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3.3 Results
3.3.1 Feed consumption and condition factor
Fish were fasted for 24 h prior to sampling, sea lice challenge, viral inoculation and other
procedures, causing a break in the continuity of the feeding regime. This caused difficulties in
comparing daily feed assessments across groups over the course of the study. To account for this,
average feed consumption was determined during different phases of the study, with the
inclusion of the condition factor of single and co-infected fish at each sample period (Table 3.3).
Average feed consumption was also determined per functional diet in single and co-infected fish
(Table 3.4).
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Table 3.3. Average feed consumption (%) of single and co-infected fish at different stages of the trial is shown, along with average
condition factor (K) at each sampling period (-3, 11, 33, 47 dpi).
Pre-infection
(%)
-31 to -1 dpi

Time 1 Sampling
(K)
-3 dpi

Post-lice
Time 2 Sampling
Post-ISAv
Time 3 Sampling
Post-ISAv
Time 4 Sampling
infection (%)
(K)
inoculation (%)
(K)
inoculation (%)
(K)
0 to 13 dpi
11 dpi
14 to 33 dpi
33 dpi
34 to 47 dpi
47 dpi

Single
Infection

98.92

1.14

98.58

1.11

93.68

1.14

95.22

1.20

Co-infection

98.50

1.20

98.27

1.08

71.47

1.19

73.41

1.22

Table 3.4. Average feed consumption (%) of single and co-infected fish fed functional diets (Crtl, FA+I, FA-I, Ctrl + IS) between 4047 dpi (p < 0.001).
Single infection
(%)

Co-infection (%)

Ctrl

97.20

70.93

FA+I

95.30

82.03

FA-I

95.48

70.60

Ctrl + IS

93.10

83.93
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Experimental diets did not result in altered feed consumption between groups. A chi-square test
of independence was performed to examine the feed consumption of each experimental diet in
single and co-infected fish during the final 7 days of the trial (Table 3.5). The relation between
these variables was not significant, χ2 = 0.9711, p > 0.05. However, feed consumption showed
significance different between single and co-infected fish treatments (p < 0.001). Table 3.5
depicts the condition factor at 47 dpi based on diet consumed and treatment. Condition factor for
salmonid fish is a qualitative measure to determine if a fish is in poor (< 1.00), fair (1.20), good
(1.40), or excellent (1.60) condition. Based on the results obtained from the study, fish sampled
at 47 dpi were in fair condition. However, the average condition factor of mortalities throughout
the trial was K = 0.9973, indicating poor to extremely poor condition. This can be reinforced by
the increase in mortality among the co-infection group following ISAv exposure (Figure 3.2).

Table 3.5. Average condition factor (K) of single and co-infected fish fed functional diets at 47
dpi (p = 0.23) and mortalities throughout the trial.
Single Infection

Co-infection

Mortalities

Ctrl

1.24

1.16

-

FA+I

1.20

1.25

-

FA-I

1.15

1.27

-

Ctrl + IS

1.20

1.21

-

-

-

-

0.9973
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Figure 3.2. Percent cumulative survival of cohabitated fish over time (dpi) for experimental diets
groups (Ctrl; Ω6 > Ω3, FA+I; Ω3 > Ω6, FA-I; Ctrl + IS).

3.3.2 Atlantic salmon survival
Mortalities of cohabitated fish were first observed at 30 dpi in co-infected, cohabitated
fish resulting in approximately 37-50% cumulative mortality (CM) throughout the study (Figure
3.2). Gross pathology of mortalities showed external hemorrhaging, exophthalmia, ascites,
darkened liver, enlarged spleen and hemorrhaging of the viscera. Mortality rates in single
infected fish were very low, resulting in 4 total mortalities throughout the course of the study
(<1%). Fish infected with sea lice only showed characteristic macroscopic pathology, associated
with lice infection, of scale loss, mild inflammation and slight hemorrhaging at some of the louse
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attachment sites. All ISAv donor fish mortalities (47/48 total fish) had concluded by 34 dpi. Fish
fed the standard commercial feed (Ctrl) resulted in 47.8% CM, fish fed FA+I experienced 46.7%
CM, fish fed FA-I had 37.3% CM, and fish fed Ctrl + IS resulted in 50% CM (Figure 3.2). A
Kaplan-Meier survival estimate was performed and did not show any significant differences
between fish fed experimental diets.

3.3.3 L. salmonis infection
Following initial L. salmonis exposure, Atlantic salmon exhibited typical jumping and flashing
behaviour associated with parasite attachment. Attachment site pathology showed
depigmentation of epithelial tissue, scale loss and mild inflammation. Lice infection was
confirmed in all experimental tanks throughout the study. During sampling, lice on the surface of
the fish were counted and staged. Lice counts and life stages were also recorded on dead and
moribund fish and categorized by functional diet (Table 3.6). A significant decrease of lice was
seen in FA+I and FA-I feeds at 11 dpi compared to 47 dpi in experimental tanks exposed to sea
lice only (Table 3.7). No significant differences were seen between lice counts and functional
diets in co-infected tanks, or in mortalities (Table 3.7; 3.8).

Table 3.6. Average lice counts of adult male and adult female lice on mortalities based on
functional diet administered.
Life Stage

Ctrl

FA+I

FA-I

Ctrl + IS

Adult female

5.3 ± 4.7

6.6 ± 0.7

7.3 ± 0.7

6.9 ± 0.7

Adult male

3.5 ± 0.7

4.8 ± 0.9

6.0 ± 0.8

4.5 ± 0.8

Total

8.7 ± 0.7

11.7 ± 0.9

12.3 ± 0.8

11.8 ± 1.0
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Table 3.7. Average lice counts on fish exposed to sea lice only (single infection) over time.

Ctrl

Time A
(-3 dpi)
0±0

Time B
(11 dpi)
24.5 ± 1.2

Time C
(33 dpi)
12.9 ± 0.8

Time D
(47 dpi)
9.2 ± 0.6

FA+I

0±0

22.6 ± 1.6*

12.0 ± 1.0

6.5 ± 0.4*

FA-I

0±0

27.5 ± 2.0

10.4 ± 0.8

6.6 ± 0.5

Ctrl + IS

0±0

24.1 ± 1.5

11.2 ± 0.7

8.8 ± 0.6

Table 3.8. Average lice counts on fish exposed to sea lice and ISAv (co-infection) over time.
Time A
(-3 dpi)

Time B
(11 dpi)

Time C
(33 dpi)

Time D
(47 dpi)

Ctrl

0±0

25.1 ± 1.6

11.7 ± 0.9

11.7 ± 0.9

FA+I

0±0

32.0 ± 1.8

13.6 ± 1.1

10.1 ± 1.0

FA-I

0±0

33.4 ± 1.7

16.1 ± 0.9

11.8 ± 1.2

Ctrl + IS

0±0

31.6 ± 1.7

14.1 ± 1.0

10.3 ± 1.5

3.3.4 ISAv detection
Posterior kidney samples were extracted from coinfected fish at 33 and 47 dpi to detect the
presence of ISAv. Raw Ct values were plotted to illustrate the relationship between qPCR
amplification, indicating ISAv detection and the functional diets administered. Data showed
consistent Ct values regardless of functional diet (32.07 Ct Ctrl; 32.19 Ct FA+I; 32.35 Ct FA-I;
32.31 Ct Ctrl + IS). At 33 dpi, median values of posterior kidney samples illustrate the presence
of ISAv (Figure 3.3). By 47 dpi, fish fed the control (Ctrl) diet and the diet with
immunostimulant added (Ctrl + IS) were primarily infected with ISAv, and Cts were
significantly lower than 33 dpi (Figure 3.3). Fish fed fatty acid enriched diets were more variable
in terms of ISAv detection, although median values were still within ISAv detection range. Ct
values of donor fish posterior kidneys had slightly higher Ct values compared to sampled fish
92

(34.60 Ct Ctrl; 33.58 Ct FA+I; 33.81 Ct FA-I; 33.14 Ct Ctrl + IS) likely due to natural RNA
degradation of the mortalities. A significant difference in detection between the posterior kidneys
of sampled fish compared to donor fish when fed the functional diets was seen (p < 0.001).

47

47

47

47

Figure 3.3. Raw Ct values of posterior kidneys sampled at 33 and 47 dpi labelled with FAM
primer-probe to detect the presence of ISAv in fish fed each functional diet.

3.3.5 Logistic regression analysis and odds ratio
Logistic regression models were used to determine the amplification outcome of genes where
qPCR results lead to little or no expression in fish. A common predictor of amplification
outcome showed significance in fish from the high virus group; irf7b (p = 0.000004; OR =
13.30), il-1β (p = 0.002; OR = 4.23) and isg15a (p = 0.002; OR = 3.76). With respect to time,
amplification was likely to occur at 47 dpi in ccl19b (p = 0.04; OR = 0.52), isg15a (p = 0.03; OR
= 2.02) and mhii (p = 0.04; OR = 0.41). The only significant predictor in terms of functional diet
was FA-I showing significance in il-1β (p = 0.02; OR = 2.90) and isg15a (p = 0.01; OR = 3.16).
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3.3.6 Impact of functional diet on gene expression
The gene expression profiles in head kidney collected at 33 and 47 dpi were analyzed using
reverse transcription- qPCR (Table 3.2). Within these time points, head kidney samples
generated from fish were categorized into one of four subsets: low lice (< 10 lice per fish; n=43),
high lice (10-20 lice per fish; n=37), low ISAv (33-35.5 Ct; n=41), high ISAv (<27 Ct; n=65).
All eight immune related genes showed transcriptional changes. No significant differences were
detected in any genes at -3 dpi before exposure to pathogens.
To determine the impacts of functional diets over the development of infection (single
and co-infection), samples were compared at 33 and 47 dpi. The basic marine diet (Ctrl) showed
significantly higher expression of irf7b in fish with high ISAv (HV) loads compared to low ISAv
(LV) and high lice (HL) infection at 33 dpi (Figure 3.4a). Higher expression in HV compared to
low lice (LL) was also observed in the Ctrl diet at 47 dpi. There were significant differences in
mxb gene expression in the Ctrl diet, where HV fish had significantly higher expression than all
other categories of fish fed the Ctrl diet at both 33 dpi and 47 dpi (Figure 3.5a). expression was
significantly higher in the Ctrl diet fish with high lice infection at 47 dpi compared to all other
groups (Figure 3.6a).
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Figure 3.4. Gene expression in head kidney samples (n = 190) for interferon regulatory factor 7b
(irf7b) in each of the functional diets: a) control (Ctrl); b) fatty acid enriched with proinflammatory (FA+I); c) fatty acid enriched with anti-inflammatory (FA-I); d) control feed with
added immunostimulant (Ctrl+IS), for each infection group: low lice (LL; <10 lice per fish), high
lice (HL; 10-20 lice per fish), low virus (LV; 33-35.5 Ct), high virus (HV; <27 Ct). Values are
median log-2 transformed data representing the calibrated normalized relative quantities (CNRQ)
of each infection level: low lice (LL), high lice (HL), low viral load (LV), high viral load (HV).
Treatments analyzed over time (33 and 47 dpi). Letters and bars denote significant differences in
expression (2-way ANOVA, p < 0.05).
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Figure 3.5. Gene expression in head kidney samples (n = 190) for myxovirus resistance b (mxb)
in each of the functional diets: a) control (Ctrl); b) fatty acid enriched with pro-inflammatory
(FA+I); c) fatty acid enriched with anti-inflammatory (FA-I); d) control feed with added
immunostimulant (Ctrl+IS), for each infection group: low lice (LL; <10 lice per fish), high lice
(HL; 10-20 lice per fish), low virus (LV; 33-35.5 Ct), high virus (HV; <27 Ct). Values are
median log-2 transformed data representing the calibrated normalized relative quantities (CNRQ)
of each infection level: low lice (LL), high lice (HL), low viral load (LV), high viral load (HV).
Treatments analyzed over time (33 and 47 dpi). Letters and bars denote significant differences in
expression (2-way ANOVA, p < 0.05).
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Figure 3.6. Gene expression in head kidney samples (n = 190) for major histocompatibility class
II (mhii) in each of the functional diets: a) control (Ctrl); b) fatty acid enriched with proinflammatory (FA+I); c) fatty acid enriched with anti-inflammatory (FA-I); d) control feed with
added immunostimulant (Ctrl+IS), for each infection group: low lice (LL; <10 lice per fish), high
lice (HL; 10-20 lice per fish), low virus (LV; 33-35.5 Ct), high virus (HV; <27 Ct). Values are
median log-2 transformed data representing the calibrated normalized relative quantities (CNRQ)
of each infection level: low lice (LL), high lice (HL), low viral load (LV), high viral load (HV).
Treatments analyzed over time (33 and 47 dpi). Letters and bars denote significant differences in
expression (2-way ANOVA, p < 0.05).

The base marine diet with the addition of an immunostimulant (Ctrl+IS), showed a very
different profile of immune gene expression than the control diet. Expression of ccl19b was
significantly higher in HL fish compared to the LV fish at 33 dpi, however, this pattern was lost
by 47 dpi (Figure 3.7a). While there were no expression differences in irf7b for this diet, high
viral levels impacted mxb expression compared to single infected fish (HL vs LL) in this feed
grouping at both 33 and 47 dpi (Figure 3.5d). Dissimilar to the Ctrl feed, at 33 dpi, HV fish had a
significantly higher level of expression of isg15a than the LV fish (Figure 3.8d).

97

In salmon fed 1.0% EPA/DHA (Ω6 > Ω3; FA+I), expression of irf7b was significantly
higher in HV fish compared to HL and LL fish at 33dpi, followed by higher expression of the
HV and HL fish compared to the LL fish at 47 dpi (Figure 3.4b). Similar to the Ctrl + IS, at 33
dpi mxb expression was highest in HV fish compared to all other categories and, concurrently,
LV fish were also upregulated compared to HL and LL fish (Figure 3.7b). By 47 dpi, HV fish
levels of mxb were significantly higher compared to all other groups. High expression levels of
isg15a were seen in the high virus fish compared to all other categories at 33 dpi, followed by no
significant expression at 47 dpi (Figure 3.8b). At 33 dpi, upregulation of mmp-9 was
significantly higher in LL and LV fish compared to HV (Figure 3.9b). However, this pattern
shifted by 47 dpi where transcript levels were significantly higher in HV fish compared to LL
and LV fish.
In salmon fed 1.0% EPA/DHA (Ω3>Ω6; FA-I), HV fish had significantly higher irf7b
compared to LL fish at 33 dpi (Figure 3.4c). However, this pattern was lost by 47 dpi. Similar to
the expression of the other diets, mxb expression was significantly higher in HV fish compared to
high lice fish at 33 dpi, and by 47 dpi, overexpression was seen in high viral fish compared to all
other groups (Figure 3.5c). In il-1β expression, the HL, LV and HV fish were upregulated
compared to the low lice fish at 33 dpi (Figure 3.10c).
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Figure 3.7. Gene expression in head kidney samples (n = 190) for CC chemokine-like 19b
(ccl19b) in each of the functional diets: a) control (Ctrl); b) fatty acid enriched with proinflammatory (FA+I); c) fatty acid enriched with anti-inflammatory (FA-I); d) control feed with
added immunostimulant (Ctrl+IS), for each infection group: low lice (LL; <10 lice per fish), high
lice (HL; 10-20 lice per fish), low virus (LV; 33-35.5 Ct), high virus (HV; <27 Ct). Values are
median log-2 transformed data representing the calibrated normalized relative quantities (CNRQ)
of each infection level: low lice (LL), high lice (HL), low viral load (LV), high viral load (HV).
Treatments analyzed over time (33 and 47 dpi). Letters and bars denote significant differences in
expression (2-way ANOVA, p < 0.05).
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Figure 3.8. Gene expression in head kidney samples (n = 190) for interferon stimulated gene 15a
(isg15a) in each of the functional diets: a) control (Ctrl); b) fatty acid enriched with proinflammatory (FA+I); c) fatty acid enriched with anti-inflammatory (FA-I); d) control feed with
added immunostimulant (Ctrl+IS), for each infection group: low lice (LL; <10 lice per fish), high
lice (HL; 10-20 lice per fish), low virus (LV; 33-35.5 Ct), high virus (HV; <27 Ct). Values are
median log-2 transformed data representing the calibrated normalized relative quantities (CNRQ)
of each infection level: low lice (LL), high lice (HL), low viral load (LV), high viral load (HV).
Treatments analyzed over time (33 and 47 dpi). Letters and bars denote significant differences in
expression (2-way ANOVA, p < 0.05).
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Figure 3.9. Gene expression in head kidney samples (n = 190) for matrix metalloproteinase 9
(mmp-9) in each of the functional diets: a) control (Ctrl); b) fatty acid enriched with proinflammatory (FA+I); c) fatty acid enriched with anti-inflammatory (FA-I); d) control feed with
added immunostimulant (Ctrl+IS), for each infection group: low lice (LL; <10 lice per fish), high
lice (HL; 10-20 lice per fish), low virus (LV; 33-35.5 Ct), high virus (HV; <27 Ct). Values are
median log-2 transformed data representing the calibrated normalized relative quantities (CNRQ)
of each infection level: low lice (LL), high lice (HL), low viral load (LV), high viral load (HV).
Treatments analyzed over time (33 and 47 dpi). Letters and bars denote significant differences in
expression (2-way ANOVA, p < 0.05).
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Figure 3.10. Gene expression in head kidney samples (n = 190) for interleukin 1β (il-1β) in each
of the functional diets: a) control (Ctrl); b) fatty acid enriched with pro-inflammatory (FA+I); c)
fatty acid enriched with anti-inflammatory (FA-I); d) control feed with added immunostimulant
(Ctrl+IS), for each infection group: low lice (LL; <10 lice per fish), high lice (HL; 10-20 lice per
fish), low virus (LV; 33-35.5 Ct), high virus (HV; <27 Ct). Values are median log-2 transformed
data representing the calibrated normalized relative quantities (CNRQ) of each infection level:
low lice (LL), high lice (HL), low viral load (LV), high viral load (HV). Treatments analyzed
over time (33 and 47 dpi). Letters and bars denote significant differences in expression (2-way
ANOVA, p < 0.05).

3.4 Discussion
Functional diets had no effect on the growth rates and the condition factor (K) of the co-infected
fish. However, within the last 7 days of the trial (40-47 dpi), feed consumption was significantly
impacted in the co-infected fish compared to fish challenged with sea lice only. Despite the lack
of impacts on growth and condition, functional feed manipulation did impact multiple infection
metrics. Lice prevalence and abundance remained constant over time in the co-infected groups
with lower counts at 47 dpi, likely due to loss during moulting and natural mortality.
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The effects of fatty acid levels on fish health has been a previous concern in aquaculture
(Bell et al. 1991; Thompson et al. 1996). In the present study, significant differences in lice
survival were seen in the single infected fish when fed FA+I and FA-I between 11 and 47 dpi. In
a study by Rosenlund et al (2001) Atlantic salmon fed diets containing different fatty acid
profiles showed differences in the fatty acid composition in the muscle tissue without
compromising growth rate, condition factor and mortality. Levels of DHA and oleic acid were
higher in the muscle than what were supplied in the experimental diets, while EPA levels showed
a reversed trend (Rosenlund et al. 2001). This may indicate differences in fatty acid metabolism
and utilization when exposed to diets with different compounds. Diets with a low ratio of (n3)/(n-6) polyunsaturated fatty acids (PUFAs) saw greater mortalities of unvaccinated fish when
exposed to Aeromonas salmonicida and Vibrio anguillarum than a higher ratio of omega fatty
acids (Thompson et al. 1996). Alternately, vaccinated fish fed high PUFA diet measured greater
B-cell activation in the head kidney and spleen in response to A. salmonicida infection. In viral
infections, fatty acid biosynthesis commonly contributes to the genomic replication and targets
lipid signalling, synthesis and metabolism. Antiviral therapeutics target these pathways to
decrease the susceptibility of host cells to viral infections through feed interventions by altering
fatty acid content, however much work remains to be done in viral-lipid interactions (Heaton and
Randall 2011).
In terms of parasitic response to the functional diets, there was no impact of diet on the
developmental rates of L. salmonis which were consistent with previous studies, reaching the
pre-adult stage by 20 dpi at 9.0°C (Johnson and Albright 1992). This may also suggest functional
differences in the feeds may have caused immunophysiological impacts but allowed the fish to
maintain fair growth and condition during infection.
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Fish survival was dependent on the level of ISAv infection, the time at which cohabitated
fish encountered the virus, and any immunological effects of the functional diets. Previous work
involving ISAv has shown that cohabitation exposure can infect a large portion of the population
at the same time (Jørgensen et al. 2007). The cumulative mortalities of fish in each feed group
were not significantly different (37.2% to 50% CM), however, higher mortality was seen in
FA+I and FA-1 tanks with significant differences in lice counts in single infected fish over time
in these feeds. The Ct values of donor fish posterior kidneys had slightly higher Ct values than
sampled fish which could amount to lower viral infection. The Ct values obtained from the
posterior kidney of co-infected fish were higher than the mean Ct values recorded from previous
studies investigating ISAv infection in salmon (Munir and Kibenge 2004). This may indicate
lower viral replication overall in the present study.
In the present study, transcript levels of mxb were induced in fish with high ISAv (HV) at
33 and 47 dpi, regardless of the functional diet administered, further confirming the use of Mx as
an indicator of ISAv infection, but not indicative of positive or negative clinical outcomes. The
activation of genes relating to type I interferons (IFN) induces antiviral properties in vertebrate
cells. IFNs are responsible for the first line of non-specific antiviral defense, however some
viruses have developed the capability of avoiding proteins released by the IFN system
(Goodbourn, Didcock, and Randall 2018; Jensen and Robertsen 2002). ISAv has been shown to
counteract the antiviral efforts of IFNs when stimulated with Atlantic salmon interferon-like
activity (AS-IFN) or poly I:C (pIC) (Jensen and Robertsen 2002). IFN-inducible Mx proteins are
antiviral immune effectors that are highly conserved in vertebrates, including mammals, birds,
and fish (Staeheli et al. 1993). In teleosts, antiviral mechanisms involving IFNs have been
studied in zebrafish (Altmann et al. 2003), channel catfish (Long et al. 2004), Japanese flounder
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(Lee et al. 2000), rainbow trout (Trobridge and Leong 1995) and Atlantic salmon (Robertsen et
al. 2003). The IFN system has also shown antiviral effects against infectious pancreatic necrosis
virus (IPNV) in salmon, through inhibition of viral protein synthesis Jensen and Robertsen
(2002) suggest different mechanisms by which ISAv counteract the anti-viral defense, by either
counteracting IFNs, insensitivity or outright inhibition to antiviral proteins. Similarly, Kibenge et
al. (2005) found a 10-fold reduction in viral yield and a delay in cytopathic effects, suggesting
inhibition to Atlantic salmon Mx1 protein.
Antiviral proteins induced by the IFN system bind to cell surface receptors known as
IFN-stimulated genes (ISGs). ISG15 is thought to play a role in IFN signalling. In the present
study, expression of isg15a did not vary among the Ctrl and FA-I diets. Upregulation of isg15a
was seen in FA+I and Ctrl + IS at 33 dpi in fish with a high viral concentration. Since these two
feed groups had divergent clinical outcomes in terms of survival, this suggests that the isg15
relationship with ISAv with respect to inflammatory signaling is possibly more complicated
under coinfection. However, knockout mice studies focusing on the removal of ISG15 showed
signalling was uninterrupted (Kim et al. 2006). Studies have provided evidence of antiviral
activity by ISG15 in mammals against HIV-1 (Künzi and Pitha 1996) and Sindbis virus
(Lenschow et al. 2005). Secreted ISG15 is believed to be involved in chemotactic activity toward
neutrophils, cell-to-cell signalling, and acts as a cytokine by promoting natural killer cell
proliferation through the induction of T cells by IFN-γ (Cunha et al. 1996; Recht et al. 1991).
Caballero-Solares et al. (2017) observed a strong antiviral IFN response in immune transcripts
(tlr7, mxb, stat1c, gig1, isg15a) in a diet composed of vegetable oil compared to a fish oil diet.
However, strong pIC induction was seen in diets of both oil types with differences too slight to
be significant. Immune transcripts including tlr7, mxb, and stat1c had greatest modulation in the
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vegetable oil diet compared to the fish oil diet suggesting that protein source may have a greater
effect on the immune response in salmon.
Other IFN-inducible genes involved in antiviral immune responses include toll-like
receptors (TLRs). TLRs, such as TLR7 and TLR8, are transmembrane glycoproteins that act as a
surface receptor for viral, bacterial and synthetic ssRNA (Lee et al. 2013). In the present study,
the response of tlr7 in the host when fed functional diets was very low with 21/191 individuals
showing amplification by qPCR. No connections can be inferred between the fish that amplified
for tlr7, the infection type, and any relation to other genes assessed. In teleost species, TLR7 has
shown involvement in antiviral immunity in zebrafish (Meijer et al. 2004), common carp
(Tanekhy et al. 2010) and rainbow trout (Palti et al. 2010). In the Atlantic salmon genome, three
TLR8 genes and two TLR7 genes have been identified and expressed in immune tissues,
including the head kidney (Lee et al. 2013). This is an interesting result because the signal
cascade leading to the transcription of IFNs and the initiation of the innate immune system is
dependent on the binding of viral nucleic acids to TLR7 brought about by plasmacytoid dendritic
cells (Robertsen 2008).
Toll-like receptors also include a Toll-interleukin (IL)-1 receptor (TIR) domain with the
ability to recognize and respond to pathogen-associated molecular patterns (PAMPs) to initiate a
signal transduction cascade (Jault et al. 2004; Palti 2011). Similarities can be seen between TIRs
and IL-1 receptors. Significant up-regulation of il-1β occurred at 47 dpi in fish with low lice
levels fed the FA-I functional diet. IL-1β is a pro-inflammatory cytokine that mobilizes to the
infection site to kill and digest pathogens and activates transcription factors that have been
shown to bind to sites in the TLR promotor in salmon head kidney (Secombes et al. 2001; Lee et
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al. 2013). In treatment with IL-1β, TLR7 is modulated by IL-1β and shown to be significantly
up-regulated in primary head kidney leukocytes (Lee et al. 2013).
Correlations have been reported between the expression of toll-like receptors (TLR7 and
TLR3) and interferon regulatory factors (IRFs) (Caballero-Solares et al. 2017). IRFs are involved
in the signal transcription and transduction factors of ISGs (Lee et al. 2013). As a major regulator
of antiviral responses, IRFs contain a viral activation domain at the C-terminus (Bergan et al.
2010). As investigated by Caballero- Solares et al. (2017), IRF7a and IRF7b play a lesser role in
inducing IFNs in Atlantic salmon than other analogues of the gene. However, transcript levels of
IRFs in that study did not vary among plant oil and fish oil diets with pIC-induction. A
contributing factor may be IRF7b having greatest expression in the gills and intestine as opposed
to the head kidney (Bergan et al. 2010). In the present study, an up-regulation of irf7b at 33 and
47 dpi was seen in in high viral load fish fed the Ctrl and FA+I diets and in fish fed Fa-I with
low lice levels. In regard to the effect of diet on IRF response, fish with high viral load showed a
strong induction when fed the Ctrl, FA+I and FA-I later in the infection period. It is possible that
the functional diet containing the immunostimulant (Ctrl + IS) may provide the greatest
enhancement to the host immune system in the case of IRF expression and an interesting marker
to continue investigating for a greater understanding of functional diets with respect to coinfection outcomes.
The antiviral gene CCL19b plays a major role in T-cell chemotaxis. When activated,
there is an increase in the production of T cells from the head kidney by antigen-presenting cells,
such as dendritic cells and macrophages (Olson and Ley 2002). No differences were found via
qPCR analysis in fish with high or low viral loads in any of the diets. However, significant upregulation of fish with high lice concentrations compared to low lice concentrations was seen at
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33 dpi in fish fed Ctrl + IS. Interestingly, this same diet had the highest survival to coinfection,
and was the only functional feed in which, LV group had significantly higher mxb at 33 dpi
compared to HV. Further examination of relationships between Mx and CCL19b should be
investigated. In previous research, low expression of CCL19b was observed when salmon were
pIC-induced and fed an animal by-product meal (Caballero-Solares et al. 2017). This response
may be a reaction to increased T cell homing back to the head kidney. Other chemokines
involved in chemotaxis of leukocytes, such as CXCL10, have shown increased expression when
challenged with L. salmonis (Martin et al. 2007).
MH class II is expressed on the surface of antigen presenting cells, initiating an
inflammatory response, B-cell activation, and phagocyte recruitment (Grimholt 2016). An upregulation of mhii was systemically induced in the high lice group fed the control (Ctrl) diet at 47
dpi. During initial lice infection, subsequently followed by the transition from the copepodid to
chalimus life stage, previous research has shown an induction of MMPs (Tadiso et al. 2011).
MMPs may also be induced as wound healing responses transition from acute to chronic lice
infections, playing a critical role in tissue remodelling and wound repair (Fast 2014; Sanders and
Kirschnerf 1983). A reduction of mmp-9 was seen in high lice fish compared to low lice fish at
33 dpi fed the FA+I diet. A study by Rockett et al. (2010) found significant changes in lipid
composition of splenocytes in mice after a single day of feeding a high fat n-3 polyunsaturated
fatty acid (PUFA) diet, although viral resistance after 17 days was not detected. In bacterial
infection models of mice fed a n-3 PUFA diet, disease is likely due to the progressive
mechanisms of the pathogen, as these diets have been reported to affect inflammation and
subsequent immune responses (Husson et al. 2016). In some cases, intracellular pathogens such
as influenza virus may cause increased mortality in mice when fed n-3 PUFA diets, however this
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is not always the case of viral infections. When mice were infected with vaccina virus and fed n3 fatty acids survival rates were not negatively impacted (Jones and Roper 2017). The FA+I diet,
which also exhibited lower lice counts compared to other diets, may have induced the expression
of mmp-9 prompting tissue regeneration and louse rejection. Typically up-regulation of MMPs
accompany louse infection in Atlantic salmon (Skugor et al. 2008) and pink salmon (Sutherland
et al. 2011). Furthermore, at 47 dpi an up-regulation of mmp-9 in fish with high viral loads was
seen in fish fed the same diet. At 47 dpi, fish with high viral loads showed pathological signs of
hemorrhaging, which may account for the increase of mmp-9 at this stage of infection.
Alternatively, at 33 dpi in fish fed Ctrl + IS, mmp-9 expression of fish with high and low viral
loads was downregulated compared to fish with low lice levels. In co-infection, mmp-9
expression may be over-stimulated in the head kidney at high viral loads, due to severe
hemorrhaging, specifically in the kidney caused by the virus. Feeds with greatest survival also
showed a reduction in MMPs, regardless of the severity of the viral infection. This may attest to
MMPs being a noteworthy marker of wound healing mechanisms being activated within the head
kidney of ISAv infected fish.
All study fish showed signs of normal feeding responses and growth, indicating proper
nutrition by all functional diets. Overall, the results presented indicate consistent mortality rates
between functional diets and increased expression in several antiviral genes (irf7b, mxb) when
fed all functional diets, promoting detection of ISAv. An increase in transcript levels (irf7b,
isg15a, mmp-9, mxb) accounted for high lice and high viral loads in diets FA+I (Ω6 > Ω3) and
Ctrl + IS. Fatty acid enriched diets showed significant impacts on lice levels, while these same
diets had the lowest survival in co-infected fish. Engagement of systemic wound healing
responses (i.e. il-1 and mmp-9), induced in the 1% FA feeds, may have contributed to lice
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reductions but diverted immunity away from functional anti-ISAv responses, resulting in greater
mortality. The mechanism of this is still undetermined, however, plasmacytoid dendritic cells
(pDC) are important mediators of skin re-epithelialization and viral infection resolution through
type I interferon release. Future studies should further examine crosstalk of these co-infections
and possible pDC involvement. Furthermore, we must continue to investigate dietary
replacements and functional diets, as well as the timing and duration of administration of these
feeds to further enhance the immune response of Atlantic salmon to aid in the protection against
multiple pathogen challenges.
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CHAPTER 4: DISCUSSION
In finfish aquaculture, infectious diseases continue to be a concern for the health and production
of aquatic ecosystems. Disease progression, susceptibility and resistance in co-infections is
understudied, however, gaining momentum as it is the most common condition in aquatic
environments. Co-infections encompass a wide range of heterogeneous pathogens, including
parasites, bacteria, viruses and fungi, forming host-pathogen interactions that are continually
evolving and causing further economic losses to aquaculture systems (FAO 2016). Atlantic
salmon production is a major contributor to worldwide aquaculture and strict management
strategies are enforced to monitor disease outbreaks. Co-infections are an important piece of the
puzzle in understanding salmonid disease susceptibility, disease progression and efficacy of
intervention strategies in order to prevent severe outbreaks and economic losses (Marcos-López
et al. 2010). More specifically the study of immune responses in fish under these co-infection
conditions is essential for understanding mechanisms of disease. The current thesis investigated
two experimentally induced co-infections, and analyzed host immunological gene responses by
reverse transcription (RT) quantitative-(q)PCR over time and under differing feed regimes to
better understand how the fish immune system is differentially modulated under single and coinfections with sea lice (Lepeophtheirus salmonis) (Cox 2001; Telfer et al. 2010).
The first study, Chapter 2.0, involved an experimental infection of Atlantic salmon with
zero, medium and high loads of L. salmonis, co-infected with Moritella viscosa. Positive
bacterial growth was seen in skin lesion swabs, however, only few skin and head kidney samples
detected positive for M. viscosa by qPCR. The lack of bacterial detection in these samples was
likely due to the location of the sample site extracted on the skin surface, away from ulcer
regions but corresponding with the louse attachment site. This suggests L. salmonis infection site
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was not an active vector, although may indirectly enhance the progression of diseases (Barker et
al. 2009; Fast 2014a; Novak et al. 2016). Sampled fish showed signs of osmoregulatory stress by
the end of the study, indicated by high potassium levels in the serum in all challenge groups.
This 4.7-fold change in potassium from 7 dpLs to 46 dpLs may be a result of nutritional
imbalance from changes in homeostasis as M. viscosa competes with the host for accessible iron
(Bjornsdottir et al. 2011). Significant findings in immune transcript levels was seen primarily in
the high lice co-infection group between 20 and 46 dpLs. Fish positive for bacteriological growth
showed inhibited inflammatory signals associated with louse immunosuppression at 20 dpLs. By
46 dpLi, lesions began to resolve, and mortalities slowed, suggesting chronic disease pathology
with the possibility of infection resolution. In fish negative for bacteriological growth, strong
inflammatory signals were observed at 20 dpLs and lowered by the conclusion of the study. High
burdens of L. salmonis and low water temperature may potentially impact antigen-presenting
cells and B-cell populations of the host when co-infected with M. viscosa. In Atlantic Canada
and areas along the eastern Atlantic Ocean, the likelihood of co-infection with these pathogens at
aquaculture sites is becoming increasingly common, driving the importance for treatment and
management strategies to control the interaction of these two pathogens in future outbreaks.
The second co-infection model included efforts to manage pathogenic infections for
translation to aquaculture sites using functional diets (Chapter 3.0). This study followed a similar
L. salmonis infection process as the first study, but utilized a cohabitation model of IP injected
donor fish to expose study fish to a highly virulent strain (ISAV-HPR4) of infectious salmon
anemia virus (ISAv) (Ritchie et al. 2009). Highest mortality rates were seen in fish fed fatty acid
diets supplemented with pro- and anti-inflammatories (FA+I; FA-I). No significant differences in
lice counts were seen in co-infected fish, however single infected fish fed FA+I and FA-I saw
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significantly lower lice numbers between 11 and 47 dpi compared to fish fed other functional
diets under this infection condition. Gene expression analysis (RT-qPCR) was used to investigate
the host responses to single and co-infection groups under different feeding regimes using head
kidney tissue. Transcript profiles showed significant upregulation in antiviral genes associated
with the interferon (IFN) system in all but the immunostimulated fish diet (Ctrl + IS). An
increase in transcript levels involved in antiviral responses, inflammatory responses, B-cell
activation, phagocyte recruitment, wound repair and tissue remodelling accounted for high lice
and high viral loads in diets FA+I and Ctrl + IS. This indicates the inclusion of pro-inflammatory
supplementation and immunostimulants in feed may be beneficial to the host when faced with
viral and parasitic infections by strengthening the immune response. However, feeds successful
at reducing lice (FA+I; FA-I) were the least successful in survival under the co-infection
challenge. This requires further research to ensure careful selection of feed combinations
dependent on target pathogens.
Several factors could have been implemented into this thesis to improve the experiments,
and by outlining these limitations in study design and techniques future studies could use these
suggestions to improve and strengthen co-infection models. Firstly, the study design could have
been balanced by including a time-matched uninfected control group maintained throughout the
study period. For logistical and animal welfare (ie. reductions in numbers) reasons, housing a
large number of control fish required significant resources and beyond the scope of these studies.
Although the sample size in the L. salmonis-ISAv study was quite high, when samples were
divided by time, feed and infection level, this resulted in only 6 fish per group. A larger sample
size would strengthen the results per group, especially during late stage infection when greater
variation in host responses were observed, likely due to stress and competency of the immune
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systems of individual fish. To gain a greater understanding of the host’s response to infection,
more tissues could have been analyzed from each fish. However, multiple tissues from each
sample period were harvested and stored in the laboratory for further investigation. Samples
from these studies were sent to several laboratories across Canada for testing, as well. Similar to
including more tissue types, a greater number of reference genes and genes of interest for qPCR
could have been chosen to supplement the generation of a big-picture scenario on the immune
response of salmon. As mentioned above, limitations on resources and time were taken into
consideration. Further, the use of other techniques to better inform functional differences in host
responses, in supplementation to qPCR, such as in situ hybridization, electron microscopy, and
immunohistochemistry, would be beneficial in observing pathogen interactions with host cells at
an intimate level. This would be especially interesting, and subject of further co-infection
studies, to use these techniques to observe late stage infections and/or for confirming total or
partial pathogen eradication. Combinations of these techniques have been useful in the past to
compare the modulation of varying responses, such as early inflammatory responses in the TH1type followed by regulatory mechanisms by the TH2-type pathways in resistant coho salmon
during a Pacific L. salmonis infection (Braden et al. 2015).
The two co-infection studies presented in this thesis have only scratched the surface of
the interplay between ecto-parasitism and subsequent bacterial or viral co-infection. These
studies provide the first step in developing a better understanding of the implications of coinfection and offer a preliminary management strategy using functional diets (Chapter 3.0). The
main objectives of both studies were to determine the pathogenic effects of each co-infection and
characterize how biomarkers and molecular responses of the host immune system respond under
these conditions. In Chapter 2.0, it was found that Moritella viscosa may impact osmoregulatory
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function in chronic infections, and when simultaneously infected with high sea lice numbers, M.
viscosa may impact wound healing capabilities, resulting in increased mortality. In Chapter 3.0,
co-infection with ISAv and sea lice increased the production of antiviral, inflammatory, and
wound repair genes, particularly in fish with a high viral/high louse loads fed pro-inflammatory
(FA+I) and immunostimulated (Ctrl + IS) diets. The pro-inflammatory feed was successful at
reducing lice levels but was least successful when protecting against viral-induced mortality. It
can be determined from this study that functional diets have the potential to reduce lice numbers
while also contributing to survival, however, further selection of feed composition and coinfection trials are needed.
In summation, stark differences were seen in co-infected fish compared to those with a
single infection. In particular, fish with high lice and high viral loads saw the most variation in
transcript levels, which is a point of concern during outbreaks at aquaculture sites. These
findings can significantly impact the future management of these infections by implementing
functional diets to reduce lice numbers and increase survival in a multitude of possible infection
combinations.
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