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ABSTRACT
The aims of this research were to gain a better understanding of the epidemiology
of ulcer disease affecting Atlantic salmon (Salmo salar) in Atlantic Canada and devise
management recommendations for ulcer disease outbreaks.
In Chapter 2, we investigated the epidemiology of ulcer disease in Atlantic
Canada. The overall prevalence of ulcer disease within 29 Atlantic Canadian salmon
farms, from 2014 to 2016, was 41%. The descriptive epidemiology suggests cages have a
point source exposure to the causative agent, with non-uniform exposure across farms,
and a low likelihood for horizontal transmission of the pathogen between cages and
farms. Ulcer disease outbreaks also exhibit a seasonal pattern, with disease onset
occurring from late-summer to mid-autumn. Our study did not identify any management
factors that significantly reduced the severity of ulcer disease outbreaks on affected
farms.
In Chapter 3, we conducted an experiment to 1) describe the pathology of ulcer
disease in Atlantic salmon by an Atlantic Canadian Moritella viscosa isolate, and 2)
determine if M. viscosa was easily transmitted horizontally in Atlantic salmon. Atlantic
salmon were bath-challenged in 11°C salt water containing M. viscosa. After observing
early skin lesions in these fish, we diverted the water from each bath-challenge tank to an
adjacent tank of previously unexposed fish for the remainder of the experiment. Our
initial bath-challenge fish expressed clinical signs of ulcer disease within four days of
exposure, but we observed no clinical signs of disease in fish within the
“delayed-challenge” tanks. Our results suggest ulcer disease induced with an Atlantic
Canadian strain of M. viscosa, at an elevated temperature, produced pathology similar to
iv

winter ulcer disease and this organism is not highly transmissible between fish.
Hypernatremia, hyperchloremia, and hypoproteinemia in fish with skin lesions were
suggestive of osmoregulatory issues. The majority of fish sampled in our bath-challenge
tanks did not have systemic infections until they developed visible skin ulcerations. We
also found the more severe the skin lesions associated with M. viscosa, the less likely the
fish had digesta present in their gastrointestinal tracts.
In Chapter 4, we performed an experiment to determine if extracellular products
(ECP) from an Atlantic Canadian strain of M. viscosa could induce a tissue response
similar to that observed with M. viscosa infections in Atlantic salmon. We injected fish
subcutaneously with ECP filtrate broth. All experimental fish expressed early lesions,
with five fish (out of 60) developing skin ulcers. Our results suggest the ECP of M.
viscosa produced a tissue response similar to ulcer disease that was described in
bath-challenges with M. viscosa; however, the tissue response in our ECP-injected fish
was more acute, with melanization of the skin at the injection site. The majority of fish
with skin lesions had normal serum sodium, chloride, total protein, and osmolality levels,
and elevated creatine kinase levels. This is suggestive of acute skeletal muscle damage.
We also found the more severe the skin lesions associated with the ECP, the less likely
the fish had digesta present in their gastrointestinal tracts.
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1. INTRODUCTION
1.1 Skin lesions in Atlantic salmon
Skin lesions in farmed fish can lead to severe economic losses for the Canadian
aquaculture industry due to mortalities and downgrading of fillets. There are several
known pathogens that can cause ulcerations of the skin in Atlantic salmon (Salmo salar).
Some of these pathogens are found in freshwater aquaculture while others occur more
often in the marine environment. For example, saprolegniosis in Atlantic salmon, caused
by Saprolegnia spp., commonly induces skin lesions in fish housed in freshwater
aquaculture facilities. This opportunistic pathogen gains entry through traumatic lesions
in the skin or can flourish during periods of lower host immunity (Stueland et al., 2005).
Flavobacterium columnare is the causative agent of columnaris disease in farmed
Atlantic salmon and can result in significant losses in freshwater. The bacterium utilizes
the mucous layer for growth and penetrates the skin during the course of infection
(Staroscik & Nelson, 2008). In chronic cases, skin lesions develop on the body of the fish
and can result in large lesions resembling a “saddle-back” (Declercq et al., 2013).
Another pathogen, Flavobacterium psychrophilum, is the causative agent of bacterial
cold water disease and can be a serious problem in Atlantic salmon hatcheries. The
bacterium is commonly found on the surface of healthy fish and skin trauma may be
required for infection to occur (Nematollahi et al., 2003); clinical signs include skin
erosion, darkened skin, and expothalmia.
Ulcerative lesions observed in farmed Atlantic salmon during the saltwater grow out
phase commonly occur with multiple etiologies, including trauma, parasitic infestations,
and bacterial infections. Traumatic skin lesions in fish can arise from various
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management related factors. Densely stocked sea cages increase the occurrence of fish
rubbing against netting, which can result in skin abrasions, while aggression from
underfed fish or predation from birds or seals can lead to bite wounds with muscle tissue
exposure (Tørud and Håstein, 2008). Handling and grading procedures can result in direct
trauma to the skin of fish or removal of the protective mucous layer covering the
epithelium, and increase susceptibility to skin wounds (Pickering & Macey, 1977).
Sea lice (Lepeophtheirus salmonis and Caligus elongatus) are crustacean
ectoparasites that heavily impact the Atlantic salmon industry in Canada (Westcott et al.,
2004). These parasites induce skin wounds by feeding on the skin of Atlantic salmon.
Depending on the level of infestation, the skin lesions may be mild or severe and can
result in ulcerations with secondary bacterial infections (Bowers et al, 2000; Finstad et
al., 2000). High infestations are also known to result in osmoregulatory failure (Grimnes
& Jakobsen, 1996).
Several bacterial species may induce skin ulcerations in Atlantic salmon farmed in
sea cages. Tenacibaculum maritimum is the causative agent of tenacibaculosis, and is a
disease of farmed salmon in British Columbia (Avendaño-Herrera et al., 2006).
Tenacibaculosis results in various gross lesions, including skin ulcers, erosion of the
mouth, frayed fins, and necrosis of the gills. Moritella viscosa (formerly Vibrio viscosus)
is the causative agent of winter ulcer disease and has been isolated from skin ulcers of
farmed Atlantic salmon in Europe and eastern and western Canada (Bjornsdottir et al,
2011). This disease commonly presents as large skin ulcerations on the surface of fish
and occurs during cold water temperatures (Lunder et al., 1995).
Certain aquatic pathogens also have the ability to infect their host in both fresh water
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and the marine environment. For example, Aeromonas salmonicida induce skin lesions in
farmed Atlantic salmon during both the freshwater hatchery and saltwater grow out
stages (Godoy et al., 2010; Ormsby et al., 2016).
1.2 Osmoregulation in farmed Atlantic salmon
The juvenile stages of Atlantic salmon are raised in fresh water and later undergo
smoltification to adapt to the marine environment. During smoltification, parr undergo
physiological changes in the gills, gastrointestinal tract, and kidney to develop a higher
tolerance to salinity. These changes include differentiation of the freshwater chloride
cells to seawater chloride cells and increased Na+/K+-ATPase activity in the gills
(McCormick et al., 2013).
Because the marine environment is hyperosmotic compared to the fluid of fish,
Atlantic salmon must actively maintain water and electrolyte homeostasis to prevent
hypovolemia, hypernatremia, and hyperchloremia (Karnaky, 1980). To maintain
homeostasis, marine fish must continuously drink water and exchange ions with the
environment via the gills, gastrointestinal tract, and kidney (Evans et al., 2005); urine
output is minimal since water is highly conserved. Osmoregulation involves several ions,
including sodium, chloride, potassium, magnesium, and sulfate (Greenwell et al., 2003).
The skin of Atlantic salmon is coated with a protective mucous layer, allowing for
only minor permeability of water. When that layer is breached via epithelial wounds,
osmoregulatory imbalance may occur directly due to loss of bodily fluids (Greenwell et
al., 2003; Pettersen et al., 2013). There are also indirect causes of osmoregulatory
imbalance, including stress, infection, septicemia, and inappetence, which can affect
energy stores and eventually lead to impaired active electrolyte exchange across the gills
3

and intestines (Greenwell et al., 2003).
1.3 Ulcer disease in Atlantic Canada
According to recent anecdotal reports, an ulcerative skin disease affecting Atlantic
salmon farms has been increasing in occurrence in Atlantic Canada. The disease in
Atlantic Canada resembles winter ulcer disease in Europe (Lunder et al., 1995), as it
presents as skin ulcers on the lateral surface of fish; however, M. viscosa is infrequently
isolated from ulcers in Atlantic Canadian cases (D. Groman, personal communication,
Oct. 1, 2017). Because the onset of ulcer disease outbreaks on salmon farms in Atlantic
Canada typically occurs between late summer and autumn, when water temperatures are
above 10°C, the industry refers to this condition as ulcer disease rather than winter ulcer
disease. These outbreaks result in elevated mortality rates, antibiotic use, downgrading of
fillet quality, and economic losses for the industry in Atlantic Canada.
There is very little published information on ulcer disease affecting Atlantic salmon
in Canada. The first reported ulcer disease outbreaks in Atlantic Canada were in Atlantic
salmon sea cages during the summer of 1999, in New Brunswick. Aliivibrio wodanis
(formerly Vibrio wodanis) was reported to be the causative pathogen (Whitman et al.,
2000). Cumulative mortality was relatively high, at 31.2% from July to September,
during the outbreaks. Limited reports of ulcer disease on the west coast of Canada
suggest it has a minor impact on the salmon industry in that region. Fisheries and Oceans
Canada (2014) conducted audits on 374 Atlantic salmon farms in British Columbia, from
2011 to 2013, and only 0.4% of fish were diagnosed with ulcer disease from M. viscosa.
1.4 Winter ulcer disease in Europe
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Winter ulcer disease was first diagnosed in Norway, in the early 1980s (Greger and
Goodrich, 1999), and has since been reported in other parts of Europe such as Iceland, the
Faroe Islands, Scotland, and Ireland (Bjornsdottir et al., 2011). Disease outbreaks occur
in saltwater aquaculture in cold water temperatures, typically below 7°C (Tunsjø et al.,
2007). Winter ulcer disease mainly affects Atlantic salmon, but has also been reported in
rainbow trout (Oncorhynchus mykiss) and several other species of fish, including Atlantic
cod (Gadus morhua), brown trout (Salmo trutta), European plaice (Pleuronectes
platessa), and a healthy wild lumpsucker (Cyclopterus lumpus) (Bjornsdottir et al., 2011).
Moritella viscosa is hypothesized to be the main causative agent of winter ulcer disease;
however, more recent studies suggest that the winter ulcer disease etiology is complex, as
other bacterial species in addition to M. viscosa, such as A. wodanis and Tenacibaculum
spp., have been isolated from skin lesions and may play a role in the pathogenesis of the
disease (Karlsen et al., 2014b; Olsen et al., 2011).
Moritella viscosa invades its host through the gills and/or skin, and clinical signs of
disease appear two to four days post-infection (Karlsen et al., 2012; Løvoll et al., 2009;
Lunder et al., 1995). Winter ulcer disease initially presents as scale loss and localized
swelling of the skin, and progresses to large ulcers. Acute to subacute lesions consist of
mild to moderate inflammatory infiltration down to the compact dermis, and chronic
lesions often consist of inflammatory infiltration and degenerative changes in the
hypodermis and muscle (Lunder et al., 1995). Atlantic salmon infected with M. viscosa
typically present with ascites and petechial hemorrhages of the skin and viscera
(Benediktsdóttir et al., 1998; Bruno et al., 1998). The bacteria are usually found at the
edges of ulcers and in tissue adjacent to the lesions upon histopathological evaluation
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(Lunder et al., 1995).
Not much is known about the epidemiology of winter ulcer disease in Europe.
Mortalities are typically low and have been reported in the range of 0 to 10% (Olsen et
al., 2011). Atlantic salmon have been reported to recover from the disease in the spring,
once water temperatures rise above 8°C (Lunder et al., 1995). Only one study, to date,
has been published on winter ulcer disease transmission. Lunder et al. (1995) showed
minimal horizontal transmission of M. viscosa between Atlantic salmon affected with
winter ulcer disease and healthy fish; however, no studies have reported vertical
transmission of the pathogen. Several risk factors have been suggested for winter ulcer
disease, which may help determine possible control strategies for ulcer disease in Canada.
Small smolt size may be a potential risk factor, as winter ulcer disease affects smaller fish
in a pen during saltwater aquaculture (Coyne et al., 2006, 2004; Lillehaug et al., 2003).
This disease also usually happens within the first year following smoltification (Lillehaug
et al., 2003). Another potential risk factor for developing the disease includes skin
wounds on fish that can result from various factors, including sea lice infections or
trauma from nets in densely stocked sea cages (Lillehaug et al., 2003). Lunder et al.
(1995) cultured M. viscosa from the surface of sea lice that were attached to farmed
Atlantic salmon with clinical signs of winter ulcer disease.
Current management strategies for controlling winter ulcer disease in Europe include
vaccination and, in the event of disease, antimicrobial treatments. Moribund fish usually
experience a reduction in feeding, or stop feeding altogether, which can result in lower
oral antibiotic treatment efficacy (Coyne et al., 2006, 2004). Several commercial vaccines
targeting M. viscosa are available, which are not always effective at limiting outbreaks of
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disease. This was demonstrated in a study in Norway, in which the number of winter
ulcer disease cases increased over the years from 1991 to 2000 (Lillehaug et al., 2003),
despite the introduction of vaccines (Greger and Goodrich, 1999).
1.5 Moritella viscosa
Moritella viscosa is the only pathogenic species, to date, in the Moritellaceae family
(Ivanova et al., 2004). Two genotypes occur within the M. viscosa species, which are
very similar phenotypically, but different in hemolytic abilities (Karlsen et al., 2014a).
Isolates from Atlantic salmon are either part of the Norwegian/Scottish/Faroese group
(typical strain) or the Icelandic/Canadian group (variant strain) (Karlsen et al., 2014a).
The typical strain does not appear to be present in Iceland and Canada (Karlsen et al.,
2014a).
Moritella viscosa colonies are grey or cream coloured and form viscous threads when
lifted from the media surface (Lunder et al., 2000). The bacterium is gram negative,
motile, psychrophilic, beta hemolytic, and a facultative anaerobe (Austin and Austin,
2017). Moritella viscosa is a marine bacterium, that grows ideally at high salinity (3 to
4%) (Tunsjø et al., 2007). Norwegian and Icelandic strains of M. viscosa have been
reported to grow at temperatures between 4 and 25°C (Benediktsdóttir et al., 2000;
Lunder et al., 2000); however, virulence decreases with warmer water temperatures,
which also reduce replication, motility, and cell adhesion abilities (Tunsjø et al., 2007,
2009).
Moritella viscosa produces cytotoxic extracellular products (ECP) that induce tissue
damage (Bjornsdottir et al., 2011, 2009b). Pathogenic strains of M. viscosa produce ECP
with lethal cytotoxic and hemolytic properties that cause cellular death, hemorrhage, and
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necrosis in Atlantic salmon tissue. It is believed that the tissue necrosis aids in host
invasion of the bacterium (Bjornsdottir et al., 2009a). Atlantic salmon injected
intra-peritoneal (i.p.) with ECP from European M. viscosa strains were found to have
similar pathological lesions as fish exposed to the bacteria i.p (Bjornsdottir et al., 2011).
There is limited knowledge on pathogenic Canadian strains of M. viscosa and their ECP.
1.6 Diagnosis of ulcer disease
Bacterial culture is a common method used for diagnosing skin ulcers on Atlantic
salmon farms in Canada. As M. viscosa is a slow-growing pathogen, other opportunistic
bacterial species usually dominate the media during co-culture (Grove et al., 2008;
Hjerde et al., 2015; Karlsen et al., 2014b), which may decrease the likelihood of isolating
M. viscosa via culture; therefore, polymerase chain reaction (PCR) may be a more
sensitive method for detection of the bacterium during field sampling (Grove et al.,
2008).
1.7 Management strategies for ulcer disease
The salmon industry in Atlantic Canada uses similar management strategies for ulcer
disease as those described in Europe (Lillehaug et al., 2003). Anecdotal reports suggest
various antibiotic treatments targeting the skin have been used with limited success in
Canada. Gregor & Goodrich (1999) reported cross-protection between
Norwegian/Scottish/Faroese and Icelandic/Canadian strains of M. viscosa; however,
vaccines currently used in Canada are based on European M. viscosa strains (A.
MacKinnon, personal communication, April 20, 2017; Canadian Food Inspection
Agency, 2016) and have limited efficacy at reducing the severity of ulcer disease
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outbreaks. To date, no vaccines target Canadian strains of the pathogen. A better
understanding of the epidemiology of ulcer disease in Atlantic Canada is necessary in
order to facilitate development of more effective control strategies.
1.8 Thesis objectives
The overall goal of this research was to deepen our understanding of the
epidemiology of ulcer disease in Canada by determining potential sources and
transmission of infection, potential risk factors, and by describing the pathology of ulcer
disease in Atlantic salmon with an Atlantic Canadian isolate of M. viscosa and its ECP.
The objectives of this thesis are fulfilled in the three chapters described below.
1.8.1

The epidemiology of ulcer disease

In Chapter 2, we performed a cross-sectional study to determine the descriptive
epidemiology of ulcer disease in Atlantic Canada and identified potential risk factors
associated with total percent mortality during the ulcer disease outbreaks. The data
originated from Atlantic salmon farms operating in the Atlantic Canadian region from
2014 to 2016. There is limited published information on ulcer disease affecting Atlantic
salmon in Canada; this is the first study to investigate the epidemiology of the disease in
Canada.
1.8.2

Transmission experiment in Atlantic salmon

In Chapter 3, a laboratory experiment was conducted to 1) describe the pathology of
ulcer disease in Atlantic salmon caused by an Atlantic Canadian M. viscosa isolate; and
2) determine if M. viscosa can be transmitted horizontally in Atlantic salmon.
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1.8.3

Injection of Atlantic salmon with extracellular products

In Chapter 4, a laboratory experiment was performed to determine if ECP from an
Atlantic Canadian strain of M. viscosa could induce a tissue response similar to that
typically observed with M. viscosa infections in Atlantic salmon. There are no published
in vivo studies, to date, conducted with virulent Canadian strains of M. viscosa or their
ECP.
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2. THE EPIDEMIOLOGY OF ULCER DISEASE IN ATLANTIC SALMON
(SALMO SALAR) IN ATLANTIC CANADA
2.1 Abstract
Ulcer disease has been increasing in occurrence in Atlantic salmon (Salmo salar)
farms in Atlantic Canada. The clinical presentation in Atlantic Canada resembles lesions
associated with winter ulcer disease caused by Moritella viscosa, but this bacterium has
not always been identified from skin lesions in North American cases. The objectives of
our study were to: 1) describe the onset, duration, magnitude, and temporal and spatial
patterns of Atlantic Canadian ulcer disease cases at the cage and farm levels; 2)
determine potential sources and transmission of infection; and 3) identify potential risk
factors associated with total percent mortality during ulcer disease outbreaks. We
summarized weekly cage-level data from 29 salmon farms in Atlantic Canada, from 2014
to 2016. Cage and farm-level prevalence, onset, duration, and total percent mortality
associated with the ulcer disease outbreaks were determined. The association of potential
risk factors for ulcer disease with total percent mortality during ulcer disease outbreaks
was assessed using a mixed-effects linear regression model with random farm effects.
The overall farm-level prevalence of ulcer disease on Atlantic Canadian farms included
in our study was 41%. The descriptive epidemiology of ulcer disease suggests cages have
a point source exposure to the causative agent, with non-uniform exposure across farms,
and a low likelihood for horizontal transmission of the pathogen between cages and
farms. Ulcer disease outbreaks also exhibit a seasonal pattern, with disease onsets from
late-summer to mid-autumn. In our final regression model, year of outbreak onset, and
the interaction between the diagnosis of ulcer disease at the cage level and antibiotic
treatment during the outbreaks were significantly associated with the log of total percent
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mortality during the outbreaks (P<0.001). Our results did not suggest any management
factors that could reduce the severity of ulcer disease outbreaks on affected farms.
2.2 Introduction
Ulcers of the skin observed during saltwater aquaculture of Atlantic salmon (Salmo
salar) commonly occur with multiple etiologies, but are generally of bacterial origin.
Recent anecdotal reports suggest the occurrence of ulcer disease has been increasing in
Atlantic salmon farms in Atlantic Canada at water temperatures above 10°C. The clinical
presentation in Atlantic Canada, which consists of swelling, erosion, or ulcers of the skin
(D. Groman, personal communication, Oct. 2, 2017), grossly resembles lesions associated
with winter ulcer disease in Europe (Lunder et al., 1995), which is caused by Moritella
viscosa (formerly Vibrio viscosus); however, this pathogen is not always identified from
ulcers in North American cases (D. Groman, personal communication, Oct. 2, 2017).
Winter ulcer disease in Europe typically affects Atlantic salmon when water
temperature is below 7°C (Tunsjø et al., 2007). Mortality attributed to this disease on
Norwegian farms is usually less than 10% (Lunder et al., 1995), and current industry
management strategies include antimicrobial treatments and vaccinations. However, oral
antimicrobial treatments are not always effective in reducing mortalities, likely because
moribund fish do not feed or feed at a reduced rate, resulting in low plasma and target
tissue levels of antibiotics (Coyne et al., 2006, 2004). Vaccines targeting M. viscosa may
also be ineffective at reducing the severity of disease outbreaks, as demonstrated in an
epidemiological study in Norway, from 1991 to 2000, in which the number of winter
ulcer disease cases increased over the years (Lillehaug et al., 2003), despite the
introduction of vaccines (Greger and Goodrich, 1999).
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Several risk factors have been suggested for winter ulcer disease in Europe, which
may aid in determining more effective management strategies for this disease. One
potential risk factor may be small smolt size, as the disease predominantly affects smaller
Atlantic salmon (Coyne et al., 2006, 2004; Lillehaug et al., 2003), which suggests there is
an increased susceptibility to outbreaks during the first year following seawater entry
(Lillehaug et al., 2003). Skin abrasions on fish, such as trauma caused by nets in densely
stocked sea cages and ectoparasite infections, may also be potential risk factors for
developing the disease (Lillehaug et al., 2003).
The first documented outbreaks of ulcer disease in Canada occurred during the
summer of 1999 at an Atlantic salmon site in New Brunswick, with Aliivibrio wodanis
(formerly Vibrio wodanis) isolated as the predominant pathogen (Whitman et al., 2000).
Because the onset of skin ulcers on salmon farms typically occurs between late summer
and autumn in Atlantic Canada, the industry refers to this condition as ulcer disease in
lieu of winter ulcer disease. During the New Brunswick outbreaks in 1999, cumulative
mortality was relatively high at 31.2% from July to September. Ulcer disease appears to
have a minor effect on the salmon industry in British Columbia. During audits conducted
by Fisheries and Oceans Canada (2014) on 374 Atlantic salmon farms in British
Columbia, from 2011 to 2013, only 0.4% of the fish were diagnosed with ulcer disease,
with the isolation of M. viscosa.
Other than these few reports, there is very little published information on ulcer
disease affecting Atlantic salmon in Canada. To determine the impact of M. viscosa on
the Atlantic Canadian industry and facilitate control strategies, a better understanding of
the epidemiology of this disease is necessary. The objectives of our study were to: 1)
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describe the onset, duration, magnitude, and temporal and spatial patterns of Atlantic
Canadian ulcer disease cases at the cage and farm levels; 2) determine potential sources
and transmission of infection; and 3) identify potential risk factors associated with total
percent mortality during ulcer disease outbreaks.
2.3 Materials and methods
2.3.1

Data collection and management

We obtained data on weekly sea cage-level mortality, medical records, environmental
parameters, and management practices from all Atlantic salmon farms in the Atlantic
Canada region that had at least one cage with a diagnosis of ulcer disease or were in
operation during the same year of the reported outbreaks. Our study included 29 Atlantic
salmon aquaculture farms in Atlantic Canada, operating between May 2014 and January
2016.
The veterinary diagnosis of ulcer disease was based on gross clinical signs of disease
in fish, and used to identify cages with an ulcer disease diagnosis on farms. Veterinarians
were responsible for investigating mortality on farms and confirmed all ulcer disease
outbreaks reported by site managers. Only one ulcer disease outbreak occurred in each
cage diagnosed with the disease. Farms that had no cages with clinical signs of ulcers
were considered negative for the disease. We developed a case definition for the start of
the ulcer disease outbreaks based on a set of consensus rules around the week of the
earliest diagnosis made by either the veterinarian or site manager for each cage, using a
baseline total weekly mortality rate of 0.1%. Specifically, we evaluated the weekly total
mortality rates in the weeks preceding the ulcer disease diagnosis to determine the
beginning of the mortality curve associated with the diagnosis, and deemed the start of
20

the mortality curve to be the first week when the weekly total mortality rate was equal to
or greater than 0.1%. We determined the outbreak had subsided once there were two
consecutive weeks where the weekly total mortality rate was less than 0.1%. These rules
allowed us to define the outcome in our regression model, total percent mortality during
the ulcer disease outbreaks, which was based on the total mortality count at the time of
the defined outbreaks. The outcome was determined by dividing the total number of fish
at the start of the outbreaks by the total mortality count during the outbreaks, multiplied
by 100%.
For comparison purposes, all cages without an ulcer disease diagnosis on affected
farms were assigned “pseudo-outbreak” time periods using a systematic process. The
starting week of the pseudo-outbreak for each cage without an ulcer disease diagnosis
was randomly selected from a list of starting outbreak weeks for the cages diagnosed with
ulcer disease within the same farm; the pseudo-outbreaks occurred for a duration
equivalent to the maximum cage outbreak length on the farm in which the cages without
an ulcer disease diagnosis originated.
2.3.2

Statistical analysis

All statistical analyses were conducted using Stata 13 (StataCorp, College Station,
TX).
2.3.2.1 Descriptive analysis
We calculated the within-farm prevalence of ulcer disease by dividing the number of
cages with an ulcer disease diagnosis by the total number of cages on each affected farm.
The time from saltwater entry to onset of disease, calendar week of disease onset,
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duration of outbreak, and total percent mortality associated with the outbreak time-period
were determined for all cages with an ulcer disease diagnosis on affected farms.
We also calculated the prevalence of ulcer disease in our study area by dividing the
number of farms that had at least one cage diagnosed with ulcer disease by the total
number of farms in our study. The onset of ulcer disease at the farm level was equivalent
to the earliest week of onset in cages with an ulcer disease diagnosis on each affected
farm. Duration of outbreaks at the farm level was also calculated by averaging the
duration of outbreaks for all cages with an ulcer disease diagnosis on affected farms. For
comparison purposes, the total percent mortality during the outbreaks was averaged for
all cages with and without an ulcer disease diagnosis, for each affected farm. A video was
created to illustrate the timing, geographic locations, and total duration of ulcer disease
outbreaks at the farm level in the Atlantic Canada region, using the GIS coordinates of
the farms included in our study.
For the descriptive analysis of possible risk factors, and our regression analysis, we
included only the data from farms that had at least one cage with a diagnosis of ulcer
disease to ensure that all farms in our study were exposed to the causative agent of ulcer
disease. Descriptive statistics were computed for all possible risk factors of ulcer disease.
We described the proportion of cages diagnosed with ulcer disease for all dichotomous
factors, as well as the mean total percent mortality during the ulcer disease outbreaks in
cages with and without these factors. We also described the mean, minimum and
maximum value, and standard deviation for cage stocking density and water temperature
during the outbreaks, weight of fish at saltwater entry, and number of sea lice treatments
(hydrogen peroxide and ivermectin) within five weeks of the start of the outbreaks
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(including the week of onset). Associations between dichotomous variables were
computed with univariable mixed-effects logistic regression models with random farm
effects.
2.3.2.2 Regression analysis
For our regression analysis, the dataset was collapsed to one record per cage during
the time period of the outbreaks. The mean of continuous variables and maximum value
of dichotomous variables during the outbreak were used for analysis, with the exception
of stocking density, and hydrogen peroxide and ivermectin treatments that were reduced
to maximum values.
One farm-level predictor was included in our regression analysis: year of ulcer
disease outbreak onset. In addition, the following cage-level predictors were included:
vaccination for M. viscosa prior to the outbreaks, origin of the smolts (total of 18
hatcheries), average weight of fish at sea cage transfer, diagnosis of ulcer disease in the
cage (observation of clinical signs of ulcer disease by a veterinarian), the number of
weekly sea lice treatments (hydrogen peroxide and ivermectin) within five weeks of the
start of the outbreaks (including the week of onset), and cage stocking density, water
temperature, and antibiotic treatment during the outbreaks (florfenicol, oxytetracycline,
or trimethoprim/sulfadiazine).
Continuous variables that did not appear to have a linear relationship with the
outcome were dichotomized; cut points were chosen based on the trends in the data. The
categorical predictors with low variability across categories, such as the type of antibiotic
treatment during the outbreaks, were dichotomized into two categories: no antibiotic
treatment, and treatment with oxytetracycline, florfenicol, or trimethoprim/sulfadiazine.
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The origin of smolts was combined into three categories. Most cages in our study were
stocked with smolts originating from one hatchery (hatchery A), and some cages were
stocked with fish from more than one hatchery; therefore, we categorized this predictor
into the origin of fish from hatchery A, the origin from hatchery A and one or more other
hatcheries, and the origin from all other hatcheries or combinations.
Due to the hierarchical nature of the data, a mixed-effects linear regression model
with random farm effects was used to assess the association between predictor variables
of interest and the magnitude of mortality during outbreaks of ulcer disease on affected
farms. Unconditional associations between each predictor and the outcome were
evaluated while controlling for the farm effect. Box-Cox analysis was used to identify the
best transformation of our outcome measure to meet model assumptions. The least
non-significant variables in our full model were removed one at a time using backwards
elimination until only significant variables (P≤0.05) remained in the final model; during
this process, we monitored the values of coefficients to determine if confounding was
present. Biologically plausible two-way interactions, such as the diagnosis of ulcer
disease in a cage and management strategies, were evaluated by adding cross-product
terms in the model. The non-significant predictors initially dropped from our model were
reintroduced to our final model to verify their association with the outcome. Model
validity was evaluated by assessing residuals for homoscedasticity and normality.
2.4 Results
2.4.1

Descriptive analysis

Temporal and spatial pattern of outbreaks
We analyzed 29 farms during 2014 to 2016, with a total of 312 sea cages. These
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farms originated from one Atlantic salmon aquaculture company, as only one company
reported ulcer disease. Of those farms, 12 (with 95 cages) had a diagnosis of ulcer
disease. The number of cages per affected farm ranged between 5 and 20. In 2014 and
2015, 29% and 58% of farms were diagnosed with ulcer disease, respectively. In both
2014 and 2015, the onset of ulcer disease outbreaks occurred in all cages diagnosed with
the disease on affected farms within three weeks of each other, with the exception of one
farm in 2015 (Farm 11), where the onset of disease in cages occurred over a five-week
period (Fig. 2.1). The earliest onset of disease occurred 4 weeks after saltwater entry (Fig.
2.2), but the majority of outbreaks started at least 10 weeks after the introduction of
smolts into sea cages.
In 2014, the start of the ulcer disease outbreaks on farms began on week 31 (late
July, 2014), and all affected farms had the disease by week 40 (early-October, 2014),
with outbreaks ending by week 41 (Fig. 2.3). During weeks 31 to 40, a cluster of ulcer
disease outbreaks occurred in time and space (Farms 15, 18, 20, and 27) (Fig. 2.4; Video
1). However, several farms within this spatial cluster remained unaffected (Farms 1, 16,
and 29). Farm 21 was situated very far from the first cluster of outbreaks, but reported
ulcer disease one week after the first farm reported the disease (Farm 18).
In 2015, the start of the outbreaks on farms began on week 31 (late-July, 2015)
and by week 38 (mid-September, 2015) all affected farms had reported mortality from
this disease. Outbreaks subsided by week 55 (mid-January, 2016) (Fig. 2.3; Fig. 2.4;
Video 1). There was only one cluster of cases. All farms were in close proximity and
reported disease within a few weeks of each other, from weeks 34 to 38 (Farms 2, 11, and
19) (Fig. 2.4; Video 1). Several farms that appeared connected by water currents to farms
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with ulcer disease did not report the disease (Farms 2, 8, 14, and 25) (Vanderstichel,
2006). In addition, several farms that were spatially very far apart reported ulcer disease
within one week of each other (Farms 7 and 10; Farms 2 and 9).

Magnitude of outbreaks
The proportion of cages with an ulcer disease diagnosis on affected farms during
2014 to 2016 ranged from 8% to 100% (Fig. 2.5), with only two farms having 100% of
cages diagnosed with ulcer disease (Farms 18 and 19). The magnitude of cage-level total
percent mortality during outbreaks for cages diagnosed with ulcer disease ranged from
0.006 to 23.3% (Fig. 2.6). The average mortality in cages during the outbreak period was
lower for cages without a diagnosis of ulcer disease than for cages with a diagnosis of the
disease on the same farm, for 10 out of 12 farms reporting the disease (Fig. 2.7).

Duration of outbreaks
In addition to the variations in the magnitude of ulcer disease outbreaks at the
cage-level, there was a large variation in the duration of outbreaks during 2014 to 2016.
On average, mortality during ulcer disease outbreaks lasted eight weeks; however, some
cages had elevated mortality for only one week, while one had elevated mortality for up
to 26 weeks (Fig. 2.8). The average duration of outbreaks at the farm-level also ranged
considerably, from one to 10 weeks in 2014 and five to 26 weeks in 2015, depending on
the farm (Fig. 2.9).

Descriptive statistics of dichotomous predictors
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The majority of cages (n=73) were treated with antibiotics during the outbreaks
and experienced higher mean total percent mortality than cages not treated (Table 2.1).
There was a higher mean mortality during the outbreaks in 2015 than 2014 (Table 2.1).
The cages stocked with smolts from only hatchery A or from hatchery A and
other hatcheries had a higher mean mortality during the outbreaks than cages stocked
from all other hatcheries (Table 2.1).
The mean total percent mortality for cages of fish vaccinated for M. viscosa was
comparable to cages not vaccinated against the pathogen (Table 2.1). In our study, 49
cages of fish were vaccinated and 46 cages were not vaccinated for M. viscosa.

Descriptive statistics of continuous predictors
There was a minimum stocking density of 1.4 and maximum of 11.6 kg/m3 for
cages during the outbreaks of ulcer disease from 2014 to 2016 (Table 2.2). The minimum
water temperature during the outbreaks was 10.1°C, and the maximum was 13.4°C.
During both years, the average weight of fish at saltwater entry ranged from 55 to 500
grams. The maximum number of weeks in which hydrogen peroxide and ivermectin
treatments were applied within five weeks of the ulcer disease diagnosis from 2014 to
2016 was two and five, respectively.
The mean stocking density was similar, and mean water temperature and weight of
smolts was higher in 2014, compared to 2015 (Table 2.2). All cages received at least one
treatment of ivermectin, while no cages in 2014 were treated with hydrogen peroxide.
Average weight at saltwater entry, cage stocking density, water temperature, and
ivermectin and hydrogen peroxide treatments were not strongly correlated (Table 2.3).
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2.4.2

Regression analysis

Univariable analysis
Twelve farms, with a total of 95 unique cages (50 in 2014 and 45 in 2015), were
included in our regression analysis. Forty-nine of the cages included in our study were
diagnosed with ulcer disease (Table 2.1). In order to meet the assumptions of linear
regression, the total percent mortality during the ulcer disease outbreaks was natural log
transformed, based on our Box-Cox analysis. Ten predictors were evaluated for
unconditional associations with the outcome using mixed-effects linear regression models
(random farm effects) (Table 2.1; Table 2.2). Five predictors were not significantly
associated with the log of total percent mortality during the outbreaks during the
univariable analyses: cage stocking density, average weight of fish at saltwater entry,
vaccination for M. viscosa, and number of weeks of ivermectin and hydrogen peroxide
treatments within five weeks of the start of the outbreaks (Table 2.1; Table 2.2).

Multivariable modelling
In the final mixed-effects linear regression model, year of outbreak onset
(P<0.001), and the interaction between the diagnosis of ulcer disease and antibiotic
treatment during the outbreaks (P<0.001) were significantly associated with the log of
total percent mortality during the outbreaks (Fig. 2.10; Table 2.4). The log of total
percent mortality during the outbreaks was significantly higher in cages diagnosed with
ulcer disease compared to cages without the disease, when treated with antibiotics
(P<0.001). In cages diagnosed with ulcer disease, treatment with antibiotics during the
outbreaks was associated with an increase in the log of total percent mortality during the
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outbreaks by 2.7 (P<0.001). In cages without an ulcer disease diagnosis, there was no
significant difference in the mortality during the outbreak time-period for cages that were
treated and those that were not (P=0.110). In 2015, the log of total percent mortality
during the outbreaks was associated with an increase by 2.0 compared to 2014 (Table
2.4). In addition, the year of outbreak onset had a significant association with water
temperature during the outbreaks (P=0.006). The random effects of farm explained 38%
of the total variation in total percent mortality during the outbreaks (Table 2.4).
Predictors that were not significant in the univariable analyses but were of interest
to the industry, such as M. viscosa vaccination status and ivermectin use prior to disease
onset, remained nonsignificant following re-evaluation in our final model. The final
model (Table 2.4) was evaluated using residual diagnostics and deemed to meet model
assumptions. The standardized and farm-level residuals showed homoscedasticity when
plotted against the predicted values and appeared to be normally distributed (Appendix
A). There were no extreme outliers or confounding variables evident.

Non-significant predictors
Seven predictors were not retained in the final multivariable model (Table 2.4):
sea lice treatments, vaccination for M. viscosa, origin of smolts, water temperature, cage
stocking density, and average weight of fish at saltwater entry. All cages included in our
study were treated with ivermectin within five weeks of the onset of the ulcer disease
outbreaks and we did not observe a dose response between the number of weeks treated
and the magnitude of the mortality. However, it is important to note all farms that were
not treated with ivermectin did not experience ulcer disease outbreaks and 12 of the 17
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farms that were treated with this product reported disease. This farm-level difference was
significant (P<0.001).
The origin of smolts was significantly associated with the log of total percent
mortality during outbreaks in our univariable analysis (P=0.001) (Table 2.1); however,
the predictor became non-significant early in the backwards elimination process of the
multivariable analysis. Fifty percent of cages stocked from hatchery A were treated with
trimethoprim/sulfadiazine, compared to 4% of those stocked from other hatcheries.
Further analysis revealed the origin of smolts was not significantly associated with
antibiotic treatments during the outbreaks (P=0.422).
2.5 Discussion
This is the first study on the epidemiology of ulcer disease affecting Atlantic salmon
in Canada. We performed cage and farm-level analyses to describe the onset, duration,
magnitude, and spatial and temporal patterns of ulcer disease outbreaks occurring in our
study period. We also determined the association of various management practices and
environmental factors with the total percent mortality reported on farms during ulcer
disease outbreaks. The descriptive epidemiology of ulcer disease suggests that cages have
a point source exposure to the causative agent, with non-uniform exposure across farms,
and a low likelihood for horizontal transmission between cages. Ulcer disease outbreaks
also exhibit a seasonal pattern, with disease onsets from late-summer to mid-autumn. Our
results suggest there were no predictors in our model that reduced the magnitude of ulcer
disease on affected farms.
2.5.1

Descriptive analysis
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The spatial and temporal patterns of ulcer disease cases in Atlantic Canada, at the
cage and farm levels, are indicative of point source exposures to the causative agent of
ulcer disease rather than propagative disease outbreaks driven by cage-to-cage and
farm-to-farm pathogen transmission. The temporal analysis revealed that all cages within
affected farms had a 3-week window for the onset of ulcer disease in both 2014 and
2015, with the exception of one farm in 2015 (Fig. 2.1). This temporal pattern suggests
relatively simultaneous exposure to the causative agent of ulcer disease or very rapid
propagation through a farm. The latter is unlikely given that we also observed, on 10 of
12 affected farms, several cages without an ulcer disease diagnosis, suggesting horizontal
transmission between cages is not consistent. If the pathogen causing ulcer disease was
readily transmitted via water, we would expect all cages on affected farms to be
diagnosed with the disease (Crane and Hyatt, 2011; Robertsen, 2011).
We also did not observe frequent farm-to-farm transmission of ulcer disease. The
temporal pattern of disease onset at the farm level was similar in 2014 and 2015, with
earliest outbreaks occurring on farms at the end of July (Fig. 2.3) and all farms being
affected by November. Although there was some spatial clustering of cases, not all farms
located in close proximity to cases experienced outbreaks and many unaffected farms
appeared to be connected by water currents to farms with an ulcer disease diagnosis (Fig.
2.4; Vanderstichel, 2006; Video 1). These observations support the hypothesis that the
pathogen causing ulcer disease is not always spread farm-to-farm. Our laboratory
experiment also suggests low likelihood of horizontal transmission of M. viscosa, the
suspected causative agent of ulcer disease, as we were unsuccessful at inducing ulcer
disease in tanks that shared water with M. viscosa-infected fish (Chapter 3).
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The pattern of disease onset in this study was not consistent with what would be
expected for a disease that is stress induced, as cases were not associated with known
periods of stress for fish, such as smolt entry (Johansson et al., 2016) (Fig. 2.2). The
similar seasonal pattern of disease onset in both years of our dataset indicated the
pathogen was either introduced into the area at a specific time of the year or was endemic
in the area with outbreaks of ulcer disease triggered by environmental or
temperature-dependent virulence factors. Previous studies on winter ulcer disease in
Europe found that virulence of M. viscosa increased at colder water temperatures (Lunder
et al., 1995; Tunsjø et al., 2007). Outbreaks of ulcer disease in our study occurred when
water temperatures were above 10°C in both years, but a trend in our univariable analysis
(not significant in our multivariable analysis) suggested higher total percent mortality
during the outbreaks at colder water temperatures in our study (Table 2.2).
We also assessed the duration and magnitude of ulcer disease outbreaks within and
between farms. We found that the severity of outbreaks varied widely across cages within
affected farms (Fig. 2.6; Fig. 2.8). Interestingly, there were farms where the duration of
outbreaks was surprisingly consistent across cages (Fig. 2.8), despite the range in
mortality (Fig. 2.6). Also, the farm with the highest ulcer disease mortality rate and
longest outbreak (Farm 10) had only one cage (out of seven) diagnosed with ulcer disease
(Fig. 2.7, Fig. 2.9). This large range in duration and magnitude of ulcer disease outbreaks
may be due to non-uniform exposure to the causative agent across farms and low fish to
fish transmission. It may also be that certain cage and farm level factors affect the
magnitude of mortality associated with this disease. To further investigate the role of
possible risk factors associated with ulcer disease mortality, we conducted a
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mixed-effects linear regression analysis.
2.5.2

Regression analysis

Only the year of ulcer disease outbreak onset, and an interaction between the
diagnosis of ulcer disease and antibiotic treatment were significantly associated with the
magnitude of mortality during the ulcer disease outbreaks (Table 2.4; Fig. 2.10), despite
the wide range in cage-level mortality across farms (Fig. 2.6). This significant interaction
indicated that cages with a diagnosis of ulcer disease that were treated with antibiotics
had a higher overall mortality rate than untreated cages, which suggests either the
antimicrobial products were not effective at treating ulcer disease or they were effective
but administered too late. In addition, it is possible that the untreated cages diagnosed
with ulcer disease were less severely affected by the disease. It is also possible that the
mortality was attributed to the antibiotic treatments, because a toxicity issue was
suspected when cages were treated with trimethoprim/sulfadiazine; however, there were
too few treatments with this product to assess it separately. The interaction between the
diagnosis of ulcer disease and antibiotic treatment also indicated that there was no
difference in mortality between treated and untreated cages that did not have an ulcer
disease diagnosis. It should be noted that all cages without an ulcer disease diagnosis
were treated at the same time as cages with the disease within affected farms. This
suggests either the cages without an ulcer disease diagnosis were disease free and did not
require antibiotic treatment or the cages were treated early, prior to the development of
clinical signs of ulcer disease and, therefore, prevented ulcer disease mortality. To
evaluate whether antibiotic treatments are effective at reducing ulcer disease mortality,
future research should focus on determining if there is a significant difference in
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mortality rates during the outbreaks in the weeks that precede and follow treatments.
The significantly higher mortality rates reported during outbreaks that occurred in
2015 compared to 2014 may be due to various factors associated with the year of
outbreak onset, which may include the presence of co-infections, and differing
management practices and water temperatures. Water temperature may be one of the
main factors, as previous studies have shown that colder water temperatures increase the
virulence of M. viscosa (Lunder et al., 1995; Tunsjø et al., 2007). Our descriptive analysis
showed that there was a lower mean water temperature in 2015 (11.6°C) than in 2014
(12.4°C) (Table 2.4); however, these temperatures were higher than what was reported
during winter ulcer disease cases, which typically occur in water temperatures less than
7°C (Tunsjø et al., 2007). Further, we found a negative correlation between temperature
and total percent mortality during the outbreaks in our univariable analysis (Table 2.2).
We also explored several predictors that were not retained in our final model,
including sea lice treatments, vaccination for M. viscosa, smolt origin, cage stocking
density, and average weight of smolts at saltwater entry. Moritella viscosa vaccines used
by the Atlantic Canadian aquaculture industry during our study period did not appear to
affect total percent mortality during the ulcer disease outbreaks (Table 2.1). Since the
causative agent of ulcer disease in Canada has not been confirmed as M. viscosa, it is
possible that the vaccines used by the industry from 2014 to 2016, which were based on
this pathogen, were not targeting the causative agent. It is also a possibility that the
vaccines were targeting the wrong strain of M. viscosa, since vaccines currently used in
Canada are based on European M. viscosa strains (A. MacKinnon, personal
communication, April 20, 2017; Canadian Food Inspection Agency, 2016). Further
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research is needed to investigate and improve the efficacy of ulcer disease vaccines in
Canada.
We included the origin of smolts as a risk factor in our analysis to investigate whether
mortality during outbreaks was related to hatchery-specific factors. This predictor was
significant in our univariable analysis, but not our multivariable analysis, which
controlled for other factors. We hypothesized there may be an association between the
origin of smolts and antibiotic treatment. Cages with fish supplied by hatchery A were
treated with trimethoprim/sulfadiazine more than three times as often as cages supplied
by other hatcheries; and as previously mentioned, treatment with
trimethoprim/sulfadiazine had a strong positive effect on mortality during the outbreaks
due to possible toxicity with the product, as reported by site veterinarians. However, there
was no association between origin of smolts and antibiotic treatment, and there was no
significant association between hatchery of origin and total percent mortality. This was
not surprising given ulcer disease usually occurs well after fish have been transferred to
salt water.
The average weight of smolts at saltwater entry was also not significantly associated
with the magnitude of ulcer disease outbreaks in our final model (Table 2.4). The survival
of Atlantic salmon smolts is dependent on their size during saltwater entry (Saloniemi et
al., 2004), with smaller sized fish having greater difficulty in adapting to the marine
environment. Smoltification is a stressful event for Atlantic salmon, which can result in
an increased likelihood of opportunistic infections (Johansson et al., 2016). The fact that
the weight of smolts was not significant was not surprising given the earliest ulcer disease
outbreaks occurred 4 weeks after saltwater entry and most (86%) of the outbreaks
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occurred later than 10 weeks (Fig. 2.2), which is well after smoltification.
Another factor that we hypothesized might be associated with total percent mortality
during the outbreaks was cage stocking density; however, this predictor was not found to
be significant in any of our models. High stocking density of fish can induce stress,
leading to immunosuppression and increased susceptibility to disease (Liu et al., 2015;
Tort et al., 1996). Further, high stocking density is also likely to increase the frequency of
contact between fish with and without skin lesions. During the outbreaks, all cages in our
study were stocked below 15 kg/m3, the maximum density recommended for Atlantic
salmon (Table 2.2) (Farm Animal Welfare Council, 1996), which may explain why we
did not observe an association between this predictor and total percent mortality during
the outbreaks.
We also hypothesized that ivermectin would be associated with increased mortality
during the outbreaks because, unlike emamectin, ivermectin has a low safety margin in
fish and toxicity can occur due to its ability to pass through the blood brain barrier
(Collymore et al., 2014; Johnson et al., 1993; Palmer et al., 1996). Ivermectin may also
increase immunosuppression in fish due to its negative effects on the antioxidant system
(Domingues et al., 2016; Sakin et al., 2012), increasing susceptibility to infectious agents.
To assess whether there was a dose response to ivermectin treatments, we explored the
relationship between the number of weeks treated prior to the onset of the ulcer disease
outbreaks and the magnitude of mortality during the outbreaks, in which there was no
association; however, our study did not include any farms that were not treated with
ivermectin prior to outbreaks so we could not compare treated and untreated cages.
Further research should be conducted to better understand the role of ivermectin and
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ulcer disease because only farms that were not treated with this product were unaffected
by this disease. This may also reflect the fact that farms treated with ivermectin may have
had fish with more severe skin lesions from higher sea lice infestations, or were in
regions with a higher concentration of the causative pathogen.
The fact that most predictors included in our study were not statistically associated
with total percent mortality during the outbreaks suggests this disease is not stress
induced and current management strategies are not effective at reducing mortality. As
suggested in our descriptive analysis, it is possible that exposure dose plays an important
role in disease manifestation, with a wide variation in exposure even within farms.
It is possible that we did not find many significant associations in our final model due
to data limitations. For example, we had a limited sample size, which was restricted to a
small region of Atlantic Canada. This limited the power of our study and reduces the
external validity of the results. Another limitation is that we did not include subclinical
cases of ulcer disease in our study. Industry veterinarians reported that some farms
possibly had ulcers, based on their observations of scars seen during site inspections;
however, there was no reported mortality associated with the events. There also may have
been confounding in the study due to events leading to elevated mortality rates, such as
co-infections or predation attacks, which were not captured in our dataset. Despite these
limitations, our regression analysis is consistent with our descriptive analysis and this
study provides some insight into the manifestation of ulcer disease in Atlantic Canada.
2.6 Conclusions
The temporal and spatial patterns of outbreaks suggest the causative agent of ulcer
disease is relatively widespread geographically at a specific time of the year in Atlantic
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Canada (late summer to mid-autumn), or there may be environmental factors that play a
role in the onset and severity of ulcer disease during these months. The onset of disease
was relatively simultaneous across farms, with unpredictable spatial patterns, and it is
unlikely that horizontal transmission between and within farms plays a large role in the
spread of the causative agent of ulcer disease. The pathogen does not appear to be
stress-induced and therefore, non-uniform exposure to the causative agent across farms is
likely.
The interaction between antibiotic treatment and ulcer disease diagnosis suggests
treatments were not effective at reducing mortality rates, and future studies should be
done to better understand how to improve treatment efficacy. Ulcer disease outbreaks
were more severe during 2015 than 2014, which suggests various factors that differ by
year may be associated with the year of outbreak onset. Further investigation into the
causative agent of this disease may help with developing control strategies for ulcer
disease outbreaks in Atlantic Canada.
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Table 2.1. Unconditional associations with log of total percent mortality during ulcer disease outbreaks, and descriptive statistics featuring the
count of cages and farms, and mean total percent mortality during the outbreaks (with 95% confidence interval) for all dichotomous predictors.
Variable

Coefficient

P-value

Mean total percent
mortality (with 95%
CI) during the
outbreaks (%)

Count
of cages

Count
of farms

Diagnosis of ulcer disease
No
Yes

Ref. a
0.801

0.003

1.785 (1.113, 2.456)
5.122 (3.304, 6.941)

46
49

0
12

Antibiotic treatment during outbreak
No
Yes

Ref. a
2.038

<0.001

0.498 (0.139, 0.858)
4.413 (3.139, 5.686)

22
73

2
10

Year of outbreak onset
2014
2015

Ref. a
2.656

<0.001

2.278 (0.961, 3.595)
4.871 (3.298, 6.444)

50
45

5
7

Origin of smolts
From all other hatcheries or combinations
From hatchery A and other hatcheries
From hatchery A only

Ref. a
1.262
1.553

<0.001 b
0.014
<0.001

2.200 (1.513, 2.888)
7.299 (-0.961, 15.558)
7.129 (3.388, 10.869)

70
5
20

10
4
5

Vaccinated for M. viscosa
No
Yes

Ref. a
0.010

0.982

3.812 (2.299, 5.324)
3.219 (1.758, 4.681)

46
49

3
9

a Reference category.

b Overall P-value for categorized predictor.
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Table 2.2. Unconditional associations with log of total percent mortality during the ulcer disease outbreaks, and descriptive statistics featuring the
mean, minimum value, maximum value, and standard deviation for all continuous predictors.
Variable

Coefficient

P-value

Mean

Min

Max

Stocking density of cage during outbreak (kg/m3)

-0.038

0.608

6.024

1.375

11.559

Standard
deviation
2.139

Water temperature during outbreak (°C)

-0.848

0.001

12

10.061

13.362

0.825

Weight of fish at saltwater entry (g)

-0.004

0.085

111.479

55

500

59.596

Number of weeks of hydrogen peroxide treatment
within five weeks of the start of the outbreak
(weeks)

0.401

0.622

0.095

0

2

0.359

Number of weeks of ivermectin treatment within
five weeks of the start of the outbreak (weeks)

-0.085

0.683

4.747

1

5

0.743
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Table 2.3. Correlation matrix for continuous predictors.
Variable

Weight of fish at
saltwater entry

Stocking
density of cage

Water
temperature

Number of
weeks of
ivermectin
treatment

Weight of fish at saltwater
entry

1.0000

Stocking density of cage

0.0559

1.0000

Water temperature

0.1482

-0.1300

1.0000

Number of weeks of
ivermectin treatment

-0.2394

0.1524

0.3145

1.0000

Number of weeks of
hydrogen peroxide
treatment

-0.0979

0.1436

-0.4996

-0.4270

Number of
weeks of
hydrogen
peroxide
treatment

1.0000
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Table 2.4. Full (prior to backwards elimination) and final mixed-effects linear regression models
with random farm effects, and log of total percent mortality during the ulcer disease outbreaks as
the outcome.
Variable

Full Model
Coefficient

P-value

Final Model
Coefficient

P-value

Constant

1.234

0.704

-2.657

<0.001

Diagnosis of ulcer disease

1.037

0.001

0.191

0.711

Antibiotic treatment during outbreak

2.217

<0.001

1.394

0.018

1.394
2.740
1.537
0.191
2.931
-1.203

<0.001b
0.110 d
<0.001d
<0.001d
0.711
<0.001
0.001

1.983

<0.001

Fixed effects

Diagnosis of ulcer disease*Antibiotic treatment a
A
No*Yes vs No*No c
B
Yes*Yes vs Yes*No c
C
Yes*Yes vs No*Yes c
D
Yes*No vs No*No c
E
Yes*Yes vs No*No c
F
Yes*No vs No*Yes c
Year of outbreak onset
2014
2015

Ref. e
1.697

0.001

Weight of fish at saltwater entry (g)

0.0003

0.908

Water temperature during outbreak (°C)

-0.307

0.192

Stocking density of cage during outbreak (kg/m3)

-0.008

0.908

Origin of smolts
From all other hatcheries or combinations
From hatchery A and other hatcheries
From hatchery A only

Ref. e
0.749
0.572

0.138
0.159

Vaccinated for M. viscosa
No
Yes

Ref. e
-0.145

0.672

Number of weeks of hydrogen peroxide treatment
five weeks of the start of the outbreak (weeks)

-0.727

0.221

Number of weeks of ivermectin treatment within
five weeks of the start of the outbreak (weeks)

-0.158

0.410

Random effect variances f
Farms

0.552 g

0.492 g

Cages

0.851 g

0.800 g

a Interaction between the diagnosis of ulcer disease in a cage and antibiotic treatment during the outbreaks.
b Overall P-value for interaction term.
c Pairwise comparison of interaction terms.
d Bonferroni adjustment.
e Reference category.
f Likelihood ratio test for the random effect of farm was significant (P<0.001).
g Random effect variances (not coefficient).
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Figure 2.1. Week of disease onset for all affected farms at the cage level in 2014 and 2015.
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Figure 2.2. Number of weeks from saltwater entry to ulcer disease onset for all affected farms at the
cage level in 2014 and 2015.
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Figure 2.3. Earliest calendar week of ulcer disease onset for affected farms in 2014 and 2015.
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Legend
Farm

Figure 2.4. Ulcer disease outbreaks in the Atlantic Canada region at the farm level from 30-04-14 to
27-01-16 (as seen in Video 1). Labeled farms (highlighted) had ulcer disease outbreaks.
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Figure 2.5. Number (left) and proportion (right) of cages with an ulcer disease diagnosis within affected farms in 2014 and 2015.
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Figure 2.6. Total percent mortality during the ulcer disease outbreaks at the cage level for all
affected farms in 2014 and 2015.
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Figure 2.7. Average total percent mortality during the time period of outbreaks for cages with and
without an ulcer disease diagnosis within affected farms in 2014 and 2015.
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Figure 2.8. Weekly duration of ulcer disease outbreaks for affected farms at the cage level in 2014
and 2015.
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Figure 2.9. Average weekly duration of ulcer disease outbreaks for all affected farms in 2014 and
2015.
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Figure 2.10. Interaction between the diagnosis of ulcer disease at the cage level (1=yes; 0=no) and
antibiotic treatment during the outbreaks (with 95% confidence intervals) during years 2014 (top)
and 2015 (bottom), with total percent mortality during the ulcer disease outbreaks as the outcome.
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3. TRANSMISSION EXPERIMENT IN ATLANTIC SALMON (SALMO
SALAR) WITH AN ATLANTIC CANADIAN ISOLATE OF MORITELLA
VISCOSA
3.1 Abstract
Ulcer disease in Atlantic salmon (Salmo salar) is difficult to control in Atlantic
Canada, leading to elevated mortality rates and antibiotic use in aquaculture farms. Skin
ulcers resemble lesions produced by Moritella viscosa but the pathogen is not always
identified in Atlantic Canadian cases. The objectives of our study were to: 1) describe the
pathology of ulcer disease in Atlantic salmon caused by an Atlantic Canadian M. viscosa
isolate; and 2) determine if M. viscosa can be transmitted horizontally in Atlantic salmon
under laboratory conditions. Atlantic salmon were bath-immersed in 10.9±0.2°C salt
water with M. viscosa (5.6 x 106 cfu/ml exposure). After observing early skin lesions in
these fish, we diverted the water from each bath-challenge tank to an adjacent tank with
previously unexposed fish for the remainder of the experiment. Fish were sampled that
displayed no skin lesions, early lesions, and ulcers from each bath-challenge and
“delayed-challenge” tank to describe the pathology of the disease. Samples were taken
for histopathology, bacterial culture, qPCR, 16S rRNA gene sequencing, and serum
biochemistry analysis. Bath-challenge fish expressed clinical signs of ulcer disease within
four days of exposure and fully recovered by the end of the study (26 days
post-exposure). No clinical signs of disease were observed in the delayed-challenge
tanks. Our results suggest ulcer disease induced with an M. viscosa isolate from Atlantic
Canada, at an elevated temperature, can produce similar pathology to winter ulcer disease
described in Europe. The occurrence of hypernatremia, hyperchloremia, and
hypoproteinemia in fish with skin lesions is consistent with osmoregulatory issues due to
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loss of fluids from skin wounds. The majority of fish sampled in bath-challenge tanks did
not have evidence of systemic infection until the development of visible skin ulcerations
and, even then, only 58% of fish had a positive kidney culture for M. viscosa. We also
found the more severe the skin lesions associated with M. viscosa, the less likely the fish
had the presence of digesta in their stomach and intestines. None of the fish in our
delayed-challenge tanks were confirmed to be infected with M. viscosa by molecular
diagnostics, which suggests horizontal transmission did not occur in our study.
3.2 Introduction
Ulcer disease in Atlantic salmon (Salmo salar) is difficult to manage, leading to
elevated antibiotic use and mortality rates in Atlantic Canadian aquaculture farms
(Chapter 2). This disease occurs seasonally during the summer and autumn months at
water temperatures above 10°C. Skin ulcers resemble lesions produced by Moritella
viscosa, the causative agent of winter ulcer disease in Europe (Lunder et al., 1995);
however, this pathogen is not always identified in Atlantic Canadian cases.
Winter ulcer disease progresses from scale loss and localized swelling of the skin, to
large ulcers on the surface of fish. Acute to subacute lesions reach as far down as the
compact dermis, with a mild to moderate presence of inflammatory infiltrate (Lunder et
al., 1995). Chronic lesions extend past the hypodermis to the muscle and can present with
severe inflammatory infiltration in the hypodermis, degenerative changes in muscle cells,
and endothelial cell damage (Lunder et al., 1995). Clinical signs associated with
infection can also include ascites and petechial hemorrhages of the skin, visceral organs
and parenchyma (Benediktsdóttir et al., 1998; Bruno et al., 1998). Histologically, M.
viscosa are typically evident at the edge of ulcers and within tissue adjacent to the lesions
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(Lunder et al., 1995). Numerous strains of M. viscosa exist in Europe and Canada, and
vary in virulence (Bjornsdottir et al., 2011; Grove et al., 2010). Ulcer disease caused by a
Canadian strain of the bacterium has not yet been described in the literature.
Studies have shown M. viscosa invades its host through the gills and/or skin and
clinical signs of winter ulcer disease become apparent within two to four days after
exposure to the bacteria (Karlsen et al., 2012; Løvoll et al., 2009; Lunder et al., 1995).
Lunder et al. (1995), the only study on winter ulcer disease transmission, to our
knowledge, reported minimal horizontal transmission of M. viscosa between Atlantic
salmon in direct contact with fish that had lesions associated with winter ulcer disease.
Winter ulcer disease is hypothesized to result in osmoregulatory imbalance (Bruno et
al., 2013). Because the marine environment is hyperosmotic compared to the fluid of
marine teleosts, Atlantic salmon must actively maintain water and electrolyte
homeostasis via osmoregulation to prevent hypovolemia, hypernatremia, and
hyperchloremia (Karnaky, 1980). To maintain homeostasis, the fish must continuously
drink water and exchange ions with the marine environment via the gills, gastrointestinal
tract, and kidney (Evans et al., 2005). Direct causes of osmoregulatory imbalance can
occur in Atlantic salmon due to epithelial wounds that result in fluid loss (Greenwell et
al., 2003; Pettersen et al., 2013). Stress, infection, septicemia, and inappetence, may
indirectly cause osmoregulatory failure in Atlantic salmon, due to their negative effect on
energy stores and as a result, impaired active electrolyte exchange (Greenwell et al.,
2003).
The objectives of our study were to: 1) describe the pathology of ulcer disease in
Atlantic salmon by an Atlantic Canadian M. viscosa isolate; and 2) determine if M.
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viscosa can be transmitted horizontally in Atlantic salmon under laboratory conditions.
3.3 Materials and Methods
3.3.1

Experimental fish and water quality

Healthy unvaccinated Atlantic salmon (Salmo salar) smolts (234), weighing an
average of 133.8g (Std. Dev. 28.8), were acquired from a commercial farm in New
Brunswick, Canada. Fish were held in a recirculating system at the Atlantic Veterinary
College (AVC) Aquatic Animal Facility (aquatic containment level 2), University of
Prince Edward Island (UPEI) (Charlottetown, PE, Canada). The fish were smoltified
prior to the experiment and acclimatized to a salinity of 31.8 ± 1.9 ppt over a period of
four weeks. Each tank contained 280 L of salt water (Instant Ocean® sea salt) and
effluent water was filtered with two 5µm filters in series and treated with four ultraviolet
radiation units in series (UV3000, Wykomar, 100 watts), sterilizing 113 L/min at a dose
of 49 mJ/cm2 (UVT 95%). Water quality (dissolved oxygen, ammonia, nitrite, nitrate, and
pH) was monitored at least once weekly and kept within normal range for Atlantic
salmon (Canadian Council on Animal Care, 2017). Fish were maintained on a 14-hour
light photoperiod and acclimatized to a water temperature of 10.9 ± 0.2°C over a period
of one week. They were fed commercial pellets (Skretting, Stavanger, Norway) to
satiation and the amount of food offered to each tank was recorded. Our study was
conducted in accordance with the UPEI Animal Care Committee, which follows the
principles and guidelines of the Canadian Council on Animal Care (Canadian Council on
Animal Care, 2017).
3.3.2

Bacterial isolate
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An M. viscosa isolate (source: Elanco Animal Health, Charlottetown, PE, Canada),
isolated in 2012 from the Bay of Fundy, New Brunswick, Canada when water
temperature was 10°C, was used in our experiment.
3.3.3

Experiment

Moritella viscosa was cultured by The Research and Productivity Council (RPC)
(Fredericton, NB, Canada) in Tryptone Soy Broth (TSB) with 2% NaCl at 9 ± 2°C and
later maintained at 11 ± 1°C for this experiment (Appendix B). The culture media was
transported by RPC to our laboratory at the AVC Aquatic Animal Facility. The
concentration of bacteria in the culture media was determined to be 8.75 x 108 cfu/ml via
analysis with a spectrophotometer immediately prior to our bath-challenge.
Prior to experimentation, we sampled 10 fish from the negative control tanks for the
presence of M. viscosa and clinical signs of ulcer disease. The experiment consisted of
nine tanks and four experimental groups: bath-challenge (3 tanks), delayed-challenge (3
tanks), positive control (1 tank), and negative control (2 tanks). The bath-challenge group
had 25 fish in each tank. We transferred the fish to a separate 150 L saltwater tank
(11.5°C) and mixed in 960 ml of culture media, resulting in an exposure concentration of
approximately 5.6 x 106 cfu/ml. Fish were moved back to their original recirculation tank
after a one-hour exposure period. We immersed the negative control fish (30 and 29 fish
in each tank) for one hour in a 125 L saltwater tank (11.5°C) containing 960 ml of TSB
(free of M. viscosa). The negative control tanks were separated from other tanks by tall
plastic barriers to prevent cross-contamination from splashing.
We also sedated 25 fish with 100 ppm tricaine methanesulfonate (TMS) (Aqualife
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TMS, Syndel Canada) and injected each fish intraperitoneally (i.p.) with 0.1 ml of M.
viscosa culture broth (estimated at 8.6 x 107 cfu of M. viscosa per fish). These fish served
as positive controls.
After the bath challenge, we observed the fish in all tanks twice daily for the presence
of early skin lesions and ulcers; we dip-netted at least five fish per tank daily to confirm
the presence or absence of skin lesions throughout the study, including the control tanks.
“Early lesions” were defined as scale loss, mild epithelial erosion (no exposure of
dermis), and/or localized swelling of the skin, and “ulcers” were defined as epithelial
erosion with exposure of dermis and/or muscle. The time to first observation of early
lesions and ulcers was noted for all tanks. When we observed early lesions in at least one
fish in the bath-challenge tanks, we diverted the water from each bath-challenge tank to
the adjacent delayed-challenge tanks (25 fish in each tank) for the remainder of the
experiment (Fig. 1). The intent was to sample five fish with no skin lesions (when at least
one fish within the tank had an early lesion), five fish with early lesions, five fish with
small ulcers (≤2cm), and five fish with large ulcers (>2cm) from each bath-challenge and
delayed-challenge tank as skin lesions appeared over the course of the experiment to
describe the disease over time; however, fish developed early lesions fairly
simultaneously and it was not possible to sample five fish without lesions in all tanks.
Additionally, ulcers greater than 2 cm were not apparent and fish recovered before it was
possible to sample five ulcer disease affected fish in some tanks. Moribund and dead fish
from all tanks were collected daily and sampled immediately as described below. At the
end of the experiment (26 days post-exposure) we sampled five fish from all tanks,
including the control tanks.
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We euthanized fish with 250 ppm TMS prior to sampling. Each fish was weighed and
all gross external signs of disease were recorded. We noted the presence of gross internal
signs of disease and the presence of digesta in the stomach and intestine. The proportion
of fish with early lesions, ulcers, and healed lesions that had digesta in their
gastrointestinal tract was compared to fish with no skin lesions using exact logistic
regression analysis in Stata 13 (StataCorp, College Station, TX).
We collected blood from the caudal vein in red-top blood collection tubes
(Monoject™) for serum biochemistry analysis, and swabbed skin lesions and kidney
tissue for bacterial culture on blood agar media (2% NaCl). A sample of skin lesion (with
underlying muscle) and head kidney tissue were aseptically collected and fixed in 90%
ethanol for qPCR and/or 16S rRNA gene sequencing. Skin samples for bacteriology,
histopathology, and molecular diagnostics from fish with no skin lesions were taken at
the midline on the lateral left side of the fish between the pelvic and anal fins. Skin (with
underlying muscle) and liver tissue samples were also fixed in 10% buffered formalin for
histopathological evaluation using hematoxylin and eosin (H & E) and methylene blue
staining. Histological preparation was performed by AVC Diagnostic Services (UPEI,
Charlottetown, PE, Canada). We described histological findings from the skin and liver
of three randomly selected fish in the negative control group and three fish (chosen based
on diagnostic quality) in the bath-challenge group with early lesions and ulcers after
screening all samples.
Finally, we collected water samples for bacterial culture three times a week for a
period of two weeks at the start of the study from the two negative control tanks, one
bath-challenge tank, and one delayed-challenge tank.
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3.3.3.1 Bacteriology
Tissue cultures were incubated for 14 days at 4°C. We identified Moritella viscosa
colonies morphologically by typical hemolysis, colony pigmentation, and viscosity
(Benediktsdóttir et al., 1998). Ethanol-fixed bacterial colonies that were morphologically
characteristic of M. viscosa were further tested by RPC with qPCR; all cultures from our
control fish, regardless of the morphological characteristics, were also tested.
A subsample of colonies that were not morphologically characteristic of M. viscosa
(n= 15) were also evaluated by the AVC Diagnostic Services using matrix-assisted laser
desorption/ionization-time of flight (MALDI-TOF) Mass Spectrometry (Bruker
microflex LT MALDI-TOF system with BioTyper RTC software) and anti-serum for M.
viscosa (AVC in collaboration with Aqua Health Ltd., Charlottetown, PE, Canada). The
latter was also used to test skin and kidney cultures from one bath-challenge fish we
identified morphologically as M. viscosa.
To confirm the presence of M. viscosa on the skin and in the internal organs of fish,
we randomly selected skin tissue samples from the bath-challenge, delayed-challenge,
and negative control groups for qPCR testing. Paired kidney tissue samples from the
bath-challenge group and kidney tissue samples from the delayed-challenge groups that
had bacterial cultures identified morphologically as M. viscosa were also tested with
qPCR to confirm culture results. One randomly selected kidney tissue sample from the
positive control group that had bacterial culture identified morphologically as M. viscosa
was also tested with qPCR. DNA was extracted with DNeasy Blood and Tissue kit
(Qiagen) and amplified with TaqMan Universal PCR Master Mix (Life Technologies).
Primers targeted the tonB gene of M. viscosa (GenBank EU332345). DNA from the same
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M. viscosa isolate used in our challenges was used as a positive control. The assay also
used Aliivibrio wodanis as a negative control. Samples were analyzed in duplicate on a
BioRad CFX96 Real-Time PCR machine. Average cycle threshold (Ct) values were
reported for all samples (45 maximum), with no Ct value being indicative of a negative
sample. Samples with Ct values less than 32 were considered to be “strong positive” and
Ct values equal to or greater than 32, and less than 37, were “positive.” Samples with Ct
values 37 and higher were characterized as “questionable” and further tested by RPC
with 16S rRNA sequencing. The latter was performed using partial DNA sequencing of
the 16S rRNA gene (Benediktsdóttir, 2000).
The proportion of fish with ulcers that had skin and kidney cultures diagnosed as
positive for M. viscosa was compared to fish with early lesions using exact logistic
regression analysis in Stata 13. We also compared the proportion of fish with clinical
signs that had positive skin and kidney cultures to the group with no skin lesions.
Water samples were submitted to the Hoplite Research lab (AVC, UPEI,
Charlottetown, PE, Canada) and plated on blood agar media (2% NaCl) for seven day
incubation at 4°C. Moritella viscosa colonies were identified morphologically by typical
hemolysis, colony pigmentation, and viscosity (Benediktsdóttir et al., 1998).
3.3.3.2 Serum biochemistry
Serum was analyzed by AVC Diagnostic Services for sodium (Na), chloride (Cl),
creatine kinase (CK), and total protein (TP) using a Cobas 6000 c501 (Roche
Diagnostics, Laval QC). Freezing point osmolality (Osmol) was measured with a
micro-Osmette (Precision Systems Inc., Natick, MA).
We determined 95% reference ranges for all serum biochemistry parameters using
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Reference Value Advisor (Geffré et al., 2011) with Microsoft Excel 2010 (Microsoft,
Redmond, WA). Reference intervals were based on biochemistry parameters of 19
negative control fish from this study and 10 negative control fish from our experiment
with extracellular products from the same M. viscosa isolate (excluding TSB-injected
fish) (Chapter 4). Distributions of biochemistry parameters were non-Gaussian and the
sample size was too low to use parametric methods to estimate reference limits (with
90% confidence intervals); therefore, these were determined using robust methods with
native or Box-Cox transformed values, based on distribution results. We also compared
these reference ranges with those calculated in previous studies for Atlantic salmon
(Braceland et al., 2017; Owens, 1991; Sandnes et al., 1988).
The proportion of fish with early lesions, ulcers, and healed lesions with elevated
serum sodium, chloride, creatine kinase, osmolality, and low total protein was compared
to fish with no skin lesions using separate exact logistic regression models in Stata 13.
The proportion of fish with ulcers was further compared to the proportion with early
lesions for high creatine kinase and low total protein.
3.4 Results
3.4.1

Gross observations

We first observed early lesions in the bath-challenge group on day four of the
experiment (Table 3.1). These lesions varied in appearance from skin swelling to mild
epithelial erosion, and ranged from 0.5 to 2 cm in diameter on the lateral sides and ventral
regions of fish (Fig. 3.2).
On day six, we observed the first appearance of small skin ulcers in the
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bath-challenge fish (Table 3.1); ulcers ranged in diameter from 0.1 to 2 cm (Fig. 3.3). All
fish that were not sampled in the bath-challenge tanks eventually developed small ulcers.
Of the 31 bath-challenge fish sampled with skin lesions (8, 13, and 10 fish from each
tank), eight had petechial hemorrhage (or passive congestion) in the liver. We did not
observe the ulcers progressing in severity over the course of the experiment and no fish
became moribund (Table 3.2). By day 12, all remaining fish in the tanks had no skin
lesions or had evidence of recovery with scarring of the skin (n=38). We slowly
decreased the system water temperature from 10.9±0.2°C to 8.5°C (Table 3.2), over the
following seven days (days 13 to 19), to attempt to increase the virulence of M. viscosa;
however, by the end of our experiment (day 26) all fish initially diagnosed with ulcer
disease (that were not sampled) were clinically normal with no skin lesions remaining.
We observed no clinical signs of disease in the delayed-challenge or negative control fish
throughout the entire experiment (Table 3.1).
Our positive control fish exhibited clinical signs of ulcer disease at the injection site
beginning on day five (Table 3.1) and over the course of the experiment developed
swelling, darkening, erosion, and ulcerations of the skin, and ascites and petechial
hemorrhaging of the peritoneum and gastrointestinal tract, internally. Overall, 71%
(10/14) of the sampled positive control fish had clinical signs of ulcer disease, and 36%
(5/14) of these fish were moribund or dead prior to sampling (Table 3.2).
Fish in the positive control, bath-challenge, and delayed-challenge groups
consistently ate less food than the negative control fish after day four of the experiment.
Fish in the bath-challenge group that were more severely affected by ulcer disease
showed signs of lethargy and inappetence. Digesta was evident in 74% of stomachs and
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100% of intestines of fish in the bath-challenge group with early lesions, and in 67% and
75% of the stomachs and intestines of ulcerated fish, respectively (Table 3.3). All fish
sampled with no skin lesions and healed lesions from the bath-challenge group had
digesta present in the gastrointestinal tract (Table 3.3). Digesta was also observed in 91%
of stomachs and 100% of intestines of fish in the delayed-challenge group, and in all
gastrointestinal tracts of the negative control fish sampled (Table 3.3).
Our statistical analysis showed no significant difference in the proportion of fish with
early lesions (P=0.354) and ulcers (P=0.255; P=0.454) that had digesta in the stomach
and intestine compared to fish with no skin lesions.
3.4.2

Histopathological observations

Negative control fish
The histopathological evaluation of skin and liver samples from three negative
control fish revealed no significant morphological irregularities (Fig. 3.4).

Bath-challenge fish: early lesions
Skin samples from all three fish with early lesions had regions of scale loss and
evidence of degeneration of epithelial cells in the epidermis, characterized by cell
dissociation, at the periphery of the early lesion (Fig. 3.5). There was mixed
inflammatory infiltrate, consisting predominately of granulocytes and protein, evident
within scale pockets, epidermis, compact dermis, hypodermis, and up to the leading edge
of underlying red skeletal muscle (Fig. 3.6). Bacterial rods were also evident within the
integument (Fig. 3.7).
Liver samples from the same fish showed no significant morphological irregularities,
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with the exception of an elevated granulocyte population within the sinusoids (Fig. 3.4).

Bath-challenge fish: ulcers
Skin samples from three fish with ulcers showed a loss of the epidermal layer at the
site of the lesion, with missing scales. The exposed compact dermis, hypodermis, and red
skeletal muscle were infiltrated by bacterial rods, with no inflammatory response evident.
There was hydropic degeneration of epithelial cells in the integument and red muscle
fibres (Fig. 3.8).
The liver samples from the same fish had inflammation of the sinusoids with
congestion and mixed leucocytic infiltrates of the vessel walls (Fig. 3.9; Fig. 3.10).
3.4.3

Bacteriology

All skin and kidney cultures identified as M. viscosa morphologically from the
bath-challenge fish, except for one, were confirmed as positive for the bacterium by
qPCR (Appendix C; Table 3.4). The culture that did not test positive by qPCR came from
a fish with no skin lesions and was also confirmed as negative for M. viscosa on the
qPCR tests applied directly to the skin and kidney tissues of the fish. The skin and kidney
cultures from one bath-challenge fish were also confirmed positive for M. viscosa with
anti-serum.
In the bath-challenge group, the fish without skin lesions had no evidence of internal
infections with M. viscosa (i.e. 0% of the kidney cultures were identified as positive for
the bacteria) but 29% had positive skin cultures (Table 3.4). Twenty percent of the kidney
tissues and 40% of skin tissues sampled from these fish were positive by qPCR
(Appendix C; Table 3.4). Sixty-three percent of skin cultures and 11% of kidney cultures
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from fish with early lesions were identified as M. viscosa, with 33% and 17% positive by
qPCR on subsampled skin and kidney tissues, respectively (Appendix C; Table 3.4).
Moritella viscosa was also evident in skin cultures from 92% of fish with ulcers (Table
3.4); however only 58% (7/12) of these fish had positive kidney cultures. Of the ulcerated
fish tested, 100% of the skin tissues and 42% of the kidney tissues were positive by
qPCR (Appendix C; Table 3.4). Only 7% (1/14) of fish sampled after the recovery of skin
lesions had M. viscosa identified in skin cultures and none of these fish had the bacteria
evident in kidney cultures (Table 3.4). This was also confirmed by qPCR, where only
14% (1/7) of the fish tested had positive skin tissues and 0% had positive kidney tissues
for M. viscosa (Appendix C; Table 3.4).
The delayed-challenge group had 13% (6/45) and 2% (1/45) of fish with bacteria that
resembled M. viscosa morphologically on skin and kidney cultures, respectively (Table
3.4). These cultures were further tested by qPCR. Only one skin culture and one kidney
culture, both from the same fish, had a detectable Ct reading and the values for these
samples were both greater than 37 (Appendix C; Table 3.4). These cultures were further
analyzed by 16S rRNA gene sequencing and the skin culture was confirmed as a Vibrio
sp. and the kidney culture as a Rheinheimera sp. None of the qPCR tests on skin and
kidney tissues were positive for M. viscosa from any fish in the delayed-challenge group
(Table 3.4).
Fifty percent of the positive control fish were identified as positive for M. viscosa by
skin culture and 43% by kidney culture (Table 3.4). Kidney tissue from one fish was
confirmed positive by qPCR (Appendix C; Table 3.4). All skin and kidney sampled from
negative control fish were negative for M. viscosa by culture and skin was negative by
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qPCR (kidney was not tested) (Table 3.4). Other bacterial growth on culture plates was
identified as Vibrio tasmaniensis, by MALDI-TOF Mass Spectrometry. In addition, all
water samples from the bath-challenge, delayed-challenge, and negative control tanks
were negative for M. viscosa by culture.
Our statistical analysis suggested the proportion of fish with ulcers diagnosed as
positive for M. viscosa via skin culture was significantly higher than fish with no skin
lesions (P<0.001); there was no significant difference in the proportion of positive skin
cultures for the early lesion group compared to fish with no lesions. In addition, the
proportion of ulcerated fish with positive skin cultures was not significantly higher than
fish with early lesions (P=0.173). We also found the proportion of ulcerated fish with
positive kidney cultures was significantly higher than fish with no skin lesions (P=0.031);
there was no statistical difference between the proportion of fish with early lesions and no
skin lesions with positive kidney cultures (P=1.000).
3.4.4

Serum biochemistry

Table 3.5 contains the total percentages of all sampled bath-challenge fish with
normal, low, and high biochemistry parameter values relative to the reference ranges
(Appendix D). More than 25% of fish with early lesions experienced hypernatremia and
hyperchloremia. In addition, more than 25% of fish with ulcers had hypernatremia and
more than 60% experienced hyperchloremia, whereas none (0/42) of the fish sampled
with no skin lesions (either did not develop lesions or recovered from lesions) in the
bath-challenge tanks had elevated serum sodium or chloride. Only 29% of fish with early
lesions had elevated creatine kinase, compared to 36% of fish with ulcers. In contrast,
29% of fish that did not develop lesions and none (0/14) of the fish sampled after the
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recovery of lesions had elevated creatine kinase. Eighty-two percent of fish with ulcers
had low total protein, while the majority of fish that did not develop skin lesions (57%),
had early lesions (76%), and recovered from skin lesions (79%) had total protein within
normal limits. We also found that 39% of fish with early lesions and 40% with ulcers
experienced hyperosmolality, while 71% of fish with no skin lesions were also
hyperosmotic. All fish sampled once lesions were recovered had serum osmolality within
the normal limits.
Our statistical analysis suggested the proportion of fish with elevated serum sodium
was not significantly higher in fish with early lesions and ulcers compared to fish with no
skin lesions (P=0.153; P=0.255). The proportion of fish with elevated chloride was
significantly higher in the ulcer group compared to the group with no skin lesions
(P=0.013) (Table 3.5); however, there was no significant difference between fish with
early lesions and no skin lesions for this electrolyte (P=0.153). We also found a
significant difference in the proportion of fish with low total protein for fish with ulcers
compared to fish with no lesions (P=0.035) (Table 3.5), with no significant difference
between fish with early lesions and no skin lesions (P=1.000). In addition, the proportion
of fish with low total protein was significantly higher for the fish with ulcers when
compared to fish with early lesions (P=0.009) (Table 3.5). There was no significant
difference between the proportion of fish with ulcers and early lesions having elevated
creatine kinase compared to the fish with no skin lesions (P=0.948; P=1.000) (Table 3.5).
Furthermore, the proportion of fish with high creatine kinase was not significantly higher
for the fish with ulcers compared to those with early lesions (P=1.000). Our analysis also
suggested the proportion of fish with early lesions and ulcers with elevated osmolality
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was not significantly different than fish with no skin lesions (P=0.378; P=0.673) (Table
3.5); however, the proportion of fish that were sampled after recovery with elevated
osmolality was significantly lower than the group with no lesions (P=0.002) (Table 3.5).
3.5 Discussion
We performed a bath-immersion challenge with M. viscosa to describe the clinical
signs of ulcer disease and investigate whether the pathogen could be horizontally
transmitted between tanks. Our results suggest ulcer disease induced by an M. viscosa
isolate from Atlantic Canada, at an elevated temperature, produced similar pathology to
winter ulcer disease described in Europe.
The bath-challenge fish first exhibited early clinical signs of ulcer disease four days
after exposure to M. viscosa, and skin ulcers by day six of the study (Table 3.1), which is
consistent with other experimental infections with this bacteria at colder water
temperatures (Løvoll et al., 2009). Besides the fish that were sampled early in the
experiment with no skin lesions, all fish in our bath-challenge group developed skin
lesions. We observed degeneration and vacuolation of epithelial cells (Fig. 3.5), with
mixed inflammatory infiltrate in the integument and muscle (Fig. 3.6), and infiltration of
bacterial rods into the integument and red skeletal muscle (Fig. 3.7). The pathology we
observed is very similar to that which occurs in winter ulcer disease in Europe (Lunder et
al., 1995). These findings suggest ulcer disease can be induced in Atlantic salmon at
temperatures above 10°C in Canada, which has not been described in the literature, but
has been anecdotally reported in recent years by producers in Atlantic Canada (P. Jones,
personal communication, September 15, 2017).
We also assessed whether there were differences in serum chemistry parameters in
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fish with different severities of skin lesions. Hypernatremia and hyperchloremia only
occurred in fish that developed early skin lesions and ulcers (Table 3.5). Although we
saw a trend of elevated sodium and chloride for fish with clinical signs of ulcer disease,
only the proportion of ulcerated fish with elevated chloride was significantly higher when
compared to fish with no skin lesions (P=0.013). It is possible our analysis would have
detected a significant difference between groups if we had a larger sample size. The
relative frequency of hypoproteinemia was significantly higher in fish with more severe
skin lesions than fish with no skin lesions (P=0.035) or mild lesions (P=0.009) (Table
3.5). This electrolyte imbalance and low serum total protein in our experimental fish was,
possibly, due to loss of fluids and protein from skin wounds, stress, and/or inappetence
(Greenwell et al., 2003). Similar findings have been reported in fish with skin lesions and
have been attributed to hemoconcentration of the blood and osmoregulatory failure in
marine teleost fish (Bowers et al., 2000; Fontenot and Neiffer, 2004; Grimnes and
Jakobsen, 1996). Serum osmolality was elevated in fish with skin lesions and strangely,
also elevated in the majority of fish that were bath-infected with M. viscosa prior to the
development of clinical signs. This was possibly due to stress associated with
transportation to the laboratory and the bath-immersion process; however, the proportion
of fish with elevated osmolality in the early lesion group and the group with ulcers were
not statistically significant when compared to the fish with no skin lesions, possibly due
to the small sample size in our study. The typical range for osmolality in marine fish is
300 to 350 mOsm/kg (Sampaio and Freire, 2016). All fish that were sampled after the
recovery from skin lesions had serum osmolality and sodium levels within normal limits,
and 93% of these fish had normal chloride levels (Table 3.5). In addition, 79% of fish
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post-recovery had normal total protein values (Table 3.5). It is also interesting to note that
serum creatine kinase was elevated in 36% of fish with skin ulcers. Elevation of creatine
kinase can be indicative of acute skeletal muscle damage (Hamel et al., 2015). The
proportion of ulcerated fish with elevated creatine kinase was not significant in
comparison to the fish with no skin lesions, which may have been due to our low sample
size. Interestingly, this enzyme was found at normal levels in all fish sampled after the
recovery from the lesions (Table 3.5)
We evaluated whether fish with different severity of skin lesions had systemic
infections. This was done to better understand when systemic infection develops in the
disease process because current vaccine and treatment strategies used in Canada are
based on controlling systemic infections (Chapter 2). Fish that developed skin ulcers had
a significantly higher rate of systemic infections than fish with early lesions (P=0.014),
with only 58% of ulcerated fish having a positive kidney culture for M. viscosa (Table
3.4). Our findings may explain why M. viscosa is not always cultured from kidneys of
fish with skin ulcers in the field. Our findings are also consistent with studies that suggest
M. viscosa first develops ulcers in the skin and invades systemically at later stages of
infection (Karlsen et al., 2012). Interestingly, despite the congestion and inflammation of
the sinusoids in the liver of some fish with skin ulcerations, there was no histological
evidence of bacteria in this tissue (Fig. 3.9; Fig. 3.10). We did not culture the liver for the
presence of bacteria; however, it is possible that the pathological changes observed in this
organ could have been due to cytotoxins produced by M. viscosa instead of colonization
of the bacteria in the liver.
The level of systemic infections under field conditions may be even less than what is
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observed under laboratory conditions because the dose of exposure in the laboratory
setting is likely higher than in the field situation, which can lead to evasion of immune
defenses in the gills and dissemination of bacteria into the bloodstream (Karlsen et al.,
2012b). In our study, the exposure dose was high at 5.6 x 106 cfu/ml. It is therefore
possible that M. viscosa is even less likely to become systemic in farmed salmon and the
industry should use an antibiotic that targets the skin when treating ulcer disease as the
bacteria was predominantly detected in this organ during early stages of infection. Also,
future research should assess the effectiveness of vaccines for M. viscosa that target the
mucosal immune system of fish as these vaccines may increase the antibody response to
the bacteria within the mucous layer of the skin (Rombout et al., 2014).
We found some of our fish with severe skin lesions did not have digesta in their
gastrointestinal tract (Table 3.3) similar to what has been reported by Whitman et al.
(2000) in New Brunswick and Coyne et al. (2006, 2004) in Norway; however, this
relationship was not statistically significant in our study, possibly due to small sample
size. It is possible that handling stress may have also impacted the feeding response of
our experimental fish. The fact that some fish stopped feeding before M. viscosa spread
systemically (Table 3.3) and the fact that not all fish in our study exhibiting clinical signs
of disease (i.e. ulcers) were systemic (Table 3.4), may explain anecdotal reports of
treatment failure for this disease in Atlantic Canada. It may be important to start
treatments for this bacterial disease before clinical signs are severe. One of the issues
with treating ulcer disease is that early skin lesions are difficult to observe and can often
be misdiagnosed in sea cages. This disease appears to be seasonal in Canada (Chapter 2),
so producers could increase surveillance for early signs of ulcers in the summer to assist
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in earlier diagnoses of the condition and possibly improve treatment efficacy.
Interestingly, even when fish are not treated for ulcer disease some can recover from
milder skin lesions (Lunder et al., 1995). This was apparent in our study and it has been
reported by industry veterinarians in farmed Atlantic salmon with the disease (Chapter 2).
If antimicrobial treatments are initiated early in the disease process it may increase the
proportion of fish that recover from ulcer disease. Further research should investigate this
hypothesis as it could help improve the control of the disease on salmon farms.
Another question that arises when treating ulcer disease on saltwater farms is whether
to treat all cages or only affected cages within close proximity on a farm. Infectious
disease pathogens are often spread horizontally through the water between sea cages
(Crane and Hyatt, 2011; Robertsen, 2011). In the case of M. viscosa, we found no
evidence of waterborne transmission in the delayed-challenge fish in our transmission
trial (Table 3.4). None of the fish in our delayed-challenge tanks had clinical signs of
ulcer disease (Table 3.1) and M. viscosa was not confirmed in skin and kidney samples of
these fish by molecular diagnostics (Table 3.4). This suggests horizontal transmission of
M. viscosa did not occur in our study, but this may not reflect what occurs under field
conditions as the dose exposure of M. viscosa in the delayed-challenge tanks was not
measured and may have been very low. However, the lack of horizontal transmission in
our trial is consistent with findings of another study that had limited success in
transmitting M. viscosa via co-habitation when the fish did not have previous skin
abrasions (Lunder et al., 1995). Further, our previous field study on ulcer disease
suggested there was limited horizontal transmission of the pathogen between cages in
farmed Atlantic salmon (Chapter 2). For example, many cages of fish on affected farms
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were never diagnosed with ulcer disease despite limited treatment success in affected
cages. The lack of transmission of M. viscosa from infected fish may be due to the fact
that many fish do not appear to be systemically infected with this pathogen and,
therefore, may not shed high levels of bacteria. This was supported by the fact that we
were not able to detect bacteria in our water sample cultures. Since M. viscosa does not
appear to be readily transmitted horizontally, producers may not need to treat cages that
do have evidence of infection with the bacteria.
One possible reason we did not observe severe ulcerations, morbidity, or mortality in
most bath-challenge fish in our study, and all remaining fish in our study recovered
despite the high level of exposure in our bath challenge is that our experiment was
conducted at a water temperature of 10.9 ± 0.2°C, which is unusually high for ulcer
disease caused by M. viscosa (Løvoll et al., 2009). Another possible reason is that fish
were not exposed to a persistent load of bacteria due to the recirculating system with UV
sterilization, which may not reflect the level of bacterial exposure under field conditions.
We chose an elevated temperature of 10.9 ± 0.2°C because it is the typical water
temperature during outbreaks in Atlantic Canada; however, it may have affected the
virulence of M. viscosa in our study. The strain of M. viscosa used in our study was
collected during the summer from clinical cases in farmed salmon when water
temperatures were 10°C. European pathogenic strains of M. viscosa have been shown to
have reduced replication, motility, and cell adhesion abilities at warmer temperatures
(Tunsjø et al., 2009, 2007). In addition, wound healing in fish occurs faster in warmer
water temperatures (Jensen et al., 2015). We lowered the water temperature to 8.5°C by
day 19 of the study in an attempt to delay wound healing but this had no effect on the
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proportion of fish affected or the severity of their skin lesions.
3.6 Conclusions
Overall, our study helped us better understand ulcer disease in Atlantic salmon. Fish
infected with an Atlantic Canadian strain of M. viscosa at a water temperature of
10.9±0.2°C showed similar pathology to what has been observed in winter ulcer disease
cases in Europe; however, our experimental fish had less severe skin lesions and, other
than those that were sacrificed as part of the study, recovered by the end of the
experiment. We confirmed that fish with skin ulcerations may experience fluid loss and
osmoregulatory issues, and in many cases, may not become systemically infected with
the bacteria. Our findings highlight the issues that M. viscosa poses for its disease
management and prevention within the aquaculture industry. Given the fact that fish may
become anorexic and die before the onset of systemic infection, future research should
further investigate the mechanisms by which this pathogen causes mortality to determine
if this can be targeted in intervention programs. Future research should also assess
whether mucosal immunity of Atlantic salmon can be targeted to prevent M. viscosa
infection, and determine the most efficacious timing of antimicrobial treatments to
prevent the development of ulcer disease.
3.7 References
Acerete, L., Balasch, J.C., Espinosa, E., Josa, A., Tort, L., 2004. Physiological responses
in Eurasian perch (Perca fluviatilis, L.) subjected to stress by transport and handling.
Aquaculture 237 (1-4), 167-178.
Benediktsdóttir, E., Helgason, S., Sigurjónsdóttir, H., 1998. Vibrio spp. isolated from

78

salmonids with shallow skin lesions and reared at low temperature. J. Fish Dis. 21,
19–28.
Benediktsdóttir, E., Verdonck, L., Spröer, C., Helgason, S., Swings, J., 2000.
Characterization of Vibrio viscosus and Vibrio wodanis isolated at different
geographical locations: a proposal for reclassification of Vibrio viscosus as
Moritella viscosa comb. nov. Int. J. Syst. Evol. Microbiol. 50, 479–488.
Bjornsdottir, B., Gudmundsdottir, T., Gudmundsdottir, B.K., 2011. Virulence properties
of Moritella viscosa extracellular products. J. Fish Dis. 34, 333–343.
Bowers, J.M., Mustafa, A., Speare, D.J., Conboy, G.A., Brimacombe, M., Sims, D.E.,
Burka, J.F., 2000. The physiological response of Atlantic salmon, Salmo salar L., to
a single experimental challenge with sea lice, Lepeophtheirus salmonis. J. Fish Dis.
23, 165–172.
Braceland, M., Houston, K., Ashby, A., Matthews, C., Haining, H., Rodger, H., 2017.
Technical pre-analytical effects on the clinical biochemistry of Atlantic salmon
(Salmo salar L .). J. Fish Dis. 40, 29–40.
Bruno, D.W., Griffiths, J., Petrie, J., Hastings, T.S., 1998. Vibrio viscosus in farmed
Atlantic salmon Salmo salar in Scotland: Field and experimental observations. Dis.
Aquat. Organ. 34, 161–166.
Bruno, D.W., Noguera, P.A., Poppe, T.T., 2013. A colour atlas of salmonid diseases
(Vol. 91). Springer Science & Business Media.
Coyne, R., Bergh, Ø., Samuelsen, O., Andersen, K., Lunestad, B.T., Nilsen, H.,
Dalsgaard, I., Smith, P., 2004. Attempt to validate breakpoint MIC values estimated
from pharmacokinetic data obtained during oxolinic acid therapy of winter ulcer

79

disease in Atlantic salmon (Salmo salar). Aquaculture 238, 51–66.
Coyne, R., Smith, P., Dalsgaard, I., Nilsen, H., Kongshaug, H., Bergh, Ø., Samuelsen, O.,
2006. Winter ulcer disease of post-smolt Atlantic salmon: An unsuitable case for
treatment? Aquaculture 253, 171–178.
Crane, M., Hyatt, A., 2011. Viruses of Fish: An Overview of Significant Pathogens.
Viruses 3, 2025–2046.
Evans, D.H., Piermarini, P.M., Choe, K.P., 2005. The multifunctional fish gill: dominant
site of gas exchange, osmoregulation, acid-base regulation, and excretion of
nitrogenous waste. Physiol. Rev. 85(1), 97-177.
Fontenot, D.K., Neiffer, D.L., 2004. Wound management in teleost fish: Biology of the
healing process, evaluation, and treatment. Vet. Clin. North Am. - Exot. Anim.
Pract. 7, 57–86.
Greenwell, M.G., Sherrill, J., Clayton, L.A., 2003. Osmoregulation in fish: mechanisms
and clinical implications. Vet. Clin. North Am. Exot. Anim. Pract. 6(1), 169-189.
Grimnes, A., Jakobsen, P.J., 1996. The physiological effects of salmon lice infection on
post-smolt of Atlantic salmon. J. Fish Biol. 48, 1179–1194.
Grove, S., CR, Wiik-Nielsen, C. R., Lunder, T., Tunsjø, H. S., Tandstad, N. M., Reitan,
L. J., Marthinussen, A., Sørgaard, M., Olsen, A. B., Colquhoun, D. J. 2010.
Previously unrecognised division within Moritella viscosa isolated from fish farmed
in the North Atlantic. Dis. Aquat. Organ. 93 (1), 51–61.
Hamel, Y., Mamoune, A., Mauvais, F., Habarou, F., Lallement, L., Romero, N.B.,
Ottolenghi, C., Lonlay, P. De, 2015. Acute rhabdomyolysis and inflammation. J.
Inherit. Metab. Dis. 38, 621–628.

80

Jensen, L.B., Wahli, T., McGurk, C., Eriksen, T.B., Obach, A., Waagbø, R., Handler, A.,
Tafalla, C., 2015. Effect of temperature and diet on wound healing in Atlantic
salmon (Salmo salar L.). Fish Physiol. Biochem. 41 (6), 1527–1543.
Karnaky K.J., 1980. Ion secreting epithelia: chloride cells in the head region of Fundulus
heteroclitus. Am. J. Physiol. 238, 185-98.
Karlsen, C., Sørum, H., Willassen, N.P., Åsbakk, K., 2012. Moritella viscosa bypasses
Atlantic salmon epidermal keratocyte clearing activity and might use skin surfaces
as a port of infection. Vet. Microbiol. 154, 353–362.
Løvoll, M., Wiik-Nielsen, C.R., Tunsjø, H.S., Colquhoun, D., Lunder, T., Sørum, H.,
Grove, S., 2009. Atlantic salmon bath challenged with Moritella viscosa – Pathogen
invasion and host response. Fish Shellfish Immunol. 26, 877–884.
Lunder, T., Evensen, O., Holstad, G., Hastein, T., 1995. “Winter ulcer” in the Atlantic
salmon Salmo salar. Pathological and bacteriological investigations and
transmission experiments. Dis. Aquat. Organ. 23, 39–49.
Pettersen, R.A., Hytterød, S., Vøllestad, L.A., Mo, T.A., 2013. Osmoregulatory
disturbances in Atlantic salmon, Salmo salar L., caused by the monogenean
Gyrodactylus salaris. J. Fish Dis. 36(1), 67-70.
Robertsen, B., 2011. Can we get the upper hand on viral diseases in aquaculture of
Atlantic salmon ? Aquacult. Res. 42, 125–131.
Rombout, J.H.W.M., Yang, G., Kiron, V., 2014. Adaptive immune responses at mucosal
surfaces of teleost fish. Fish Shellfish Immunol. 40, 634–643.
Sampaio, F.D.F., Freire, C.A., 2016. An overview of stress physiology of fish transport:
changes in water quality as a function of transport duration. Fish Fish. 17, 1055–

81

1072.
Sandnes, K., Lie, Waagbø, R., 1988. Normal ranges of some blood chemistry parameters
in adult farmed Atlantic salmon, Salmo salar. J. Fish Biol. 32, 129–136.
Tunsjø, H.S., Paulsen, S.M., Berg, K., Sørum, H., L’Abée-Lund, T.M., 2009. The winter
ulcer bacterium Moritella viscosa demonstrates adhesion and cytotoxicity in a fish
cell model. Microb. Pathog. 47, 134–142.
Tunsjø, H.S., Paulsen, S.M., Mikkelsen, H., L’Abée-Lund, T.M., Skjerve, E., Sørum, H.,
2007. Adaptive response to environmental changes in the fish pathogen Moritella
viscosa. Res. Microbiol. 158, 244–250.
Whitman, K.A., Backman, S., Benediktsdóttir, E., Coles, M., Johnson, G., 2000. Isolation
and characterisation of a new Vibrio sp. (Vibrio wodanis) associated with ‘Winter
ulcer disease’ in sea water raised Atlantic salmon (Salmo salar L.) in New
Brunswick. In: Hendry CI, McGladdery SE (eds) Aquaculture Association of
Canada Special publications no. 4. St. Andrews, NB, Canada, 115 –117.

82

Table 3.1. The number of days from the start of experiment to the first observation of early skin
lesions and ulcers in all experimental groups. The entire duration of the experiment was 26 days.

Experimental group
Bath-challenge

Number of Days to First
Observation
Early lesion
Ulcer
4
6

Delayed-challenge

N/A 1

N/A 1

Positive control

5

8

Negative control

N/A 1

N/A 1

1 No skin lesions were evident in these tanks.
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Table 3.2. Total number of fish sampled per experimental group (including number of moribund or dead fish) over the course of the experiment.
The bath-challenge group were exposed to M. viscosa on day 1 and the delayed-challenge group were exposed to the effluent water from the
bath-challenge tanks on day 4 of the experiment. The system water temperature was decreased to 10°C on day 13 (↓), and further dropped to 9°C
on day 15 and 8.5°C on day 19.
Day of experiment

1

Temperature (°C)

11.1

6

7

8

3
0
0

11
0
0

6
0
0

9

10

11

12

10.8

13

16

19

26

↓

9.0

↓

8.2

2
0
0

15
0
0

15
0
0

Delayed-challenge
Mortality
Moribund

Positive control
Mortality
Moribund

5

10.7
15
0
0

Bath-challenge
Mortality
Moribund

Negative control
Mortality
Moribund

4

15
0
0

15
0
0

10
0
0

1
0
0
1
0
1

2
0
0

1
0
1

1
1
0

3
0
1

1
1
0

10
0
0
5
0
0
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Table 3.3. Percentage of total fish sampled with digesta in the gastrointestinal tract from the bath
challenge (grouped by fish with no skin lesions, early lesions, ulcers, and no skin lesions after
recovery), delayed-challenge, and negative control groups.
Experimental group
Bath-challenge
No lesions
Early lesions
Ulcers
After recovery

Stomach

Intestines

100% (7/7)
74% (14/19)
67% (8/12)
100% (14/14)

100% (7/7)
100% (19/19)
75% (9/12)
100% (14/14)

Delayed-challenge

91% (41/45)

100% (45/45)

Negative control

100% (10/10)

100% (10/10)

85

Table 3.4. Percentage of fish with skin and kidney cultures identified morphologically as M.
viscosa, and percentage with positive skin and kidney tissue samples by qPCR (Ct<45), from the
bath challenge (grouped by fish with no skin lesions, early lesions, ulcers, and no skin lesions
after recovery), delayed-challenge, negative control, and positive control groups.
Experimental group

Positive
skin culture

Bath challenge
No lesions
Early lesions
Ulcers
After recovery

Positive skin
tissue
qPCR

Positive
kidney
culture

Positive
kidney tissue
qPCR

29% (2/7)
63% (12/19)
92% (11/12)
7% (1/14)

40% (2/5)
33% (2/6)
100% (12/12)*
14% (1/7)

0% (0/7)
11% (2/19)
58% (7/12)*
0% (0/14)

20% (1/5)
17% (1/6)
42% (5/12)
0% (0/7)

Delayed-challenge

13% (6/45)

0/21

2% (1/45 1)

0% (0/2)

Positive control

50% (7/14)

N/A 2

43% (6/14)

100% (1/1)

Negative control

0% (0/15)

0% (0/11)

0% (0/15)

N/A 2

1 Did not sequence as M. viscosa by 16S rRNA gene sequencing.
2 Did not test tissues by qPCR in these fish.
* Statistically significant difference in the proportion of positive cultures between the ulcer group and early lesion group.
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Table 3.5. Percentage of bath-challenge fish (grouped by fish with no skin lesions, early lesions,
ulcers, and no skin lesions after recovery) with normal, low, and high biochemistry parameter
values relative to the reference range. The reference range was based on biochemistry values of
our negative control fish. [Reference range]

No
lesions

Early
lesions

Ulcers

After
recovery

Parameter
value
relative to
reference
range

Na
(mmol/L)
[157.4-186.7]

Cl
(mmol/L)
[123.0-146.3]

CK
(U/L)
[1178.0-8522.7]

TP
(g/L)
[25.0-46.4]

Osmol
(mOsm/kg)
[284.9-371.7]

High

0% (0/7)

0% (0/7)

29% (2/7)

29% (2/7)

71% (5/7)

Low

0% (0/7)

29% (2/7)

14% (1/7)

14% (1/7)

14% (1/7)

Normal

100% (7/7)

71% (5/7)

57% (4/7)

57% (4/7)

14% (1/7)

High

29% (5/17)

29% (5/17)

29% (5/17)

0% (0/17)

39% (7/18)

Low

6% (1/17)

53% (9/17)

0% (0/17)

24% (4/17)

0% (0/18)

Normal

65% (11/17)

18% (3/17)

71% (12/17)

76% (13/17)

61% (11/18)

High

27% (3/11)

64% (7/11) a

36% (4/11)

0% (0/11)

40% (4/10)

Low

0% (0/11)

0% (0/11)

9% (1/11)

82% (9/11) a,b

0% (0/10)

Normal

73% (8/11)

36% (4/11)

55% (6/11)

18% (2/11)

60% (6/10)

High

0% (0/14)

0% (0/14)

0% (0/14)

7% (1/14)

0% (0/14) a

Low

0% (0/14)

7% (1/14)

14% (2/14)

14% (2/14)

0% (0/14)

Normal

100% (14/14)

93% (13/14)

86% (12/14)

79% (11/14)

100% (14/14)

a

Statistically significant difference in the proportion of group compared to fish with no skin lesions for the biochemistry parameter.

b

Statistically significant difference in the proportion of fish with ulcers compared to fish with early lesions for the biochemistry parameter.
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Figure 3.1. This figure shows the diversion of water from a bath-challenge tank (right) to the
adjacent delayed-challenge tank (left) after clinical signs of early skin lesions were evident in the
bath-challenge fish. The bath-challenge tanks were elevated and water flowed passively through
connective pipes to the top of the delayed-challenge tanks (arrows).
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Figure 3.2. Early skin lesion (arrow) evident between the pelvic and anal fins on a fish in the
bath-challenge group on day four of the experiment. This lesion presented as scale loss and mild
erosion of the skin.
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Figure 3.3. Several early skin lesions (large arrow) and an ulcer (small arrows) evident on the left
lateral side of a fish in the bath-challenge group on day six of the experiment.
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Figure 3.4. No significant morphological changes in the liver from a negative control fish (top)
(H & E stain). Mixed leucocytic infiltrate (arrows) within the sinusoid of a liver from a
bath-challenge fish with an early skin lesion (bottom) (H & E stain).
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Figure 3.5. Degeneration of epithelial cells in the epidermis (arrows) of a bath-challenge fish with
an early skin lesion (H & E stain).
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Figure 3.6. Mixed inflammatory infiltrate (arrows), consisting predominately of granulocytes and
protein, within the compact dermis, hypodermis, and up to the leading edge of underlying red
skeletal muscle of a bath-challenge fish with an early skin lesion (H & E stain).
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Figure 3.7. Bacterial rods (arrows) within the integument of a bath-challenge fish with an early skin lesion (H & E stain on left; Methylene blue
stain on right).
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Figure 3.8. Hydropic degeneration of red muscle fibres (arrows) from a bath-challenge fish with a
skin ulcer (H & E stain).
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Figure 3.9. Congestion of the sinusoids (arrows) in a liver from a bath-challenge fish with a skin
ulcer (H & E stain).
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Figure 3.10. Inflammation of a sinusoid (arrows) in a liver from a bath-challenge fish with a skin
ulcer (H & E stain).
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4. INJECTION OF ATLANTIC SALMON (SALMO SALAR) WITH
EXTRACELLULAR PRODUCTS FROM AN ATLANTIC CANADIAN
ISOLATE OF MORITELLA VISCOSA
4.1 Abstract
Ulcer disease in Atlantic salmon (Salmo salar) is detrimental to the aquaculture
industry in Atlantic Canada, leading to increased mortality rates across farms and
economic losses. The bacterium Moritella viscosa is the proposed causative agent of this
disease. The objective of this study was to determine if extracellular products (ECP) from
an Atlantic Canadian strain of M. viscosa could induce a tissue response similar to what
is typically observed with M. viscosa infections in Atlantic salmon. We injected fish
subcutaneously with ECP filtrate broth and monitored the development of skin lesions.
We sampled fish with early skin lesions and ulcers to describe the pathology of the
disease. Samples were taken for histopathology, bacterial culture, qPCR, and serum
biochemistry analyses. All experimental fish expressed early skin lesions, with five fish
developing ulcers of the skin after 12 days post-exposure. Our results suggest the ECP of
M. viscosa produced a similar tissue response to ulcer disease described in
bath-challenges with this pathogen; however, the tissue response was more acute than a
typical bacterial infection with melanization of the skin at the injection site. The majority
of fish with skin lesions had normal serum sodium, chloride, total protein, and osmolality
levels, but elevated creatine kinase levels. This is suggestive of acute skeletal muscle
damage and the absence of osmoregulatory failure. We also found the more severe the
skin lesions associated with the ECP, the less likely fish were to have digesta present in
their gastrointestinal tracts.
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4.2 Introduction
Ulcer disease in Atlantic salmon (Salmo salar) leads to elevated mortality rates and
economic losses for the aquaculture industry in Atlantic Canada (Chapter 2). This disease
presents similarly to winter ulcer disease reported in Norway (Lunder et al., 1995) and is
proposed to have the same causative agent, Moritella viscosa; however, this pathogen is
not always identified in ulcer disease cases in Atlantic Canada (Chapter 2).
Moritella viscosa invades Atlantic salmon via the gills and/or skin (Karlsen et al.,
2012; Løvoll et al., 2009). Winter ulcer disease initially presents as early skin lesions two
to four days after exposure to M. viscosa in Norwegian studies (Karlsen et al., 2012;
Løvoll et al., 2009; Lunder et al., 1995). These early lesions consist of mild scale loss and
swelling of the skin, and eventually progress to ulcers (Chapter 3; Lunder et al., 1995).
Lunder et al. (1995) reported the appearance of bacteria only at the edge of the skin
lesions and within underlying muscle in fish with winter ulcer disease. This is suggestive
that the bacteria produced cytotoxic extracellular products (ECP) that induced tissue
damage. In fact, M. viscosa has been shown in several studies to produce ECP in vitro
(Bjornsdottir et al., 2011, 2009). These researchers found that pathogenic strains of M.
viscosa produce ECP with lethal cytotoxic and hemolytic properties (Bjornsdottir et al.,
2009). Extracellular products produced by M. viscosa induced cellular death,
hemorrhages, and necrosis in Atlantic salmon tissue and possibly aids in host invasion of
the pathogen (Bjornsdottir et al., 2009). Bjornsdottir et al. (2011) showed that fish
injected intra-peritoneal (i.p.) with ECP from European M. viscosa strains had the same
internal pathological signs as fish infected with the bacteria i.p. There are no published in
vivo studies, to date, conducted with virulent Canadian strains of M. viscosa or their ECP.
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The objective of our study was to determine if ECP from an Atlantic Canadian strain
of M. viscosa could induce a tissue response similar to what is typically observed with M.
viscosa infections in Atlantic salmon.
4.3 Materials and Methods
4.3.1

Experimental fish and water quality

We used 120 healthy unvaccinated Atlantic salmon (Salmo salar) smolts, weighing
an average of 192.4 g, from an Atlantic Canadian commercial farm. Fish were held in a
saltwater (Instant Ocean® sea salt) recirculating system at the Atlantic Veterinary
College (AVC) Aquatic Facility (aquatic containment level 2), University of Prince
Edward Island (UPEI) (Charlottetown, PE). Each tank had 280 L of salt water that was
filtered with two 5µm filters in series and treated with four ultraviolet radiation units in
series (UV3000, Wykomar, 100 watts), sterilizing 113 L/min with dose of 49 mJ/cm2
(UVT 95%). Water quality was monitored and kept within normal range for Atlantic
salmon. Fish were maintained on a 14-hour light photoperiod and acclimatized to a water
temperature of 10.9 ± 0.6°C over a period of one week and salinity of 29.4 ± 2.0 ppt over
a period of 4 weeks. Fish were fed commercial pellets (Skretting, Stavanger, Norway) to
satiation and the amount of food offered to each tank was recorded. Our study was
conducted in accordance with the UPEI Animal Care Committee, which follows the
principles and guidelines of the Canadian Council on Animal Care (CCAC) (CCAC,
2017).
4.3.2

Bacterial isolate

An M. viscosa isolate (source: Elanco Animal Health, Charlottetown, PE, Canada),
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isolated in 2012 from the Bay of Fundy, New Brunswick, Canada when water
temperature was 10°C, was used in our experiment.
4.3.3

Experiment

Moritella viscosa was cultured by The Research and Productivity Council (RPC)
(Fredericton, NB, Canada) in Tryptone Soy Broth (TSB; 2% NaCl) at 8°C for 114 hours
(3.29 x 109 cfu/ml, OD600 of 2.42), then centrifuged and sterile-filtered (0.45 μm). The
filtrate broth was determined free of M. viscosa and non-specific bacterial contamination
and frozen at -80°C. It was thawed immediately before our challenge.
The experiment consisted of six tanks and two experimental groups: ECP-challenge
(3 tanks) and negative control (3 tanks). The ECP-challenge group had 20 fish in each
tank. We sedated the fish with 100 ppm TMS and injected each fish subcutaneously with
0.2 ml of filtrate ECP broth above the lateral line and below the dorsal fin on the left side
of the fish. We sedated 40 additional fish (20 in each tank) and injected each fish
subcutaneously with 0.2 ml of TSB in the same area as the ECP-challenge fish. These
fish served as negative controls. The remaining 20 negative control fish provided a
system control and received no intervention and were housed in their own tank separate
from the other control fish.
After the ECP challenge, we observed the fish in all tanks twice daily for the presence
of early skin lesions and ulcers. During the first week we routinely dip-netted five fish
per tank daily to confirm the presence or absence of skin lesions. This was done for the
ECP-challenge and the negative control fish. “Early lesions” were defined as scale loss,
mild epithelial erosion (no exposure of dermis), and/or localized swelling of the skin.
“Ulcers” were defined as epithelial erosion with exposure of dermis and/or muscle. The
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time to first observation of early lesions and ulcers was noted for all tanks. We sampled
up to five fish with no skin lesions, early lesions, or ulcers from each ECP-challenge tank
and negative control tank (TSB-injected fish only) over the course of the experiment.
Moribund and dead fish from all tanks were collected daily and sampled. At the end of
our experiment we sampled 10 fish from all tanks, including the control tanks. The study
was terminated on day 20 post-injection.
We followed the same sampling procedures as our transmission trial with M. viscosa
(Chapter 3), except skin samples from fish with no skin lesions were taken from the same
area that we injected fish, on the left lateral side above the lateral line and below the
dorsal fin. In brief, we euthanized fish with 250 ppm TMS, weighed each fish, and noted
all gross external signs of disease. We examined each fish for the presence of gross
internal signs of disease and the presence or absence of digesta. The proportion of fish
with ulcers that had digesta in their gastrointestinal tract was compared to fish with early
lesions using an exact logistic regression analysis in Stata 13 (StataCorp, College Station,
TX).
We collected blood from the caudal vein in additive-free blood collection tubes
(Monoject™) for serum biochemistry analysis, and swabbed skin lesions and kidney
tissue for bacterial culture on blood agar media (2% NaCl). Skin lesions and head kidney
tissue samples were aseptically collected and fixed in 90% ethanol for qPCR. Skin (with
underlying muscle) and liver tissue samples were also fixed in 10% buffered formalin for
histopathological evaluation using hematoxylin and eosin (H & E) and methylene blue
staining. Histological preparation was performed by AVC Diagnostic Services (UPEI,
Charlottetown, PE, Canada). We described histological findings from the skin and liver
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of three randomly selected fish in the negative control group (TSB-injected) and three
fish (chosen based on diagnostic quality) in the ECP-challenge group with early lesions
and ulcers after screening all samples. The filtrate broth and TSB used in our
ECP-challenge were also submitted for qPCR testing.
4.3.3.1 Bacteriology
We incubated our tissue cultures for 14 days at 4°C. Preliminary identification of M.
viscosa colonies was based on morphology; typical hemolysis, colony pigmentation, and
viscosity (Benediktsdóttir et al., 1998). We submitted ethanol-fixed bacterial colonies
that were morphologically characteristic of M. viscosa to RPC for qPCR testing. We also
submitted pooled skin (n=63) and kidney cultures (n=8) from each ECP-challenge tank to
RPC for qPCR testing.
Representative samples of colonies that were not morphologically characteristic of M.
viscosa were submitted to the Aquatic Diagnostic Services Bacteriology Laboratory
(AVC, UPEI, Charlottetown, PE, Canada) for evaluation using MALDI-TOF Mass
Spectrometry (Bruker microflex LT MALDI-TOF system with BioTyper RTC software)
and cross checked with antisera for M. viscosa.
To confirm the absence of M. viscosa, we randomly selected 22 paired skin and
kidney tissue samples from the ECP-challenge group for testing by qPCR. We also
randomly selected 14 skin tissue samples from the negative control group for analysis.
The filtrate and TSB broths used in our ECP challenge were also tested for the presence
of M. viscosa by qPCR. All molecular diagnostics were performed by RPC.
In brief, DNA was extracted with DNeasy Blood and Tissue kit (Qiagen) and
amplified with TaqMan Universal PCR Master Mix (Life Technologies). Primers
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targeted the tonB gene of M. viscosa (GenBank EU332345). The positive control was
based on DNA from the same M. viscosa isolate used in our challenges and Aliivibrio
wodanis was used as a negative control. Samples were analyzed in duplicate on a BioRad
CFX96 Real-Time PCR machine. Average cycle threshold (Ct) values were reported for
all samples below 45 maximum, with no Ct value being indicative of a negative sample.
4.3.3.2 Serum biochemistry
Serum was analyzed at the AVC Diagnostic Services (UPEI, Charlottetown, PE,
Canada) for sodium (Na), chloride (Cl), creatine kinase (CK), and total protein (TP) using
a Cobas 6000 c501 (Roche Diagnostics, Laval QC). Freezing point osmolality was
measured with a micro-Osmette (Precision Systems Inc., Natick, MA). We used
reference ranges that were based on the control fish that received no intervention in this
study and our transmission trial with M. viscosa (Chapter 3).
The proportion of fish with early lesions and ulcers with elevated serum sodium,
chloride, creatine kinase, osmolality, and low total protein was compared to fish with
early lesions using separate exact logistic regression models in Stata 13.
4.4 Results
4.4.1

Gross observations

We first observed early skin lesions in the ECP-challenge group within 12 hours
post-injection in all 60 ECP injected fish (Table 4.1). The early lesions associated with
ECP consisted of black pigmentation, mild erosion, and mild swelling of the skin at the
injection site (Fig. 4.1). The severity of skin lesions increased over time and by day eight,
all fish showed moderate swelling, superficial hemorrhage, mild to moderate erosion, and
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white or grey discoloration of the skin at the injection site (Fig. 4.2). The first skin ulcer
in this group of fish appeared on day 12 (Table 4.1). During the experiment we only
observed five out of 60 fish with ulcers, which ranged in sizes from 1 to 3 cm in diameter
at the injection site.
Of the 57 sampled ECP-injected salmon, 12% (7/57) had petechial hemorrhage
(or passive congestion) in the spleen and 5% (3/57) in the peritoneum. Only 13% (1/8) of
fish with internal lesions had ulcers. No clinical signs of disease were detected in the
negative control fish over the course of the experiment.
ECP-challenge fish consistently ate less feed than the negative control fish after
day two of the experiment. The control fish ate 100% of feed offered during the study.
The ECP-challenge fish ate 5 to 20% of feed offered during the first half of the study; the
unsampled fish remaining in the study progressively increased their feed intake to 100%
by the last day of the experiment. All negative control fish that were sampled (n=46) had
digesta present in the stomach and intestine (Table 4.2). Digesta was also evident in the
stomach and intestine of 83% of ECP-challenge fish with early skin lesions (Table 4.2).
In comparison, only 20% of ECP-challenge fish with ulcers had digesta present in the
gastrointestinal tract (Table 4.2).
Our statistical analysis indicated that the proportion of fish with ulcers that had
digesta in their stomach and intestine was significantly lower than fish with early lesions
(P=0.016).
4.4.2

Histopathological observations

Negative control fish
The histopathological evaluation of skin and liver samples from three negative
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control fish showed no significant morphological irregularities (Fig. 4.3; Fig. 4.4).

Early lesions
Skin samples from all three fish with early skin lesions had mild to moderate
degeneration of the epithelial cells of the epidermis, compact dermis, and hypodermis
(Fig. 4.3), and red skeletal muscle fibre cells (Fig. 4.5). Congregating melanocytes were
evident in the basal layer of the epidermis (Fig. 4.3). There was also evidence of
transdermal infiltration of mixed inflammatory infiltrate, consisting predominately of
granulocytes, tracking into the red skeletal muscle layer (Fig. 4.5).
Liver samples from the same fish showed inflammation around the blood vessels,
with the migration of granulocytes and regions of mild congestion and thrombi within the
sinusoids (Fig. 4.4), but no bacteria were present.

Ulcers
Skin samples from the three fish with ulcers showed denuding of the epidermis
(Fig. 4.6) and an increased infiltration of melanocytes in the basal layer (Fig. 4.7). Skin
samples with an intact or non-ulcerated integument showed a mixed inflammatory
infiltrate, consisting predominately of granulocytes, within the epithelial cells of the
epidermis, compact dermis, and hypodermis, and red skeletal muscle fibres. There was an
abundance of bacterial rods and coccobacilli within the hypodermis and red skeletal
muscle layer. Severe degeneration of the epithelial cells of the integument and red muscle
fibres, with mild to moderate congestion (or hemorrhage) was also evident (Fig. 4.6).
Liver samples of the same fish had no significant morphological irregularities.
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4.4.3

Bacteriology

All skin and kidney cultures were negative for M. viscosa by morphological
identification, and all pooled culture samples (by tank) were negative by qPCR (Table
4.3). Several secondary or opportunistic bacteria were isolated and identified as Vibrio
tasmaniensis, Vibrio anguillarum, Pseudomonas brenneri, and Pseudomonas gessardii
using MALDI-TOF Mass Spectrometry. All 14 skin tissue samples from the control tanks
and 22 paired tissue (skin and kidney) samples from the ECP-challenge tanks were
negative by qPCR (Table 4.3). Further, the TSB and filtrate broths used in the
ECP-challenge were also negative by qPCR.
4.4.4

Serum biochemistry

Table 4.4 contains the total percentages of all sampled ECP-challenge fish with
normal, low, and high biochemistry parameter values relative to the reference ranges
(Appendix E). More than 75% of fish sampled with early lesions and ulcers had serum
sodium, chloride, and osmolality levels within normal range. More than 95% of the fish
with early lesions and ulcers exhibited elevated serum creatine kinase levels in
comparison to the reference range. Seventy-eight percent of fish with early lesions had
serum total protein levels within normal range and the remainder of the fish had low total
protein. In contrast, 40% of fish with ulcers had low total protein when compared to our
reference range.
Our statistical analysis suggested there was no significant difference in the proportion
of fish with elevated serum sodium, chloride, creatine kinase, and osmolality between
fish with ulcers and fish with early lesions (Table 4.4). The proportion of ulcerated fish
with low total protein was also not significantly different than fish with early lesions
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(P=0.638).
4.5 Discussion
The goal of our study was to better understand the role of M. viscosa in the
development of skin lesions in Atlantic salmon. We were able to induce skin ulcers in
fish with subcutaneous injections of ECP extracted from an Atlantic Canadian strain of
this bacterium, which had not been described in the literature prior to this study.
The ECP-challenge fish expressed early skin lesions soon after exposure to the ECP
on the first day of our study. This rapid development of skin lesions is consistent with a
bio-toxic insult as opposed to a primary bacterial infection, which usually requires
several days (Løvoll et al., 2009). For example, in our bath-immersion studies with live
M. viscosa, the earliest lesions we observed occurred four days post-exposure (Chapter
3).
Our ECP-challenge fish had more severe early skin lesions than described in the
literature and under field conditions for winter ulcer disease (Chapter 3; Lunder et al.,
1995). They first presented with black pigmentation of the skin. Histologically these fish
had degeneration of the integument with a concentration of melanocytes in the basal layer
of the epidermis (Fig. 4.5; Fig. 4.6) possibly resulting in the darkening of the skin that
was apparent within 12 hours on all ECP-injected fish (Fig. 4.1). This black pigmentation
of the skin has not been reported in fish infected with M. viscosa, but occurred in various
species of fish injected with foreign materials (Agius and Roberts, 2003). It is possible
that the concentration of ECP used in this study is far greater than what is experienced in
a natural infection.
Only 8% of ECP-challenge fish in our experiment developed ulcers. Ulcers developed
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very slowly over time and were apparent after necrosis and sloughing of skin. In
comparison, skin ulcers presented acutely in bath-infected fish (Chapter 3; Løvoll et al.,
2009; Lunder et al., 1995), which could be due to M. viscosa colonization of the skin and
continuous production of ECP at the infection site. It is possible that exposure to ECP in
our study, although high initially, was not sufficiently prolonged to induce ulcers in the
majority of fish because we only gave one injection of the substance in a small area. Or it
is also possible that other virulence factors produced by M. viscosa play a role in the
formation of skin ulcerations.
The hypodermis and red skeletal muscle in our ECP fish had more severe
degeneration than the epidermis, which suggests we did not inject subcutaneously in most
cases and instead may have injected directly into the muscle. It is also possible that more
fish would have developed ulcers in the ECP-challenge group if we lethally sampled less
fish with early lesions at the beginning of study, if we injected the ECP intradermally,
and/or if we prolonged the experiment beyond 20 days.
To rule out the presence of M. viscosa in our study, we tested for the presence of the
bacteria in all skin lesions. We did not identify M. viscosa in skin or internal organ
cultures from these fish and all qPCR testing done directly on the tissues of 36 fish were
negative for the bacterium. Histological evaluation of the tissues revealed that bacteria,
likely secondary and opportunistic invaders, were present in large numbers in the
hypodermis and skeletal muscle of ulcerated fish in the ECP-challenge group, but this
was not the case for fish with early skin lesions. ECP may aid in host invasion of bacteria
(Bjornsdottir et al., 2009). The skin lesions likely became secondarily infected with
bacteria from the environment, which has been reported with winter ulcer disease (Olsen
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et al., 2011). We cultured several types of bacteria on the skin of fish throughout the
experiment. This is a possible limitation for our study since these bacteria could have also
produced their own ECP and increased the severity of the lesions. The presence of
secondary bacterial growth on skin lesions may also explain why it is difficult to identify
M. viscosa in field samples as it is slow-growing and often outcompeted (Grove et al.,
2008; Hjerde et al., 2015; Karlsen et al., 2014).
Interestingly, we observed petechial hemorrhages grossly in the internal organs of
12% of the fish we sampled with skin lesions. Despite this, there was no evidence of
systemic infection in these fish. The petechial hemorrhaging internally in the absence of
positive tissue cultures was also observed in our bath immersion study with M. viscosa
(Chapter 3). It is likely the pathological changes observed in the internal organs of these
fish were due to cytotoxic ECP. Extracellular vibriolysin from M. viscosa causes necrosis
and hemorrhage in salmon tissues (Bjornsdottir et al., 2009), which would support our
gross observations.
We found that ECP-challenge fish with more severe skin lesions were less likely to
have digesta present in the gastrointestinal tract, which has also been described in other
studies on ulcer disease (Chapter 3; Coyne et al., 2006, 2004; Whitman et al., 2000).
Most fish with advanced skin lesions in our ECP-challenge group became anorexic but
were not systemically infected with bacteria. Similar observations were made when we
exposed fish to M. viscosa in an earlier study (Chapter 3).
We also assessed serum biochemistry values for various parameters of interest.
Greater than 95% of ECP-challenge fish with early skin lesions and ulcers had elevated
creatine kinase levels when compared to the reference range (Table 4.4). This may be due
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to the acute nature of the ECP-induced lesions or the fact that we may have injected the
ECP directly into muscle, as elevation of creatine kinase occurs with acute skeletal
muscle damage (Hamel et al., 2015). An increase in this enzyme was less prevalent in
fish infected with M. viscosa (Chapter 3). The fact that only a few fish in our
ECP-challenge group developed ulcers may explain why we did not observe very many
fish with abnormal sodium, chloride, total protein, and osmolality levels (Table 4.4) and
may also explain the lack of significance between the early lesion and ulcer groups.
Hypernatremia, hyperchloremia, and hypoproteinemia has been reported in Atlantic
salmon with skin ulcers and can indicate osmoregulatory failure (Chapter 3; Bowers et
al., 2000; Grimnes and Jakobsen, 1996). It is likely this only occurs when there is a
breach in the skin layer. Twenty percent of ECP-challenge fish with ulcers had elevated
serum sodium and chloride levels, and 40% had hypoproteinemia. It is possible that the
stress of the injections and/or handling stress during our study could have also had an
effect since it can lead to osmoregulatory imbalance (Sampaio and Freire, 2016).
The ECP used in our study was extracted from a strain of M. viscosa found in the
Atlantic Canada region. Norwegian studies have investigated the characteristics of M.
viscosa ECP but Canadian strains in that study were determined to be nonvirulent and
therefore not described in detail (Bjornsdottir et al., 2011). Several other bacterial fish
pathogens have also been reported to produce ECP, including Aeromonas hydrophila,
Aeromonas salmonicida, Pseudomonas fluorescens, and Streptococcus agalactiae (Attia
et al., 2012; Bricknell et al., 1997; Evans et al., 2004; Zhang et al., 2014). Aeromonas
salmonicida was injected intramuscularly into Rainbow trout (Oncorhynchus mykiss)
and, similar to our study, induced liquefactive necrosis of the tissue (Ellis et al., 1981).
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Interestingly, this author also noted dilation and congestion of sinusoids in the liver.
We did not characterize the ECP used in our experiment. Future research should
explore the chemical composition of these extracellular compounds and their role in the
virulence of M. viscosa. If ulcer disease is predominantly caused by cytotoxins produced
by M. viscosa, its ECP may be good candidates for future vaccines.
We also did not explore the differences in virulence of ECP produced by M. viscosa
under different temperatures, as we chose to perform the study with a typical water
temperature during ulcer disease outbreaks in Atlantic Canada. It is possible that
exposure to M. viscosa is only pathogenic at certain temperatures (Tunsjø et al., 2009,
2007), which may have immunological implications. The reference laboratory in our
study grew the bacteria at 8°C because that was the best method to produce a higher
quantity of ECP; however, more research is needed to elucidate the specific extracellular
products produced by this Atlantic Canadian strain of M. viscosa under different
temperatures and identify which are of importance in the pathogenesis of ulcer disease.
4.6 Conclusions
Despite the limitations of our study, we were able to induce grossly visible skin
lesions in our experimental fish within 12 hours of subcutaneously injecting ECP from M.
viscosa, suggesting these extracellular products were active and had cytotoxic properties.
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Table 4.1. The number of days from the start of the experiment to the first observation of early
skin lesions and ulcers in the ECP-challenge and negative control groups. Study duration was 20
days.
Experimental group
ECP-challenge

Early lesion
1

Ulcer
12

Negative control

N/A 1

N/A 1

1 No skin lesions were evident in these tanks.
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Table 4.2. Percentage of fish sampled with digesta in the gastrointestinal tract from the
ECP-challenge (grouped by fish with early lesions and ulcers) and negative control groups.
ECP-challenge
Early lesions
Ulcers
Negative control

Stomach

Intestine

83% (43/52)
20% (1/5)*

83% (43/52)
20% (1/5)*

100% (46/46)

100% (46/46)

* Statistically significant difference in the proportion of fish with digesta in the gastrointestinal tract between the early lesion group and ulcer group.

118

Table 4.3. Percentage of fish with skin and kidney cultures morphologically identified as M.
viscosa, and positive skin and kidney tissue samples by qPCR (Ct<45) from the ECP-challenge
and negative control groups.

ECP-challenge

Skin
culture
0% (0/57)

Skin tissue
PCR
0% (0/22)

Kidney
culture
0% (0/57)

Kidney tissue
PCR
0% (0/22)

Negative control

0% (0/46)

0% (0/14)

0% (0/46)

N/A 1

1 Did not test tissues by qPCR in these fish.
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Table 4.4. Percentage of ECP-challenge fish (grouped by fish with early lesions and ulcers) with normal, low, and high biochemistry parameter
values relative to the reference range. The reference range was based on biochemistry values of our negative control fish. [Reference range]

Early
lesions

Ulcers

Value
measured

Na
(mmol/L)
[157.4-186.7]

Cl
(mmol/L)
[123.0-146.3]

CK
(U/L)
[1178.0-8522.7]

TP
(g/L)
[25.0-46.4]

Osmol
(mOsm/kg)
[284.9-371.7]

High

0% (0/50)

18% (9/50)

96% (49/51)

0% (0/51)

4% (2/51)

Low

6% (3/50)

0% (0/50)

0% (0/51)

21% (11/51)

0% (0/51)

Normal

94% (47/50)

82% (41/50)

4% (2/51)

78% (40/51)

96% (49/51)

High

20% (1/5)

20% (1/5)

100% (5/5)

0% (0/5)

0% (0/5)

Low

0% (0/5)

0% (0/5)

0% (0/5)

40% (2/5)

0% (0/5)

Normal

80% (4/5)

80% (4/5)

0% (0/5)

60% (3/5)

100% (5/5)
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Figure 4.1. ECP-challenge fish with black pigmentation and erosion of skin (arrow) at the
injection site on the first day of the study.

121

Figure 4.2. Fish from the ECP-challenge group with moderate swelling, superficial
hemorrhage, erosion, and white or grey pigmentation of the skin (arrows) at the injection
site.
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Figure 4.3. No significant morphological changes in the skin from a negative control fish
injected with TSB (top) (H & E staining). Degeneration of epithelial cells in the
epidermis and compact dermis, and congregating melanocytes in the basal layer of the
epidermis (arrows) of an ECP-challenge fish with an early skin lesion (bottom) (H & E
staining).
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Figure 4.4. No significant morphological changes in the liver from a negative control fish
injected with TSB (top) (H & E staining). Inflammation around the blood vessels, with a
migration of granulocytes (large arrows) and regions of congestion (small arrows) within
the sinusoids of a liver sample from an ECP-challenge fish with an early skin lesion
(bottom) (H & E staining).
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Figure 4.5. Degeneration of red skeletal muscle fibre cells and transdermal infiltration of
mixed inflammatory infiltrate (arrows) into the red skeletal muscle layer of an
ECP-challenge fish with an early skin lesion (H & E staining).
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Figure 4.6. Missing epithelial cells (large arrow) and concentrations of melanocytes in the
basal layer (small arrow) of the epidermis of an ECP-challenge fish with a skin ulcer (H
& E staining). There is also severe degeneration of epithelial cells and congestion (or
hemorrhage) of the integument.
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Figure 4.7. Melanocytes in the basal layer of the epidermis (arrows) of an ECP-challenge
fish with a skin ulcer (H & E staining).
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5. GENERAL DISCUSSION
Ulcer disease in Atlantic salmon (Salmo salar) in Canada grossly resembles
lesions associated with winter ulcer disease in Europe, caused by Moritella
viscosa (Lunder et al., 1995); however, this pathogen is not always identified
from skin lesions in Atlantic Canadian cases. Ulcer disease outbreaks lead to
significant financial losses for the salmon aquaculture industry in Atlantic Canada
due to elevated mortality rates and downgrading of fillet quality, as well as the
costs associated with antibiotic use in sea cages.
There is no published information on the epidemiology of ulcer disease
affecting Atlantic salmon in Canada. Deeper knowledge of this disease is
necessary to determine the impact of M. viscosa on the Atlantic Canadian industry
and facilitate better control strategies.
The overall objectives of this research were to 1) describe the onset, duration,
magnitude, and temporal and spatial patterns of Atlantic Canadian ulcer disease
cases at the cage and farm levels (Chapter 2); 2) determine potential sources and
transmission of infection for ulcer disease cases (Chapter 2); 3) identify potential
risk factors associated with total percent mortality during ulcer disease outbreaks
(Chapter 2); 4) describe the pathology of ulcer disease in Atlantic salmon by an
Atlantic Canadian M. viscosa isolate (Chapter 3); 5) determine whether M.
viscosa can be transmitted horizontally in Atlantic salmon (Chapter 3); and 6)
determine if ECP from an Atlantic Canadian strain of M. viscosa could induce a
tissue response similar to what is typically observed with M. viscosa infections in
Atlantic salmon (Chapter 4). The goal of these objectives was to devise
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management recommendations for ulcer disease outbreaks in Atlantic Canada.
5.1 The epidemiology of ulcer disease
The objective in Chapter 2 was to determine the descriptive epidemiology of
ulcer disease in Atlantic salmon on the east coast of Canada and identify potential
risk factors associated with total percent mortality during ulcer disease outbreaks.
The descriptive epidemiology suggests ulcer disease outbreaks exhibit a seasonal
pattern, with disease onsets from late-summer to mid-autumn. The temporal and
spatial patterns of outbreaks suggest the causative agent of ulcer disease is
relatively widespread geographically at a specific time of the year in Atlantic
Canada (late summer to mid-autumn), or there may be environmental factors that
play a role in the onset and severity of ulcer disease during these months. It is
likely that cages have a point source exposure to the causative agent, as the onset
of disease was relatively simultaneous across farms, with unpredictable spatial
patterns; and it is unlikely that horizontal transmission between and within farms
plays a large role in the spread of the causative agent of ulcer disease. The
pathogen does not appear to be stress-induced and, therefore, non-uniform
exposure to the causative agent across farms is likely.
Our results did not reveal any management factors that could reduce the
severity of ulcer disease outbreaks on affected farms. In our final mixed-effects
linear regression model, year of outbreak onset and the interaction between the
diagnosis of ulcer disease at the cage level and antibiotic treatment during the
outbreaks were significantly associated with the log of total percent mortality
during the outbreaks (P<0.001). The interaction between antibiotic treatment and
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ulcer disease diagnosis suggests treatments were not effective at reducing
mortality rates. Ulcer disease outbreaks were more severe during 2015 than 2014,
which suggests factors that differ by year may be associated with the magnitude
of the outbreak.
5.2 Transmission experiment in Atlantic salmon
In Chapter 3, we conducted an experiment to 1) describe the pathology of
ulcer disease in Atlantic salmon by an Atlantic Canadian M. viscosa isolate; and
2) determine if M. viscosa can be transmitted horizontally in Atlantic salmon.
Atlantic salmon were bath-immersed in 11°C salt water with M. viscosa. After
observing early skin lesions in these fish, we diverted the water from each
bath-challenge tank to an adjacent tank containing previously unexposed fish for
the remainder of the experiment. Overall, our study helped us better understand
ulcer disease in Atlantic salmon. Our results suggest ulcer disease induced with an
Atlantic Canadian strain of M. viscosa, at an elevated temperature, produces
pathology similar to winter ulcer disease. Fish infected with a New Brunswick
strain of M. viscosa at 11°C had an onset of disease and pathology similar to that
observed in winter ulcer disease cases in Europe; however, our experimental fish
had less severe skin lesions and, other than those that were sacrificed as part of
the study, recovered by the end of the experiment. We confirmed that fish with
skin ulcerations may experience dehydration and osmoregulatory issues, and in
many cases, may not become systemically infected with the bacteria. We also
found the more severe the skin lesions associated with M. viscosa, the less likely
the fish had digesta present in their gastrointestinal tracts. None of the fish in our
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delayed-challenge tanks were positive for M. viscosa by molecular diagnostics,
which suggests horizontal transmission did not occur in our study. This last
observation was consistent with our field observations that horizontal
transmission between cages of fish is not frequently observed. Our findings
highlight the issues that M. viscosa poses for its disease management and
prevention within the aquaculture industry.
5.3 Injection of Atlantic salmon with extracellular products
In Chapter 4, we performed an experiment to determine if ECP from an
Atlantic Canadian strain of M. viscosa could induce a tissue response similar to
that observed with M. viscosa infections in Atlantic salmon. We injected fish
subcutaneously with ECP filtrate broth. All experimental fish expressed early skin
lesions, with five fish developing skin ulcers. Our results suggest the ECP of M.
viscosa produce a tissue response similar to ulcer disease described in
bath-challenges with this pathogen; however, the tissue response was more acute
than what was seen in bath-challenges, with melanization of the skin at the
injection site. The fact that we were able to induce visible skin lesions in our
experimental fish within 12 hours of injecting ECP suggests these ECP were
active and had cytotoxic properties in Atlantic salmon tissue. The virulence of an
Atlantic Canadian strain of M. viscosa has not been described in the literature
prior to this study. The majority of fish with skin lesions had normal serum
sodium, chloride, total protein, and osmolality levels, and elevated creatine kinase
levels. This is suggestive of acute skeletal muscle damage and the absence of
osmoregulatory failure. We also found the more severe the skin lesions associated
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with the ECP, the less likely fish were to have digesta present in their
gastrointestinal tracts, which was also found in our bath-challenge fish in Chapter
3.
5.4 Overall conclusions
•

The spatial and temporal patterns of ulcer disease cases in Atlantic Canada
are indicative of point source exposure to the causative agent of ulcer
disease (Chapter 2).

•

The pattern of ulcer disease onset is not consistent with a stress induced
disease (Chapter 2).

•

There is a seasonal pattern of ulcer disease onset from late-summer to
mid-autumn (Chapter 2).

•

The pathogen that causes ulcer disease is either introduced into a region at
a specific time of the year or is endemic in the area, with outbreaks
triggered by environmental or temperature-dependent virulence factors
(Chapter 2).

•

Exposure dose may play an important role in disease manifestation, with
wide variation in exposure across farms (Chapter 2).

•

The pathogen that causes ulcer disease has a low likelihood of horizontal
transmission (Chapters 2 and 3).

•

Antimicrobial products were not effective at treating cages with an ulcer
disease diagnosis, or they were effective but administered too late
(Chapter 2); cages that were not treated may have been less severely
affected by the disease.
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•

The cages with no ulcer disease diagnosis were either disease free and did
not require antibiotic treatment or were treated early, which prevented
ulcer disease mortality (Chapter 2).

•

Moritella viscosa vaccines used by the Atlantic Canadian aquaculture
industry in our study did not affect mortality rates during ulcer disease
outbreaks (Chapter 2).

•

Ulcer disease associated with an Atlantic Canadian strain of M. viscosa
can be induced in water temperatures at 11°C and has pathology similar to
winter ulcer disease in Europe (Chapter 3).

•

Fish with ulcer disease had evidence of hypoproteinemia, hypernatremia,
hyperchloremia, and elevated serum osmolality and creatine kinase, which
may signify osmoregulatory failure and acute skeletal muscle damage
(Chapter 3).

•

The majority of fish sampled with ulcer disease did not have evidence of
systemic infection until they developed visible skin ulcerations and, even
then, only 58% of fish with lesions had a positive kidney culture for M.
viscosa (Chapter 3).

•

Skin ulcerations can be induced in Atlantic salmon with subcutaneous
injection of ECP from an Atlantic Canadian strain of M. viscosa (Chapter
4).

•

The more severe the skin lesions associated with M. viscosa or its ECP,
the less likely fish had digesta present in their gastrointestinal tracts
(Chapters 3 and 4).
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5.5 Ulcer disease management recommendations
Based on the results of this thesis, current management strategies (vaccines
and antimicrobial treatments) used by the Atlantic salmon industry in Atlantic
Canada are not effective at reducing ulcer disease mortality. Early diagnosis and
treatment of ulcer disease outbreaks may aid in reducing mortality attributed to
the disease. We found that fish with more severe skin lesions were more likely to
go off-feed. Since most antimicrobial products are fed orally to fish, once fish
become clinically infected they may not be ingesting therapeutic doses of
antibiotics. Therefore, treatment failure may occur if cages are treated too late,
once fish have grossly visible skin ulcers. This observation has also been reported
by other researchers (Coyne et al., 2006, 2004). Since ulcer disease appears to be
seasonal, with the first outbreaks occurring late-summer, the industry should use
active-surveillance during that time-period and treat cages when early skin lesions
are detected to try to improve treatment efficacy. This may increase the
proportion of fish that recover from ulcer disease and limit mortality. This may be
particularly important if many fish in a cage are showing early signs of infection.
Our laboratory findings may explain why M. viscosa is not always cultured, in
the field, from kidneys of fish with skin ulcers. Most fish in our infection trial did
not have evidence of systemic infection until they developed visible skin
ulcerations, as M. viscosa likely induces ulcers in the skin and invades
systemically in later stages of infection. The industry should, therefore, use an
antibiotic that targets the skin when treating ulcer disease. Our findings also
suggest a lack of horizontal transmission of M. viscosa, which may be due to the
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fact that many fish do not appear to be systemically infected with this pathogen
and, therefore, may not shed high levels of bacteria. Since M. viscosa does not
appear to be readily transmitted between cages, producers may only need to treat
cages with evidence of bacterial infection (i.e. early signs of infection).
Vaccines are an important part of a disease control program; however, the M.
viscosa vaccines used by the industry in our study did not reduce mortality rates
during ulcer disease outbreaks. Since the causative agent of ulcer disease in
Canada has not been confirmed as M. viscosa, it is possible that the vaccines were
not targeting the causative agent. It is also a possibility that the vaccines were
targeting the wrong strain of M. viscosa. It is also possible that many fish infected
with M. viscosa die before the bacteria become systemic so the benefit of a
vaccine is minimal. The fact that most fish in our infection trial with M. viscosa
did not become systemically infected until they developed visible skin lesions
suggests vaccines that target the mucosal immune system of fish may be an
effective option.
5.6 Future directions
Future research should be done to address knowledge gaps identified by this
thesis research. Further investigation into the causative agent of ulcer disease in
Atlantic Canada, with molecular diagnostics and bacterial culture, may aid in
isolating and/or confirming the causative agent in field outbreaks, which will be
useful for developing control strategies for this disease.
Future studies should also focus on improving interventions for controlling
ulcer disease in Atlantic Canada. To evaluate whether antibiotic treatments are
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effective at reducing ulcer disease mortality, we should determine if there is a
significant difference in mortality rates during the outbreaks in the weeks that
precede and follow treatments. If treatments are initiated early in the disease
process it may increase the proportion of fish that recover from ulcer disease.
Further research should investigate this hypothesis and determine the most
efficacious timing of treatments, as it could help improve the control of the
disease on salmon farms.
Given the fact that fish may become anorexic and die before the onset of
systemic infection, we should also further investigate the mechanisms by which
this Atlantic Canadian strain of M. viscosa causes mortality to determine if this
can be targeted in intervention programs. To do so, we can explore the chemical
composition of the extracellular compounds produced by M. viscosa and their role
in virulence of the bacterium. If ulcer disease is predominantly caused by
cytotoxins produced by M. viscosa, its ECP may be good candidates for future
vaccines. Vaccines for M. viscosa that target the mucosal immune system of fish
may also be beneficial.
We also need to better understand the role of ivermectin in ulcer disease
outbreaks because only farms that were not treated with this product were
unaffected by this disease. The industry should initiate a controlled trial with
ivermectin on farms during late-summer to mid-autumn, when ulcer disease
outbreaks typically occur, to assess its effects on mortality. It is also possible that
farms treated with ivermectin had fish with more severe skin lesions due to sea
lice infestations, or were in regions with a higher concentration of the causative
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pathogen, which should also be investigated.
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6. APPENDICES
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6.2 Appendix B
Moritella viscosa was cultured by The Research and Productivity Council
(RPC) (Fredericton, NB, Canada) in Tryptone Soy Broth (TSB) with 2% NaCl
at 9±2°C and later maintained at 11±1°C for this experiment. The
concentration of bacteria in the culture media was determined to be 8.75 x 108
cfu/ml. Quality assurance checks indicated that the M. viscosa culture was
axenic and the control media was blank sterile 2% NaCl TSB.
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6.3 Appendix C
Number of positive qPCR results with Ct values <32, ≥ 32 and <37, and ≥ 37
from the bath challenge, delayed-challenge, negative control, and positive control
groups, grouped by type of sample (bacterial culture and tissue samples from the
skin and kidney).
Skin culture

Skin tissue

Kidney culture

Kidney tissue

22
1
0

11
3
3

8
1
0

0
3
4

Delayed-challenge
Ct <32
32 ≤ Ct < 37
Ct ≥ 37

0
0
1

0
0
0

0
0
1

0
0
0

Positive control
Ct <32
32 ≤ Ct < 37
Ct ≥ 37

0
0
0

N/A 1
N/A 1
N/A 1

0
0
0

1
0
0

Negative control
Ct <32
32 ≤ Ct < 37
Ct ≥ 37

0
0
0

0
0
0

0
0
0

N/A 1
N/A 1
N/A 1

Bath challenge
Ct <32
32 ≤ Ct < 37
Ct ≥ 37

1 Did not test tissues by qPCR in these fish.
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6.4 Appendix D
Mean serum sodium (Na), potassium (K), chloride (Cl), creatine kinase (CK),
total protein (TP), and osmolality (Osmol) values for fish from the bath-challenge
(with no skin lesions, early lesions, ulcers, and after recovery), delayed-challenge,
and negative control groups.
Na

K

Cl

CK

TP

Osmol

176.6
179.2

11.7
9.2

118.4
100.5

6350.8
11226.6

35.1
31.8

378.4
376.2

Ulcers
After
recovery

186.2
168.2

3.0
1.9

153.9
131.5

21286.1
2773.2

18.7
37.7

370.3
323.9

Delayed-challenge

178.4

5.7

136.9

12131.9

41.6

357.7

Negative control

176.3

3.6

133.9

3098.6

38.4

334.9

Bath-challenge
No lesions
Early lesions
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6.5 Appendix E
Mean serum sodium (Na), potassium (K), chloride (Cl), creatine kinase (CK),
total protein (TP), and osmolality (Osmol) values for fish from the ECP-challenge
(with early lesions, and ulcers) and negative control groups.
ECP-Challenge
Early lesions
Ulcers
Negative control

Na

K

Cl

CK

TP

Osmol

165.6
171.4

1.9
2.2

136.8
144.6

83239.3
69144.6

32.9
29.8

335.4
317.8

168.3

1.3

134.0

14075.9

33.4

334.1
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