
 
 

 

 

Pathogenicity of Viral Hemorrhagic Septicemia Virus IVb in Walleye 
(Sander vitreus) 

 
By 

 
Jessica Grice 

 
 
 
 
 
 

A Thesis 
presented to 

The University of Guelph 
 
 
 
 
 

In partial fulfilment of requirements 
for the degree of 

Master of Science  
In 

Pathobiology 
 
 
 
 
 
 
 
 
 

Guelph, Ontario, Canada 
 

© Jessica Grice, May, 2012 



 
 

ABSTRACT 
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Recently, viral hemorrhagic septicemia virus (VHSV IVb) was associated with several 

walleye (Sander vitreus) mortality events in the Great Lakes. To examine the effects of 

route, strain-variation and temperature, walleye were experimentally infected with VHSV 

IVb using intraperitoneal (i.p.)-injection (102-108 pfu/fish) and immersion (w.; 1.4 x 107 

virions mL-1). Walleye were relatively resistant to experimental infection with VHSV 

IVb, regardless of route or water temperature. High cumulative mortality (64-100%) and 

severe gross lesions associated with VHSV-IVb infection were only evident in fish i.p.-

injected with 108 pfu at 12°C, which had mild to moderate, multifocal necrosis of several 

tissues including the gill and heart. There were significant differences in mortality 

between four walleye strains following i.p.-infection. Viral antigen was found in both i.p. 

and w.-exposed walleye using immunohistochemistry, mostly within the gill and skin 

epithelium of w.-exposed fish. VHSV IVb was detected in walleye tissues from 6-21 d 

post-infection using RT-qPCR. 
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INTRODUCTION 

Viral hemorrhagic septicemia virus (VHSV), an RNA virus belonging to the family 

Rhabdoviridae, is the causative agent of viral hemorrhagic septicemia (VHS), which 

affects a wide variety of fish species (U.S. Office of the Federal Register. 2008). VHSV 

is a World Health Organization (OIE) reportable agent, documented not only in Europe, 

but more recently throughout the temperate regions of the Northern hemisphere in both 

marine and fresh waters (Brunson et al. 1989). Phylogenetic studies have identified 4 (I-

IV) genotypes (Snow et al. 2004) associated with geographic origin (Snow & Smail. 

1999) genotypes I to III are found exclusively in Europe, while genotype IV is restricted 

to the Pacific Ocean and North America (NA). In NA, two sub-genotypes have been 

identified. Sub-genotype ‘a’ was initially discovered in salmonids of the Pacific 

Northwest (Brunson et al. 1989). More recently, sub-genotype ‘b’ has been documented 

from mortality events in the Great Lakes region.  

VHSV IVb was isolated from freshwater drum (Aplodinotus grunniens) in the spring of 

2005 in the Bay of Quinte, Lake Ontario and retrospectively from muskellunge (Esox 

masquinongy) collected from a mortality event in Lake St. Clair in 2003 (Elsayed et al. 

2006; Lumsden et al. 2007). Other fish species that have been affected include walleye 

(Sander vitreus) (U.S. Department of Agriculture, Animal and Plant Health Inspection 

Service, Centers for Epidemiology and Animal Health. 2006; Al-Hussinee et al. 2011), 

yellow perch (Perca flavescens) (Winton et al. 2008), round goby (Neogobius 

melanostomus) (Groocock et al. 2007), and gizzard shad (Dorosoma cepedianum) 

(Winton et al. 2008). 
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With the identification of a novel subgenotype associated with mass mortality events in 

the Great Lakes area, and the broad range of VHSV host species (28 host species have 

been documented as infected with VHSV IVb) (U.S. Office of the Federal Register. 

2008), concerns regarding the impact this disease may have on important species both 

economically and ecologically have been raised.  

Walleye are identified as a fish species of particular interest to VHSV research as they 

have been associated with VHSV IVb mortality events in Lake Erie (U.S. Department of 

Agriculture, Animal and Plant Health Inspection Service, Centers for Epidemiology and 

Animal Health. 2006), Lake Huron, two inland lakes in Michigan (Budd Lake in Clare 

County and Baseline Lake in Washtenaw County (Michigan Department of Natural 

Resources and Environment. 2010) and New York state (Al-Hussinee et al. 2011), which 

all hold great economic and ecological value. Economically, walleye are the most popular 

sport fish in many freshwater lakes including Oneida Lake, Lake Erie, and Escanaba 

Lake, and contribute greatly to the $4.3 billion dollar commercial fishing industry in the 

Great Lakes drainage and surrounding areas (Forney. 1980; Hartman & Margraf. 1992; 

Johnson et al. 1992; Henderson & Nepszy. 1994; Li et al. 1996a; Summerfelt. 2005). As 

a result of their popularity in the sport fishing world, walleye abundance has declined 

dramatically overtime (reference). To maintain and sustain populations, stocking 

practices have been and continue to be established in many lake and river systems, 

usually occurring during the spring (~12°C) and/or fall (17-19°C) when water 

temperatures are fluctuating and prey availability and walleye condition is apparently 

high. The success of these stocking practices are quite variable and difficult to determine 
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as there are multiple confounding variables affecting success, as well, it should be noted 

that most walleye are stocked into VHSV IVb positive waters.  

Not only do walleye have great economic value, ecologically, walleye have the potential 

to structure fish communities and influence community stability as they can act as prey 

for larger predators (Anthony & Jorgensen. 1977; Nate et al. 2003), as competitors for 

limited resources (Colby et al. 1987; Cohen et al. 1993; Fayram et al. 2005), and as top 

predators in many lake systems (Smith & Pycha. 1960; Forney. 1980; Post & Rudstam. 

1992; Hansen et al. 1998; Beard et al. 2003). Therefore, it is imperative to understand the 

effects of VHSV IVb in walleye, specifically to determine whether walleye survivability 

would increase as a result of stocking in less VHSV IVb-permissive water temperatures 

(during the fall). In effect, a better general understanding of VHSV IVb disease in fish 

would result in and elicit more efficient management strategies to prevent and limit 

further infection.  

The major purpose of this work was therefore to study the pathogenicity of the virus in 

experimental infection trials using walleye, and secondly to determine the effects of route, 

strain-variation and water temperature.   
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1. REVIEW OF THE LITERATURE 

1.1 Walleye - Biology 

Walleye are members of the family Percidae, which includes the darters, freshwater 

perches, sauger and zander (Sloss et al. 2004). They are found in freshwater river systems 

and lakes throughout NA, their distribution, having been influenced by glacial events 

over time, now extends north to the Mackenzie River, south to the Gulf Coast of 

Alabama, as far east as the Appalachian mountains and west to the Rockies (Regier et al. 

1969; Zhao et al. 2008). Beginning in as early as 1933 (Patterson. 1953; Kempinger et al. 

1975), people began distributing walleye well beyond their native range through irregular 

stocking practices and they have since successfully adapted to a wide array of aquatic 

habitats. Despite being described as a coolwater species, walleye can adapt to a wide 

environmental continuum greatly varied in temperature and light penetration (Kelso. 

1972; Hokanson. 1977). As adults, walleye prefer low light (experiencing a change in 

retinal response from positive phototaxis to negative during their first year of life) 

(Christie & Regier. 1988), turbid waters at a mean minimum and maximum depth of 5 

and 38 ft., respectively (Nate et al. 2003). Walleye prefer water temperatures between 20-

24°C (Coutant. 1977; Wismer & Christie. 1987). Based on other published studies, the 

optimum temperature for walleye growth is between 18-22°C (Christie & Regier. 1988), 

however, well-oxygenated lower water temperatures (<10.0°C) are necessary for optimal 

gonadal maturation (Hokanson. 1977; Kitchell et al. 1977). The reproductive age of 

walleye is difficult to identify as maturation schedules are variable (Wang et al. 2009) 

with evidence of both late (Forney. 1977; He et al. 2005) and early onset maturation 
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(Colby & Nepszy. 1981; Wang et al. 2003), although, this could be due to genetically 

distinct walleye stocks in the Great Lakes system (Wang et al. 2009). Spawning, which 

occurs in the summer or early spring (Northern latitudes), is dependent on many variables 

such as latitude and light intensity and duration, but is ultimately triggered by an increase 

in water temperature (Kolar et al. 2003; Stepien et al. 2009; Wang et al. 2009). This 

increase in temperature initiates spawning movements, migrations, and spawning 

behaviours (Eschmeyer. 1950; Rawson. 1957; Preigel. 1970). Categorized as broadcast, 

simple lithophilic spawners, walleye spawn along shorelines in shallow offshore reefs, on 

mid-lake reefs, by islands and on point bars (Eschmeyer. 1950; McElman. 1983; Raabe. 

2006). In river systems, walleye prefer to spawn in rapids and riffles where oxygen and 

flow rate are adequate for egg development (Walburg. 1972; Stevens. 1990). Eggs fall 

into substrate crevices and hatch within 12-18 days (d) with fry dispersal into the upper 

levels of open water (Kolar et al. 2003; Kelder & Farrell. 2009). During their first year of 

life, walleye undergo shifts in diet from zooplankton to benthic invertebrates and then 

finally to fish (Forney. 1966; Colby et al. 1979; Mathias & Li. 1982; Fox. 1989; Fox et al. 

1992; Madon & Culver. 1993). Given their unique adaptation to scotopic vision, walleye 

are able to forage effectively in a dim-light environment on a variety of fish species 

determined by the predator/prey community structure in which they reside. When fish 

prey are low or available only seasonally, walleye feed on invertebrates like crayfish 

(Orconectes rusticus) and decapods. When fish prey is high, walleye opportunistically 

feed upon fish within their gape limit including ciscoes, yellow perch, rainbow smelt 

(Osmerus mordax), gizzard shad, emerald shiner (Notropis atherinoides), white perch 

(Morone Americana), walleye, trout-perch (Percopsis omiscomaycus), darters, 
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chironomids, spottail shiner (Notropis hudsonius), alewife (Alosa pseudoharengus) and 

ephemeroptera  (Forney. 1974; Kocovsky & Carline. 2001; Overman & Parrish. 2001; 

Quist et al. 2002; Frey et al. 2003; Kaufman et al. 2009). 

As discussed previously, walleye have the potential to structure fish communities and 

influence community stability as they can act as prey for larger predators (Anthony & 

Jorgensen. 1977; Nate et al. 2003), as competitors for limited resources (Colby et al. 

1987; Cohen et al. 1993; Fayram et al. 2005), and as top predators in many lake systems 

(Smith & Pycha. 1960; Forney. 1980; Post & Rudstam. 1992; Hansen et al. 1998; Beard 

et al. 2003). Ultimately walleye strongly influence the population dynamics of freshwater 

systems and research concerning walleye health and survivability, as well as proper 

management strategies to ensure abundance and distribution, should persist to protect this 

native species. Presently, population-level effects (climate change, changing nutrient 

levels and introduction of exotic species) are undeniable and threaten biodiversity in 

aquatic systems, and all of which negatively affect walleye populations through direct 

and indirect pathways. Insights into potential pathways that may affect walleye health and 

survival are vital and encouraged by various relevant agencies.     

1.2 Walleye - Stocking 

As a result of walleye being the predominant species caught in Canada (Canada 

Department of Fisheries and Oceans. 2007), walleye stocking programs have occurred for 

well over a century, as demand continues to exceed supply. This increasing demand for 

walleye has led many resource management agencies to initiate and expand walleye 

culture and stocking programs well beyond their natural range to ensure population and 

industry stability (Goodson. 1966).  For example, in Ontario and Wisconsin combined, 



7 

approximately 237 waters are stocked with walleye each year (Kerr. 2008). In 2006, 

1,376,463 fry, 234,640 fingerlings, 52,647 advanced fingerlings and 462 adults were 

stocked in Ontario waters alone (Kerr. 2008). Walleye are routinely stocked in a variety 

of lakes, rivers and reservoirs across NA. The success of stocking is dependent on 

multiple factors including; management objectives (introduction, rehabilitation, 

supplemental, artificial fisheries, and biological control), the status of resident walleye 

populations (stocking in a naturally reproducing walleye population is rarely successful) 

(Laarman. 1978; Li et al. 1996a; Jennings et al. 2005), habitat suitability (walleye 

abundance is directly related to habitat conditions) (Bennett & MacArthur. 1990; Nate et 

al. 2000; Jacobson & Anderson. 2007), other resident aquatic community (high predation 

on early life stages and low suitable prey availability reduce walleye stocking success) 

(Santucci & Walh. 1993; Johnson et al. 1996; Minnesota Department of Natural 

Resources. 1996; Brooking et al. 1998; Quist et al. 2003), the age and size of fish 

(Fielder. 1992a; Koppelman et al. 1992; Wahl et al. 1995), stocking density (Fielder. 

1992b), time of stocking (temperatures should be near 15°C; spring vs. late summer/fall) 

(Fielder. 1992b), stocking frequency (optimally every second or third year) (Santucci & 

Walh. 1993), the genetics of source fish (Busack & Currens. 1995), stocking sites and 

methods of release (Barton et al. 2003). Due to the confounding factors listed above, 

success of walleye stocking practices has been very difficult to determine. However, it is 

believed that the first step in achieving effective stocking practices is to survey each 

current and potential waterbody to ascertain the presence and abundance of predators and 

prey (Li et al. 1996a; Li et al. 1996b). If deemed acceptable for productive walleye 

populations, agencies stock the waterbody assuming that the native fish populations will 
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benefit, particularly in lakes where walleye reproduction is limited but food is not. 

However, stocking walleye in aquatic ecosystems can have a number of negative 

ecological effects including predation, competition for resources, disease or parasite 

introduction, genetic hybridization, fish community alteration and alteration of water 

quality (Kerr & Grant. 2000). It is therefore important to understand the potential 

ecological effects of walleye stocking before a program is implemented. If program 

implementation proceeds without prior knowledge of water systems, walleye 

survivability is often negligible after stocking and the ecological effects of said stocking 

are undeterminable.  

 It is absolutely necessary to establish an appropriate stocking protocol that is both 

advantageous to walleye and the interacting food-web to ensure the survival and 

maintenance of productive lake ecosystems (Baum & Worm. 2009; Kampa & 

Hatzenbeler. 2009). A limited number of studies examining the effect of stocking 

programs in the Great Lakes region exist, but the need for more remains clear 

(Vandergoot & Bettoli. 2003). 

1.3 Walleye - Susceptibility to disease 

Walleyes are susceptible to many kinds of fungal, viral, bacterial, protozoan, and 

helminth parasites (Marcino. 1996; McAllister. 1996). Walleye are especially at risk for 

disease given their narrow niche limitations and distribution within the highly polluted 

and populated Great Lakes, reducing body health, condition, and prey availability (Hartig 

et al. 2009; Kelder & Farrell. 2009; Rafferty et al. 2009). Diseases that commonly affect 

walleye include: columnaris, bacterial gill disease (BGD), furunculosis (Muzzall. 1996), 

VHSV (commonly associated with simultaneous columarnis infection) (Al-Hussinee et 
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al. 2011), lymphocystis, walleye dermal sarcoma (WDS), and walleye epidermal 

hyperplasia (WEH) (McAllister. 1996; Muzzall. 1996). 

There are many environmental factors that determine walleyes susceptibility to disease 

such as water temperature, chemistry and clarity (Marcino. 1996; McAllister. 1996). 

Walleye inhabit benthic areas of optimum light and temperature conditions, with little to 

no walleye present in areas of low water quality and high light penetration (Siegwarth & 

Summerfelt. 1992; Kelder & Farrell. 2009; Rafferty et al. 2009). As water clarity 

increases, their thermal-optical habitat area initially increases and then declines 

exponentially (Kelder & Farrell. 2009). An increase in water clarity was recently 

observed in the Great lakes basin (as a result of phosphorus control and dreissenid mussel 

invasion) that reduced the supply of thermal-optical habitat for walleye, which may 

consequently have negative effects on walleye population and productivity (Arkoosh et 

al. 1998; Hartig et al. 2009; Kelder & Farrell. 2009). The Ontario Ministry of Natural 

Resources (OMNR) have attributed the decline of walleye abundance in Rice Lake, and 

particularly the low production of young walleye since 1997, to the significant 

environmental changes described above. As well, reduced productivity, high fishing 

pressure, extensive shoreline development and water level fluctuation have influenced 

walleye populations (MacDougall et al. 2007). Due to the dynamic complexity within a 

population and/or ecosystem, the environmental effect on walleye abundance and 

production may be extensive and varied, however one may assume negative 

consequences of such altered survival parameters (Johnson et al. 1988; Johnson et al. 

1992). Furthermore, thermal regimen affects disease transmission between individuals 

within a population (Bowser & Wooster. 1991; Getchell et al. 1998). As stated 
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previously, walleye habitat is strongly constrained by water temperature (Stefan et al. 

2001); influencing metabolism, conversion efficiency, consumption, initiation of 

spawning, egg development, recruitment, and year-class strength and growth (Kocovsky 

& Carline. 2001). Future climate warming is projected to lower the number of locations 

in the US and Canada where lakes have suitable coldwater and coolwater fish 

temperatures by up to 45% and 30%, respectively (Stefan et al. 2001), with the largest 

impact said to be expected in medium-depth lakes (max depth 13m), where walleye are 

found (Stefan et al. 2001; Nate et al. 2003). Higher water temperatures also favour fast 

growth of walleye prey, which can limit their availability for walleye consumption at age-

0 (Kocovsky & Carline. 2001). Currently, rapid warming of water in the springtime 

influences the growth of its prey ((i.e. gizzard shad and bluegill (Lepomis macrochirus)), 

resulting in unavailable prey for consumption as they have grown past the maximum 

gape-dimensions of the walleye (Hartman & Margraf. 1992; Wahl et al. 1995; Kocovsky 

& Carline. 2001; Kolar et al. 2003; VanDeValk et al. 2008; Zweifel et al. 2009). Even 

when sizable prey are abundant for foraging walleye, high summer temperatures may 

substantially reduce consumption rates and result in poor body condition (Kocovsky & 

Carline. 2001). Additionally, climatic variables associated with increased temperature 

(solar radiation and cloud cover), may enhance stress and result in slowed growth (Zhao 

et al. 2008). With little evidence of cold-water induced disease in walleye, the effect of 

warm-water temperature fluctuations may more so influence susceptibility to disease.  

Environmental stressors associated with cultured walleye also play a role in susceptibility 

to disease. Walleye used in aquaculture today are most likely progeny of wild stock, or 

they are progeny of captive stock that are unselected (Summerfelt. 2005). Intensely 
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cultured walleye appear to be more skittish and easily stressed by overhead movement 

and hatchery activities when compared to domesticated species like the rainbow trout 

(Summerfelt. 2005). These rearing stressors appear to have negative effects on fish 

during the culture phase of walleye (Siegwarth & Summerfelt. 1992; Rach et al. 2008). 

The major constraints associated with intensive culture have been overcrowding, non-

feeding, cannibalism, non-inflation of the gas bladder (NGB), eye lesions and skeletal 

deformities, low dissolved oxygen (DO) concentrations and light regime. Handling 

stressors may predispose fish to diseases such as bacterial gill disease (BGD) and/or 

columnaris infection during walleye culture, and/or increase mortality and decrease 

growth once released (Siegwarth & Summerfelt. 1992; Horner. 1996; Rach et al. 2008).  

A declining walleye habitat (unfavourable temperature changes, lake water quality, 

increased light penetration, reduced prey abundance and increased competition between 

and within species), combined with the constraints of walleye culture that predispose 

walleye to infection, may lead to disease outbreaks in the Great Lakes becoming 

increasingly common and unpredictable. Management agencies should therefore continue 

in their attempts to eliminate and/or reduce potential threats to walleye populations, and 

primarily focus on the reduction of stressors on cultured and stocked walleye in bodies of 

water that are known to be VHSV-free (Hartman & Margraf. 1992; Wahl et al. 1995; 

Kocovsky & Carline. 2001).  

1.4 Walleye - Societal importance and implications 

Walleye is a major commercial and sport fish within the Great Lakes, ranking second 

behind black bass with 0.5 million anglers spending over 5.5 million d targeting walleye 

in the same year (U.S. Department of the Interior. 2001). In a 2000-2001 survey, walleye 
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were most preferred by anglers reporting a preference and accounted for the highest 

number of trips taken during the angling season in Wisconsin (McClanahan. 2003). 

Understandably, the economic impacts of walleye fishing are considerable. Recreational 

fishing for walleye generates greater economic impact than commercial fishing does, for 

example, Lake Erie’s recreational fisheries are worth an estimated US$600 million 

annually where walleye and sauger are the primary target species (U.S. Department of the 

Interior. 2008). As a result of walleye popularity within the recreational fishing industry, 

some populations have collapsed or substantially declined due to overexploitation in 

certain lakes across Canada (Post et al. 2002; Beard et al. 2003; Gangl & Pereira. 2003). 

The implications of such events are diverse and indeterminable (Hartman & Margraf. 

1992; Kampa & Hatzenbeler. 2009). Speculatively, as a result of the strong interactions 

between walleye, northern pike (Esox lucius), muskellunge, smallmouth bass 

(Micropterus dolomieu), and largemouth bass (Micropterus salmoides) (Fayram et al. 

2005), a decrease in walleye abundance would likely increase the population of its 

competitors and the prey species, and decrease the population of the predators of that 

species (Fayram et al. 2005; Baum & Worm. 2009). To reduce and prevent these 

population changes, it has been the goal of many to maximize the abundance and 

distribution of walleye through stocking programs (Kampa & Hatzenbeler. 2009). They 

are sometimes flawed and ineffective though, requiring continuous research and protocol 

refinements aimed at ultimately increasing walleye survivability and decreasing 

susceptibility to disease. 

Walleye are an important species socially, economically and ecologically. Thus, it is 

imperative that attempts are made to determine and eliminate potential threats to walleye 
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abundance and distribution (from disease to anthropogenic changes) through research, 

and most importantly, the proper implementation of that research into management 

strategies.  

1.5 VHSV- Agent 

The aetiological agent responsible for VHS was first identified in 1963 (Jensen. 1963) 

and since then has been isolated from numerous freshwater fish including rainbow trout 

(Oncorhynchus mykis) and walleye, as well as saltwater fish including Atlantic cod 

(Gadus morhua) (Skall et al. 2005; Nishizawa et al. 2006). VHSV belongs to the family 

Rhabdoviridae of the order mononegaviralis. Today, there are more than 175 

rhadoviruses recognized that are widely distributed in the environment with hosts 

including vertebrates, invertebrates and many species of plants. The bullet-shaped virus 

particle is composed of approximately 74% protein, 20% liquid, 3% carbohydrate, and 

3% nucleic acid (Coll. 1995). The virion is comprised of two major parts, the 

nucleocapsid (ribonucleocapsid) and the envelope. The ribonucleocapsid is helical in 

shape and ~3.5 nm long. The virion envelope consists of the glycoprotein (G) protein that 

forms the non-covalently bound homotrimer spikes, and the matrix protein (M) that 

attaches to the G on the internal side of the membrane and to the ribonucleocapsid (Coll. 

1995).  

Fish rhabdoviruses are grouped in two genera; Vesiculovirus, which includes American 

eel virus (AEV), and spring viremia of carp virus (SVCV), and Novirhabdovirus, which 

includes viruses that infect species of cold-water teleosts, such as IHNV (infectious 

hematopoietic necrosis virus) and VHSV. The main difference between Vesiculovirus and 

Novirhabdovirus is the presence of a sixth gene (non-virion [NV]) in Novirhabdovirus 
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(Walker et al. 2000). The NV gene was discovered first in IHNV between the G and 

RNA polymerase (L) genes and subsequently in some other aquatic rhabdoviruses such 

as VHSV, hirame rhabdovirus (HIRRV), snakehead rhabdovirus (SHRV), eel virus B12, 

and eel virus C26 (Hoffmann et al. 2005). The NV gene encodes a non-structural protein 

(Kurath et al. 1985), which can be identified within infected cells but not in purified 

virions (Hoffmann et al. 2005).  

VHSV is an single-stranded RNA virus that has approximately 11,200 nucleotides and 

six genes that code for proteins. These genes are, in order, the nucleocapsid (N), 

polymerase-associated protein (P), M protein, G, non-structural NV protein, and finally 

an L; 3‟-N-P-M-G-NV-L-5‟ (Bearzotti et al. 1999; Gaudin et al. 1999; Nishizawa et al. 

2002; Nishizawa et al. 2006).   

As previously mentioned, VHSV can be classified genetically (based on N and G gene 

sequences) into four genotypes corresponding to geographical locations (Nishizawa et al. 

2006). Freshwater and marine isolates in continental Europe belong to genotype I. 

Members of this genotype are subdivided into subgroup Ia, which are of freshwater 

origin, and subgroup Ib, which are isolated mainly from marine fish species (Snow et al. 

1999; Jensen et al. 2004; Snow et al. 2004). Several marine isolates identified as 

genotype II were found in the Eastern Gotland Basin and near Bornholm Island in 

Denmark (Snow et al. 1999; Snow et al. 2004; Jensen et al. 2005). Marine isolates from 

the United Kingdom (UK) and from Ireland are included in genotype III. This includes 

VHSV isolates obtained from farmed turbot and other species (Duesund et al. 2010). 

Genotype III viruses have also been isolated from fish in the waters surrounding 

Skagerrak in Denmark, eels in the Loire River estuary in France (Snow et al. 1999; 
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Jensen et al. 2005), and very recently from Norway (Dale et al. 2009). Marine isolates 

from the Pacific, including the waters surrounding Japan and NA belong to genotype IV 

(Novoa et al. 2006). Recently genotype IV isolates were divided into sub-genotypes “a” 

and “b”, from the Pacific and Great Lakes, respectively, as described above.  

Within the freshwaters of NA, and specifically within the Great Lakes area, sub-genotype 

IVb was first isolated from freshwater drum during a mass mortality event in Lake 

Ontario in 2005 (Canadian Cooperative Wildlife Health Centre. 2005; Lumsden et al. 

2007), and retrospectively from muskellunge collected from Lake St. Clair in 2003 

(Elsayed et al. 2006). Other species including the round goby (Groocock et al. 2007), 

yellow perch (Winton et al. 2008), walleye (U.S. Department of Agriculture, Animal and 

Plant Health Inspection Service, Centers for Epidemiology and Animal Health. 2006; 

Michigan Department of Natural Resources and Environment. 2010; Al-Hussinee et al. 

2011), and emerald shiner have all been affected as well (Winton et al. 2008). 

1.6 VHSV -Transmission 

VHSV infection occurs by direct contact with urinary secretions, sexual fluids, gills and 

skin epithelia from infected fish (Wolf. 1988). The gills and skin are primary sites of 

infection and penetration, as greater surface area for water circulation and contact exists, 

resulting in a high potential for viral infection (Estepa et al. 1993; Brudeseth et al. 2008). 

Additionally, VHSV can be shed continuously from approximately 48 h after first 

exposure and for several weeks afterwards, and up to 10-20 km downstream (Estepa et al. 

1993; Soliman & El-Matbouli. 2006). No evidence of vertical transmission exists, which 

is defined as the transmission of a virus from broodfish to eggs (Jorgensen. 1970). 

However, VHSV can be found on the surface of salmonid eggs during spawning of 
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infected female broodstock and is capable of infection resulting in egg-associated 

transmission between generations (Eaton et al. 1991). In addition, VHSV antigen and 

RNA have been detected in oocytes of naturally- and experimentally-infected fish using 

immunohistochemistry (IHC) and in situ hybridization, respectively (Al-Hussinee et al. 

2010; Al-Hussinee et al. 2011).  

In grow-out facilities, horizontal transmission appears to be the primary source of spread 

among and between cultured and wild fish populations (Muroga et al. 2004). A 

cohabitation experiment using Japanese flounder (Paralichthys olivaceus) demonstrated 

horizontal transmission from experimentally-infected (marine isolate; exposed by 

immersion) to uninfected fish (net-separated) in the same tank (Muroga et al. 2004). To 

demonstrate transmission of VHSV between species, VHSV-free pike were introduced to 

VHSV bath-infected rainbow trout (2h; 3x3x102 pfu mL-1) (Enzmann et al. 1993). After 2 

d of exposure, virus was isolated from pike blood samples. Fourteen d after primary 

infection, pike were transferred to aquaria with VHSV-free rainbow trout. Four d after 

pike were introduced the virus was isolated from rainbow trout tissues (Enzmann et al. 

1993).  

The mode of transmission between separated bodies of water is poorly understood (Faisal 

& Schulz. 2009). However, within the Great Lakes, ship ballast water (Riccardi & 

MacIsaac. 2000; Drake et al. 2001; Riccardi. 2001), shipping and recreational boating 

activities (Vanderploeg et al. 2002) are thought to be likely mechanisms of invasion and 

introduction. The mode of transmission between fish species is also poorly understood, 

however it is thought that asymptomatic infected fish are primarily responsible and will 

be described in detail later (Dorson & Torhy. 1994; Quillet et al. 2007; Faisal & Schulz. 
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2009; Al-Hussinee et al. 2010). Secondary mechanisms responsible for transmission 

between species may be alternate aquatic species like the leech Myzobdella lugubris 

(Faisal & Schulz. 2009), common snapping turtle Chelydra serpentine, red-eared slider 

Trachemys scripta elegans, yellow-bellied slider T. scripta scripta and the northern map 

turtle Grapetemys geoprahica (Goodwin & Merry. 2011), although further investigation 

is required as complete transmission to naive fish host was not shown.  

1.7 VHSV- Entry, infection and pathology 

The first stage of host-cell entry begins with the fusion of the viral envelope and cell 

membrane which is initiated by the binding of the G protein to host receptors (Gaudin et 

al. 1999). In order for maximal percentage of fusion between the virus and host cell, a pH 

of 5.6, as well as a temperature of at least 14°C, is required (Estepa & Coll. 1997). 

Following the entry of the viral ribonucleoprotein into the cytoplasm of infected cells, the 

nucleocapsid is released and the transcription of viral mRNAs begins (Licata & Harty. 

2003). Once transcription is complete, RNA replication occurs (Licata & Harty. 2003). 

Transcription from the amplified negative strand ribonucleoprotein particle (RNP) then 

leads to the amplified synthesis of all the viral proteins needed for maturation of the virus 

(Banjeree. 1987).  For viral assembly and budding, binding of the outer G protein 

(externally oriented, trimeric, membrane-spanning protein comprising the major antigenic 

determinant of the virus) (Licata & Harty. 2003) on the viral surface to the cell surface 

receptor molecules must occur (Jayakar et al. 2004).  

Generally, all species are susceptible to initial infection, but differ in their ability to limit 

the infection or eliminate the pathogen (El-Matbouli et al. 2009). Thus, there are acute, 

chronic and nervous forms of infection likely reflective of the body systems affected and 
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the level of innate (Dorson et al. 1995) and acquired immunity (Brudeseth & Evensen. 

2002). During the acute phase of infection, atypical behaviour is characterized by fish 

separating themselves from the shoal and gathering near the water outlet or sides of 

holding tanks/ponds, eventually becoming anorexic and lethargic (Office International 

des Epizootics. 2009). Following the first clinical signs of VHSV infection, mortalities 

often occur within a few d, the rate of which varies (0-100%) dramatically according to 

fish species, age, environmental conditions and virus isolate. The typical pathological 

lesions associated with this phase are pronounced multifocal external and internal 

haemorrhages. External haemorrhages are common around the eyes and fin bases and 

internal haemorrhages are mostly petechial and on the surface of most visceral organs. 

Infected fish may also experience hemorrhage severe enough to cause anemia (Wolf. 

1988). The clinical signs of chronic infection in both naturally- and experimentally-

infected fish are predominantly exopthalmia (King et al. 2001; Jensen et al. 2006) and 

ascites (most commonly serosanguinous) (Noga. 1996; Skall et al. 2005), although these 

lesions may develop acutely (Hedrick et al. 2003). If the fish survives past the 

late/nervous phase of infection, clinical signs such as aberrant swimming and/or position, 

inability to right, marked lethargy, and loss of fright response are present (Wolf. 1988).  

The clinical characteristics are common; however, there are substantial variations in 

severity of lesions described in both naturally- and experimentally-infected fish notably 

due to the numerous genotypes and large number of fish species affected. For example, 

naturally-infected Japanese flounder had ascites and enlarged kidneys and spleens 

(Isshiki et al. 2001). Naturally-infected freshwater drum had serosanguinous ascites, 

hemorrhage of the gastrointestinal tract and meningeal hyperaemia (Lumsden et al. 
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2007), whereas generalized paleness was the primary change in infected round goby 

(Groocock et al. 2007). There are also VHSV-infected species that present with no gross 

pathological lesions, but experience significant mortalities ((Pacific herring (Clupea 

pallasii), Pacific hake (Merluccius productus) and walleye pollock (Theragra 

chalcogramma)) (Meyers et al. 1999), or no mortalities at all ((shiner perch 

(Cymatogaster aggregate) and three-spined stickleback (Gasterosteus aculeatus)) (Kent 

et al. 1998).  

Classical histological lesions include multifocal coagulative necrosis of hepatocytes 

(Kocan et al. 1997), diffuse necrosis of the spleen (Kocan et al. 1997; Lumsden et al. 

2007), epidermis and subcutis (Kocan et al. 1997), multifocal degeneration and necrosis 

of renal tubules (Snow & Cunningham. 2000) and the interstitium (Evensen et al. 1994; 

Kocan et al. 1997; Meyers et al. 1999; Brudeseth et al. 2005), and occasional necrosis of 

pancreatic acinar cells (Kocan et al. 1997; Lumsden et al. 2007). Lesions in 

hematopoietic tissues are present in most affected species regardless of isolate and 

genotype, but may be seen subtly in Pacific hake, hirame (Paralichthys dentatus), 

freshwater drum and round goby with NA isolates (Estepa et al. 1999; Meyers et al. 1999; 

Isshiki et al. 2001; Groocock et al. 2007; Lumsden et al. 2007; Kim & Faisal. 2010a). 

Again, obvious discrepancies and inconsistencies exist when attempting to describe 

characteristic histological lesions across fish species infected with many different VHSV 

isolates.   

1.8 VHSV- Factors effecting virulence and susceptibility  

Fish are exposed to a wide variety of harmful pathogens throughout their lifetime 

(Caipang et al. 2009). However, the ability of fish to recover from disease and infection is 
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dependent upon many factors including age, species and the pathogenic agent/isolate 

causing infection (Meyers et al. 1999; Dale et al. 2009). For experimentally and naturally 

VHSV-infected fish, susceptibility and virulence appears to be environmentally, virus 

dose and isolate-dependent, as well as fish age, species or immune status-dependent 

(Meyers et al. 1994; Kocan et al. 1997; Meyers et al. 1999). 

 An example of dose and species-dependent mortality is seen in the experimental 

infection of rainbow trout and fathead minnow (Pimphales promelas; FHM) with VHSV 

IVb using both intraperitoneal (i.p.) and waterborne (w.)-infection routes (Al-Hussinee et 

al. 2010). Rainbow trout mean cumulative mortality over 28 d was 4.4% in i.p.-injected 

groups ((106.5 plaque-forming units (pfu) 0.1 mL-1)), 2.6% in the high (108.5 virons mL-1) 

and medium (106.5 virons mL-1) w. groups, and 1% in the low w. (104.5 virons mL-1) 

group (Al-Hussinee et al. 2010). FHM from the same experiment experienced an average 

cumulative mortality of 13% and 50% in the w.-exposed (106.5 virions mL-1) and i.p.-

injected (106.5 0.1 mL-1) groups, respectively (Al-Hussinee et al. 2010). Gross clinical 

signs seen in both species included: visible abdominal enlargement (serosanguinous 

peritoneal fluid), splenomegaly, pallor of visceral organs with scattered serosal petechiae, 

and petechial epidermal hemorrhage; visible in both i.p.-infected and w.-exposed fish 

(Al-Hussinee et al. 2010). Using light microscopy, the lesions present in i.p.-injected fish 

included small hypercellular foci of atrial and ventricular myocardial necrosis, 

hypertrophic endocardial cells, multifocal necrosis of splenic white pulp, and mild, 

multifocal degeneration and necrosis of lamellar epithelial cells (which were 

immunopositive for VHSV) (Al-Hussinee et al. 2010). As mentioned previously, there 

appears to be differences in susceptibility between species infected with VHSV. Another 
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example of species-dependent mortality is taken from Enzmann (1993), where 

experimentally-infected brown trout (Salmo trutta) developed no symptoms of the 

disease, while rainbow trout exhibited severe symptoms with high virus titres during the 

experimental period (Enzmann et al. 1993).  

In some species, it appears as though susceptibility may also be age-dependent (Meyers 

et al. 1994; Kocan et al. 1997; Meyers et al. 1999; Kocan et al. 2001). The North 

American VHSV IVa strain is extremely virulent for previously unexposed young-of-the-

year Pacific herring (Kocan et al. 1997). Specifically, herring were challenged at 5, 9, and 

13 months of age by w.-exposure to low (101.5-2.5 pfu mL-1), medium (103.5-4.5 pfu mL-1), 

or high (105.5-6.5 pfu mL-1) viral dose to cause 100% mortality with only a limited increase 

in resistance with age (Kocan et al. 1997). Mortality began 4-6 d post-infection (PI) and 

peaked at d 7 in fish exposed to the highest numbers of virus (Kocan et al. 1997). There 

was a significant dose response (p < 0.001) to mean time to death, however percent 

mortality and virus titers in dead fish were generally high in all groups regardless of 

initial exposure dose (Kocan et al. 1997). However, the same isolate caused a more 

chronic stress-related infection in wild older herring (1988 year class), characterized by 

low mortality over time with varying prevalence of hemorrhagic skin lesions, and/or 

some ulceration ranging from mild to extensive (Meyers et al. 1994).  

Also, virulence differences exist between and/or within VHSV genotypes and isolates. 

Rainbow trout are extremely susceptible to VHSV sub-genotypes Ia, but less susceptible 

to sub-genotype Ib or NA sub-genotypes IVa (Winton. 1991; Follett et al. 1997) and IVb 

(Kim & Faisal. 2010a). Furthermore, marine VHSV Ib isolates are of low pathogenicity 

in rainbow trout exposed via water (Dixon et al. 1997), compared to trout-derived 
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freshwater isolates of the same geno-subgroup (Skall et al. 2004).  Marine isolates of 

VHSV genotype group I demonstrate higher virulence for rainbow trout through serial in 

vivo passages in the same host species (Snow & Cunningham. 2000). Also, when a 

marine VHSV strain of low-virulence (ma-1p8) was compared to a highly pathogenic 

freshwater VHSV strain (DK-3592B) for their ability to infect and translocate across gill 

epithelial cells (GEC) of rainbow trout, it was found that DK-3592B caused a cytotoxic 

effect in monolayers of GEC (showing virulence) at 2h PI, however ma-1p8 did not 

(Brudeseth et al. 2008). When primary cultures of head kidney macrophages were also 

infected, 0.5% of ma-1p8-infected macrophages compared to 9.5% of DK-3592B-

infected macrophages, were virus-positive after 3 d PI (Brudeseth et al. 2008). In vivo 

studies using the same isolates show the freshwater strain to be highly virulent for 

rainbow trout fry, causing high mortality with classic clinical features of VHSV, while 

the marine strain had low virulence (Brudeseth et al. 2008). Variations in pathogenic 

effect are seen within isolates as well; for waterborne-exposure studies using the 1990 

Alaskan Pacific cod (Gadus macrocephalus) isolate lacked virulence for certain salmon 

species, but the virus did infect rainbow trout, causing chronic mortality of 20% over a 30 

d experimental trial (Meyers et al. 1994). 

Surrounding environmental parameters, such as water temperature, determine VHSV 

presence and virulence, which in turn affects susceptibility and infection. In the Great 

Lakes area, outbreaks of VHSV IVb have been recorded in all seasons, but are most 

common in the late winter and spring, as water temperatures are fluctuating and 

increasing (Estepa & Coll. 1997; Brudeseth & Evensen. 2002; Arkush et al. 2006; 

Elsayed et al. 2006; Gange et al. 2007; Lumsden et al. 2007; Lumsden et al. 2008; Sano 
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et al. 2009). The range of water temperatures at which VHSV can cause mortality in the 

natural environment is between 3 to 15°C, with higher mortality rates evident at lower 

water temperatures (McAllister. 1990). Bluegill that were VHSV IVb-i.p.-injected at 

10°C showed 85% cumulative mortality, compared to 40%, 15%, 5% and 0% at 14, 18, 

22, 26 and 30°C, respectively (Goodwin & Merry. 2011). VHSV measured by reverse 

transcriptase-quantitative polymerase chain reaction (RT-qPCR) at 14°C showed >10000 

copies/ug host DNA compared to <100 at ~20°C, with 100% prevalence in VHSV 

survivors at 14°C and 40% at 22°C (Goodwin & Merry. 2011). At higher temperatures 

(20-24°C), replication of VHSV is assumed to be restricted, as field observations of 

VHSV epidemics in freshwater rainbow trout generally occur below 14°C, suggesting a 

temperature threshold for infection (Hedrick et al. 2003). Castric & de Kinkelin (1980) 

concluded that VHSV can adapt and replicate at higher temperatures (14-25°C) in cell 

culture, however further investigations are needed. Furthermore, specific temperature-

dependence of VHS outbreaks in pike have been observed, as viral isolation was possible 

only at temperatures above 12°C with an optimum of 15°C (temperature for replication of 

VHSV in cell culture) (Enzmann et al. 1993). This is in contrast with VHSV in rainbow 

trout where the optimal temperature for outbreaks is 7-12°C (Enzmann et al. 1993).  

1.9 VHSV- Innate and acquired immunity 

In describing the factors affecting susceptibility, it has been clearly outlined that some 

fish species and/or individuals may survive infection and subsequently become 

asymptomatic carriers or reservoirs of VHSV, or has previously developed resistance to 

VHSV from prior exposure (Kocan et al. 2001). For example, VHSV has been recovered 

from normal-appearing shiner perch, Pacific herring and 3-spine sticklebacks in British 



24 

Columbia, Canada (Kent et al. 1998). Furthermore, Kocan et al. (2001) captured and 

laboratory confined wild age-0 Pacific herring which were known survivors of VHS- 

infection. It was found that the fish had eliminated the virus from their tissues by d 14 

post-capture, however a sub-set remained lethargic and showed hemorrhage around the 

mouth, skin, and fins until 6 weeks post-capture (Kocan et al. 2001). Three months after 

fatalities ceased, surviving fish were re-infected with 103 pfu mL-1 of VHSV for 1 h no 

mortalities were observed over a 30 d period, with low recovery of virus in less than 5% 

of challenged fish, presumably indicating the development of an active immune response 

(Kocan et al. 2001).  

To date, little is known regarding the defence mechanisms responsible for resistance 

against VHSV infection, nor the mechanisms the virus has to avoid the immune system in 

fish (Tafalla et al. 2008). It is known that viral infection elicits the production of 

numerous innate immune factors, such as type-1 IFN, the most critical immune factor 

limiting virus production (Bols et al. 2001; Ellis. 2001). Also, numerous heterogenous 

antiviral proteins (Mx1, Mx2, and Mx3) were identified after IFN production in VHSV-

infected fish (Das et al. 2008).   

Acquired immunity in fish against pathogens can be achieved by the host following 

natural infection (Plumb. 1973) or through immunization (Lorenzen & LaPatra. 1999; 

Lorenzen et al. 2001). A VHSV strain of low virulence or low dose allows for limited 

infection that can induce acquired immune response to resist and recover from infection 

(Enzmann et al. 1992). Immunization is a method used to control many fish diseases, 

including VHSV, where neutralizing antibodies target the glycoprotein of VHSV which 

are critical in reducing viral titres in infected fish (Lorenzen et al. 1990; Lorenzen & 
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LaPatra. 1999). However, vaccine administration has proven to be ineffective and 

economically impractical against VHSV. It is evident that these complex systems are 

difficult to investigate, however future studies should be conducted to further examine the 

immune response of VHSV in infected fish and subsequent immunity.    

1.10 VHSV IVb in NA and the Great Lakes 

Prior to 1987, VHSV was assumed absent in NA waters (Winton. 1991). Between 1987 

and the early 1990’s, VHSV IVa was recovered in spawning Chinook salmon 

(Oncorhynchus tshawytscha) at Glenwood springs, Colorado and Coho salmon 

(Oncorhynchus kisutch) at the Makah National fish hatchery, Neah Bay, Washington 

(Brunson et al. 1989; Hopper. 1989). By the mid 1990’s, VHSV was identified in healthy 

Greenland halibut (Reinharditius hippoglossoides), subsequently becoming the first case 

of VHSV in Newfoundland, Canada (Dopaz et al. 2002; Gange et al. 2007). As such, 

intense efforts to identify the geographical range of VHSV in NA and the species of fish 

infected have been made since then.  

A large freshwater mortality event occurred during the summer/spring of 2005 in Lake 

Ontario, Canada, primarily affecting freshwater drum and muskellunge (Canadian 

Cooperative Wildlife Health Centre. 2005; Lumsden et al. 2007). The first mass mortality 

event led to intense sampling survey efforts to again determine geographical distribution 

and species infected. As a result, during a retrospective study, dead muskellunge that had 

been collected and stored since 2003 from Lake St. Clair revealed VHSV IVb to be the 

likely cause of death (Elsayed et al. 2006). VHSV IVb has also been detected in round 

gobies in Lake Ontario and the St. Lawrence River during the summer of  2006 

(Groocock et al. 2007). As of 2007, VHSV IVb has been documented in all four southern 
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Great Lakes (United States Department of Agriculture. 2007). The ‘VHSV-free’ Lake 

Superior was continually surveyed and as of 2009, VHSV IVb was documented in 

multiple fish species using RT-qPCR (United States Department of Agriculture. 2007; 

Cornwell et al. 2011). Since the initial discovery of VHSV in the Great Lakes, the total 

number of fish species infected within NA with both sub-genotypes (IVa and IVb) of 

VHSV has risen to over 40 (United States Department of Agriculture. 2006). Some 

examples of fish affected in the Great Lakes area are walleye, yellow perch, emerald 

shiners, smallmouth bass, gizzard shad, lake sturgeon (Acipenser fulvescens), rock bass 

(Ambloplites ariommus) and brown bullhead (Ameiurus nebulosus) (Elsayed et al. 2006; 

Al-Hussinee et al. 2010).  

The recovery of VHSV IVb, a novel genotype of VHS, in the Great Lakes, combined 

with the apparent absence of VHSV in the Great lakes prior to 2003 suggests that the 

virus may have been recently introduced (Elsayed et al. 2006; Bain et al. 2010). As well, 

since identical isolates of VHSV from large numbers of dying fish in several of the Great 

Lakes mortality events have been found, recent introduction of the virus is further 

supported (Elsayed et al. 2006). The initial source of VHSV IVb in the Great Lakes 

system is difficult to determine, however, the virus may have been introduced through 

one of several possible sources such as ballast water or the movement of fish species 

entering the Great Lakes via the St Lawrence River (Elsayed et al. 2006). VHSV-source 

investigations in the Great Lakes have been even more complicated by a lack of 

investigation into mortality events.   

The effect of VHS infection in fish can be variable, ranging from mass mortality events 

killing many fish species, to having little-to-no effect on fish health and survival 



27 

(Enzmann et al. 1993; Kocan et al. 2001; Lumsden et al. 2007; Lumsden et al. 2008; Al-

Hussinee et al. 2011). Impacts on lake ecosystems and human economies remain difficult 

to determine.  

1.11 VHSV-Societal importance and implications 

The mere presence of an OIE agent virus in freshwater systems is enough to cause a 

notable economic impact (Amos et al. 1998; Amos & Thomas. 2002). Washington State 

regulations established in 1987 (Washington Administrative Code—WAC 220-77) stated 

that, upon the occurrence of VHSV, the agency director must be notified within 24 h and 

“confiscation or destruction will be ordered without administrative hearing if confirmed 

diagnosis by an accredited pathologist is made that finfish aquaculture products are 

infected with the causative agent of viral hemorrhagic septicemia (Egtved virus).” Since 

then, modifications have been made to management strategies. For example, isolation of 

VHSV from anadromous salmonid adults now results in one year quarantine within that 

watershed to prevent the transfer of potentially exposed fish (Amos et al. 1998). 

Ontario’s strategy for managing VHSV includes: sampling, restricting transfer of live bait 

fish and aquaculture-reared fish out of an identified Management Zone without a risk 

assessment, requiring eggs collected from virus-positive waters to be disinfected (salmon 

and trout) or reared and stocked only in virus-positive waters and the education of those 

who transport live commercial fish about VHSV (OMNR press-release, 2007). Given the 

intensive management strategies to prevent, isolate and kill infected wild and reared 

populations, as well as the unpredictability of VHSV spread and infection, the Canadian 

freshwater and recreational fisheries, worth an estimated CAN $8 billion, remains 

threatened (Fisheries and Oceans Canada. 2011). 



28 

Mortality events have an obvious direct impact on fish populations, yet it is important to 

appreciate the potential effect of infected asymptomatic fish (Hedrick et al. 2003). 

Susceptible species like walleye will presumably experience moderate mortality once 

infected, but survivors will persist. For example, most wild VHSV-infected fish that 

survived beyond 30 d eliminated the virus from their tissues, however many remained 

lethargic and continued to show signs of hemorrhage around the mouth, skin and fins 

until approximately 6 weeks (Kocan et al. 2001). Thus, survivors of VHS infection may 

have greater and broader implications on future fish health and survival compared to 

VHSV-related mortality events. VHS-survivors in their natural environment are likely to 

be outcompeted by fish less affected (or not affected at all) or predated if weakened by 

the disease, which if persistent, may affect food-web interactions (species abundance and 

diversity) over time (Olivier. 2002; Baum & Worm. 2009; Millon et al. 2009). The exact 

implications of VHSV infection on wild and farmed stocks are difficult to quantify and 

predict (Amos et al. 1998; Olivier. 2002; Gange et al. 2007; Baum & Worm. 2009) 

without research directed at specific aspects of virus/host interaction.  
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RATIONALE, HYPOTHESIS & OBJECTIVES 

The continuation of VHSV IVb-linked mortality events in the Great Lakes area and/or its 

silent persistence within fish populations overtime could alter species diversity and 

abundance especially in established and productive lakes (Hughes & Noss. 1992; Frost. 

1997; Amos et al. 1998; Arkoosh et al. 1998; Hedrick. 1998; Moffitt et al. 1998; Reno. 

1998; Amos & Thomas. 2002; Olivier. 2002).  As discussed previously, walleye were 

confirmed VHSV-positive and involved in VHSV IVb mortality events from Lake Erie in 

2006 (U.S. Department of Agriculture, Animal and Plant Health Inspection Service, 

Centers for Epidemiology and Animal Health. 2006), Lake Huron and two inland lakes 

(Budd Lake in Clare County and Basline Lake in Washtenaw County) in Michigan 

(Michigan Department of Natural Resources and Environment. 2010) also from NY 

finger lakes Lake Conesus (Al-Hussinee et al. 2010), indicating that they are susceptible, 

and potentially at risk.  

Walleye are the most widely stocked species in NA and are raised in VHSV-free 

hatcheries; therefore the potential for infection with VHSV is very high if stocked in a 

contaminated body of water, which is often difficult to predict or prevent. Although 

VHSV is one of the most studied fish pathogens (Meyers & Winton. 1995), research in 

walleye is lacking. Given the importance of walleye within freshwater ecosystems, as 

well as their social and economic value, an understanding of the impact of VHSV at 

critical life stages is needed. A benefit of such research may be to establish efficient 

management methods for disease control as well as prevent future mortality events and/or 

irreversible ecosystem changes to the freshwater systems of the Great Lakes.  



30 

Given the lack of research and understanding of VHSV IVb infection in walleye, the 

following hypothesis was constructed for this thesis:  

Walleye (Sander vitreus) are susceptible to VHSV IVb and mortality rate and severity of 

infection are dose, temperature and walleye strain-dependant. 

Therefore, the major objectives of this work were: (1) to investigate the susceptibility and 

pathogenicity of VHSV IVb in walleye using i.p. and w.-exposure, (2) to study the effect 

of walleye strain on VHSV IVb infection, and (3) to determine the impact of water 

temperature on walleye infected with VHSV IVb using both i.p. and w.-exposure and 

thereby investigating the progression and pathogenicity by light microscopy, IHC, and 

qRT-PCR. 
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2. MATERIALS AND METHODS 

2.1 Isolate and cell line 

The VHSV isolate used in the current study was taken from a naturally infected 

freshwater drum from Lake Ontario (U13653) (Lumsden et al. 2007). Virus stocks were 

produced in epithelioma papulosum cyprinid (EPC; (Fijan et al. 1983), as described 

(Benmansour et al. 1997). EPC cells were maintained and sub-cultured in 150cm2 tissue 

culture flasks (Corning) at 20.5°C using Eagle’s minimum essential media (MEM) 

supplemented with Glutamax-1 supplement (10x), antibiotic/antimycotic (10000 IU 

penicillin, 10000 µg streptomycin, 24 µg amphotericin) (MEMS) with 10% FBS. EPC 

cells were pretreated with 7% polyethylene glycol (PEG 20000-Fluka, Steinheim, 

Germany) (Batts & Winton. 1989) with minimum essential medium (MEM; Invitrogen) 

for 30 min prior to inoculation with VHSV. Inoculated cells were incubated for 1 h at 

15°C in MEM containing 2% fetal bovine serum (FBS; Gibco) and 7.5% sodium 

bicarbonate (pH 7.4-7.6), followed by MEM and 5% FBS. Virus was harvested when 

complete cytopathic effect (CPE) had developed, centrifuged (5000 g, 20 min, 4°C) to 

clarify, filtered (0.4 µl Millipore), aliquoted and stored at -80°C until used. To determine 

concentration of virus, a plaque assay was performed on EPC cell lines by pre-treating 

the cells with polyethylene glycol and using a methylcellulose overlay as described in 

Batts & Winton (1989). All virus used in all trials had a viral titre of approximately 1.4-

1.7 x 108 pfu mL-1 prior to dilution for i.p.-injections and w.-exposures.  
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2.2 Fish and infection protocol 

Two thousand, 22.97 g (average weight unless indicated) walleye, from the same genetic 

stock (reference strain, Bay of Quinte, Lake Ontario) were obtained from the White Lake 

Fish Culture Station in October 2010. Fish were maintained at 12°C with recirculation 

until (Hagen Aqualab, Guelph, Ontario, Canada) experimentation commenced in a 

biosecure room (flow-through system with effluent treatment of water with a minimum of 

10 ppm of sodium hypochlorite) on a 12 h dim-light photoperiod (this applies to all fish 

described in this thesis).  

In the late fall of 2011, fry of three additional walleye strains were obtained from various 

hatcheries, and included the following; Sault strain (~200, 3.710 g; Little Bay de Noc, 

Lake Michigan, Inter-tribal Fisheries and Assessment Program), Escanaba strain (~200, 

11.10 g; Big Bay de Noc, Lake Michigan, Michigan Department of Natural Resources 

MDNR), and the Lake Manitou strain (~200, 29.84 g; Lake Manitou, Blue Jay Creek Fish 

Culture Station). The walleye were transferred directly into the Hagen Aqualab biosecure 

room. Furthermore, in the late summer of 2012, additional walleye fry of the reference 

strain were obtained from the White Lake Fish Culture Station (~500, 3.5 g; Bay of 

Quinte, Lake Ontario).  

All fish were fed a commercial pellet daily (Martin Mills, Elmira, ON, Canada) at 

approximately 2% biomass. Feed was then reduced to every other d, 2-3 d pre-

experimentation and throughout the entire experimental period. A sub-sample of fish 

received (5-7 fish) were euthanized upon arrival using an overdose of benzocaine (100 to 

150 ppm; ethyl para-amniobenzoate) and were examined using bacteriology, viral 

isolation and light microscopy and were confirmed free from infectious agents. 
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Water temperature during the holding phase was 12-13°C. Water temperature for 

experimental trials was between 12-18°C and will later be discussed in detail. Once fish 

were transferred into the Hagen biosecure room, they were able to acclimate to room 

conditions for at least ~5-7 d prior to experimentation. For each trial, prior to 

experimental infection, 1-6 fish/group were sampled for detection of VHSV using VHSV 

isolation by RT-qPCR. For each experiment, briefly, two to three major treatment groups 

applied: control (administered as MEM either i.p. or w.), i.p.-injected (0.1-0.2mL/fish) or 

w.-exposed (600mL VHSV in 6L of water/glass tank for 2 h). A light anesthetic 

(benzocaine; 100 to 150 ppm) was administered prior to i.p.-injection. After 

exposure/infection, fish were recovered in the experimental 2 ft diameter, 60 L holding 

tanks. All animal experimentation was performed according to the Animal Care 

Guidelines of the University of Guelph.  

The following methods were applied to each of the following trials: 

2.3 Pathogenicity of VHSV IVb in walleye  

Preliminary trial. An initial walleye trial was conducted (25 d duration) using 240 

walleye, 22.97 g, acclimated for one week at 12°C and fed every other d with a flow rate 

of 4.9 L/min. Walleye were divided into sixteen 60 L tanks, with 15 fish/tank. Duplicated 

treatments included; seven graded i.p.-injected groups (1.4 x 102-107 pfu/fish and 108 

pfu/fish) and an i.p.-sham-injected control group (0.1 mL MEM/fish). The control group 

was separated from treated tanks by a distance of approximately 2 meters, covered in 

plastic to prevent cross-contamination. Morbid (condition relating to, or typical of, 

disease or illness) and moribund (end-stage illness) fish, as well as surviving fish at the 

end of the trial, were removed and sampled for virus isolation (whole tissue; -80°C) 
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and/or preserved in 10% buffered formalin for light microscopy or IHC as described. For 

viral isolation in EPC, RTG-2 (rainbow trout gonadal fibroblast) and CHSE-214 

(Chinook salmon embryo) cell lines, a sample (pooled gill, heart, liver, spleen and 

kidney; applies to all samples taken for viral isolation) was taken 20 d PI from the 108 pfu 

group to confirm VHSV infection.   

Main trial. The main walleye-VHSV pathogenicity trial of 29 d duration was performed 

using 236, 19.65 g walleye and 10, 4.19 g FHM, divided into sixteen 60 L tanks and 

acclimated for one week. Duplicated treatment groups included; three graded i.p.-

injections (1.4 x 106- 108 pfu/fish; n=15/tank; 108 pfu/fish for sampling n=30), w.-

exposures (1.4 x 107 virions mL-1 at pH 6.03 and 8.21; n=10/tank), and walleye i.p.-sham- 

injected control groups (0.1 mL MEM /fish; n=18/tank). FHM (not in duplicate) were 

i.p.-injected (1.4 x 106 pfu/fish; n=10). Control groups were separated from treated tanks 

using plastic sheets, dividing the room to prevent cross-contamination. For w.-infections, 

fish (n=20/treatment) were exposed to VHSV for 2 h in 3 L of water and then transferred 

to the experimental holding tanks. From the 108 pfu i.p.-injected walleye, four fish were 

sampled at 0, 6, 8, 12, 13 and 28 d PI and fixed with 10% buffered formalin (v/v) for light 

microscopy and/or stored as either whole tissue or as pooled tissue in RNAlater (heart, 

liver, spleen, kidney and gill) at -80°C for viral isolation or detection. Of the 107 virions 

mL-1 w.-exposed walleye, 6 fish from each group were sampled 16 d PI in RNAlater (gill, 

kidney, spleen, liver, heart and eye) for viral isolation and specific RT-qPCR. All 

mortalities and morbidities were saved in 10% buffered formalin (v/v) for histology or 

IHC. A mortality sample from the high-injection dose group (108 pfu) was used for viral 

isolation in EPC, RTG-2 and CHSE-214 cell lines.  
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2.4 Pathogenicity of VHSV IVb in walleye: comparing four different strains 

The walleye strain trial of 25 d duration using; 70, 29.84 g Lake Manitou, 75, 11.10 g 

Escanaba, 76, 3.710 g Sault and 77, 32.02 g Bay of Quinte walleye strains, were divided 

into 16 tanks (~15 L; ~20-25 fish/tank) and acclimated for one week. Triplicate groups of 

each strain were i.p.-injected with 1.4 x 108 pfu/fish. Control groups of each strain (sham-

i.p.-injected with 0.2 mL MEM/fish; n=~15-20/basket) were not in duplicate (due to low 

tank availability and fish supply) and were housed in separate floating baskets in two 4ft 

tanks. Four fish from each strain were sampled pre- and post-exposure (where applicable) 

and fixed in 10% buffered formalin as well as RNAlater (heart, liver, spleen and kidney). 

All mortalities/moribund fish were preserved in 10% formalin and/or stored as whole 

tissue at -80°C. For virus isolation in EPC, CHSE-214 and RTG-2 cell lines, tissues from 

mortalities of each strain (n=4; Lake Manitou: 6 d PI; Sault and Escanaba: 7 d PI; Bay of 

Quinte: 14 d PI) were sampled.  

2.5 The effect of temperature on pathogenicity of VHSV IVb in walleye  

Preliminary trial. For the primary walleye-VHSV water temperature trial of 21 d duration 

using the reference strain (Bay of Quinte; 21.86 g), the fish were divided into 18 

randomly assigned tanks (60 L; 20 fish/tank) and acclimated for one week at either 12 or 

18°C. Three temperature groups were used: 12°C, 18°C and 18°C-12°C decrease over 

time (2° decrease/4-5 d PI). The exposure/infection protocol for each group was constant, 

including a w.-control tank (10% MEM in 6 L water; n=60; 20 fish/group), VHSV w.-

exposure tanks (replicate of 3; 1.4 x 107 virions mL-1; n=180; 20 fish/group exposed for 2 

h in 6 L of water) and a positive i.p.-injected control tank (1.4 x 108 pfu/fish; n=60; 20 

fish/group). The temperature during infection was 12°C (the initial acclimation 
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temperature for each group). After fish were exposed or infected (sham-exposed or 

VHSV-exposed), they were then transferred to experimental holding tanks. The 18-12 °C 

temperature profile was as follows: 18-16°C d 0-4, 16-14°C d 5-10, 14-12°C d 11-21. 

Two fish per tank were sampled at 0, 6, 11, 18 and 21 d PI for histology (whole fish in 

10% buffered formalin), as well as RT-qPCR (tissues from each fish collected separately 

in RNAlater, including; gills, heart, liver, spleen, kidney and muscle). All 

mortalities/moribund fish were preserved in 10% formalin and/or stored as whole tissue 

at -80°C for further processing. For virus isolation in EPC, CHSE-214 and RTG-2 cell 

lines, 2 fish/group were sampled 6 d PI.  

Main trial. For the main walleye-VHSV water temperature trial of 25 d duration using the 

reference strain of walleye (Bay of Quinte, 3.6 g), the fish were divided into 12 randomly 

assigned tanks (~60 L; 20 fish/tank) and acclimated for 5 d at either 12 or 18°C. Two 

temperature groups were used: 12°C control and 18°C-12°C decrease over time (2° 

decrease/4 d PI). The exposure/infection protocol for each group was constant, including 

a w.-control tank (10% MEM in 6 L water; n=40; 20 fish/group), VHSV w.-exposure 

tanks (replicate of 4; 1.4 x 107 virions mL-1; n=160; 80 fish/group exposed for 2 h in 6 L 

of water) and a positive control i.p.-injected control tank (1.4 x 108 pfu/fish; n=40; 20 

fish/group). After fish were exposed or infected (sham-exposed or VHSV-exposed), they 

were then transferred to experimental holding tanks. The 18-12°C temperature profile 

was as follows; 18-16°C d 0-3, 16-14°C d 4-8, and 14-12°C d 9-26. Samples of 2 fish/per 

tank were taken at d 0, 6, 11, and 18 PI for histology (whole fish in 10% formalin), as 

well as RT-qPCR (tissues from each fish collected separately in RNAlater, including: 

gills, heart, liver, spleen, kidney and muscle). All mortalities/moribund fish were 
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preserved in 10% formalin and/or stored as whole tissue at -80°C. For viral isolation in 

EPC, CHSE-214 and RTG-2 cell lines, 2 fish/group were sampled 6 d PI.  

2.6 Morbidity/mortality 

For all trials, fish were monitored three times daily for dead or moribund fish including; 

reduced fright/stress response and visible lesions (moderate-severe exopthalmia, petechial 

hemorrhage, abdominal enlargement, loss of righting ability, palor, excess mucous 

production, and/or ventral hemorrhage between fins). To assess stress/fright response, it 

was necessary to net-handle each fish once/d for ~5-10 sec due to the inactive nature of 

this species. All moribund fish (the criteria above) were euthanized using benzocaine and 

sampled as described for each trial. 

2.7 Gross pathology and light microscopy 

Fish sampled at each time point, as well as terminally moribund fish, were examined for 

gross lesions. For all trials whole fish from each group, moribund as well as fish sampled 

per-determined time points, were fixed in 10% formalin and/or RNAlater where 

described. The formalin-fixed tissues (tissues examined from each fish included gills, 

heart, kidney, spleen, liver, eye, skin, gastrointestinal tract, skin & axial musculature) 

were processed by routine methods, sectioned at 5 µm and stained with haematoxylin and 

eosin (H&E) for examination by light microscopy (Lumsden et al. 2007). 

2.8 Immunohistochemistry 

IHC was performed as described (Al-Hussinee et al. 2010). Briefly, after 

paraformaldehyde or formalin-fixed tissues were deparafinized, sectioned at 5 µm, and 

mounted on Snowcoat X-tra glass sides (Surgipath) to air dry. After rehydration, 
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endogenous peroxidise activity was blocked using 0.3 % (v/v) hydrogen peroxidase, and 

all tissue sections were irradiated in 0.1 M citric acid by waterbath (85-90°C) for 10 min 

(Evensen et al. 1994).  Sections were overlaid with blocking solution (V-Block, 

Labvision Corporation, Medicorp) followed by rabbit-anti VHSV (as used in Al-

Hussinee, 2009) diluted at 1:150 in phosphate buffered saline (PBS, pH 7.4) for 1 h and 

then with biotinylated goat anti-rabbit IgG for 30 min, a streptavidin-peroxidase 

conjugate and AEC chromagen (Zymed Laboratories, Invitrogen). Lastly, these tissues 

were counterstained with Mayer’s hematoxylin. The same dilutions of pre-immune rabbit 

serum or PBS alone were applied to sections as negative controls.   

2.9 Detection of the virus  

For VHSV quantification in tissues (pooled or unpooled gill, heart, liver, spleen, kidney 

+/- eye, muscle and/or anterior kidney), a specific RT-qPCR was used and performed as 

described in Hope et al. (2010) with exceptions. Total RNA was extracted from 

homogenized tissue (see below) using TRIzol® (Invitrogen). After tissues were left in 1 

mL of RNAlater for 24 h at room temperature (~20°C), samples were either stored at -

80°C for future use or directly extracted for viral RNA (performed according to the 

manufacturer’s protocol). Briefly, tissues were macerated (50 to 100 mg/tissue) using a 

sterile scalpel blade, transferred into a sterile sppendorf tube/sample, and then 

homogenized with 1 mL TRIzol® for 2 min with a Dremmel® and sterile Dremmel® bit. 

After homogenization, samples were centrifuged with 200 µL of chloroform (Invitrogen) 

at 12,000 x g for 15 min at 4°C. Briefly, the upper, aqueous layer was removed and added 

to 500 µL of isopropanol (Invitrogen) for 10 min at room temperature (~20°C) and then 

centrifuged at 12,000 g for 10 min at 4°C. Once supernatant was decanted, the pellet was 
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washed with 1 mL of 75% ethanol, vortexed and centrifuged at 7,500 g for 5 min at 4°C. 

The ethanol was carefully removed with a pipette and the pellet allowed to semi-air-dry. 

The pellets were resuspended in 50 µL of water treated with diethyl pyrocarbonate 

(DEPC) and incubated for 10 min at 65°C, placed on ice and immediately quantified 

using the Nanodrop ND-100 (Nanodrop Technologies). In preparation for absolute 

quantification qRT-PCR, dilutions were made to achieve 500 ng total RNA/2 µL and then 

stored at -80°C for further processing. The primers and probe used were designed by 

Hope et al. (2010) (Sigma-Aldrich); forward primer was 5’-

ACCTCATGGACATCGTCAAGG-3’, the reverse primer was 5’-

CTCCCCAAGCTTCTTGGTGA-3’, and the probe was 5’-[5FLC] 

CCCTGATGACGTGTTCCCTTCTGACC [BHQ1]-3’. RT-qPCR was performed 

according to the manufacturer’s protocols using the Roche LightCycler® 480 RNA 

Master Hydrolysis Probe kit (Roche) run on a Roche LightCycler® 480. Briefly, the 

unknowns, standards (104-108 copies mL-1) and no-template controls (which contained 

either DEPC-treated or RNase-free water in place of template) were run in duplicate for 

each run (37 cycles) on a LightCycler® 480 Multiwell 96-well reaction plate (Roche) 

using the SYBR® Green detection method. Standard curves were generated within each 

run using 10-fold serially diluted RNA transcripts ranging from 108 to 104 copies per RT-

qPCR reaction (detection range 108 to 101 copies mL-1). Each 10-µL-per-well reaction 

was comprised of 9 µL from the master mix solution [final amounts per reaction: 7.4 µL 

RNA master mix (buffer, nucleotides and enzyme), 1.3 µL Mn(OAc)2 stock solution,7.3 

µL PCR-grade water, 2 µL primer/probe premix (0.67 µL each of 15µM forward primer, 

15µM reverse primer, and 15µM probe)] and 1 µL of sample at a concentration of 500 ng 
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total RNA/2 µL. The RT-qPCR conditions were a single initial reverse transcription cycle 

at 63°C for 3 min, a denaturation cycle at 95 °C for 30 sec, followed by 37 cycles of 

amplification run at 95°C for 12 sec, 60°C for 45 sec and 72°C for 1 sec. Finally, a single 

cooling cycle was run at 40°C for 10 sec. A positive sample was only accepted when the 

viral load (copies mL-1) was greater than 0, the standard curve had an efficiency greater 

than 1.8, the crossing point (CP) was less than 32, duplicates were both positive and 

showing similar viral load concentrations and CP values, and when standards were all 

positive and negative controls were negative.  

Virus isolation using cell culture for detection of VHSV in tissues was performed by 

Steve Lord from the Fish Health Lab, University of Guelph, Ontario as described 

(USFWS & AFS Blue Book, 2004). The spleen, kidney, liver, heart and gills from each 

fish sampled were pooled and subjected to virus isolation. Briefly, tissue homogenates 

were diluted 1:5 with four volumes of balanced MEM. The homogenized material was 

centrifuged (3000 x g, 20 min, 4°C) and the supernatant was filtered (0.45 µm, Fisher 

Scientific, Ottawa, ON, Canada). The filtrate was diluted 1:50 or 1:100 and inoculated 

onto EPC, RTG-2 and CHSE-214 cells (previously prepared) seeded in 48-well tissue 

culture plates. All wells were monitored for 7 d and were then re-inoculated on similar 

cells regardless of the development of CPE. After the 2nd passage all wells were subjected 

to RT-qPCR to detect VHSV.  

2.10 Statistics  

To compare survival rates a Log-Rank test was used. If the survival curve was greater 

than what would be expected by chance, a pairwise multiple comparison procedure was 

conducted using the Bonferroni method. Unless otherwise stated, p<0.05 was considered 
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statistically significant. A Systat SigmaPlot statistical package was used for analysis 

(Version 12).   
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3. RESULTS 

3.1 Morbidity, mortality and detection of virus 

Pathogenicity of VHSV IVb in walleye 

Preliminary trial. There was no morbidity and/or mortality in groups infected-i.p. with 

102-105 pfu/fish within the 25 d duration of the trial (Fig.1). A single mortality occurred 

in the medium dose group (106 pfu/fish), resulting in a mean cumulative mortality of 3%. 

There was no mortality in fish infected with the high dose (107 pfu/fish), however a mean 

cumulative mortality of 73.3% occurred in the highest dose group (108 pfu/fish) and was 

significantly different to all other infected dose groups (102-107 pfu/fish) (Fig. 1; 

p<0.001). In the medium-highest dose groups (106-108 pfu/fish), marked lethargy and 

reduced fright response was evident from 7-20 d PI. This was most notable in the highest 

dose group between 7-15 d PI and was often associated with behavioural changes such as 

reduced appetite and fright response, and gross lesions such as increased mucous 

production, pallor of the skin, (bilateral) exopthalmia, petechial hemorrhage of the eye 

and base of fins, mild-moderate loss of epidermis and 0.5-1 mL of serosanguinous ascites 

with visible abdominal enlargement (Fig. 2-3). The first mortality occurred 5 d PI in the 

highest dose group, and 13 d PI in the medium dose group (106 pfu/fish); there were no 

gross lesions noted in these fish. The sampled taken for viral isolation (i.p.-infected with 

108 pfu, 20 d PI) was VHSV-positive in both EPC and CHSE cell lines as well as qRT-

PCR ((pooled tissue; mean viral RNA genome copy number=1.25e5, crossing point 

(cp)=25.59)). The fish sampled (n=5) prior to experimental infection were found to be 

free of VHSV by RT-qPCR.    
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Main trial. All FHM infected with 106 pfu/fish and walleye infected-i.p. with 106-108 

pfu/fish experienced dose-dependent morbidity and/or mortality (Fig. 4). In the walleye 

infected with the medium-high doses of virus (106-108 pfu/fish), fish exhibited marked 

lethargy and a reduced fright response from 5-18 d PI. Infected FHM exhibited a reduced 

fright response from 13-21 d PI. There was a substantial increase in morbidity/clinical 

signs of infection within the fish infected with 108 pfu compared to all other dose groups. 

Fish injected with 108 pfu exhibited severe petechial hemorrhages of the eye and skin 

(particularly around fin bases), a reduction in fright response, exopthalmia and 

serosanguinous ascites (0.5-2.0 mL/fish). Walleye infected with 106 and 107 pfu exhibited 

mild-moderate exopthalmia with hemorrhage of the eye (Fig. 5) and a reduction in fright 

response. W.-exposed walleye at either pH level (107 virions mL-1 at pH 6.03 and 8.21) 

had only mild morbidity and no mortality. Mean cumulative mortality up to 29 d PI was 

86.7% in the groups of walleye that had received the highest i.p. dose of virus (108 

pfu/fish), 16.5% in the group infected-i.p. with the next highest dose (107 pfu/fish) and 

30% in the infected FHM (106 pfu/fish; not in duplicate). Significant differences in 

survivability were evident between walleye infected with the highest dose of virus and all 

other groups (p<0.05; Fig. 4). FHM survivability was significantly less than walleye 

infected with 108 pfu, but significantly greater than walleye infected with 106 pfu/fish 

(p<0.05; Fig. 4). VHSV was detected using RT-qPCR (mean viral RNA genome copy 

number ranging from 1.92e4-6.61e5 virions mL-1 [mean cp=23.62]) from all walleye 

sampled at 6, 8, 12 and 13 d PI infected with 108 pfu/fish but was not identified in tissues 

of w.-exposed fish sampled at 16 d PI. VHSV IVb was also detected in walleye infected 
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with 108 pfu (sampled from a single mortality) by viral isolation. The fish sampled (n=5) 

prior to experimental infection were found to be free of VHSV by RT-qPCR. 

Pathogenicity of VHSV IVb in walleye: comparing four different strains 

All infected strains experienced moderate-high mortality within the 25 d duration of the 

trial (Fig. 6). In all infected groups, fish exhibited marked lethargy and a reduced fright 

response from 9-21 d PI. This was most notable in the Sault (1-10 d PI), Lake Manitou 

(7-20 d PI) and Bay of Quinte (9-24 d PI) strains. Walleye of the Lake Manitou strain 

exhibited the most profound and severe gross lesions, similar to those described above, 

between 7-12 d PI, as well as; white, mucoid patches on rostrum, saddle and fin bases, 

and mild-moderate excess mucous production and pallor of gills. The internal organs 

were surrounded by copious serosanguinous ascitic fluid (0.4-0.9 mL/fish) and 

hemorrhage at the injection site. By d 9-15 PI, all moribund infected fish from all groups 

exhibited visible hemorrhages of the eye and abdominal enlargement due to the 

accumulation of serosanguinous peritoneal fluid (Fig. 7). The first mortalities occurred at 

1, 5, 7 and 7 d PI (Sault, Escanaba, Bay of Quinte and Lake Manitou strains, 

respectively). Cumulative mortality by the end of the trial (25 d PI) was 96% in the Sault 

stain, 92.9% in the Lake Manitou strain, 79.2% in the Bay of Quinte strain and 64% in 

the Escanaba strain (Fig. 6; mean strain survival time was 6.3, 13.8, 16.9 and 14.4 d PI, 

respectively). Significant differences in survival between strains were found (in order of 

significance): Bay of Quinte vs. Sault (Statistic=100.1; p<0.001), Lake Manitou vs. 

Escanaba (Statistic=70.44; p<0.001), Escanaba vs. Sault (Statistic=53.94; p<0.001) and 

Lake Manitou vs. Bay of Quinte (Statistic 13.18; p=0.001) strain (Fig. 6). There were no 

significant differences in survival between the Sault vs. Lake Manitou (Statistic=2.041; 
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p>0.05) and Escanaba vs. Bay of Quinte strains (Statistic=0.200; p>0.05) (Fig. 6). 

Among the uninfected control groups, a single mortality occurred in the Sault strain at 2 d 

PI. VHSV IVb was also detected in walleye infected with 108 pfu (n=4; sampled from a 

single mortality/walleye strain) by viral isolation. The same fish were also tested for 

quantitative analysis and were VHSV positive by RT-qPCR with the mean viral RNA 

genome copy number ranging from 1.89e5-1.31e6 virions mL-1 (mean cp=23.13). Prior to 

experimental infection, subsamples of experimental fish (1 fish/strain) were found to be 

free of VHSV by RT-qPCR.  

The effect of water temperature on pathogenicity of VHSV IVb in walleye  

Preliminary trial. There was low mortality and moderate morbidity within the 21 d 

duration of the preliminary trial compared to the mortality and morbidity seen in fish i.p.-

infected with a high dose of VHSV (108 pfu/fish). All 12°C w. and i.p.-infected fish 

exhibited moderate lethargy and a reduced fright response from 8 to 16 d PI, which was 

most notable in i.p.-injected fish. On d 8-12, moribund fish in the i.p. tank from the 12°C 

group exhibited visible abdominal enlargement due to serosanguinous peritoneal fluid, 

and also had hemorrhage of the gills, swim bladder, intestines and eyes, a reduced 

appetite, increased mucus production, and mild-moderate uni- or bilateral exopthalmia 

(Fig. 8). There were no gross lesions noted in any groups at 7 d PI. The 18°C w.-exposed 

and i.p.-injected fish had no clinical lesions and no signs of morbidity from 0-12 d PI. 

The 18-12°C w.-exposed and i.p.-injected fish had no gross lesions and mild signs of 

morbidity from 0-14 d PI (compared to high-i.p.-injected dose groups at 12°C). On day 

15, some w.-exposed moribund fish exhibited severe unilateral exopthalmia. The first 

mortalities occurred at 8 and 15 d PI, in 12°C i.p.-injected fish with a cumulative 
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mortality of 31.1%, and in 18-12°C w.-exposed fish with a cumulative mortality of 

12.5%, respectively (Fig. 9). The i.p. and w.-exposed fish at 18°C began experiencing 

mortalities caused by gas bubble disease (GBD) 13 d PI with clinical signs ranging from 

very mild-severe. A total of 9 fish were euthanized from the w.-infected group between 

13-17 d PI. Once the cause of the disease had been identified, degassing columns were 

installed and the disease was closely monitored. Little improvement was seen regarding 

the level of GBD within this group of fish therefore all fish from the w. exposed group 

were removed and euthanized on d 18 PI.  

VHSV was detected by virus isolation from all samples (2 fish/group; 6 d PI). VHS viral 

RNA was detected from most infected groups at 6 d PI by RT-qPCR, with the exception 

of w.-exposed fish at 18-12°C from which virus was not isolated (Fig. 10). Viral RNA 

was detected in all 12°C i.p.-infected fish samples at 6 and 11 d PI (total of 10 

samples/time point). Within this group, there were no positive fish samples at 18 d PI, 

however there was a single positive heart sample at 21 d PI (Fig. 10). Viral RNA was not 

detected in most w.-exposed fish in this group, with the exception of 5 gill and 4 pooled 

samples of fish at 6 d PI and 2 gill samples at 18 d PI (Fig. 10). In the 18°C infection 

group, viral RNA was mostly absent in i.p. and w.-exposed samples, with the exception 

of 3 w.-exposed fish (gills and spleen positive) and 2 i.p.-infected fish  6 d PI (Fig. 10). In 

the 18-12°C infection group, viral RNA was detected in i.p.-injected fish 6 (3/10), 11 

(2/10), 18 (2/10) and 21 (2/10) d PI, but not in w.-exposed fish (Fig. 10). Prior to 

experimental infection, subsamples of experimental fish (1 fish/group) were found to be 

free of VHSV by RT-qPCR.  
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Main trial. There was moderate-high mortality and morbidity within the 25 d duration of 

the main trial. All infected fish exhibited lethargy and a reduced fright response from 5-

16 d PI, which was most notable in i.p.-injected fish from 3-18 d PI in the 18-12°C group 

and 5-12 d PI in the 12°C group. Beginning as early as 5-10 d PI, fish from i.p.-infected 

groups exhibited characteristic lesions including, mild petechial hemorrhages of the gills 

and dorsal fin, enlarged abdomens filled with serosanguinous fluid and exopthalmia. The 

cumulative mortality evident in the 18-12°C group (i.p.: 70%; w.: 14%) was slightly 

higher and began earlier than fish in the 12°C group (i.p.: 55%; w.: 4%), however the 

difference was not statistically significant (Fig. 11; i.p.: Survival statistic=1.908; p>0.05; 

w.: Survival statistic=4.838; p>0.05).   

VHSV was detected by virus isolation from all samples (2 fish/group; 6 d PI).Viral RNA 

was detected in all i.p.-infected fish (12°C: 4/4; 18-12°C: 4/4) and some w.-exposed fish 

(12°C: 5/8; 18-12°C: 2/8) 6 d PI by RT-qPCR (Fig. 12). Furthermore, all 12°C i.p.-

infected fish were positive at 12 d PI (4/4), but not at 18 d PI (1/4) (Fig. 12). Most 18-

12°C i.p.-infected fish were negative at 12 d PI (1/4) while half were positive at 18 d PI 

(2/4) (Fig. 12).   

One quarter of w.-exposed fish from both groups were positive at 12 d PI (12°C: 2/8; 18-

12°C: 2/8), but by 18 d PI only 18-12°C w.-exposed pooled tissues were similarly 

positive (2/8) (Fig. 12). Columnaris was also present in some fish within the 18-12°C 

group, 4-25 d PI. This was most notable in the i.p.-infected fish and as a result all fish 

with columnaris were euthanized due to morbidity, emaciated condition and/or presence 

of lesions predominantly of the tail and fins. Most fish infected with columnaris also 

exhibited VHSV-like gross lesions (hemorrhage, exopthalmia and serosanguinous fluid in 
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abdomen) and were also VHSV-positive by RT-qPCR (Fig. 12) therefore their mortalities 

and morbidities were included in the statistical analysis.  Prior to experimental infection, 

subsamples of experimental fish (2 fish/group) were found to be free of VHSV by RT-

qPCR.  

Overall, combining RT-qPCR data from both trials (regardless of temperature or 

exposure method), the samples that were most commonly infected with VHSV IVb were 

pooled tissues (combined gill, heart, liver, kidney and spleen) and unpooled gill samples 

(Fig. 13). Somewhat correspondingly, of the i.p.-injected walleye, the highest 

concentrations of VHSV IVb were found within pooled tissues and gills, compared to the 

w.-exposed walleye where the highest concentrations were found within the heart, pooled 

tissues and gills (Fig. 13). Furthermore, 12°C i.p.-infected fish had the highest number of 

positive tissue samples overall, regardless of tissue type, followed by 12°C w. and 18-

12°C i.p.-infected fish (Fig. 14).  

3.2 Light microscopy and IHC 

Walleye. There were no notable histological lesions in tissues from fish sampled before a 

trial, from control groups (at any time point), from infected groups at 6 d PI or from low-

dose i.p.-infected groups (102-106 pfu/fish). However, variable, but often severe, VHSV 

IVb-like histological lesions were noted in walleye that had been infected with a high 

dose (i.p.: 107-108 pfu/fish; w.: 1.4 x 107 virions mL-1) of VHSV IVb and had died or 

were experiencing morbidity from 6-12 d PI, predominantly at low water temperatures 

(12°C). The detection of VHSV IVb within these infected tissues by IHC is summarized 

in Table 1. Within these groups of fish (i.p.: 107-108 pfu/fish and w.: 1.4 x 107 virions 

mL-1; 12°C≤t<18°C), the most severe and abundant lesions were found in walleye i.p.-
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injected with 108 pfu/fish at 12°C. The lesions in these fish were most prominent in the 

eye, heart, kidney, liver, gills and spleen and included the following: severe hemorrhage 

of the eye beneath the cornea and above the iris beginning as early as 9-12 d PI (Fig. 15); 

small foci of atrial and ventricular myocardial necrosis with nuclear debris as early as 10 

d PI (Fig. 16) associated with mild scattered immunopositive staining within the 

cytoplasm of the myocardiocytes (not shown); mild, multifocal necrosis of the renal 

interstitial cells, and pronephric macrophages and moderate diffuse nephrosis until 21 d 

PI (Fig. 17) associated with moderate intracytoplasmic staining of tubular epithelial cells 

for VHSV (not shown); mild-severe multifocal, scattered hepatic necrosis with mild 

hemorrhage and occasional vasculitis at 11 d PI (Fig. 18) corresponding to light 

immunopositive staining of necrotic hepatocytes (not shown); mild-moderate, multifocal 

degeneration and necrosis of lamellar epithelial and pillar cells with mild hyperplasia 

(Fig. 19) associated with a moderate amount of immunopositive material for VHSV 

within the branchial lamellar epithelial cells until ~18-20 d PI (Fig. 20); and mild-

moderate, scattered-diffuse ellipsoid splenic necrosis (Fig. 21) associated with light 

VHSV-immunopositive cytoplasmic staining (not shown).  

Uncommonly there was mild enteritis with mild-moderate vascular damage and necrosis 

of lamina propria associated with light immunopositive staining (not shown), and lesions 

unrelated to VHSV immunopositive staining included pancreatic hemorrhage, mesenteric 

fat necrosis, and mild meningitis. Additionally, mild histological differences were found 

between strains of walleye (i.p.-injected with 108 pfu/fish at 12°C). All strains exhibited 

the VHSV-like lesions described above between 5-25 d PI, however the Lake Manitou 

strain exhibited lesions predominantly between 7-12 d PI as well as the following: 
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multifocal ulcerative dermatitis with interlesional saprolegnia-like fungal hyphae (seen 

using Giemsa staining), moderate-severe bilateral cataracts with interlesional trematode 

larva (Diplostomatidae). Fish i.p.-infected with 107 pfu/fish at 12°C and 108 pfu/fish at 

18-12°C (2° decrease/4 d PI) and 18°C (continuous) had milder and less frequent 

histological changes, but of similar pattern to those described above.  

The walleye that were w.-exposed to 107 virions mL-1 had the least severe lesions. 

However, histological lesions were present predominantly and almost exclusively in fish 

exposed at lower (12°C) compared to higher ((18-12°C (2° decrease/4 d PI) and 18°C 

(continuous)) water temperatures. Walleye w.-exposed to VHSV IVb at 12°C had very 

mild lesions, similar in distribution to what has been described above. These lesions 

included mild, multifocal hepatic necrosis, mild multifocal myocardial necrosis and mild 

gill epithelial and pillar cell necrosis and these lesions were associated with light 

immunopositive staining 6-21 d PI. Walleye exposed to VHSV IVb at 18-12°C (2° 

decrease/4 d PI) had mild-absent histological lesions compared to walleye exposed at 

12°C. Walleye exposed to VHSV IVb at a continuous temperature of 18°C had equivocal 

histological lesions in tissues and patterns described above, but moderate-severe lesions 

associated with columnaris or GBD infection.  

All walleye exposed to VHSV at 12°C or sampled at water temperatures less than 18°C 

from 18-12°C infection group from 6-14 d PI, had several histologically normal tissues 

that were highly immunopositive for VHSV IVb. For instance, most walleye had obvious 

and copious amounts of VHSV immunopositive staining within the skin epidermis and 

dermis, myocytes and branchial lamellar epithelium as early as 6 d PI, but this staining 

was mostly absent from these tissues by 18 d PI (Fig. 22-23). Walleye also had light-
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abundant immunopositive VHSV staining in the liver (Fig. 24), kidney (Fig. 25) and 

spleen by 6-18 d PI and were predominantly unrelated to lesions (mild hepatic necrosis in 

a single sample from 12°C). Uncommonly, fish exposed to VHSV IVb at 12°C had 

VHSV immunopositive staining in the dermal fibrocytes of connective tissue (Fig. 26). 

All infected tissues incubated with pre-immune rabbit antiserum had no immunopositive 

reaction (inserts Fig. 20-26). Control fish (uninfected) had no staining detected at any 

time point with either immune or pre-immune rabbit antiserum.  

FHM. There were no notable histological lesions in tissues from fish sampled before the 

trial. Histological lesions were observed in infected fish sampled from 

mortalities/morbidities 16-21 d PI and included the following: moderate muscle necrosis, 

moderate scattered epithelial and pillar cell necrosis and mild pseudobranch necrosis.  
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Table 1. Immunohistochemical detection of VHSV IVb in tissues of walleye 

intraperitoneally (I.P.) and waterborne-infected at 12°C.  Results are expressed as the 

number(s) of fish that were immunopositive vs. the number of fish examined during early 

(~0-8 d PI) and late (~9-26 d PI) periods of infection (number positive/number of fish 

examined). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Brain, intestine/stomach and mouth 

**Connective tissue in dermis-fibrocytes beneath epithelium surrounding scale and fin 

 Early Infection Late Infection 

Tissues I.P. Waterborne I.P. Waterborne 

Gills 3/3 7/8 2/5 3/12 

Heart 2/2 1/5 2/4 1/8 

Liver - 3/4 1/4 2/8 

Kidney 1/3 4/5 3/4 1/8 

Spleen 1/1 4/5 1/5 0/6 

Skin 0/2 9/11 0/4 7/11 

Other - 3/3* - 2/2** 



53 

Days Post-Infection

0 5 10 15 20 25 30

S
ur

vi
va

l

0.0

0.2

0.4

0.6

0.8

1.0

Control i.p.
102 i.p.
103 i.p.
104 i.p.
105 i.p.
106 i.p.
107 

i.p.
108 i.p.

 

Figure 1. Preliminary trial survival analysis of walleye intraperitoneally (i.p.)-injected 

with VHSV IVb (1.4 x102-108 pfu 0.1-0.2 mL-1/fish) compared with a control group 

injected with media (0.1-0.2 mL MEM/fish). 
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Figure 2. Walleye intraperitoneally-infected 8 d previously with 1.4 x 108 pfu 0.2 mL-1 

from the preliminary pathogenicity trial. The infected fish exhibits moderate petechial 

epidermal hemorrhage at the base of the dorsal fin and mild scale loss with petechial 

epidermal hemorrhage adjacent to the lateral line.   
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Figure 3. Walleye intraperitoneally-infected 12 d previously with 1.4 x 108 pfu 0.2 mL-1 

from the preliminary pathogenicity trial. The infected fish exhibits 0.2 mL 

serosanguinous coelomic fluid and peri-ocular hemorrhage. 
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Figure 4. Main pathogenicity trial survival analysis of walleye intraperioneally (i.p.)-

infected (1.4 x 106-108 pfu 0.1-0.2 mL-1/fish) or waterborne (w.)-exposed (1.4 x 107pfu 

mL-1; w.-1: no pH change; w.-2: pH change) with VHSV IVb compared with a control 

group injected with media (0.2 mL MEM/fish; not shown). Fathead minnows (FHM) 

were i.p.-injected with 1.4 x 106 pfu 0.1 mL-1/fish and used as a positive control.  
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Figure 5. Walleye intraperitoneally-infected 12 d previously with 1.4 x 107 pfu 0.1 mL-1 

from the main pathogenicity trial. The infected fish exhibits moderate unilateral peri-

ocular hemorrhage. 
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Figure 6. Pathogenicity trial survival analysis of four different strains of walleye (Lake 

Manitou, Bay of Quinte, Escanaba and Sault strain) intraperitoneally-infected with 1.4 x 

108 pfu 0.2 mL-1/fish. Survival of negative control fish are not shown (0.2 mL 

MEM/fish). 
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Figure 7. Walleye of the Bay of Quinte reference strain intraperitoneally-infected 15 d 

previously with 1.4 x 108 pfu 0.2 mL-1 from the walleye strain trial. The infected fish 

exhibits severe peri-ocular hemorrhage and 0.9 mL sersanguinious coelmoic fluid.  
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Figure 8. Walleye infected via waterborne-exposure at 12°C with 1.4 x 107 virions mL-1 

12 d previously from the preliminary water temperature trial. The infected fish exhibits 

moderate unilateral exopthalmia. 
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Figure 9. Preliminary temperature trial survival analysis of walleye infected with VHSV 

IVb at three different water temperatures (12°C, 18°C and 18-12°C) using intraperitoneal 

(i.p.)-injection (1.4 x108 pfu 0.2 mL-1/fish) and waterborne (w.)-exposure (1.4 x 107 

virions mL-1) methods. Survival of negative control fish are not shown (0.2 mL 

MEM/fish). 
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Figure 10. Mean (±SE) viral copy number detected (per µg total RNA) by RT-qPCR in 

walleye infected with VHSV IVb using intraperitoneal (i.p.)-injection (1.4 x 108 pfu 0.2 

mL-1/fish) or waterborne (w.)-exposure (1.4 x 107 virions mL-1) with VHSV IVb at 12°C, 

18°C, or 18-12°C (2°C/4-5 d) d 6, 11, 18 and 21 PI. No virus was detected from any 

control fish. 
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Figure 11. Main temperature trial survival analysis of walleye infected with VHSV IVb at 

two different water temperatures (12°C and 18-12°C) using intraperitoneal (i.p.)-injection 

(1.4 x108 pfu 0.2 mL-1/fish) and/or waterborne (w.)-exposure (1.4 x 107 virions mL-1) 

methods. Survival of negative control fish are not shown (0.2 mL MEM/fish). 
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Figure 12. Mean (±SE) viral copy number detected (per µg total RNA) by RT-qPCR in 

walleye infected with VHSV IVb using intraperitoneal (i.p.)-injection (1.4 x 108 pfu 0.2 

mL-1/fish) or waterborne (w.)-exposure (1.4 x 107pfu mL-1) with VHSV IVb at 12°C or 

18-12°C (2°C/4-5 d) at sampling d 6, 11, and 18. No virus was detected from any control 

fish.  
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Figure 13. Total amount of VHSV IVb-positive tissue samples (RT-qPCR; gill, heart, 

liver, spleen, kidney and pooled) from walleye intraperitoneally (i.p.)-infected with 1.4 x 

108 pfu 0.2 mL-1/fish or waterborne (w.)-exposed to 1.4 x 107 virions mL-1 from 

preliminary and main water temperature trials, regardless of water temperature. The bar 

graph indicates the number of VHSV IVb-positive tissue samples/tissue type, whereas the 

scattered line graph (seen in blue) corresponds to the mean (±SE) viral genomic RNA 

copies detected per µg total RNA from each positive tissue type. No virus was detected 

from any control fish. 
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Figure 14. The total amount of VHSV IVb-positive tissue samples (RT-qPCR; gill, heart, 

liver, spleen, kidney and pooled) from walleye intraperitoneally (i.p.)-infected with 1.4 x 

108 pfu 0.2 mL-1/fish or waterborne (w.)-exposed to 1.4 x 107virions mL-1 at 12°C, 18°C, 

or 18-12°C from the preliminary and main water temperature trials. No virus was 

detected from any control fish. 
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Figure 15. Eye from a walleye intraperitoneally-infected with VHSV IVb (1.4 x 108 pfu 

0.2 mL-1) 9 d previously from the preliminary pathogenicity trial. There is severe peri-

scleral hemorrhage (H&E). 
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Figure 16. Heart from a walleye intraperitoneally-infected with VHSV IVb (1.4 x 108 pfu 

0.2 mL-1) 10 d previously from the preliminary pathogenicity trial. There is multifocal, 

moderate myocardial necrosis associated with nuclear debris (H&E). 
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Figure 17. Kidney from a walleye intraperitoneally-infected with VHSV IVb (1.4 x 108 

pfu 0.2 mL-1) 13 d previously from the main pathogenicity trial. There is mild, focal 

necrosis of the renal interstitial cells, mesentery and pronephric macrophages with mild 

tubular lesions (H&E).  
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Figure 18. Liver from a walleye intraperitoneally-infected with VHSV IVb (1.4 x 108 pfu 

0.2 mL-1) 11 d previously from the main pathogenicity trial. There is mild-severe 

multifocal, scattered necrosis of hepatocytes with mild hemorrhage (H&E). 
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Figure 19. Gill from a walleye intraperitoneally-infected with VHSV IVb (1.4 x 108 pfu 

0.2 mL-1) 10 d previously from the main pathogenicity trial. There is mild-moderate, 

scattered degeneration and necrosis of lamellar epithelium and occasional pillar cell 

(H&E). 
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Figure 20 . IHC of the gill from the walleye illustrated in Figure 20. There is a moderate 

amount of immunopositive staining in the lamellar epithelial cells, some of which are 

necrotic. Inset: preimmune rabbit antiserum replaced rabbit anti-VHSV. 
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Figure 21. Spleen from a walleye intraperitoneally-infected with VHSV IVb (1.4 x 108 

pfu 0.2 mL-1) 8 d previously from the main pathogenicity trial. There is moderate, 

scattered-diffuse splenic ellipsoid necrosis (H&E).  
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Figure 22. IHC of the skin from a walleye waterborne-exposed with VHSV IVb (1.4 x 

107 virions mL-1) 6 d previously from the preliminary waterborne trial at 12°C. Viral 

antigen is prominent in epithelial cells at all levels of the epidermis. Necrosis of the 

epithelium is not prominent. Inset: preimmune rabbit antiserum replaced rabbit anti-

VHSV. 
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 Figure 23. IHC of the gills from a walleye waterborne-exposed with VHSV IVb (1.4 x 

107 virions mL-1) 6 d previously from the main waterborne trial at 12°C. Viral antigen is 

prominent in epithelial cells, both inter-lamellar and lamellar. Inset: preimmune rabbit 

antiserum replaced rabbit anti-VHSV. 
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Figure 24. IHC of the liver from a walleye waterborne-exposed with VHSV IVb (1.4 x 

107 virions mL-1) 8 d previously from the main waterborne trial at 12°C. Viral antigen is 

prominent in hepatocytes and bilary eptithelium. Inset: preimmune rabbit antiserum 

replaced rabbit anti-VHSV.  
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Figure 25.  IHC of the kidney from a walleye infected by waterborne-exposure with 

VHSV IVb (1.4 x 107 virions mL-1) 6 d previously from the main waterborne trial at 

12°C. Viral antigen is prominent in a proportion of tubules which have epithelium that is 

diffusely filled with immunopositive material. Rare-scattered interstitial cells are also 

immunopositive. Inset: preimmune rabbit antiserum replaced rabbit anti-VHSV. 
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Figure 26. IHC of the dermal connective tissue layer from a walleye infected by 

waterborne-exposure with VHSV IVb (1.4 x 107 virions mL-1) 12 d previously from the 

main waterborne trial at 12°C. Viral antigen is prominent in fibrocytes and fibroblasts 

within the dermal layer. Inset: preimmune rabbit antiserum replaced rabbit anti-VHSV. 
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4. DISCUSSION 

The hypothesis of this thesis was that walleye (Sander vitreus) would be susceptible to 

VHSV IVb and mortality rate and severity of infection would be virus dose, walleye 

strain and temperature-dependant. The three objectives were used to test this hypothesis; 

(1) to investigate the susceptibility and pathogenicity of VHSH IVb in walleye using i.p. 

and w.-exposure, (2) to study the effect of walleye strain on VHSV IVb infection, and (3) 

to determine the impact of water temperature on walleye infected with VHSV IVb using 

both i.p. and w.-exposure and thereby investigating the progression of infection and 

pathogenicity using light microscopy, IHC, and qRT-PCR.  

The majority of experimental infection trials, using a Great Lakes isolate of VHSV IVb, 

were performed using a single strain of walleye derived from the Bay of Quinte, Lake 

Ontario, population. The susceptibility of walleye to VHSV IVb was unknown and 

experimental infection could be a useful method to provide a priori knowledge for 

estimation of the impact of infection and management of the disease in wild and cultured 

settings. It was further hypothesized that walleye would experience dose-dependent 

mortality, and that clinical signs of infection would only be apparent in fish i.p.-infected 

with high doses of VHSV. Our predictions held, and significant mortality associated with 

VHSV IVb infection was only evident in i.p.-infected walleye given the highest dose of 

virus (1.4 x 108 pfu/fish), with mortality ranging from 83.3-100%. Expectedly, many 

characteristic, clinical signs and gross lesions attributed to VHSV IVb were present and 

were most frequent and severe in this infection group (exopthalmia, reduced fright 

response, hemorrhage of the eye and base of fins and reduced appetite). As predicted, 

cumulative mortality was absent in walleye i.p.-infected with 102-105 pfu/fish, and 
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minimal in walleye i.p.-infected with 106 and 107 pfu/fish, which experienced 3% and 

16.65% mortality, respectively. Gross lesions and clinical signs within these infection 

groups were milder and less frequent (mild exopthalmia and reduced fright response) 

compared to that seen in fish infected with 108 pfu. 

To my knowledge, no published studies have been performed using VHSV IVb in 

walleye. Recently, however, a single study has briefly examined VHSV IVb (MI03) in 

walleye from the Oneida Fish Cultural Station, Oneida Lake, NY, as well as tiger 

muskellunge, channel catfish (Ictalurus punctatus), and Atlantic salmon (Salmo salar) 

(personal communication, Paul Bowser, Cornell University). In this study, walleye (i.p.-

injected with 106pfu/fish) were found to be resistant to VHSV IVb, as no mortalities, 

morbidities or clinical signs associated with VHSV were observed in any fish (held 10°C 

±1; personal communication, Paul Bowser). These results agree with what has been 

found in the present thesis and therefore the evidence suggests that walleye are not highly 

susceptible to VHSV IVb at moderate doses. However, since VHSV was detected in 

tissues of w.-exposed walleye from 6-21 days PI by RT-qPCR (discussed in detail later), 

walleye may readily act as carriers of the disease.  

Furthermore, experimental infection with multiple genetically distinct strains of walleye 

using the same isolate of VHSV IVb was performed. I was interested in determining 

whether susceptibility to disease varied within a species. It was hypothesized that each 

strain would experience mortality associated with VHSV, and that the mortalities would 

differ significantly between strains. Our predictions were mostly accurate, as there were 

some significant differences in mortality between strains. All walleye strains experienced 

moderate to high cumulative mortality. Compared to the most resistant Escanaba strain 
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(64%), the Sault (96%), Lake Manitou (92.9%; mortality influenced and/or associated 

with columnaris infection) and Bay of Quinte (79.2%) strains were significantly more 

susceptible to VHSV infection. Furthermore, the cumulative mortality (64%) experienced 

by the most resistant strain (Escanaba) was significantly lower than that experience by 

walleye of the Sault strain.  

Genetic variation in susceptibility between strains to specific diseases has been 

uncommonly reported in fish (Hines et al. 1974). Strains of brook trout (Salvelinus 

fontinalis) and brown trout have been shown to differ in their susceptibility to 

furunculosis (Embody & Hayford. 1925; Snieszko. 1958; Snieszko et al. 1959; Ehlinger. 

1964) and to ‘ulcer disease’ (Wolf. 1954; Snieszko et al. 1959). Furthermore, juvenile 

coho salmon of three different transferring genotypes (AA, AC and CC) were 

experimentally infected with the causative agent of bacterial kidney disease (BKD), 

revealing that the AA genotype was the most susceptible to BKD, whereas the CC 

genotype was the most resistant (Suzumoto et al. 1977). In the common carp (Cyprinus 

carpio), Kirpitschnikow and Faktorowitsch (1969) found strain differences in 

susceptibility to infectious dropsy (now known to be in-part associated with SVCV). In a 

study of inter-strain differences in the growth rate of the common carp, one inbred strain 

suffered from a relatively high incidence of hyperplastic or neoplastic epidermal disease 

and a second inbred strain was found to be susceptible to a swim bladder inflammation 

(part of the infectious dropsy syndrome). Three other strains and 8 crossbred strains did 

not have a single fish infected by either of the 2 diseases (Unpublished data, as mentioned 

in (Hines et al. 1974). More recently, two strains of freshwater-reared coho salmon were 

compared for differences in mortality and non-specific immune factors before and after 
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lethal and non-lethal immersion challenges with Vibrio anguillarum (Balfry et al. 2001). 

There were significant strain differences in mortality in the high dose group, and the more 

disease-resistant strain was found to have high levels of plasma lysozyme and anterior 

kidney phagocyte respiratory burst activity (Balfry et al. 2001). There was a direct 

relationship between enhanced survival of the more disease-resistant strain and the fast 

development and sustained elevation of the non-specific immune response following 

experimental infection (Balfry et al. 2001).  

The mechanism(s) for resistance were not studied in this thesis so it is not possible to 

draw such conclusions, but the fact that there were differences between strains is enough 

to promote future investigations. For now, the knowledge that a strain of walleye may be 

less susceptible to VHSV IVb could be beneficial for the success of walleye stocking 

practices, especially in bodies of water that are known or suspected to be VHSV-positive. 

However, it is important to note that the mean weight (and thus age) for each walleye 

strain used in this study varied from as low as 3.71 g (Sault) to 29.87 g (Lake Manitou). 

However, since the Lake Manitou strain had the second highest cumulative mortality and 

the largest mean weight, and the Escanaba strain had the lowest cumulative mortality and 

the second lowest mean weight, we predict that dosing by weight may not significantly 

deviate from the results reported here.  

Comparing the VHSV-susceptibility of walleye to closely-related species; sauger (Sander 

canadensis), zander (Sander luciopera), ruffe (Gymnocephalus cemuus), and darters, is 

not possible as they have not been reported from natural mortality events or used 

experimentally. However, a single related species, the yellow perch, has been affected by 

large die-offs in Lake St. Clair and central Lake Erie in 2006 (Kane-Sutton et al. 2010a). 



 

83 

More recently, in the summers of 2008 and 2011, the virus was isolated from normal 

appearing yellow perch in Lake Michigan (Wisconsin Department of Natural Resources. 

2011), however to my knowledge, no experimental studies have been performed with this 

species. It is also important to discuss the pathogenicity of VHSV IVb in fish species that 

strongly compete with, predate on, and/or are consumed by walleye. Muskellunge, a 

phylogenetically dissimilar, yet strongly interacting species, are highly susceptible to 

VHSV disease, as very low doses of virus (i.p.-LD50 of 2.2 pfu) (Kim & Faisal. 2010c) 

are necessary to cause high mortality (Kim & Faisal. 2010a; Kim & Faisal. 2010b; Kim 

& Faisal. 2010c). These extreme results may be an artifact of experimentation, however, 

as it was also found that muskellunge infected with 106pfu/fish are variably susceptible to 

VHSV (personal communication, Paul Bowser). As well, no clinical signs of disease 

were apparent in muskellunge infected with 102 and 103 pfu/fish (personal 

communication, Paul Bowser). All experiments used the same VHSV IVb index strain 

MI03, similarly aged juvenile muskellunge, and water temperature (10-11°C). The major 

experimental difference was that muskellunge in the latter study were exposed to a 

temperature shock (from 15 to 10°C) prior to infection (personal communication, Paul 

Bowser). However, abruptly lowering the water temperature before infection would be 

expected to increase, rather than decrease susceptibility.  

Other species that interact with walleye and that have been affected by VHSV IVb 

include the smallmouth bass, gizzard shad, and emerald shiner; however to my 

knowledge no previous studies have been performed using VHSV IVb and these fish 

species. The interactions between highly susceptible and resistant (carrier) species, like 

the muskellunge and the walleye, could have major implications for disease transfer, 
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persistence, and future die-off events in the Great Lakes. Since walleye compete with and 

predate on multiple fish species (primarily largemouth bass, muskellunge, smallmouth 

bass and yellow perch) (Fayram et al. 2005), they likely are a source of transfer between 

species. 

As there has been a relative lack of investigation of VHSV IVb in related and highly 

interactive species associated with walleye, the dose-dependent pattern of mortality in 

walleye can only be compared to phylogenetically dissimilar Great Lakes fish species. 

Using both i.p. and w.- exposure routes, rainbow trout were mildly susceptible to VHSV 

IVb, experiencing 4.4% mortality in i.p.-injected fish (106.5pfu/fish), 2.6% in the high 

(108.5 virions mL-1) and medium (106.5 virions mL-1) w. groups, and 1% in the low w. 

(104.5 virions mL-1) group (Al-Hussinee et al. 2010). FHM cumulative mortality averaged 

13% and 50% in the w.-exposed (106.5 virions mL-1) and i.p.-injected (106.5pfu/fish) 

groups, respectively (Al-Hussinee et al. 2010). Similarly, FHM were also used in our 

study as a positive control and experienced 30% mortality (106pfu/fish).  

Variation in susceptibility of different species of fish to VHSV is well demonstrated 

(Snow & Cunningham. 2000; King et al. 2001; Bowden. 2003; Brudeseth et al. 2005; 

Hershberger et al. 2007; Al-Hussinee et al. 2010; Hershberger et al. 2010; Kane-Sutton et 

al. 2010a; Kim & Faisal. 2010a; Kim & Faisal. 2010b; Encinas et al. 2011) and is partly 

related to the use of different genotypes of virus, which makes comparisons of relative 

susceptibility difficult unless performed within the same study. Walleye require a very 

high viral dose of VHSV IVb compared to some freshwater fish species experimentally-

infected with the same or similar VHSV IVb isolate (Al-Hussinee et al. 2010; Kane-

Sutton et al. 2010b; Kim & Faisal. 2010a; Kim & Faisal. 2010b; Kim & Faisal. 2010c; 
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Goodwin & Merry. 2011; Hershberger et al. 2011; Personal communication, Paul 

Bowser).  

The presence of multiple hemorrhagic areas on the flanks and fins of fish was a notable 

gross lesion found in highly infected walleye (108 pfu/fish), which was also reported in 

Al-Hussinee et al. (2011) from a VHSV-associated mortality event in 2006 involving 

walleye in Conesus Lake. Furthermore, the most common histological lesions found in 

highly affected walleye (108 pfu/fish) were in the eye, heart, kidney, liver, gills and 

spleen. The most notable lesions in these fish were mild to moderate, multifocal necrosis 

of the renal interstitium, splenic ellipsoids, myocardium and branchial epithelium, 

moderate-severe multifocal, and scattered hepatic necrosis; similar lesions were also 

described in walleye (Al-Hussinee et al. 2011). However, the most prominent lesion 

found in walleye from the Conesus Lake mortality event was a marked diffuse and 

severe, cell-poor fibrinoid vasculitis, most prominent in the venules of the liver; a lesion 

which was not often evident in infected walleye from this study. I suspect that the very 

few Conesus Lake walleye examined were chronically infected rather than acutely, as in 

the present trials apart from the obvious difference in route of infection. In addition, at 

least one walleye from Conesus Lake had patchy branchial necrosis, infiltrated with 

densely packed filamentous bacteria consistent with Flavobacterium columnare. 

Columnaris was more likely to be the cause of mortality in these fish; however, the virus 

infection may have also predisposed these fish to other infectious agents (Parkingking et 

al. 2003; Johansen et al. 2009). 

Immunopositive staining for VHSV IVb was moderately associated with histological 

lesions in walleye highly infected with the disease (108pfu/fish). Immunopositive staining 
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was also present in walleye w.-exposed to VHSV IVb, but was not well associated with 

the resultant mild histological lesions. W.-exposure is more reflective of natural infection, 

and when these infected fish are examined using IHC, the gill and skin tissues were 

usually highly immunopositive for VHSV during the initial stages of infection compared 

to all other tissues sampled (kidney, heart, liver, spleen and/or brain) (Ahne. 1978; 

Chilmonczyk. 1980; Ahne. 1984; Neukirch & Glass. 1984; Neukirch. 1984; Yamamoto 

& Clermont. 1990; Yamamoto et al. 1990; Yamamoto et al. 1992)  

Specifically, Yamamoto et al (1990) reported that the earliest viral lesions (using IHC) in 

rainbow trout, following w.-infection with IHNV, were detected in the epidermis, 

pectoral fins, opercula and ventral surface of body. By the fifth day, foci of viral 

replication were detected in the gill tissue and in the anterior tissues below the epidermis. 

Similarly, rainbow trout exposed with w.-VHSV (strain F1) had infectious VHSV within 

the gills immediately after infection (notably, the skin was not included in their sampling) 

(Neukirch. 1984). Also, multiplication of infectious pancreatic necrosis virus (IPNV) in 

different superficial tissues (gills, fins and skin) of salmonids was also found (Yamamoto 

& Hu. 1991). These results are in agreement with the present study, the site of early viral 

entry and/or replication in w.-exposed walleye appeared to be in both the gill (7/8 

samples) and skin (9/11samples) tissues. This is not surprising as it is believed that 

VHSV gains access to the fish through both the gill (Chilmonczyk. 1980; Brudeseth & 

Evensen. 2002) and skin epithelium (Yamamoto et al. 1992). Interestingly, in this study, 

during the later stages of infection (12-26 d PI), only the skin of w.-exposed fish appeared 

to be highly immunopositive (7/11 samples) compared to all other tissues sampled, 

whereas i.p.-injected walleye had more immunopositive staining in the kidney, heart and 
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gills. Walleye infected via the water appear to have a more restricted pattern of infection 

that is nevertheless, persistent.  

Experimental infection with the same Great Lakes isolate of VHSV IVb described above 

was performed using the Bay of Quinte strain i.p.-infected and w.-exposed at low (12°C) 

and high (18°C) water temperatures. The objective was to determine whether 

susceptibility to disease varied with water temperature, specifically, it was hypothesized 

that walleye infected and/or exposed at lower water temperatures would have higher 

VHSV-associated morbidity and mortality. Our predictions held, however there was 

limited VHSV-associated morbidity, mortality (4 and 14% mortality at 12 and 18-12°C, 

respectively, main temperature trial) for w.-exposed walleye, as well as a low frequency 

of viral isolation and detection (RT-qPCR), and low quantities of virus, even though a 

relatively high viral dose was used for infection. Greater cumulative morbidity, viral 

detection and mortality (55 and 70% mortality at 12 and 18-12°C, respectively, main 

temperature trial) was evident in the i.p.-infected groups. Once again, it is important to 

note that the fish held at 18-12°C were also suffering from columnaris and/or GBD. GBD 

can be caused by rapid heating of water leading to gas supersaturation, resulting in 

clinical symptoms like subcutaneous emphysema, embolism and exopthalmia 

accompanied with high mortality (Bohl. 1997).VHSV-associated histological lesions 

were absent in walleye infected at higher temperatures, regardless of exposure route, 

however lesions in i.p.-injected walleye held at low water temperatures were apparent in 

the heart, liver and gills.  

In regards to our study, it is difficult to determine the relationship between temperature 

and VHSV infection due to the presence of secondary diseases/infections, however, it is 
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assumed that since walleye held at high water temperatures did not exhibit VHSV-

associated lesions (even though there was VHSV present in tissues), nor mortality and/or 

morbidity, walleye held at lower water temperatures were deemed more affected by 

VHSV. Similarly, tiger muskellunge i.p.-infected with VHSV IVb (106pfu/fish) between 

10 and 15°C were variably susceptible to infection; however mortalities (85%) were only 

evident at lower water temperatures (personal communication, Paul Bowser). Similary, 

bluegills were i.p.-injected with VHSV IVb at six different temperatures from 10 to 30°C 

experienced 90% mortality at 10°C, 35% at 14°C and 10% at 18°C, with no mortalities 

observed at temperatures of 22-30°C (Goodwin & Merry. 2011). Furthermore, using RT-

qPCR, Goodwin & Merry (2011) found that results were inversely related to temperature, 

and VHSV-IVb could not be detected in fish held at temperatures above 22°C. 

Conversely, i.p.-injected and w.-exposed walleye held at 18-12°C were RT-qPCR 

positive for VHSV IVb longer than those held at 12°C (6, 11, 12, 18 and 21 days PI). 

Additionally, more w.-exposed walleye held at higher water temperatures were found to 

be RT-qPCR positive 18-21 days PI compared to those held at lower water temperatures.  

As expected, more RT-qPCR positives were found in i.p.-injected fish compared to w.-

exposed fish, regardless of temperature. More RT-qPCR positive results were observed in 

fish held at low water temperatures (~12°C), compared to those held at higher water 

temperatures (~18°C), regardless of exposure route. VHSV IVb quantification within 

VHSV IVb i.p.-infected walleye tissues (Personal communication, Paul Bowser) (pooled 

liver, spleen, heart, and anterior and posterior kidney sampled at 0, 1, 3, 7, 14, and 28 

days PI) yielded negative results for most fish at all time points. However, two fish at 7 



 

89 

days PI were highly positive by RT-qPCR (~106-107 mean genomic RNA detected/ug 

total RNA), yet no virus was isolated from any fish at any time point.  

Our water-temperature findings are partly in contrast to what some studies have reported 

(personal communication, Paul Bowser; Goodwin & Merry. 2011). The confounding 

findings may be due to temperature differences and/or the species-variable effect of 

temperature-induced immunosuppresion (Bly & Clem. 1992; Le Morvan et al. 1998). 

Furthermore, because walleye at 18-12°C: 1) did not appear to be clinically affected by 

VHSV, 2) had greater VHSV quantities in tissues for a longer period of time compared to 

walleye held at 12°C, 3) were exposed to a more realistic temperature regime and 4) had 

high mortalities associated with a secondary columnaris infection (a common disease in 

walleye associated with fluctuating water temperatures), walleye are likely to be carriers 

of VHSV IVb in the wild.  

VHSV IVb will continue to be detected in the Great Lakes and surrounding waters and 

will continue to present a challenge for fisheries management and fish culture. The 

ultimate impact of the virus on fish populations will vary markedly with fish species, 

environmental conditions influencing clinical presentation (if any), and potentially with 

future variations of the virus. Future work should continue to examine the pathogenesis 

of VHSV IVb in fish species as it will continue to be detected in the Great Lakes and 

surrounding waters and will continue to present a challenge for fisheries management and 

fish culture. Furthermore, genetic alterations of the virus should be monitored. A better 

understanding of the many environmental factors that influence the impact of VHSV-

infection in populations is needed. In particular, the role of an immunosuppressive sub-

clinical VHSV infection should be investigated, as it may lead to an increased incidence 
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of other, equally dramatic and/or devastating diseases/infections. Walleye, which appear 

to be relatively resistant to VHSV, will likely be involved in VHSV-spread and 

persistence within a water body. Differences in susceptibility may be present between 

walleye strains. Therefore, natural resource departments may wish to test the 

susceptibility of their stocked strains to further enhance the success of survival.  
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5. CONCLUSIONS 

1. A) Walleye were detectably infected with VHSV IVb via i.p. and w.-exposure for 

at least 21 days.  

B) Walleye are resistant to experimental infection with VHSV; severity of gross 

lesions and mortality of walleye i.p.-infected was dose-related.  

C) Walleye infected with large amounts of virus via the water did not die, but did 

experience morbidity. 

2. A) Viral antigen was found in both i.p. and w.-exposed walleye using IHC. 

B) Viral antigen was detected mostly in the gills and skin for both exposure routes 

during the early stages of infection, and to a lesser extent, in the heart, spleen and 

kidney.  

C) Viral antigen was detected mostly in the skin of w.-exposed fish, and the 

kidney, heart and gills of i.p.-injected fish during the later stages of infection.   

3. A) VHSV IVb RNA was detectable in walleye tissues from 6-21 d PI using RT-

qPCR. 

 B) More RT-qPCR positive results were found in i.p.-injected fish (from gills and 

pooled tissue samples) compared to w-exposed (from heart, gills and pooled 

tissue samples), regardless of temperature.  

C) VHSV IVb RNA was most commonly observed in fish held at low water 

temperatures (~12°C), compared to those held at higher water temperatures 

(~18°C).   

D) VHSV IVb RNA was more often found in i.p.-injected fish compared to w.-

exposed fish, regardless of temperature.  
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4. A) The highest amount of VHSV IVb RNA in w.-exposed fish was evident in the 

heart, pooled and gill tissue samples.  

B) The highest amount of VHSV IVb RNA in i.p.-injected fish was evident in the 

pooled, gill, and spleen tissue samples.  

5. Walleye strains differed, often significantly, in susceptibility to VHSV IVb. The 

Escanaba strain was the most resistant to infection, whereas the Sault strain was 

the most susceptible.  
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