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ABSTRACT
INVESTIGATIONS ON THE INTRICATE INTERACTIONS BETWEEN EPIZOOTIC
EPITHELIOTROPIC DISEASE VIRUS (SALMONID HERPESVIRUS-3) AND ITS HOST,
THE LAKE TROUT (SALVELINUS NAMAYCUSH)
By
Megan Ann Shavalier
Epizootic Epitheliotropic Disease Virus (EEDV; Salmonid Herpesvirus-3) is an

Alloherpesvirus (Order Herpesvirales) capable of causing severe morbidity and mortality in lake
trout (Salvelinus namaycush). After several decades of absence, EEDV re-emerged in the Great
Lakes basin and was the causative agent of substantial mortality events in fingerling and two
year old lake trout in 2012 and 2017 respectively. This resurgence highlighted the challenges
associated with managing an infectious disease when many questions remain regarding its
biological and pathological properties. As a result, several studies were designed in order to
advance our knowledge of viral targets, disease progression, and the availability of research
models and diagnostic assays. As EEDV cannot be propagated in vitro, 1 first aimed to determine
the in vivo viral exposure dose required to cause clinical disease consistent with that seen in
natural outbreaks of EEDV. Results revealed that 10° viral copies per mL of immersion bath
water is not a sufficient dose to produce clinical disease, while 10° viral copies per mL of water
can produce up to 100% mortality. Utilizing this predetermined dose range, I then assessed the
temporal course of an EEDV infection by determining the sequential distribution of virus and
identification of specific viral target tissues and cells using quantitative PCR and in situ
hybridization assays. Following exposure of naive juvenile lake trout to EEDV, the virus first
targeted the epidermis of the skin and fins followed by the epithelial lining of primary and

secondary gill lamellae and eventually infection of endothelial cells and monocytes resulting in



viremia and disseminated infection of multiple visceral organs. However, viral titers remained
significantly higher among external tissues compared to visceral organs throughout the study.
Subsequently, in order to elucidate a more comprehensive understanding of the pathologic
changes associated with EEDV infection, I next examined sequential gross and pathological
alterations in lake trout tissues. After an extended incubation period, severe pathology was first
observed grossly and microscopically in the cutaneous epithelium followed by the hematopoietic
organs and vessels during the later viremic stage of disease. Following these advancements in
our understanding of EEDV-lake trout interactions and associated pathology, my focus shifted to
expanding future experimental and diagnostic capabilities. First, I produced two novel cell lines
of lake trout origin. With the limited number of commercially available aquatic cell lines, and
none originating from lake trout, diagnosis of, and research into lake trout specific immunology
or disease pathology, has been hampered. The successful production of primary cultures from
adult liver, yearling fin, yearling gonad and fry body cells of lake trout origin, contributes to
what was previously a void in salmonid tissue culture options. Without an established in vitro
model of EEDV replication to date, there was a need for a diagnostic assay that was not only
sensitive and specific, but also time and cost effective, leading to the development of a loop
mediated isothermal amplification (LAMP) assay for the quantitative diagnosis of EEDV in fish
tissues. This assay is highly specific for the EEDV glycoprotein gene, is cost effective, and has
the potential for commercialization and use in field conditions. The end result of this dissertation
is the uncovering of new insights on EEDV ecology, and a significant advancement in our

understanding of EEDV-lake trout interactions.
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Introduction



Epizootic Epitheliotropic Disease Virus (EEDV) is a serious pathogen of lake trout
(Salvelinus namaycush), one which the aquaculture and scientific communities yet know little
about. Officially named Salmonid Herpesvirus-3, an Alloherpesvirus (Order Herpesvirales) (1),
this virus was initially described in the 1980s following mass mortality events in Midwestern
state and federal hatcheries (2—4). Epizootics were notably preceded by stressor events
associated with either standard hatchery operations or environmental changes and were
characterized by rapid mortalities (up to 90% cumulative) and behavioral changes such as spiral
swimming patterns, ataxia, and lethargy with intermittent hyperexcitability (2, 4). Electron
microscopy revealed the presence of viral particles with characteristics (e.g., size, capsomere
number) consistent with a herpesvirus, however as the affected species and clinical signs were
inconsistent with the previously described salmonid herpesivirus-1 or -2 outbreaks, it was
determined this was a novel virus and was designated Salmonid Herpesvirus-3, Epizootic
Epitheliotropic Disease Virus (3).

Early research focused on disease etiology and pathogen identification with multiple
researchers demonstrating the ability to produce clinical disease in experimentally challenged
juvenile lake trout (e.g., intraperitoneal injection, immersion bath, cohabitation) consistent with
natural epizootics (3, 4). Following the 1980s mortality events, hatchery staff and managers
instigated stringent disease control measures which included depopulation of lake trout within
the hatchery system and cessation of all lake trout movement within the Great Lakes basin ().
EEDYV then remained undetected in the Great Lakes for several decades, and it was believed to
have been eradicated, until mortality events once again occurred in Wisconsin and Michigan

hatcheries (5) (Chapter 2).



This re-emergence of EEDV in Great Lakes hatchery lake trout populations is
particularly concerning due to the potential for mass casualties in such a valuable species. The
lake trout is currently under intensive population management by state and federal regulatory
agencies in an attempt to mitigate past declines caused by invasive species, habitat destruction
and overfishing (6—72). These fish, found throughout much of northern North America, are
particularly valuable within the Great Lakes as they are a native, apex predator, have a
stabilizing effect on many ecosystems, and are prized by both sports and commercial fishermen
(6, 13). These fish are slow growing, and don’t reach sexual maturity until 7-10 years of age (6),
meaning that were an infectious agent, such as EEDV, to decimate a hatchery population of lake
trout, it would be particularly devastating due to the extended length of time required to recover
and bolster wild populations once again. Throughout this study, lake trout will serve as our
model species as they are historically the species most affected by EEDV infections.

While it has been established that EEDV remains a threat to the ongoing recovery efforts
with Great Lakes lake trout populations, our knowledge of the pathogenesis of this deadly virus,
and our ability to detect and study it, have gone largely unchanged in the past 30 years. While
molecular diagnostic techniques have advanced to the point where genome sequencing and
primer design for PCR-based assay detection are possible (/, /4), there as of yet are no available
cell cultures capable of supporting viral replication. While attempts were made following the
initial EEDV epizootics to produce a susceptible cell line, minimal cytopathic effect was
appreciable, any such cultures are no longer preserved (/5), and past efforts demonstrated that
established cell lines (e.g., CHSE-214, EPC, RTG-2) do not support the growth of EEDV (3, 4).
This lack of a powerful research and diagnostic tool is particularly detrimental to efforts aimed at

uncovering the complex biological and pathological properties of EEDV. Consequently, there is



a dire need to better characterize the interactions between EEDV and its host, the lake trout
through improved diagnostic assays and research models.

To that end, Chapter 1 of this dissertation presents a review of literature encompassing
the extent of current knowledge concerning EEDV, the history of associated disease outbreaks in
lake trout, diagnostic options, and past research, focusing on other closely related
Alloherpesviruses where EEDV-specific answers do not yet exist. The culmination of this
summary was used as a basis for formulation of the study objectives.

Chapter 2 of this dissertation focuses on detailing the two most recent epizootic mortality
events contributable to EEDV, which occurred in Michigan’s Upper Peninsula in the fall of 2012
and 2017. I highlight certain epidemiological aspects of the outbreak such as the temporal and
spatial spread between and among lake trout strains, and discuss diagnostic confirmation of viral
infection and ongoing screening within and without the hatchery. I also demonstrate our
capability of reproducing clinical disease in a controlled laboratory environment through the
experimental infection of juvenile lake trout with infectious tissue homogenate collected from
naturally diseased fish. Chapter 2 serves to highlight the need for improved screening protocols,
biosecurity and readiness of reactionary plans should there be additional EEDV epizootics in the
future and also brings to light the scope of questions left unanswered regarding the biology and
pathogenesis of EEDV.

In order to address these crucial questions, we first require an understanding of the dose-
dependent effects of experimental exposure to EEDV and knowledge of whether clinical disease
can be reproduced in a controlled laboratory environment. Based on the pilot study from Chapter
2, in Chapter 3, we design two studies; the first aimed at determining the viral load necessary to

cause clinical disease and the second with a goal of developing an immersion model that



appropriately mimics a natural route of infection. Following development, this model could
subsequently be used for future experimental studies focused on improving our understanding of
EEDV disease ecology.

In Chapter 4, I utilized the predetermined dose range to infect a group of naive juvenile
lake trout with a moderate dose of EEDV that allowed the tracking and temporal localization of
viral DNA throughout the course of infection. Identification of EEDV DNA within certain
tissues collected on specific days was reinforced through the development and use of an in situ
hybridization assay, which allowed for the visualization of EEDV genetic material within target
cells. Identification of EEDV cellular and tissue targets throughout a course of disease provides
key information concerning the pathogenesis of the virus, its interactions with the host fish, and
potential ideal diagnostic targets.

Following up on these results, Chapter 5 focuses on identifying and characterizing
sequential pathology in a multitude of organs through gross and histopathologic study. While
comprehensive histopathologic studies have been performed on several of the other
Alloherpesviruses (16, 17) previous studies of EEDV have been limited to analysis during and
after a mortality event (2, 4), often resulting in subtle lesions becoming obscured by the
advanced severity of disease.

Armed with the novel information uncovered in the first four chapters, I then turned to
improving diagnostic capabilities in the next two sections. Chapter 6 discusses the development
of novel cell cultures of lake trout origin. All previous attempts at EEDV propagation in cell
culture have been unsuccessful (3, 4) and despite the one time production of lake trout cells (75),
there are currently no established cell lines of lake trout origin. As the species specificity of

many herpesviruses translates into host-specific cell lines, we created primary cultures of lake



trout cells and assessed their viability for use in EEDV diagnosis and research. As novel cell
lines continue to evolve and improve, additional molecular diagnostic assays were also being
developed. Chapter 7 outlines the design of a novel loop mediated isothermal amplification
(LAMP) assay for the detection and quantification of EEDV. LAMP assays have become
popular due to their reasonable cost, comparable specificity and sensitivity to PCR assays and
the high potential for commercialization into a kit that can be performed in a field setting, a fact
that is particularly appealing for fish health professionals (/8, 19).

Lastly, Chapter 8 summarizes my overall conclusions and provides suggestions for future
research. The culmination of the methodology and analyses of this dissertation is an improved
understanding of the pathogenesis of EEDV as well as improved diagnostic options, all of which

can be used to prevent or limit future spread of this virus.



Chapter 1

Literature Review



1. Fish Pathogens
1.1. Overview

In comparison to other vertebrate classes, fish have an extremely high level of species
diversity and make up a vast proportion of the earth’s biomass (20). Due to this, changes such as
over-exploitation, habitat modification and the introduction of invasive species, which result in
population level alterations, have the potential for dramatic ecological consequences (2/-23).
Aquatic species have been heavily stocked for decades in an attempt to balance the effects of
such changes (24, 25). While stocking can be an effective tool for population management, it can
also lead to decreased evolutionary potential and genetic integrity (26—28), and it has been
suggested that captive reared fish display a decreased level of fitness compared with those born
in the wild (26). Certainly there are inherent risks and stress associated with the density of
captive fish as well as day-to-day hatchery management practices.

Plumb & Hanson (2011) (29) state that infectious diseases of fish (e.g., caused by viral,
bacterial and parasitic agents), are constraining the expansion of the aquaculture industry. Often,
mass mortality events are caused by the eruption of endemic diseases, after fish are exposed to
stressful conditions such as those experienced with intensive captive rearing (29). In general, fish
react more quickly to environmental changes than terrestrial animals due to their poikilothermic
nature, resulting in substantial morbidity and mortality due to handling stress, abrupt water
temperature changes or water chemistry alterations (29). A compromised immune system is
another disadvantageous side effect of increased stress, leaving the fish more susceptible to
infectious diseases (29). Many aquatic diseases occur on a seasonal trend based on cyclical water

temperatures and the presence of susceptibly aged fish in the environment (30, 37). Good



biosecurity practices are vital to preventing disease outbreaks as well as limiting their spread
within a hatchery (32).

Disease manifestation can take on many forms, however one common early clinical sign,
regardless of pathogen, is a change in behavior such as cessation of feeding activity or inability
to remain upright (i.e., loss of equilibrium). Lethargy, listlessness, or crowding around water
inlets are additional clues to the presence of diseased fish (29). Unfortunate