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Abstract
Assessment of Atlantic cod (Gadus morhua) as an alternative aquaculture species was
driven by socio-economic consequences following the collapse of the wild fishery. Cod
aquaculture failed in North America due in part to emergence of a known, but poorly
characterized, microsporidian pathogen. Microsporidia are fungal parasites with almost
ubiquitous distribution among wild fishes, but typically inconsequential infections.
However, finfish aquaculture supports epizootics due to high host density, abiotic
stressors, and high biotic potential of these parasites. Consequences of Loma morhua
infections in cultured Atlantic cod are undefined. Therefore in this thesis, reliable and
integrative methods for L. morhua detection, identification, and quantification have been
developed to support empirical assessment of strategies to mitigate its effects during
aquaculture. Spatiotemporal investigations documented the spleen as the most reliable
host organ for parasite detection and quantification throughout infections. A hatchery
epizootic revealed variable spleen infection among 50 Atlantic cod families. Fish growth
was inversely correlated with infection intensity, and 14% fillet loss occurred in those
inidividuals most susceptible to L. morhua infections. Whereas specific genetic markers
remain elusive, broodstock selection is supported as a mechanism to help limit disease
during culture. The effect of parasitism on growth was also documented experimentally
with parasitized fish showing 19.3% fillet loss compared with uninfected controls. An
integrative approach for parasite detection incorporated parasitological methods and a
quantitative PCR (qPCR) assay developed according to Minimal Information for
Quantitative Experiments guidelines. This integrative approach revealed intraperitoneal
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spore injection as an efficient model that both mimics epizootic infection dynamics and
infects 100% of fish. Occult subclinical infections detected in 31.8% of fish promote
qPCR as the new gold standard for L. morhua detection. This qPCR assay and
integrative approach improves diagnostic and analytical sensitivity in detecting
microsporidian infections, supports empirical assessment of preventative and therapeutic
treatment of infections, and promotes studies to identify genetic markers for selection of
broodstock that resist microsporidian disease. In summary, this work provides a
foundation for investigation of host-parasite interactions and basic microsporidian
biology that supports the development of rational mitigation strategies for this and other
pathogens as aquaculture diversifies to include alternative finfish species.
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Chapter 1: General Introduction

1

Aquaculture for food production
The technological, medical, and intellectual advances on which our modern
society is built have been facilitated, at least in part, by our ability to domesticate plants
and animals for food production (Diamond 2002). The food security and supply
furnished by agriculture resulted in a transition from a nomadic to more sedentary
lifestyle and a concurrent surge in the size of the human population (Diamond 2002;
Godfray et al. 2010). Modern centralized governments and feudal social structures were
shaped by the ability to feed, and therefore control, massive populations via innovative
agricultural practices (Diamond 1997, 2002). Importantly, food production has mirrored
the expansion of the human population and has continued uninterrupted (Diamond 2002).
However, ever-increasing food demands by the global population continue to
outpace our ability to provide food, despite the remarkable increase in agricultural
production (FAOSTAT 2017). With the total world population estimated to reach over 9
billion by 2050, growth of the food production sector is critical to meet the increasing
basic food demands (Godfray et al. 2010; FAO 2016). Some estimates predict that at
least 70% more food will be required over the next half century (Godfray et al. 2010;
Tester and Langridge 2010). Concerns relating to the continued growth of the food
production sector include the competition for finite resources (i.e., land, water, energy
sources) required to yield the necessary crops and livestock (Pimentel and Pimentel 2006;
Godfray et al. 2010; Tscharntke et al. 2012), as well as the negative environmental
consequences that contemporary agriculture practices impart on ecosystems (Matson et
al. 1997; Tilman et al. 2001). This necessary expansion of the food production industry
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will undoubtedly continue to present new and varied challenges for farmers, scientists,
and policy makers moving forward in the next century (Pimentel and Pimentel 2006).
The Food and Agriculture Organization of the United Nations (FAO) estimates
that 17% of world’s animal food protein is derived from fish, thereby highlighting the
role of wild capture fisheries and aquaculture in meeting global food demands (FAO
2016). The inclusion of fish in a balanced diet confers known health benefits relating to
the relatively high quantities of essential long chain omega-3 fatty acids, vitamins, and
minerals (Hibbeln et al. 2007; Roos et al. 2007; Smith et al. 2010; FAO 2016). In
particular, these benefits include protection against cardiovascular diseases (KrisEtherton et al. 2003; Lee et al. 2009) and proper fetal and early child development of the
nervous system (Hibbeln et al. 2007). However, production yields from wild fisheries
remain unchanged since the 1980s (Worm et al. 2009). Thus, expansion of the supply of
fish for human consumption has been largely through aquaculture production, resulting in
stable growth of the industry relative to wild capture fisheries (FAO 2016). It is
estimated that global aquaculture contributes 44% of the world’s fish production and
generated approximately 125 billion US dollars in 2010 (FAO 2012). Considering that
many fish populations have been overexploited and production from remaining wild
fisheries is static, global aquaculture will likely continue to expand (Worm et al. 2009;
FAO 2016) possibly reaching production levels equivalent to poultry and pork (Gjedrem
and Robinson 2014).
Diversification of aquaculture species: Atlantic cod
The aquaculture industry is an important economic driver in Canada, with
approximately 2 billion dollars in economic activity and an estimated 1 billion dollars in
3

GDP (DFO 2012). Most activity is dominated by marine production of salmon, which
represents 68% of the total production volume (tonnage) of all aquaculture species in
Canadian freshwater and marine environments (DFO 2012). Thus, there is substantial
interest in identifying alternative fish species that have potential to be competitive and to
diversify the Canadian aquaculture market (Le Francois et al. 2010).
Rationale for Atlantic cod farming
The collapse of the Canadian Atlantic cod (Gadus morhua) fisheries in the late
1990s and declines in the northeastern European cod stocks coincided with interests in
diversifying aquaculture by introducing alternative finfish species (ICES 2006;
FitzGerald et al. 2010). Atlantic cod was a candidate for aquaculture given its cultural
and economic relevance in Eastern Canada and elsewhere. Moreover, Atlantic cod has
traditionally played an important role in the whitefish market, considered one of largest
seafood markets worldwide (Asche et al. 2009). Atlantic cod flesh is desirable by
consumers because fillets consist of white-coloured flesh with a mild flavour and
abundant low-fat protein (Bjornsson et al. 2010; FitzGerald et al. 2010). Farming of
Atlantic cod in Eastern Canada was of interest because of the pre-existing global market
for cod products and the socio-economic benefit that could result by developing an
industry in regions negatively affected by the collapse of the wild fishery (FitzGerald et
al. 2010; Le Francois et al. 2010). Furthermore, development of Atlantic cod for
aquaculture was considered feasible because local companies (i.e., Cooke Aquaculture
Inc., Newfoundland Cod Broodstock Company, and Northern Cod Ventures Ltd.) had
extensive expertise and existing infrastructure from salmon cultivation that could be
modified for cod farming (FitzGerald et al. 2010). These companies were in a position to
4

make Atlantic cod farming feasible by integrating knowledge about consumer demand,
by utilizing farming practices/technologies proven successful during large-scale salmon
farming, and by integrating scientific research projects to mitigate technical and
biological issues that emerge inevitably during the pursuit of new culture endeavours
(FitzGerald et al. 2010).
Selective breeding initiatives to enhance Atlantic cod farming
During initial development of Atlantic cod for aquaculture, breeding programs
were employed to enhance the production potential of the burgeoning industry. This
rationale centered on the fact that Atlantic cod have high fecundity and inherent variation
in traits with commercial importance (e.g., body weight), which make it possible to
implement family-based selection and obtain genetic improvement over relatively few
generations (Gjedrem and Robinson 2014). Breeding programs with other fishes (e.g.,
tilapia and salmon) have generated high genetic gain for traits including body weight and
disease resistance (Gjedrem and Robinson 2014). Body weight for tilapia (Bentsen et al.
2003) and salmon (Thodesen et al. 1999) increased 85% and 115%, respectively, over
five generations through implementation of selective breeding (Gjedrem and Robinson
2014). Development and implementation of breeding programs was deemed essential to
ensure that cod farming achieved its potential, since cod farming was impeded by slow
growth, early maturation (Hansen et al. 2001), cold water temperature (Bjornsson et al.
2007), handling and crowding stress (Caipang et al. 2009, 2014), and pathogens
(Bricknell et al. 2006).
Notable selective breeding initiatives for Atlantic cod were based in New
Brunswick and Newfoundland, Canada (The Atlantic Cod Genomics and Broodstock
5

Development Program; CGP). The central aim of the CGP was to create collaborations
between academic and government scientists and industrial partners (Cooke Aquaculture
Inc., Great Bay Aquaculture, Newfoundland Cod Broodstock Company, and Northern
Cod Ventures Ltd.) with the goal of producing Atlantic cod with traits desirable for large
scale culture (e.g., rapid growth rate, delayed sexual maturation, and resistance to abiotic
stressors such as light and temperature). Furthermore, the 18.1 million dollar CGP
initiative also attempted to identify and validate genomic markers that correlated with
commercially-relevant traits (Bowman et al. 2011) such that genomics technologies could
be integrated with more traditional selective breeding practices. The objective of this
novel approach was to supply the cod aquaculture industry in Canada with elite
broodstock that could expedite sustainable mass-production of Atlantic cod and
production yields at lower costs (Bowman et al. 2011). Along with traits of obvious
commercial importance (e.g., growth rate), identification of heritable genetic traits that
confer resistance to emergent infectious disease agents (e.g., Loma morhua) was also
considered of utmost importance to the developing industry in Canada (Bowman et al.
2011).
Infectious disease agents affecting Atlantic cod culture
During development of Atlantic cod for culture, some notable aquatic pathogens
were identified as imminent threats to the production potential of the industry, including
nodavirus, Aeromonas salmonicidia, and Vibrio spp. among others (Patel et al. 2007;
Rodger and Colquhoun 2008). The emergence of infections caused by the
microsporidian Loma morhua was also identified as a substantial problem in Canadian
and Icelandic production systems (Khan 2005; Bricknell et al. 2006). Infectious disease
6

agents, in combination with other stressors experienced during culture (i.e., variation in
water temperature, husbandry and handling induced stress, and issues pertaining to early
maturation), ultimately resulted in significant production losses and hampered the cod
aquaculture industry from realizing its full economic potential (Hansen et al. 2001;
Brown et al. 2003; Gollock et al. 2006; Bowman et al. 2011).
Microsporidian infections in cultured Atlantic cod
Loma morhua emerged as a pathogen of significance at cage-sites in New
Brunswick and Newfoundland due to its broad distribution in local wild cod stocks and
implications for fish health and production. Barker (2008) documented 70-100% of
Atlantic cod from cage-sites in New Brunswick as infected with L. morhua, thereby
jeopardizing the economic potential of these sites and the welfare of the fish. Both
juvenile (Barker 2008) and adult cod suffer high mortality from L. morhua infections
when subject to physiological stressors that occur routinely at aquaculture sites. Khan
(2005) observed up to 63% mortality during culture. Parasitic infections induced by L.
morhua are linked to impaired growth in wild and cultured juvenile cod (Khan 2005) and
declining condition correlates with increasing severity of infection. Infection with L.
morhua also impairs fish health, as evidenced by reduced lymphocyte counts that can
render them susceptible by other pathogens (Khan 2005).
The congeneric species, L. salmonae, induces microsporidial gill disease in
Pacific salmonids via establishment of spore-filled xenoma-complexes (discussed below)
in situ in gill endothelial and pillar cells (Morrison and Sprague 1981a; Hauck 1984;
Magor 1987; Kent et al. 1989; Speare et al. 1989; Kent et al. 1995). Infections by L.
salmonae contribute to reduced growth and high rates of mortality during Pacific salmon
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culture (Hauck 1984; Kent et al. 1989; Speare et al. 1989; Speare et al. 1998) and
increase host susceptibility to other infectious disease agents (Kent et al. 1989; Speare et
al. 1989). Economic consequences of L. salmonae infections have been documented
previously (Constantine 1999), but estimation of economic losses due to microsporidian
parasites in other commercially-relevant fishes have yet to be quantified. The negative
consequences resulting from Loma spp. infections during farming highlights the
importance of mitigating these infections during finfish aquaculture.
Loma morhua life-history
Loma morhua infections were first described in Atlantic cod by Morrison and
Sprague (1981b). Microsporidians are classified as fungal pathogens (Karpov et al.
2014) and are obligate intracellular parasites characterized by production of microscopic
spores that inject a nucleated sporoplasm into the host cell through an everted polar
filament (Bigliardi and Sacchi 2001). Once the parasite enters the host cell, it induces a
state of hypertrophy and reproduces asexually to establish pre-spore life stages and
eventually mature spores (Chatton 1920; Weissenberg 1968; Morrison and Sprague
1981b). In Atlantic cod, L. morhua spores accumulate in xenomas that are documented
throughout vascularized tissues, but with an apparent specific tropism for gill tissue
(Morrison and Sprague 1981b; Morrison 1983; Rodriguez-Tovar et al. 2003; Khan 2005;
Brown et al. 2010). However, determination of the spatiotemporal distribution of L.
morhua xenomas within host tissues other than gills has been largely disregarded, despite
evidence documenting the dissemination of Loma spp. infections throughout their
respective host (Morrison 1983; Hauck 1984; Docker et al. 1997; Shaw et al. 1998;
Rodriguez-Tovar et al. 2003; Powell and Gamperl 2015). The general consensus
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supports that Loma spp. target gill endothelial and pillar cells during infections (Hauck
1984; Magor 1987; Kent et al. 1989, 1995; Speare et al. 1989, 1998; Kent and Dawe
1994) and that autoinfection within the gills facilitates further dissemination of the
parasite throughout the host (Rodriguez-Tovar et al. 2003).
Considering that L. morhua infection dynamics in Atlantic cod have not been
elucidated experimentally, features of its life cycle are based on that of L. salmonae in
rainbow trout (Oncorhynchus mykiss). For ease of explanation, a brief description of the
main events that occur during infection are described as documented in Figure 1 by
Rodriguez-Tovar et al. (2011). The initial step of the infection process requires that the
fish host consume infectious spores from the water, with their subsequent transportation
to the gastrointestinal tract (GIT) of the host. Once in the GIT, an environmental trigger
facilitates activation of the spores (i.e., pH changes from stomach to GIT). Subsequently,
the polar tube of the spore everts and mechanically pierces a host cell, likely a host
leukocyte, and the sporoplasm of the parasite is injected into the cytoplasm of the host
cell. Following host cell infection, the leukocyte migrates through the bloodstream and
localizes in the gill tissue where it establishes as a xenoma. Mature spores develop
within the gill xenoma, which eventually ruptures due to host inflammatory responses,
thereby liberating spores into the aquatic environment. Establishment of gill xenomas is
suggested as the major route facilitating horizontal parasite transmission (RodriguezTovar et al. 2011).
Loma morhua detection and identification
Traditional parasite detection relies on identification of L. morhua xenomas in situ
in gills, but can be extended to other internal organs including the heart and spleen
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(Morrison 1983). Detection of L. morhua xenomas is facilitated by gross or histological
examination of host tissues via microscopy (Morrison 1983; Rodriguez-Tover et al.
2003). Currently, identification of L. morhua requires confirmation of morphometrics of
microscopic spores contained within xenomas. Spatiotemporal aspects of L. morhua
infections in Atlantic cod have yet to be elucidated and the target organ(s) of infection
have not been demonstrated empirically. This has important implications for successful
spore recovery and subsequent parasite identification.
Morphometric features, including spore dimensions and number of polar filament
turns, are considered diagnostic indicators for identifying Loma spp. (Morrison and
Sprague 1981b; Brown et al. 2010). However, confirmation of morphometric features of
spores is complicated by a lack of appreciation of the intra-specific variation of spore
morphometrics and the varied parasite preservation procedures and microscopy
techniques (Brown et al. 2010). The current approach for identifying microsporidians
relies on identification of the host with support from molecular phylogenetic and spore
morphometric analyses (Brown et al. 2010). Ideally, Loma spp. identification would be
supported by an integrative approach incorporating reliable target organ(s) of infection to
help facilitate spore detection and recovery, as well as molecular tools with the ability to
specifically identify the infecting microsporidian species.
Quantification of L. morhua infections and prophylaxis intervention
The current method for quantification of Loma spp. infections is to enumerate
xenoma complexes in situ in gills (Speare et al. 1998). A wide range of techniques for
enumeration of Loma spp. xenomas have been implemented, including examination of
gills of anaesthetized fish microscopically, estimation of gill xenoma intensity
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histologically, and enumeration of gill xenomas in situ using images collected
macroscopically during sampling (Speare et al. 1998; Powell and Gamperl 2015). It is
important to note that the anatomical distribution of the parasite, in combination with the
spatiotemporal development of L. morhua during infection, has not been investigated
empirically using controlled parasite-challenge experiments. The identification of target
organs of infection is critical for the development of diagnostic procedures that may
provide a clear template for detection and quantification of infections. Elucidation of the
spatiotemporal aspects of L. morhua infections is also important for developing
diagnostic procedures for the determination of infection status of a fish when exposure
time is not known and during efforts to detect and quantify subclinical infections.
Finally, the effective application of traditional parasitological detection methods (e.g.,
xenoma enumeration) is time-intensive and requires advanced technical training.
Molecular quantification tools (e.g., qPCR) have the potential to standardize and expedite
parasite quantification efforts, but have yet to be efficiently integrated with an accurate
parasitological understanding of life history.
Currently, there are no approved drugs to block or eliminate microsporidian
infections in fish (Speare et al. 2007); a problem that can be addressed via research
objectives that are translational (i.e., directly relevant to the aquaculture industry).
Empirical assessment of drugs and vaccines against fish-infecting microsporidia is
restricted to L. salmonae, where treatment efficacy is determined by quantifying gill
xenoma number (Kent and Dawe 1994; Speare et al. 1999; Guselle et al. 2006, 2007,
2010; Becker and Speare 2007; Speare et al. 2007; Harkness et al. 2013). Translational
outcomes of mitigating infection via chemotherapeutants and vaccines hinge on reliable
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efficacy data that accurately describe the spatial distribution of parasites and temporal
changes in infection intensity. Loma morhua infections in Atlantic cod must be reliably
established in naïve fish during controlled parasite-challenge trials to produce the
required spatiotemporal data. The natural route(s) of L. morhua exposure and infection
have yet to be elucidated and access to specific-pathogen free (SPF) Atlantic cod is a
factor limiting assessment of infection mitigation and treatment strategies. Considering
the ubiquitous distribution and high infection prevalence of L. morhua in Atlantic cod
hatcheries and rearing facilitates (Khan 2005; Powell and Gamperl 2015; A. P. Frenette
& M. S. Duffy, unpubl. data), husbandry and biosecurity procedures must be developed
to promote the production of SPF fish for use in basic and translational research.
Thesis overview
The emergence of the microsporidian parasite, L. morhua, during development of
the Atlantic cod aquaculture industry was a substantial obstacle to the advancement and
economic success of this new endeavour. The study of fish microsporidia is relatively
new and much of the basic biology of these parasites has yet to be elucidated. The
research described in this thesis aims to advance the current state of knowledge of L.
morhua to assist in addressing both basic and translational research questions.
Chapter 2. Integrative approach for the reliable detection and specific
identification of the microsporidium Loma morhua in Atlantic cod (Gadus morhua). The
research presented in Chapter 2 aims to identify target organs of L. morhua infection that
exhibit both high infection prevalence and intensity to improve existing parasite detection
procedures. Furthermore, Chapter 2 describes a novel template that supports the reliable
detection and identification of microsporidian parasites in fishes by integrating molecular
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tools (i.e., PCR and rDNA ITS sequencing) with traditional parasitological methods (i.e.,
microscopy, morphometric features of parasite spores and xenomas).
Chapter 3. Loma morhua infections in Atlantic cod reveal important translational
opportunities to mitigate disease by selecting families with relative parasite resistance
and improved growth. Through observations of naturally-infected fish and controlled
parasite-challenge experiments, target organs of infection (previously identified in
Chapter 2) were empirically confirmed in Chapter 3. Using the spleen, an organ that
maintains static infection intensity through the course of infection, as the target organ of
diagnosis enabled the quantification of differential L. morhua infections amongst
different cod families and identification of highly variable infections among and within
families. These basic observations suggest that differential susceptibility to infections
has a genetic basis and may have value for future studies investigating disease resistance
to fish microsporidians. Furthermore, investigation of differential infections amongst cod
families revealed impaired fish growth in those individuals most susceptible to L. morhua
infections. The results presented in Chapter 3 suggest that selective breeding procedures
could be implemented as part of a disease mitigation strategy to limit the consequences of
microsporidian infections on fish growth during aquaculture.
Chapter 4. Quantitative PCR offers improved diagnostic and analytical sensitivity
in identifying differential Loma morhua infections among Atlantic cod (Gadus morhua)
family lines. The research presented in Chapter 4 aims to improve existing L. morhua
diagnostic procedures through the development of a quantitative polymerase chain
reaction (qPCR) assay for specific and sensitive detection of parasite DNA. Importantly,
the identification of the spleen as an organ that maintains static infection intensity
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through the course of infection (Chapter 3) facilitated development of a streamlined
approach integrating qPCR analysis of spleen homogenates to detect and quantify L.
morhua infections in Atlantic cod. The approach described in Chapter 4 supports
improved diagnostic and analytical sensitivity in detecting clinical and subclinical L.
morhua infections.
Chapter 5. Observations on spatiotemporal aspects of Loma morhua infections in
Atlantic cod (Gadus morhua) reveal substantial growth inhibition during aquaculture.
Through a comparison of different parasite-exposure routes and improved diagnostic and
analytical sensitivity in detecting subclinical infections with the aforementioned qPCR
approach, research presented in Chapter 5 investigated the spatiotemporal dynamics of L.
morhua infections and the reliability of exposure routes in establishing infections in naïve
cod. Furthermore, integration of results obtained in Chapters 2, 3, and 4 (regarding
spatiotemporal development of L. morhua infections and validation of diagnostic tools
and procedures) enabled experimental investigation of the consequences of
microsporidian infection on fish growth. Experimental results demonstrate that L.
morhua infections impair Atlantic cod growth and thereby emphasize the importance of
including microsporidian pathogens into disease mitigation strategies for commerciallyrelevant fish species.
Chapter 6. General Discussion
Chapter 6 contains a synthesis of findings presented in Chapters 2-5 with specific
recommendations for disease mitigation strategies during fish culture. It also presents
future directions for basic and translational research on microsporidians that are relevant
for the culture of fishes.
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ABSTRACT
Microsporidia are fungal parasites that infect diverse invertebrate and vertebrate
hosts. Finfish aquaculture supports epizootics due to high host density and the high biotic
potential of these parasites. Reliable methods for parasite detection and identification are
a necessary precursor to empirical assessment of strategies to mitigate the effects of these
pathogens during aquaculture. We developed an integrative approach to detect and
identify Loma morhua infecting Atlantic cod (Gadus morhua). We show that the spleen
is more reliable than the commonly presumed gills as best organ for parasite detection in
spite of substantial morphological plasticity in xenoma complexes. We developed rDNA
primers with 100% sensitivity in detecting L. morhua and with utility in distinguishing
some congeneric Loma spp.. ITS sequencing is necessary to distinguish L. morhua from
other congeneric microsporidia due to intraspecific nucleotide variation. 64% of L.
morhua ITS variants from Atlantic cod have a 9-nucleotide motif that distinguishes it
from Loma spp. infecting non-Gadus hosts. The remaining 36% of ITS variants from
Atlantic cod are distinguished from currently represented Loma spp., particularly those
infecting Gadus hosts, based on a 14-nucleotide motif. This research approach is
amenable to developing templates in support of reliable detection and identification of
other microsporidian parasites in fishes.
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INTRODUCTION
The microsporidia are obligate intracellular fungal parasites (Karpov et al. 2014)
that infect a diversity of invertebrate and vertebrate hosts (Franzen 2004). Among the
broad range of animal hosts, fishes are commonly parasitized by microsporidia with 16
genera and approximately 120 species of parasites described to date (Kent et al. 2014). It
is not surprising that fishes introduced to large-scale aquaculture are susceptible to
infections given the extensive host distribution of microsporidian parasites in nature
(Lom 2002; Kent et al. 2014). Economically important salmonid (Kent et al. 1989; Shaw
et al. 1998) and gadid (Bricknell et al. 2006; Brown et al. 2010) fishes are particularly
susceptible to microsporidia from the genus Loma with resulting disease epizootics
causing economic losses for the industry. For instance, the health status of some farmed
salmonids is adversely impacted by Loma salmonae infections that cause microsporidian
gill disease (Kent et al. 1995). The congeneric species Loma morhua causes impaired
growth and low condition factor in Atlantic cod (Gadus morhua) with up to 63%
mortality during aquaculture (Khan 2005). Juvenile (Barker 2008) and adult Atlantic cod
(Khan 2005) suffer high mortality from L. morhua infections when subjected to
additional physiological stressors that occur routinely at aquaculture sites (e.g.,
temperature, light). Infections with L. morhua can impair health with reduced
lymphocyte counts rendering cod more susceptible to infection by other pathogens (Khan
2005). Importantly, the aquaculture industry will likely be hampered by these seemingly
ubiquitous pathogens (Freeman and Sommerville 2011; Alarcon et al. 2015) as finfish
aquaculture diversifies to include new species.
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Scientific investigations are often unable to meet the pace dictated by epizootics
of emerging infectious disease agents that impact developing industrial pursuits. An
essential first step in this process is the integration of parasitological and molecular
methods for accurate detection and specific identification of microsporidia that impact
fish species selected for production. Although the potential negative effects of
microsporidian parasites on fish aquaculture are recognized, integrative tools for reliable
parasite detection and specific identification remain underdeveloped. The current
investigation centers on the microsporidium L. morhua, a parasite that impeded the
successful diversification of the aquaculture industry to include Atlantic cod. Current
interest in cod farming exists in Iceland and Norway (FitzGerald et al. 2010), but
development of the industry collapsed in Canada before the full effects of L. morhua
could be mitigated. Specifically, the major contribution of this study is the elucidation of
a strategy for investigating microsporidian parasites and to provide a basic template for
transfer of technology to other fishes as the aquaculture industry diversifies. Our three
specific aims centered on the following: (i) using parasitological methods to identify host
organs with utility for reliable parasite detection; (ii) using molecular methods to
accurately detect the parasite; and, (iii) integrating analyses of parasite rDNA for specific
identification. Overall, this research integrates the considerations that are required to
facilitate detection and specific identification of microsporidian parasites that hold unique
complexity in both their genome organization and epidemiology.
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MATERIALS AND METHODS
Atlantic cod collection and preservation of parasites
Anatomical distribution of xenomas in select organs
Two hundred and thirty-six cultured Atlantic cod (year class 3; x̅ = 1447 ± 488 g;
mean ± standard deviation) were collected from an aquaculture site in the Bay of Fundy,
New Brunswick (2010-2011). Fish were killed in an overdose of MS222 (80 mg/l) and
placed on ice until necropsy. The prevalence and intensity of L. morhua were determined
by gross observations of host–parasite complexes (xenomas) in situ in tissues of spleen,
heart, and gills. Microsporidian spores were confirmed at 1000 X magnification
following xenoma squashes. Representative xenomas were retained for DNA extraction,
PCR, and sequencing.
Parasite collection across host range
Ten cultured Atlantic cod were collected from the Ocean Sciences Centre
(Memorial University of Newfoundland), and one additional Atlantic cod was collected
from each of Iceland (aquaculture site), Norway (aquaculture site), and the Baltic Sea
(wild caught). Microsporidian spores were confirmed from all 13 fish, and representative
xenomas were retained for DNA extraction, PCR, and sequencing.
Spore confirmation
Spore morphometrics were determined using ImageJ software (version 1.42n; free
download at http://imagej.net/ Downloads) from squashes of fresh xenomas prepared in
50% glycerol. Intact xenomas and liberated spores were prepared for transmission
electron microscopy as described previously (Pike and Burt 1981).
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Specific pathogen-free Atlantic cod
Twenty-two Atlantic cod (year class 1) were maintained free of L. morhua
infection at the St. Andrews Biological Station (Fisheries and Oceans Canada, St.
Andrews, New Brunswick). This population of cod was reared to be specific pathogenfree (SPF) and was judged free of infection by L. morhua based upon the absence of
xenomas in spleen and gill tissues. Spleen samples from these twenty-two fish were
retained as negative controls for DNA extraction and PCR.
Loma morhua rDNA sequence
DNA extraction
Xenomas were excised from spleen tissue of 41 parasitized cod from New
Brunswick, and from 10 parasitized cod from Newfoundland. DNA was extracted from
xenomas of all 51 infected cod and from spleens (10 mg tissue per sample) from 22 SPF
Atlantic cod using the mammalian tissue protocol from the Purelink™ Genomic DNA
Kit (Invitrogen, Burlington, ON).
Polymerase chain reaction and gel electrophoresis
Various primer sets (Table 2-1) were utilized to amplify DNA from L. morhua
(rDNA) and from Atlantic cod (mitochondrial cytochrome b). PCR was conducted using
20-50 ng of genomic DNA and amplicons were separated by gel electrophoresis, as
described previously (Duffy et al. 2002, 2006).
Sequencing Loma morhua rDNA
Loma morhua rDNA was amplified from a single xenoma from a cultured
Atlantic cod from New Brunswick, Canada, using a primer set that amplifies DNA from
microsporidia (Table 2-1; Vossbrinck et al. 1987). The rDNA amplicon was purified
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(Purelink™ PCR Purification Kit) and cloned to a sequencing vector (TOPO TA
Cloning® Kit for Sequencing; Invitrogen) as per the manufacturer’s instructions.
Bacterial colonies were streak-purified twice to ensure clonality, and the 1438-bp L.
morhua rDNA insert was sequenced on both strands using M13 primers (Table 2-1) and
custom internal sequencing primers for full coverage.
The L. morhua rDNA sequence was compared to nonredundant sequences in
GenBank using a BLAST nucleotide search to identify homologous sequences.
Congeneric species with high nucleotide identity with rDNA from L. morhua were
aligned using Multalin (http://bioinfo.genotoul.fr/multalin/multalin.html, Corpet 1988) to
identify regions with interspecific variability in nucleotide composition. A custom
internal primer (Loma species of gadid hosts; Table 2-1) was designed (Primer3; Rozen
and Skaletsky 2000) to target a region of the ITS that showed interspecific variability
among some congeneric species.
Design and determination of utility of a primer set for Loma spp. of gadid hosts
Reliability of primers in distinguishing Loma morhua
Genomic DNA from 51 infected Atlantic cod (41 from New Brunswick and 10
from Newfoundland) was assessed by PCR using primer sets (Table 2-1) that amplify the
following: microsporidia; congeneric Loma spp.; and Loma spp. of gadid hosts. These
primer sets were assessed further to ensure their ability to distinguish host DNA.
Genomic DNA extracted from 22 SPF Atlantic cod was assessed in PCR assays using
primer sets described above. A primer set that amplified mitochondrial DNA (mtDNA)
from the gadid host (Table 2-1) was included as a positive control for the presence of
DNA.
27

Lower limit of detection
Analytical sensitivity of the PCR assay was determined by assessing the lower
limit of detection of L. morhua DNA using a primer set for congeneric Loma spp. and a
primer set for Loma spp. of gadid hosts (Table 2-1). A dilution series of L. morhua DNA
was produced by titrating DNA purified from 200 L. morhua spores into reaction tubes
containing 500 ng of Atlantic cod DNA. Each dilution of parasite DNA was converted to
reflect the theoretical number of spores in each dilution tube. A primer set that amplifies
Atlantic cod mtDNA (Table 2-1; Aranishi et al. 2005) was included as a control to verify
equal loading of host genomic DNA.
Loma morhua rDNA sequence to assess intraspecific variability
Loma morhua rDNA was amplified from a single xenoma from one cod from
Iceland and one cod from the Baltic Sea (Denmark). This PCR was performed as
described above using a primer set for microsporidia (Table 2-1) to generate a ~1438-bp
amplicon. Loma morhua rDNA was also amplified from a single xenoma from each of
three cod from New Brunswick, and from a single xenoma from each of 10 cod from
Newfoundland, using the parasite rDNA primer set (Table 2-1) to generate a 415-bp
amplicon. Amplicons were purified (Purelink™ PCR Purification Kit), cloned to a
sequencing vector (TOPO TA Cloning® Kit for Sequencing), and streak-purified twice to
ensure clonality, and inserts were sequenced on both strands (Research and Productivity
Council, Fredericton, NB, Canada). Ribosomal DNA from gill tissues from one cod from
Norway was similarly amplified, cloned, and sequenced. A single bacterial transformant
was selected for sequencing 1438-bp rDNA from a single xenoma from Iceland and a
single xenoma from the Baltic Sea (Denmark). Bacterial transformants selected for
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sequencing included one clone from each of ten Newfoundland isolates, eight clones
from the single Norwegian isolate, and up to ten clones from each of the three New
Brunswick isolates. These L. morhua rDNA sequences were compared with L. morhua
rDNA sequences in GenBank (Brown et al. 2010) and were aligned to identify
intraspecific nucleotide variation within the ITS region of L. morhua rDNA.
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RESULTS
Identification of the spleen as the target organ for reliable detection of Loma
morhua infections
Loma morhua was documented infecting over 99% of Atlantic cod sampled from
a New Brunswick aquaculture site using microsporidian spore detection. Morphometric
features of 47 fresh spores using light microscopy showed a length of 4.7 ± 0.5 µm and a
width of 2.5 ± 0.2 µm (mean ± standard deviation). Transmission electron microscopy
examination of 32 spores showed 16–22 polar filament whorls (x̅ = 20.2 ± 1.0).
Xenomas were grossly visible on at least one of the three organs assessed for
infection (spleen, heart, gills; Table 2-2) in 99.2% (234/236) of fish (Table 2-2). The
highest prevalence and intensity of infection were observed on the spleen, followed by a
decreasing prevalence of infection in the heart and gill tissues, respectively (Table 2-2).
The spleen was infected in 96% (226/236) of infected cod. Xenomas were readily
apparent on the surface of the spleen due to the colour contrast between this red organ
and the white/yellow tone of L. morhua xenomas (Fig. 2-1A–C). Morphological
plasticity of L. morhua xenomas was noted on the surface of the spleen. Xenoma
morphology ranged from fibrous weblike structures, to spherical hypertrophied cells, to
clusters of pigmented yellow xenomas (top to bottom; Fig. 2-1D–F).
Loma morhua rDNA sequence
A 1438-nucleotide insert from L. morhua rDNA was amplified using PCR from
one cod from each of New Brunswick, Iceland, and the Baltic Sea. Amplicons were each
ligated into a cloning plasmid and transformed into competent bacterial cells. Two
rounds of streak purification facilitated isolation of bacterial colonies transformed with L.
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morhua rDNA from each geographic isolate. Plasmid was purified from a single clone of
each isolate, and the inserts were sequenced completely on both strands. Sequences were
deposited to GenBank under accession numbers GQ121037, KX084448, and KX084449.
Primer design
Sequence alignments of rDNA from congeneric Loma spp. revealed a variable
region in the nucleotide sequence of the ITS. A primer that spanned 23 nucleotides
within the ITS was selected for the assessment of utility in detecting L. morhua in
infected Atlantic cod (Fig. 2-2). This primer enabled L. morhua to be distinguished from
congeneric Loma spp. that parasitize nongadid hosts (Fig. 2-2). However, a speciesspecific primer could not be developed because this ITS primer is predicted to amplify
some congeneric Loma spp. that infect gadid hosts (Fig. 2-2).
Determination of utility of a primer set for Loma spp. of gadid hosts
Primer specificity
The specificity of the primer set in distinguishing Loma spp. of gadid hosts from
congeneric Loma spp. was inferred based upon sequence alignments (Fig. 2-2). This was
also confirmed empirically by PCR using DNA from L. salmonae (data not shown).
PCR amplification of DNA extracted from 22 SPF Atlantic cod maintained free of
L. morhua infection did not yield amplicons using a primer set for congeneric Loma spp.
or a primer set for Loma spp. of gadid hosts (Fig. 2-3A). However, confirmation of the
presence of host DNA was obtained through amplification of mtDNA from all fish (Fig.
2-3A), demonstrating further the specificity of the primer set for Loma spp. of gadid
hosts. A xenoma from L. morhua served as a positive PCR control and yielded an
amplicon using all three primer sets (Fig. 2-3A).
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Reliability in detecting Loma morhua
The sensitivity of detecting L. morhua infections using PCR was assessed using
parasite material from 41 infected Atlantic cod collected from an aquaculture site in New
Brunswick and from 10 infected Atlantic cod collected from Newfoundland. The
presence of parasite rDNA in each sample was assessed using primer sets that amplify the
following: microsporidia; congeneric Loma spp.; and Loma spp. of gadid hosts (Table 21). An amplicon of ~ 1438-bp was observed in all 51 cod when parasite DNA was
amplified using the primer set for microsporidia (Fig. 2-3B, lane a, shows representative
fish). An additional band, observed at ~ 600-bp in some samples (Fig. 2-3B, lane a; Cod
#1), was nonspecific and attributed to contaminating host DNA, as observed previously
(Docker et al. 1997). A single amplicon of ~ 683-bp was observed in all 51 cod when
parasite DNA was amplified using the primer set for congeneric Loma spp. (Fig. 2-3B,
lane b). A single amplicon of ~ 512-bp was observed in all 51 cod when parasite DNA
was amplified using the primer set for Loma spp. of gadid hosts (Fig. 2-3B, lane c).
Lower limit of detection
The analytical sensitivity of endpoint PCR was determined by assessing the lower
limit of detection of L. morhua DNA using both the primer set for congeneric Loma spp.
and the primer set for Loma spp. of gadid hosts (Table 2-1). The lower limit of detection
of L. morhua using the primer set for congeneric Loma spp. was one spore (Fig. 2-4A),
whereas the primer set for Loma spp. of gadid hosts required five spores for detection
(Fig. 2-4A). Generation of an amplicon from each sample using a host mtDNA primer
set (Table 2-1) served as a positive control to verify equal loading of host genomic DNA
(Fig. 2-4A).
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Loma morhua rDNA sequence to assess intraspecific variability
Intraspecific variation among parasites
The ITS sequenced from L. morhua from fish in different geographic locations
(Canada, Baltic, Iceland) showed intraspecific variation in nucleotide composition.
Similar intraspecific nucleotide variation within the L. morhua ITS was observed among
parasites from 10 fish from the same geographic location (Newfoundland). Given the
intraspecific variation in L. morhua ITS sequence both between and within geographic
locations, we assessed ITS nucleotide variation within individual parasites. A single
xenoma from each of three fish sampled from NB each identified five ITS variants,
whereas a fish from Norway revealed three ITS variants.
Intraspecific nucleotide variation within the ITS
Alignment of L. morhua ITS sequences existing in GenBank (n = 7; Brown et al.
2010) combined with variants identified in this study (n = 10; 4 new) revealed a total of
11 unique ITS sequence variants across the host range (Fig. 2-4Bi, Bii). GenBank
accession numbers from variants identified in this study include geographic isolates from
New Brunswick, Canada (KX084420–KX084447); Newfoundland, Canada (KX084410–
KX084419); Iceland (KX084448); Baltic Sea (Denmark, KX084449); and Norway
(KX084403–KX084409).
Loma morhua ITS sequence has two motifs of diagnostic significance
Four of the 11 (36%) L. morhua ITS variants contain a 6-nucleotide insert
(ATAAAT) near the 3¢ end (Fig. 2-4Bi, Bii). The remaining seven of 11 (64%) L.
morhua ITS variants lack this insert (Fig. 2-4Bi, Bii). Alignment of the L. morhua ITS
variants lacking this insert reveals a 9-nucleotide motif that distinguishes it from
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congeneric Loma spp. infecting non-Gadus hosts (Fig. 2-5A). Alignment of the L.
morhua ITS variants with the 6-nucleotide insert (ATAAAT) reveals a 14-nucleotide
motif that enables L. morhua to be specifically identified and distinguished from Loma
spp. currently represented in GenBank, including those infecting closely related Gadus
hosts (Fig. 2-5B). The adenosine at the 5¢ end of this motif is the key nucleotide that
affords diagnostic specificity, whereas the other 13 bases have positional relevance for
accurate alignment within the ITS (Fig. 2-5B). Although this insert and motif is present
in only 36% of known ITS variants, sequencing resulted in this motif being detected in
over 40% of clones isolated from each of three infected fish.
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DISCUSSION
Parasitological procedures for identifying microsporidian infections in fish hosts
involve three main steps: (i) host identification; (ii) parasite recovery from host tissues;
and, (iii) determination of spore morphometrics (Lom and Pekkarinen 1999; Lom 2002).
Specific diagnosis of fish microsporidia has traditionally relied on spore recovery and
host identification (Morrison and Sprague 1983; Magor 1987; Kent et al. 1989; Lom and
Pekkarinen 1999; Lom 2002; Vossbrinck and Debrunner-Vossbrinck 2005). Extensive
overlap in spore morphometrics among species renders this an inadequate diagnostic
parameter (Kabata 1959; Morrison and Sprague 1983; Shaw et al. 1997; Azevedo and
Matos 2002). For example, L. morhua spore dimensions and polar filament whorl
number in the current study overlap with measurements from several congeneric species
(see Brown et al. 2010), and these morphometric parameters alone would preclude
unambiguous species identification. Microsporidian morphometrics hold utility in
developing a list of differential diagnoses for inclusion/exclusion but lack utility as an
independent diagnostic parameter. Brown et al. (2010) suggest statistical support for
some parasite morphometrics in distinguishing species, but they were not blind to host
identification, and a template for specific parasite identification appears absent beyond
fish host identification. Furthermore, morphometrics are often complicated by variable
methods employed for parasite preparation (Vávra and Barker 1980) and the
corresponding necessity for size conversion estimates to be developed to enable
comparisons (Brown et al. 2010). Not surprisingly, specific microsporidian identification
has proven especially complicated in instances where closely related hosts overlap in
home range (Kabata 1959; Lom and Laird 1976; Morrison and Sprague 1981a, b;
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Rodriguez-Tovar et al. 2003). Molecular phylogenetics and parasite morphometrics have
been used recently and support that host identification was an important indicator of
parasite species (Brown et al. 2010). However, a clear template for reliable detection and
specific identification of many microsporidia is still lacking. Here, we investigated
methods for the accurate detection and specific identification of Loma infections from
farmed and wild Atlantic cod by integrating parasitological and molecular procedures.
Parasitological comparisons with Loma spp. from fishes of the North Atlantic and North
Pacific Oceans and sequence comparisons with the ITS of rDNA show that parasite
material in the current study was exclusively that of the valid species L. morhua
described from Atlantic cod (Morrison and Sprague 1981a).
Recovery of parasites from host tissues is critical for both parasitological and
molecular diagnosis. Understanding the temporal and spatial distribution of
microsporidian infections will prove critical as aquaculture diversifies to include
alternative finfish species that will likely harbour lesser-known microsporidia.
Determining xenoma intensity and distribution in host tissues other than gills has been
largely neglected, in spite of xenomas from Loma spp. being disseminated throughout
host tissues (Morrison 1983; Hauck 1984; Docker et al. 1997; Shaw et al. 1998;
Rodriguez-Tovar et al. 2003; Powell and Gamperl 2015). There is clear indication that
Loma spp. have a tropism for gill endothelial and pillar cells (Hauck 1984; Magor 1986;
Kent et al. 1989, 1995; Speare et al. 1989, 1998; Kent and Dawe 1994). However, the
concept that Loma spp. infections associate predominantly with gills (Morrison 1983;
Speare et al. 1998; Rodriguez-Tovar et al. 2003) is made in the absence of quantitative
data on infection intensity in other host organs, even in relatively recent descriptions of
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new microsporidian species (Brown et al. 2010). Our careful assessment of xenoma
distribution throughout the host tissues argues in fact that the spleen is the most reliable
single organ for detection of L. morhua for the assessment of both the prevalence and
intensity of infection. It is impossible to determine whether the spleen holds unique
significance in L. morhua infections or whether closer examination of congeneric species
would support spleen utility for detection and diagnosis.
Contributing further to challenges for accurate detection of microsporidian
infections in fishes is the high degree of morphological plasticity in xenoma morphology.
Spleen xenoma morphology ranged from fibrous weblike structures, to spherical
hypertrophied cells, to clusters of pigmented yellow xenomas. Disparity in xenoma
morphology might reflect temporal changes with the progression from acute to chronic
infections and perhaps their progression from mature xenomas into granulomas (Dyková
and Lom 1978, 1980; Morrison 1983; Lom and Dyková 2005). Morrison (1983) noted
that host fibroblasts encapsulate xenomas, leading to coagulative necrosis, and eventual
resolution of granulomas. Given the morphological plasticity of xenomas, the fact that
xenomas represent one life stage and earlier stages of infection might not be apparent
(i.e., sporoplasm), and that parasites also occur within spleen parenchyma, it is highly
probable that the ~ 3-4% of cod deemed free of visible spleen xenomas in our study were
in fact false negatives. Incorporating examination of spleen parenchyma in future studies
might improve the ability to detect and identify L. morhua infections. One obvious
conclusion we draw is that microsporidian parasites are able to transmit efficiently and
infect nearly 100% of fish during aquaculture. This is compatible with our observations
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from several aquaculture settings where essentially all fish become infected eventually
with L. morhua (A. P. Frenette & M. S. Duffy, unpubl. data).
Parasitological detection of microsporidian infections requires that spores be
confirmed from xenomas. Numerous infectious disease agents induce structures
resembling xenomas and must be considered as differential diagnoses. For example,
infections by bacterial pathogens from the genus Nocardia (Labrie et al. 2008),
Mycobacterium (Gauthier and Rhodes 2009), Francisella (Birkbeck et al. 2011),
Epitheliocystis (Nowak and LaPatra 2006), Aeromonas salmonicida (Magnadottir et al.
2002), and Yersinia ruckeri (Gudmundsdottir et al. 2014) also induce small white
granulomas throughout vascularized tissues of Atlantic cod. These pathogens occur more
broadly in teleost fishes and could be easily misidentified as microsporidian xenomas
without spore confirmation. Myxozoan parasites add to this list of differentials because
they induce bona fide xenomas in Atlantic cod (Køie et al. 2007; Holzer et al. 2010) and
a wide variety of other teleost fishes (Dyková and Lom 1987; Lom et al. 1989; Azevedo
and Matos 2002; Lom and Dyková 2005). The ability to distinguish differentials is
critical for accurate identification of microsporidian parasites.
The numerous challenges presented by parasitological diagnosis of fish
microsporidia prompted our development of molecular tools for identification. Our use
of rDNA was based primarily on the fact that it occurs in high genomic copy number in
microsporidia as compared with other genes (Peyretaillade et al. 1998). This feature
helps to ensure a higher sensitivity of detection such that even low numbers of parasites
can be detected. The ITS was chosen as our specific molecular target based upon
previous successes with diagnosis of related (Docker et al. 1997) and unrelated parasites
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(Pecson et al. 2006). Although the ITS is transcribed, this region is spliced out from
rRNA because it does not code for any component incorporated into the ribosome
complex (Musters et al. 1990). Accordingly, the ITS evolves at a faster rate than coding
regions of rDNA (Bakker et al. 1992). Furthermore, there are typically greater
interspecific differences in nucleotide sequence of the ITS region as compared to
intraspecific variation (Docker et al. 1997).
The analytical sensitivity or lower limit of detection of L. morhua was determined
to be 5X less sensitive using the primer set for Loma spp. of gadid hosts as compared to
using the primer set for congeneric Loma spp.. This reduced lower limit of detection
prompted our discovery of extensive intraspecific nucleotide variation with a total of 10
ITS variants confirmed in this study. In combination with other ITS variants (Brown et
al. 2010), at least 11 L. morhua ITS variants occur across the host range of Atlantic cod.
Although ITS sequence is highly conserved in some microsporidia (Bell et al. 2001), our
findings are compatible with observations that the genus Loma has a relatively high level
of disparate bases and deletions within the ITS (Shaw et al. 1997; Brown et al. 2010).
Our sequencing of L. morhua rDNA from multiple isolates and clones demonstrated
intraspecific variation between parasite isolates collected from different geographic
regions, within a specific location, and even within an individual xenoma. Although
spores localized within xenomas likely represent a clonal population, we still observed
numerous ITS variants occurring within individual xenomas.
Ribosomal DNA is repeated within eukaryotic genomes where it is typically
arranged in tandemly repeated arrays, most often near subtelomeric regions of
chromosomes (Brugere et al. 2000; Sagastume et al. 2011), and with mechanisms that
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promote low levels of variability in rDNA sequence (Nei and Rooney 2005; Sagastume et
al. 2011). This has promoted extensive use of rDNA as a tool to characterize
phylogenetic relationships between species and/or strains (Nei and Rooney 2005;
Sagastume et al. 2011). Some microsporidia deviate from this common eukaryotic
tandem repeat arrangement and instead display rDNA units dispersed throughout their
genome (Liu et al. 2008; Ironside 2013), thereby resulting in increased heterogeneity in
rDNA sequence (Nei and Rooney 2005; Ironside 2013). The heterogeneity we observed
in L. morhua rDNA is highly compatible with multiple rDNA variants reported in
divergent microsporidia (Gatehouse and Malone 1998; Tay et al. 2005; O’Mahony et al.
2007) and with multiple variants even within individual spores (Tay et al. 2005;
O’Mahony et al. 2007). This extensive intraspecific variation supports highly
conservative use of rDNA sequences for phylogenetic studies and strain identification for
microsporidia (Ironside 2013).
Ribosomal DNA and elongation factor 1-alpha have been assessed in molecular
phylogenetic studies but provided insufficient evidence to support species-level
designation and unambiguous identification of two proposed Loma spp. infecting Gadus
hosts (Brown et al. 2010). Furthermore, morphological differences in these two-proposed
species would be considered equivocal regarding species-level designation in the absence
of host identification, due to overlap in measurements (e.g., spore morphometrics) and
the cryptic nature of some biological characters impeding widespread use for diagnosis.
A practical template for effective parasite identification using molecular or
morphological parameters is lacking (Brown et al. 2010). The two proposed new species
are not resolved definitively, save that there is often support for species-level designation
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based on host identity (Morrison and Sprague 1983; Magor 1987; Kent et al. 1989; Lom
and Pekkarinen 1999; Lom 2002; Vossbrinck and Debrunner-Vossbrinck 2005).
Irrespective of the validity of other Loma spp. infecting Gadus hosts, we identify two
motifs within the ITS of rDNA that enable identification of L. morhua from Atlantic cod.
Identification of ITS motif #1 allows Loma spp. from non-Gadus hosts to be eliminated
as differential diagnoses. If the currently reported Loma spp. infecting Gadus hosts are
monophyletic and resolve as a single species, motif #1 would support species-level
diagnosis of L. morhua, irrespective of fish host identification. Alternatively, if the
current species-level designation proposed for two new Loma spp. infecting Gadus hosts
(Brown et al. 2010) is proven accurate, the presence of ITS motif #2 enables L. morhua
to be specifically identified and distinguished from those species.
The complexity in microsporidian life history and genome organization (Corradi
2015) necessitates an integrative diagnostic approach that enables reliable parasite
detection and their specific identification using molecular methodologies. Reliable
detection is clearly a prerequisite for specific parasite identification. Accordingly,
anatomical evaluation of host tissues is required to identify the most reliable organ(s) for
detection and recovery of microsporidians in fishes. Once reliable parasite detection is
achieved, efforts to quantify infection can be assessed empirically. Importantly, the
conserved regions of Loma rDNA afford translational utility in the development of qPCR
for industrial pursuits that aim to identify host genetic lines with resistance to infection,
and to accurately determine the efficacy of chemotherapies and vaccines to limit infection
and disease.
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Whereas a species-specific PCR primer could not be developed in the ITS,
sequencing through the ITS enabled species-specific diagnosis. We provide a template
for effective molecular identification of L. morhua in Atlantic cod by (i) extracting DNA
from host tissues containing parasites; (ii) PCR amplification of parasite ITS using highly
conserved rDNA primers from flanking regions (SSU and LSU); (iii) cloning,
sequencing, and comparing multiple ITS sequences with homologues in GenBank; and,
(iv) identifying the 9-nucleotide diagnostic motif (motif #1; present in 64% of variants)
and/or 14-nucleotide diagnostic motif (motif #2; present in 36% of variants) within the
ITS. We acknowledge that specific identification of L. morhua as proposed using ITS
motif #1 or #2 might fail in the future as additional sequence information becomes
available for existing and undescribed Loma spp.. However, the ITS is the single best
marker available currently to identify L. morhua in Atlantic cod. Furthermore, we used
this basic ITS sequencing template successfully for identification of a related
microsporidian; fish host identification was not necessary using our template but rather
served to support the validity of our approach (A. P. Frenette & M. S. Duffy, unpubl.
data). Regardless, the extensive intraspecific variation that we document in the ITS of L.
morhua supports the need for identification and validation of novel markers to support
future studies on microsporidian phylogeny and parasite identification (Pombert et al.
2013).
Our study presents an integrative approach including anatomical detection, spore
confirmation, and host determination to help support parasitological identification.
Furthermore, we provide a template using molecular technologies and analyses that allow
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specific parasite identification using ITS until such time that technological advances yield
more definitive markers for microsporidian identification.
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Table 2-1. Primers utilized for amplification, cloning, or sequencing of Loma morhua rDNA and amplification of
host genomic DNA. Note that the forward primers for microsporidia, congeneric Loma spp., and Loma spp. of
gadid hosts all use the same reverse primer (common rDNA reverse; 580r). The Loma species forward primer was
designed to amplify congeneric Loma spp. represented in Fig. 2. All primers were purchased from Integrated DNA
Technologies (IDT; Coralville, IA).

Table 2-2. Prevalence, intensity, and anatomical location of Loma morhua xenomas in
organs from Atlantic cod (Gadus morhua). The mean prevalence and intensity of L.
morhua infection were determined by gross observations of xenomas in situ on the
surface of the spleen or in tissues of the heart or gills. Assessment of spleen, heart, and
gill tissues indicated that 99.2% of cod were infected with only two of 236 cod free of
visible xenomas on all three organs.
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Figure 2-1. Morphological plasticity of Loma morhua xenomas as observed in situ on
the surface of spleens from infected Atlantic cod (Gadus morhua) (A-C). Magnified
images of representative xenomas highlight the plasticity in xenoma morphology ranging
from fibrous weblike structures (D), to spherical hypertrophied cells (E), to clusters of
pigmented yellow xenomas (F). Representative scale bars are shown at the bottom of
each panel.
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Figure 2-2. Nucleotide alignment of the ITS of Loma morhua (GQ121037) with sequences that were the top BLAST hits
from congeneric species. The boxed region indicates the location of the forward primer for Loma spp. of gadid hosts.

Figure 2-3. Loma rDNA primers show utility in distinguishing host DNA and retain
high sensitivity in detecting parasite rDNA. DNA from Atlantic cod (Gadus morhua)
maintained free of Loma morhua infection (specific pathogen- free; SPF) was not
amplified using either primer set for Loma rDNA (panel A; representative results from 3
of 22 SPF fish). Amplicons were generated from the positive control (Lm; L. morhua
xenoma from Atlantic cod) using both primer sets for Loma rDNA and a primer set that
amplifies host mitochondrial DNA (mtDNA). Amplicons were generated from all SPF
fish using the host mtDNA primer set (panel A; 558-bp), thereby confirming the presence
of host genomic DNA in each sample and the specificity of the Loma primer sets for
parasite DNA. Amplicons were not generated from a negative template control (H2O)
using any primer set (panel A). Ribosomal DNA from L. morhua was successfully
amplified from 100% of infected Atlantic cod using a primer set for microsporidia and
both primer sets for Loma rDNA. PCR results from three of 51 representative Atlantic
cod are included (panel B: lane a = a primer set for microsporidia; lane b = a primer set
for congeneric Loma spp.; and lane c = a primer set for Loma spp. of gadid hosts. L =
100-bp DNA ladder for determination of amplicon sizes.
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Figure 2-4. Reduced lower limit of detection of Loma morhua rDNA using a primer set
for Loma spp. of gadid hosts is explained by intraspecific variation within the ITS. The
lower limit of detection of L. morhua is one spore using a primer set for rDNA from
congeneric Loma spp. and five spores using a primer set for rDNA from Loma spp. of
gadid hosts (panel A). Generation of an amplicon from each sample using host mtDNA
(558-bp) serves as a positive control to verify equal loading of host genomic DNA (500
ng per PCR). White asterisks highlight the lower limit of detection of L. morhua spores
using the respective Loma primers. A 100-bp DNA ladder (L) was included for
determination of amplicon sizes. The hypervariable ITS was aligned to help facilitate
specific identification of L. morhua. Sequence alignment of ITS sequences from L.
morhua deposited previously in GenBank (panel Bi; Brown et al. 2010) and/or identified
in the current study (panel Bii) reveals extensive intraspecific nucleotide variation with
eleven unique ITS variants. Shaded nucleotides indicate variant nucleotides. Asterisks
indicate L. morhua ITS variants from Atlantic cod (Gadus morhua) that share 100%
identity with the ITS from Loma spp. proposed in other Gadus hosts by Brown et al.
(2010).
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Figure 2-5. Two motifs within the ITS of rDNA enable Loma morhua to be specifically identified from Atlantic cod
(Gadus morhua). A 9-nucleotide motif (motif #1) in the ITS of 64% of L. morhua variants distinguishes it from
congeneric Loma spp. infecting non-Gadus hosts (A). A 14-nucleotide motif (motif #2) in the ITS of 36% of L.
morhua variants distinguishes it from Loma spp. currently represented in GenBank infecting closely related Gadus
hosts (B). The adenosine at the 5¢ end of motif #2 is the key nucleotide that affords diagnostic specificity, whereas the
other 13 bases have positional relevance for accurate alignment within the ITS (B).
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ABSTRACT
Microsporidians are common among wild fishes and are emerging as poorly
understood parasites that threaten productivity during commercial finfish aquaculture.
High intensity infections are promoted during aquaculture and our inability to reliably
quantify infections has impeded disease mitigation strategies. Herein, spatiotemporal
investigations of Loma morhua infections in Atlantic cod (Gadus morhua) are presented
in the context of commercial aquaculture and the potential to mitigate disease and
financial loss by selecting naturally resistant genetic lines for culture. Observations from
natural and experimental infections reveal utility of the spleen as an organ for comparing
infection intensity in fish, with static infection intensities demonstrated up to 32 months
post-exposure (p = 0.88 and 0.63, respectively). Parasite quantification identified highly
variable infections among 50 cod families and supports the hypothesis that differential
susceptibility to L. morhua has a genetic basis. A negative correlation between fish
condition factor and infection intensity (Pearson Correlation, p < 0.0001; r = -0.3312)
suggests that variation in host response to L. morhua is associated with the ability to
resist pathogens. Variation in host susceptibility might reflect hyper-diversification of
Atlantic cod major histocompatibility (MH) genes, as we observed 303 MH alpha-I
variants from a regionally restricted cod population via ultra-deep Illumina sequencing.
Expansion of MH-I and known absence of MH-II in cod remains of interest, but is poorly
characterized regarding significance to infectious disease agents. Importantly, our
delineation of differential susceptibility to a microsporidian reveals impaired fish growth
resulting in 14% reduction in fillet weight in susceptible individuals. These data imply
that relative resistance to L. morhua exists in cod, that it is heritable, and that broodstock
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selection could be used as a translational measure to limit the impact of microsporidian
infections on fish growth during finfish aquaculture.
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INTRODUCTION
Microsporidians are obligate intracellular pathogens of animals and are classified
as basal fungi based upon rDNA analysis (Karpov et al. 2014). The microsporidia are
recognized as emergent infectious disease agents of global significance in agricultural
and aquacultural pursuits (Stentiford et al. 2016). There are over 150 species of
microsporidians known currently from fishes (Lom 2002). Efforts to diversify
aquaculture through introduction of alternative finfish species to commercial farming has
lead to increasing interest in microsporidians because they are so common in wild fishes
(Lom 2002) and because they can cause mortality during aquaculture (Kent et al. 2014;
A. P. Frenette & M. S. Duffy, unpubl. data). It is often only after epizootic events occur
during intensive aquaculture endeavours that the presence and significance of these
parasites is appreciated. Microsporidians are reported commonly from finfish species
cultured for the global food chain where they often occur at high prevalence (Hauck
1984; Kent et al. 1989; Figueras et al. 1992; Fomena et al. 1992; Nilsen et al. 1995;
Amigo et al. 1996; Khan 2005, 2009; Nylund et al. 2010; Miwa et al. 2011; Palenzuela et
al. 2014; Winters et al. 2016; Xu et al. 2017; Frenette et al. 2017). Furthermore, even
aquacultural endeavours with a biomedical focus using a model fish host are confounded
by microsporidian parasites. Pseudoloma neurophilia infects zebrafish (Danio rerio) in
over 74% of facilities and serves as a major confounding variable in biomedical research
pursuits (Murray et al. 2011; Sanders et al. 2012). Aquaculture often involves high fish
stocking density and chronic exposure to abiotic and biotic stressors that can promote
mass proliferation and transmission of opportunistic pathogens (e.g., microsporidians),
typically at levels that would not occur naturally in wild populations (Wedemeyer et al.
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1999). The propensity of microsporidians for direct transmission and their high biotic
potential can promote epizootic events, leading to production losses during conventional
food aquaculture and inducing complex and confounding variables into translational
biomedical research.
A recent initiative to develop Atlantic cod (Gadus morhua) as a species for
aquaculture (Booman et al. 2011) collapsed in the northeast USA and in Atlantic Canada
in part due to infections caused by the microsporidian Loma morhua (Frenette et al.
2017). The presence of the parasite is associated with considerable mortality in both
juvenile and adult fish (Khan et al. 2005; A. P. Frenette & M. S. Duffy, unpubl. data).
Success with Atlantic cod aquaculture is dictated in part by sea surface water
temperatures (Bjornsson et al. 2007) with wild cod seeking cooler waters at depth once
surface temperatures rise above 15oC (Freitas et al. 2015). Presence of L. morhua
xenomas on gill lamellae likely impair gas exchange and exacerbate further the impacts
of high water temperature on Atlantic cod aquaculture. In support of this, naturally
infected cod have shown a high rate of mortality concurrent with surface water
temperatures above 15oC (Khan 2005; A. P. Frenette & M. S. Duffy, unpubl. data). The
high prevalence of L. morhua infection within cultured cod populations (Frenette et al.
2017) likely impedes further fish growth and productivity during aquaculture. Numerous
diminutive health effects are reported to occur with chronicity of infections (Khan et al.
2005) but longer-term investigations documenting microsporidians limiting growth are
notably absent from the literature for most cultured fishes. Furthermore, longer-term
monitoring of infections is important for making observations of spatiotemporal changes
that can occur with chronicity of infections.
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No single therapeutic intervention (e.g., chemotherapeutics, vaccines) is likely to
limit infection by complex eukaryotic pathogens such as microsporidian parasites.
Accordingly, a more multifaceted approach will likely be required to limit the impact of
microsporidia on diversification of finfish aquaculture. Ultimately, in-depth knowledge
of the life cycle and transmission dynamics is essential for interrupting or reducing
transmission of eukaryotic pathogens (Johansen et al. 2011). An alternative strategy
towards long-term prophylaxis is to identify heritable genetic traits that result in
differential susceptibility to microsporidians and to incorporate innate disease resistance
into selective breeding programs. Of course, this strategy relies on researchers being able
to reliably quantify parasites for accurate assessment of differential host susceptibility.
The inability to accurately quantify microsporidian infection intensity in fish has
been recognized previously as a key factor impeding accurate assessment of efficacy of
control measures (Becker and Speare 2007). This limitation will remain a major
roadblock to effective prophylaxis/treatment until such time that templates for
quantification are readily available. The primary objective of the present study was to
develop a template for accurate quantification of L. morhua infection intensity and to
investigate the potential for differential infections to occur among different families of
Atlantic cod. Our specific aims centered on: (i) long-term monitoring of L. morhua in
Atlantic cod to quantify infections; (ii) observing changes in spatiotemporal distribution
of L. morhua xenomas within host tissues that occur during naturally-acquired and
experimentally-induced infections; (iii) comparing utility of spleen and gills in resolving
differential infections among established Atlantic cod families; and, (iv) elucidating
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correlations that offer translational opportunities in support of diversification of finfish
aquaculture.

63

MATERIALS AND METHODS
Temporal monitoring and quantification of naturally-acquired L. morhua infections
in hatchery-reared Atlantic cod
One hundred and eighty-eight Atlantic cod were collected from a holding facility
at the St. Andrews Biological Station (Fisheries and Oceans Canada, St. Andrews, New
Brunswick) (May 2011-December 2013). These fish were hatchery-reared and
maintained for monitoring prevalence, intensity, and chronicity of a naturally-acquired L.
morhua infection over a 32-month period. Through the duration of the monitoring
period, fish were maintained in a single tank and were on average 72.0 ± 24.7 g per
individual (n = 21 fish) at the onset of study and 978.9 ± 208.6 g per individual (n = 137
fish) 32 months later (mean ± standard deviation). Fish were haphazardly sampled at
four different time-points post-infection (1 month: n = 21 fish; 6 months: n = 15 fish; 22
months: n = 8 fish; 32 months: n = 137 fish) and were killed using an overdose of MS222
(400 mg/l) and placed on ice until necropsy. Prevalence and intensity of L. morhua was
determined by gross observations of xenomas in situ in the spleen and gills as described
previously (Frenette et al. 2017). Enumeration of L. morhua xenomas in situ in gills was
restricted to the first left gill arch (L1). At four time-points post-infection (indicated
previously), in situ infection intensity was analyzed in spleen and gill tissues separately.
The statistical analyses were performed using Kruskal-Wallis and Dunn’s post-hoc tests
in R (R Core Team 2015; version 3.2.1) with fish individuals as the unit of replication, to
determine if xenoma number for a given tissue changed with chronicity of infection. A
non-parametric statistical test was used as both tissue-specific datasets (spleen and gill)
violated two assumptions of the analogous parametric test (i.e., a one-way Analysis of
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Variance (ANOVA)); normality and heteroscedasticity, tested with the Shapiro-Wilk and
Levene’s tests, respectively using car R package (R package version 2.1-5; Fox and
Weisberg 2011).
Temporal monitoring and quantification of experimentally-induced L. morhua
infections in hatchery-reared Atlantic cod
Seventy-five Atlantic cod, maintained at the Huntsman Marine Science Centre,
were divided into three groups of 25 fish and were exposed to 10,000, 50,000, or 100,000
L. morhua spores by intraperitoneal injection. An additional 25 Atlantic cod were
maintained as unexposed sham controls. Fish were assigned haphazardly to treatment
groups such that initial average weights of each group did not differ significantly
(ANOVA, F = 0.09, df = 3, 96, p = 0.97). The mean weight of fish at the onset of the
study was 71.7 ± 29.3 g per individual (n = 100 fish; mean ± standard deviation). Five
fish from each group were haphazardly selected at 4, 8, 12, 16, and 35-42 weeks postexposure (WPE). Fish for a given sampling date were killed using an overdose of MS222
(400 mg/l), and prevalence and intensity of L. morhua xenomas were determined as
described previously (Frenette et al. 2017). Because we only had one tank per treatment
level, we did not have appropriate replicates (i.e., replicate tanks) to conduct a full twoway analysis to evaluate the temporal patterns and treatment effects concomitantly. We
first assessed the effect of spore dosage (i.e., 10,000, 50,000, and 100,000 spores) on
parasite infection intensity in gill and spleen tissues at each sampling event (16 and 35-42
WPE, respectively) in a preliminary analysis using a Kruskal-Wallis test, with fish as the
unit of replication (n = 5). We detected no significant differences among treatment
groups (Kruskal-Wallis, Gills 16 and 35-42 WPE: χ2 = 1.8 - 4.1, df = 2, p ³ 0.12; Spleen
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16 and 35-42 WPE: χ2 = 0.7 - 4.9, df = 2, p ³ 0.09; R Core Team 2015; version 3.2.1).
We then pooled infection intensity data from the three treatment groups exposed to
parasites for subsequent statistical analysis to have three replicate tanks (of fish exposed
to the parasite) per sampling date. We compared in situ infection intensity in spleen and
gill tissues separately using a Mann-Whitney-Wilcoxon test (R Core Team 2015; version
3.2.1), with tank as the unit of replication. Non-parametric statistical tests were used as
both tissue-specific datasets (spleen and gill) violated two assumptions of the analogous
parametric tests (i.e., ANOVA and t-test); normality and heteroscedasticity, tested with
the Shapiro-Wilk and Levene’s tests, respectively using car R package (R package
version 2.1-5; Fox and Weisberg 2011).
Parasitological quantification of L. morhua infection intensity among 50 Atlantic
cod families
Nine hundred and eighty-seven cultured Atlantic cod (year class 2+; x = 437.4 ±
152.8 g; mean ± standard deviation) were collected from a holding facility at the Ocean
Science Center (OSC) at Memorial University, St. John’s, Newfoundland (September 2630, 2011). Individual fish represented 50 different families established by the
Newfoundland initiative of the Atlantic Cod Genomics and Broodstock Development
Program (CGP). Progeny from the 50 families were initially separated into different
tanks prior to being pooled to one tank at 9-11 months post-hatch (MPH). At 18 MPH,
naturally-acquired L. morhua infections were detected within the fish population. The
fish were maintained within the flow-through system at the OSC to allow infections to
persist until 24 MPH when all fish were then killed using an overdose of MS222 (400
mg/l). Family identity and number of fish per family (range: 13-21) was determined by
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barcoding passive integrated transponder (PIT) tags implanted within each fish.
Measurements of weight and length were obtained at 9-11 and at 24 MPH to determine
fish condition factor ((weight (g) / length (cm)3) * 100) and growth (weight (g) at 24
MPH - weight (g) at 9-11 MPH; delta body weight). Prevalence and intensity of L.
morhua infections were determined by gross observation of host-parasite complexes
(xenomas) in situ on the spleen and gills as per Frenette et al. (2017). Gross examination
of spleen and gills for L. morhua xenomas was standardized to 2 and 10 minutes,
respectively, and the examiner was blind as to family affiliation. The upper intensity of
spleen xenomas was restricted to a count of 500 simply due to the 2-minute time limit
allocated for examination. Enumeration of L. morhua xenomas in situ in gills was
restricted to the first left gill arch (L1) and xenomas counts above 450 were restricted to
three categories depending on range of infection due to time limit allocated for
examination; “500 xenomas” (461-500), “750 xenomas” (501-750), and “1000 xenomas”
(751-1000+). Statistical analysis of the infection intensity in situ in spleens among select
families was performed using Kruskal-Wallis analysis and Dunn’s post-hoc test (R Core
Team 2015; version 3.2.1). Non-parametric statistical tests were used as the spleen
dataset violated two assumptions of the analogous parametric tests (i.e., ANOVA);
normality and heteroscedasticity, tested with the Shapiro-Wilk and Levene’s tests,
respectively using car R package (R package version 2.1-5; Fox and Weisberg 2011).
Assessment of the relationship between the infection intensity in situ on the gills and
spleens and between the spleen infection intensity and host condition factor (for select
families and for all fish regardless of family affiliation) was performed using Pearson’s
Correlation test (R Core Team 2015; version 3.2.1). Analysis of body weight before
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parasite exposure (9-11 MPH), at the time of lethal sampling (24 MPH), and of the
change in body weight between 9-11 and 24 MPH (delta body weight) for individuals
identified as exhibiting low (0-20 xenomas), intermediate (21-159 xenomas), and high
(160-500 xenomas) infection intensities was performed using a balanced one-way
ANOVA (R Core Team 2015; version 3.2.1). Post-hoc pairwise comparisons were
performed using Tukey tests (R Core Team 2015; version 3.2.1). Lastly, to estimate the
percent fillet weight loss during progression of low, intermediate, and high infection
intensities within the population, 36% of total body weight of Atlantic cod was assumed
to represent fillet as noted by Waterman (1964) and FAO (1989).
MHCI α-1 allelic profiling of representative Atlantic cod by ultra-deep sequencing
Nine fish from families identified with either low (n=3) or high (n=6) L. morhua
spleen xenoma infection intensity were selected for ultra-deep Illumina sequencing of the
MH-I α-1 DNA. The six fish selected from the high infection intensity group consisted
of individuals reflecting the two extremes of xenoma infection intensity observed within
these families (n=3 low and n=3 high). Atlantic cod MH-I α-1 DNA was amplified using
primers designed from sequences deposited previously in GenBank (~ 236-bp fragment;
Forward = 5´-GGACTCWCARCCTTCCCAG-3´ and Reverse = 5´TCCTGTCTGGTTRAAGCG-3´). PCR was conducted as described previously (Frenette
et al. 2017) but with slight modifications including addition of DMSO (3% final
concentration), use of Phusion High-Fidelity DNA Polymerase (0.5 units per reaction;
New England Bio Labs, Ipswich, MA, USA), and adding 4 ng total DNA template per
reaction. The number of PCR cycles was minimized to mitigate sequence artifacts
(artificial chimeric sequences; Lighten et al. 2014) and the following protocol was
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utilized: 98°C for 3 minutes; 18 cycles of 98°C for 30 seconds, 60.8°C for 30 seconds,
72°C 30 seconds; and 72°C for 10 minutes. Preparation for Illumina sequencing was
similar to the protocol used by Lighten et al. (2014) with minor modifications. PCR
products for each individual fish were ligated to Illumina Truseq adaptors and adapterligated libraries were amplified using PCR as described above. The PCR adapter-ligated
amplicons were purified using magnetic beads and sequenced in a 300 cycle (150 pairedend, version 2 chemistry) single-index Illumina MiSeq run (Illumina, Inc., San Diego,
CA, USA).
MH-I α-1 data analysis
Processing of data generated during Illumina sequencing, including quality
control steps, was conducted as described previously (Lighten et al. 2014). The
cumulative sequencing depth for each fish was plotted against the number of putative
alleles detected. The point at which the rate of cumulative sequence depth decreased is
regarded as the inflection point that delineates the boundary between putative alleles (left
side of inflection) and sequencing artifacts (right side of inflection) (Lighten et al. 2014).
Considering the extensive expansion of MH-I in cod (Malmstrom et al. 2013) and the fact
that not every curve exhibited a sharp inflection point (Fig. 3-S1), a conservative cut-off
for putative alleles was established at read-depth of 1000. Sequences displaying readdepth of greater than 1000 on average were located on the linear aspect of the curve (left
side of inflection point). To determine similarity with other known MH-I α-1 alleles of
Atlantic cod, putative alleles were inputted into NCBI’s BLAST algorithm to search
against sequences deposited previously in GenBank. Furthermore, rarefaction analysis
was utilized to estimate the number of putative MH-I α-1 alleles that exist within this
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Atlantic cod population via use of the specaccum and fitspecaccum (“michaelis-menten”
option) functions in the vegan R package (R package version 2.4-0; Oksanen et al. 2016).
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RESULTS
Temporal monitoring and quantification of naturally-acquired L. morhua infections
in hatchery-reared Atlantic cod
Loma morhua infection intensity in 166 Atlantic cod during a naturally-acquired
infection showed different temporal patterns for spleen and gill tissues over a 32-month
period. Quantification of L. morhua xenomas on the surface of spleens revealed
consistent parasite infection intensity over the entire 32 months of monitoring (KruskalWallis, χ2 = 0.66, df = 3, p = 0.880; Fig. 3-1A). Conversely, quantification of L. morhua
xenomas in situ on gill lamellae/filaments revealed phasic parasite infection intensity in
these same fish at the same time (Kruskal-Wallis, χ2 = 13.28, df = 3, p < 0.004; Fig. 31B). Specifically, infection intensity in gills showed an initial high infection intensity
(acute) and subsequent xenoma intensities were significantly lower with chronicity of
infection (Fig. 3-1B).
Temporal monitoring and quantification of experimentally-induced L. morhua
infections in hatchery-reared Atlantic cod
Seventy-five Atlantic cod in three groups of 25 fish were exposed to spores by
intraperitoneal injection. An additional 25 Atlantic cod were maintained as unexposed
sham controls. Five fish were sampled randomly at 4, 8, 12, 16, and 35-42 WPE.
Parasite xenomas were first detected at 16 WPE and were detected in both gills and
spleen of 14 of 15 experimentally-exposed fish. Parasite xenomas were similarly
detected in both gills and spleen of 14 of 15 experimentally-exposed fish sampled at the
final time point (35-42 WPE). Parasite quantification reveals consistent xenoma
infection intensity in spleen tissue from 16-42 WPE (Mann-Whitney-Wilcoxon, W = 92,
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p = 0.600; Fig. 3-2A) but a phasic infection intensity was observed in gill tissues, with a
significant reduction in xenoma number from 16-42 WPE (Mann-Whitney-Wilcoxon, W
=181, p < 0.004; Fig. 3-2B). Unexposed sham control fish were free of infection at all
time points.
Parasitological quantification of L. morhua infection intensity among 50 Atlantic
cod families
Spleens of 987 Atlantic cod from 50 different families were examined
macroscopically for L. morhua xenomas. Xenomas were grossly visible on the surface of
spleens in 98.4% (971/987) of fish. Differential L. morhua infection intensity was
observed in situ on the surface of spleens of the different cod families (Fig. 3-3A). The
average infection intensity was 97.9 ± 99.6 per spleen (n = 971, mean ± standard
deviation), but xenoma number ranged from 1 to > 500 per spleen. Five families were
selected at both the lower and upper extremes of infection intensity range to highlight
variability within families (Fig. 3-3B), and an apparent differential susceptibility to L.
morhua infections (Fig. 3-3A, B). The five families with low infection intensity had 18.8
± 4.0 fish per family, 32.4 ± 29.0 (mean ± standard deviation) xenomas per spleen (range
of 0-125; Fig. 3-3B), and prevalence of infection ranged from 92.3-100% (Fig. 3-3B).
The five families with high infection intensity had 20.8 ± 5.4 fish per family, 191.8 ±
140.4 (mean ± standard deviation) xenomas per spleen (range of 6-500+; Fig. 3-3B), and
prevalence of infection was 100% (Fig. 3-3B). Families at the lower and upper infection
intensity range differed significantly in the number of xenomas in situ on the surface of
the spleen, in spite of substantial within-family variation (Fig. 3-3B; Kruskal-Wallis, χ2 =
103.14, df = 9, p < 0.0001 and Dunn’s post-hoc test). However, the variation in infection
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intensity in susceptible families is more compatible with an individual effect rather than a
family effect.
Select Atlantic cod families at the lower (L1-L5) and upper (H1-H5) range of L.
morhua spleen xenoma number (Fig. 3-3B) show extensive variability in the number of
xenomas observed in gills (Table 3-1). Atlantic cod families with relatively low spleen
xenoma infections (L1-L5) had 74.5% of individual fish with gill xenoma intensity <500
(Table 3-1). Of these, 28.7% of fish had 1-50 xenomas whereas fish in Atlantic cod
families with relatively high spleen xenoma infections (H1-H5) had 4.9% with 1-50
xenomas (Table 3-1). Famlies H1-H5 had 66% of individuals with gill xenoma
intensities >500 whereas 25.5% of individuals from families L1-L5 had gill xenoma
intensities >500. Xenoma infection intensities for spleen and for gills had a significant
positive correlation, although there is a fair amount of variation about the association
(Pearson Correlation, r = 0.4436, df = 195, p < 0.0001; Fig. 3-4).
Host condition factor for Atlantic cod from select families identified as having the
lowest (L1-L5) and highest (H1-H5) L. morhua infection intensity showed no correlation
with spleen xenoma intensity before parasite exposure (Pearson Correlation, r = 0.061, df
= 196, p = 0.06; Fig. 3-5A), but had a negative correlation with spleen xenoma intensity
after parasite exposure (Pearson Correlation, r = -0.331, df = 196, p < 0.0001; Fig. 3-5B).
This negative association between L. morhua infection intensity and host condition factor
occurs at the level of the individual and does not reflect family affiliation.
A definitive trend exists among families regarding relative susceptibility to L.
morhua based upon spleen xenoma counts (Fig. 3-3A). However, the substantial intrafamily variability in infection intensity (Fig. 3-3B; Table 3-1) lead us to exclude family
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affiliation and to examine this entire population at the level of individuals to better assess
any correlations that might exist between L. morhua infection intensity and condition
factor or growth of Atlantic cod during aquaculture.
Excluding family affiliation, host condition factor for all fish (n = 987) from all
50 families showed no correlation with spleen xenoma intensity before infection (Pearson
Correlation, r = 0.0857, df = 985, p = 0.007; Fig. 3-6A) but showed a moderate negative
correlation after parasite exposure (Pearson Correlation, r = -0.223, df = 985, p < 0.0001;
Fig. 3-6B). Initially (prior to infection), Atlantic cod later exhibiting relatively low L.
morhua spleen xenoma infection intensity (0-20) had significantly lower initial body
weight compared to individuals later exhibiting relatively high L. morhua spleen xenoma
infection intensity (160-500+) (ANOVA, F-value = 6.73, df = 2, 570, p < 0.001; Table 32). However, seven months after first detecting infection, Atlantic cod with low intensity
L. morhua infection had a significantly higher body weight than individuals exhibiting
high intensity L. morhua infections (ANOVA, F-value = 8.27, df = 2, 570, p < 0.0003;
Table 3-2). Thus, in spite of starting significantly smaller, these fish grew significantly
larger while still being infected by L. morhua, albeit with less intense infections. Delta
body weight was significantly higher in fish with relatively low infection intensity than
those with relatively high infection intensity (ANOVA, F-value = 9.51, df = 2, 570, p <
0.0001; Table 3-2). These data support that L. morhua limits growth of Atlantic cod with
increasing infection intensity. Furthermore, percent fillet loss for individual fish
exhibiting intermediate and high infection intensities was estimated as 8% and 14%,
respectively, relative to the individuals exhibiting low infection intensities (Table 3-2).
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MH-I α-1 allelic profiling of select Atlantic cod by ultra-deep sequencing
A primer set targeting a 236-bp conserved region of Atlantic cod MH-I α-1 DNA
subunit was designed to anneal to sequences deposited previously in GenBank
(Malmstrom et al. 2013). Furthermore, non-specific amplification of DNA was restricted
by use of a stringent primer annealing temperature of 60.8oC. Ultra-deep Illumina
sequencing of Atlantic cod MH-I α-1 DNA subunit identified 303 unique sequences from
the nine fish sampled (Fig. 3-7). Of these 303 novel alleles, 143, 91, and 46 were
discovered exclusively in one, two, and three of the nine sampled fish, respectively
(47.2%, 30.0%, and 15.2%, respectively). On only one occasion was one of the 303
novel alleles present in all nine fish (frequency= 0.33%). Moreover, nucleotide BLAST
analysis of the 303 MH-I α-1 sequences identified seven Atlantic cod MH-I α-1
sequences from this study that shared 100% identity with sequences deposited previously
in GenBank (Malmstrom et al. 2013). Use of rarefaction analysis generated an estimate
of the number of alleles within this limited Atlantic cod population as being 586 (yintercept; Fig. 3-7).
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DISCUSSION
Diversifying aquaculture and brief Atlantic cod story
Diversification of the aquaculture industry is important economically and for
efforts to meet increasing demands for fish protein given the global decline in wild fish
stocks (Gjedrem et al. 2012). Accordingly, considerable focus has shifted to
development and expansion of aquaculture to include alternative finfish species,
including Atlantic cod (FitzGerald et al. 2010). Selective breeding programs were
initiated to generate Atlantic cod families with a focus on traits desirable for large-scale
culture, including growth rate, time to maturation, and resistance to abiotic stressors
during culture (FitzGerald et al. 2010). The CGP selective breeding program was
initiated in Eastern Canada with the specific aim of enhancing aquaculture of cod by
identifying families with economically important traits (Bowman et al. 2011).
Microsporidians
As with any contemporary animal-farming endeavour, infectious disease agents
play a pivotal role in disrupting the production potential of a developing industry
(Sindermann 1987). It is important to recognize that the impact of microsporidian
infections on cultured finfish populations is a relatively new area of study. However,
overwhelming evidence supports that microsporidians can induce adverse health
outcomes for cultured fish populations (Kent et al. 1995; Bricknell et al. 2006; Ramsay et
al. 2009). Microsporidian infections are often cryptic (Ramsay et al. 2009), but
differential infection intensity among individuals can serve as an under-appreciated but
confounding variable that complicates reproductive, developmental, and physiological
studies intended to improve aquaculture methodologies for alternative finfish species.
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Microsporidians, like many other pathogens with direct transmission, are poised to
impede basic research endeavours intended to diversify finish aquaculture (Bricknell et
al. 2006).
Parasitological quantification and family association
Assessment of differential susceptibility to pathogens necessitates reliable and
accurate determination of infection intensity in individuals (Marancik et al. 2013; Bailey
et al. 2017). Previous studies on microsporidians have used parasitological quantification
of xenoma complexes to determine infection intensity from fishes (Dezfuli et al. 2004;
Speare et al. 2007; Harkness et al. 2013; Frenette et al. 2017), spore counts from whole
invertebrate animals (Cantwell 1970; Fries et al. 2013), or spores counts from
mammalian biological samples (Goodgame et al. 1999). However, the lack of
standardized parasite quantification procedures for the study of fish microsporidians,
along with insufficient data regarding which tissues/organs harbour high
prevalence/intensity of infections, impairs the ability to accurately identify differential
infections among individuals in a population. Whereas spatial distribution is reported for
many microsporidian parasites of fishes (Lom 2002), these are largely observational
(Brown et al. 2010) and quite unlike specific studies documenting anatomical distribution
(see Shaw et al. 1998; Frenette et al. 2017). Furthermore, studies incorporating
parasitological quantification along with host organs/tissues determined most reliable for
detection are more limited. Rational assessment of chemotherapeautants and vaccines
against fish microsporidians is restricted to one parasite (i.e., Loma salmonae) where
determination of parasite infection intensity is achieved using a well-characterized
readout organ (e.g., gills) towards assessment of treatment efficacy (Kent and Dawe
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1994; Speare et al. 1999; Guselle et al. 2006, 2007, 2010; Becker and Speare 2007;
Speare et al. 2007; Harkness et al. 2013). Paramount to success with translational
objectives to mitigate disease is accurate knowledge of spatial changes in parasite
distribution and/or temporal changes in infection intensity to support accurate
quantification of infection intensity.
In this study, we extend translational interests to include the potential for genetic
selection as a mechanism to help mitigate microsporidial disease and production losses
during aquaculture. Prior to assessing susceptibility of Atlantic cod families to L.
morhua infection, spatial and temporal considerations were investigated in cod that were
infected with L. morhua both naturally and experimentally, respectively. We targeted
spleen as the primary organ for L. morhua xenoma detection based upon previously
documented utility of this organ (Frenette et al. 2017). However, the current study was
extended to include temporal assessment of the utility of quantifying spleen infection
intensity in comparison with that of gills, considering the key role gills play in infection
dynamics in closely-related species (Becker and Speare 2007). Spleen infection
intensities were static throughout natural and experimental infections, making this organ
highly amenable to comparison of differential parasite susceptibility among established
Atlantic cod families. Furthermore, this suggests that spleen has utility for parasite
quantification even if the time of parasite exposure is unknown. Whereas gill infection
intensities were correlated with spleen infection intensities, gill xenoma intensities were
phasic. Gill infection intensities were an order of magnitude higher than intensities
observed in spleen early post-infection. Accordingly, gills would be highly amenable to
assessment of chemotherapeautants and vaccinations due to the greater amplitude of
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infection over which to assess treatment efficacy during the acute phase of infection
(Speare et al. 1998a; Shaw et al. 1999; Speare et al. 1999; Guselle et al. 2006, 2007;
Speare et al. 2007; Harkness et al. 2013). The gills have great utility for translational
readout but temporal considerations are critical. Macroscopic quantification of xenomas
in this study was done blind to compare infections among 50 Atlantic cod families
infected naturally and housed together for two years. The differential infection intensities
observed consistently among families in both organs is highly compatible with putatively
resistant and putatively susceptible families occurring within this population.
Heritable genetic traits and selective breeding
Outbred host populations have extensive variation, often associated with genetic
potential to resist infections (Wiegertjes et al. 1996). Severity of infection can result
from pathogenicity or virulence of the pathogen in question, but could also be contingent
on the host’s ability to block or limit infection (Beldomenico and Begon 2009). Genetic
variation associated with innate or adaptive host immune defenses can also dictate
susceptibility to infections (Beldomenico and Begon 2009). Heterogeneity in
susceptibility to parasites frequently results in a range of differential infection intensities
across a host population and is often associated with host condition (Beldomenico and
Begon 2009). Furthermore, identification of heritable traits that confer resistance to
pathogens is important for industrial pursuits using traditional (i.e., salmon) and new fish
species in aquaculture endeavours. A prerequisite for selective breeding is that the host
population must express additive genetic variation for disease resistance to increase the
genetic potential to resist pathogens (Henryon et al. 2005; Hadidi et al. 2008). This
rationale centers on the fact that variation in host responses to pathogens is often
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observed among individuals of a species and that heritable resistance to fish pathogens
have been documented previously (Dorson et al. 1995; Forward et al. 1995).
Specifically, Atlantic cod demonstrate differential susceptibility to common opportunistic
bacterial and viral pathogens (Bangera et al. 2011), thereby suggesting that similar
capabilities would pertain to infections with microsporidians, such as L. morhua.
However, challenges in quantifying accurately the infection intensity within a host served
as a major roadblock to effective management of a congeneric microsporidian (L.
salmonae) impacting salmonid aquaculture (Becker and Speare 2007). Assessing
efficacy of control measures and selection of disease resistant broodstock is contingent
upon in-depth knowledge of spatiotemporal features of infections, as we describe, to
support accurate quantification of infection intensity in individuals within a population.
Parasitological quantification and correlation with fish growth
The relationship between host growth and heterogeneity of pathogen
susceptibility is critical towards selecting genetic lines with natural resistance to
infectious disease agents. We documented definitive growth impairment due to high
microsporidian infection intensity with 14% fillet loss due to L. morhua. Impaired host
growth has been reported for the congeneric parasite L. salmonae during experimental
infections (Speare et al. 1998b). Our study did not afford access to cod families reared
free of L. morhua infection, but suggests that fish reared free of L. morhua would show
further improved growth over fish with low intensity microsporidian infections.
Economic losses due to L. salmonae have been estimated previously (Constantine 1999),
but the financial impact of other microsporidians of aquacultured fishes remains
unknown. The mechanism underlying impaired growth remains uncharacterized but
80

might reflect decreased appetite (Matthys and Billiau 1997), decreased feed conversion
efficiency (Speare et al. 1998b), or perhaps that heavily infected fish become
competitively subordinate (Johnsson et al. 1996). Regardless of the mechanism, Atlantic
cod families with low intensity L. morhua infections showed significantly better growth
than did fish with high intensity infections. Similar growth impairment observations
have been made previously from natural infections of L. morhua in Atlantic cod (Khan
2005) and from a naturally acquired microsporidian infection in turbot, Scophthalmus
maximus (Figueras et al. 1992). Definitive impairment of host growth following
experimental microsporidian infections is limited, and best demonstrated from
investigation of Pseudoloma neurophilia in zebrafish used as a biomedical research
model (Ramsay et al. 2009). Related studies of zebrafish using bacterial infections
demonstrate further that husbandry-induced stressors exacerbate host mortality.
Extension of this concept to include microsporidians and other infectious disease agents
would seem only logical. However, such definitive observations as we report are
important for industry from the perspective of establishing breeding programs to select
concurrently for disease resistance and improved fish growth, in combination with other
traits desired during aquaculture. Fish in this study were only one generation from their
wild parents and so these powerful observations hold translational potential for elite
broodstock selection programs during aquaculture. Our observations are compatible with
the concept that variation in infection intensity and host response is often observed
among individuals of a population (Dorson et al. 1995), but with extension to a definitive
and demonstrated correlation with improved fish growth.
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MH-I allelic diversity and potential association with differential susceptibility to
infection
Efforts to develop Atlantic cod as a profitable aquaculture species failed to result
in ongoing commercial production in North America. Unfortunately, this precluded
intended empirical assessment of heritability of relative resistance to L. morhua using
offspring from Atlantic cod families reported in this study. Accordingly, efforts were
redirected to assessing genetic diversity of a host molecular marker that might correlate
with the differential intensity observed during L. morhua infections. Despite an absence
of literature demonstrating definitively that microsporidia are processed for antigen
presentation via the MHC class I pathway, CD8+ T-cells have been demonstrated to play
a pivotal role in clearance of intracellular pathogens from vertebrate hosts (Stenger et al.
1997; Moretto et al. 2000). Moreover, Powell et al. (2014) observed recruitment of
CD8+ T-cells to gill xenoma-complexes induced by the congeneric parasite L. salmonae.
Clearance of microsporidial infections via CD8+ T-cell activation supports MHC class I
involvement during microsporidial infections (Moretto et al. 2015). Given the
intracellular development of L. morhua and the lack of functional MH-II in Atlantic cod
(Star et al. 2011), we focused on MH-I as a potential molecular marker to help explain
differential susceptibility to infection. The polymorphic MH α-1 and α-2 domains are
responsible for binding foreign peptides to the antigen recognition site and facilitating
presentation of a broad array of infectious disease agents encountered routinely in an
aquatic environment (Bjorkman et al. 1987; Hughes and Yeager 1998). The rationale for
selecting MH α-1 over α-2 as a marker in the current study was primarily that the
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nucleotide sequence of the α-1 subunit was of optimal size for ultra-deep Illumina
sequencing.
Resistance to disease agents is observed in fishes but specific molecular markers
correlating with this resistance are lacking (Van Muiswinkel and Nakao 2014). Outbred
salmon show greater resistance to Myxobolus than do inbred fish (Arkush et al. 2002).
Atlantic salmon resistant to Aeromonas salmonicida and infectious salmon anaemia
(ISA) also demonstrate high MH heterozygosity (Grimholt et al. 2003). MH
polymorphism in fish populations is important for fish health and this MH diversity
shows positive correlation with resistance to pathogens (Arkush et al. 2002; Grimholt et
al. 2003; Rakus et al. 2009). This fact is of particular relevance given the organization of
MH genes in Atlantic cod. MH-II genes are not functional in Atlantic cod but they have
undergone expansion of MH-I genes with an estimated 100 MH-I loci within the genome
of one fish (Star et al. 2011). MH-I has evolved to deal with intracellular pathogens like
L. morhua for foreign peptide presentation to elicit immune effector cell responses (Klein
and Sato 2000). Given that wild fish populations often suffer high juvenile mortality, the
high heterogeneity in MH genes helps ensure that at least some fish will survive insult by
the broad array of infectious disease agents to which they are exposed (Stet et al. 2003).
We initiated assessment of MH diversity in Atlantic cod from fish showing low
and high intensity L. morhua infections to extend our knowledge of MH sequence
heterogeneity and to assess correlation between allelic profiles and infection intensity.
Previous studies are limited to 143 unique MH sequences observed from cDNA derived
from a single Atlantic cod (Malmstrom et al. 2013). Ultra-deep Illumina sequencing of
genomic MH-I α-1 from nine fish revealed 303 unique MH sequences and rarefaction
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curves estimate allelic diversity at 586. This is the first study to estimate MH α-1 allele
diversity at the level of an Atlantic cod population. Wild broodstock were collected off
the coast of Newfoundland and so this restricted population sampling serves to promote
underestimation of MH diversity at the level of the entire Atlantic cod population. In
support of this, only 7 of our 303 sequences matched alleles reported from a Norwegian
Atlantic cod. Furthermore, only one of the 303 MH α-1 alleles was common to all nine
Atlantic cod whereas 43% of alleles were present in only one of the nine fish. While
three MH α-1 alleles were unique to cod from the low infection intensity group, diversity
of MH α-1 alleles makes it difficult to identify correlations with infection intensity in
such a limited sample of individuals. The observational nature of differential
susceptibility in this naturally-infected population precluded large-scale assessment of
MH α-I diversity but serves as proof of principle of translational potential.
Final Summary
Wedemeyer et al. (1999) stated that it is “axiomatic that well-nourished fish
reared in highly favourable conditions will be resistant to most pathogens”.
Unfortunately, it seems inevitable that unfavourable conditions (e.g., crowding) will
persist during intensive aquaculture of most finfish species, that physiological stress will
result, followed by an induced state of immunosuppression, and that epizootics of clinical
disease will continue to plague this industry (Meyer 1991; Wedemeyer et al. 1999). As
an example, Atlantic cod is an epibenthic fish but upon introduction to aquaculture was
maintained in sea cages designed for pelagic species. Temperature shifts in this
environment would be quite unlike that in their natural environment and such shifts
induce physiological stress and mortality (Gollock et al. 2006; Perez-Casanova et al.
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2008). Whereas the infectious disease agent itself is essential in contributing to the
diseased state, husbandry practices ultimately dictate the level of physiological stress, the
corresponding level of immunosuppression, and the severity of disease induced by the
infectious disease agent. Microsporidian infections typically exist as chronic subclinical
infections (Vávra and Lukēs 2013), but immunosuppression of hosts promotes clinical
disease (Didier and Khan 2014).
Industry might resist changes to established husbandry practices because of the
incompatibility of additional financial costs with profit margins. However, given that
individuals in a population vary in their susceptibility to physiological stressors, and
directly or indirectly to infectious disease agents, broodstock selection offers an alternate
and relatively low-cost mechanism for industrial change. In the current study, we
provide definitive evidence that fish growth is inversely associated with microsporidian
infection intensity and so selection would serve two beneficial outcomes. Improved
growth is of obvious benefit but given that disease is often dictated by initial exposure
level and time of exposure to an infectious agent, elimination of highly susceptible
individuals from the initial stocked population will further reduce population level
impacts on production by reducing overall exposure level. It is well known that reduced
host condition can predispose individuals to infections that further compromise their
condition (Beldomenico and Begon 2009). Current industrial interests in
immunostimulants that promote immunocompetence (Magnadottir et al. 2006; Guselle et
al. 2007; Meena et al. 2013) is not a dramatically different strategy to help mitigate
disease. However, incorporating stress tolerance, immunocompetence, and disease
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resistance as heritable traits via broodstock selection is simply a more direct approach to
achieving this goal.
It is the combination of high biotic potential and potential for mass parasite
proliferation that combine with high host densities during aquaculture to support
epizootic events and production losses from microsporidians. Aquacultured fishes are
particularly susceptible to microsporidians (Hauck 1984; Kent et al. 1989; Figueras et al.
1992; Fomena et al. 1992; Nilsen et al. 1995; Amigo et al. 1996; Khan 2005, 2009;
Nylund et al. 2010; Miwa et al. 2011; Palenzuela et al. 2014; Winters et al. 2016; Xu et
al. 2017; and, Frenette et al. 2017) and resultant disease epizootics can cause substantial
economic losses for the industry (Constantine 1999). Despite our knowledge regarding
the ubiquitous distribution of microsporidians, the true diversity of these parasites is
predictably underestimated and inevitably under-reported. Thus, knowledge gaps with
respect to host specificity and transmission dynamics in wild fish populations support the
reality that epizootics resulting from microsporidian infections will pose an ongoing
threat to the production potential of the aquaculture industry and to translational scientific
research outcomes. Given the diversity and broad distribution of microsporidian
parasites in wild fishes, the artificial habitats afforded by intensive aquaculture ostensibly
contributes to high rates of microsporidian infections through exposure to biotic and
abiotic stressors and co-infections with other aquatic pathogens. Our work investigating
L. morhua infections in Atlantic cod provides a template for investigating
microsporidians of fishes generally, with need for only limited modification of tools and
approach for alternative finfish species that are introduced to mass cultivation for food
and/or research (i.e., zebrafish).
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Table 3-1. Select families of Atlantic cod (Gadus morhua) with the lowest (L1-L5) and
highest (H1-H5) range of Loma morhua spleen xenoma number suggests a positive
correlation with xenoma infection intensity in gills. Individuals in each Atlantic cod
family were categorized regarding the range in gill xenoma infection intensity; 0-50, 51499, or 500-1000 xenomas per gill arch (L1). Percentage of individuals in each group
(L1-L5 and H1-H5) and their respective gill infection intensities are presented. The
asterisk is to indicate that the number of xenomas are for gill arch L1.
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Table 3-2. Loma morhua limits growth of Atlantic cod (Gadus morhua) with increasing infection intensity. The
hash mark indicates family affiliation was excluded (as per Figure 3.6). Individual fish from the population were
identified as having low (0-20 xenomas), intermediate (21-159 xenomas), or high (160-500 xenomas) L. morhua
spleen infections prior to analysis of body weight. Table values for body and fillet weight represent means and their
standard deviations. Delta body weight represents the change in body weight between the pre-parasite exposure (9-11
months post hatch) and post-parasite exposure (24 months post hatch) timepoints. Thirty-six percent of total body
weight of Atlantic cod was assumed to represent estimated fillet weight as per Waterman (1964) and FAO (1989).
Percentage of fillet weight loss was calculated relative to the low infection intensity group; therefore, a value was not
calculated for the low infection group. Asterisks denote the significance in pairwise comparisons conducted using
Tukey’s test (“***”: p= <0.0001 - 0.001; “**”: p= 0.001 – 0.01; “*”: p = 0.01 – 0.05; “.”: p= 0.05 – 0.1; “ ”: p= 0.1 –
1.0).

Figure 3-1. Loma morhua infection intensity within tissues of Atlantic cod (Gadus
morhua) is consistent in spleen but phasic in gills during a naturally-acquired infection.
Box plots show infection intensity in the spleen (panel A) and gills (panel B) of Atlantic
cod immediately post-infection and over the following 32 months, following a L. morhua
epizootic within an Atlantic cod holding facility. Quantification of L. morhua infection
intensity in spleen reveals consistent infection intensity over 32 months (Kruskal-Wallis,
χ2 = 0.66, df = 3, p = 0.880). Conversely, infection intensity in gills is phasic with
periods of initial high (acute) and subsequent low (chronic) intensity of infection
(Kruskal-Wallis, χ2 = 13.28, df = 3, p < 0.004). For the box plots, the horizontal red and
black lines represent the mean and median xenoma counts per timepoint, respectively,
boxes show the interquartile range (25th - 75th percentiles), error bars are bounded at the
10th and 90th percentiles, and outliers are shown as dots. Statistical significance of L.
morhua infection intensity in gills at 1 month post-infection is denoted by an asterisk (*).
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Figure 3-2. Loma morhua infection intensity within tissues of Atlantic cod (Gadus
morhua) is consistent in spleen but phasic in gills during an experimentally-induced
infection. Box plots show infection intensity in the spleen (panel A) and gills (panel B)
of Atlantic cod during an experimentally-induced infection. Temporal monitoring and
parasite xenoma quantification reveals consistent infection intensity in spleen tissue from
16-42 WPE (Mann-Whitney-Wilcoxon, W = 92 p = 0.6) but a phasic infection intensity
in gill tissues with a significant reduction in xenoma number from 16-42 WPE (MannWhitney-Wilcoxon, W = 181 p < 0.004). For the box plots, the horizontal red and black
lines represent the mean and median xenoma counts per timepoint, respectively, boxes
show the interquartile range (25th - 75th percentiles), error bars are bounded at the 10th and
90th percentiles, and outliers are shown as dots. Statistical significance of L. morhua
infection intensity in gills at 16 WPE is denoted by an asterisk (*).
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Figure 3-3. Quantification of Loma morhua xenomas in situ on the surface of Atlantic
cod (Gadus morhua) spleens reveals variation in infection intensity both among and
within 50 different families. Bar graphs display the xenoma number per spleen (mean +
standard deviation), enumerated from Atlantic cod for 50 different families (panel A).
Note that enumeration of superficial spleen xenomas was capped at 500, as a
consequence of standardizing examination time of each spleen to 2-minutes. The number
below each bar indicates the number of fish examined per family. Further data analysis
was conducted on selected families with low (red bars) and high (black bars) average
infection intensity. Dot plots showing the infection intensity for each sampled individual
in the selected families (L1-L5 in red, and H1-H5 in black) (panel B). The small gray
horizontal line indicates the mean infection intensity per family. Prevalence (Pr) of L.
morhua infection within each family is indicated below the X-axis.
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Figure 3-4. Scatter plot demonstrating the association between infection intensity of
Loma morhua xenomas observed in Atlantic cod (Gadus morhua) spleen and gill tissues.
Red and black dots display xenoma infection intensity in spleen and gills for cod
identified with the lowest (L1-L5; red) and highest (H1-H5; black) L. morhua infection
intensity, respectively. Xenoma infection intensity for spleen and gills shows a
significant positive correlation (Pearson Correlation, p < 0.0001, r = 0.4436).

100

Figure 3-5. A negative association exists between Loma morhua infection intensity and
Atlantic cod (Gadus morhua) condition factor at the level of the individual and does not
necessarily reflect family affiliation. Host condition factor for fish from select families
identified as having the lowest (L1-L5; red) and highest (H1-H5; black) L. morhua
infection intensity is plotted against spleen xenoma counts prior to detecting infection
(Pearson Correlation, r = 0.061, df = 196, p = 0.06; panel A). Condition factor for these
same fish is also plotted against spleen xenoma counts 7 months after first detecting
infection (Pearson Correlation, r = -0.331, df = 196, p < 0.0001; panel B).
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Figure 3-6. Excluding Atlantic cod (Gadus morhua) family affiliation, a negative
association exists between Loma morhua infection intensity and host condition factor at
the level of the individual. Condition factor for all fish (n = 987) from 50 different
families prior to detecting infection is plotted against spleen xenoma counts (Pearson
Correlation, r = 0.0857, df = 985, p = 0.007; panel A). Condition factor for all fish at 7
months after first detecting infection is also plotted against spleen xenoma counts
(Pearson Correlation, r = -0.2227, df = 985, p < 0.0001; panel B). Fish with spleen
infection intensities from 0-20 xenomas are represented by black triangles, fish with 21159 xenomas are represented by grey circles, and fish with 160-500 xenomas are
represented by black squares.
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Figure 3-7. Estimation of the minimum number of novel Atlantic cod (Gadus morhua)
MH-I α-1 alleles within a population of nine representative fish. Rarefaction analysis
shows the accumulation of novel MH-I α-1 alleles proportionate to the number of
samples. The asymptote of the curve was estimated at 586 alleles, by measuring the
decrease in the slope of the accumulation curve.
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SUPPLEMENTARY DATA

Figure 3-S1. The cumulative sequencing depth of Atlantic cod (Gadus morhua) MH-I
a-1 plotted against the number of putative alleles. The inflection point, which is
identified when the rate of cumulative sequence depth decreases, delineates the boundary
between putative alleles (left side of inflection) and sequencing artifacts (right side of
inflection).
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Chapter 4: Quantitative PCR offers improved diagnostic and analytical
sensitivity in identifying differential Loma morhua infections among
Atlantic cod (Gadus morhua) family lines

Contributors:
M. D. B. Burt and M. S. Duffy
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ABSTRACT
Diagnosis of Loma morhua in Atlantic cod (Gadus morhua) involves detection of
xenomas housing parasite spores compatible with morphological descriptions.
Parasitological detection is contingent on proficiency distinguishing L. morhua xenomas
from differential diagnoses but is insufficient at detecting earlier developmental lifestages. Quantification is more complicated, with xenomas distributed throughout the
parenchyma of organs considered most reliable for diagnosis. Ten Atlantic cod families
with differential susceptibility to L. morhua were analyzed using quantitative PCR
(qPCR) to assess validity of the assay in detecting and quantifying infections. The
heterogeneous parasite distribution within fish spleens necessitated development of a
tissue disruption protocol (FastPrep homogenizer; MP Biomedical) yielding a
homogenous preparation for standardized genomic DNA extractions. qPCR primers and
probe targeted a region of large subunit (LSU) ribosomal DNA that enables L. morhua to
be distinguished from congeneric species infecting non-gadid hosts, but not those
infecting gadid hosts. Parasite rDNA copies detected were normalized to Atlantic cod
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) genomic DNA and normalized to
spleen weight. The parasite qPCR assay demonstrated linearity (R2 = 0.971 to 0.999;
range) throughout a large range of 5 log10 plasmid concentrations (102 to 106 titrated in
host DNA), low variability (CV = 11.2 - 23.2%; n = 11 separate reactions), and the lower
limit of detection was 10 plasmid copies. qPCR and parasitological quantification of L.
morhua infection intensity were positively correlated (Pearson Correlation, r = 0.71).
Three individuals were false-negatives using the parasitological gold standard based upon
qPCR detection of 141-242 rDNA copies, thereby improving detection and increasing
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infection prevalence to 100% in this host population. This qPCR assay improves
diagnostic and analytical sensitivity in detecting L. morhua infections, supports empirical
assessment of preventative and therapeutic treatment of microsporidian infections, and
promotes studies to identify biomarkers that enable selection of broodstock that resist
microsporidian disease.
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INTRODUCTION
The emergence of microsporidian parasites as significant threats to finfish
aquaculture is not surprising considering their ubiquitous distribution amongst wild fishes
and their direct route of transmission (Lom 2002; Stentiford et al. 2013; Kent et al. 2014).
Microsporidian infections contribute to a chronic immunosuppressive state in cultured
fishes (Stentiford et al. 2016) resulting from a combination of high stocking densities,
temperature fluctuation, and other infectious disease agents (IDAs; Meyer 1991;
Wedemeyer et al. 1999). Outbreaks of disease during aquaculture are particularly
concerning because IDAs can disrupt early research and production initiatives critical for
success with launching alternative finfish species (Bricknell et al. 2006). Identification of
Loma morhua as a pathogen of concern during attempts to develop Atlantic cod (Gadus
morhua) as an aquaculture species (Khan 2005; Bricknell et al. 2006; Frenette et al.
2017) highlights the relevance of disease caused by microsporidians because infections
compromised both selective breeding programs and commercial production (FitzGerald
et al. 2010). Hatchery-reared Atlantic cod are highly susceptible to infections, with
prevalence reaching 100% in Atlantic Canada (Frenette et al. 2017). Loma morhua
infections are associated with immune suppression, reduced growth yields, and
mortalities (Khan 2005; Chapter 3), and contribute to production limitations of a once
prospective industry (FitzGerald et al. 2010). A high incidence of microsporidian
infections and disease is also observed in other cultured food fishes (e.g., Atlantic
salmon: Nylund et al. 2010; Chinook: Hauck 1984; Hedrick et al. 1991; Coho: Kent et al.
1989; Speare et al. 1989; Rainbow Trout: Wales and Wolf 1955; Morrison and Sprague
1983; Markey et al. 1994; Sablefish: Brown et al. 2010; Turbot: Figueras et al. 1992;
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Tilapia: Fomena et al. 1992; Halibut: Nilsen et al. 1995; Greater amberjack: Miwa et al.
2011; Gilt-head bream: Palenzuela et al. 2014; Groupers: Xu et al. 2017) and fish
relevant to biomedical research (i.e., zebrafish; Murray et al. 2011; Sanders et al. 2012).
However, chemotherapeutic and vaccine strategies against microsporidians of fishes are
limited to the well-studied salmonid parasite L. salmonae (Kent and Dawe 1994; Speare
et al. 1999; Guselle et al. 2006, 2007, 2010; Becker and Speare 2007; Speare et al. 2007;
Harkness et al. 2013). Alternative disease mitigation strategies center on husbandry
improvements to limit spread of infectious spores within hatcheries (Kent et al. 2011) and
identifying naturally resistant fish for selective breeding programs (Chapter 3).
One factor limiting successful prophylactic control of microsporidians is the
inability to determine efficacy of treatments due to challenges with accurately
quantifying infections (Becker and Speare 2007). The current gold standard for
determining Loma spp. infection status centers on detection of xenomas containing
microscopic spores with compatible morphology (Morrison and Sprague 1981) in
vascularized host tissues (Speare et al. 1998; Frenette et al. 2017). Xenomas show
extensive morphological plasticity and are compatible with phenotypes of other IDAs, so
spore presence and morphology must be confirmed by microscopy (Frenette et al. 2017).
These methods are time consuming and require advanced expertise to identify clinical
infections. Subclinical infections are less well-characterized but pre-spore life stages are
not detectable using parasitological approaches (Frenette et al. 2017). Moreover, the
complexity of microsporidian diagnosis is exacerbated by spatiotemporal infection
dynamics and the need to focus detection using those target organs most likely to reveal
the infection status of an individual (Chapter 3). In the case of L. morhua infections in
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Atlantic cod, recent studies show that the spleen is the most reliable organ for detecting
and quantifying infections (Chapter 3). Spatiotemporal features of many fish
microsporidians remain uncharacterized (Stentiford et al. 2013).
Quantitative molecular tools such as quantitative polymerase chain reaction
(qPCR) offer increased sensitivity in detection and quantification of many IDAs
(Getchell and Bowser 2011; Purcell et al. 2011; Bastardo et al. 2012; Marancik and
Wiens 2013; Downes et al. 2015; Reichley et al. 2015; Bass et al. 2017). Integration of
contemporary molecular diagnostic tools with knowledge of microsporidian parasite life
history can facilitate a streamlined approach for reliable quantification in support of
developing effective mitigation strategies during fish culture. The major objective of the
current study was to develop a streamlined approach to quantify L. morhua infections in
Atlantic cod. Specific aims included: (i) developing a qPCR assay to quantify L. morhua
ribosomal DNA; (ii) integrating efficient organ tissue-disruption for accurate
quantification of infection intensity; (iii) determining utility of qPCR by comparison with
gold standard parasitological procedures; and, (iv) incorporating Minimum Information
Required for Quantitative Experiments (MIQE) protocols during validation and
optimization of the L. morhua qPCR assay. This approach enables standardized parasite
quantification, is more sensitive than the gold standard methodology, promotes efforts to
accurately assess efficacy of treatments, and is highly amenable to investigating other
microsporidian parasites and IDAs as aquaculture diversifies to include alternative fishes
with undefined pathogens communities.
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MATERIALS AND METHODS
Family selection
Quantitative molecular analysis of L. morhua infection intensity was performed
on 10 Atlantic cod families collected from aquatic facilities at the Ocean Science Center
(OSC) at Memorial University, St. John’s Newfoundland (September 26-30, 2011).
These fish were produced and reared by the Newfoundland initiative of the Atlantic Cod
Genomics and Broodstock Development Program and represent a subset of a population
comprising 50 different families previously demonstrated to have differential L. morhua
infection intensities. Infection intensities were determined by parasitological
quantification of superficial spleen xenomas, with five families categorized with the
lowest (L1-L5) and five families with the highest (H1-H5) infection intensities (Table 41; Chapter 3). Spleens were weighed, coded to conceal their family affiliation throughout
analyses, and retained at -20oC until DNA extraction and qPCR analysis of infection
intensity. Statistical analysis of the infection intensity, as determined by qPCR, among
select families was performed using Kruskal-Wallis analysis and Dunn’s post-hoc test (R
Core Team 2015; version 3.2.1). Non-parametric statistical tests were used as the spleen
dataset violated two assumptions of the analogous parametric test (i.e., ANOVA);
normality and heteroscedasticity, tested with the Shapiro-Wilk and Levene’s tests,
respectively using car R package (R package version 2.1-5; Fox and Weisberg 2011).
The relationship between infection intensity, as determined by qPCR analysis of spleen
homogenates, and parasitological quantification of superficial spleen xenomas was
assessed using Pearson’s Correlation test (R Core Team 2015; version 3.2.1).
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Molecular quantification of L. morhua infections from host spleens
Spleen disruption
Spleens were disrupted mechanically prior to DNA extraction to ensure reliable
and accurate quantification of target parasite DNA within this host organ. Briefly, frozen
cod spleens were incubated for 2 hours in a volume of sterile 0.85% saline that was 6X
the spleen mass (g). Five cerium stabilized zirconia oxide satellite beads (Norstone Inc.,
Bridgeport, PA, USA), garnet matrix at a 1:1 ratio (weight:weight) of garnet matrix to
spleen (MP Biomedicals), 0.5% per volume Anitfoam-A (Sigma, St. Louis, MO, USA),
and 5 mM EDTA (pH 8.0) were added to 50 ml Falcon tubes each containing a spleen.
Spleens were homogenized using a FastPrep-24 cell/tissue homogenizer (MP
Biomedicals) for 45 seconds at a rate 5.5 meters per second. Spleen homogenates were
incubated in an ice bath for five minutes prior to being homogenized for an additional 45
seconds. 60 µl of spleen homogenate (equivalent to 10 mg of tissue) was collected for
DNA extraction immediately following tissue disruption.
DNA extraction
DNA extraction from spleen homogenates was performed using the mammalian
tissue protocol (mouse/rat tail lysate) from the PurelinkTM Genomic DNA Kit (Invitrogen,
Burlington, ON). DNA concentration and quality were determined in triplicate by
measuring absorbance at 260 nm and the ratio of absorbance at 260 nm and 280 nm,
respectively. Purified DNA was diluted to 40 ng/µl, aliquoted for single use and stored at
-20oC degrees.
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qPCR conditions
qPCR assays were developed to amplify and quantify ribosomal DNA (rDNA)
from the microsporidian parasite L. morhua and glyceraldehyde-3-phosphate
dehydrogenase DNA (GAPDH) from the Atlantic cod host as a normalization control
(Table 4-2). As per MIQE standards (Bustin et al. 2009), optimal qPCR conditions for
primer concentration (range: 0.3-0.9 µM), probe concentration (range: 0.1-0.3 µM), total
genomic DNA concentration (50-500 ng), and qPCR cycling protocols were determined
by varying reaction components and comparing the quantification cycle (Cq) or “copies
detected” values using known concentrations of plasmid DNA (cloned parasite rDNA)
and/or DNA extracts from cod spleens. All qPCR assays consisted of 12.5 µl 2X
TaqMan Universal Master Mix II, no UNG (Thermo Fisher Scientific), 2.25 µl 0.9 µM
forward primer, 2.25 µl 0.9 µM reverse primer, 1.25 µl 0.1 µM TaqMan probe
(ThermoFisher Scientific), 5.0 µl of template DNA (40 ng/µl) and nuclease-free water to
a final volume of 25 µl. The qPCR was performed in a Rotor-Gene 6000 thermal cycler
(Corbett Life Sciences, San Francisco, CA) using cod spleen DNA as template and the
following conditions: 95°C for 10 minutes; 40 cycles of 95°C for 15 seconds; and, either
62°C (L. morhua qPCR) or 60°C (Atlantic cod qPCR) for 60 seconds.
qPCR primer and probe design
Custom primers and probes (Table 4-2) were designed (Integrated DNA
Technologies’ PrimerQuest Tools) as per MIQE standards (Bustin et al. 2009) and
manufacturer’s instructions regarding amplicon size and primer distance from probe
(Thermo Fisher Scientific). Loma morhua qPCR primers and probe targeted a nucleotide
region of the LSU with high intraspecific conservation of nucleotide sequence, but with
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interspecific variability among some congeneric species. The L. morhua qPCR primers
were assessed further to ensure their ability to distinguish host DNA. Genomic DNA
(gDNA) extracted from specific pathogen-free (SPF) Atlantic cod was assessed in PCR
assays using the primer set described above and amplicons were separated via nondenaturing polyacrylamide gels (Ausubel et al. 2002). Furthermore, gDNA from three
SPF Atlantic cod was assessed in qPCR assays using the primer set and probe described
above. Host qPCR primers and probe were designed exclusively for normalization and
determination of L. morhua rDNA copy number. Primers and probes were designed to
ensure specificity for target DNA to exclude potential sources of DNA contamination
within the lab.
Generation of standard curves for qPCR assays
Loma morhua Plasmid Standard Curve. Ribosomal DNA was amplified from a
single L. morhua xenoma using a primer set that amplifies Loma LSU rDNA to generate
a 400 bp amplicon (Table 4-2) using PCR conditions described previously (Frenette et al.
2017). Amplicons were purified (Purelink™ PCR Purification Kit), cloned to a
sequencing vector (TOPO TA Cloning® Kit for Sequencing), streak-purified twice to
ensure clonality, and inserts sequenced on both strands (Research and Productivity
Council, Fredericton, NB, Canada). This L. morhua LSU rDNA plasmid was purified
and linearized via digest with Xmn1 restriction enzyme (New England Biolab, Ipswich,
MA, USA). The concentration and quality of the linearized plasmid was determined in
triplicate as described above for spleen homogenates. Purified plasmid was diluted to 109
plasmid copies/µl, aliquoted for single use and stored at -20°C. The standard curve
consisted of ten-fold dilutions of plasmid in purified salmon sperm DNA (SSDNA, 200
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ng per reaction; Invitrogen) with final plasmid concentrations ranging from 106-102
copies per qPCR reaction.
Atlantic cod gDNA Standard Curve. The spleen from a SPF Atlantic cod was
isolated and gDNA was extracted (10 mg tissues per sample) using the mammalian tissue
protocol from the Purelink™ Genomic DNA Kit (Invitrogen, Burlington, On). The
concentration and quality of the purified DNA sample was determined in triplicate as
described above. The sample was diluted to 50 ng/µl, aliquoted for single use and stored
at -20°C. The standard curve consisted of 10-fold dilutions of purified cod DNA
consisting of DNA concentrations ranging from 200-2 ng DNA per qPCR reaction.
Atlantic cod Plasmid Standard Curve. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) DNA was amplified from spleen DNA using a primer set that
amplifies cod GAPDH DNA to generate a 326-bp amplicon (Table 4-2) using PCR
conditions described previously (Frenette et al. 2017). Generation of the cod GAPDH
plasmid was performed as described for the generation of the L. morhua plasmids. The
standard curve consisted of 10-fold dilutions of plasmid in purified SSDNA (200 ng per
reaction; Invitrogen) with final plasmid concentrations ranging from 107-103 copies per
qPCR reaction.
PCR amplification efficiency and linear dynamic range
Amplification efficiency was calculated from the slope of the standard curves (E
= [10(-1/slope)]-1) and the R2 values (coefficient of determination) were calculated. The
linear dynamic range of the qPCR assay was determined by plotting the quantification
cycle (Cq; y-axis) against the log starting quantity of the dilution factor of the standard
curve (x-axis). Moreover, quantitative molecular analysis of L. morhua infection
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intensity was performed on 28 additional fish identified as having either low (n=14) or
high (n=14) infection intensity via parasitological quantification of xenomas on the
surface of host spleens (Chapter 3). As per MIQE standards, these samples served to
confirm that both the lower and upper range of L. morhua infection intensities were
within linear intervals of the qPCR calibration curve (Bustin et al. 2009).
Normalization of Cq values and determination of copies detected
Cq values generated during the L. morhua qPCR were normalized and converted
to units displaying the copy number quantified per spleen. Briefly, Cq values generated
from the L. morhua qPCR assay were normalized to the equivalent loading of 200 ng
DNA per reaction using the equation:
Normalized Cq = Lm * 200ng/cod,
where Lm is the Cq value using L. morhua qPCR assay, cod is the Cq value using
Atlantic cod qPCR assay, and 200ng is the Cq value obtained from the 200 ng cod DNA
standard using Atlantic cod qPCR assay (Heid et al. 1996). The normalized Cq values
were then converted to number of copies detected per 200 ng DNA by using the
following equation:
Normalized Cq = m * log10(Quantity) + b,
Quantity = 10((Cq-b)/m),
where m is the slope of the line generated by standard curve, b is the y-intercept of line
generated by standard curve, log10(Quantity) is the logarithmic starting quantity of
plasmids displayed by the standard curve, and Quantity is the number of copies detected.
The number of rDNA copies per 200 ng DNA was further converted to number of rDNA
copies detected in 10 mg of spleen tissue based upon the total amount of DNA (ng)
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recovered during gDNA extraction (10 mg spleen tissue extracted from each sample).
This enabled the number of rDNA copies per spleen to be estimated by taking into
consideration the weight of individual spleens using the following equation:
rDNA copies per spleen = ((total spleen weight (mg) / 10 mg) * rDNA Copies per 10
mg spleen tissue)
qPCR precision
Precision of the L. morhua qPCR assay was assessed by measuring the Cq and
copy number detected from L. morhua plasmid samples diluted ten-fold in purified
SSDNA (200 ng per reaction) with final plasmid concentrations ranging from 106-101
copies per qPCR reaction. In addition, precision was further assessed on two spleen
samples confirmed positive for L. morhua infection. Similarly, precision of the Atlantic
cod qPCR assay was assessed by measuring the Cq from cod GAPDH plasmid samples
diluted ten-fold in purified SSDNA (200 ng per reaction) with the final plasmid
concentration ranging from 107-103 copies per qPCR reaction. The Cq and copy number
detected for each plasmid dilution was measured in triplicate and replicated over separate
qPCR runs.
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RESULTS
Molecular quantification of L. morhua infections in Atlantic cod
Primer and probe design
A primer set flanking an 87-nucleotide region of the LSU in combination with a
5´-hydrolysis probe positioned six nucleotides from the 3´-end of the forward primer
were selected for assessment of their utility in detecting and quantifying L. morhua in
infected Atlantic cod (Table 4-2; Fig. 4-1). A species-specific primer set and probe could
not be developed because of the high level of conservation in the LSU among congeneric
Loma spp.. These primers most likely amplify congeneric Loma spp. (Fig. 4-1). The 5´hydrolysis probe enables L. morhua to be distinguished from congeneric species that
parasitize non-gadid hosts, but not from those infecting gadid hosts (Fig. 4-1). A primer
set and 5´-hydrolysis probe from a region of the Atlantic cod glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) genomic sequence was designed exclusively for normalization
and determination of L. morhua rDNA copy number (Fig. 4-S1). Both the primer and
probe sequences vary in nucleotide composition when compared with GAPDH sequence
from common sources of DNA in laboratories at the University of New Brunswick (i.e.,
salmon, zebrafish, and human; Fig. 4-S1).
Quantitative polymerase chain reaction optimization
Optimal qPCR reaction conditions for the parasite and host assays were
determined empirically for primer concentration (0.9 µM), 5´-hydrolysis probe
concentration (0.1 µM), total DNA loading (200 ng DNA), and qPCR cycling protocol
(two-step cycling) (Fig. 4-S2-S5).
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Primer and probe specificity
Parasite primers and probe were demonstrated to be specific by showing that PCR
amplification of DNA extracted from SPF Atlantic cod maintained free of L. morhua
infection did not yield amplicons using the L. morhua qPCR primer set (Fig. 4-S6).
Confirmation of the presence of host DNA was obtained from all fish by amplification of
mtDNA (Frenette et al. 2017), demonstrating further the specificity of the L. morhua
qPCR (Fig. 4-S6). A xenoma from L. morhua served as a positive PCR control and
yielded an amplicon using the qPCR primer set (Fig. 4-S6). Moreover, qPCR
amplification of DNA extracted from three additional SPF Atlantic cod maintained free
of L. morhua infection did not yield any detectable fluorescent signal. Plasmid standards
and known positive samples served as positive qPCR controls and yielded a detectable
fluorescent signal in all instances.
Quantitative PCR efficiency and linear dynamic range
The average amplification efficiency during the L. morhua qPCR assay was
88.5% ± 1.6 (mean ± standard error, n = 11). The qPCR assay had a linear relationship
over a large range of log10 concentrations (102 to 106) of L. morhua rDNA plasmid
titrated into 200 ng of SSDNA (R2 = 0.971 to 0.999 (range); Fig. 4-2). Moreover, a pilotstudy using Atlantic cod spleens from the lower and upper extremes of the L. morhua
infection intensity range demonstrated that these extremes occur within the qPCR
calibration curve’s linear intervals (100-1,000,000 copies; Fig. 4-S7). In addition, the
cod GAPDH qPCR assay demonstrated an average amplification efficiency of 95% ± 3.5
(mean ± standard error, n = 11) and had a linear relationship over a large range of log10
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concentrations (103 to 107) of cod GAPDH plasmid titrated into 200 ng of SSDNA (R2 =
0.971 to 0.996 (range); Fig. 4-S8).
Quantitative PCR precision
Precision of the L. morhua qPCR assay over 5 log10 concentrations (102 to 106) of
L. morhua rDNA plasmid titrated into 200 ng of SSDNA demonstrated low variability
with coefficients of variation (CV) ranging from 11.2 - 23.2% over eleven different runs
(Table 4-3). Moreover, precision of two confirmed L. morhua-infected spleen samples
demonstrate low variability with CV of 1.6% and 24.2% (Table 4-3). The L. morhua
qPCR assay consistently detected 10 L. morhua rDNA copies titrated into 200 ng
SSDNA throughout six independent qPCR trials, but not every technical replicate was
positive, as this is clearly the lower limit of the assay’s detection capacity (Table 4-3).
Further analysis of the six independent qPCR trials revealed that technical replicates for
two of the six trials were only positive for one of three replicates. Additionally, technical
replicates for two additional trials were positive for two of three replicates, whereas the
remaining two trials were positive across all triplicate reactions. The empirical
observations relating to L. morhua rDNA plasmid titrations in known quantities of
competing SSDNA suggest that the lower limit of detection for the L. morhua qPCR
assay is 10 copies of rDNA in 200 ng DNA. Precision of the cod GAPDH qPCR assay
measured from two different samples of cod gDNA over 11 different independent runs
demonstrated low variability with the quantification cycle values CV of 1.91 and 2.08
(Table 4-S1).
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Parasitological enumeration of spleen xenomas is supported by qPCR
qPCR analysis of spleen homogenates from families exhibiting low (L1-L5) and
high (H1-H5) infection intensities differed significantly (Kruskal-Wallis, χ2 = 95.82, df =
9, p < 0.0001; Fig. 4-3), and supported parasitological quantification of spleen xenomas.
In spite of the wide range of infection intensities observed within families, the
parasitological and qPCR procedures for determining L. morhua infection intensity show
significant positive correlation (Pearson Correlation, r = 0.71, df = 195, p < 0.0001; Fig.
4-4). Importantly, L. morhua infection intensity does not correlate with total spleen
weight (Table 4-4), which enables qPCR quantification of infection intensity in spleen
tissues (rDNA copies per spleen) to be utilized for assessment and comparison of
infections across individual fish and their respective families.
qPCR supports increased diagnostic and analytical sensitivity
qPCR assessment of spleens exhibiting an infection phenotype characteristic at
the lower range of infection intensity (0-50 xenomas) demonstrated an increased
diagnostic sensitivity compared to conventional methods enumerating superficial spleen
xenomas (Fig. 4-5). Specifically, three cod diagnosed as uninfected by parasitological
enumeration of spleen xenomas were all diagnosed as infected following detection of
rDNA using qPCR (Fig. 4-5). These three cod belonged to families exhibiting relatively
low infection intensity (L2, L4, and L5; Chapter 3). Furthermore, accurate qPCR
diagnosis served to increase the overall prevalence of L. morhua infection in families L1L5 to 100% (Fig. 4-3). qPCR analysis of these false-negative individuals estimated
between 141-242 rDNA copies per 200 ng of spleen DNA. The range in detectable
parasite rDNA copies per 200 ng host DNA was between 17 and 126,609 copies in fish
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exhibiting the low infection phenotype (0-50 xenomas). The lower limit of detection of
this qPCR assay is further exemplified by routine detection of 10 plasmid copies in 200
ng of purified SSDNA (Table 4-3).
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DISCUSSION
Selective breeding initiatives and accurate identification of differential L. morhua
infections
Sustainable finfish aquaculture employs selective breeding initiatives to enhance
production yields by selecting broodstock traditionally based primarily on superior
growth rates (Gjedrem 1985; Eknath et al. 1991). However, more recent endeavours
recognize the financial consequences of infectious disease agents (IDAs) during
aquaculture and aspire to incorporate natural resistance as part of broodstock selection
programs (Gjedrem 2010; Gjedrem and Robinson 2014; Gao et al. 2016; Zhu et al. 2017).
This is a developing area of study because specific genetic markers used to select for
resistance to pathogens have yet to be elucidated in fishes (Van Muiswinkel and Nakao
2014; Gao et al. 2016; Zhu et al. 2017). Regardless, differential susceptibility to IDAs
must be first assessed by comparing infection intensity within a population to identify
resistant individuals (Bailey et al. 2017). Whereas investigation of genetic markers that
could be incorporated into selective breeding practices to mitigate microsporidian
infections in fishes is limited (Chapter 3), differential resistance has been assessed in
other hosts pending establishment of methods that reliably determine microsporidian
intensities amongst individuals. Balla et al. (2015) demonstrated that genetic variation
among wild strains of Caenorhabditis elegans dictates their ability to limit
microsporidian infections and increase their fitness. Moreover, selective breeding of
Danish honeybee colonies with low intensity infections of the microsporidian Nosema
ceranae promotes parasite tolerance (Huang et al. 2012). These observations substantiate
differential host resistance to microsporidans as having a genetic basis (Fontbonne et al.
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2013) and highlight the need for accuracy in quantifying infections for broodstock
selection.
The negative financial consequences of microsporidian parasites during finfish
aquaculture is underappreciated due to the cryptic nature of infections (Ramsay et al.
2009) and often is realized only after selective breeding practices are established
(Constantine 1999; Chapter 3). Microsporidian infections occur in up to 100% of
cultured fish (Barker 2008; Frenette et al. 2017; Chapter 3), with differential
susceptibility observed among individuals in a population (Chapter 3). One major
challenge with studying the translational significance of fish microsporidian infections is
the lack of streamlined and standardized approaches for quantitative diagnostics (Becker
and Speare 2007). Tissues exhibiting static infection intensities are a prerequisite to
improving diagnosis (Purcell et al. 2013) and those tissues are best suited to comparisons
for identifying individuals with natural resistance to infections (Balla et al. 2015). In
addition to spatial considerations, temporal aspects of infections influence selection of
tissues/organs that best reflect infection status to ensure reliable comparisons among
individuals (Jauregui et al. 2001; Frenette et al. 2017; Chapter 3). Many reports on Loma
spp. suggest gills as the primary location of parasite establishment (Khan 2005;
Rodriguez-Tovar et al. 2003; Hauck 1984; Speare et al. 1998) but gill infection intensity
is phasic while the spleen shows static intensity throughout L. morhua infections
(Chapter 3). This feature exemplifies utility of the spleen, even when timing of parasite
exposure is unknown (Chapter 3). Importantly, the static xenoma intensity in situ in
spleen was critical in elucidating differential susceptibility to L. morhua amongst 50
Atlantic cod families (Chapter 3). Furthermore, the spleen is amenable to uncomplicated
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and complete isolation and the red colouration permits parastiological identification of
xenomas on the spleen surface (Frenette et al. 2017).
Tissue homogenization for normalization of qPCR results
Identifying the spleen as the target organ for reliable quantification of L. morhua
(Frenette et al. 2017) is the foundational step allowing development of techniques to
thoroughly disrupt tissues and standardize DNA extraction towards accurate molecular
quantification of host infection status (Bustin et al. 2009; Purcell et al. 2013).
Conventional tissue biopsies would not yield reliable data for quantification of L.
morhua, or many other pathogens, because they are not evenly distributed in host tissues
(Rohde et al. 2015; Frenette et al. 2017). However, the FastPrep-24TM (MPB) device
homogenizes tissues effectively (Micic and Whyte 2012; Micic et al. 2016) with
complete disintegration of an intact spleen and their xenomas within 40 seconds. This
promotes single-use disruption chambers that avoid cross-contamination issues observed
with many other extraction techniques (Li et al. 2008). We extended benefits further by
weighing tissues and adding proportional fluid volumes and lysis matrices such that
parasite abundance was normalized per unit spleen in advance of DNA extraction. This
powerful approach enabled accurate quantification of infection status of individuals in
each family while also being blinded to family affiliation.
Challenges associated with parasitological quantification of L. morhua
The quantification methods used in Chapter 3 were achieved by traditional
parasitological examination of xenomas on the surface of the spleen. This is labour
intensive and complicated by the morphological plasticity of xenomas and need to
confirm spores (Frenette et al. 2017). These factors increase the likelihood that parasite
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counts are underrepresented (Ramsay et al. 2009). Xenomas are not restricted to the
spleen surface and would be overlooked within the spleen parenchyma. Furthermore,
xenomas represent only one of several different life stages (Morrison and Sprague 1981;
Morrison 1983; Frenette et al. 2017). Finally, many infectious disease agents induce
xenoma-like structures and must be considered as differential diagnoses (Frenette et al.
2017). These factors complicate reliable species identification, detection, and
quantification using parasitological methods and so we incorporated molecular
quantification for assessment of correlation. In spite of high variability in xenoma size
and abundance of spores within xenomas (Frenette et al. 2017), there was a positive
correlation between our morphological (Chapter 3) and qPCR quantification of L.
morhua infection intensity (Pearson correlation, r = 0.71). This significant correlation
reinforces the utility of either approach to accurately quantify L. morhua. Whereas
molecular quantification provides an advantage in detecting pre-xenoma stages of
parasite development and subclinical infections, it is quite costly as sample sizes increase
(Huggett et al. 2013). qPCR is also technically challenging but arguably easier for most
users than acquiring years of parasitological expertise with complex eukaryotic
pathogens.
Assessing correlation between molecular and parasitological quantification
methodologies
qPCR
qPCR assays are used commonly for quantification of fish-infecting viruses,
bacteria, and parasites including microsporidians (Getchell and Bowser 2011). Molecular
quantification provides an increased scale of resolution and offers potential for high
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sensitivity for detection of early parasite development (Phelps and Goodwin 2007) and
with fewer concerns regarding differential diagnoses. Because qPCR requires low
amplicon size and involves proximal considerations for primers and probe (Bustin 2000;
Didenko 2001), we designed the qPCR to target rDNA due to its high copy number
(Peyretaillade et al. 1998) but avoided the hypervariable internal transcribed spacer (ITS)
(Frenette et al. 2017) to enable reliable quantification of all rDNA alleles for optimal
detection capability (Purcell et al. 2013). Whereas this qPCR assay is not specific for L.
morhua, parasite identification is accomplished easily by sequencing the ITS following
endpoint PCR (Frenette et al. 2017). This qPCR assay offers a direct tool for use by
researchers investigating Loma spp. of gadid hosts and a general template for study of
other fish microsporidians.
MIQE guidelines and reporting
Development of this parasite quantification procedure was done in accordance
with the MIQE recommendations for qPCR design and with considerations for assay
validation (Bustin et al. 2009). MIQE guidelines facilitate standardization of qPCR
experiments, transparency with technical details of the methods employed for molecular
quantification, and unambiguous interpretation of results with greater focus on the
biological relevance (Huggett et al. 2013). Eight of the nine “key areas” from the MIQE
checklist guidelines were used to standardize the present assay, i.e., experimental design,
tissue collection/homogenization, DNA isolation/purification, qPCR targets, primer and
probe design, assay details, PCR conditions, and data analysis (Bustin et al. 2009;
Huggett et al. 2013). All assay guidelines identified as essential by Bustin et al. (2009;
127

Label E in guidelines) were followed and reported to ensure standardization of the
process. MIQE guidelines helped to identify appropriate standards that were included in
the experiment to ensure optimization of qPCR and efficient use of irreplaceable samples.
A pilot-study was implemented using plasmid standards to determine the capacity of the
assay in detecting a wide range of infection intensities representing those observed within
the host population. This ensured accurate comparisons between parasitological and
molecular read-outs in downstream analyses. Moreover, optimization of the present
assay is demonstrated by the qPCR precision and linearity across the broad range of
infection intensities and plasmid standards employed (Bustin et al. 2009). Finally, the
ability to compare infection intensities between individual fish and families was
facilitated by normalizing qPCR read-outs via procedural standardization (i.e., tissue
homogenization, isolation and extraction of DNA, DNA loading, and qPCR reaction
conditions) and through the use of a host marker (i.e., Atlantic cod GAPDH) to ensure
accurate normalization of parasite rDNA copy number (Heid et al. 1996).
Limitations of molecular quantification and interpretation of read-outs
Utility of qPCR assays is contingent on primer/probe design using appropriate
genomic targets, selecting organs that are reliable in determining infection status,
adequate tissue disruption prior to extracting genomic material, and detailed reporting of
all procedures including validation and optimization (Bustin et al. 2009). Advances in
quantitative molecular technologies offer scientists unique tools that enable sensitive and
accurate determination of infection status of individual fish (Getchell and Bowser 2011).
However, a disconnect often persists between the use of a molecular tool and relevance
of its read-out to the infection biology of the IDA in question (Huggett et al. 2013). For
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example, a recent qPCR assay for L. salmonae in chinook salmon targeted a conserved
stretch of nucleotides within small subunit rRNA (Miller et al. 2016). Somewhat
comparable to the assay designed in the current study, specificity of the Miller et al.
(2016) assay is at the level of the genus Loma. Although Miller et al.’s (2016) decision
to process tissue biopsies likely reflects logistical challenges with sample storage, small
biopsies will likely not reflect true pathogen load because parasites are not evenly
distributed in the paraenchyma of an organ (Morrison 1983; Jauregui et al. 2001; Purcell
et al. 2013; Rohde et al. 2015; A. P. Frenette & M. S. Duffy, unpubl. data). Decisions
about tissue sampling can have drastic effects on both the rate of false negatives and the
reproducibility of results (Purcell et al. 2013). Moreover, the prevalence and infection
intensity reported for L. salmonae lacks sufficient information regarding which biopsy
samples (i.e., liver, spleen, gonad, brain, gill) were used during the analysis and is
therefore incomplete (Bass et al. 2017). Accurate reporting of essential details is
necessary to limit ambiguous interpretation of results (Bustin et al. 2009), especially
when definitive aspects of spatiotemporal development and distribution remain to be
elucidated for L. salmonae in tissues other than gills (Kent and Speare 2005; Becker and
Speare 2007). Furthermore, specific identity of the parasite was presumed as L.
salmonae but never confirmed (Bass et al. 2017). Use of qPCR technologies requires that
details relating to assay targets be thoroughly investigated to avoid misleading or
ambiguous interpretation of results.
Final Summary
A qPCR assay for L. morhua infections in Atlantic cod was developed in
conjunction with foundation knowledge of spatiotemporal features of infections (Chapter
129

3) and biology of the parasite (Frenette et al. 2017) that promoted both success and
accuracy. The present qPCR assay improves diagnostic and analytical sensitivity in
detecting L. morhua infections, supports empirical assessment of preventative and
therapeutic treatment of microsporidian infections, and promotes studies to identify
biomarkers that enable selection of broodstock that resist microsporidian disease. We
also provide a template for researchers to implement this approach to quantify other
microsporidians using MIQE guidelines for reporting assay design and functionality
(Bustin et al. 2009). The present qPCR assay has utility in instances where expertise in
parasitological identification is lacking or where subclinical infections occur in a
population. Importantly, this approach is highly amenable to modification for use in
quantification of microsporidians of other fishes.
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Table 4-1. Summary of the infection status of 10 Atlantic cod (Gadus morhua) families
exhibiting low (n = 5) and high (n = 5) Loma morhua infection intensities. Infection
intensity was quantified via macroscopic enumeration of superficial spleen xenomas.
Note the asterisk (*) indicates that the data were extracted from Chapter 3.
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Table 4-2. Primers and 5′-hydrolysis probes utilized for PCR amplification,
quantification, cloning, or sequencing of Loma morhua rDNA and/or Atlantic cod
(Gadus morhua) genomic DNA.
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Table 4-3. Precision of the Loma morhua quantitative PCR (qPCR) assay as
demonstrated by independent inter-assay replication. Inter-assay precision for the
detection of L. morhua plasmid DNA (1x106 - 1x101 copies) diluted in 200 ng purified
salmon sperm DNA (SSDNA) and for genomic DNA from two Atlantic cod (Gadus
morhua) spleens confirmed infected with L. morhua (OSC49 and OSC77). Data are
displayed as mean values with standard deviation (SD) and coefficient of variation (CV,
percent) reported for replicates from separate qPCR reactions.
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Table 4-4. Results of Pearson correlation tests between Loma morhua infection intensity
and size of Atlantic cod (Gadus morhua) spleens. Non-significant correlation enabled us
to assess infection intensities between fish (n = 197 individuals from select families).
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Figure 4-1. Nucleotide alignment of the partial large subunit (LSU) of rDNA from Loma morhua (KX084422) with
sequences that were top BLAST hits from congeneric species (Loma branchialis-HQ157463; Loma pacificodae-HQ157421;
Loma kenti-HQ157472; Loma wallae-HQ157447; Loma embiotocia-AF320310; Loma richardi-HQ157499; Loma
salmonae-U78736; L. salmonae SV-HM626217; and Loma lingcodae-HQ157518). The boxed regions indicate the location
of the forward and reverse qPCR primers (solid line) and 5¢-hydrolysis probe (hashed line) for L. morhua, as well as
congeneric species infecting gadid hosts.

Figure 4-2. Amplification curves and standard curve to assess the Loma morhua
quantitative PCR reaction efficiency using plasmid containing cloned LSU rDNA.
Individual amplification curves are displayed for each sample (triplicate) across a 10-fold
dilution series consisting of parasite rDNA plasmid titrated into 200 ng of purified
salmon sperm genomic DNA (panel A). The accumulation of amplified products yields a
detectable fluorescent signal indicated by the threshold line. Generation of a standard
curve was achieved by plotting the cycle number in which a significant signal was
detected above background fluorescence (Cq) against the log starting quantity of parasite
plasmid DNA (panel B; standard curve line: y = -3.56(x) + 41.17, R2 = 0.99, and reaction
efficiency = 91%).
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Figure 4-3. Quantitative PCR (qPCR) analysis of spleen homogenates confirms
differential Loma morhua infection intensity between Atlantic cod (Gadus morhua)
families identified as exhibiting low and high infection intensities. Dot plots displaying
the number of L. morhua rDNA copies detected per spleen for five families identified
with low intensity infections (red points L1-L5) and five families identified with high
intensity infections (black points H1-H5). Small horizontal red and black lines represent
the mean number of L. morhua rDNA copies detected per spleen for each family.
Infection intensity differed significantly (Kruskal-Wallis, χ2 = 95.82, df = 9, p < 0.0001)
between families categorized as having low and high infection intensities. Results of the
Dunn post-hoc test indicated by the longer horizontal line and small letter; family sharing
a line and letter did not differ significantly. The text in parenthesis for each family
indicates prevalence (Pr) of L. morhua infection using qPCR quantification.
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Figure 4-4. Quantitative PCR (qPCR) shows a positive correlation with parasitological
methods for detecting Loma morhua infections in Atlantic cod (Gadus morhua). The
scatter plot displays individual fish from select families categorized by parasitological (xaxis) and molecular (y-axis) quantification methods as having low (red points) and high
(black points) L. morhua infection intensities. Each point within the scatter plot displays
infection intensity as a function of parasitological quantification of superficial spleen
xenomas (x-axis) and molecular quantification of parasite rDNA copies per spleen via
qPCR (y-axis) for 197 fish. Infection intensity as determined by parasitological and
molecular quantification methods show a significant positive correlation (Pearson
Correlation, r = 0.71, df = 195, p < 0.0001).
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Figure 4-5. Quantitative PCR (qPCR) assessment of Loma morhua infection intensity in
Atlantic cod (Gadus morhua) spleens exhibiting low infection phenotype demonstrates
increased diagnostic and analytical sensitivity compared to parasitological methods that
rely on macroscopic enumeration of superficial spleen xenomas. Dot plot displaying the
range of L. morhua rDNA copies detected per spleen for samples that were quantified
previously via macroscopic examination of superficial spleen xenomas (0, 1-10, 11-20,
21-35, and 36-50 xenomas; x-axis). Small horizontal red lines represent the mean
number of L. morhua rDNA copies detected per spleen for each infection category.
qPCR facilitated detection of L. morhua infection from three individuals identified
previously as uninfected due to an absence of visible xenomas.
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SUPPLEMENTARY DATA
Table 4-S1. Precision of the Atlantic cod (Gadus morhua) quantitative PCR (qPCR)
assay as demonstrated by independent inter-assay replication. Inter-assay precision for
the detection of Atlantic cod glyceraldehyde-3-phosphate dehydrogenase (GAPDH) DNA
target displayed as mean quantification cycle (Cq) values based on differing amounts of
total gDNA per reaction (200 ng and 20 ng). Standard deviation (SD) and coefficient of
variation (CV, percent) are reported for sample replicated in separate qPCR reactions.
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Figure 4-S1. Nucleotide alignment of partial glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) DNA of Atlantic cod (Gadus morhua) (AY046595) with
GAPDH sequences from other animals that are common study organisms at the
University of New Brunswick and thus potential sources of contamination in the
laboratory (Atlantic salmon-BT046468, Zebrafish-NM_213094, and HumanNM_001289746). The boxed regions indicate the location of the forward and reverse
qPCR primers (black boxes) and 5¢-hydrolysis probe (red box) for Atlantic cod.
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Figure 4-S2. Optimization of Loma morhua and Atlantic cod (Gadus morhua)
quantitative PCR (qPCR) reaction conditions by individual parameter: L. morhua qPCR
optimization of primer (A) and probe (B) concentration. Bar graphs display the number
of L. morhua rDNA copies detected for each sample (triplicate) across a 10-fold dilution
series of parasite rDNA plasmid titrated into 200 ng of purified salmon sperm DNA
(mean ± standard deviation). Results from ANOVA and Tukey’s test are indicated by
small letters.
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Figure 4-S3. Optimization of Loma morhua and Atlantic cod (Gadus morhua)
quantitative PCR (qPCR) reaction conditions by individual parameter: Atlantic cod qPCR
optimization of primer (A) and probe (B) concentration. Bar graphs display the number
of cod GAPDH copies detected for each sample (triplicate) across a 10-fold dilution
series of host GAPDH plasmid titrated into 200 ng of purified salmon sperm DNA (mean
± standard deviation). Results from ANOVA and Tukey’s test are indicated by small
letters.
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Figure 4-S4. Optimization of Loma morhua and Atlantic cod (Gadus morhua)
quantitative PCR (qPCR) reaction conditions by individual parameter: L. morhua (A) and
Atlantic cod (B) qPCR optimization of total gDNA loaded. Bar graphs display the
quantification cycle for detection of fluorescent signal during qPCR for each sample
(triplicate) across a dilution series of gDNA extracted from known L. morhua positive
spleens (mean ± standard deviation).
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Figure 4-S5. Optimization of Loma morhua and Atlantic cod (Gadus morhua)
quantitative PCR (qPCR) reaction conditions by individual parameter: L. morhua (A) and
Atlantic cod (B) qPCR optimization of cycling conditions (two-step versus three-step
cycling parameters). Bar graphs display the quantification cycle for detection of
fluorescent signal during qPCR for each sample (triplicate) across a 10-fold dilution
series of parasite rDNA (panel A) and host GAPDH (panel B) plasmids titrated into 200
ng of purified salmon sperm DNA (mean ± standard deviation).
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Figure 4-S6. Loma morhua quantitative PCR (qPCR) primers are specific and do not
cross-react with host DNA. DNA isolated from specific pathogen-free Atlantic cod
(Gadus morhua) (SPF#1, SPF#2) was not amplified using the L. morhua qPCR primers
but was amplified using the host mitochondrial DNA (mtDNA) primer set. An amplicon
was generated from the infected positive control sample (Lm) using both the L. morhua
qPCR primers and the primer set targeting host mtDNA cod. Amplicons were not
generated from the negative template control (H2O) using either primer set.
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Figure 4-S7. Quantitative PCR (qPCR) results for individual Atlantic cod (Gadus
morhua) with extremes (high/low) in Loma morhua infection intensity all fall within the
linear interval used for the qPCR calibration curve (100-1,000,000 copies). The scatter
plot displays individual fish that were previously categorized as having low (red dots)
and high (black dots) L. morhua infection intensities via enumeration of superficial
spleen xenomas observed in situ in spleens via microscopy. Each point within the scatter
plot displays infection intensity as a function of parasitological quantification of
superficial spleen xenomas (x-axis) and molecular quantification of parasite rDNA copies
per 200 ng DNA via qPCR (y-axis) for 28 fish.
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Figure 4-S8. Amplification curves and standard curve to assess the Atlantic cod (Gadus
morhua) quantitative PCR (qPCR) reaction efficiency using plasmid containing cloned
cod glyceraldehyde-3-phosphate dehydrogenase (GAPDH) DNA. Individual
amplification curves are displayed for each sample (triplicate) across a 10-fold dilution
series consisting of Atlantic cod GAPDH plasmid titrated into 200 ng of purified salmon
sperm genomic DNA (panel A). The accumulation of amplified products yields a
detectable fluorescent signal indicated by the threshold line. Generation of a standard
curve was achieved by plotting the cycle number in which a significant signal was
detected above background fluorescence (Cq) against the log starting quantity of GAPDH
plasmid DNA (panel B; standard curve line: y = -3.70(x) + 41.29, R2 = 0.99, and reaction
efficiency = 86%).
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Chapter 5: Observations on spatiotemporal aspects of Loma morhua
infections in Atlantic cod (Gadus morhua) reveal substantial growth
inhibition during aquaculture

Contributors:
M. D. B. Burt and M. S. Duffy
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ABSTRACT
Microsporidian parasites have an almost ubiquitous distribution among wild
fishes and can compromise efforts to diversify aquaculture. Intraperitoneal (IP) and
gastric intubation (GI) were compared as exposure methods to investigate spatiotemporal
dynamics of Loma morhua infections and to assess their reliability in establishing
infections in Atlantic cod (Gadus morhua). An integrative approach for parasite
detection incorporating parasitological and quantitative PCR (qPCR) analyses revealed IP
exposure as dramatically more efficient with 100% prevalence of infection achieved by
28 weeks post-exposure (WPE). Subclinical infections persisted in 31.8% of fish but
were detected via qPCR analysis. This supports previous observations that individual
cod vary widely in response to infection and necessitate integrative diagnostic
approaches. Quantification of parasite xenomas revealed static intensity in spleens 16-28
WPE (p = 0.3), but a phasic reduction in gill xenoma intensity during this same period (p
= 0.037). In situ examination of gills in live fish also supported the significant (2-37 fold
reduction; p = 0.0004) reduction in gill xenoma intensity observed 22-28 WPE, and
offers a useful in vivo monitoring approach. Importantly, experimental infections
induced a period of significant growth rate suppression at 2-4 WPE. Whereas growth
rates recovered, temporal growth impairment in parasitized fish resulted in 19.3% fillet
loss compared with uninfected controls by 28 WPE. The negative consequences of L.
morhua infections on cod growth emphasizes the translational importance of
incorporating eukaryotic pathogens like microsporidians into management, biosecurity,
and selective breeding programs for commercially-relevant fish species.
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INTRODUCTION
The significance of microsporidian parasites has gained appreciation over the last
three decades, primarily from biomedical interests and agricultural pursuits (Shadduck
1989; Didier et al. 2004; Didier 2005; Anane and Attouchi 2010; Bjornson and Oi 2014).
Microsporidians comprise 187 genera and over 1300 species (Vávra and Lukēs 2013)
with approximately 50% infecting aquatic organisms and 150 species parasitizing fishes
(Lom 2002; Stentiford et al. 2013). Considering the rather ubiquitous distribution of
microsporidia in aquatic environments and the limited investigations across teleost fishes
(Wittner and Weiss 1999), diversity is almost certainly underappreciated (Stentiford et al.
2013). Not surprisingly, microsporidian infections have become both more appreciated
and more problematic for teleost fishes targeted for aquaculture (Kent et al. 2014).
Within the confines of an aquaculture net-pen, stocking densities are usually high and
fish are often exposed to abiotic and biotic stressors not commonly encountered in the
wild (Meyer 1991; Wedemeyer et al. 1999). Cumulative stressors can induce
immunosuppression that leaves fish susceptible to opportunistic pathogens including
microsporidian parasites (Stentiford et al. 2016).
The microsporidian Loma morhua was identified as a source of concern early
during development of Atlantic cod (Gadus morhua) as an alternative species for
aquaculture (Bricknell et al. 2006; Frenette et al. 2017). Loma morhua was determined to
be a pathogen of imminent threat, in part due to the direct life cycle and with high biotic
potential to disseminate infectious spores to cohabitating fish (Bricknell et al. 2006).
Increased pathogen exposure contributes to establishment of high intensity infections
during aquaculture where high stocking densities are typically promoted (Reno 1998;
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Stentiford et al. 2016). Microsporidians can adversely affect host immune function and
infection intensity shows an inverse correlation with fish growth (Khan 2005; Speare et
al. 1998b; Chapter 3). Loma morhua infections are pervasive within hatchery-reared
Atlantic cod populations produced for both selective breeding programs and for
commercial production in net-pens (Frenette et al. 2017; Chapter 3). Ultimately, the lack
of effective diagnostics, knowledge gaps pertaining to spatiotemporal infection dynamics,
and other unrelated husbandry challenges have contributed to a reduced industrial
enthusiasm for Atlantic cod farming (Hansen et al. 2001; Brown et al. 2003; Gollock et
al. 2006; FitzGerald et al. 2010).
The cryptic nature of aquatic microsporidians and insufficient data on commercial
consequences of infections led to these parasites being largely overlooked during finfish
aquaculture. However, investigations on microsporidian infections are necessary if full
commercial production potential is to be realized (Stentiford et al. 2016). The ability to
establish experimental microsporidian infections in naïve hosts is required to elucidate
spatiotemporal aspects of infections in support of improved detection and diagnosis.
Indeed, establishing an infection model for the congeneric Loma salmonae was a critical
prerequisite supporting translational studies on therapies and vaccines aimed at reducing
the severity of microsporidial gill disease in salmonids (Speare et al. 1998b; Becker and
Speare 2007; Rodriguez-Tovar et al. 2011). Loma morhua infections have the capacity to
adversely affect fish health and to limit the commercial production potential of Atlantic
cod (Khan 2005; Chapter 3). However, definitive consequences on fish growth remain
undefined during culture. Improving our knowledge of infections is necessary to mitigate
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the consequences of microsporidian epizootics as aquaculture diversifies to include other
finfish species.
The current study was initiated to expand our knowledge of L. morhua and to
determine effects on fish growth using experimental infections in Atlantic cod.
Specifically, this manuscript focuses on: (i) assessing the efficiency of intraperitoneal
(IP) injection and gastric intubation (GI) as routes of exposure in establishing parasite
infections in naïve cod; (ii) integrating parasitological and molecular quantitative
methods for improved parasite detection; (iii) monitoring spatiotemporal parasite
distribution in target organs to better understand infection dynamics; and, (iv)
determining effects of parasitism on fish growth. Improving our knowledge of
microsporidian biology and their effects on fish hosts is paramount to developing rational
mitigation strategies in support of diversifying aquaculture to include alternative finfish
species.
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MATERIALS AND METHODS
Experimental exposure of naïve Atlantic cod to L. morhua
Three hundred and fifteen Atlantic cod received IP passive integrated transponder
(PIT) tags 2-months prior to parasite exposure to enable individual identification. Fish
were then assigned randomly to three treatment groups of 105 fish each such that initial
average weights did not differ significantly among groups (ANOVA, F = 1.6, df = 2, 303,
p = 0.21). The mean weight of fish at the onset of the study was 347.8 ± 106.4 g (mean ±
standard deviation, n = 315). Each treatment group was then further divided into three
replicates of 35 fish per tank. Individual fish within treatment groups were exposed to:
10,000 live L. morhua spores by IP injection (3 tanks); 10,000 live L. morhua spores by
GI using a 3-inch dosing needle (Fisher Scientific, Ottawa, ON) (3 tanks); or, received
saline both IP and GI and were maintained as unexposed sham controls (3 tanks).
Parasite spores were verified as L. morhua via PCR (Frenette et al. 2017) and the
concentration of live spores was ensured by quantifying the ratio of live to dead spores
using the LIVE/DEAD® FungaLightTM yeast viability kit (Fisher Scientific, Ottawa,
ON). Seawater was supplied to tanks via a flow-through system and incoming water was
both sand-filtered and UV-sterilized.
Temporal monitoring and parasitological quantification of experimentally-induced
L. morhua infections in naïve hatchery-reared Atlantic cod
In an effort to monitor establishment and progression of infection, five fish were
sampled randomly from each tank at 6, 8, and 14 weeks post-exposure (WPE). Within
the IP treatment, 4 moribund fish had L. morhua xenomas in the gills and spleen at the 14
WPE time point. This first observation of xenomas prompted sampling of fish from all
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treatment groups at 14 WPE. Four fish were next sampled randomly from all treatment
tanks at 16 and 22 WPE. Remaining fish were sampled from the IP (n = 22), GI (n = 30),
and sham control (n = 29) treatments at the final sampling event at 28 WPE. Fish were
killed using an overdose of MS222 (400 mg/l) and prevalence and intensity of L. morhua
xenomas was determined microscopically in both gills and spleens, as described in
Frenette et al. (2017). Spleens from fish were retained frozen (-20oC) to facilitate DNA
extraction and quantitative PCR (qPCR) assessment of infection intensity. Parasite
prevalence and intensity data were pooled by treatment group (IP or GI) at each sampling
interval. Low sample sizes informed the rationale for pooling replicates (i.e., tanks) to
increase statistical power for comparisons of parasite infection intensity data. No effect
of tank was detected within IP or GI treatment groups during examinations of fish delta
body weight (see below), thereby supporting the further pooling of infection data to
increase statistical power. Statistical analysis of the infection intensity observed in situ in
spleen and gill tissues was performed using Mann-Whitney-Wilcoxon, Kruskal-Wallis,
and Dunn’s post-hoc tests (R Core Team 2015; version 3.2.1). Non-parametric statistical
tests were used as both tissue-specific datasets (spleen and gill) violated two assumptions
of the analogous parametric tests (i.e., ANOVA and t-test); normality and
heteroscedasticity, tested with the Shapiro-Wilk and Levene’s tests, respectively using
car R package (R package version 2.1-5; Fox and Weisberg 2011).
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Temporal monitoring and parasitological quantification of experimentally-induced
L. morhua infections in live Atlantic cod
Determination of the onset of xenoma establishment
In an effort to detect the acute phase of infection within fish exposed to parasites
experimentally, prevalence and intensity of L. morhua infections was determined by
gross observations of xenomas in situ in gills of anaesthetized fish (MS222 at 80 mg/l)
using a dissecting microscope (40X and 160X magnification). The first left gill arch (L1)
from each fish was examined for 2-minutes for the enumeration of visible xenomas while
the fish remained submerged in seawater supplemented with oxygen to aid their recovery.
Four to five individuals from each tank were selected randomly and examined at 2, 4, 10,
11, 12, 13, 14, 15, 16, 18, and 19 WPE, and all fish were examined at 20, 21, 22, 24, and
28 WPE. Observations acquired from this ante-mortem monitoring of infection status
were critical in determining lethal sampling time points described in the previous section.
Repeated temporal examination of infection intensity in fish
Examination and quantification of parasite xenoma intensity in gills of live fish
was performed at 22 and 28 WPE to monitor the timing of resolution of gill xenomas.
Xenomas enumerated at 22 WPE were corrected for by utilizing a correction factor that
accounted for error associated with obtaining xenoma counts in live fish; this was
calculated by dividing the average post-mortem counts from 8 fish (randomly sampled)
by their average ante-mortem xenoma counts. The correction factor was used to
normalize gill xenomas enumerated from fish that received L. morhua IP and persisted to
the end of the trial (28 WPE). In similar fashion, ante-mortem gill xenoma counts at 28
WPE were corrected, after which all fish were lethally sampled and post-mortem xenoma
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intensity was also quantified for each fish. Normalized gill xenoma counts from live fish
at 22 and 28 WPE permitted estimation of fold-reduction in xenoma intensity. Statistical
analysis of the infection intensity observed in situ in gill tissues using xenoma counts
from live fish at 22 and 28 WPE was performed using a Wilcoxon signed rank test (R
Core Team 2015; version 3.2.1).
Temporal monitoring of fish growth
Fish weight within each treatment group were measured 13 times (0, 2, 4, 6, 8, 11,
13, 14, 16, 19, 21, 24, 28 WPE) to determine individual fish growth. Food was withheld
from fish for 24 hours prior to measuring their weights. Individual fish identity was
determined from their PIT-tags. Change in body weight (delta body weight or DBW)
was calculated for each of the 12 time intervals by subtracting the body weight of
individual fish at 0 WPE from the body weight at a particular time interval. Data from
fish in one sham control tank were removed from statistical comparisons due to a
husbandry issue that transpired during the experiment. Analysis of variance (ANOVA)
was employed to assess treatment and time interval effects as fixed factors and tank effect
as a random factor nested in treatment on DBW. No significant effect of tank was
detected on fish DBW at any time interval (p < 0.05). Accordingly, fish DBW data were
pooled by treatment group at each sampling interval prior to further statistical analysis.
Subsequent comparisons of DBW between IP and sham treatments were assessed using ttests (R Core Team 2015; version 3.2.1).
Absolute growth rate (AGR) was calculated for each of the 12 time intervals by
dividing DBW by time (days) since 0 WPE. ANOVA was employed to assess tank
effects as described above for DBW. No significant effect of tank was detected on fish
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AGR at any time interval (p < 0.05). Accordingly, fish AGR data were pooled as for
DBW above. Comparisons of AGR between IP and sham treatments were assessed using
ANOVA and Tukey’s test (R Core Team 2015; version 3.2.1).
Estimation of average fillet weight for fish within the IP and sham treatments was
calculated using measurement of body weight at 28 WPE. Fillet weight was calculated
by multiplying the body weight of each fish at 28 WPE by 0.36; this representing the
relative fillet weight of uneviscerated Atlantic cod (FAO 1989). Approximation of fillet
weight for IP and sham controls enabled calculation of percent fillet loss attributed to L.
morhua infections. Statistical comparisons between IP and sham treatments on fish
remaining at 28 WPE were assessed via t-tests (R Core Team 2015; version 3.2.1).
Comparisons included initial body weight at 0 WPE, body weight at 28 WPE, DBW at 28
WPE, and fillet weight at 28 WPE.
Molecular quantification of L. morhua infections from host spleens
Selection of spleens for qPCR analysis
Spleens isolated from IP-exposed fish that were lacking xenomas or had low
intensity infections (1-2 xenomas) were assessed for subclinical L. morhua infections via
qPCR at 6 WPE (n = 15), 8 WPE (n = 15), 14 WPE (n = 7), 16 WPE (n = 6), 22 WPE (n
= 4), and 28 WPE (n = 8). Spleens from 28 of the GI-exposed fish lacking xenomas at 28
WPE and were also assessed via qPCR. Spleens from IP-exposed fish exhibiting L.
morhua xenomas (xenoma range: 75 - 348) at 14, 16, 22, and 28 WPE time points were
included as positive controls during qPCR analysis. An additional positive control
containing 10 L. morhua rDNA plasmid copies titrated in 200 ng of purified salmon
sperm DNA was included during each run to reliably assess the lower limit of qPCR
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detection. Lastly, spleens from 22 of the sham control fish and three specific pathogenfree (SPF) institutional control (fish maintained for monitoring cross-contamination
within facility) fish were included as negative controls during qPCR analysis.
Spleen disruption and DNA extraction
Quantitative PCR of L. morhua infection intensity was performed as described in
Chapter 4. Briefly, individual coded spleens were subjected to mechanical disruption
prior to DNA extraction to ensure reliable homogenization in support of accurate
quantification of target parasite DNA within each host spleen. DNA extraction from
spleen homogenates was performed using the mammalian tissue protocol (mouse/rat tail
lysate) from the PurelinkTM Genomic DNA Kit (Invitrogen, Burlington, ON). DNA
concentration and quality was determined in triplicate by measuring absorbance at 260
nm and the ratio of absorbance at 260 nm and 280 nm, respectively. Purified DNA was
diluted to 40 ng/µl, aliquoted for single use, and stored at -20oC degrees.
qPCR conditions
All qPCR assays consisted of 12.5 µl 2X TaqMan Universal Master Mix II, no
UNG (ThermoFisher Scientific), 2.25 µl 0.9 µM forward primer, 2.25 µl 0.9 µM reverse
primer, 1.25 µl 0.1 µM TaqMan probe (ThermoFisher Scientific), 5.0 µl of template
DNA (40 ng/µl) and nuclease-free water to a final volume of 25 µl. The qPCR was
performed in a Rotor-Gene 6000 thermal cycler (Corbett Life Sciences, San Francisco,
CA) using cod spleen DNA as template using the following conditions: 95°C for 10
minutes; 40 cycles of 95°C for 15 seconds; and, either 62°C (L. morhua qPCR) or 60°C
(Cod qPCR) for 60 seconds. Generation of standard curves, normalization of
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quantification cycle (Cq) values generated during qPCR, and determination of copies
detected per spleen was performed as described in Chapter 4.
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RESULTS
Temporal monitoring and quantification of experimentally-induced L. morhua
infections in naïve hatchery-reared Atlantic cod
Parasitological quantification of parasite xenoma intensity
Gross morphological parasite quantification revealed that xenomas were first
detected in spleen and gills at 14 WPE (Table 5-1). Relatively consistent xenoma
infection intensities occurred in spleens at 16, 22, and 28 WPE (Kruskal-Wallis, χ2 =
3.73, df = 3, p = 0.300; Fig. 5-1A). In contrast, phasic infection intensity was observed in
gills, with xenoma numbers at 28 WPE significantly lower than xenoma numbers
observed at 16 and 22 WPE (Kruskal-Wallis, χ2 = 5.92, df = 2, p = 0.05 and Dunn’s posthoc test; Fig. 5-1B). Furthermore, xenoma intensity reduced significantly between 22
and 28 WPE (Mann-Whitney-Wilcoxon, W = 113, p = 0.037). The 14 WPE sampling
event (grey shaded boxes in Fig. 5-1A and B) was excluded from statistical analyses
comparing infection intensity temporally because it represents the time of onset of
xenoma establishment and development in situ in the gills and spleen. Unexposed sham
control fish were free of infection at all time points. Furthermore, over the course of the
experiment, 27 moribund fish were removed from the IP (n = 14 total: n = 2 at 0-2 WPE,
n = 1 at 2-4 WPE, n = 3 at 4-6 WPE, n = 3 at 8-11 WPE, n = 1 at 12 WPE, and n = 4 at
14 WPE), GI (n = 6 total: n = 1 at 0-2 WPE, n = 2 at 6-8 WPE, n = 1 at 8-11 WPE, and
n= 2 at 21-28 WPE), and sham (n = 7 total: n = 2 at 6-8 WPE, n = 1 at 8-11 WPE, n = 1
at 14 WPE, n = 3 at 16-21 WPE) treatment tanks. Gross morphological parasite
quantification did not reveal xenomas in gill and spleen tissue in any moribund fish with
the exception of the four moribund fish removed from the IP treatment group at 14 WPE.
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Integrative parasite prevalence
Parasite xenomas were first detected in gills and spleens at 14 WPE in both the IP
and GI treatments (Figure 5-1; Table 5-1). However, incorporating qPCR analysis of
spleen homogenates enabled detection of parasite DNA within IP-exposed fish at 6 and 8
WPE in 33.3% and 26.7% of spleens, respectively (Table 5-1). The additive detection of
L. morhua infection using parasitological (gill and/or spleen xenomas) and qPCR
methodologies is termed integrative prevalence. Within the IP treatment group, qPCR
analysis of spleens improved overall parasite detection (i.e., integrative prevalence)
throughout each of the six sampling events, as it was able to detect subclinical infections
(Table 5-1). Importantly, inclusion of qPCR data for the IP treatment improved parasite
prevalence from 68.2% to 100% at 28 WPE (Table 5-1). Moreover, at 28 WPE inclusion
of qPCR data for the GI treatment improved parasite prevalence from 6.7% to 36.7%
(Table 5-1). Spleens from earlier time points in the GI-exposed group were not assessed
due to the relatively low prevalence of infection achieved using this exposure method and
the costs of qPCR. These data emphasize the utility of the qPCR assay in detecting
subclinical L. morhua infections. Importantly, integration of qPCR analysis of spleen
homogenates from sham and SPF institutional controls confirmed the parasitological data
and supports that control fish remained free of L. morhua infections (Table 5-1).
Ante-mortem quantification of parasite xenoma intensity in gills
Repeated temporal examination and quantification of parasite xenoma intensity in
gills of live fish was performed to identify the time of onset of resolution of gill xenomas
and to help determine the final collection time point for the experiment. We
demonstrated that infection intensity in gills was significantly reduced from 22 to 28
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WPE (Wilcoxon signed rank test, V = 78, p = 0.0004; Table 5-2). Fold reduction in
xenoma intensity ranged from 2-37X (Table 5-2). Eight of 22 fish were categorized as
having no xenomas during live assessment of gills at both 22 and 28 WPE. However,
two of these fish were positive for gill xenomas at post-mortem examination, thereby
reflecting challenges with ante-mortem detection of low intensity infections (Table 5-2).
Fold reduction in gill xenoma intensity could not be calculated for two of 22 fish because
ante-mortem assessment of gill xenomas was not available at the 22 WPE time point
(Table 5-2). All 22 fish were infected with L. morhua as determined by integrative
detection (gill/spleen xenomas and/or qPCR; Table 5-2)
Molecular quantification of subclinical parasite infection intensity
Spleens from IP-exposed cod that had low intensity infections or were lacking
visible xenomas at 6, 8, 14, 16, 22, and 28 WPE were assessed for subclinical infections
via qPCR analysis of spleen homogenates. qPCR improved parasite detection at all time
points and increased the integrative prevalence to 100% at 28 WPE (Table 5-1). The
number of L. morhua rDNA copies estimated per spleen ranged from 1,133-2,921 copies,
961-168,906 copies, 4,355-10,7195 copies, and 454-436,756 copies for samples assessed
at the 6-8, 14-16, 22, and 28 WPE timepoints, respectively (Fig. 5-2). Variance in
molecular infection intensity increased substantially at the 14-16, 22 and 28 WPE time
points relative to 6-8 WPE (Fig. 5-2). However, statistical analysis was not performed
because fish examined at 14-28 WPE were only a subset of each population and
represented only those fish with subclinical infections. Importantly, molecular infection
intensity between 14-28 WPE remained well below the copy number observed for fish
with clinical infections that were included as positive controls during qPCR. The number
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of L. morhua rDNA copies estimated per spleen ranged from 1,739,019 - 3,627,002
copies, 2,891,965 – 6,527,296 copies, and 1,757,712 – 10,068,905 copies for positive
samples assessed at 14-16, 22, and 28 WPE timepoints, respectively (Fig. 5-2).
Subclinical infections were also detected in 32.1% of GI-exposed fish using qPCR (28
WPE; Table 5-1). Not all timepoints were assessed, but qPCR was more reliable than
parasitological detection overall and integrative prevalence increased to 36.7% at 28
WPE (Table 5-1).
Temporal assessment of fish growth
Naïve Atlantic cod exposed to L. morhua spores via IP injections experienced a
period of significant growth rate suppression early during infection relative to sham
control fish not exposed to parasites (Fig. 5-3). Statistically significant differences in
AGR among treatment (ANOVA, F = 57.3, df = 1, 456, p < 0.0001) and timepoint
(ANOVA, F = 10.6, df = 11, 456, p < 0.0001) were detected, however, no significant
interaction between treatment and timepoint was detected (ANOVA, F = 0.79, df = 11,
456, p = 0.653). Tukey’s pairwise comparisons identified two timepoints throughout the
28-week experiment where IP-exposed AGR was significantly lower than sham control
AGR (2 WPE, p = 0.012; 4 WPE, p = 0.037) (Fig. 5-3 A). Statistically significant
differences in DBW between IP-exposed and sham control fish were detected at eight of
12 timepoints throughout the 28-week experiment (t-test: 2 WPE, t = -2.28, df = 21.1, p =
0.033; 4 WPE, t = -2.38, df = 23.3, p = 0.026; 8 WPE, t = -2.09, df = 32.0, p = 0.044; 13
WPE, t = -2.12, df = 35.1, p = 0.041; 16 WPE, t = -3.3, df = 36.5, p = 0.002; 19 WPE, t =
-3.11, df = 37.2, p = 0.004; 21 WPE, t = -3.31, df = 38.0, p = 0.002; 24 WPE, t = -2.24, df
= 38.0, p = 0.031; Fig. 5-3). These differences were most pronounced at 16, 19, and 21
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WPE (Fig. 5-3), a time that corresponds with establishment of xenomas in the gills (Table
5-1; Fig. 5-1B). Importantly, the IP-exposed fish experienced substantial reduction in
both DBW and fillet weight (19.3%) relative to the unexposed sham controls (Table 5-3).
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DISCUSSION
Establishing parasitic infections in naïve Atlantic cod
SPF Atlantic cod
Development of treatment therapies against emergent disease agents infecting
commercially-relevant fish species usually begins with establishment of an experimental
infection model that induces the infection phenotype observed commonly during culture
(Snow and Smail 1999; Zhang et al. 2016). This can be complicated by biosecurity and
husbandry challenges with housing wild broodstock in close proximity to hatchery-reared
fish (Zepeda et al. 2008; Kent et al. 2011). The high prevalence of parasites in
broodstock fishes from wild origins (A. P. Frenette & M. S. Duffy, unpubl. data) and the
high biotic potential of microsporidia present unique challenges for hatchery managers
(Becker et al. 2005). Regardless, empirical studies require use of SPF fish and their
absence often slows efforts to study microsporidian pathogens (Kent et al. 2011; Murray
et al. 2011). This problem manifested during development of Atlantic cod as an
alternative species for culture (Powell and Gamperl 2015; Chapter 3). Loma morhua
infections acquired during hatchery-rearing of Atlantic cod complicated both empirical
investigations on microsporidian parasites (Powell and Gamperl 2015) and unrelated
studies on cod nutrition (Chapter 3). Production and maintenance of SPF Atlantic cod for
the present study was accomplished with assistance from Great Bay Aquaculture (GBA).
An epizootic led to GBA culling an entire production year at a cost of ~$500 000, but
was key in mitigating infections within their hatchery (George Nardi, Pers. Comm.). We
acquired L. morhua-free Atlantic cod juveniles from a subsequent production year at
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GBA and maintained them parasite-free alongside experimentally-infected fish for the
duration of the current study. Importantly, UV sterilization of incoming water, basic
husbandry practices, and standard operating procedures to promote biosecurity (Kent et
al. 2009, 2011) were judged critical to maintaining SPF fish at both the GBA hatchery
(George Nardi, Pers. Comm.) and at our experimental facility.
Microsporidian infections are confounding variables in translational and basic
research
Infections with L. morhua occurred in up to 100% of hatchery-reared cod in
Atlantic Canada during their assessment as an alternative species for culture.
Accordingly, this parasite should be viewed, albeit post hoc, as a confounding variable
during translational and basic research studies on Atlantic cod during development of this
species for culture or during efforts to select broodstock with commercially desirable
traits (Perez-Casanova et al. 2008; Rise et al. 2008, 2010; Feng et al. 2009; Hori et al.
2010, 2012; Booman et al. 2011; Bowman et al. 2011). Microsporidian parasites are not
evenly distributed among individuals of a population (Mulholland et al. 2012; Chapters 3,
4), natural infections are unlikely to be acquired by all individuals within a population at
the same time, there is a genetic component that renders certain individuals more
susceptible than others (Huang et al. 2012; Fontbonne et al. 2013; Balla et al. 2015;
Chapter 3), and the parasites impair growth through as yet unknown mechanisms
(Figueras et al. 1992; Speare et al. 1998b; Khan 2005; Ramsay et al. 2009; Chapter 3).
Whereas microsporidian infections might not alter major interpretations of all studies
performed using contaminated fish, differential infections represent an obvious and
confounding variable that must be considered. Unfortunately, this issue is not unique to
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empirical studies of fishes targeted for food production. Up to 74% of zebrafish facilities
harbour a microsporidian parasite (Murray et al. 2011) similarly posed as a confounding
variable (Kent et al. 2012; Spagnoli et al. 2015, b; Spagnoli et al. 2017) in this model
organism studied intensively for both basic science (Dawid 2004) and biomedical
interests (Tavares and Santos Lopes 2013). The significance of these parasites must not
be overlooked, their presence must be disclosed during data synthesis to ensure scientific
integrity, and efforts to rid fish populations of these confounding variables must be
initiated. For example, our research was delayed two years to ensure that the work could
use hosts free of L. morhua and ensure the integrity of the resulting data. Issues
concerning access to SPF fish transcend the obstacles outlined in the current study and
reach the broader scientific community because opportunistic pathogens often have
consequences for basic and translational research that confound experiments and the
subsequent interpretation of results (Kent et al. 2009).
Effect of parasitism on fish growth
Fish in the present study had moderate L. morhua infections, however, infections
induced a period of significant growth rate suppression during the initial stages of the
experiment (i.e., 2 and 4 WPE). During this period of growth rate suppression, IP and
sham control fish diverged in terms of body weight with IP fish remaining smaller
compared to controls. The resulting differences in body weight persisted over 28 weeks,
though growth rates appear to stabilize after initial growth rate suppression.
Consequently, growth of IP exposed fish was impaired with an estimated 19.3% fillet
loss compared to control fish at 28 WPE. This substantiates findings of Khan (2005) who
also documented growth impairment in Atlantic cod hosts. Furthermore, it extends the
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findings of Chapter 3, which document growth impairment with up to 14% fillet loss
between host families with differential susceptibility to L. morhua. Similar impaired host
growth is known for hosts of a congeneric parasite (Speare et al. 1998b) and fishes that
host other microsporidian parasites (Figueras et al. 1992; Ramsay et al. 2009). The
mechanism underlying impaired growth remains uncharacterized but might reflect
competitive subordinance of infected fish (Johnsson et al. 1996), decreased feed
conversion efficiency (Speare et al. 1998b), or decreased appetite (Matthys and Billiau
1997). An understanding of how microsporidians limit fish growth would be beneficial
during efforts to optimize finfish production. The negative consequences of
microsporidian infections on host growth have potential to be incorporated as a read-out
during empirical assessment of treatment efficacy.
Experimental route of parasite exposure
The success of in vivo fish experiments in replicating the phenotype of natural
spatiotemporal infections relies on two important factors: 1) the route of parasite
exposure; and 2) the dosage of parasites introduced to the host (Nordmo 1997; Parama et
al. 2003; Quinnell and Keymer 1990; Reno 1998). Microsporidia enter fish hosts
primarily via ingestion of spores (Shaw et al. 1998; Shaw and Kent 1999). Consequently,
spores germinate in the gastrointestinal tract and the gut becomes the primary focus of
infection (Keohane and Weiss 1999). Loma salmonae is currently the most well studied
fish microsporidian (Rodriguez-Tovar et al. 2011), likely reflecting the significance of
salmonid hosts during aquaculture. Experimental infections investigating this pathogen
have been achieved using both IP injection and ingestion. IP injection induces infection
phenotypes comparable to those observed in cultured fish infected naturally by horizontal
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transmission (Speare et al. 1998a). We previously utilized IP injection to induce L.
morhua infection (Chapter 3) as have infection models for various other fish
microsporidians (Shaw et al. 1998; Hedrick et al. 1991; Antonio and Hedrick 1995; Shaw
and Kent 1999). However, methods that center on spore ingestion are used routinely for
empirical investigations of L. salmonae. Most commonly used is an infection model that
disperses xenomas and spores from minced gill tissues into experimental tanks where
water flow is suspended temporarily to promote ingestion (Kent et al. 1995).
Cohabitation of SPF fish with infected fish exhibiting gill xenomas also promotes
horizontal infection by ingestion (Speare et al. 1998a; Ramsay et al. 2001). Whereas
cohabitation models are often considered ideal to mimic natural exposure by aquatic
pathogens (Nordmo 1997; Raynard et al. 2001), spatiotemporal aspects of L. morhua
transmission have yet to be fully elucidated (Chapter 3) and so this precluded the
possibility of using cohabitation as an infection model in the present study. Regardless,
these feeding methodologies lack standardization in the number of spores ingested by
each fish due to non-homogeneous tissue disruption and/or inherent dominance
hierarchies that promote variation in feeding (Abbott and Dill 1989) and can lead to
differential infection intensity that complicates interpretations (Speare et al. 1998a). We
needed to control and standardize the spore inoculum for each fish given our knowledge
of differential susceptibility to L. morhua during both natural (Powell and Gamperl 2015;
Chapters 3, 4) and experimental infections (Chapter 3). Gastric intubation is used rarely
in L. salmonae infection models (Speare et al. 1998a) but this technique afforded us
opportunity to compare IP injection with a feeding methodology that also standardizes
the spore concentration administered to individual fish. A standardized dosage was
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further ensured by our assessment of vitality/infectivity of the spore inoculum. Vital
stains permit close approximation of the infectious parasites in a spore inoculum
(Ferguson et al. 2007), thereby normalizing our inoculum to the same number of live
parasite spores per fish.
Comparison of parasite prevalence between GI and IP treatments
The ability to establish high prevalence of infection experimentally provides the
power of analysis necessary for assessing treatments against infectious disease agents. IP
exposure is useful for generating high prevalence of infection (Parama et al. 2003) with a
natural infection phenotype in experimental models for different aquatic pathogens (Shaw
et al. 1998; Hedrick et al. 1991; Antonio and Hedrick 1995; Shaw and Kent 1999;
Parama et al. 2003; Zhang et al. 2014). We required a single exposure event to
characterize infection dynamics without the complication of repeated exposures. We
selected the lowest spore inoculum possible so as to help ensure infection (Chapter 3) but
to more accurately mimic infections observed naturally in field observations (Quinnell
and Keymer 1990). We achieved 100% prevalence of infection using IP exposure but
subclinical infections detectable only using qPCR were more common (> 30%) than
observations during Atlantic cod culture (Frenette et al. 2017; Chapter 3). Interestingly,
the fish exposed to L. morhua via a single IP injection in Chapter 3 were from the same
cohort and year class of fish used in the current study, albeit one year younger.
Microsporidian infection burden has been linked to age, with young and old hosts more
susceptible (Mathis et al. 2005; Stentiford et al. 2016), an observation that may explain
the discrepancy of infection intensity observed between the two experimental IP induced
infections. Furthermore, increased host age has been attributed to the development of
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resistance to parasitic whirling disease in rainbow trout (Ryce et al. 2005), providing
further support for age-associated resistance to parasitic infections in fish.
Although parasitological detection suffers from potential false-negatives due to
subclinical infection, these qPCR data support that our spore inoculum and IP infection
model mimic epizootics observed in cultured populations (Powell and Gamperl 2015;
Chapter 3), albeit with lower infections intensities achieved in the present study.
Whereas qPCR was used to screen only the parasitological negatives interpreted from IP
exposures, it was also compared with the parasitological read-out at 28 WPE for all fish
receiving GI-exposures and qPCR demonstrated superior sensitivity in detecting
subclinical infections. The relatively low establishment of infection by GI is somewhat
surprising given that spores were delivered directly into the stomach and that the same
spore stock was used for highly successful IP exposures. However, even studies
administering 280X more spores per fish fail to establish reliable infection in all
individuals using GI (Shaw et al. 1998). Whereas a low dose trickle infection model
might better mimic parasite transmission during culture, a single dose IP exposure is
controlled temporally and affords more reliable interpretation of treatment effects given
the phasic nature of gill xenomas (Chapter 3). It is possible that some GI-exposed cod
harboured subclinical L. morhua infections below even the detection capability of our
qPCR assay. Our qPCR assay targets a highly conserved region within a multicopy gene
(Chapter 4) and so we are likely at the highest sensitivity possible without enriching
parasite DNA prior to qPCR. The current study was terminated at 28 WPE to help ensure
that spatiotemporal observations reflected those of the primary experimental parasite
exposure. Both clinical and subclinical infections demonstrated extensive variation in
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infection intensity and that supports variation in susceptibility of individuals to infection
(Balla et al. 2015; Chapter 3). These findings substantiate that some hosts with
subclinical infection might be carriers, which is relevant to attempts at mitigating spread
of infection during aquaculture. It remains to be determined if hosts with subclinical
infections are shedding parasites. Importantly, these data further support the utility of
qPCR detection of L. morhua during routine diagnosis (i.e., quarantine, broodstock
selection, egg screening for vertical transmission, screening SPF fish; Sanders and Kent
2011; Kent et al. 2012) and during life history studies to determine spatiotemporal
parasite distribution in host tissues (Chapter 4).
Role of gills during infections
Loma morhua xenoma intensity was static in the spleen throughout experimental
infections but was phasic in gills of the same fish at the same time. These results are
compatible with previous observations of both natural and experimental L. morhua
infections (Frenette et al. 2017; Chapter 3) and observations of gill infections from the
congeneric L. salmonae (Shaw et al. 1998; Speare et al. 1998a; Ramsay et al. 2003). The
IP injection model induces gill infection phenotypes that mimic natural epizootics in
cultured Atlantic cod (Frenette et al. 2017; Chapter 3). Timing and magnitude of gill
infection intensity varies among individuals (Chapter 3) and might be advanced or
delayed by abiotic variables (Reno 1998; Beaman et al. 1999; Becker and Speare 2004).
Regardless, gill infections have utility in assessing the efficacy of therapies and/or
vaccines given the high intensity of xenomas during acute infection (Kent and Dawe
1994; Speare et al. 1999; Guselle et al. 2006, 2007, 2010; Becker and Speare 2007;
Speare et al. 2007; Harkness et al. 2013). In situ examination of gills in live fish offers a
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useful in vivo monitoring approach (Speare et al. 1998a; Khan 2005) that was
instrumental in identifying lethal sampling time points in the current study. Despite
temporal variation in infection intensity, repeated examination and quantification of
xenomas in gills of live fish shows positive correlation with post-mortem infection
intensity data. Advances in imaging technology might promote more widespread
screening of live fish in the future (Bartkova et al. 2017).
An understanding of spatiotemporal features of microsporidian infections is
critical for reliable detection and prophylaxis. Spatially, gills are viewed as the organ
critical for transmission of Loma spp. (Speare et al. 1998a). The concept persists that
Loma spp. associate predominantly with gills (Hauck 1984; Kent and Dawe 1994; Kent et
al. 1989, 1995; Magor 1987; Speare et al. 1989, 1998a; Rodriguez-Tovar et al. 2003;
Khan 2005; Brown et al. 2010), despite an absence of quantitative observations showing
xenomas in various host organs and tissues (Frenette et al. 2017). In fact, many fish
microsporidians localize to different tissue types as infections progress (Hauck 1984;
Kent and Bishop-Stewart 2003; Stentiford et al. 2013; Sanders et al. 2014). Loma
morhua is observed commonly in the spleen, heart, and gills (Morrison 1983; Powell and
Gamperl 2015; Frenette et al. 2017). These basic observations raise questions about the
relative role these organs play during infections, especially considering the static intensity
observed in spleens during clinical and subclinical infections. It is not clear whether
infection of the spleen is unique to L. morhua in Atlantic cod, or if the spleen and other
lymphatic tissues, have a more defined role during establishment and dissemination of
microsporidian infections in fishes. A future study could assess spatiotemporal
establishment of infection in all vascularized tissues (e.g., gills, heart, spleen, head
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kidney, gastrointestinal tract, nervous tissues, musculature, skin, etc.) of experimental
SPF fish following a single IP exposure of L. morhua or other microsporidians. Chapter
4 provides a template for tissue homogenization, normalization using tissue weight, and
qPCR. Such a study could correlate temporal variation in infection intensity with spatial
dynamics of infection to definitively identify routes of spore release to further elucidate
the epidemiology of complex microsporidian infections in support of prophylaxis during
aquaculture.
Role of spleen during infections
Recognition of the spleen as a key organ for L. morhua development and
detection (Frenette et al. 2017) is a potentially important feature of the parasite life cycle
overlooked previously (Morrison 1983; Rodriguez-Tovar et al. 2003). Parasite
development in tissues other than gills is considered a manifestation of a secondary
infection event in Loma spp. (Shaw et al. 1998; Rodriguez-Tovar et al. 2003).
Autoinfection in Loma spp. is hypothesized to transpire by parasite dissemination via
macrophages recruited to the gills (Hauck 1984; Rodriguez-Tovar et al. 2003). The
hypothesis of phagocyte-mediated migration of the parasite seems plausible considering
that microsporidians infect phagocytic cells in both invertebrate and vertebrate hosts.
Two different spore types are reported from invertebrate microsporidians and are viewed
to have distinct roles in autoinfection and dissemination (Iwano and Ishihara 1991; Fries
et al. 1992; Johnson et al. 1997). Two spore types are also described more recently from
a fish microsporidian, with similar putative roles postulated (Nylund et al. 2010).
Sporoplasm of microsporidians enters the host intestinal lamina propria following
spore ingestion (Shaw et al. 1998) and germination (Keohane and Weiss 1999).
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Microsporidians are transported via phagocyte-mediated migration from the site of initial
infection in the gut of both vertebrate (Didier 1998; Vivares and Metenier 2001; Texier et
al. 2010) and invertebrate hosts (David and Weiser 1994; Weiser et al. 2002).
Mammalian antigen presenting cells (APCs) migrate to regional draining lymph nodes to
facilitate antigen presentation following phagocytosis of foreign materials (Randolph et
al. 2005). Fish lack lymph nodes but the spleen is a major lymphoid organ within their
reticuloendothelial system (RES) (Press and Evensen 1999; Uribe et al. 2011). Venous
drainage of the pyloric caeca and duodenum of teleost fish occurs via the duodenosplenic
vein that drains through the spleen prior to the hepatic portal vein (Thorarensen et al.
1991). Accordingly, the spleen would be the first lymphoid organ encountered by Loma
spp. following intestinal uptake in fishes. Blood-borne pathogens present as foreign
antigens and are processed in melano-macrophage centres (MMCs; Agius and Roberts
2003; Vigliano et al. 2006). Macrophages commonly uptake intraperitoneal antigens and
transport them to splenic MMCs in fishes (Ellis 1980; Lamers and De Haas 1985; Lamers
and Parmentier 1985). Furthermore, splenic MMCs harbour IDAs ranging from the
infectious salmon anemia virus to myxosporian parasites (Molnar 1994; Falk et al. 1995;
Holzer and Schachner 2001). A common relationship between circulating macrophages,
pathogen uptake, and MMCs emphasizes the role of the spleen in the teleost immune
system. Functional similarities between circulating macrophages and MMCs of fish with
the follicular dentritic cells and germinal centers of birds and mammals (Ferguson 1976;
Ellis 1980) suggest an evolutionary relationship with conserved function of lymphoid
tissues (Vigliano et al. 2006). These anatomical and immunological features likely help
to explain our observation of such a high prevalence and intensity of xenomas in the
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spleen (Frenette et al. 2017), presumably following establishment of MMCs. For these
reasons, teleost secondary lymphoid organs play an important role during infection and
are prime sites for pathogen detection.
Our observations are most compatible with the spleen being the primary site of
colonization by L. morhua with subsequent dissemination of infection throughout the
host via autoinfection. This is in contrast to reports for the congeneric L. salmonae where
xenomas throughout the body are attributed to secondary autoinfection that arises
following release of infectious spores from gill tissue xenomas (Rodriquez-Tovar et al.
2003). In addition to the spleen, the lining of the cardiac atrium is an important
component of the RES in fishes (Ellis et al. 1976). This likely explains our previous
observation of the heart as ranking second to the spleen with respect to reliability in
detecting L. morhua infection (Frenette et al. 2017). Finally, pillar cells of the gill are a
component of the RES in fishes (Hughes and Weibel 1972; Chilmonczyk and Monge
1980) and likely support the role of these cells in facilitating xenoma establishment for
parasite dissemination from the host. Loma salmonae localizes in heart tissues as early as
two days post-infection and is detected in gill pillar cells by two weeks post-infection
(Sanchez et al. 2000). This suggests that gill xenomas might form secondarily following
autoinfection originating from the spleen or heart. Our early detection of subclinical
spleen infections at 6-8 WPE in the current study further supports a key role for the
spleen during early development of Loma spp. infections.
Information pertaining to immune modulation by fish-infecting microsporidians is
limited but the body of literature on infections by protozoans (i.e., Leishmania spp.) that
are similarly phagocytosed and transported by macrophages is substantial. Visceral
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leishmaniasis induces persistent spleen infections in mammalian hosts by downregulating
host immunity (Freitas et al. 2016). The static and chronic spleen infections induced by
L. morhua might result from similar parasite modulation of host immune cell functions.
Gill tissues often promote an anti-inflammatory environment because of their importance
in gas exchange (Yamaguchi et al. 2015). This might support immune evasion, parasite
replication, and establishment at high intensities in this organ, until such time that spores
reach maturity and are released to the external environment for horizontal transmission
(Rodriguez-Tovar et al. 2011). The hypothesis outlined above offers many promising
avenues for future research to investigate the possibility of host immune cell modulation
by microsporidian parasites. Importantly, the qPCR assay presented in Chapter 4, in
combination with contemporary immunological techniques, is of value for future
assessments of such host-parasite interactions.
Final summary
Sustainable finfish aquaculture is impeded by parasites like microsporidia that
invade susceptible hosts and impair immunity to disease (Stentiford et al. 2016).
Emergence of microsporidians as disease-causing agents during finfish aquaculture is not
surprising given their broad distribution amongst fishes, their direct life cycles, and their
potential for mass production of infectious spores (Shaw and Kent 1999). Suboptimal
environmental conditions, high stocking densities, and a vast array of opportunistic
aquatic pathogens can immunocompromise fish and contribute to reduced production
yields and mortality during grow-out (Ashley 2007; Stentiford et al. 2016). The
estimated 19.3% fillet loss due solely to L. morhua infections gains important context
given that a 5% change in growth can mean the difference between profit and loss during
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aquaculture (George Nardi, Pers. Comm.). The recurring emergence of microsporidians
is likely to hamper the aquaculture industry as it diversifies to include alternative finfish
species. Understanding the spatiotemporal aspects of parasite development promotes
rational approaches to detection and diagnosis. Development and validation of molecular
quantification tools (i.e., qPCR assay; Chapter 4) is essential for efforts to enhance
pathogen detection, further investigate host-parasite interactions, and facilitate
downstream mitigation strategies.
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Table 5-1. Comparison of intraperitoneal injection and gastric intubation as exposure methods for establishing
Loma morhua infections in Atlantic cod (Gadus morhua). Prevalence of infection was determined based upon
observation of visible xenomas in situ in gill and spleen tissues. Spleens from cod with subclinical infections (0 or
1 xenoma) were subjected to quantitative PCR (qPCR) for improved detection of infection and determination of
prevalence. Integrative prevalence combines both parasitological detection (spleen/gill xenomas) and qPCR
detection of subclinical L. morhua infections. The integrative prevalence of intraperitoneal injection and gastric
intubation was 100% and 36.7% at 28 weeks post-exposure (WPE), respectively. Sham control fish not exposed to
parasite spores displayed no signs of infection using parasitological and/or qPCR analysis throughout the course of
the experiment.

Table 5-2. Utility of in situ detection of Loma morhua gill xenomas in live Atlantic cod
(Gadus morhua). Repeated examination of live fish confirms a significant decrease in
gill xenomas 22-28 WPE (Wilcoxon signed rank test, V = 78, p = 0.0004). Gill xenoma
counts at 22 and 28 WPE were normalized by utilizing a correction factor calculated by
dividing the average post-mortem xenoma counts by the average ante-mortem xenomas
counts from fish sampled at 28 WPE. Fold reduction of gill xenoma intensity is
presented to highlight the phasic nature of gill infections. The infection status of the
spleen from each fish at 28 WPE, as determined via xenoma counts and qPCR analysis,
further emphasizes the high variance associated with infections and the limitations of the
utility of the parasitological approach for detecting low intensity and subclinical
infections. Note: N/A = not available, ND = not determined, and + = detection of L.
morhua rDNA.
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Table 5-3. Loma morhua infections cause reduced growth in Atlantic cod (Gadus morhua). Naïve cod exposed to L.
morhua spores via intraperitoneal (IP) injection sustain reduced accumulation of body weight relative to control fish not
exposed to parasites. Table values for body and fillet weight represent means and their standard deviations. Delta body
weight comparison between uninfected sham control fish and IP-injected fish shows reduced accumulation of body
weight over the course of 28 weeks. This translates to an estimated 19.3% fillet weight loss relative to uninfected sham
controls. Statistical analysis was performed using t-test.

Figure 5-1. Experimental exposure of naïve Atlantic cod (Gadus morhua) to Loma
morhua reveals consistent infection intensity in spleen tissue and a phasic infection
intensity in gills. Exposure of naïve cod to parasite spores via intraperitoneal injection
enabled spatiotemporal monitoring of infection intensity in spleen (panel A) and gills
(panel B) over 28-weeks. Quantification of L. morhua xenoma intensity in situ in spleen
revealed consistent infection intensity 16-28 WPE (Kruskal-Wallis, χ2 = 3.73, df = 3, p =
0.3; panel A). Onset of xenoma development in gill tissues occurs at 14 WPE, peaks by
22 WPE, and begins to resolve by 28 WPE (Kruskal-Wallis and Dunn’s Test, χ2 = 5.92,
df = 2, p = 0.05; panel B). For the box plots, the horizontal red and black lines represent
the mean and median xenoma counts per timepoint, respectively, boxes show the
interquartile range (25th - 75th percentiles), error bars are bounded at the 10th and 90th
percentiles, and outliers are shown as dots. The 14 WPE sampling timepoint (grey
shaded boxes in panel A and B) represents the onset of xenoma establishment and
development in situ in gills and spleen, and therefore were excluded from statistical
analysis comparing temporal infection intensity. Results of posthoc tests are indicated;
times sharing a common letter did not differ significantly.
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Figure 5-2. Spleens from Atlantic cod (Gadus morhua) exposed experimentally to Loma
morhua, but with subclinical infections (0-2 xenomas), harbour detectable infections via
quantitative PCR (qPCR) and support integrative parasite detection. qPCR results,
normalized to parasite rDNA copies per spleen, reveal low infection intensity in
individual fish at 6-8 WPE. The number of rDNA copies detected per spleen increases
with chronicity of infection 14-28 WPE, but remains well below the copy number
observed for fish with clinical infections pooled across the same time points (+ ctrl;
xenoma range: 75 -348). Refer to Figure 5-1 for explanation of box plots.
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Figure 5-3. Loma morhua induces a period of significant growth suppression in Atlantic
cod (Gadus morhua) exposed to spores via intraperitoneal injection. Bar graphs display
the absolute growth rate (AGR; panel A) and delta body weight (DBW; panel B) for
sham control fish (black bars; n = 18) and intraperitoneal injected fish (grey bars; n = 22)
over 28-weeks (mean ± standard deviation). Statistical differences in AGR and DBW
between sham and intraperitoneal treatments are denoted by asterisks (*). Statistical
significance as follows: ´*´ p = 0.04 - 0.01; and, ´**´ p = 0.01 - 0.001.
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Chapter 6: General Discussion
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The emergence of microsporidia during fish culture
The emergence of infectious disease agents such as Loma morhua can impede the
production potential of commercial aquaculture enterprises and jeopardize the health
status of the cultured population. For instance, research presented in Chapters 3 and 5
demonstrates that L. morhua infections impair fish growth (a decrease in fillet weight up
to 19.3%); a result supported by previous studies on closely-related fish-infecting
microsporidia (Speare et al. 1998; Figueras et al. 1992, Ramsay et al. 2009). Existing
literature suggests that microsporidian infections will continue to disrupt both established
(i.e., Atlantic salmon: Nylund et al. 2010) and developing aquaculture enterprises (e.g.,
Atlantic cod: Khan 2005; Frenette et al. 2017; Chinook: Hauck 1984; Hedrick et al. 1991;
Coho: Kent et al. 1989; Speare et al. 1989; Rainbow Trout: Wales and Wolf 1955;
Morrison and Sprague 1983; Markey et al. 1994; Sablefish: Brown et al. 2010; Turbot:
Figueras et al. 1992; Tilapia: Fomena et al. 1992; Halibut: Nilsen et al. 1995; Greater
amberjack: Miwa et al. 2011; Gilt-head bream: Palenzuela et al. 2014; Groupers: Xu et
al. 2017). During epizootic events, the industry priority is often to develop treatment
strategies to eliminate existing infections and protect against future exposures. However,
an in-depth understanding of the biology of the parasite is a prerequisite for controlled
experimentation and assessment of therapeutic interventions to meet industry priorities.
The approaches outlined in the present thesis demonstrate the foundational investigations
that must be completed prior to assessment of the efficacy of treatment strategies.
Importantly, the concepts are more broadly applicable and may serve as a template that
can be modified to deal with microsporidian infections in other commercially-relevant
species. Additionally, the work outlined in the present thesis has utility for screening and
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monitoring both emergent and known microsporidian pathogens in cultured fish
populations.
Template for assessing treatment efficacy
Parasite detection, recovery, and identification
A prerequisite for mitigation of parasitic infections and disease is the ability to
reliably detect, recover, and specifically identify the parasite in question (Chapter 2). The
diagnostic template presented in Chapter 2 provides fish disease specialists with an
integrative approach that enables reliable detection and specific identification of L.
morhua using molecular methodologies. The approach for identifying this fish
microsporidian consists of four steps: 1) identification of organs or tissues that contain
high infection prevalence and intensity and subsequent extraction of parasite DNA; 2) use
of polymerase chain reaction (PCR) to amplify a region of the parasite genome exhibiting
inter-specific nucleotide variation that can be used to differentiate closely related species
(i.e., internal transcribed spacer [ITS]); 3) cloning, sequencing, and comparing nucleotide
sequences with other sequences deposited previously in GenBank; and, 4) identifying
diagnostic motifs within nucleotide sequences that are unique to the parasite in question.
Importantly, this template for detection, parasite recovery, and specific identification is
highly amendable to other microsporidians infecting other cultured fish populations.
Reliable establishment of experimental infections
Once the infectious disease agent has been identified, the production and
maintenance of specific pathogen-free (SPF) fish is critical for their use in establishing
controlled experimental infections. Techniques and approaches presented in Chapter 2
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also have utility for monitoring and confirming that SPF fish remain parasite-free, so that
confounding variables can be limited during experiments. When experiments are
initiated, it is paramount that reliable infections be established through routes that mimic
the natural infection phenotype (Chapters 3 and 5). In the context of L. morhua
infections in Atlantic cod, intraperitoneal (IP) exposure to spores established 100%
infection prevalence by 28-weeks post-exposure (relative to 36.7% via per os intubation).
Moreover, the static and phasic infection intensity observed within spleen and gills,
respectively, was consistent between natural infections observed in Chapter 3 and
infections induced experimentally via IP exposure in Chapters 3 and 5. Importantly, in
Chapter 5 the effect of parasitism on cod growth was pronounced during the initial stages
of the infection (i.e., 2 and 4 WPE) during which time significant growth rate suppression
occured. Although cod growth rates recovered eventually, temporal growth impairment
persisted in IP-exposed fish for the remainder of the experiment. These observations are
consistent with growth impairment during L. salmonae infections in rainbow trout
(Speare et al. 1998). The present work supports use of IP exposure as a method for
reliable establishment of experimental infections representative of natural infection
phenotypes and with utility for assessing both treatment strategies and consequences of
infections.
Streamlined approach for parasite quantification
A major obstacle in the development of treatment strategies for microsporidian
infections has been the inability to reliably quantify infections in a standardized fashion
(Becker and Speare 2007). This is a crucial consideration because empirical assessment
of treatment strategies requires useful comparisons between replicates and across
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treatment groups. The research presented in Chapter 4 outlines the development of a
quantitative PCR (qPCR) assay, facilitated by identification of a conserved region of the
L. morhua genome (i.e., LSU rDNA) and refined by the ability to extract parasite DNA
from tissues exhibiting high infection prevalence and intensity (Chapter 2). The
streamlined qPCR approach involves development of a novel whole organ tissue
homogenization technique prior to DNA extraction, wherein target organs of infection are
uniformly disrupted to facilitate accurate determination of parasite infection status and
intensity. An advantage of the presented qPCR assay for L. morhua is its ability to
sensitively identify differential infections (i.e., low and high xenoma counts) among cod
families as compared to the less sensitive gold standard of spleen xenoma enumeration
(Chapters 3 and 4). Furthermore, the qPCR approach demonstrates utility for detecting
and quantifying clinical and subclinical infections in experimentally-infected fish
(Chapter 5). Such observations are crucial for future experiments aiming to monitor
infection progress under various treatments (e.g., drug/vaccine trials), especially under
circumstances where xenoma establishment is not detectable using standard
parasitological methods. Furthermore, application of the qPCR approach outlined in
Chapter 4 does not require the advanced technical expertise and time investment
normally required to achieve proficiency with traditional parasitological examinations.
Assessing resistance and susceptibility to parasite infections
A recurring trend in Chapters 3 and 5 emphasizes that considerable variation in
susceptibility to L. morhua is inherent at the individual level and suggests that
susceptibility to infections has a genetic basis. Assessment of cod families for natural
resistance to L. morhua (Chapter 3) documents differential infection intensities between
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families, but also shows highly variable infection intensities within families. Similarly,
the experimentally-induced L. morhua infections reported in Chapter 5 generated highly
variable infection phenotypes in cod. The impaired growth observed in highly
susceptible individuals (Chapter 3) and reduced growth of infected fish versus nonexposed controls (Chapter 5) reveal an impairment of fish growth that translates to a
decrease in fillet weight of 14% and 19.3%, respectively. These data suggest that relative
resistance to L. morhua exists in cod and support that broodstock selection could be
implemented as part of a disease mitigation method to identify genetic lines that
inherently resist infection to improve growth. Furthermore, a genetic basis for L. morhua
resistance could be assessed empirically using the controlled IP exposure method
described in Chapter 5, in combination with the quantification of infection using the
qPCR assay developed in Chapter 4. Finally, identification of genetic lines that are
inherently susceptible to infection are equally important for assessing efficacy of methods
to treat L. morhua infections (e.g., drug/vaccine trials). The high-throughput,
standardized nature of the qPCR approach (Chapter 4) and the experimental infection
template (Chapter 5) support trials with high infection prevalence in susceptible fish and
thereby ensure sufficient power of analysis to distinguish the efficacy of treatments
among groups.
Conclusion
As the aquaculture industry continues to expand, it is important to understand that
no single approach is likely to succeed in eliminating pathogens. Rather, disease
mitigation strategies need to incorporate a multi-faceted approach that includes
biosecurity practices during routine husbandry, broodstock selection for heritable disease
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resistance, standardized empirical investigations of drug/vaccine efficacy, and integration
of contemporary technology for diagnosis, monitoring, and treatment. Concurrently, it is
vital to recognize that development of a successful disease mitigation strategy relies on
foundational biological investigations of host-parasite interactions. The present thesis
has simultaneously addressed translational industry research priorities while contributing
to the basic understanding of features of microsporidian biology. This constitutes a
significant contribution to both the field of parasite biology and finfish aquaculture and
lays a foundation for many new avenues of research.
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