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ABSTRACT 

 

MOLECULAR DIAGNOSTIC METHODS FOR DETECTION OF 

ENCEPHALITOZOON CUNICULI IN PET RABBITS 

Stephanie Reabel        Advisor: 

University of Guelph, 2012       Dr. J.S. Weese 

Conventional methods such as serology and microscopy are unreliable for diagnosis of 

encephalitozoonosis in domestic rabbits. Previous studies have reported PCR to be insensitive 

but it is unclear whether this is because of inherent limitations or the lack of assay optimization 

and validation. The studies described in this thesis assess DNA quality and quantity for 

combinations of six DNA extractions kits and four spore disruption methods. The resulting DNA 

underwent PCR using a published primer set. The optimal method had a detection threshold of 

100 spores/ml in saline. However, when repeated in urine, the detection threshold was much 

higher (10,000 spores/ml) and non-target DNA amplification was present. Various methods were 

used to improve analytical sensitivity and eliminate non-target amplification. One method 

involving PEG 8000 treatment produced a detection threshold of 1,000 spores/ml and decreased 

non-target DNA amplification. Ultimately, new primers were designed and when the optimized 

method was tested with these primers, a detection threshold of 100 spores/ml with no non-target 

DNA amplification was achieved. The optimal method and new primers were tested using 

clinical samples of rabbit urine and 32.4% were found to be positive for E. cuniculi. The final 

assay was shown to be both analytically sensitive and specific; however further clinical 

investigation is warranted to determine clinical utility. 
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Chapter One: Introduction, Objectives and Literature Review 

General Introduction 

Encephalitozoon cuniculi is a member of a unique and atypical group of fungi known as 

microsporidia. All microsporidia have a characteristic mechanism of infection, involving the 

extrusion of a polar tube and penetration of host cells. Rabbits are the primary host of E. cuniculi 

strain I, which typically causes chronic, subclinical infections. For reasons unknown, clinical 

disease can occur and is often neurological in nature but renal and ocular disease has also been 

known to occur. The disease induced by E. cuniculi is known as encephalitozoonosis and 

zoonotic disease in humans has been documented. Transmission of the pathogen is most 

commonly by ingestion of urine contaminated with E. cuniculi spores. In rabbits, there are 

currently no prophylactic measures, standard treatment regimens or definitive means of control 

for this pathogen, and diagnostic capabilities are severely lacking. Microscopy, cell culture and 

serology are common means of diagnosing encephalitozoonosis in rabbits but these methods are 

labourious, time consuming, and generally lack sensitivity and specificity. A highly sensitive and 

practical diagnostic method to detect E. cuniculi in rabbits is needed in order to protect the health 

and wellbeing of both animals and humans. Molecular methods such as polymerase chain 

reaction (PCR) have the potential to be simple, rapid and highly sensitive, but have so far been 

underdeveloped and underused in veterinary diagnostic practices. Previous attempts to optimize 

an assay for diagnoses of encephalitozoonosis have been insufficient and it is not known if this 

lack of reported sensitivity of PCR is due to intermittent shedding of spores or due to an assay 

design that is unable to detect low numbers of spores that may be shed in the urine. The focus of 

this literature review is to summarize current knowledge on the biology of the pathogen and 
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characteristics of disease as well as to provide a detailed description of current diagnostic 

methods employed in rabbits and the future trends in diagnosis of encephalitozoonosis in rabbits. 

Statement of Objectives and Hypotheses 

The major objective of this thesis was to evaluate and improve current molecular 

methods for detection of E. cuniculi spores in the urine of rabbits. The hypotheses included:  

1) A combination of enzymatic and mechanical spore disruption followed by DNA 

extraction with commercially available DNA extraction kits will provide sufficient 

quantity of DNA to be used for PCR. 

2) A real-time PCR assay can be developed that is both highly sensitive and efficient. 

3) A protocol combining optimal DNA extraction and real-time PCR for detection of 

E. cuniculi DNA in rabbit urine can be used on clinical samples. 
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Literature Review 

Microsporidia 

General Characteristics 

Microsporidia are obligate, spore-forming, intracellular pathogens that infect a variety of 

invertebrate and vertebrate host species (Vivarès and Méténier, 2001). They are highly 

dependent on their host for survival and can only survive outside the host as environmentally 

resistant spores (Texier et al., 2010). Microsporidial spores are small and range in size from 

1 µm to 10 µm in diameter (Franzen and Müller, 1999). All microsporidial spores possess a 

highly unique and specialized organelle known as the polar tube, which is the main mechanism 

of host cell invasion (Franzen et al., 2005; Bigliardi and Sacchi, 2001; Weidner and Byrd 1982). 

Infection of host cells involves the extrusion of the polar tube from the spore and inoculation of 

the infective sporoplasm into the host cell. 

Microsporidia were first discovered in the 1850’s as the causative agent of pébrine, a 

disease of silkworms that caused major economic losses to Europe’s silk industry (Pasteur, 1870; 

Nageli, 1857). Since then, over 160 genera containing 1,300 species have been characterized 

(Corradi and Keeling, 2009). All species described are parasitic, causing disease in many 

commercially and economically important insect, fish and mammalian hosts such as silk worms 

(Wang et al., 2007), honeybees (Higes et al., 2008) and salmon (Speare et al., 2007) as well as 

wild and domesticated animals (Didier et al., 2000; Wasson and Peper, 2000). Disease can also 

occur in humans, especially those who have a compromised immune system (Mathis et al., 2005; 

Didier et al., 2000). Human cases of disease were relatively rare until the onset of the human 

immunodeficiency virus (HIV)/acquired immunodeficiency syndrome (AIDS) pandemic in the 

mid 1980’s, when a dramatic increase in incidence occurred. Since then, microsporidiosis has 
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been documented in individuals without HIV/AIDS including organ transplant recipients 

(Carlson et al., 2004), travelers (Wichro et al., 2005), children (Tumwine et al., 2002) and the 

elderly (Lores et al., 2002), as well as rare cases in individuals with no identifiable 

immunodeficiency (Chan et al., 2003). 

Evolution and Phylogenetic Classification 

Microsporidia are unicellular eukaryotes possessing many unique and atypical eukaryotic 

characteristics. The most widely recognised of these is the complete lack of mitochondria and the 

absence of many metabolic pathways present in other eukaryotic organisms such as oxidative 

phosphorylation, electron transport and the tricarboxylic acid cycle (Katinka et al., 2001). Genes 

have been recently identified that encode for enzymes and organelles called mitosomes, which 

are thought to exhibit mitochondria-like functions (Williams et al., 2002). Microsporidia also 

lack a typical Golgi apparatus; although an organelle known as the polaroplast, which is a 

membranous structure consisting of stacked, flattened membranes and membranous tubules, is 

thought to have functions similar to the typical Golgi apparatus seen in eukaryotic organisms. In 

addition to this, microsporidia also lack peroxisomes (Corradi and Keeling, 2009) and their 

ribosomal RNA (rRNA) resembles that of prokaryotes rather than eukaryote rRNA (Vossbrinck 

et al., 1986). Microsporidial genomes are characterized by severe reduction and compaction, 

representing the smallest eukaryotic genomes (2.3 Mbp to 19.5 Mbp) known to date (Katinka et 

al., 2001; Biderre et al., 1995). The genome size has been reduced considerably as a result of the 

compaction of genetic information (short intergenic regions, few repetitive sequences, single 

copy genes and few or no introns), the shortening of protein encoding genes and non-coding 

sequences, and a loss of genes involved in metabolic pathways that are no longer relevant as a 

result of a parasitic lifestyle (Smith, 2009; Katinka et al., 2001). 
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Microsporidia belong to the phylum Microspora. Over the past decade, microsporidia 

have undergone many taxonomic revisions as a result of their unusual eukaryotic characteristics. 

It was previously hypothesized that the reduction and simplicity characteristic of microsporidia 

was a result of their representing a primitive eukaryotic lineage that evolved prior to the origin of 

typical eukaryotic characteristics such a mitochondria (Vossbrinck et al., 1987) and that they 

represented an early evolutionary branch leading from prokaryotes to eukaryotes. Currently, as a 

result of improvements to molecular and genetic methodologies allowing microsporidian 

genomes to be sequenced, it is now believed that microsporidia have a fungal heritage and that 

they are not primitive organisms but highly adapted to a parasitic lifestyle (Lee et al., 2008; 

Keeling et al., 2000; Hirt et al., 1999). Microsporidia are now thought to have descended from a 

zygomycete ancestor as opposed to having a protozoan ancestry (Lee et al., 2008; Keeling, 

2003). This newly derived fungal heritage is based on numerous pieces of evidence, including 

similarities in the cell cycle (Corradi and Keeling, 2009; Smith, 2009; Bigliardi and Sacchi, 

2001), the presence of chitin in the spore wall (Hinkle et al., 1997), enzymes such as RNA 

polymerase II (Hirt et al., 1999), glutamyl synthase (Brown and Doolittle, 1999) and pyruvate 

dehydrogenase (Fast and Keeling 2001), identification of genes encoding HSP70 heat shock 

protein (Germot et al., 1997; Hirt et al., 1997), TATA box binding protein (Fast et el., 1999) as 

well as alpha and beta tubulin (Keeling et al., 2000; Edlind et al., 1996; Keeling and Doolittle, 

1996). 

Encephalitozoon cuniculi 

Biology 

Encephalitozoon cuniculi represents one of the smallest microsporidian species known to 

date, having spores ranging in size from only 1.0 µm to 2.5 µm in diameter (Franzen and Müller, 
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1999). Spores (Figure 1.1) are surrounded by a thick wall consisting of three layers: a 

proteinaceous exospore, chitinous endospore and plasma membrane, the innermost layer 

surrounding the sporoplasm (Vavra and Larson, 1999; Bigliardi et al., 1997). The thick exospore 

and endospore confer environmental resistance when the spore is outside the host. Inside the 

spore, the cytoplasm contains a monokaryon nucleus, ribosomes, mitosomes, a polaroplast, a 

posterior vacuole and an invasion apparatus (Bigliardi and Sacchi, 2001; Vavra and Larsson, 

1999). The posterior vacuole is a large, membranous structure, located at the posterior end of the 

spore (Vavra and Larsson, 1999) and is involved in polar tube extrusion (Undeen, 1990). The 

invasion apparatus consists of a coiled polar tube that is attached to the inner anterior region of 

the spore by an anchoring disk (Vavra and Larsson, 1999). The polar tube is coiled around the 

periphery of the sporoplasm approximately five to seven times in a single row for all 

Encephalitozoon species (Franzen and Müller, 1999). 

Mechanism of Infection 

The entire process of polar tube extrusion and host cell penetration occurs in less than 

two seconds (Frixione et al., 1992). Once triggered to extrude, an increase of osmotic pressure 

occurs inside the spore, leading to a rapid influx of water (Frixione et al., 1997; Undeen and 

Frixione, 1990). The influx of water results in the swelling of the posterior vacuole and 

polaroplast leading to an increase in pressure against the rigid spore wall. This increase in 

pressure causes the thin anterior end of the spore to rupture and the anchoring disk to evert, 

forming a collar-like structure (Williams, 2009). The polar tube uncoils up to 100 times the 

length of the spore and everts to form a hollow tube as it is extruded out of the cell in an 

explosive fashion (William, 2009; Bigliardi and Sacchi, 2001; Weidner et al., 1984). 
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Extrusion of the polar tube is triggered by some unknown mechanism but may involve 

interactions between the spore and host cell (Southern et al., 2007; Hayman et al., 2005), 

interactions between the polar tube and host cell (Xu et al., 2003) or changes in pH and 

cation/anion concentrations in the extracellular environment (Williams, 2009). Once extruded, 

the polar tube probably penetrates the host cell and is assumed to deposit the sporoplasm directly 

into the host cell cytoplasm (Franzen, 2005). However, recent studies on parasite-host 

physiology suggest that the polar tube actually discharges the sporoplasm into an “invagination 

tunnel” of the host cell membrane caused by the mechanical force of the polar tube, eventually 

leading to the sporoplasm to be surrounded by a vacuole (Rönnebäumer et al., 2008; Schottelius 

et al., 2000). Phagocytosis of spores by the host cell has also been theorized (Orlik et al., 2010; 

Couzinet et al., 2000; Magaud et al., 1997). 

Once penetration has occurred, the polaroplast and sporoplasm are pushed through the 

lumen of the everted polar tube and into the host cell (Franzen et al., 2005; Frixione et al., 1992; 

Undeen, 1990). The plasma membrane of the sporoplasm remains behind with the empty spore 

and the sporoplasm will eventually become surrounded by a new plasma membrane derived from 

the polaroplast once inside the host cell (Weidner et al., 1984). For Encephalitozoon species, the 

sporoplasm and plasma membrane become surrounded by a parasitophorous vacuole, which is 

thought to be derived from the host cell. 

Lifecycle 

Encephalitozoon cuniculi follows a direct lifecycle that is characterised by three stages 

(Figure 1.2): germination, merogony and sporogony (Cali and Takvorian, 1999). Merogony and 

sporogony are intracellular stages of development and are highly dependent on the host cell for 

obtaining nutrients (Méténier and Vivarès, 2001). All intracellular developmental stages occur 
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within the parasitophorous vacuole (Rönnebäumer et al., 2008; Fasshauer et al., 2005; Magaud et 

al., 1997) and take approximately four to six weeks to complete, after which newly infective 

spores can be found in the extracellular environment (Cox et al., 1979). 

Germination 

Upon ingestion of viable spores by a susceptible host, spores infect intestinal epithelial 

cells before entering the circulatory system via the gut associated lymphoid tissue (GALT). 

Spores are transported to various organs throughout the body, such as kidneys, liver, lungs, heart, 

or brain, either freely or by infected monocytes (Marcato and Rosmini, 1986). Although any 

organ can become infected with spores, the kidneys and brain are predilection sites (Csokai et al., 

2009a; Furuya, 2009; Cox et al., 1979). Once in proximity to epithelial cells, the polar tube 

extends outwards from the spore and penetrates the host cell, discharging the sporoplasm and 

nucleus into the host cell cytoplasm as previously described. 

Merogony 

After the host cell becomes infected and the sporoplasm becomes surrounded by a 

parasitophorous vacuole, several rounds of asexual replication (merogony) occur, resulting in the 

formation of meronts around the periphery of the parasitophorous vacuole (Fasshauer et al., 

2005; Bigliardi and Sacchi, 2001). Meronts can be round, irregular or elongated in shape and are 

simple in nature, containing cytoplasm with few immature organelles surrounded by a plasma 

membrane (Dunn and Smith, 2001; Franzen and Müller, 1999). Meronts obtain nutrients from 

the cytoplasm of the host cell. Molecules of ATP are actively transported through pores into the 

parasitophorous vacuole and into developing meronts (Smith, 2009; Williams, 2009; 

Rönnebäumer et al., 2008; Dunn and Smith, 2001). 
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Sporogony 

Spore differentiation (sporogony) occurs in the central region of the parasitophorous 

vacuole (Fasshauer et al., 2005). Initially, meronts differentiate into sporonts (Franzen et al., 

2005) which have a thickened surface coat compared to meronts (Vivarès and Méténier, 2001). 

Each sporont then divides to form two sporoblasts. These sporoblasts will differentiate into 

mature spores though the process of sporogony (Franzen, 2005). During maturation of 

sporoblasts to spores, the formation of organelles such as the polar tube, polaroplast and other 

organelles are completed. 

Dissemination of Spores 

Mature spores are released into the extracellular environment by rupture of infected host 

cells and can then either autoinfect new cells (Wasson and Peper, 2000), disseminate to other 

organs, or can be excreted from the host in urine (Williams, 2009; Didier, 2005). Infection of 

kidney epithelial cells allows production of new spores that will disseminate throughout the 

body, but also will be excreted into the environment. Once outside the host, spores are 

environmentally resistant and immediately infective to susceptible individuals (Williams, 2009; 

Mathis et al., 2005). 

Genetic Variability 

To date, three strains (genotypes) of E. cuniculi have been characterized based on the 

number of 5’-GTTT-3’ repeats present in the internal transcribed spacer (ITS) region of the 

rRNA gene (Xiao et al., 2001; Didier et al., 1995b). Strain I contains three 5-GTTT-3’ repeats in 

the ITS, strain II contains two 5’-GTTT-3’ repeats and strain III contains four 5’-GTTT-3’ 

repeats. Each of the three strains exhibits a different host preference. Strain I primarily infects 

rabbits, strain II primarily infects mice and strain III primarily infects dogs (Didier et al., 1995b). 
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In rabbits, experimental inoculation with strains II and III has resulted in successful infection, but 

only recently has natural infection with these other strains been identified (Valenčáková et al., 

2012; Mathis et al., 1997). 

Encephalitozoonosis 

General Disease Characteristics 

Disease as a result of infection with E. cuniculi or other Encephalitozoon species is 

known as encephalitozoonosis. Encephalitozoonosis occurs in a wide variety of animals, and is 

often chronic and subclinical; however, the disease can be severe and fatal if not treated (Texier 

et al., 2010). Disease occurs as a result of horizontal transmission in the majority of animal hosts; 

however, vertical transmission is also known to occur in some host species. In pet rabbits 

(Oryctolagus cuniculus), E. cuniculi strain I is a common cause of neurological and renal disease 

(Valenčáková et al., 2008; Harcourt-Brown and Holloway, 2003). Ocular disease is less 

frequently seen in rabbits and occurs exclusively as a result of transplacental transmission from 

mother to the fetus (Baneux and Pognan, 2003). 

Seroepidemiological evidence suggests that rabbits represent the natural host of 

E. cuniculi strain I (Mathis et al., 2005; Wilson, 1979), serving as a source of infection for other 

animals and humans (Dipineto et al., 2008). Encephalitozoon cuniculi has been demonstrated to 

cause disease in a variety of animals such as birds, horses, pigs, cats, dogs, and monkeys 

(Kašičková et al., 2009; Reetz et al., 2009; Davis et al., 2008; Halánová et al., 2003; 

Patterson-Kane, 2003). Several reports involving encephalitozoonosis in humans have also been 

documented (Didier, 2005; Vivarès and Méténier, 2001). 
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Epidemiology 

Modes of Transmission 

Horizontal transmission via excretion of spores in urine is the primary mode of 

transmission (Wasson and Peper, 2000) and rabbits generally become infected after ingesting 

spores with contaminated food or water. Vertical transmission of E. cuniculi can also occur from 

infected dam to the placenta and developing fetus but is a much less frequent form of 

transmission (Baneux and Pognan, 2003). Infected individuals excrete spores with urine into the 

environment, where they remain infectious for long periods of time under ideal environmental 

conditions (Koudela et al., 1999; Waller, 1979; Shadduck and Polley, 1978). Experimental 

infection studies have reported that the shedding of spores in urine begins approximately four to 

six weeks after the initial infection occurs (Jeklova et al., 2010b; Cox et al., 1979; Cox and 

Gallichio, 1978). The current understanding is that spores are shed consistently for 

approximately one to three months after the initial infection and intermittently and/or in smaller 

numbers thereafter; however, this is controversial and further studies are needed to confirm 

patterns of spore shedding in rabbits (Jeklova et al., 2010a; Jeklova et al., 2010b; Cox et al., 

1979; Cox and Walden, 1972). Rabbits can shed spores in urine in the absence of clinical disease 

which is of epidemiological importance because infection can be transmitted unknowingly 

amongst apparently healthy rabbits. When coupled with the high density living conditions that 

domestic rabbits are often subjected to, this allows for rapid transmission of E. cuniculi 

throughout domestic rabbit colonies. 

Geographic Distribution 

Encephalitozoon cuniculi has a worldwide distribution in domestic and commercial rabbit 

populations and seroprevalence ranges from 7% to 94% (Table 1.1). Reasons for this variation in 
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seroprevalence likely include geographic location, health status of the animals surveyed and the 

diagnostic method used. In wild rabbit populations (Oryctolagus and Sylvilagus Spp.), 

E. cuniculi is less prevalent and this is most likely due to lower animal density (Thomas et al., 

1997). Encephalitozoonosis was previously a problem in laboratory rabbits and in rabbits from 

experimental breeding facilities; however, in recent years, prevalence rates have decreased 

considerably as a result of improved hygiene standards, serological screening and routine testing 

(Künzel and Joachim, 2010; Wasson and Peper, 2000). In contrary, infections of E. cuniculi in 

domestic rabbits appears to be increasing in frequency (Jeklova et al., 2010a; Furuya, 2009; 

Santaniello et al., 2009; Dipineto et al., 2008; Künzel et al., 2008; Valenčáková et al., 2008; 

Keeble and Shaw, 2006), yet reasons for these increases are unknown. 

Zoonotic Potential 

Seroprevalence of E. cuniculi in human populations ranges from 0% to 42% (Furuya et 

al., 2008; Didier, 2005; Halánová et al., 2003; Hollister et al., 1991) with higher prevalence rates 

seen in immunocompromised individuals. As seen with rabbits, prevalence rates vary, depending 

on geographic location, diagnostic methods used and demographic characteristics of the sampled 

population (Didier and Weiss, 2006). All human infections occur as a result of either E. cuniculi 

strain I (rabbit) or strain III (dog) and this is likely a result of the close relationship shared 

between humans and animals. The most probable route of transmission is by accidental ingestion 

of spores after handling an infected animal or by contact with a contaminated environment. 

There has been some debate as to whether or not encephalitozoonosis should be 

considered a zoonotic disease. Zoonotic potential has been hard to assess due to the difficulties 

detecting infections in clinically diseased patients and the lack of epidemiological studies clearly 

identifying animals as the source of human infections. Human infections may be underdiagnosed 
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due to unreliable diagnostic methods or lack of knowledge. Furthermore, disease in 

immunocompetent people may be underreported due to the likeliness of having mild or 

asymptomatic disease and thus not seeking medical attention. Based on current molecular 

epidemiological data, it is unlikely that humans are a natural host for E. cuniculi and there is 

sufficient evidence to indicate that rabbit and dog strains of E. cuniculi are a zoonotic threat to 

humans. For example, in all documented cases, E. cuniculi strains isolated from humans were 

found to be genetically identical to the strains found in rabbits or dogs (Teachey et al., 2004; 

Snowden et al., 1999; Mathis et al., 1997; Deplazes et al., 1996a). Furthermore, direct evidence 

of zoonotic transmission of E cuniculi was implicated when a child seroconverted after exposure 

to an infected puppy (McInnes and Stewart, 1999). 

Even though seroprevalence can be high in certain human populations, the incidence of 

clinical disease is low, with the majority of cases occurring in immunocompromised humans, 

such as those having HIV and/or AIDS (Fournier et al., 2000) and those that have recently 

undergone organ transplantation (Gamboa-Dominguez et al., 2003) or who have been diagnosed 

with idiopathic CD4+ T-lymphocytopenia (Kodjikian et al., 2005). Immunocompetent 

individuals tend to have subclinical infections whereas immunocompromised humans can 

develop a severe and potentially fatal disease. Disease in these individuals is often disseminated 

and can result in a variety of clinical presentations, including: encephalitis, nephritis, sinusitis, 

hepatitis, myositis, keratitis, pneumonia or peritonitis (Didier et al., 2005). 

Immunologic Response 

Several studies have been published on the immune response to E. cuniculi in mammals 

(Valenčáková et al., 2012; Moretto et al., 2010; Mathews et al., 2009; Khan et al., 2001). These 

studies have mainly utilized murine hosts or in vitro experiments, but results can be generalized 
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to include other mammalian hosts, such as rabbits. The immune status of the host strongly 

influences control of E. cuniculi infections; however, E. cuniculi is capable of persisting as a 

latent infection, despite an active immune response. 

Innate Immune Response 

Macrophages play a key role in developing an effective innate immune response to 

E. cuniculi challenge. After spores are ingested and absorbed into the intestinal tract, resident 

macrophages recruit monocytes to the intestine as well as initiate other innate responses such as 

production of chemokines, cytokines, nitric oxide, inducible nitric oxide synthase and radical 

oxide synthase to kill spores (Valenčáková et al., 2012). Interferon (IFN) -γ is an important 

cytokine responsible for production of dendritic cells (DC’s) from the intestinal mucosa, 

increasing intraepithelial lymphocytes (IEL’s) and promotion of phagocytic activity of 

macrophages. Interleukin (IL) -10 and IL-12 are also thought to be important components of 

controlling the initial infection (Moretto et al., 2007). 

Encephalitozoon cuniculi gains entry into macrophages/monocytes by phagocytosis of 

spores or by injection of sporoplasm into macrophages (Franzen, 2004). It has been postulated 

that once internalised, E. cuniculi may avoid destruction by preventing fusion with lysosomes 

(Couzinet et al., 2000). However, it has also been suggested that spores inside phagolysosomes 

are destroyed but polar tube extrusion and deposition of sporoplasm into macrophage cytoplasm 

prior to destruction can occur (Franzen et al., 2005). Infected monocytes are then disseminated 

throughout the body via the lymphatic and circulatory system, ultimately leading to infection of 

other organs. 
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Cellular Immune Response 

A cellular immune response is the main defence against E. cuniculi infection and is 

essential for the survival of the infected host. Studies have shown that CD8+ cytotoxic 

T-lymphocytes (CTL’s) are essential for controlling an infection and that CD4+ CTL’s are of 

less importance (Khan et al., 1999). CD8+ CTL’s become activated by Th1 cytokines such as 

IFN-γ and IL-12 (Moretto et al., 2010). Once triggered, these CTL’s destroy infected host cells 

using a perforin mediated mechanism (khan et al., 2001). Production of cytokines by CD8+ 

CTL’s is important in developing protective immunity. 

Humoral Immune Response 

A humoral immune response is generally not protective; however, antibodies probably 

contribute to host resistance by facilitating the killing of spores by macrophages (Mathews et al., 

2009). Infection with E. cuniculi results in seroconversion and development of 

E. cuniculi-specific immunoglobulins (Ig)G and IgM (Rich, 2010). In rabbits, antibodies are 

detectable two to three weeks after initial infection (Lyngset, 1980; Bywater and Kellett, 1979; 

Cox and Gallichio, 1978; Waller et al., 1978). Production of IgG peaks approximately 17 days 

after the initial infection. Immunoglobulin M steadily declines and at that point and typically 

becomes undetectable by 35 days post-infection (Cox et al., 1979). As IgM levels decline, serum 

IgG levels decrease slightly and then remain at constant levels for months to several years 

post-infection (Csokai et al., 2009a; Didier and Bessinger, 1999; Bywater and Kellett, 1979). 

Thus, the presence of IgG is an indicator of prior exposure but not necessarily acute or active 

infection. 
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Pathogenesis and Clinical Disease 

In rabbits, the predilection sites of infection include the kidneys and brain if the route of 

transmission is horizontal and the eyes if the route of transmission is vertical. Consequently, 

lesions associated with intracellular development and spore production are primarily located at 

these three locations and are usually associated with nonsuppurative and granulomatous 

inflammation (Csokai et al., 2009b; Snowden and Shadduck, 1999). Disease occurs as a result of 

the rupture of host cells by newly mature spores and by the inflammatory process produced by 

the body in response to the presence of the pathogen in infected cells (Harcourt-Brown and 

Holloway, 2003). During horizontal transmission, the first lesions become evident during the 

early stages of infection in the kidneys and to a lesser extent, the heart, lungs and/or liver. 

Approximately three months after the initial infection and four weeks after noticeable kidney 

lesions, lesions in brain tissue become apparent. It is hypothesised that after ingestion of viable 

spores, infection of brain tissue only occurs after infection and development of the pathogen in 

other organs such as the kidneys (Csokai et al., 2009a). 

Encephalitozoonosis in rabbits is typically chronic and subclinical (Jeklova et al., 2010b). 

Clinical disease may never develop in chronically infected animals, but disease will occur in a 

presumably small but inadequately quantified percentage of individuals. Disease may occur 

months to years after initial infection, and reasons for the development of clinical signs in 

chronically infected animals are generally unknown. A rabbit’s health status is the only known 

factor to contribute to the development and severity of clinical disease. Immunosuppression 

appears to exacerbate progression of disease and increases severity of clinical signs. Studies have 

demonstrated that experimentally infected rabbits given immunosuppressive drugs are more 

likely to develop severe disease than rabbits not given immunosuppressive drugs (Jeklova et al., 
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2010a; Jeklova et al., 2010b Horváth et al., 1999). The appearance of clinical disease is often 

sudden, spontaneous and consists of neurological clinical signs or renal disease (Csokai et al., 

2009b). In chronically infected rabbits, chronic inflammation in tissues other than brain and 

kidney are rare (Csokai et al., 2009a; Cox et al., 1979). 

Renal Disease 

Encephalitozoon cuniculi spores can be detected in kidney tissue approximately four 

weeks after seroconversion (Cox and Gallichio, 1978). During the early stage of infection, spores 

are abundant and primarily infect epithelial cells of the kidneys or are found free-floating in the 

collecting tubules. Early infections are marked by focal granulomatous interstitial nephritis; 

however, during the later stages of disease, interstitial fibrosis is common and spores are sparsely 

present in the kidneys (Csokai et al., 2009a; Cox and Gallichio, 1978). Infection with E. cuniculi 

in the kidneys is generally characterized by subclinical disease during the early stages of 

infection. Chronic infections can result in clinical disease and/or renal failure but often lesions do 

not significantly impair renal function and clinical signs are not apparent until long periods of 

time have passed (Jeklova et al., 2010a; Jeklova et al., 2010b; Ewringmann and Göbel, 1999; 

Cox and Gallichio, 1987). Clinical disease is associated with nonspecific signs such as 

inappetence, weight loss, lethargy and dehydration (Csokai et al., 2009a; Künzel et al., 2008). 

Additionally, rabbits may display signs of polyuria and polydipsia, which can result in azotemia 

(Jeklova et al., 2010a; Künzel et al., 2008; Harcourt-Brown and Holloway, 2003). 

Neurological Disease 

The brain appears to be a secondary site of infection and dissemination of spores to the 

brain has been shown to occur after replication and development of spores in the kidneys (Csokai 

et al., 2009a). Spores can be detected in brain tissue approximately eight weeks after 
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seroconversion (Cox and Gallichio, 1978). Spores primarily infect the cerebrum, brainstem, 

spinal cord, cerebellum and vestibular cores, causing multifocal granulomatous 

meningoencephalitis (Csokai et al., 2009a; Cox and Gallichio, 1978). As with renal disease, 

encephalitis can also be acute or chronic and the severity of lesions does not necessarily correlate 

with the onset or severity of clinical signs. The onset of neurological signs can be sudden and 

severe (Jeklova et al., 2010a; Künzel et al., 2008; Harcourt-Brown and Holloway, 2003; 

Ewringmann and Göbel, 1999). Torticollis is the most common neurological sign observed 

(Dipineto et al., 2008; Künzel et al., 2008; Valenčáková et al., 2008; Harcourt-Brown and 

Holloway, 2003). Other neurological signs include seizures, paresis, ataxia, longitudinal rotation, 

circling, rolling, nystagmus, head tremors, swaying and nodding at rest, and behavioural changes 

(Künzel and Joachim, 2010; Csokai et al., 2009a; Künzel et al., 2008). 

Ocular Disease 

Vertical transmission results exclusively in ocular infection and spores can be found in 

the anterior lens capsule. Generally, the presence of spores in the eye causes a subclinical 

infection and does not significantly impair vision (Künzel et al., 2008; Harcourt-Brown and 

Holloway, 2003). Spontaneous rupture of the anterior lens capsule can result in granulomatous 

inflammation of the iris, ciliary body and choroid due to release of lens material. This results in 

phacoclastic uveitis as well as the onset of other clinical signs such as cataract formation and 

blindness (Jeklova et al., 2010a; Jeklova et al., 2010b; Künzel et al., 2008; Felchle and Sigler, 

2002). 

Correlation of Antibody Response, Shedding of Spores and Development of Clinical Signs 

There have been numerous attempts to characterize progression of disease in relation to 

antibody response, shedding of spores and development of clinical signs. Studies suggest that a 
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rabbit’s age, gender, health status or contact with other rabbits have no effect on the 

seroprevalence of E. cuniculi (Jeklova et al., 2010a; Keeble and Shaw, 2006). Rabbits with 

clinical disease are more likely to be seropositive than rabbits without clinical signs of disease 

(Ashmawy et al., 2011; Cray et al., 2009; Csokai et al., 2009b; Igarashi et al., 2008; Künzel et al, 

2008; Valenčáková et al., 2008; Harcourt-Brown and Holloway, 2003); however, it does not 

appear as though the presence or severity of clinical signs is correlated with the amount of 

antibody present in the blood at any one time (Csokai et al., 2009b; Igarashi et al., 2008; Kunstýř 

et al., 1986). In seropositive rabbits, the presence of clinical signs appears to correlate with the 

shedding of spores, because rabbits displaying clinical signs are more likely to shed spores than 

rabbits with subclinical disease (Cox et al., 1979; Cox and Gallichio, 1978; Pye and Cox, 1977; 

Goodman and Garner, 1972). 

Diagnostic Methods 

Definitive Diagnosis 

A definitive diagnosis of encephalitozoonosis in rabbits may be difficult and usually 

involves a combination of clinical examination, laboratory testing and exclusion of other likely 

diseases (Jeklova et al., 2010a; Künzel et al., 2008; Harcourt-Brown, 2004). A definitive 

diagnosis is important for development of an optimized treatment regimen and accurate 

prognosis, yet remains elusive. Nephrolithiasis is the main differential diagnosis for renal disease 

in rabbits (Künzel and Joachim, 2010; Csokai et al., 2009a); however, bacterial infections, 

neoplasia and calcification of the kidneys can also occur, causing similar nonspecific signs of 

disease. Bacterial uveitis caused by Pasteurella multocida is the main differential diagnosis for 

phacoclastic uveitis but similar ocular disease can also be a result of severe keratitis, trauma or 

intrusion of foreign bodies (Künzel and Joachim, 2010). 
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Studies suggest that neurological disease in rabbits is most commonly caused by 

E. cuniculi (Gruber et al., 2009; Künzel et al., 2008); however, diagnosis of neurological signs of 

encephalitozoonosis is often missed due to limitations in diagnostic methodologies, the presence 

of subtle abnormalities that may not be recognized as neurological in nature and lack of 

consideration of encephalitozoonosis. Otitis, media or interna, caused by P. multocida infection 

is the main differential diagnosis for neurological disease in rabbits (Jeklova et al., 2010a; 

Gruber et al., 2009; Künzel et al., 2008; Kunstýř and Naumann, 1985). In addition, otitis media 

or interna can also be caused by Psoroptes cuniculi mites (Csokai et al., 2009a; Künzel et al., 

2008). Infections of the central nervous system caused by viruses such as herpes simplex virus 

(human herpes virus type I), borna disease virus and rabies virus can also cause neurological 

disease; however, these infections are extremely rare (Künzel and Joachim, 2010). Parasitic 

infections caused by Toxoplasma gondii and Baylisascaris procyonis may cause neurological 

disease in rabbits but are both relatively rare as well (Gruber et al., 2009; Künzel et al., 2008; 

Kunstýř and Naumann, 1985; Shadduck and Pakes, 1971). Neurological signs can also be a 

result of spinal cord or head trauma, which are common occurrences in rabbits as well as 

lymphomas and other neoplasms of the central nervous system (Künzel and Joachim, 2010; 

Csokai et al., 2009a). 

Microscopy 

Transmission Electron Microscopy (TEM) 

Transmission electron microscopy is currently considered the gold standard for the 

identification of E. cuniculi in tissue and body fluids, and is based on the observation of polar 

tubes and other ultrastructural characteristics inside spores (Ghosh and Weiss, 2009; Franzen and 

Müller, 1999; Fedorko and Hijazi, 1996). In urine samples, genus identification is possible and is 
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based on the number of polar tube coils inside spores (Franzen and Müller, 1999). Speciation is 

generally not possible with TEM using urine samples and is generally not necessary, as 

E. cuniculi is the only known microsporidium to naturally infect rabbits (Mathis, 2000). 

Transmission electron microscopy is ideal for laboratory study of ultrastructural features of 

developing and mature spores; however, sample preparation and examination are labourious, 

costly, time-consuming and relatively insensitive for routine diagnostic use (Ghosh and Weiss, 

2009; Weber et al., 2000; Franzen and Müller, 1999; Fedorko and Hijazi, 1996). 

Light Microscopy 

Electron microscopy was previously necessary because of the small size of spores but 

improvements in light microscopy have meant that electron microscopy is no longer the only 

method of visual identification of spores. Light microscopy is faster, more accessible and simpler 

than TEM but still requires experienced personnel because spores are extremely small and may 

be hard to identify (Ghosh and Weiss, 2009). The internal coiled polar tube is not possible to 

detect using light microscopy (Ghosh and Weiss, 2009; Didier and Weiss, 2006). Histochemical 

staining methods are employed to identify the thick spore walls of microsporidia, which are 

easily visible with a variety of different stains (Ghosh and Weiss, 2009). Staining techniques can 

be used for detection of spores in urine, feces, aspirates and tissue (Garcia, 2002). Microsporidial 

genus or species differentiation is not possible with light microscopy (Ghosh and Weiss, 2009); 

however, this is likely irrelevant in rabbits because E. cuniculi is the only microsporidia known 

to infect rabbits. Chromotrope (i.e.; modified trichrome), Giemsa, fluorescent brighteners (i.e.; 

Calcofluor White, Fungifluor, Uvitex 2B), and immunofluorescent antibody staining are 

commonly used to detect E. cuniculi in urine samples (Garcia, 2002; Weber et al., 2000). 
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Giemsa stain stains E. cuniculi spores in urine smears blue with a purplish-red nucleus 

(Garcia, 2002); however, other elements present in urine may stain similarly and resemble spores 

(Franzen and Müller, 1999). Compared to Giemsa stains, chromotrope and fluorescent stains 

have increased sensitivity and are better able to detect spores in urine (Sokolova et al., 2004; 

Franzen and Müller, 1999) and have comparable sensitivities, ranging from 80% to 100% 

(Didier et al., 2000). The modified trichrome stain (10x concentrated Chromotrope 2R) can be 

more sensitive for identifying E. cuniculi in urine when compared to conventional chromotrope 

staining. When examined at high magnification (×1000), spores will appear a reddish-pink 

colour against a blue or green counterstained background (Fedorko and Hijazi, 1996; Weber et 

al., 1992). Yeast will also stain pink; however, E. cuniculi spores can be distinguished by the 

presence of a central pink band that represents the polar tube and clear posterior vacuole (Garcia, 

2002; Fedorko and Hijazi, 1996; Weber et al., 1992). Modified trichrome staining is highly 

sensitive but is time consuming and labourious to prepare. Furthermore, spores may be hard to 

detect in small numbers, which is often the case in urine samples (De Girolami et al., 1995). 

Chemofluorescent brighteners such as Calcofluor White, Uvitex 2B, and Fungifluor, bind 

chitin in the spore wall causing the spores to fluoresce as white or turquoise under a fluorescence 

microscope (Didier and Weiss, 2006). The staining procedure is relatively simple and rapid but 

requires use of a fluorescent microscope with a 350 nm to 440 nm excitation filter and a high 

magnification (×1000) objective lens (Franzen and Müller, 1999). These microscopes are 

expensive and are not readily available in veterinary clinics. Fluorescent staining appears to be 

more sensitive and faster when compared to chromotrope staining (Didier et al., 1995a); 

however, false positives can result due to similarly staining yeast cells, which are commonly 
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present in urine (Ghosh and Weiss, 2009; Garcia, 2002; Di Girolami et al., 1995; Luna et al., 

1995). 

Serology 

As a result of the limitations associated with microscopy, diagnosis of 

encephalitozoonosis based on seropositivity is becoming increasingly common. A variety of 

serological assays are currently utilized for the diagnosis of encephalitozoonosis in rabbits, 

including immunofluorescent antibody staining, indirect fluorescent antibody test (IFA), carbon 

immunoassay (CIA), enzyme-linked immunosorbent assay (ELISA) and western immunoblot 

assay. The IFA test and ELISA are the two most commonly used serologic assays. There is good 

agreement between the tests and no statistically significant differences in the reported 

sensitivities and specificities (Boot et al., 2000). These methods utilize antigens of the spore wall 

or polar tube proteins that react with IgG antibodies produced during infection with E. cuniculi. 

Overall, the sensitivity and specificity of serologic assays may be difficult to assess due to the 

absence of a reliable gold standard for diagnosis; however, studies confirming 

encephalitozoonosis post mortem using histology indicate that the sensitivity and specificity of 

serologic assays are very high (Boot et al., 2000). Because microsporidial infections in rabbits 

are exclusively caused by E. cuniculi, serology is considered highly specific because 

cross-reactivity with other similar species does not occur. 

Even though the sensitivity is reported to be high, diagnosis using serology exclusively 

may be unreliable because antibody titres can be misleading and difficult to interpret, resulting in 

poor specificity for diagnosis of clinical infection. Infection with E. cuniculi results in production 

of IgG, which can persist in the host for long periods of time. Therefore, a positive antibody titre 

is only indicative of exposure to the pathogen at some point in time, and does not differentiate 
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amongst an active infection, latent infection or previous infection (Dipineto et al., 2008; 

Harcourt-Brown and Holloway, 2003). Based on this information, serology may not be a reliable 

method to confirm E. cuniculi as the causative agent of disease in rabbits suspected of having 

encephalitozoonosis. Antibodies become detectable in the blood approximately three weeks after 

a rabbit becomes infected with E. cuniculi. If a serologic test is performed very early after the 

initial infection, then false negative results may occur; however, infections during these early 

stages are unlikely to be of clinical significance due to the chronic nature of the disease and 

delayed onset of clinical signs. Furthermore, due to the delayed onset of clinical signs after the 

initial rise in antibody levels has already occurred and the high baseline level in apparently 

healthy rabbits, false negative results may occur when comparing acute and convalescent titres 

(Csokai et al., 2009a; Bywater and Kellett, 1979). 

Cell Culture 

Encephalitozoon cuniculi is an obligate, intracellular pathogen and thus require In vitro 

cultivation in order to be propagated. This pathogen has been shown to grow exceptionally well 

in cell culture using a variety of cell lines (Visvesvara, 2002) and numerous, newly infective 

spores can be easily identified extracellularly using a light microscope approximately four to six 

weeks after inoculation into a cell line. From a diagnostic perspective, clinical urine samples 

containing too few spores to be visualized microscopically can be inoculated into cell culture in 

order to propagate spores for easier identification. Furthermore, E. cuniculi can be confirmed as 

the causative agent of disease because cell culture can produce adequate numbers of organisms 

that can then be confirmed using molecular methods such as PCR. Cell culture has the potential 

to be a highly sensitive diagnostic method; however, because of the length of time needed for 

intracellular spore growth it is impractical when an immediate diagnosis is required. In addition, 



25 
 

cell culture can be expensive, labourious and easily subject to contamination (Ghosh and Weiss, 

2009; Franzen and Müller, 1999). Cell culture is generally used alone or in combination with 

ultrastructural, biochemical, antigen or molecular analyses to diagnose infections; however, is 

not routinely used due to the reasons mentioned above (Franzen and Müller, 1999) and is 

generally only used when routine serologic and molecular methods are not available in 

diagnostic laboratories (Visvesvara, 2002). 

Polymerase Chain Reaction (PCR) 

Diagnostic PCR Assays 

Molecular diagnostic methods involving PCR have the potential to be more rapid and 

sensitive than microscopy, serology or cell culture; however, have yet to be utilized extensively 

in veterinary medicine. The increased sensitivity is a direct result of signal amplification during 

PCR amplification (Ghosh and Weiss, 2009). Furthermore, assays are inexpensive, do not 

require specialized expertise or equipment, and results are easy to interpret. For pathogens such 

as E. cuniculi, PCR assays are based on the amplification of deoxyribonucleic acid (DNA) from 

spores shed in the urine or other bodily fluids as well as spores and intracellular stages found in 

tissues. More specifically, primers are used to amplify portions of the small subunit ribosomal 

RNA (SSU-rRNA) gene, which allows for increased sensitivity and specificity compared to 

non-molecular methods of detection (Garcia, 2002; Weber et al., 2000; Weiss, 2000). 

The sensitivity of a PCR assay for E. cuniculi greatly relies on the quality and quantity of 

extracted E. cuniculi DNA (Ghosh and Weiss, 2009). Protocols for the extraction of DNA should 

be optimized to provide both high quantity and high quality DNA. This is especially important 

when only small numbers of spores are being shed. It may be necessary to purify spores 



26 
 

contained in urine prior to DNA extraction because urine contains contaminants that could 

potentially inhibit PCR, resulting in false negative results. There are a variety of methods used to 

purify spores, the majority of these involving the formation of a density gradient with Percoll
®
 or 

sucrose. Extraction of DNA from E. cuniculi spores can be done by conventional methods such 

as boiling, phenol-chloroform extraction or ethanol precipitation (Franzen and Müller, 1999). 

There are also a variety of commercial kits available that can be used for extraction of DNA. The 

thick, protective spore wall must be disrupted in to obtain DNA contained inside the spore 

nucleus (Fedorko and Hijazi, 1996). This can be done by a variety of methods including 

freeze-thaw cycles, sonication, mechanical disruption using miniature glass beads or enzymatic 

disruption using proteinase K, lyticase or chitinase. Currently, no studies have been designed to 

test the efficacy of different DNA extraction methods to extract sufficient quantities of high 

quality DNA from E. cuniculi to be used in PCR assays. 

PCR Assays for Detection of E. cuniculi in Rabbits 

In humans, PCR assays are well established and are increasingly used for diagnosis of 

microsporidia in bodily fluids and tissues. This is because serologic tests have low specificity in 

humans (due to cross-reactivity with other microsporidia), have been shown to be unreliable in 

immunocompromised individuals (of which the majority of clinical cases of disease are found 

in), and light microscopy is unable to adequately differentiate amongst different genera, species 

and strains of microsporidia (Notermans et al., 2005; Katzwinkel-Wladarsch et al., 1997; 

Liguory et al., 1997). In rabbits; however, PCR is commonly used in animal research laboratories 

but not routinely used in clinical diagnostic laboratories because development of such assays for 

E. cuniculi in veterinary diagnostics has not yet been fully established or standardized (Garcia, 

2002). 
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Current PCR based assays for E. cuniculi in rabbits have been deemed insensitive 

(Jeklova et al., 2010a; Csokai et al., 2009b; Künzel et al., 2008; Pye and Cox; 1977) and it is not 

known whether this lack of sensitivity is due to intermittent shedding of spores in urine or a 

poorly designed DNA extraction protocol or PCR assay. Initial studies designed to test the 

hypothesis regarding intermittent spore shedding used assays that are now considered to be 

relatively insensitive and outdated (Cox, 1979; Cox and Gallichio, 1978; Pye and Cox; 1977; 

Goodman and Garner, 1972). More recent studies supporting this hypothesis claimed PCR to be 

unreliable; however, did not confirm the presence of spores in urine using an alternate means of 

detection (Jeklova et al., 2010a; Csokai et al., 2009b; Künzel et al., 2008). Therefore, it is unclear 

whether low PCR detection rates indicate infrequent shedding of the pathogen (despite the 

presence of a sensitive method), a poorly sensitive PCR assay or both. 

There is evidence to suggest that false negative PCR results are not because of 

intermittent shedding, but occur due to low numbers of spores being shed that are below the 

detection threshold of the PCR assay. It is possible that domestic rabbits maintain a low level of 

infection because they are continuously exposed to low numbers of spores in the environment, 

which could be responsible for the low number of spores being shed in the urine. For example, in 

a study that analyzed rabbit urine samples, spores were identified using immunofluorescent 

staining in three samples; however, only one of these samples was positive after PCR analysis 

(Furuya, 2009). In another study following experimental oral inoculation of high doses of 

E. cuniculi spores (10
7
 spores), rabbit urine was analysed by real-time PCR and DNA 

corresponding to low concentrations of spores (10
1
 to 10

3
 spores per millilitre) was detected 

consistently up to 18 weeks post-infection (Jeklova, 2010b). When repeated with a low dosage of 

spores (10
3
 spores), which is most likely to represent a natural infection, no DNA was detected. 
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This could provide further evidence that current PCR assays cannot detect DNA corresponding 

to low numbers of spores shed in urine, possibly because of poor DNA extraction efficiency. 

This data could also indicate that the low dosage of spores was not sufficient to overcome the 

host immune response allowing multiplication of organisms, however the presence of lesions in 

the kidney indicate that the dosage of spores probably was sufficient. Furthermore, free spores 

were present in kidney tissue and surrounding extracellular tissue, suggesting that spores were 

most likely being shed. More studies are needed to determine the exact spore-shedding patterns 

of E. cuniculi in urine. In contrary to PCR on urine, PCR of lens material after 

phacoemulsification has been shown to be a very sensitive method of detecting E. cuniculi in 

rabbits with phacoclastic uveitis (Csokai et al., 2009b; Künzel et al., 2008), probably due to the 

high number of spores or lack of PCR inhibitors present in lens material, however more scientific 

evidence is needed to support these hypotheses. 

Real-time PCR 

Real-time PCR utilizes fluorescent dyes or fluorescence probes to quantify the 

amplification of target DNA throughout the PCR process. Several studies have been published 

utilizing real-time PCR for detection of human microsporidia such as Enterocytozoon and 

Encephalitozoon Spp. (Polley et al., 2011; Ghosh and Weiss, 2009; Menotti et al., 2003a; 

Menotti et al., 2003b; Hester et al., 2002; Wolk et al., 2002). Real-time PCR is advantageous 

over conventional PCR because it allows for more accurate quantitative detection of DNA, there 

is reduced risk of contamination (it eliminates contamination from PCR amplicon carry-over) 

and there is increased throughput (Ghosh and Weiss, 2009; Hester et al., 2002). Real-time PCR 

may be more efficient and sensitive than conventional PCR but has yet to be standardized for 
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detection of E. cuniculi spores in rabbit urine (Hester et al., 2002). As documented by Jeklova, 

2010b, real-time PCR is capable of detecting as little as 10 spores per millilitre. 

Treatment, Prevention, and Control 

There are currently no standardized treatment protocols, prophylactic measures, or 

efficient means of control for encephalitozoonosis in domestic rabbits. Encephalitozoonosis is a 

treatable disease; however, without treatment mortality rates can be high, especially in rabbits 

displaying neurological or renal signs of disease (Künzel et al., 2008). In rabbits, there are no 

licensed products for treatment against E. cuniculi; however, off-label usage of fenbendazole has 

been shown to be successful in the treatment of neurological disease. In a study using naturally 

infected, seropositive rabbits, E. cuniculi was isolated from zero out of eight brains from 

fenbendazole-treated rabbits, compared to seven out of nine brains from untreated rabbits (Suter 

et al., 2001). Steroidal anti-inflammatory drugs such as glucocorticoids are generally not 

recommended for treatment as the immunosuppressive properties may exacerbate clinical disease 

and generally have no effect on spore production or excretion (Jeklova et al., 2010b). 

Non-steroidal anti-inflammatory drugs (NSAID’s) such as meloxicam may be effective in 

treating neurological signs of disease, however more scientific evidence is needed (Paul-Murphy, 

2007). Phacoclastic uveitis can be treated with dexamethasone and oxytetracycline systemically 

in combination with eye ointments containing the same drugs or by surgical removal of the lens 

(Künzel and Joachim, 2010). Rabbits with chronic renal disease due to encephalitozoonosis 

generally have a poor prognosis and are usually euthanized. Supportive therapy (fluids, diet) may 

help prolong the life of the rabbit (Harcourt-Brown, 2004). 

Once in the external environment, spores can survive for long periods of time due to the 

environmental resilience conferred by the thick wall of spores. Studies have shown that spores 
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can be eliminated from the environment or from contaminated objects using common 

disinfectants such as 70% ethanol, or 10% sodium hypochlorite (bleach), for a contact time as 

little as 30 seconds (Jordan et al., 2006). Other disinfectants capable of inactivating E. cuniculi 

spores and rendering them non-infectious include: 1% formaldehyde, 1% hydrogen peroxide or 

1% sodium hydroxide, for a contact time of 10 to 30 minutes (Waller, 1979; Shadduck and 

Polley, 1978). These studies suggest that regular and thorough cleaning of rabbit living areas 

with common disinfectants can successfully and easily reduce the transmission of E. cuniculi. 

Furthermore, spores can be killed by boiling for five minutes, autoclaving at 120 degrees Celsius 

for 10 minutes, or by using ozone treatment, ultraviolet exposure, gamma irradiation or 

chlorination (Johnson et al, 2003; Marshall et al., 2003; Li et al., 2002; Khalifa et al., 2001). 
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Prevalence (%) Country Method Reference 

15.0 Egypt ELISA Ashmawy et al., 2011 

7.7 Turkey CIA Ozkan et al., 2011 

67.8/63.2 Taiwan ELISA/CIA Tee et al., 2011 

68.0 Czech Republic ELISA Jeklova et al., 2010a 

61.1 United States ELISA Cray et al., 2009 

31.6 Italy ELISA/CIA Santaniello et al., 2009 

67.2 Italy ELISA/CIA Dipineto et al., 2008 

63.5 Japan ELISA Igarashi et al., 2008 

70.5 Austria IFA Künzel et al., 2008 

16.5 Nigeria IFA Okewole, 2008 

93.8 Slovakia IFA Valenčáková et al., 2008 

52.0 United Kingdom ELISA Keeble and Shaw, 2006 

41.7 Slovakia IFA Halánová et al., 2003 

59.2 United Kingdom ELISA Harcourt-Brown and Holloway, 2003 

22.8 Switzerland ELISA/IFA Deplazes et al., 1996b 

 

 

 

 

Figure 1.1: Structure of the E. cuniculi spore (taken from Keeling and Fast, 2002). 

Table 1.1: Seroprevalence of E. cuniculi in domestic pet rabbits (Oryctolagus cuniculus). 

Figure 1.2: Life cycle of E. cuniculi (Taken from Vivarès and Méténier, 2001). 
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Chapter Two: Comparison of Methods for Extraction of DNA from 

Encephalitozoon cuniculi 

Abstract 

Encephalitozoon cuniculi causes encephalitozoonosis in domestic rabbits worldwide. The 

disease can be zoonotic, primarily causing clinical signs in immunocompromised persons. 

Previous studies have shown PCR to have low sensitivity in detection of E. cuniculi from rabbit 

urine; however no studies have reported objective assessment of tests, and it is not known if this 

lack of sensitivity is a result of intermittent shedding of spores or an inadequate assay design.  

The objective of this study was to assess the efficacy of different DNA extraction methods for 

preparation of DNA for real-time PCR applications. Combinations of six commercially available 

DNA extractions kits and four spore disruption methods were performed in triplicate on a 

suspension containing 100,000 spores per tested aliquot. The majority of methods produced 

concentrations of DNA less than 5 ng/µl; however, enzymatic spore disruption following by 

DNA extraction with PrepGEM™ produced concentrations of DNA greater than 90 ng/µl. This 

method was deemed the optimal method and was used to determine detection level and 

sensitivity of a real-time PCR assay using a 10-fold dilution series of spores. The real-time PCR 

assay was able to detect E. cuniculi DNA in as little as 100 spores/ml, indicating a sensitive 

assay. Further studies are necessary in order to determine the reproducibility of results in 

biological samples and to determine clinical relevance. 

Introduction 

Encephalitozoon cuniculi is a microsporidial pathogen responsible for 

encephalitozoonosis, a disease that affects domestic rabbits worldwide, resulting in neurological 

disease and/or renal failure. While clearly pathogenic, E. cuniculi more commonly causes 
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subclinical infections in rabbits, and the prevalence of exposure to the organism (as detected by 

the presence of serum antibodies) in pet rabbits is high (Jeklova et al., 2010a; Cray et al., 2009; 

Dipineto et al., 2008; Valenčáková et al., 2008). Both healthy and diseased rabbits can shed 

E. cuniculi spores in urine, and ingestion of spores is the route of transmission between 

individuals of the same, or different, animal species. Encephalitozoon cuniculi can also cause 

infections in humans, particularly in individuals with compromised immune systems (Mathis et 

al., 2005; Didier et al., 2000). 

Effective measures for diagnosis of encephalitozoonosis and detection of E. cuniculi 

shedding are important for both animal and human health. Diagnosis in rabbits can involve a 

combination of methods including clinical presentation, microscopy, serology, or isolation of the 

organism by cell culture; however, whether used alone or in combination, these methods are 

generally inadequate in providing a reliable or timely means of diagnosis (Künzel et al., 2008; 

Harcourt-Brown, 2004). Polymerase chain reaction (PCR) has the potential to be a rapid and 

highly sensitive diagnostic method for encephalitozoonosis in rabbits through detection of 

E. cuniculi shedding in urine or its presence in other infected tissues and PCR has been 

investigated for detection of E. cuniculi in rabbit urine (Jeklova et al., 2010b; Csokai et al., 

2009b; Künzel et al., 2008). Currently, no standardized protocol has been assessed or validated 

for use in veterinary medicine. Current PCR assays have been reported to have low to moderate 

sensitivity for detection of E. cuniculi from rabbit urine (Csokai et al., 2009b; Künzel et al., 

2008); however, it is not certain whether negative results in affected individuals are a result of 

lack of shedding at the time of disease, intermittent shedding of spores in urine or inadequate 

assay design. 
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While PCR has the potential to be a highly sensitive and specific method with a rapid 

turnaround time, proper test development and scrutiny is essential. This includes adequate 

investigation of DNA extraction methods, since inadequate quantity or quality of DNA will 

greatly reduce the validity of the subsequent PCR assay (Ghosh and Weiss, 2009). This is of 

particular concern for a microsporidial organism like E. cuniculi that contains a tough exospore 

and endospore that must be disrupted prior to isolating DNA from the spore. The efficacies of 

current protocols for extraction of E. cuniculi DNA have yet to be evaluated. 

The objectives of this study were to assess the efficacy of different DNA extraction 

methods for preparation of E. cuniculi DNA to be used in PCR and to evaluate a real-time PCR 

assay for detection of E. cuniculi DNA. 

Materials and Methods 

Evaluation of Spore Disruption and DNA Extraction Methods 

E. cuniculi Growth and Maintenance 

Commercially obtained E. cuniculi spores (ATCC #50502, Manassas, US) were 

aseptically transferred to a 25 cm
2
 cell culture flask containing confluent MDCK cells (ATCC 

CCL-34, Manassas, US) growing in cell culture medium consisting of EMEM (Eagle’s 

Minimum Essential Medium, ATCC 30-2003, Manassas, US), supplemented with 10% sterile 

FBS (Fetal Bovine Serum, Cansera, Rexdale, CA) and 2% Pen Strep (5000 U penicillin and 

5000 μg streptomycin per ml, Gibco, Burlington, CA) at 37°C with 5% CO2. The cell culture 

medium was replaced on a weekly basis. Old medium was removed from the flask and spores 

suspended in the medium were pelleted by centrifugation at 1500 × g for 20 min. The 

supernatant was removed and the pellet was resuspended in 10 ml of fresh medium and 
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inoculated back into the flask. Starting after four weeks of growth, the cell culture medium 

(containing new spores) was removed weekly, pooled, and stored at 4°C for future use. 

Collection of Spores and Removal of Free DNA 

A 20 ml aliquot of spores harvested from cell culture was pelleted in a 50 ml conical tube 

by centrifugation at 1500 × g for 20 min. The supernatant was removed and the pellet 

resuspended in 0.5 ml of phosphate buffered saline (PBS). DNA-free™ (Ambion, Burlington, 

CA) was used to remove any free DNA contained within the spore solution. The solution was 

transferred to a 1.5 ml microcentrifuge tube containing 50 µl of 10X DNase buffer and 1 µl of 

rDNase I. The solution was incubated in a heating block at 37°C for 25 min. Fifty µl of DNase 

inactivation reagent was added to the solution followed by incubation at room temperature for 

2 min with occasional mixing. 

Purification of Spores 

Spores were pelleted by centrifugation at 1500 × g for 20 min. The supernatant was 

removed and the pellet was washed twice with 10 ml of PBS containing 0.25% sodium dodecyl 

sulfate (SDS) by centrifugation at 1500 × g for 5 min. The pellet was suspended in sterile water 

to achieve a total volume of 5 ml. Percoll
®
 (Sigma-Aldrich, Oakville, CA) was prepared by 

mixing 1 part 1.5 M NaCl to 9 parts Percoll
®
. Five ml of isotonic Percoll was added to the 5 ml 

spore solution and centrifuged at 500 × g for 30 min. After centrifugation, the supernatant 

containing cellular debris was carefully removed and discarded. The pellet containing purified 

spores was washed twice with 10 ml of PBS containing 0.25% SDS by centrifugation at 

1500 × g for 5 min. 
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Quantification of Spores 

The pellet containing purified spores was resuspended in 50 ml of filter-sterilized PBS. A 

10 µl aliquot of spores was removed and counted using a hemocytometer. Counts were 

performed in duplicate and the average calculated. The concentration of spores per millilitre was 

calculated using the following formula: 

               
      

  
   

           

    
      

The concentration was adjusted to 1,000,000 spores/ml using sterile water and a recount 

was performed to verify the correct concentration. The spore solution was stored at 4°C for 

future use. 

Disruption of Spores 

Spores were disrupted prior to DNA extraction by mechanical disruption, enzymatic 

disruption, or a combination of mechanical and enzymatic disruption (Table 2.1). For mechanical 

disruption 0.2 g of 250 µm diameter glass beads (Cataphote Division Inc., Mississippi, US) were 

added to a 1.5 ml microcentrifuge tube containing 100 µl of spore solution (100,000 spores) 

mixed with 100 µl of filter-sterilized PBS. The tube was vortexed at high power for 30 s to 

disrupt the spores. The beads were removed from the tubes by repeated centrifugation and 

pipetting of liquid into a new 1.5 ml microcentrifuge tube. For enzymatic disruption, 100 µl of a 

lysis buffer containing TE buffer, 0.5% SDS, 25 mg of proteinase K (Sigma-Aldrich, Oakville, 

CA) and 10 mg of chitinase (Sigma-Aldrich, Oakville, CA) was added to a 1.5 ml 

microcentrifuge tube containing 100 µl of spore solution. The tube was incubated in a heating 

block at 50°C for 2 hr. For combination mechanical and enzymatic disruption, 0.20 g of 

miniature glass beads and 100 µl of lysis buffer were added to a 1.5 ml microcentrifuge tube 
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containing 100 µl of spore solution. The tube was vortexed at high power for 30 s to disrupt the 

spores and incubated in a heating block at 50°C for 2 hr. After incubation, beads were removed 

as described above. 

Extraction of DNA 

Six commercially available DNA extraction kits were tested based on perceived 

popularity and/or use in the literature for similar pathogens (Table 2.1). The six kits being tested 

consisted of: PrepGEM™ (Zygem, Hamilton, NZ), DNAzol
®
 (Invitrogen, Burlington, CA), 

Maxwell
®
 16 Tissue DNA Purification kit (Promega, Madison, US), High Pure PCR Template 

Preparation Kit (Roche. Laval, CA), DNeasy Plant Mini Kit (Qiagen, Toronto, CA), and 

QIAamp
®
 DNA Stool Mini Kit (Qiagen, Toronto, CA). For comparison, disrupted spore 

suspensions were also boiled at 100°C for 10 min. Extraction of DNA was performed in 

triplicate for each kit and according to the manufacturers’ instructions. 

PCR 

The PCR was performed using E. cuniculi-specific primers that amplified a 549 bp 

fragment of the small subunit ribosomal RNA (ssrRNA) gene (Csokai et al., 2000). For each 

reaction, 25 ng of template DNA was combined with 0.5 µl of forward primer (Ence_549_F: 

5’-ATGAGAAGTGATGTGTGTGCG-3’), 0.5 µl of reverse primer (Ence_549_R: 

5’-TGCCATGCACTCACAGGCATC-3’), 12.5 µl of Kapa2G™ Fast HotStart master mix (Kapa 

Biosystems, Boston, US) containing Taq polymerase, 5X KAPA2G Buffer A, 1.5 mM of Mg
2+

, 

and 10 mM of dNTP mixture, and varying amounts of sterile water to produce a total reaction 

volume of 25 µl. A negative and positive control containing 2 µl of sterile water or 2 µl of 

concentrated E. cuniculi DNA was also prepared. The PCR was performed using the following 

conditions: denaturation at 94°C for 30 s, annealing at 61°C for 1 min and elongation at 72°C for 
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2 min (repeated 44 times). Agarose gel electrophoresis was performed on PCR products and the 

resulting bands were visualized using ethidium bromide and UV light. 

Quantification of DNA 

The concentration of DNA per sample was determined using a NanoDrop ND-1000 

spectrophotometer (Thermo Scientific, Wilmington, US) and 1.5 µl of DNA from each sample. 

The spectrophotometer was blanked using a solution comprised PBS or PBS and lysis buffer, 

depending on which samples were being tested. The DNA concentration was calculated 

automatically using the NanoDrop and was based on the following formula: 

                 (
  

  
)         

  

  
                 

Comparison of DNA Extraction Kits 

Each of the commercial kits tested were evaluated on DNA extraction efficacy, quality of 

DNA produced, processing time per reaction, difficulty of procedure and cost per sample. The 

extraction efficacy was calculated by dividing the DNA concentration of a kit with the DNA 

concentration of the kit that produced the highest yield of DNA. Quality of DNA was determined 

by calculating A260/A280 ratio. The DNA was considered pure if it had an A260/A280 ratio between 

1.8 and 2.2. The processing time of each kit was determined by assigning each step in the 

procedure an amount of time and then calculating the overall time taken. The cost of each 

reaction was calculated by dividing the total cost of each kit by the number of reactions in each 

kit. 

Evaluation of Spore Disruption and DNA Extraction Method Reproducibility 

To assess reproducibility of the results, testing was repeated using a subset of the DNA 

extraction kits shown to be most efficacious in extraction of E. cuniculi DNA. These kits were: 
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PrepGEM™, DNAzol
®
, and the High Pure PCR Template Preparation Kit. The same spore 

suspensions and methodology were used as in the previous experiment except for that 0.5 g of 

beads was used instead of 0.2 g. 

Determination of Detection Threshold 

The DNA extraction method that was subjectively assessed to be optimal based on DNA 

quantity and quality was further evaluated. Spores harvested from cell culture were treated with 

DNA-free
®
, purified and counted as previously described. The concentration was adjusted to 

2,000,000 spores/ml using sterile water. From this, 10-fold dilutions of 200,000, 20,000, 2,000, 

and 200 spores/ml were prepared by taking 1 ml from the previous 10-fold dilution and adding it 

to 9 ml of sterile water. Samples undergoing DNA extraction included 50 µl of each dilution, 

meaning that each sample contained 100,000, 10,000, 1,000, 100, or 10 spores. Samples 

containing 0 spores and only water were also prepared as controls. 

Extraction of DNA 

Extraction of DNA was performed using PrepGEM™ as previously described with 

modifications to the procedure. Lysis buffer was freshly prepared omitting SDS as it was 

discovered to inhibit real-time PCR (data not shown). For preparation of samples, 50 µl of spores 

was mixed with 39 µl of lysis buffer or 39 µl of sterile water. The concentration of DNA in each 

sample, as well as the PrepGEM™ enzyme and buffer, was determined as previously described 

Real-time PCR 

Amplification of DNA was accomplished using real-time PCR. The PCR was performed 

using E. cuniculi-specific primers that amplified a 117 bp fragment of the ssrRNA gene (Hester 

et al., 2002). For each reaction, 2 µl of template DNA was combined with 0.2 µl of forward 
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primer (ECUNF1: 5’-TCCTAGTAATAGCGGCTGACGAA-3’), 0.2 µl of reverse primer 

(ECUNR2: 5’-ACTCAGGACTCAGACCTTCCGA-3’), 10 µl of SsoFast™ EvaGreen
®

 

Supermix (Bio-Rad, Mississauga, CA) containing Sso7d-fusion polymerase, 2X reaction buffer, 

MgCl2, and dNTPs, and 7.6 µl of sterile water to produce a total reaction volume of 20 µl. The 

PCR was performed in a CFX96™ Real-Time System thermocycler (Bio-Rad, Mississauga, CA) 

using the following conditions: denaturation at 95°C for 15 min followed by 45 cycles of 

denaturation at 95°C for 20 s, annealing at 58°C for 30 s, and elongation at 72°C for 30 s. The 

threshold crossing point (Ct) was set at 20 relative fluorescence units (RFU). Samples were 

considered positive if they crossed threshold within 40 cycles and had the anticipated melting 

temperature (Tm) that was no more than one degree different from the positive control. The PCR 

products were purified and sent for sequencing at the University of Guelph laboratory services in 

Guelph, Ontario. Identification of E. cuniculi was confirmed by searching the BLAST database 

for the resulting sequences of the submitted amplicons. The PCR efficiency was calculated using 

the following formula: 

                           

Results 

Evaluation of Spore Disruption and DNA Extraction 

DNA Concentration 

The concentrations of DNA obtained following spore disruption and DNA extraction are 

displayed in Table 2.2. Each kit produced a final volume of 200 µl. The concentration of DNA 

was assumed to belong exclusively to E. cuniculi, because of the extensive spore purification 

procedure prior to DNA extraction. The presence of E. cuniculi DNA was confirmed through 



41 
 

positive PCR results for all samples. Overall, the majority of the methods utilized resulted in 

relatively low concentrations of DNA. Using enzymatic spore disruption or a combination of 

enzymatic and mechanical spore disruption, followed by DNA extraction with PrepGEM™ 

subjectively produced the highest concentrations of DNA. 

Comparison of DNA Extraction Kits 

The results of the comparison of commercial DNA extraction kits based on extraction 

efficacy, quality of DNA produced, processing time per reaction, difficulty of procedure and cost 

per sample are summarized in Table 2.3. In all categories except DNA quality, PrepGEM™ was 

rated the best kit as it was found to have the highest DNA extraction efficacy, as well as being 

the easiest, fastest and most cost-efficient kit for DNA extraction. The quality of DNA produced 

by PrepGEM™ (calculated by the A260/A280 ratio) was lower than any of the other kits tested, 

meaning DNA was impure. 

Evaluation of Spore Disruption and DNA Extraction Reproducibility 

DNA Concentration 

Testing was repeated using DNAzol
®
, PrepGEM™ and HighPure tests. The 

concentrations of DNA obtained following spore disruption and DNA extraction are displayed in 

Table 2.4. The extraction efficiencies and DNA quality measures are displayed in Table 2.5. 

Similar results to the initial round of testing were obtained. Again, using enzymatic spore 

disruption or a combination of enzymatic and mechanical spore disruption, followed by DNA 

extraction with PrepGEM™ produced the highest concentrations of DNA. PCR analysis 

confirmed the presence of E. cuniculi DNA in all samples. 
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Determination of the Detection Threshold 

DNA Concentration 

The concentrations of DNA obtained following spore disruption and DNA extraction, and 

the PrepGEM™ reagents are displayed in Table 2.6 and Table 2.7. In general, DNA 

concentrations of samples undergoing enzymatic spore disruption prior to DNA extraction were 

higher than in samples with no spore disruption. It was expected that the DNA concentration 

would increase as the number of spores per sample increased; however, DNA concentration was 

relatively equal amongst samples containing different numbers of spores. Concentrations of 

DNA in PrepGEM™ reagents show that these reagents contribute to overall DNA concentrations 

of the above samples. 

Real-time PCR 

The results of the spore dilution series are presented in Table 2.8. Overall, the real-time 

PCR assay was able to detect E. cuniculi DNA consistently from as few as 100 spores/ml. In all 

spore dilutions, the general trend observed was a lower Ct with samples undergoing enzymatic 

spore disruption than samples not undergoing spore disruption. The difference between Ct values 

appeared to decrease as the concentration of spores decreased. The PCR efficiency was 1.77 or 

89% (Figure 2.1), which indicates a moderately sensitive assay. 

Discussion 

The overall assessment of DNA extraction efficacy indicates that enzymatic spore 

disruption in use with PrepGEM™ was subjectively the preferred method for the extraction of 

E. cuniculi DNA compared to the other tested methods. Without disruption of the spore wall 

prior to DNA extraction, none of the DNA extraction kits were efficacious in extracting high 



43 
 

yields of DNA. This is likely a result of the inaccessibility of DNA contained within the resilient 

spore wall. Prior to DNA extraction, it is necessary to first disrupt the thick spore wall in order to 

access the DNA contained within and the overall low concentrations of DNA produced may 

contribute to the low to moderate clinical sensitivity of PCR assays reported thus far. Enzymatic 

disruption appeared to be slightly more efficient than mechanical disruption. This was most 

likely a result of the inability to remove all DNA from beads after mechanical disruption, 

resulting in the loss of DNA. Although a combination of enzymatic and mechanical disruption 

tended to produce higher concentrations of DNA than just enzymatic disruption alone, enzymatic 

disruption was chosen to be the optimal method due to the lack of extra time needed to separate 

DNA from beads by repeated centrifugation and aspiration of liquid. An increased risk of 

cross-contamination due to the continuous opening and closing of tube tops when aspirating 

DNA from beads is also a potential problem. 

Enzymatic spore disruption or a combination of enzymatic and mechanical disruption 

prior to DNA extraction with PrepGEM™ produced drastically higher concentrations of DNA 

than the other methods tested. Higher concentrations of DNA could have been a result of the 

unique methodology of PrepGEM™ DNA extraction and has previously been shown to be the 

superior method of DNA extraction for other eukaryotic pathogens (Ferrari et al., 2007). 

PrepGEM™ is based on the use of a thermostable enzyme for DNA extraction, is a one-step 

process and is an entirely closed-tube system, which could account for the increase in DNA 

concentration seen. Extraction of DNA using the other commercial kits tested is based on 

multiple reagents and steps, and ethanol precipitation which tend to result in the loss of DNA. An 

unknown complimentary mechanism between the enzymes in the lysis buffer and enzymes in 

PrepGEM™ could also be an explanation for high concentrations of DNA produced by these 



44 
 

methods. Another explanation may be related to the use of the thermostable enzyme during DNA 

extraction. Presence of this intact protein in the final DNA solution may result in an 

overestimation of DNA concentration. A low A260/A280 ratio (typically 1.8 or less) can be 

indicative of protein contamination and the average A260/A280 ratio of PrepGEM™ samples was 

0.81. Not only can protein contamination cause DNA concentration to be overestimated, some 

proteins can cause inhibition of PCR; however the thermostable enzyme of PrepGEM™, is 

apparently PCR-ready and is not known to cause PCR inhibition. 

When using enzymatic spore disruption followed by DNA extraction with PrepGEM™, 

E. cuniculi DNA was shown to be detected consistently from as few as 100 spores/ml after 

real-time PCR. This level of detection is considered highly sensitive when considering that only 

0.02% of DNA from each sample was used for PCR. This sensitivity may be facilitated by the 

fact that the target gene is present in at least twenty copies within the E. cuniculi genome 

(Katinka et al., 2001). The results of this assay provide further evidence that the spore wall must 

first be disrupted prior to DNA extraction because samples with enzymatic spore disruption had 

lower Ct values (thus higher concentrations of template DNA) than samples with no spore 

disruption. These results mirror the DNA concentration values obtained via spectrophotometry. 

The results of this assay indicated increasingly lower Ct values (approximately 2-3 cycle 

difference) with increasing concentration of spores, which was the expected result; however, this 

is not in accordance with the spectrophotometry data for DNA concentration. Contrary to 

real-time PCR results, spectrophotometry values indicated no considerable differences in DNA 

concentration amongst the different spore dilutions. It is unlikely that contaminating DNA from 

other organisms contributed to the overall DNA concentration because it would be expected that 

the contaminating DNA be present at the same level in all samples, thus affecting the overall 
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increase in concentration of DNA and not affecting changes in DNA concentration specific to 

each spore dilution. One possible explanation is that due to the simplistic nature of the 

PrepGEM™ procedure, unpurified samples of DNA may contain components of the DNA 

extraction process or spore debris that mask or prevent absorbance of light representative of 

DNA. Spectrophotometry readings from a negative control containing PrepGEM™ reagents and 

no E. cuniculi DNA indicate that these reagents contribute to overall DNA concentrations and 

could possibly mask DNA from other sources, such as E. cuniculi. Other possible explanations 

are elusive, and equipment error is considered unlikely because similar results have not been in 

many other studies of different pathogens. 

For these experiments, statistical analysis was not conducted due to the small sample 

size. All experiments were carried out using E. cuniculi strain III (dog strain), which could 

represent a potential limiting factor in the design of the real-time PCR assay. It is possible (but 

unlikely) that biochemical differences in the three E. cuniculi strains will affect the 

reproducibility or sensitivity of the assay when tested on other strains of E. cuniculi. Another 

potential limitation arises when considering the preparation of spores used in the assay. For the 

dilution series, spores were suspended in a sterile solution of water, which may affect results 

differently than spores contained in biological samples such as urine, feces or tissue, all of which 

may contain cellular debris, bacteria or other contaminants that may affect the efficacy and 

sensitivity of DNA extraction and subsequent amplification. 

Conclusion 

Molecular identification involving PCR has the potential to be a reliable and sensitive 

method of detection; however, careful scrutiny of methods is required. This study describes a 

sensitive molecular assay that could potentially be used for detection of E. cuniculi in a clinical 
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setting. Furthermore, this study provides further evidence that the low to moderate sensitivity 

reported in the literature could be a result of an inadequate assay design. Future studies will 

involve testing the reproducibility of the real-time PCR assay using biological samples of rabbit 

urine spiked with E. cuniculi spores and clinical evaluation of the assay in urine and tissue from 

rabbits. 
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 Boiling DNAzol Maxwell 
Prep 

GEM 
QIAamp DNeasy 

High 

Pure 

None 1A 1B 1C 1D 1E 1F 1G 

Mechanical n/a 2B 2C 2D 2E 2F 2G 

Enzymatic n/a 3B 3C 3D 3E 3F 3G 

Combination n/a 4B 4C 4D 4E 4F 4G 

 

 

 Boiling DNAzol Maxwell 
Prep 

GEM 
QIAamp DNeasy 

High 

Pure 

None 1.9 ±0.7 11.1 ±2.7 2.9 ±0.0 8.3 ±10.3 7.6 ±1.6 2.2 ±0.4 9.9 ±4.4 

Mechanical n/a 9.8 ±5.9 3.7 ±1.6 5.0 ±4.1 4.7 ±1.1 1.9 ±0.5 12.8 ±5.8 

Enzymatic n/a 11.2 ±1.4 3.8 ±0.9 88.4 ±4.1 5.6 ±1.2 3.2 ±0.7 11.6 ±1.0 

Combination n/a 9.4 ±2.5 4.1 ±0.9 91.7 ±3.6 4.4 ±0.7 2.9 ±2.1 12.7 ±1.4 

 

 

 Extraction 

Efficacy 

Quality 

(A260/A280) 

Processing 

Time (min:s) 

Difficulty of 

Procedure 

Cost per 

sample ($) 

DNAzol 0.21 3.47 13:10 Moderate 2.45 

Maxwell 0.07 1.10 45:40 Easy 5.38 

PrepGEM 1.00 0.81 12:30 Easy 1.40 

QIAamp 0.11 2.11 34:20 Difficult 3.54 

DNeasy 0.05 2.80 42:10 Difficult 3.56 

High Pure 0.24  1.39 17:10 Difficult 3.19 

 

 

 DNAzol PrepGEM High Pure 

None 3.5 ±1.2 4.2 ±1.5 10.3 ±2.9 

Mechanical 0.8 ±0.1 12.4 ±1.9 14.7 ±3.7 

Enzymatic 1.7 ±0.8 148.4 ±2.6 8.4 ±2.0 

Combination 1.3 ±0.8 161.6 ±0.5 23.6 ±20.1 

 

Table 2.4: Mean DNA concentration and standard deviation expressed in ng/µl ± SD, for samples 

consisting of 100,000 E. cuniculi spores after undergoing DNA extraction with DNAzol
®
, 

PrepGEM™, or High Pure with each of the four methods of spore disruption. 

 

 

Table 2.3: Comparison of DNA extraction efficacy, DNA quality, processing time per reaction, 

difficulty of procedure and cost per sample for each of the commercial DNA extraction kits tested. 

 

 

 

 

 

 

 

Table 2.2: Mean DNA concentration and standard deviation expressed in ng/µl ± SD, for each 

commercial DNA extraction kit and each spore disruption method tested on samples containing 

100,000 E. cuniculi spores. 

 

 

Table 2.1: DNA extraction kits and methods of spore disruption tested for DNA extraction efficacy. 
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 Extraction Efficacy Quality (A260/A280) 

DNAzol 0.02 1.21 

PrepGEM  1.00 0.81 

High Pure 0.17 1.54 

 

 

 100,000 

Spores 

10,000 

Spores 

1,000 

Spores 

100 

Spores 

10 

Spores 

0 

Spores 

None 3.2 ±1.1 2.5 ±0.7 2.7 ±1.2 1.9 ±0.7 2.5 ±0.9 4.5 ±1.5 

Enzymatic 76.5 ±6.0 70.7 ±8.3 88.2 ±2.8 71.8 ±6.1 63.0 ±17.3 91.0 ±17.6 

 

 

 Concentration A260 A280 A260/A280 

Enzyme 20.9 0.42 0.74 0.57 

Buffer 57.5 1.15 1.17 0.99 

 

 

 100,000 

Spores 

10,000 

Spores 

1,000 

Spores 

100 

Spores 

10 

Spores 

0 

Spores 

None 25.7 ±0.6 29.2 ±0.4 33.4 ±0.3 35.1 ±0.2 41.9 ±1.3 n/a 

Enzymatic 24.7 ±0.5 28.6 ±0.8 32.1 ±0.3 36.0 ±0.8 42.6 ±1.6 n/a 

 

Table 2.8: Mean crossing point and standard deviation following real-time PCR for a dilution series 

containing 100,000, 10,000, 1,000, 100, 10 or 0 spores after undergoing enzymatic spore wall 

disruption or no disruption and DNA extraction with PrepGEM™. 

 

Table 2.7: DNA concentration expressed in ng/µl for PrepGEM™ reagents. 

Table 2.6: Mean DNA concentration and standard deviation expressed in ng/µl ± SD, for a dilution 

series containing 100,000, 10,000, 1,000, 100, 10 or 0 spores after undergoing, enzymatic spore wall 

disruption or no disruption and DNA extraction with PrepGEM™. 

 

Table 2.5: Comparison of DNA extraction efficacy and DNA quality for the DNAzol
®
, PrepGEM™, 

and High Pure DNA extraction methods. 



49 
 

  

Figure 2.1: Sensitivity and detection range of PCR for E cuniculi following a dilution series containing 

100,000, 10,000, 1,000, 100, 10 or 0 spores, after undergoing enzymatic spore disruption and DNA 

extraction with PrepGEM™. 
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Chapter Three: Development of a Real-time PCR Protocol for Detection of 

Encephalitozoon cuniculi in Domestic Rabbits 

Abstract 

Encephalitozoon cuniculi causes encephalitozoonosis in domestic rabbits, and 

seroprevalence is reported to be high. Molecular diagnostic methods such as PCR have the 

potential to be a rapid and sensitive method for detection of E. cuniculi DNA; however, low to 

moderate sensitivity has been reported. The objective of this study is to evaluate a real-time PCR 

assay for detection of E. cuniculi DNA from rabbit urine spiked with spores. A 10-fold dilution 

series containing 100,000 to 0 spores suspended in spiked urine was incubated in a lysis buffer 

containing proteinase K and chitinase prior to DNA extraction with PrepGEM™ and real-time 

PCR. The initial results of this study indicate the assay has low sensitivity and that the presence 

of PCR inhibitors in urine and non-E. cuniculi DNA may be responsible. Modifications to the 

initial procedure were made in an attempt to rid of PCR inhibitors and non-target DNA using a 

dilution series subset of 10,000, 1,000, and 100 spores. The two most promising methods which 

included 0.0525% bleach treatment following by DNA purification, or DNA-free™ followed by 

PEG 8000 were tested again on a dilution series containing 100,000 to 0 spores; however neither 

method was fully able to rid of PCR inhibition or non-target DNA amplification. Further 

development to this procedure is required to increase sensitivity of this assay. 

Introduction 

Encephalitozoonosis in domestic rabbits is caused by infection with 

Encephalitozoon cuniculi, a microsporidial organism that is widely distributed amongst pet 

rabbits internationally (Tee et al., 2011; Jeklova et al., 2010a; Dipineto et al., 2008; Künzel et al., 

2008; Valenčáková et al., 2008). Encephalitozoon cuniculi is transmitted to other animals via 
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ingestion of urine spores that are shed in urine by infected rabbits. Transmission to humans has 

also been documented, with disease primarily occurring in immunocompromised individuals 

(Mathis et al., 2005). In rabbits, infections are typically subclinical but neurological or renal 

disease, or both may develop (Keeble, 2011) and encephalitozoonosis is thought to be a leading 

cause of neurological disease in pet rabbits in some regions (Gruber et al., 2009; Künzel et al., 

2008). However, definitive antemortem diagnosis of encephalitozoonosis is challenging and is 

based on a variety of methods including microscopy, serology, cell culture or clinical 

presentation. In general, these methods are inadequate in providing a reliable or timely means of 

diagnosis, often resulting in misdiagnosis, lack of appropriate treatment, and unnecessary 

mortality of rabbits (Künzel et al., 2008; Harcourt-Brown, 2004). 

Molecular diagnostic methods involving PCR could potentially provide a diagnostic 

method that is both rapid and sensitive for detection of E. cuniculi in urine, a more useful 

indicator of clinical disease compared to detection of seropositivity (a poorly specific method) or 

cell culture (a very slow process). Real-time PCR assays are based on the amplification of DNA 

from spores shed in the urine or feces, and are commonly used for detection of Encephalitozoon 

spp. in humans (Polley et al., 2011; Menotti et al., 2003b; Wolk et al., 2002; Hester et al., 2002). 

Although real-time PCR has been investigated for detection of E. cuniculi in rabbit urine, no 

standardized protocol for detection of E. cuniculi in rabbits has been assessed or validated 

(Jeklova et al., 2010b). Current PCR-based assays using rabbit urine have been relatively 

unsuccessful, with low to moderate sensitivity (Csokai et al., 2009b; Künzel et al., 2008). It is 

possible that the lack of sensitivity of current PCR protocols is due to intermittent shedding of 

E. cuniculi spores in urine, and is truly a biological cause. However, it is also possible that the 

lack of sensitivity may be a result of limitations of the assays because of the tough spore coat of 
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E. cuniculi and the complex nature of urine, which could impact DNA extraction efficiency and 

PCR efficiency, respectively. 

Recently, methods to extract and purify DNA from E. cuniculi were evaluated and use of 

enzymatic disruption and DNA extraction with a commercial kit (PrepGEM™ (Zygem, 

Hamilton, NZ)) was shown to have a low limit of detection (100 spores/ml). However, that assay 

assessed spores in sterile water, not urine. Since urine is a complex biological sample known to 

have negative impacts on PCR reactions (Khan et al., 1991), further assessment of that optimized 

assay in urine is required to determine the performance parameters of the PCR assay and 

determine its potential usefulness in a clinical setting.  

The objective of this study was to evaluate a real-time PCR assay for detection of 

E. cuniculi DNA from rabbit urine spiked with spores. 

Materials and Methods 

Determination of Detection Threshold in Urine 

Collection of Urine 

Urine was collected from a six year-old male, healthy Rex rabbit with no clinical history 

of disease. Urine was collected by expression of the bladder and free-catch of urine in a sterile 

container or by collection of free-flow urine into a clean, empty litter box. Fresh urine was 

collected on a regular basis, pooled, and stored at 4°C for future use. This study was approved by 

the University of Guelph Animal Care Committee. 

E. cuniculi Growth and Maintenance 

Commercially obtained E. cuniculi spores (ATCC #50502, Manassas, US) were 

aseptically transferred to a 25 cm
2
 cell culture flask containing confluent MDCK cells (ATCC 
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CCL-34, Manassas, US) growing in cell culture medium consisting of EMEM (Eagle’s 

Minimum Essential Medium, ATCC 30-2003, Manassas, US), supplemented with 10% sterile 

FBS (Fetal Bovine Serum, Cansera, Rexdale, CA) and 2% Pen Strep (5000 U penicillin and 

5000 μg streptomycin per ml, Gibco, Burlington, CA) at 37°C with 5% CO2. The cell culture 

medium was replaced on a weekly basis. Old medium was removed from the flask and spores 

suspended in the medium were pelleted by centrifugation at 1,500 × g for 20 min. The 

supernatant was removed and the pellet was resuspended in 10 ml of fresh medium and 

inoculated back into the flask. Starting after four weeks of growth, the cell culture medium 

(containing new spores) was removed weekly, pooled, and stored at 4°C for future use. 

Collection of Spores and Removal of Free DNA 

A 20 ml aliquot of spores harvested from cell culture was pelleted in a 50 ml conical tube 

by centrifugation at 1,500 × g for 20 min. The supernatant was removed and the pellet 

resuspended in 0.5 ml of phosphate buffered saline (PBS). DNA-free™ (Ambion, Burlington, 

CA) was used to remove any free DNA contained within the spore solution. The solution was 

transferred to a 1.5 ml microcentrifuge tube containing 50 µl of 10X DNase buffer and 1 µl of 

rDNase I. The solution was incubated in a heating block at 37°C for 25 min. Fifty µl of DNase 

inactivation reagent was added to the solution followed by incubation at room temperature for 

2 min with occasional mixing. 

Purification of Spores 

Spores were pelleted by centrifugation at 1,500 × g for 20 min. The supernatant was 

removed and the pellet was washed twice with 10 ml of PBS containing 0.25% sodium dodecyl 

sulfate (SDS) by centrifugation at 1,500 × g for 5 min. The pellet was suspended in sterile water 

to achieve a total volume of 5 ml. Percoll
®
 (Sigma-Aldrich, Oakville, CA) was prepared by 
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mixing 1 part 1.5 M NaCl to 9 parts Percoll
®
. Five ml of Percoll

®
 was added to the 5 ml spore 

solution and centrifuged at 500 × g for 30 min. After centrifugation, the supernatant containing 

cellular debris was carefully removed and discarded. The pellet containing purified spores was 

washed twice with 10 ml of PBS containing 0.25% SDS by centrifugation at 1,500 × g for 5 min. 

Quantification of Spores 

The pellet containing purified spores was resuspended in 50 ml of filter-sterilized PBS. A 

10 µl aliquot of spores was removed and counted using a hemocytometer. Counts were 

performed in duplicate and the average calculated. The concentration of spores per millilitre was 

calculated using the following formula: 

              (
      

  
)   

           

    
     

The concentration was adjusted to 2,000,000 spores/ml using sterile water. From this, 

10-fold dilutions of 200,000, 20,000, 2,000, and 200 spores/ml were prepared by taking 1 ml 

from the previous 10-fold dilution and adding it to 9 ml of sterile water. Samples undergoing 

DNA extraction included 50 µl of each dilution, resulting in final concentrations of 100,000, 

10,000, 1,000, 100, or 10 spores per ml of urine when inoculated as described below. Samples 

containing 0 spores and only water were also prepared as controls. The spore solution was stored 

at 4°C for future use. 

Extraction of DNA 

Fifty µl of each spore dilution was added to 1.5 ml microcentrifuge tubes containing 1 ml 

of urine. Tubes were pelleted by centrifugation at 1,500 × g for 25 min and the supernatant was 

removed using a pipette. Pellets were resuspended in 50 µl of sterile water and transferred to 

0.2 ml microcentrifuge tubes containing either 39 µl of lysis buffer (TE buffer, 25 mg of 
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proteinase K, and 10 mg of chitinase) or 39 µl of sterile water. Tubes were vortexed at high 

speed for 15 s to ensure complete mixing. Spores were enzymatically disrupted by incubation at 

50°C for 2 hr using a heating block. Extraction of DNA was performed using PrepGEM™ 

(Zygem, Hamilton, NZ). Ten µl of 10x buffer and 1 µl of PrepGEM™ enzyme were added to 

each tube. Tubes were incubated at 75°C for 10 min and 95°C for 5 min in a thermocycler. 

Following DNA extraction, tubes were centrifuged at 1,500 × g for 5 min and the supernatant 

(containing DNA) was removed and placed in new 0.2 ml microcentrifuge tubes. Extraction of 

DNA was performed in triplicate for each sample. 

Real-time PCR 

Amplification of DNA was accomplished using real-time PCR. The PCR was performed 

using E. cuniculi-specific primers that amplified a 117 bp fragment of the 16S rRNA gene 

(Hester et al., 2002). For each reaction, 2 µl of template DNA was combined with 0.2 µl of 

forward primer (ECUNF1: 5’-TCCTAGTAATAGCGGCTGACGAA-3’), 0.2 µl of reverse 

primer (ECUNR2: 5’-ACTCAGGACTCAGACCTTCCGA-3’), 10 µl of SsoFast™ EvaGreen
®

 

Supermix (Bio-Rad, Mississauga, CA) containing Sso7d-fusion polymerase, 2X reaction buffer, 

MgCl2, and dNTPs, and 7.6 µl of sterile water to produce a total reaction volume of 20 µl. The 

PCR was performed in a CFX96™ Real-Time System thermocycler (Bio-Rad, Mississauga, CA) 

using the following conditions: denaturation at 95°C for 15 min followed by 45 cycles of 

denaturation at 95°C for 20 s, annealing at 58°C for 30 s, and elongation at 72°C for 30 s. The 

threshold crossing point (Ct) was set at 20 relative fluorescence units (RFU). Samples were 

considered positive if they crossed threshold within 40 cycles and had the anticipated melting 

temperature (Tm) that was no more than one degree different from the positive control. Positive 

melting temperatures varied slightly and were in the general range of 81°C and 83°C. A subset of 
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the PCR products were purified and sent for sequencing at the University of Guelph laboratory 

services in Guelph, Ontario. Identification of E. cuniculi was confirmed by searching the 

BLAST
1
 database for the resulting sequences of the submitted amplicons. 

Detection Threshold Reproducibility 

The procedure outlined above was repeated again to determine if the results were 

consistent and repeatable. 

Evaluation of Detection Threshold 

To refine the analytical sensitivity of the PCR assay in urine, the procedure outlined 

above was repeated with various modifications using a subset of spore concentrations (10 000, 

1000, 100 and 0 spores/ml) and enzymatic spore wall disruption. 

Dilution of Samples 

To determine if PCR inhibition was occurring, spiked urine samples were diluted 4-fold 

prior to extraction of DNA to dilute possible inhibitors contained in urine. After centrifugation of 

urine, pellets were resuspended in 200 μl of sterile water instead of 50 μl. From this 50 μl, was 

used for DNA extraction, which occurred as previously described. 

0.0525% Bleach Treatment 

In an attempt to eliminate PCR inhibition and non-target DNA amplification, spiked 

urine was treated with household bleach (sodium hypochlorite, Clorox
®
, Oakland, US) diluted to 

a concentration of 0.0525%. This procedure was repeated two times: the first time using a 

sample size of 50 μl, and the second time diluting urine to 200 μl before taking 50 μl for DNA 

extraction. After centrifugation of urine, pellets were resuspended in 1 ml of 0.0525% sodium 

                                                           
1
 http://blast.ncbi.nlm.nih.gov/Blast.cgi 
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hypochlorite and incubated on ice for 10 min. The solution was centrifuged at 1,500 × g for 

25 min and the supernatant was removed. The pellet was washed with water and then 

resuspended in 50 μl (200 μl) of sterile water. Extraction of DNA occurred as previously 

described. 

0.525% Bleach Treatment 

The bleach treatment was repeated using 10x more concentrated bleach than in the 

previous experiment. After centrifugation of urine, pellets were resuspended in 1 ml of 0.525% 

sodium hypochlorite and incubated on ice for 10 min. The solution was centrifuged at 1,500 × g 

for 25 min and the supernatant was removed. The pellet was washed with water and then 

resuspended in 50 μl of sterile water. Extraction of DNA occurred as previously described. 

Deoxyribonuclease (DNase) Treatment 

Prior to DNA extraction, spiked urine samples were subjected to DNase treatment using 

DNA-free™ (Ambion, Burlington, CA) to remove any free DNA (cellular, bacterial) contained 

within samples. After resuspending the pellet in 50 μl of sterile water, 5 μl of 10x DNase buffer 

and 1 μl of rDNase I enzyme were added to each tube. Samples were incubated at 37°C for 

25 min, and then 5 μl of inactivation agent was added to each tube. Extraction of DNA occurred 

as previously described. 

Polyethylene Glycol (PEG) 8000 Treatment 

Spiked urine was treated with polyethylene glycol 8000 (PEG, Sigma-Aldrich, Oakville, 

CA) in an attempt to remove cellular components and proteins such as urea from urine that might 

have been causing PCR inhibition. A solution containing 30% PEG 8000 in 3M NaCl was 

prepared. After centrifugation of urine, pellets were resuspended in 500 μl PEG 8000 and 
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incubated on ice for 30 min. The solution was centrifuged at 12,000 × g for 15 min and the 

supernatant was removed. The pellet was washed with water and then resuspended in 50 μl of 

sterile water. Extraction of DNA occurred as previously described. 

Purification of DNA 

Purification of was performed on DNA from experiments undergoing 0.0525% bleach 

treatment, DNase treatment, and PEG 8000 treatment in an attempt to remove impurities that 

may be causing PCR inhibition and non-target amplification as well as to concentrate DNA. 

Purification was performed using a QIAquick purification kit (Qiagen, Toronto, CA) and 

according to the manufacturers’ instructions. The DNA was resuspended in a final volume of 

50 μl. 

Determination of Detection Threshold – Optimal Method 

One protocol was assessed after extraction of DNA and real-time PCR as initially 

described. The protocol involved a combination of treatment with PEG 8000 and DNase. 

Results 

Determination of Detection Threshold in Urine 

The results of the dilution series are presented in Table 3.1 and Table 3.2. Overall, the 

detection threshold was 10,000 spores/ml for samples undergoing enzymatic disruption and 

100,000 spores/ml for samples not undergoing disruption. Except at 100,000 spores/ml, Ct values 

did not appear to differ amongst the decreasing concentrations of spores. The two highest 

concentrations of 100,000 and 10,000 spores/ml resulted in the presence of two melting curves, 

one at the anticipated target Tm and another at a higher Tm ranging from 88-89°C. In lower 

concentrations, there were also two melting curves, one slightly higher than the anticipated Tm 
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ranging from 84-86°C, and the second ranging from 88-89°C. When the procedure was repeated, 

the resulting real-time PCR analysis showed similar results. 

Evaluation of Detection Threshold 

Dilution of Samples 

Based on the assessment of Ct and Tm values, E. cuniculi DNA was detected in samples 

containing 10,000 spores/ml but not in samples with lower concentrations (Table 3.3). Crossing 

points did not increase with decreasing spore concentrations. Additional melting curves were 

present in the majority of samples. These Tm values were in the range of 84-86°C and 88-89°C as 

previously described and therefore inconsistent with amplification of the target DNA. 

0.0525% Bleach Treatment 

Encephalitozoon cuniculi DNA was detected in samples containing 10,000 spores/ml but 

with lower concentrations results were inconsistent (Table 3.3). Crossing points did not increase 

with decreasing spore concentrations. Additional melting curves were present in the majority of 

samples. These Tm values were in the range of 84-86°C and 88-89°C as previously described. 

When samples were diluted prior to DNA extraction, the PCR was able to detect DNA in 

samples containing 10,000 spores/ml. 

0.525% Bleach Treatment 

No additional melting peaks were present, and E. cuniculi DNA was not detected in any 

of the concentrations (Table 3.3), indicating that while non-target DNA was no longer amplified, 

there was a corresponding loss in analytical sensitivity. 
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DNase Treatment 

Encephalitozoon cuniculi DNA was detected in samples containing 1,000 spores/ml, but 

not in any other concentrations (Table 3.3). Crossing points did not increase with decreasing 

spore concentrations. Additional melting curves were present in some samples, but were fewer 

overall compared to samples not undergoing DNase treatment. 

PEG 8000 Treatment 

Encephalitozoon cuniculi DNA was detected in concentrations containing as few as 

100 spores/ml (Table 3.3). In general, Ct values increased with decreasing spore concentrations. 

However, additional melting curves were present in most samples and were in the range of 

84-86°C and 88-89°C as previously described. 

Purification of DNA 

For samples undergoing 0.0525% bleach treatment and purification, E. cuniculi DNA 

was detected in samples containing as few as 100 spores/ml but Ct values did not increase as 

would be expected with decreasing concentrations of spores (Table 3.3). For samples undergoing 

DNase treatment and purification or PEG 8000 treatment and purification, E. cuniculi DNA was 

not detected in any of the concentrations. Additional melting curves were present in the majority 

of samples undergoing DNase treatment and purification or PEG 8000 treatment and purification 

but occurred less frequently than in samples not undergoing DNase or PEG 8000 treatment and 

involving purification. 

Determination of Detection Threshold – Optimal Method 

For samples undergoing treatment with PEG 8000 and DNase prior to DNA extraction, 

E. cuniculi DNA was detected in samples containing as few as 10 spores/ml compared to 
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100,000 spores/ml in urine samples that did not undergo PEG 8000 and DNase treatment and 

10 spores/ml in samples containing sterile water (Table 3.4). There was a general trend of 

increasing cycle number with decreasing concentrations of spores in samples treated with 

PEG 8000 and DNase as well as the dilution series in sterile water but not in the dilution series in 

spiked, untreated urine. Additional melting curves in the range of 84-86°C and 88-89°C were 

present in all urine samples but occurred less frequently in samples that underwent PEG 8000 

and DNase treatment prior to DNA extraction. No additional melting curves occurred in samples 

containing sterile water instead of urine. 

Sequencing of DNA 

Sequences from two samples containing only E. cuniculi melting peaks were confirmed 

as E. cuniculi with >99% identity with the reference sequence over 100% of the sequence length. 

Sequences from two samples containing unknown DNA contained partial matches 

(GenBank #NW003159274.1) to DNA from Oryctolagus cuniculus (common rabbit) and were 

approximately 450 bp in size. 

Discussion 

Molecular methods involving real-time PCR are increasingly being used for routine 

diagnosis of infectious diseases. These assays are based on the amplification of pathogen DNA 

and have the potential to be very sensitive and specific, but sensitivity and specificity are not 

guaranteed and proper evaluation is required. In this study, the detection threshold of a real-time 

PCR assay was tested using a dilution series of E. cuniculi spores suspended in rabbit urine. The 

results indicate that while the assay was effective at detecting low concentrations of spores in 

saline, there were profound losses in both sensitivity and specificity in rabbit urine. 
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The high detection threshold of only 10,000 spores/ml in the initial assay is likely result 

of the presence of PCR inhibitors in urine, such as cellular constituents and proteins (particularly 

urea) (Huggett et al., 2008; Pasternack et al., 1998; Khan et al., 1991). Urea may promote 

inhibition by preventing bonding of Taq polymerase to DNA or preventing primer annealing 

(Khan et al., 1991). In addition, the majority of samples exhibited additional Tm values that were 

higher than the anticipated Tm, indicating amplification of non-target DNA. The formation of 

primer dimers is likely not the cause of the additional melting peaks because primer dimers 

generally form at lower Tm values. Furthermore, some samples containing these additional 

melting peaks produced bands of approximately 450 bp in size following agarose gel 

electrophoresis, which is too large to represent primer dimers. Based on sequencing results, the 

presence of these Tm values is probably a result of the amplification of non-target DNA present 

in urine. Based on evaluation of non-target sequences, it is suspected that the primers amplified 

rabbit DNA from cellular debris shed in urine, a serious limitation for an assay to be used with 

specimens from rabbits. This demonstrates the need for validation of diagnostic methods, 

involving both the targeted animal species and sample type. Reliance on spiked saline data 

would result in overconfidence in the quality of the assay and potentially erroneous interpretation 

of results (i.e.; underestimation of the prevalence of E. cuniculi shedding) if used in clinical 

samples. 

In general, real-time PCR analysis of a dilution series should result in a difference of 

approximately 2-3 cycles between the 10-fold concentrations. This trend was not present after 

PCR analysis of the initial assay tested in urine (despite being present in spores suspended in 

sterile urine) and except for the highest concentration, the mean Ct values did not appear to differ 

amongst the decreasing concentrations of spores. The lack of cycle difference between 
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concentrations is probably a combined result of PCR inhibition and non-target DNA 

amplification (which would be relatively consistent between samples since spores, but not urine, 

were diluted). In an attempt to eliminate PCR inhibition and rid of non-target DNA 

amplification, numerous modifications to the procedure were made, including sample dilution, 

bleach treatment, DNase treatment, PEG 8000 treatment, purification of DNA and combinations 

of the above methods. Overall none of the modifications whether alone, or in combination, were 

able to completely rid of inhibitors or non-target DNA amplification. Dilution of urine, in an 

attempt to dilute PCR inhibitors, had no demonstrable impact. This is likely because dilution of 

E. cuniculi DNA also occurred, resulting in too low of a concentration to be detected by the 

PCR.  

Dilute (0.0525%) hypochlorite treatment was attempted due to the toxic effects of bleach 

on DNA contained within cellular debris but not to E. cuniculi DNA contained within protective 

spores. The detection threshold was shown to be only 10,000 spores/ml, although E. cuniculi 

DNA was inconsistently detected in as few as 100 spores/ml. Bleach was shown only to decrease 

the amount of non-target DNA amplification, but not eliminate it completely, suggesting that 

there was some effect but that it was inadequate to overcome the non-target DNA contamination. 

Increasing the concentration of bleach eliminated non-target DNA amplification, but also 

prevented amplification of E. cuniculi DNA. A combination of dilution and bleach treatment 

prior to DNA extraction was similarly ineffective, resulting in a detection threshold of 

10,000 spores/ml. The Ct values were slightly lower than those of samples just treated with 

bleach alone and non-target DNA amplification was of a lower magnitude, and while this 

combination was more effective than either individual method, the overall impact was limited. 
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DNase treatment was used as an alternative method of elimination of contaminant DNA 

while not affecting DNA within spores. Non-target DNA amplification appeared occur less 

frequently compared to any of the other methods tested, yet the detection threshold remained 

high, suggesting a positive effect on non-target DNA contamination but (as expected) little effect 

on PCR inhibition. The use of PEG 8000 has been used to decrease or eliminate PCR inhibition 

in urine samples (Schwebke and Lawing, 2002; Behzadbehbahani et al., 1997). Incubation with 

PEG 8000 dissolved in a 3M sodium chloride solution causes separation of proteins such as urea 

from other components found in urine (Behzadbehbahani et al., 1997). Furthermore, PEG 8000 

possesses enzyme-stabilizing properties that may enhance PCR amplification by stabilizing Taq 

polymerase (Radstrӧm et al., 2004). After treatment with PEG 8000, the detection threshold was 

found to be 100 spores/ml and Ct values increased as spore concentrations decreased, suggesting 

partial elimination of PCR inhibition. However, non-target DNA amplification was still present. 

Purification of DNA prior to PCR was also attempted using DNA from previous 

methods. Purification procedures allow removal of potential inhibitors as well as concentration 

of DNA, which could allow for increased sensitivity. After purification of samples undergoing 

0.0525% hypochlorite treatment, the detection threshold was 100 spores/ml and no non-target 

amplification occurred, indicating that purification had been successful in removing PCR 

inhibitors and non-target DNA. However, the expected 2-3 cycle increase in Ct as spore 

concentration decreased was not present, raising concerns regarding the efficiency of the assay. 

After purification of samples undergoing either DNase treatment or PEG 8000 treatment, the 

resulting PCR showed no positive results in any samples and non-target DNA amplification was 

still present. For purified DNase treated samples, Ct values the magnitude of the E. cuniculi 

melting curve were lower than in samples not purified, which was expected as DNA was 
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concentrated 2-fold. The presence of additional melting curve occurred less frequently in 

purified samples, indicating that purification has some effect on non-target DNA amplification. 

For purified PEG 8000 treated samples, the same trend for the E. cuniculi melting curves was not 

seen. 

Based on the above results, a combination of DNase and PEG 8000 was chosen 

subjectively for further study. For samples undergoing DNase and PEG 8000 treatment, the 

E. cuniculi detection threshold as few as 10 spores/ml which is comparable to the detection 

threshold of spores suspended in sterile water and a considerable improvement compared to the 

detection threshold of 100,000 spores/ml seen in spiked urine not treated with DNase and 

PEG 8000. However, non-target DNA amplification was still present, something that could 

affect the use of this test clinically for both detection and quantification of E. cuniculi shedding. 

Conclusion 

Molecular identification of E. cuniculi involving PCR has the potential to be a reliable 

and sensitive method of detection; however test validation and evaluation is needed. This study 

describes a potentially sensitive PCR assay yet one that is still affected by amplification of 

non-target DNA, which hampers quantification and may decrease confidence in analytical 

sensitivity. Despite using an established primer set and a comprehensive strategy to improve 

analytical sensitivity and specificity, limitations of this assay remain. Accordingly, while this 

method may be of some use, limitations in specificity when used with rabbit urine indicate that 

these primers are probably inappropriate and that further test development is required. 
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 100,000 

Spores 

10,000  

Spores 

1,000  

Spores 

100 

Spores 

10 

Spores 

0 

Spores 

None 

 

+ 

32.5 ±1.3 

82.0/88.5 

- 

34.3 ±0.0 

84.5/88.5 

- 

34.5 ±0.2 

88.5 

- 

34.5 ±0.7 

86.0/88.5 

- 

34.8 ±0.7 

86.0/88.0 

- 

34.2 ±1.1 

85.0/88.0 

Enzymatic 

 

+ 

30.7 ±1.2 

82.0/88.5 

+ 

34.8 ±1.1 
82.0/86.0/88.0 

- 

35.9 ±1.2 

86.0/88.5 

- 

35.0 ±0.9 

88.0 

- 

34.9 ±1.1 

88.5 

- 

35.7 ±2.2 

88.0 

 

 

 100,000 

Spores 

10,000 

Spores 

1,000  

Spores 

100 

Spores 

10 

Spores 

0 

Spores 

None 

 

+ 

39.2 ±0.6 

82.5 

- 

41.9 ±1.2 

82.5/89.0 

- 

43.4 ±1.6 

84.5/88.5 

- 

40.4 ±2.0 

89.0 

- 

40.6 ±2.2 

86.0/89.0 

- 

41.0 ±3.6 

85.0/89.0 

Enzymatic 

 

+ 

35.9 ±0.3 

81.5 

+ 

39.6 ±1.6 

82.5 

- 

42.4 ±0.5 

81.0/89.0 

- 

42.9 ±1.9 

84.5/88.5 

- 

40.4 ±0.0 

89.0 

- 

38.8 ±0.7 

89.0 

 

  

Table 3.2: PCR result, mean Ct and standard deviation, and median Tm, for a dilution series containing 

100,000, 10,000, 1,000, 100, 10 or 0 spores after undergoing enzymatic spore wall disruption or no 

disruption and DNA extraction with PrepGEM™. 

 

Table 3.1: PCR result, mean Ct and standard deviation, and median Tm, for a dilution series containing 

100,000, 10,000, 1,000, 100, 10 or 0 spores after undergoing enzymatic spore wall disruption or no 

disruption and DNA extraction with PrepGEM™. 
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 10,000 Spores 1,000 Spores 100 Spores 0 Spores 

Sample 

Dilution 

 

+ 

39.5 ±2.9 

82.5/88.5 

- 

39.4 ±2.4 

85.0/88.5 

- 

36.6 ±0.4 

85.0/88.0 

- 

40.6 ±2.7 

85.0 

0.0525% 

Bleach 

 

+ 

39.9 ±4.2 

82.5/89.0 

- 

40.1 ±4.4 

82.5/85.0/89.0 

+ 

38.0 ±3.7 

83.0/84.5/89.0 

- 

0.0 ±0.0 

0.0 

Dilution + 

Bleach 

 

+ 

37.9 ±0.8 

82.5/85.0/89.0 

- 

40.4 ±0.9 

82.5/84.0/89.0 

- 

40.5 ±1.3 

81.5/85.0 

- 

0.0 ±0.0 

0.0 

0.525% 

Bleach 

 

- 

41.0 ±0.1 

82.5 

- 

44.1 ±0.0 

82.5 

- 

0.0 ±0.0 

0.0 

- 

0.0 ±0.0 

0.0 

DNase 

 

+ 

41.2 ±1.8 

82.5 

+ 

38.7 ±2.2 

82.0/89.0 

- 

42.1 ±1.3 

84.5/88.5 

- 

40.3 ±1.6 

84.5/89.0 

PEG 8000 

 

+ 

33.6 ±0.9 

82.0/88.5 

+ 

37.0 ±2.0 

81.0/89.5 

+ 

38.3 ±0.7 

81.0/89.0 

- 

40.5 ±1.7 

84.5/89.0 

Bleach + 

Purification 

 

+ 

36.0 ±0.9 

82.0 

+ 

37.6 ±1.0 

81.5 

+ 

36.2 ±0.6 

81.0 

- 

41.6 ±2.1 

82.0 

DNase + 

Purification 

 

- 

40.2 ±1.2 

82.5/89.5 

- 

40.6 ±2.8 

81.5 

- 

43.0 ±1.8 

82.0/89.0 

- 

0.0 ±0.0 

0.0 

PEG 8000 + 

Purification 

 

- 

42.3 ±1.5 

82.5 

- 

41.5 ±2.0 

82.5/90.5 

- 

0.0 ±0.0 

0.0 

- 

42.8 ±0.0 

89.0 

 

  

Table 3.3: PCR result, mean Ct and standard deviation, and median Tm, following real-time PCR for a 

dilution series subset of E. cuniculi spores in rabbit urine. Samples underwent various treatments 

(dilution, bleach treatment, DNase treatment, PEG 8000 treatment, purification, or combination 

treatments) prior to enzymatic spore wall disruption and DNA extraction with PrepGEM™. 
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100,000 

Spores 

10,000 

Spores 

1,000 

Spores 

100 

Spores 

10 

Spores 

0 

Spores 

Water 

 

+ 

27.1 ±0.2 

82.0 

+ 

31.8 ±0.4 

82.0 

+ 

38.1 ±1.2 

82.5 

+ 

39.2 ±0.9 

82.5 

+ 

39.8 ±1.5 

82.5 

- 

0.0 ±0.0 

0.0 

Urine 

 

+ 

35.7 ±1.5 
82.0/86.0/90.0 

- 

35.5 ±3.1 

85.5/89.5 

- 

36.0 ±1.2 

85.5/89.5 

- 

35.3 ±3.2 

85.5/89.5 

- 

34.5 ±1.0 

85.5/89.5 

- 

33.4 ±0.0 

85.5/90.0 

Urine 

Tx 

 

+ 

32.8 ±1.7 

82.0/90.0 

+ 

34.2 ±0.9 

83.0/88.5 

+ 

36.6 ±0.3 

83.5/89.0 

+ 

38.4 ±0.4 
83.0/86.5/89.5 

+ 

38.2 ±0.8 

83/90.5 

- 

31.9 ±0.0 

89.0 

 

  

Table 3.4: PCR result, mean Ct and standard deviation, and median Tm for a dilution series of 

E. cuniculi spores in rabbit urine after undergoing PEG 8000 and DNase treatment prior to enzymatic 

spore wall disruption and DNA extraction with PrepGEM™. For comparison, the dilution series was 

repeated using spores suspended in rabbit urine or sterile water. 
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Chapter Four: Development and Preliminary Investigation of a Real-Time 

PCR Protocol for Detection of Encephalitozoon cuniculi in Rabbit Urine 

Abstract 

Encephalitozoon cuniculi causes encephalitozoonosis in domestic rabbits and the disease 

can be difficult to diagnose due differential diagnoses and limitations in diagnostic 

methodologies. Real-time PCR has the potential to be a rapid and sensitive method for detection 

of E. cuniculi DNA; however, low to moderate sensitivity has been reported. The objective of 

this study is to describe a sensitive real-time PCR assay utilizing newly developed E. cuniculi 

-specific primers for detection of E. cuniculi DNA from rabbit urine spiked with spores as well 

as clinical samples of urine. A 10-fold dilution series containing 100,000 to 0 spores suspended 

in spiked urine was treated with PEG 8000 and incubated in a lysis buffer containing 

proteinase K and chitinase prior to DNA extraction with PrepGEM™ and real-time PCR. The 

results indicate the assay to be highly sensitive and specific with a detection threshold of 100 

spores per ml of urine. After testing the assay using clinical samples, 11/34 (32.4%) were found 

to be positive for E. cuniculi. Further testing of clinical samples is required to determine clinical 

relevance and prevalence of E. cuniculi in Ontario. 

Introduction 

Encephalitozoon cuniculi is a microsporidial pathogen that infects domestic rabbits 

worldwide. Seroprevalence studies have indicated that E. cuniculi is widely distributed in both 

clinically diseased and apparently healthy rabbits (Dipineto et al., 2008; Künzel et al., 2008; 

Harcourt-Brown and Holloway, 2003). The organism is transmitted to other rabbits by ingestion 

of spores that are shed in urine by an infected rabbit. Transmission to humans is also possible, 

with disease occurring mostly in immunocompromised individuals (Mathis et al., 2005).  In 
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rabbits, infections are usually chronic and subclinical, but clinical disease may occur 

spontaneously or after a period of stress. Clinical signs of encephalitozoonosis are most 

commonly neurological but the disease can manifest as renal or ocular disease as well (Keeble, 

2011). A definitive diagnosis of encephalitozoonosis is important for appropriate treatment, 

accurate prognosis and assessment of zoonotic risk; however, diagnosis in rabbits can be 

difficult. Clinical signs are not pathognomonic and serology is of limited use because of the high 

seroprevalence amongst healthy rabbits. Detection of shedding of E. cuniculi spores is a more 

desirable approach, but there are limitations. Microscopy is of low diagnostic yield and cell 

culture is slow and of limited availability. PCR has the potential to be a rapid and sensitive test, 

and has been used in humans (Polley et al., 2011; Menotti et al., 2003b; Hester et al., 2002; Wolk 

et al., 2002) but there has been inadequate investigation in rabbits. 

Studies investigating detection of E. cuniculi spores in rabbit urine using real-time PCR 

have been relatively disappointing, with low to moderate sensitivity (Csokai et al., 2009b; 

Künzel et al., 2008). Whether this is because of intermittent shedding of E. cuniculi spores or 

limitations in the PCR assays that were used is unknown. Recently it was shown that that an 

E. cuniculi real-time PCR assay that had a low detection threshold when used with spores in 

saline had a tremendous loss in both sensitivity and specificity when used with rabbit urine 

(Chapter 3). While modifications helped alleviate the loss of sensitivity, amplification of 

non-target DNA, presumably shed from rabbit cells in urine, resulted in an assay that was 

unacceptable, despite the use of a published primer set (Hester et al., 2002). As a result, it was 

apparent that both new primer design and continued assay optimization was required. 

The purpose of this study was to develop and evaluate a sensitive and specific real-time 

PCR assay for detection of E. cuniculi DNA from rabbit urine. 
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Materials and Methods 

Determination of Detection Threshold 

Collection of Urine 

Urine was collected from a six year-old male, healthy Rex rabbit with no clinical history 

of disease. Urine was collected by expression of the bladder and free-catch of urine in a sterile 

container or by collection of free-flow urine into a clean, empty litter box. Fresh urine was 

collected on a regular basis, pooled, and stored at 4°C for future use. This study was approved by 

the University of Guelph Animal Care Committee. 

E. cuniculi Growth and Maintenance 

Commercially obtained E. cuniculi spores (ATCC #50502, Manassas, US) were 

aseptically transferred to a 25 cm
2
 cell culture flask containing confluent MDCK cells (ATCC 

CCL-34, Manassas, US) growing in cell culture medium consisting of EMEM (Eagle’s 

Minimum Essential Medium, ATCC 30-2003, Manassas, US), supplemented with 10% sterile 

FBS (Fetal Bovine Serum, Cansera, Rexdale, CA) and 2% Pen Strep (5000 U penicillin and 5000 

μg streptomycin per ml, Gibco, Burlington, CA) at 37°C with 5% CO2. The cell culture medium 

was replaced on a weekly basis. Old medium was removed from the flask and was pelleted by 

centrifugation at 1,500 × g for 20 min. The supernatant was removed and the pellet was 

resuspended in 10 ml of fresh medium and inoculated back into the flask. Starting after four 

weeks of growth, the cell culture medium (containing new spores) was removed weekly, pooled, 

and stored at 4°C for future use. 
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Collection of Spores and Removal of Free DNA 

A 20 ml aliquot of spores harvested from cell culture was pelleted in a 50 ml conical tube 

by centrifugation at 1,500 × g for 20 min. The supernatant was removed and the pellet 

resuspended in 0.5 ml of phosphate buffered saline (PBS). DNA-free™ (Ambion, Burlington, 

CA) was used to remove any free DNA contained within the spore solution. The solution was 

transferred to a 1.5 ml microcentrifuge tube containing 50 µl of 10X DNase buffer and 1 µl of 

rDNase I. The solution was incubated in a heating block at 37°C for 25 min. Fifty µl of DNase 

inactivation reagent was added to the solution followed by incubation at room temperature for 

2 min with occasional mixing. 

Purification of Spores 

Spores were pelleted by centrifugation at 1,500 × g for 20 min. The supernatant was 

removed and the pellet was washed twice with 10 ml of PBS containing 0.25% sodium dodecyl 

sulfate (SDS) by centrifugation at 1,500 × g for 5 min. The pellet was suspended in sterile water 

to achieve a total volume of 5 ml. Percoll
®
 (Sigma-Aldrich, Oakville, CA) was prepared by 

mixing 1 part 1.5 M NaCl to 9 parts Percoll. Five ml of Percoll was added to the 5 ml spore 

solution and centrifuged at 500 × g for 30 min. After centrifugation, the supernatant containing 

cellular debris was carefully removed and discarded. The pellet containing purified spores was 

washed twice with 10 ml of PBS containing 0.25% SDS by centrifugation at 1,500 × g for 5 min. 

Quantification of Spores 

The pellet containing purified spores was resuspended in 50 ml of filter-sterilized PBS. A 

10 µl aliquot of spores was removed and counted using a hemocytometer. Counts were 

performed in duplicate and the average calculated. The concentration of spores per millilitre was 

calculated using the following formula: 
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The concentration was adjusted to 2,000,000 spores/ml using sterile water. From this, 

10-fold dilutions of 200,000, 20,000, 2,000, and 200 spores/ml were prepared by taking 1 ml 

from the previous 10-fold dilution and adding it to 9 ml of sterile water. Samples undergoing 

DNA extraction included 50 µl of each dilution, resulting in final concentrations of 100,000, 

10,000, 1,000, 100, or 10 spores per ml of urine. Samples containing 0 spores and only water 

were also prepared as controls. The spore solution was stored at 4°C for future use. 

Extraction of DNA 

Fifty µl of each spore dilution was added to 1.5 ml microcentrifuge tubes containing 1 ml 

of urine. Tubes were pelleted by centrifugation at 1,500 × g for 25 min and the supernatant was 

removed using a pipette. Pellets were resuspended in polyethylene glycol 8000 (PEG, 

Sigma-Aldrich, Oakville, CA) to remove potential PCR inhibitors. A solution containing 30% 

PEG 8000 in 3M NaCl was prepared and 500 μl was added to each sample followed by 

incubation on ice for 30 min. The solution was centrifuged at 12000 × g for 15 min and the 

supernatant was removed. The pellet was washed with water and then resuspended in 50 μl of 

sterile water. Samples were transferred to 0.2 ml microcentrifuge tubes containing either 39 µl of 

lysis buffer (TE buffer, 25 mg of proteinase K, and 10 mg of chitinase). Tubes were vortexed at 

high speed for 15 s to ensure complete mixing. Spores were enzymatically disrupted by 

incubation at 50°C for 2 hr using a heating block. Extraction of DNA was performed using 

PrepGEM™ (Zygem, Hamilton, NZ). Ten µl of 10x buffer and 1 µl of PrepGEM™ enzyme 

were added to each tube. Tubes were incubated at 75°C for 10 min and 95°C for 5 min in a 

thermocycler. Following DNA extraction, tubes were centrifuged at 1,500 × g for 5 min and the 
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supernatant (containing DNA) was removed and placed in new 0.2 ml microcentrifuge tubes. 

Extraction of DNA was performed in triplicate for each sample. 

Real-time PCR 

Amplification of DNA was accomplished using real-time PCR. Primers were specific for 

E. cuniculi and amplified a 177 bp fragment composed of partial 16S rRNA, complete ITS1 and 

partial 5.8S rRNA. For each reaction, 2 µl of template DNA was combined with 0.2 µl of 

forward primer (5’-AAGATGACGCACTGGACGAA-‘3), 0.2 µl of reverse primer 

(5’-CGCCGCTAATGCCAATCAAT-3’), 10 µl of SsoFast™ EvaGreen
®
 Supermix (Bio-Rad, 

Mississauga, CA) containing Sso7d-fusion polymerase, 2X reaction buffer, MgCl2, and dNTPs, 2 

μl of 50 mM MgCl2, and 5.6 µl of sterile water to produce a total reaction volume of 20 µl. The 

PCR was performed in a CFX96™ Real-Time System thermocycler (Bio-Rad, Mississauga, CA) 

using the following conditions: denaturation at 95°C for 3 min followed by 40 cycles of 

denaturation at 95°C for 10 s, annealing at 62°C for 10 s, and elongation at 72°C for 20 s. The 

threshold crossing point (Ct) was set at 20 relative fluorescence units (RFU). Samples were 

considered positive if they crossed threshold within 40 cycles and had the anticipated melting 

temperature (Tm) that was no more than one degree different from the positive control. Positive 

melting temperatures varied slightly and were in the general range of 81°C to 82°C. A subset of 

the PCR products were purified and sent for sequencing at the University of Guelph laboratory 

services in Guelph, Ontario. Identification of E. cuniculi was confirmed by searching the 

BLAST
2
 database for the resulting sequences of the submitted amplicons. 

  

                                                           
2
 http://blast.ncbi.nlm.nih.gov/Blast.cgi 
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Primer Specificity 

Primer specificity was determined using real-time PCR analysis of rabbit DNA taken 

from an oral swab and E. cuniculi-specific primers. In addition, real-time PCR analysis occurred 

on samples containing rabbit urine and primers that amplify rabbit GAPDH (a housekeeping 

gene). The primers were determined to be rabbit-specific using the BLAST database (GenBank 

#L23961). 

Preliminary Prevalence Study 

Urine was collected by cystocentesis or by free-flow collection from 34 rabbits of various 

ages and breeds; rabbits with neurological disease, idiopathic renal disease or diseases other than 

renal and neurological systems, and rabbits that were clinically healthy. Neurological signs 

included behavioural changes, seizures, tremors, paresis and vestibular signs (torticollis, circling, 

rolling, nystagmus and ataxia). Renal disease included signs of renal insufficiency (azotemia, 

pollakisuria, polyuria or polydipsia). Other diseases included: upper respiratory infection, 

neoplasia and inappetence. Urine was processed as described above. Comparison of prevalence 

between the different groups was performed using a chi-squared test. 

Results 

Determination of Detection Threshold 

The results of the dilution series are presented in Table 4.1. The detection threshold was 

100 spores/ml of urine. Melting temperatures were in the anticipated range of 81-82°C and 

varied no more than 1°C from the positive control. 
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Sequencing of DNA 

All three sequenced PCR products were confirmed as E. cuniculi. Sequences were 

confirmed as E. cuniculi with >99% identity with the reference sequence over 100% of the 

sequence length. 

Primer Specificity 

In samples containing rabbit DNA taken from and oral swab, amplification of DNA using 

E. cuniculi primers was not documented. Furthermore, primers amplifying GAPDH DNA 

produced distinctively different melting curves than primers amplifying E. cuniculi DNA, thus 

confirming the specificity of the E. cuniculi primers (Table 4.2). 

Preliminary Prevalence Study 

Encephalitozoon cuniculi was identified from 11/34 (32.4%) samples. Seven of 15 

(46.7%) healthy rabbits tested positive (Table 4.3). There was no significant difference in 

prevalence between groups (P=0.12). 

Discussion 

Diagnosis of encephalitozoonosis in rabbits generally involves a combination of clinical 

examination and laboratory testing; however, diagnosis is difficult because of limitations in 

currently used diagnostic methods (Harcourt-Brown, 2004). The method described in this study, 

involving real-time PCR for detection of E. cuniculi DNA in urine, has the potential to be more 

rapid and sensitive than conventional diagnostic methods, but the objective assessment and 

validity of such assays are essential (Garcia, 2002). Using an optimized DNA extraction protocol 

and newly developed E. cuniculi-specific primers, the above described assay was shown to be 
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analytically highly sensitive and specific, being able to detect DNA in as few as 100 spores/ml of 

urine with no amplification of non-target DNA. 

The high analytical sensitivity and specificity in rabbit urine experimentally spiked with 

known numbers of E. cuniculi spores support clinical evaluation of this assay. Preliminary data 

obtained in the present study indicated a relatively high prevalence of E. cuniculi shedding 

amongst both healthy and diseased rabbits. The high prevalence noted here is comparable to 

prevalence rates reported in other regions (Jeklova et al., 2010a; Santaniello et al., 2009; 

Halánová et al., 2003; Deplazes et al., 1996b). While numbers were low and care should be taken 

to avoid over-interpretation of these limited observations, there was no difference in shedding 

rates between different groups. From a clinical diagnosis standpoint, these results are concerning 

because of the high (46.7%) rate of positivity of apparently healthy rabbits. Such a high 

prevalence in clinically normal rabbits could greatly limit use of this test diagnostically. 

Monitoring of these PCR positive animals is warranted to determine whether disease develops 

(i.e.; that they were at a subclinical or preclinical stage of disease) or whether this truly 

represents E. cuniculi spore shedding by healthy rabbits. If a large percentage of rabbits shed 

E. cuniculi spores and this is determined to be of no clinical relevance to the rabbit, PCR from 

urine will likely have limited diagnostic utility because of a poor positive predictive value, 

irrespective of the technical quality of the assay. Further testing is required to confirm these data 

using a larger study population. Further, a test that has limited clinical specificity, as would be 

the case here if there is a high baseline shedding rate, can still be useful diagnostically to 

confidently rule out disease if the test is highly sensitive. Further, an analytically sensitive and 

specific real time PCR assay would still be of use for epidemiological studies as well as studies 

regarding the pathophysiology of encephalitozoonosis. 
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Conclusion 

The assay described above is analytically sensitive and specific, and further clinical study 

is warranted. The dynamics of E. cuniculi shedding by healthy and diseased rabbits must be 

investigated further to determine whether this assay (or any assay that detects shedding of 

spores) has clinical utility. 
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 100,000 

Spores 

10,000  

Spores 

1,000  

Spores 

100 

Spores 

10 

Spores 

0 

Spores 

PEG 8000 + 

30.5 ±0.5 

81.0 

+ 

34.2 ±0.2 

81.5 

+ 

38.4 ±0.2 

82.0 

+ 

39.9 ±0.1 

81 

- 

0.0 ±0.0 

n/a 

- 

0.0 ±0.0 

n/a 

 

Table 4.2: PCR result, mean Ct and standard deviation, and median Tm, for urine samples containing 

10,000 E. cuniculi spores after undergoing PEG 8000 treatment, enzymatic spore wall disruption and 

DNA extraction with PrepGEM™. Two primer sets (rabbit GAPDH, E. cuniculi) were tested. 

 10,000 

Spores 

GAPDH 

Primers 

+ 

39.6 ±0.3 

80.0 

E. cuniculi 

Primers 

+ 

34.6 ±0.3 

82.0 

 

 

Group Prevalence 

Neurological 2/9 (22.2%) 

Renal 2/3 (66.7%) 

Other 0/7 (0.0%) 

Healthy 7/15 (46.7%) 

Total 11/34 (32.4%) 

 

  

Table 4.3: Prevalence of E. cuniculi shedding in rabbits with neurological disease, renal disease, or 

other diseases, and in clinically healthy rabbits. 

 

Table 4.1: PCR result, mean Ct and standard deviation, and median Tm, for a dilution series of 

E. cuniculi spores after undergoing PEG 8000 treatment, enzymatic spore wall disruption and DNA 

extraction with PrepGEM™. 
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Chapter Five: General Discussions and Conclusions 

Encephalitozoon cuniculi is a major cause of neurological and renal disease in domestic 

rabbits and there is a pressing need for a rapid and sensitive diagnostic method. A definitive 

diagnosis is difficult in most cases because currently available methods are of limited clinical use 

because they lack sensitivity or are time-consuming. The potential for PCR to provide a rapid 

and sensitive diagnostic method for E. cuniculi is substantial but extensive testing and validation 

is required. This study evaluated and optimized a real-time PCR assay for detection of 

E. cuniculi DNA in rabbit urine. 

Previous studies investigating the use of real-time PCR for detection of E. cuniculi in 

urine concluded PCR to be an unreliable method because the results indicated that E. cuniculi 

spores are only shed sporadically. However, the methodologies were not tested thoroughly, were 

inherently insensitive and/or did not confirm the presence of spores (or lack of) using other 

methods. Thus, insensitive assay designs rather than failure of molecular methods could be an 

explanation for the negative results observed, as opposed to a true biological limitation of PCR. 

Furthermore, these studies never thoroughly evaluated DNA extraction procedures to ensure that 

optimal DNA quality and quantity were being obtained prior to PCR. Inefficient DNA extraction 

will negatively affect the sensitivity of any downstream PCR analysis, something that is of 

particular concern for an organism such as E. cuniculi that possesses a tough exterior coat. 

The inadequate extraction efficiency by various DNA extraction procedures observed in 

this thesis adequately suggests that low sensitivity reported by previously published assays could 

have been the result of inadequate DNA preparation than absence of the organism in urine. The 

results of this thesis highlight the necessity of disrupting the tough spore wall prior to DNA 

extraction and to ensure that methods used provide DNA of adequate quantity and quality. Spore 
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wall disruption was frequently not done or not done adequately in other studies. After testing 

various commercial DNA extraction kits, one kit (PrepGEM™) produced drastically higher 

concentrations of DNA than the other tested kits, including both the High Pure PCR Template 

Purification Kit and the QIAamp® DNA Stool Mini Kit, two of the most commonly used 

commercial kits for extraction of microsporidial DNA. 

A combination of enzymatic spore wall disruption followed by DNA extraction with 

PrepGEM™ was determined to be the optimal method for DNA extraction from E. cuniculi 

spores. After testing this method using a 10-fold dilution series of spores suspended in sterile 

water, the resulting real-time PCR analysis revealed a low detection threshold of only 

100 spores/ml. These results suggest that the real-time PCR assay may be a suitable diagnostic 

method to be used in a clinical setting; however, upon testing the assay using biological samples 

of rabbit urine spiked with a 10-fold dilution series of spores, similar results were not obtained. 

In fact, the detection threshold in urine was established to be considerably higher 

(10,000 spores/ml), suggesting that something present in urine may be inhibiting the real-time 

PCR reaction. In addition to this, amplification of DNA belonging to another organism, 

presumably rabbit, also occurred in the majority of samples tested, complicating assessment of 

results and indicating limitations of the published primer set. The low analytical sensitivity and 

specificity of this real-time PCR assay using clinically relevant samples (urine containing 

E. cuniculi spores) questions the usefulness of this assay in a diagnostic setting. 

Inhibition of PCR is a widely known occurrence when trying to amplify DNA within 

urine, because of substances within urine that inhibit the PCR reaction. In this study, various 

attempts were made to eliminate PCR inhibitors and increase the sensitivity of the assay; 

however, the majority of the attempted treatments were not able to consistently and completely 
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rid samples of PCR inhibitors. One treatment (PEG 8000) had a profound effect on PCR 

inhibition and resulted in a detection threshold of 100 spores/ml. This detection threshold was 

comparable to the detection threshold using spiked water samples and therefore was considered 

acceptable; however, the presence of non-target DNA amplification was still present. The overall 

results of this study indicate that laboratory testing of an assay using spores suspended in sterile 

water will not necessarily produce similar results during clinical testing using biological samples 

of urine. The modifications made to the protocol in order to improve the sensitivity when testing 

the assay using urine samples demonstrates the importance of appropriate assay testing and 

validation prior to clinical use. 

Real-time PCR primers were chosen based on previous usage reported in the literature. 

Only one E. cuniculi-specific published primer set was used on a consistent basis and therefore 

was chosen for this assay. However, despite the previous use of these primers, this primer set 

was shown to amplify portions of the rabbit genome and thus would be inappropriate for use in 

clinical samples of rabbit urine. Despite various attempts to remove non-target DNA without 

negative effect to E. cuniculi DNA, only one treatment had an effect on non-target DNA (DNase 

treatment prior to DNA extraction); however, the effect was minimal and it was apparent that the 

problem was with the specificity of the primers. Overall, these results indicate the importance of 

species-specific test development and evaluation. The primers used were initially developed for 

use in humans and no non-target DNA amplification was reported in that host; however; when 

used in rabbits, non-target DNA amplification occurred. To address this limitation, new primers 

were designed to avoid amplification of host DNA. After testing using clinical rabbit urine, no 

non-target amplification was observed, suggesting that these primers may be suitable for use in a 

clinical setting. 
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After multiple attempts to eliminate PCR inhibition and non-target DNA amplification, a 

new assay was designed. This assay involved PEG 8000 treatment of urine, enzymatic spore wall 

disruption followed by DNA extraction with PrepGEM™ and finally, real-time PCR using the 

newly developed primers described above. The resulting PCR analyses revealed the detection 

threshold to be 100 spores/ml, which is comparable to the previous assay using the published 

primer set and E. cuniculi suspended in sterile water. In addition to a low detection threshold in 

rabbit urine, no non-target DNA amplification was detected, meaning that issues of low 

sensitivity and specificity had been resolved. This optimized assay using new primers has the 

potential to be used clinically to detect E. cuniculi in rabbit urine. 

Even though the optimal assay has shown to be highly sensitive and specific, extensive 

clinical testing is required to determine diagnostic utility. In a small-scale preliminary prevalence 

study, PCR analysis using the optimal assay resulted in a high prevalence of E. cuniculi amongst 

healthy and diseased pet rabbits. Although preliminary, these results are in accordance to 

reported seroprevalence rates in similar populations of rabbits and suggest that active shedding 

may be common, not just the presence of antibodies from previous exposure. The high 

prevalence amongst clinically healthy rabbits suggests that this assay, or indeed any assay that is 

based on detection of spores shed in urine, may be of limited use in a clinical setting. If many 

rabbits are shedding spores more or less continuously in the absence of clinical disease, then it 

may be impossible to establish E. cuniculi as the causative agent of disease in clinically ill 

rabbits based solely on the detection of spores or E. cuniculi DNA in urine. 

Because of the relatively high analytical sensitivity, this assay may be useful to rule out 

E. cuniculi as the causative agent of some disease conditions in rabbits. For example, rabbits 

demonstrating neurological signs will often be suspect E. cuniculi cases; in these instances, a 
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sensitive urine-based PCR assay may provide a useful method as a screening test, with negative 

results essentially ruling out the possibility of encephalitozoonosis. For diseased rabbits that test 

positive using PCR, E. cuniculi can be considered as the causative agent, but further testing will 

be required to confirm the diagnosis, something that may remain difficult. Further testing is 

required to determine the role, if any, of PCR in the diagnosis of this disease. However, it may 

difficult to assess the utility of this assay in combination with other diagnostic methods 

(serology, cell culture, light microscopy) because of the shortcomings associated with these 

methods, as previously mentioned. 

This thesis provided important preliminary research on the utility of real-time PCR as a 

diagnostic method for E. cuniculi in a clinical setting. Future research should focus on further 

assay testing and development for use in a clinical setting, describing spore shedding patterns in 

healthy and diseased rabbits, and determining prevalence using a larger scale study. 
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Appendices 

Appendix A: Raw Data for Chapter 2 

 

Extraction 

Kit 

Disruption 

Method 

Sample 

Name 

Conc. 

(ng/µl) 
A260 A280 260/280 260/230 

Boil None 1A-1 2.26 0.045 0.003 14.43 0.60 

Boil None 1A-2 1.12 0.022 -0.005 -4.66 0.42 

Boil None 1A-3 2.24 0.045 0.004 11.52 0.57 

DNAzol None 1B-1 14.16 0.283 0.084 3.39 0.04 

DNAzol None 1B-2 9.33 0.187 0.103 1.82 0.02 

DNAzol None 1B-3 9.70 0.194 0.048 4.04 0.02 

DNAzol Mechanical 2B-1 4.19 0.084 0.025 3.33 0.01 

DNAzol Mechanical 2B-2 9.29 0.186 0.049 3.77 0.02 

DNAzol Mechanical 2B-3 16.00 0.320 0.075 4.25 0.06 

DNAzol Enzymatic 3B-1 10.44 0.209 0.059 3.55 0.02 

DNAzol Enzymatic 3B-2 12.78 0.256 0.079 3.24 0.03 

DNAzol Enzymatic 3B-3 10.28 0.206 0.102 2.02 0.02 

DNAzol Combination 4B-1 11.12 0.222 0.015 15.28 0.02 

DNAzol Combination 4B-2 6.57 0.131 0.029 4.54 0.01 

DNAzol Combination 4B-3 10.64 0.213 0.051 4.18 0.03 

Maxwell None 1C-1 2.83 0.057 0.051 1.10 0.16 

Maxwell None 1C-2 2.89 0.058 0.050 1.16 0.21 

Maxwell None 1C-3 2.83 0.057 0.071 0.80 0.22 

Maxwell Mechanical 2C-1 n/a n/a n/a n/a n/a 

Maxwell Mechanical 2C-2 2.56 0.051 0.036 1.41 0.12 

Maxwell Mechanical 2C-3 4.78 0.096 0.093 1.02 0.22 

Maxwell Enzymatic 3C-1 4.64 0.093 0.090 1.03 0.18 

Maxwell Enzymatic 3C-2 3.95 0.079 0.074 1.07 0.16 

Maxwell Enzymatic 3C-3 2.78 0.056 0.046 1.21 0.13 

Maxwell Combination 4C-1 4.52 0.090 0.094 0.96 0.27 

Maxwell Combination 4C-2 4.76 0.095 0.079 1.21 0.20 

Maxwell Combination 4C-3 3.02 0.060 0.051 1.17 0.05 

PrepGEM None 1D-1 20.17 0.403 0.316 1.28 0.25 

PrepGEM None 1D-2 1.88 0.038 0.049 0.77 0.14 

PrepGEM None 1D-3 2.77 0.055 0.076 0.73 0.13 

PrepGEM Mechanical 2D-1 3.45 0.069 0.067 1.04 0.17 

PrepGEM Mechanical 2D-2 9.66 0.193 0.158 1.22 0.38 

PrepGEM Mechanical 2D-3 1.89 0.038 0.054 0.70 0.16 

PrepGEM Enzymatic 3D-1 83.69 1.674 2.556 0.65 0.19 

PrepGEM Enzymatic 3D-2 90.88 1.818 2.776 0.65 0.19 

PrepGEM Enzymatic 3D-3 90.74 1.815 2.756 0.66 0.19 

PrepGEM Combination 4D-1 95.23 1.905 2.777 0.69 0.20 

PrepGEM Combination 4D-2 87.98 1.760 2.628 0.67 0.20 

Appendix A.1: Raw spectrophotometry data for samples containing sterile water spiked with 100,000 

E. cuniculi spores following disruption with each spore disruption method and DNA extraction with 

each commercial DNA extraction kit. 
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PrepGEM Combination 4D-3 92.00 1.840 2.712 0.68 0.20 

QIAamp None 1E -1 7.38 0.148 0.107 1.38 0.23 

QIAamp None 1E -2 6.07 0.121 0.071 1.71 0.18 

QIAamp None 1E -3 9.22 0.184 0.089 2.08 0.20 

QIAamp Mechanical 2E -1 3.94 0.079 0.038 2.07 0.14 

QIAamp Mechanical 2E -2 4.07 0.081 0.053 1.52 0.15 

QIAamp Mechanical 2E -3 5.96 0.119 0.057 2.08 0.21 

QIAamp Enzymatic 3E -1 4.19 0.084 0.046 1.82 0.16 

QIAamp Enzymatic 3E -2 6.22 0.124 0.055 2.25 0.16 

QIAamp Enzymatic 3E -3 6.35 0.127 0.067 1.88 0.17 

QIAamp Combination 4E -1 4.44 0.089 0.023 3.92 0.15 

QIAamp Combination 4E -2 3.71 0.074 0.031 2.41 0.13 

QIAamp Combination 4E -3 5.12 0.102 0.045 2.25 0.17 

DNeasy None 1F-1 1.86 0.037 0.004 9.45 0.12 

DNeasy None 1F-2 2.55 0.051 0.022 2.33 0.13 

DNeasy None 1F-3 2.12 0.042 0.012 3.58 0.11 

DNeasy Mechanical 2F-1 2.42 0.048 0.013 3.58 0.12 

DNeasy Mechanical 2F-2 1.98 0.040 0.008 5.18 0.11 

DNeasy Mechanical 2F-3 1.42 0.028 0.001 23.08 0.08 

DNeasy Enzymatic 3F-1 2.45 0.049 0.018 2.68 0.12 

DNeasy Enzymatic 3F-2 3.78 0.076 0.031 2.43 0.18 

DNeasy Enzymatic 3F-3 3.32 0.066 0.032 2.07 0.16 

DNeasy Combination 4F-1 1.88 0.038 -0.020 -1.93 0.10 

DNeasy Combination 4F-2 4.11 0.082 0.039 2.09 0.19 

DNeasy Combination 4F-3 2.74 0.055 0.040 1.38 0.14 

High Pure None 1G-1 14.50 0.290 0.219 1.33 0.64 

High Pure None 1G-2 5.87 0.117 0.093 1.26 0.55 

High Pure None 1G-3 9.24 0.185 0.141 1.31 0.60 

High Pure Mechanical 2G-1 10.73 0.215 0.140 1.53 0.62 

High Pure Mechanical 2G-2 19.40 0.388 0.274 1.41 0.71 

High Pure Mechanical 2G-3 8.31 0.166 0.115 1.44 0.60 

High Pure Enzymatic 3G-1 12.69 0.254 0.178 1.43 0.65 

High Pure Enzymatic 3G-2 11.01 0.220 0.157 1.40 0.62 

High Pure Enzymatic 3G-3 10.96 0.219 0.157 1.39 0.66 

High Pure Combination 4G-1 12.09 0.242 0.174 1.39 0.64 

High Pure Combination 4G-2 14.26 0.285 0.195 1.46 0.66 

High Pure Combination 4G-3 11.70 0.234 0.170 1.38 0.60 
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Extraction 

Kit 

Disruption 

Method 

Sample 

Name 

Conc. 

(ng/µl) 
A260 A280 260/280 260/230 

DNAzol None 1B-1 2.94 0.059 0.032 1.85 0.01 

DNAzol None 1B-2 4.85 0.097 0.031 3.13 0.03 

DNAzol None 1B-3 2.61 0.052 0.059 0.89 0.01 

DNAzol Mechanical 2B-1 0.73 0.015 0.020 0.72 0.01 

DNAzol Mechanical 2B-2 0.71 0.014 0.010 1.46 0.00 

DNAzol Mechanical 2B-3 0.94 0.019 0.026 0.72 0.01 

DNAzol Enzymatic 3B-1 1.09 0.022 0.033 0.66 0.01 

DNAzol Enzymatic 3B-2 2.62 0.052 0.037 1.40 0.02 

DNAzol Enzymatic 3B-3 1.36 0.027 0.036 0.75 0.01 

DNAzol Combination 4B-1 1.68 0.034 0.041 0.82 0.01 

DNAzol Combination 4B-2 0.35 0.007 0.011 0.62 0.00 

DNAzol Combination 4B-3 1.72 0.034 0.023 1.46 0.01 

PrepGEM None 1D-1 2.55 0.051 0.071 0.72 0.11 

PrepGEM None 1D-2 5.48 0.110 0.133 0.82 0.14 

PrepGEM None 1D-3 4.44 0.089 0.116 0.77 0.15 

PrepGEM Mechanical 2D-1 11.78 0.236 0.227 1.04 0.26 

PrepGEM Mechanical 2D-2 10.88 0.218 0.228 0.96 0.24 

PrepGEM Mechanical 2D-3 14.58 0.292 0.288 1.01 0.26 

PrepGEM Enzymatic 3D-1 150.82 3.016 4.239 0.71 0.26 

PrepGEM Enzymatic 3D-2 145.71 2.914 4.093 0.74 0.26 

PrepGEM Enzymatic 3D-3 148.54 2.971 4.166 0.75 0.26 

PrepGEM Combination 4D-1 161.34 3.227 4.404 0.73 0.28 

PrepGEM Combination 4D-2 162.23 3.245 4.324 0.71 0.28 

PrepGEM Combination 4D-3 161.32 3.226 4.370 0.71 0.28 

High Pure None 1G-1 12.06 0.241 0.177 1.37 0.34 

High Pure None 1G-2 11.83 0.237 0.158 1.50 0.67 

High Pure None 1G-3 6.87 0.137 0.104 1.32 0.56 

High Pure Mechanical 2G-1 17.84 0.357 0.265 1.35 0.61 

High Pure Mechanical 2G-2 10.61 0.212 0.165 1.28 0.61 

High Pure Mechanical 2G-3 15.66 0.313 0.230 1.36 0.67 

High Pure Enzymatic 3G-1 8.71 0.174 0.110 1.58 0.66 

High Pure Enzymatic 3G-2 6.24 0.125 0.068 1.82 0.41 

High Pure Enzymatic 3G-3 10.10 0.202 0.154 1.31 0.65 

High Pure Combination 4G-1 46.21 0.924 0.670 1.38 0.80 

High Pure Combination 4G-2 7.84 0.157 0.072 2.18 0.66 

High Pure Combination 4G-3 16.76 0.335 0.161 2.08 0.68 

 

  

Appendix A.2: Raw spectrophotometry data for samples containing sterile water spiked with 100,000 

E. cuniculi spores following disruption with each spore disruption method and DNA extraction with 

DNAzol®, PrepGEM™, or High Pure. 
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Disruption 

Method 

Spores  

(per ml) 

Sample 

# 

Conc. 

(ng/µl) 
A260 A280 260/280 260/230 

None 100,000 1 3.71 0.074 0.091 0.82 0.08 

None 100,000 2 1.99 0.040 0.052 0.76 0.08 

None 100,000 3 3.96 0.079 0.100 0.79 0.09 

Enzymatic 100,000 4 79.74 1.595 2.434 0.66 0.19 

Enzymatic 100,000 5 80.10 1.602 2.391 0.67 0.20 

Enzymatic 100,000 6 69.60 1.392 2.098 0.66 0.19 

None 10,000 7 1.82 0.036 0.055 0.66 0.06 

None 10,000 8 3.12 0.062 0.094 0.66 0.09 

None 10,000 9 2.60 0.052 0.057 0.92 0.09 

Enzymatic 10,000 10 68.82 1.376 2.126 0.65 0.18 

Enzymatic 10,000 11 79.73 1.595 2.389 0.67 0.20 

Enzymatic 10,000 12 63.51 1.270 1.931 0.66 0.18 

None 1,000 13 2.83 0.057 0.087 0.65 0.11 

None 1,000 14 1.38 0.028 0.069 0.40 0.06 

None 1,000 15 3.82 0.076 0.121 0.63 0.10 

Enzymatic 1,000 16 179.07 3.581 5.334 0.67 0.31 

Enzymatic 1,000 17 90.20 1.804 2.755 0.65 0.20 

Enzymatic 1,000 18 86.27 1.725 2.635 0.65 0.20 

None 100 19 1.43 0.029 0.058 0.49 0.07 

None 100 20 1.51 0.030 0.064 0.48 0.07 

None 100 21 2.63 0.053 0.086 0.61 0.08 

Enzymatic 100 22 77.36 1.547 2.390 0.65 0.19 

Enzymatic 100 23 72.86 1.457 2.227 0.65 0.19 

Enzymatic 100 24 65.29 1.306 1.979 0.66 0.18 

None 10 25 2.14 0.043 0.087 0.49 0.09 

None 10 26 1.84 0.037 0.083 0.44 0.08 

None 10 27 3.60 0.072 0.135 0.54 0.10 

Enzymatic 10 28 60.40 1.208 1.853 0.65 0.18 

Enzymatic 10 29 47.06 0.941 1.446 0.65 0.17 

Enzymatic 10 30 81.44 1.629 2.377 0.69 0.19 

None 0 31 5.90 0.118 0.199 0.59 0.12 

None 0 32 2.89 0.058 0.089 0.65 0.09 

None 0 33 4.57 0.091 0.132 0.69 0.10 

Enzymatic 0 34 106.62 2.132 3.261 0.65 0.22 

Enzymatic 0 35 71.75 1.435 2.211 0.65 0.19 

Enzymatic 0 36 93.63 1.873 2.897 0.65 0.20 

 

  

Appendix A.3: Raw spectrophotometry data for a dilution series of E. cuniculi spores in sterile water 

following spore disruption or no disruption and DNA extraction PrepGEM™. 
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Disruption 

Method 

Spores 

(per ml) 

Sample 

# 

Crossing 

Point 

Melting 

Temp 

Peak 

Height 

Begin 

Temp 

End 

Temp 

End 

RFU 

None 100,000 1 26.4 82.0 207.3 77.0 94.5 1176.3 

None 100,000 2 25.4 82.0 245.2 77.0 88.5 1463.2 

None 100,000 3 25.3 82.0 241.9 77.0 86.5 1391.5 

Enzymatic 100,000 4 24.6 82.0 261.9 77.0 88.5 1483.3 

Enzymatic 100,000 5 25.3 82.5 234.3 70.5 89.0 1276.7 

Enzymatic 100,000 6 24.2 82.5 232.8 77.0 88.5 1288.6 

None 10,000 7 29.0 82.0 259.0 77.0 88.0 1493.6 

None 10,000 8 29.6 82.0 273.9 76.5 90.0 1563.2 

None 10,000 9 28.8 82.0 273.7 76.5 87.5 1591.8 

Enzymatic 10,000 10 28.1 82.0 259.6 76.5 90.0 1536.4 

Enzymatic 10,000 11 29.6 82.0 277.8 77.0 88.5 1563.2 

Enzymatic 10,000 12 28.2 82.0 281.8 76.5 87.5 1584.9 

None 1,000 13 33.7 82.5 251.9 77.0 91.5 1044.3 

None 1,000 14 33.2 82.0 277.2 76.5 86.5 1331.4 

None 1,000 15 33.2 82.0 272.6 76.5 86.5 1260.3 

Enzymatic 1,000 16 32.5 82.0 272.6 76.0 86.5 1351.5 

Enzymatic 1,000 17 31.9 82.0 269.3 76.0 88.0 1388.9 

Enzymatic 1,000 18 31.9 81.5 291.8 76.5 88.5 1510.2 

Enzymatic 1,000 18 31.9 91.0 27.7 88.5 94.0 1510.2 

None 100 19 34.8 82.5 237.9 77.5 92.0 900.8 

None 100 20 35.2 82.5 299.6 77.5 86.5 812.4 

None 100 21 35.2 82.5 299.4 77.0 88.5 784.9 

Enzymatic 100 22 36.1 82.5 248.1 76.5 85.5 691.8 

Enzymatic 100 22 36.1 86.5 49.2 85.5 89.5 691.8 

Enzymatic 100 22 36.1 91.0 21.91 89.5 95.0 691.8 

Enzymatic 100 23 36.8 82.5 256.6 77.5 86.0 547.6 

Enzymatic 100 23 36.8 86.5 36.2 86.0 93.5 547.6 

Enzymatic 100 24 35.1 82.0 273.9 76.5 85.5 1016.7 

Enzymatic 100 24 35.1 86.5 46.4 85.5 94.0 1016.7 

None 10 25 43.0 83.0 33.6 80.0 86.5 29.2 

None 10 26 40.5 82.5 113.5 79.0 86.0 128.3 

None 10 27 42.4 83.0 35.2 79.5 86.5 36.3 

Enzymatic 10 28 39.7 85.5 60.0 83.0 88.5 127.4 

Enzymatic 10 28 39.7 90.5 32.1 88.5 95.0 127.4 

Enzymatic 10 29 43.5 83.0 30.7 80.0 87.5 20.6 

Enzymatic 10 30 41.7 83.0 22.7 78.5 86.0 51.4 

Enzymatic 10 30 41.7 89.5 26.7 86.5 92.5 51.4 

None 0 31 n/a n/a n/a n/a n/a 0.3 

None 0 32 n/a n/a n/a n/a n/a 5.8 

None 0 33 n/a n/a n/a n/a n/a -0.4 

Enzymatic 0 34 n/a n/a n/a n/a n/a -2.1 

Enzymatic 0 35 39.2 85.5 111.0 81.5 95.0 267.1 

Enzymatic 0 36 38.0 81.0 97.6 78.5 84.0 446.5 

Appendix A.4: Raw PCR data for a dilution series of E. cuniculi spores in sterile water following spore 

disruption or no disruption and DNA extraction PrepGEM™. 
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Enzymatic 0 36 38.0 85.0 79.4 84.0 86.0 446.5 

Enzymatic 0 36 38.0 89.0 161.6 86.0 94.00 446.5 

  Pos 13.4 83.0 221.7 78.0 87.0 1015.0 
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Appendix B: Raw Data for Chapter 3 

 

Disruption 

Method 

Spores 

(per ml) 

Sample 

# 

Crossing 

Point 

Melting 

Temp 

Peak 

Height 

Begin 

Temp 

End 

Temp 

End 

RFU 

None 100,000 1 31.3 83.0 187.2 69.5 85.0 1418.4 

None 100,000 1 31.3 88.0 243.9 85.0 95.0 1418.4 

None 100,000 2 34.0 81.5 166.9 69.0 85.5 999.6 

None 100,000 2 34.0 88.5 117.5 85.5 95.0 999.6 

None 100,000 3 32.2 82.0 197.6 68.5 86.0 1238.2 

None 100,000 3 32.2 88.5 117.1 86.0 95.0 1238.2 

Enzymatic 100,000 4 30.3 82.0 194.6 68.0 86.0 1099.7 

Enzymatic 100,000 4 30.3 88.5 62.8 86.0 95.0 1099.7 

Enzymatic 100,000 5 29.7 82.0 222.9 75.5 86.5 1215.9 

Enzymatic 100,000 5 29.7 88.5 30.2 86.5 95.0 1215.9 

Enzymatic 100,000 6 32.1 81.5 204.2 75.0 86.0 1163.7 

Enzymatic 100,000 6 32.1 88.5 59.4 86.0 94.0 1163.7 

None 10,000 7 34.3 84.5 129.6 79.5 86.0 822.7 

None 10,000 8 34.3 88.5 246.2 78.5 95.0 1154.7 

None 10,000 9 34.2 88.0 153.4 78.5 95.0 860.5 

Enzymatic 10,000 10 34.0 81.0 119.5 74.0 85.0 873.1 

Enzymatic 10,000 10 34.0 88.0 85.1 85.0 94.0 873.1 

Enzymatic 10,000 11 36.0 82.5 127.8 77.5 84.0 759.1 

Enzymatic 10,000 11 36.0 88.0 158.1 84.0 94.0 759.1 

Enzymatic 10,000 12 34.3 86.0 192.9 77.5 95.0 1037.9 

None 1,000 13 34.7 88.5 194.4 78.0 93.5 926.5 

None 1,000 14 34.3 88.5 222.8 80.0 95.0 1025.9 

None 1,000 15 34.5 88.5 318.8 80.5 95.0 1136.8 

Enzymatic 1,000 16 35.0 88.5 228.1 80.5 95.0 945.7 

Enzymatic 1,000 17 37.3 88.5 202.1 80.5 95.0 550.7 

Enzymatic 1,000 18 35.4 85.0 156.4 79.0 86.0 833.7 

Enzymatic 1,000 18 35.4 88.5 201.4 86.0 95.0 833.7 

None 100 19 34.1 86.0 134.8 80.5 95.0 853.5 

None 100 20 34.2 88.0 150.9 79.5 95.0 810.3 

None 100 21 35.4 88.5 257.3 80.5 95.0 945.7 

Enzymatic 100 22 35.9 88.0 197.5 79.5 95.0 690.1 

Enzymatic 100 23 34.0 88.5 328.1 80.0 95.0 1210.9 

Enzymatic 100 24 35.1 88.0 215.0 80.0 93.5 969.4 

None 10 25 33.9 86.0 147.2 77.5 95.0 686.6 

None 10 26 35.0 88.0 132.6 78.0 94.0 573.8 

None 10 27 35.3 88.0 182.8 81.5 95.0 776.8 

Enzymatic 10 28 34.6 89.0 219.6 79.0 95.0 954.7 

Enzymatic 10 29 34.1 80.0 93.5 79.0 80.5 1069.3 

Enzymatic 10 29 34.1 88.0 263.1 81.0 95.0 1069.3 

Enzymatic 10 30 36.2 88.5 222.7 80.5 95.0 696.2 

None 0 31 33.0 88.0 221.2 80.5 94.0 863.3 

Appendix B.1: Raw PCR data for a dilution series of E. cuniculi spores in urine following spore 

disruption or no disruption and DNA extraction PrepGEM™. 
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None 0 32 34.7 88.0 230.7 80.0 95.0 959.8 

None 0 33 35.0 85.0 197.8 79.5 95.0 863.3 

Enzymatic 0 34 33.3 88.0 264.7 80.0 95.0 1139.1 

Enzymatic 0 35 37.5 88.5 127.6 79.5 93.0 367.4 

Enzymatic 0 36 36.3 88.0 160.2 79.5 93.0 669.5 

  Neg 39.6 83.5 160.1 80.0 86.0 247.2 

  Neg 39.6 87.5 48.8 86.0 91.5 247.2 

  Pos 15.8 82.0 227.9 77.5 91.0 1070.8 
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Disruption 

Method 

Spores 

(per ml) 

Sample 

# 

Crossing 

Point 

Melting 

Temp 

Peak 

Height 

Begin 

Temp 

End 

Temp 

End 

RFU 

None 100,000 1 39.3 82.5 91.1 74.5 86.0 178.5 

None 100,000 2 39.8 82.5 94.7 74.0 86.0 151.9 

None 100,000 3 38.5 82.5 110.9 75.0 86.0 208.6 

Enzymatic 100,000 4 35.6 81.5 169.1 68.0 86.0 630.5 

Enzymatic 100,000 5 36.0 82.0 145.5 76.0 86.0 372.9 

Enzymatic 100,000 6 36.0 81.5 152.0 68.0 86.0 469.9 

None 10,000 7 43.3 89.0 20.8 86.0 93.5 18.4 

None 10,000 8 41.1 82.5 24.0 80.0 84.5 71.2 

None 10,000 9 41.3 82.5 50.8 79.5 86.5 70.8 

Enzymatic 10,000 10 38.0 82.5 56.3 80.5 84.0 408.7 

Enzymatic 10,000 11 39.5 82.5 76.0 76.5 92.0 105.8 

Enzymatic 10,000 12 41.2 82.5 30.8 80.0 85.0 84.1 

None 1,000 13 41.8 84.5 32.0 81.5 87.0 49.6 

None 1,000 14 43.5 88.5 17.5 85.0 93.0 17.8 

None 1,000 15 44.9 89.0 15.4 86.5 92.5 5.2 

Enzymatic 1,000 16 42.9 80.5 12.5 79.5 83.0 22.9 

Enzymatic 1,000 17 42.4 81.0 14.0 80.5 81.5 35.3 

Enzymatic 1,000 17 42.4 89.0 25.9 86.0 92.5 35.3 

Enzymatic 1,000 18 41.9 82.0 16.7 80.0 84.5 39.4 

Enzymatic 1,000 18 41.9 88.5 25.4 85.0 94.0 39.4 

None 100 19 42.1 89.0 22.7 83.0 95.0 37.0 

None 100 20 40.9 89.0 46.9 83.5 95.0 84.1 

None 100 21 38.2 88.0 129.2 82.5 95.0 303.2 

Enzymatic 100 22 44.8 89.0 12.1 83.5 92.0 7.5 

Enzymatic 100 23 41.1 88.5 41.2 81.5 95.0 79.4 

Enzymatic 100 24 42.8 84.5 20.2 80.0 86.5 31.1 

None 10 25 43.1 89.0 19.75 86.0 94.0 23.1 

None 10 26 38.8 86.0 87.3 81.0 95.0 243.6 

None 10 27 39.8 89.0 71.4 82.5 94.0 164.3 

Enzymatic 10 28 n/a n/a n/a n/a n/a n/a 

Enzymatic 10 29 n/a n/a n/a n/a n/a n/a 

Enzymatic 10 30 40.4 89.0 49.7 82.5 94.0 86.3 

None 0 31 n/a n/a n/a n/a n/a -0.6 

None 0 32 43.5 89.0 13.2 87.5 95.0 18.2 

None 0 33 38.5 85.0 70.9 81.5 87.0 267.3 

None 0 33 38.5 89.5 87.8 87.0 95.0 267.3 

Enzymatic 0 34 39.3 89.0 73.3 82.0 95.0 164.1 

Enzymatic 0 35 39.0 89.0 98.8 82.5 93.5 212.6 

Enzymatic 0 36 38.0 88.5 118.7 81.5 92.5 280.2 

  Pos 16.3 82.0 254.5 77.5 87.5 1065.0 

 

  

Appendix B.2: Raw PCR data for a dilution series of E. cuniculi spores in urine following spore 

disruption or no disruption and DNA extraction PrepGEM™. 
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Spores 

(per ml) 
Sample # 

Crossing 

Point 

Melting 

Temp 

Peak 

Height 

Begin 

Temp 

End 

Temp 
End RFU 

10,000 1 41.8 82.5 36.1 79.5 94.5 49.0 

10,000 2 36.3 82.0 105.9 76.5 86.0 537.2 

10,000 2 36.3 88.5 87.4 86.0 94.5 537.2 

10,000 3 40.4 82.5 61.9 76.0 86.5 95.2 

1,000 4 36.6 88.5 151.3 79.5 95.0 514.8 

1,000 5 41.0 85.0 35.0 80.5 93.5 81.3 

1,000 6 40.5 85.0 44.5 80.5 94.0 102.7 

100 7 36.3 85.0 133.6 80.5 86.5 535.7 

100 7 36.3 88.5 126.1 87.0 94.0 535.7 

100 8 37.0 86.0 134.0 79.0 95.0 544.9 

100 9 36.4 84.5 150.8 78.0 87.0 600.2 

100 9 36.4 87.5 130.5 87.0 93.0 600.2 

0 10 n/a n/a n/a n/a n/a 1.8 

0 11 38.7 86.0 104.3 81.5 92.5 303.0 

0 12 42.5 84.5 27.4 80.0 92.5 35.9 

 Pos 17.0 82.0 206.8 76.5 90.5 805.4 

 

 
Spores 

(per ml) 
Sample # 

Crossing 

Point 

Melting 

Temp 

Peak 

Height 

Begin 

Temp 

End 

Temp 
End RFU 

10,000 1 44.7 82.5 24.4 78.5 92.5 9.2 

10,000 2 38.5 83.0 96.7 77.0 88.0 242.9 

10,000 2 38.5 89.0 25.8 88.0 92.5 242.9 

10,000 3 36.7 82.0 125.8 75.5 88.0 438.9 

1,000 4 36.0 81.0 41.2 76.5 84.0 95.1 

1,000 4 36.0 85.0 31.0 84.0 87.5 95.1 

1,000 4 36.0 89.5 24.1 87.5 94.0 95.1 

1,000 5 41.7 82.5 56.9 76.5 92.5 45.0 

1,000 6 44.7 82.5 25.0 76.5 89.0 9.0 

100 7 35.6 84.5 119.0 77.5 87.5 621.1 

100 7 35.6 89.0 75.5 87.5 95.0 621.1 

100 8 36.0 84.5 119.0 78.0 87.0 516.9 

100 8 36.0 89.0 69.9 87.5 95.0 516.9 

100 9 42.2 83.0 44.2 77.5 91.5 32.1 

0 10 n/a n/a n/a n/a n/a 1.4 

0 11 n/a n/a n/a n/a n/a -1.8 

0 12 n/a n/a n/a n/a n/a 0.7 

 Pos 14.9 82.5 235.2 78.0 91.0 1107.0 

Appendix B.4: Raw PCR data for samples containing 10,000, 1,000, 100, or 0 E. cuniculi spores 

following 0.0525% bleach treatment, enzymatic disruption and DNA extraction with PrepGEM™. 

Appendix B.3: Raw PCR data for samples containing 10,000, 1,000, 100, or 0 E. cuniculi spores 

following sample dilution to 200 μl, enzymatic disruption and DNA extraction with PrepGEM™. 
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Spores 

(per ml) 
Sample # 

Crossing 

Point 

Melting 

Temp 

Peak 

Height 

Begin 

Temp 

End 

Temp 
End RFU 

10,000 1 38.8 83.0 64.0 77.5 87.5 218.0 

10,000 1 38.8 89.0 33.3 87.5 93.0 218.0 

10,000 2 38.0 85.0 91.8 80.5 86.5 408.7 

10,000 2 38.0 88.0 85.1 86.5 94.0 408.7 

10,000 3 37.1 82.0 143.2 76.5 87.0 470.0 

10,000 3 37.1 89.5 56.2 87.0 94.0 470.0 

1,000 4 40.5 84.0 24.3 81.5 86.0 97.6 

1,000 4 40.5 89.0 45.6 86.0 94.0 97.6 

1,000 5 41.3 82.5 68.4 78.5 86.0 86.5 

1,000 6 39.4 84.0 79.4 79.5 87.5 162.7 

100 7 40.0 84.5 57.9 80.0 88.0 132.8 

100 8 42.0 85.0 27.1 81.5 88.0 48.3 

100 9 39.6 81.5 82.3 76.0 86.0 137.1 

0 10 n/a n/a n/a n/a n/a 2.4 

0 11 n/a n/a n/a n/a n/a 0.1 

0 12 n/a n/a n/a n/a n/a 1.3 

 Pos 18.0 82.5 206.0 77.0 86.5 1001.7 

 

 

Spores 

(per ml) 
Sample # 

Crossing 

Point 

Melting 

Temp 

Peak 

Height 

Begin 

Temp 

End 

Temp 
End RFU 

10,000 1 41.1 82.5 74.4 78.5 85.5 93.3 

10,000 2 n/a n/a n/a n/a n/a -2.0 

10,000 3 40.9 82.5 77.9 79.0 88.0 96.7 

1,000 4 n/a n/a n/a n/a n/a -1.2 

1,000 5 44.1 82.5 23.3 80.0 88.0 14.6 

1,000 6 n/a n/a n/a n/a n/a 1.5 

100 7 n/a n/a n/a n/a n/a 0.1 

100 8 n/a n/a n/a n/a n/a 0.4 

100 9 n/a n/a n/a n/a n/a 1.3 

0 10 n/a n/a n/a n/a n/a 0.5 

0 11 n/a n/a n/a n/a n/a 6.8 

0 12 n/a n/a n/a n/a n/a 0.4 

 Pos 14.4 83.0 237.1 78.5 90.5 852.3 

 

  

Appendix B.6: Raw PCR data for samples containing 10,000, 1,000, 100, or 0 E. cuniculi spores 

following 0.525% bleach treatment, enzymatic disruption and DNA extraction with PrepGEM™. 

 

 

Appendix B.5: Raw PCR data for samples containing 10,000, 1,000, 100, or 0 E. cuniculi spores 

following sample dilution to 200 μl, 0.0525% bleach treatment, enzymatic  disruption and DNA 

extraction with PrepGEM™. 
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Spores 

(per ml) 
Sample # 

Crossing 

Point 

Melting 

Temp 

Peak 

Height 

Begin 

Temp 

End 

Temp 
End RFU 

10,000 1 39.2 82.5 104.3 77.5 86.0 190.6 

10,000 2 41.4 82.5 63.6 77.0 87.0 77.6 

10,000 3 42.9 83.0 28.9 79.0 87.0 32.4 

1,000 4 37.1 82.5 93.3 78.0 87.0 414.0 

1,000 4 37.1 89.0 64.4 87.0 93.0 414.0 

1,000 5 37.6 82.0 114.2 76.0 86.5 325.7 

1,000 5 37.6 90.0 23.6 86.5 95.0 325.7 

1,000 6 41.2 81.0 30.6 77.0 86.5 80.0 

1,000 6 41.2 89.0 35.3 86.5 95.0 80.0 

100 7 41.3 88.5 39.2 82.0 95.0 75.1 

100 8 43.7 84.5 14.7 79.0 87.0 19.0 

100 9 41.3 84.0 37.6 80.0 92.5 71.7 

0 10 42.0 84.5 23.4 80.0 86.5 54.8 

0 10 42.0 89.5 29.2 87.0 96.0 54.8 

0 11 39.0 84.5 57.7 80.0 85.5 218.9 

0 11 39.0 88.0 77.8 85.5 92.5 218.9 

0 12 39.9 89.0 58.7 83.0 93.5 125.0 

 Pos 16.7 82.5 198.1 78.0 88.0 1010.8 

 

  

Appendix B.7: Raw PCR data for samples containing 10,000, 1,000, 100, or 0 E. cuniculi spores 

following DNase treatment, enzymatic disruption and DNA extraction with PrepGEM™. 
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Spores 

(per ml) 
Sample # 

Crossing 

Point 

Melting 

Temp 

Peak 

Height 

Begin 

Temp 

End 

Temp 
End RFU 

10,000 1 34.1 82.0 133.2 76.0 87.0 561.3 

10,000 2 34.1 82.0 162.1 77.0 86.0 780.9 

10,000 2 34.1 88.5 53.3 86.0 92.5 780.9 

10,000 3 32.5 82.0 181.5 76.0 95.0 865.7 

1,000 4 35.3 81.0 73.4 77.0 83.5 623.1 

1,000 4 35.3 89.5 149.4 83.5 95.0 623.1 

1,000 5 39.1 81.0 85.0 76.5 84.0 227.8 

1,000 5 39.1 89.0 67.0 84.0 95.0 227.8 

1,000 6 36.5 81.0 103.2 75.5 84.0 563.5 

1,000 6 36.5 89.5 126.8 84.0 95.0 563.5 

100 7 38.0 81.0 120.4 75.5 84.5 352.2 

100 7 38.0 89.0 81.3 84.5 94.0 352.2 

100 8 39.1 81.0 56.1 76.5 85.5 211.6 

100 8 39.1 90.5 71.2 85.5 95.0 211.6 

100 9 37.8 81.0 64.4 76.0 84.0 337.4 

100 9 37.8 89.0 115.5 84.0 95.0 337.4 

0 10 38.7 81.0 86.2 76.5 84.5 215.0 

0 10 38.7 89.0 55.7 84.5 95.0 215.0 

0 11 42.0 84.5 19.9 79.0 87.0 43.9 

0 11 42.0 89.5 19.5 87.5 94.0 43.9 

0 12 40.6 84.0 33.4 79.0 86.5 90.2 

0 12 40.6 89.0 28.5 86.5 94.0 90.2 

 Pos 14.4 82.0 277.6 78.0 86.5 1470.2 

 

  

Appendix B.8: Raw PCR data for samples containing 10,000, 1,000, 100, or 0 E. cuniculi spores 

following PEG 8000 treatment, enzymatic disruption and DNA extraction with PrepGEM™. 
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Spores 

(per ml) 
Sample # 

Crossing 

Point 

Melting 

Temp 

Peak 

Height 

Begin 

Temp 

End 

Temp 
End RFU 

10,000 1 37.0 81.5 175.0 75.5 85.5 514.8 

10,000 2 35.5 82.5 142.7 68.0 87.5 689.6 

10,000 3 35.5 80.5 165.2 67.5 86.5 771.4 

1,000 4 37.8 82.0 125.8 67.5 88.0 296.6 

1,000 5 38.6 81.5 112.6 76.0 86.5 222.1 

1,000 6 36.5 81.5 134.4 67.5 87.0 478.5 

100 7 35.8 80.0 152.0 67.5 86.5 650.0 

100 8 36.8 81.0 121.2 67.5 85.5 433.6 

100 9 35.8 81.0 205.8 75.5 88.0 695.2 

0 10 39.2 81.5 99.6 74.5 86.0 194.8 

0 11 42.4 82.0 35.5 78.5 85.0 38.1 

0 12 43.0 85.0 13.8 81.0 92.0 25.6 

 Pos 18.0 82.0 206.4 77.0 86.5 1001.8 

 

 

Spores 

(per ml) 
Sample # 

Crossing 

Point 

Melting 

Temp 

Peak 

Height 

Begin 

Temp 

End 

Temp 
End RFU 

10,000 1 39.4 82.5 114.8 77.5 86.0 197.1 

10,000 2 41.0 89.5 48.0 83.0 93.0 81.0 

10,000 3 n/a n/a n/a n/a n/a 0.7 

1,000 4 38.7 82.0 123.4 77.5 86.0 234.0 

1,000 5 n/a n/a n/a n/a n/a -0.2 

1,000 6 42.6 81.0 15.3 76.5  84.5 31.0 

100 7 44.3 89.5 9.2 87.0 92.5 8.0 

100 8 43.7 89.5 10.0 86.5 92.5 15.6 

100 9 41.0 82.0 59.0 78.5 87.0 75.2 

0 10 n/a n/a n/a n/a n/a 20.0 

0 11 n/a n/a n/a n/a n/a -0.1 

0 12 n/a n/a n/a n/a n/a 4.2 

 Pos 12.0 82.5 130.2 75.5 86.0 412.5 

 

  

Appendix B.10: Raw PCR data for samples containing 10,000, 1,000, 100, or 0 E. cuniculi spores 

following DNase treatment, enzymatic spore wall disruption, DNA extraction with PrepGEM™, and 

purification. 

 

 

Appendix B.9: Raw PCR data for samples containing 10,000, 1,000, 100, or 0 E. cuniculi spores 

following 0.0525% bleach treatment, enzymatic disruption, DNA extraction with PrepGEM™, and 

purification. 
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Spores 

(per ml) 
Sample # 

Crossing 

Point 

Melting 

Temp 

Peak 

Height 

Begin 

Temp 

End 

Temp 
End RFU 

10,000 1 41.9 82.5 47.9 79.5 86.5 48.8 

10,000 2 41.1 82.5 66.5 79.0 88.5 71.7 

10,000 3 44.0 82.5 20.6 78.5 86.5 14.9 

1,000 4 39.1 82.0 106.6 78.0 86.0 226.1 

1,000 4 39.1 90.0 26.7 86.0 95.0 226.1 

1,000 5 42.5 90.5 14.0 87.0 95.0 30.7 

1,000 6 42.7 83.0 22.5 80.5 87.0 28.2 

100 7 n/a n/a n/a n/a n/a 5.6 

100 8 n/a n/a n/a n/a n/a 3.5 

100 9 n/a n/a n/a n/a n/a 3.0 

0 10 n/a n/a n/a n/a n/a 1.3 

0 11 43.2 89.0 13.1 85.0 94.5 24.7 

0 12 n/a n/a n/a n/a n/a -0.0 

 Pos 19.1 82.0 178.9 77.5 91.5 818.4 

 

 

 
Spores 

(per ml) 

Sample 

# 

Crossing 

Point 

Melting 

Temp 

Peak 

Height 

Begin 

Temp 

End 

Temp 

End 

RFU 

Water 100,000 1 26.8 82.0 227.8 76.5 88.0 1124.6 

Water 100,000 2 27.2 82.0 240.2 76.5 86.0 1159.7 

Water 100,000 3 27.2 82.0 211.6 76.0 86.0 991.4 

Water 10,000 4 32.1 82.0 201.0 76.0 86.5 788.2 

Water 10,000 5 32.0 81.5 221.7 75.5 86.0 850.1 

Water 10,000 6 31.32 82.0 209.5 76.5 91.0 921.7 

Water 1,000 7 39.0 82.5 103.5 77.5 86.0 156.3 

Water 1,000 8 38.6 82.5 133.1 78.0 86.0 201.6 

Water 1,000 9 36.8 82.5 181.7 76.5 86.0 411.0 

Water 100 10 38.4 83.0 153.6 78.5 90.0 270.0 

Water 100 11 40.2 82.5 94.3 78.5 86.0 116.4 

Water 100 12 39.1 82.5 135.2 77.5 86.0 201.3 

Water 10 13 40.9 82.0 76.5 77.0 87.0 90.2 

Water 10 14 38.8 82.0 69.3 78.5 85.5 229.7 

Water 10 15 n/a 82.0 227.8 76.5 88.0 1124.6 

Water 0 16 n/a n/a n/a n/a n/a -1.1 

Urine 100,000 17 34.5 82.0 115.7 68.5 83.5 809.2 

Urine 100,000 17 34.5 86.0 134.8 83.5 95.0 809.2 

Urine 100,000 18 35.0 82.0 137.3 68.5 84.5 779.6 

Urine 100,000 18 35.0 86.0 104.4 84.5 88.5 779.6 

Appendix B.12: Raw PCR data for a dilution series of E. cuniculi spores following PEG 8000 and 

DNase treatment, enzymatic spore disruption or no disruption, and DNA extraction with PrepGEM™. 

 

 

Appendix B.11: Raw PCR data for samples containing 10,000, 1,000, 100, or 0 E. cuniculi spores 

following PEG 8000 treatment, enzymatic spore wall disruption, DNA extraction with PrepGEM™, and 

purification. 
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Urine 100,000 18 35.0 89.5 76.6 88.5 95.0 779.6 

Urine 100,000 19 37.4 82.0 83.6 77.5 83.5 400.9 

Urine 100,000 19 37.4 86.0 94.0 83.5 88.5 400.9 

Urine 100,000 19 37.4 90.0 47.3 89.0 95.0 400.9 

Urine 10,000 20 33.9 85.5 127.3 81.0 88.0 600.1 

Urine 10,000 20 33.9 89.5 75.7 88.0 95.0 600.1 

Urine 10,000 21 39.0 86.0 45.8 81.5 88.5 119.8 

Urine 10,000 21 39.0 89.5 26.6 88.5 95.0 119.8 

Urine 10,000 22 33.4 85.5 201.4 80.0 88.0 1268.9 

Urine 10,000 22 33.4 89.5 160.8 88.0 95.0 1268.9 

Urine 1,000 23 37.4 86.0 137.0 80.5 89.0 412.3 

Urine 1,000 23 37.4 90.0 44.1 89.0 94.0 412.3 

Urine 1,000 24 35.7 85.5 140.7 80.0 88.0 568.7 

Urine 1,000 24 35.7 89.5 86.8 88.0 94.0 568.7 

Urine 1,000 25 35.0 85.5 166.7 80.5 88.5 733.3 

Urine 1,000 25 35.0 89.5 80.6 88.5 95.0 733.3 

Urine 100 26 33.2 85.5 202.3 79.5 88.5 1134.3 

Urine 100 26 33.2 89.5 121.1 88.5 95.0 1134.3 

Urine 100 27 33.7 85.5 204.9 79.5 88.5 1164.5 

Urine 100 27 33.7 90.0 124.2 88.5 95.0 1164.5 

Urine 100 28 39.0 86.0 39.6 81.5 88.5 102.1 

Urine 100 28 39.0 89.5 24.3 88.5 94.0 102.1 

Urine 10 29 35.7 85.5 94.3 81.0 87.5 471.3 

Urine 10 29 35.7 89.5 102.2 87.5 95.0 471.3 

Urine 10 30 33.6 85.5 178.5 79.0 88.0 1067.3 

Urine 10 30 33.6 89.5 131.1 88.0 94.0 1067.3 

Urine 10 31 34.3 85.5 116.3 80.5 87.0 819.9 

Urine 10 31 34.3 89.5 149.5 87.0 95.0 819.9 

Urine 0 32 33.4 85.5 174.6 79.0 88.5 985.8 

Urine 0 32 33.4 90.0 110.0 88.5 95.0 985.8 

Urine Tx 100,000 33 32.7 82.0 146.4 77.0 86.5 770.3 

Urine Tx 100,000 33 32.7 90.0 26.4 86.5 95.0 770.3 

Urine Tx 100,000 34 31.1 82.0 142.9 76.0 86.5 808.1 

Urine Tx 100,000 34 31.1 89.0 27.6 86.5 94.0 808.1 

Urine Tx 100,000 35 34.6 82.0 147.4 77.5 86.5 725.8 

Urine Tx 100,000 35 34.6 90.5 60.0 86.5 95.0 725.8 

Urine Tx 10,000 36 35.0 83.0 57.0 78.5 87.0 298.3 

Urine Tx 10,000 36 35.0 89.0 42.3 87.0 95.0 298.3 

Urine Tx 10,000 37 34.2 83.0 67.2 77.5 86.5 463.8 

Urine Tx 10,000 37 34.2 88.5 58.6 86.5 95.0 463.8 

Urine Tx 10,000 38 33.3 83.0 86.7 77.5 86.5 731.8 

Urine Tx 10,000 38 33.3 88.5 77.9 86.5 95.0 731.8 

Urine Tx 1,000 39 36.8 83.5 72.1 80.0 86.0 420.5 

Urine Tx 1,000 39 36.8 89.0 77.2 86.0 95.0 420.5 

Urine Tx 1,000 40 36.3 83.5 85.3 77.0 87.0 470.9 

Urine Tx 1,000 40 36.3 89.5 47.5 87.5 95.0 470.9 

Urine Tx 1,000 41 36.6 83.0 101.4 74.5 87.0 535.1 

Urine Tx 1,000 41 36.6 89.0 56.5 87.0 94.5 535.1 

Urine Tx 100 42 37.9 82.5 73.0 77.5 86.5 318.0 
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Urine Tx 100 42 37.9 89.5 50.8 86.5 95.0 318.0 

Urine Tx 100 43 38.7 83.0 62.3 79.0 87.0 211.9 

Urine Tx 100 43 38.7 89.0 36.1 87.0 95.0 211.9 

Urine Tx 100 44 38.6 83.0 50.7 78.5 86.0 239.9 

Urine Tx 100 44 38.6 86.5 42.3 86.0 88.5 239.9 

Urine Tx 100 44 38.6 90.5 44.9 89.0 94.0 239.9 

Urine Tx 10 45 38.7 83.5 71.1 79.0 88.0 245.4 

Urine Tx 10 45 38.7 89.5 33.6 88.0 95.0 245.4 

Urine Tx 10 46 38.6 82.5 95.1 76.5 86.5 288.2 

Urine Tx 10 46 38.6 90.5 35.1 86.5 95.0 288.2 

Urine Tx 10 47 37.2 83.0 88.1 79.0 86.0 413.3 

Urine Tx 10 47 37.2 88.5 80.5 86.0 95.0 413.3 

Urine Tx 0 48 31.9 89.0 146.2 86.5 94.0 1190.0 

Urine Tx 0 48 31.9 89.0 146.2 86.5 94.0 1190.0 

  Neg n/a n/a n/a n/a n/a 0.9 

  Pos 18.6 82.5 227.7 77.5 88.0 1210.0 

 

  



117 
 

Appendix C: Raw Data for Chapter 4 

 

Sample # 
Spores 

(per ml) 

Crossing 

Point 

Melting 

Temp 

Peak 

Height 

Begin 

Temp 

End 

Temp 
End RFU 

1 100,000 30.5 80.5 102.5 76.5 85.5 357.8 

2 100,000 30.0 81.0 99.7 76.0 85.0 373.7 

3 100,000 30.9 81.0 103.2 76.0 85.0 338.1 

4 10,000 33.9 81.0 65.6 76.5 85.0 153.4 

5 10,000 34.3 81.5 83.8 76.5 85.0 161.2 

6 10,000 34.3 81.5 65.6 76.0 85.0 136.3 

7 1,000 38.6 82.0 19.1 76.5 85.5 18.0 

8 1,000 38.5 82.0 21.9 78.0 85.0 19.8 

9 1,000 38.2 81.5 28.4 77.5 85.0 22.0 

10 100 n/a n/a n/a n/a n/a -0.2 

11 100 39.8 81.0 16.4 78.5 85.0 10.1 

12 100 39.9 81.0 17.7 78.5 85.0 10.2 

13 10 n/a n/a n/a n/a n/a 0.8 

14 10 n/a n/a n/a n/a n/a 0.5 

15 10 n/a n/a n/a n/a n/a -0.4 

16 0 n/a n/a n/a n/a n/a 0.0 

Pos  17.5 81.0 110.5 77.0 85.0 470.7 

 

 

Sample # Primers 
Crossing 

Point 

Melting 

Temp 

Peak 

Height 

Begin 

Temp 

End 

Temp 
End RFU 

1 GAPDH 39.5 80.5 22.3 73.0 84.0 57.3 

2 GAPDH 39.3 80.0 19.7 73.0 84.0 73.7 

3 GAPDH 39.9 80.0 13.2 73.0 84.0 38.4 

4 ECUN 34.9 82.0 65.6 76.0 85.0 159.3 

5 ECUN 34.5 82.0 63.2 76.5 85.5 161.8 

6 ECUN 34.3 81.5 65.6 76.0 85.0 163.3 

  

Appendix C.2: Raw PCR data for urine samples containing 10,000 E. cuniculi spores following PEG 8000 

treatment, enzymatic spore disruption, DNA extraction with PrepGEM™, and PCR amplification using 

E cuniculi primers and rabbit GAPDH primers. 

 

 

 

Appendix C.1: Raw PCR data for a dilution series of E. cuniculi spores following PEG 8000 treatment, 

enzymatic spore disruption and DNA extraction with PrepGEM™. 
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Sample # Group 
Crossing 

Point 

Melting 

Temp 

Peak 

Height 

Begin 

Temp 

End 

Temp 
End RFU 

1 neurological n/a n/a n/a n/a n/a n/a 

2 healthy n/a n/a n/a n/a n/a n/a 

3 other n/a n/a n/a n/a n/a n/a 

4 renal 39.9 82.5 13.2 78.0 86.5 4.6 

5 other n/a n/a n/a n/a n/a n/a 

6 healthy 36.2 81.5 52.9 77.0 87.0 67.5 

7 neurological n/a n/a n/a n/a n/a n/a 

8 healthy 34.6 82.5 34.4 76.0 92.5 96.1 

9 neurological n/a n/a n/a n/a n/a n/a 

10 other n/a n/a n/a n/a n/a n/a 

11 other n/a n/a n/a n/a n/a n/a 

12 neurological 35.0 81.5 63.1 76.0 92.5 100.0 

13 other n/a n/a n/a n/a n/a n/a 

14 other n/a n/a n/a n/a n/a n/a 

15 healthy 33.0 82.5 35.3 78.0 93.0 150.0 

16 neurological n/a n/a n/a n/a n/a n/a 

17 healthy 35.1 82.0 51.9 77.0 88.5 83.3 

18 healthy 38.9 81.5 29.0 75.5 86.5 11.7 

19 healthy 37.7 81.5 37.4 78.5 86.0 31.4 

20 healthy n/a n/a n/a n/a n/a n/a 

21 healthy n/a n/a n/a n/a n/a n/a 

22 healthy n/a n/a n/a n/a n/a n/a 

23 neurological n/a n/a n/a n/a n/a n/a 

24 other n/a n/a n/a n/a n/a n/a 

25 renal 39.2 82.0 15.9 77.0 87.0 9.0 

26 healthy 35.6 81.5 48.9 76.5 85.0 76.3 

27 neurological n/a n/a n/a n/a n/a n/a 

28 healthy n/a n/a n/a n/a n/a n/a 

29 renal n/a n/a n/a n/a n/a n/a 

30 healthy n/a n/a n/a n/a n/a n/a 

31 healthy n/a n/a n/a n/a n/a n/a 

32 healthy n/a n/a n/a n/a n/a n/a 

33 neurological 38.5 82.0 9.7 81.5 83.5 18.8 

34 neurological n/a n/a n/a n/a n/a n/a 

Pos  16.2 81.0/82.0 91.0 76.0 85.0 423.0 

 

Appendix C.3: Raw PCR data for rabbit urine samples following PEG 8000 treatment, enzymatic 

spore disruption and DNA extraction with PrepGEM™. 

 

 

 

 

 

 


