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ABSTRACT 

The microsporidia are a group of organisms that have recently been implicated as 

the cause of a variety of human diseases. Because of their recent recognition as emerging 

pathogens, laboratory techniques for these organisms were neither optimized nor 

standardized. The work described in this document will detail the efforts toward that end. 

In vitro growth of human microsporidia species was optimized based on existing 

information about the biochemistry and biology of the microsporidia. Optimized systems 

were subsequently adapted for use in preliminary bench-top disinfection experiments 

with chlorine, ozone and pulsed UV light. The preliminary work suggested that 

microsporidia may be sensitive to chlorine and ozone. Further adaptation of optimized 

methods allowed for in vitro viability studies to be performed in multi-well cell culture 

plates for the determination of a tissue culture infectious dose 50% (TCIDso)- TCID50 

comparisons enabled the calculation of a 3 logio reduction in microsporidia viability after 

10 min. of exposure to sodium hypochlorite. 

Molecular diagnostics for microsporidia show promise both for detection and 

identification of various human species, but polymerase chain reaction (PCR) has not 

been designed for repetitive testing of human or environmental specimens. Methods 

described in this document are the first report of a non-nested PCR to incorporate uracil-

A'^glycosylase as a form of carry-over prevention (COP). It is also the first report of the 

use of microwave energy to release DNA for subsequent purification and amplification. 

Sequencing of PCR products confirm that the microwave spore lysis with subsequent 

PCR-COP is an accurate method for identification of human microsporidia. 
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CHAPTER 1: LITERATURE REVIEW, PROBLEM DEFINITION, AND THESIS 

ORGA^nZATION 

I. Literature review 

A- General Information 

The term microsporidia is a non-taxonomic term used to describe protozoan 

organisms in the order Microsporidia of the phylum Microspora. They are unique 

members of the amitochondrial protozoa, with a phylogenetic kinship to fungi (12). 

Studies of these obligate intracellular pathogens reveal that the human microsporidia are 

pol5rphyletic in origin and are probable descendants of the earliest branches of eukaryotic 

evolution. 

The phylum Microspora contains over 143 genera and 1,200 species that are 

ubiquitous in nature, environmentally resistant, and infect a wide range of vertebrate and 

invertebrate hosts (205). Host specificity is considered to be only moderately selective, 

since human infections with non-mammalian genera have been documented. Likewise, 

tissue and organ specificity does not appear to be very restrictive (23,29,108). 

Since the first documented human infection in 1985, six genera have been 

implicated in human disease: Enterocytozoon, Encephalitozoon, Nosema, Pleistophora, 

Trachipleistophora, and Vittqforma. A seventh, catch-all grouping, called 

microsporidium, is used to accommodate the microsporidia that have yet to be 

taxonomically classified (69,85,86,123,131,156). Most human infections are found in 

association with late stages of HIV infections and produce a variety of systemic and non-
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systemic diseases (58,79,101,205). Chemotherapeutic treatment produces outcomes of 

variable effectiveness. Limited chemotherapeutic choices are one of the factors that 

contribute to the high mortality rate observed in AIDS patients with microsporidial 

illness. (8,30,36,60,157,160). 

At least 14 species of microsporidia are known to infect humans, but new species 

are almost certain to be identified as awareness of these pathogens increases. 

Microsporidia are emerging pathogens that have been compared to Cryptosporidium 

parvum in its early days of discovery (159). The impact of microsporidial illness, in its 

current state of description, represents only a fraction of the total disease impact. As 

awareness of this disease increases, more cases will surely follow. Documented 

infections in immunocompetent patients and serological antibody studies suggest that 

several species of microsporidia may commonly infect immunocompetent individuals 

(78,90,102,147,176,189). 

B. Symptomatic Human Disease 

Most human infections are found in persons with a compromised immune system, 

especially in late stages of AIDS. In these patients, microsporidia produce diseases with 

high mortality rates and organisms can spread to virtually every organ in the body. 

Attempts at therapeutic cure of disease are often unsuccessful. As diagnostic techniques 

are improved, more infections are also being identified in immunocompetent hosts; these 

infections are usually self-limiting. The most common symptom of microsporidial 

infection is diarrhea, mimicking CryptosporicUumparvum infection (10,23,26,101,192). 
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Because the route of human infection has not been fully characterized, the 

incubation period for microsporidial illness is still unknown. Chronic diarrhea, 

dehydration, and weight loss greater than 10% of the total body weight are the most 

common symptoms of microsporidiosis. While rare cases of acute self-limiting infections 

in immunocompetent individuals exist, most infections are found in association with HTV 

infection (22,23,26,137,147). Prolonged diarrhea for up to 48 months has been reported 

and, although not always the sole cause of death, mortality rates for infected patients are 

often greater than 56% (23). Infections appear to be associated with pronounced cellular 

immune deficiency as established by patient CD4 lymphocyte counts of less than or equal 

to 100 cells/ml (10,29,150). Other documented symptoms of infection include 

cholangitis, keratitis, conjunctivitis, hepatitis, peritonitis, myositis, central nervous 

system symptoms, renal disease, sinusitis, and disseminated disease 

(25,29,53,123,134,134,135,137,150). Pathology of microsporidia infection varies 

depending on the organs that are infected (10,118,151). 

In cases of intestinal infection, one to twenty stools are passed per day. The stool 

is watery, non-bloody, and fecal leukocyte-negative. Fever is not associated with 

diarrhea, but abdominal pain, vomiting, and fever appear to be present when a conunonly 

occurring concomitant biliary infection is present (10,152). Diarrhea is worsened by most 

foods and appears to be worse ia the morning. Laboratory evidence for D-xylose and fat 

malabsorption is almost universal (10,100). 

Enterocytozoon bieneusi has also been isolated from patients without reported 

diarrhea, but in all cases, in which a follow up report existed, diarrhea did develop when 
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the CD4 lymphocyte (T helper/inducer) count dropped. Enteropathy was evident in all 

patients in whom it was sought (19). It is thought that the parasite produces light 

infections in normal human populations or is present at low levels and becomes activated 

when an individual becomes immunocompromised (19,23,100). 

In general, resistance to infection is based on cell-mediated immunity, with only 

the more systemic human diseases causing chronic inflammation reactions, granuloma 

formation and patchy necrosis. Pathology is lessened or nonexistent in immunocompetent 

hosts infected with intestinal microsporidiosis (130). 

C. Treatment and Susceptibility Testing 

The most commonly isolated microsporidian species are Enterocytozoon bieneusi, 

Encephalitozoon hellem and Encephalitozoon (syn. Septatd) intestinalis. Attempts at 

therapy for human microsporidial illness have been largely based on the only experience 

available prior to the advent of AIDS, when microsporidia were primarily problematic to 

veterinarians and entomologists (144). 

Early reports summarized trial and error of individual cases of in vivo 

experiments. Many therapeutic agents have failed to eliminate E. bieneusi from patients 

even though partial remission of symptoms was sometimes seen. Tested 

chemotherapeutic agents include albendazole, metronidazole, octotreide, zidovudine, 

ampicillin, erythromycin, ciprofloxacin, diclazural, pyrimethamone, paromomycin, 

cotrimoxazole, and sulfa-methoxazole (10,43,108,119,144,157,164,189,195,204). 

Blinded, placebo-controlled studies are still lacking for all of these drugs. 
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Albendazole appears to be the most promising treatment agent for gastrointestinal 

and disseminated microsporidiosis, but the results are variable and inconsistent (127). 

Studies were performed on patients with biopsy-proven microsporidial diarrhea. 

Albendazole was used (400 mg bd. for 4-6 weeks) and most patients experienced 

improvement in symptoms and weight gain (reduction in stool frequency, volume and 

incontinence, and improvement in stool consistency). Once albendazole was 

discontinued, symptoms returned and spores appeared morphologically normal in clinical 

specimens (18,43). In another study with the same dosage, symptoms were lessened and 

fecal parasite load was reduced but a microbiologic cure was seen only for one patient. 

This patient was infected with E. intestinalis-, the others were infected with E. bieneusi 

(59,144). Other studies have recently shown albendazole to be eflfective for E. intestinalis 

infections (48,75,148,160,196). Most recently, albendazole hsis been shown to be a 

successfiil treatment for disseminated £!. hellem and^L cuniculi infections (48,56,104). 

Existing data shows some trends, but the information is often incomplete and 

conflicting. It is hard to confirm or deny any conclusions with regard to treatment 

successes. It is clear that more research needs to be done in order to find other therapies 

and to describe the mechanism of action for albendazole and other drugs. Clinical trials 

must be performed with appropriate blinded controls and methods to obtain a 

microbiologic cure, or a prevention strategy for E. bieneusi and other microsporidia. 

Since microsporidia have now been identified as a pathogen in AIDS patients, 

both in vitro experiments have been performed to screen for chemotherapeutic agents 

with potential for treatment of microsporidial disease. In vitro drug susceptibility studies 
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have been performed using a variety of techniques. These techniques include traditional 

"growth/no growth" models, enumeration of infective foci in stained cell monolayers, and 

spore germination to assess the effects of drugs on the subsequent growth and infective 

capabilities of microsporidia (14,61,94,105,155,155,158,170,173,187,200) (41). 

Recently, one such study tested albendazole and albendazole derivatives to determine 

inhibitory drug concentrations in vitro (139). Clearly, standardized in vitro susceptibility 

testing would allow for screening of a variety of chemotherapeutic agents that may prove 

useful for the treatment of microsporidial disease. The application of molecular biology 

may even hold promise for understanding the molecular basis of drug resistance (96,209). 

D. Incidence 

Reported cases of human infection are increasing. Although the role of 

microsporidia as human pathogens was once questioned, the organism continues to be 

isolated from 7 to 70% of stool specimens and duodenal/jejunal biopsies from cases of 

otherwise unexplained chronic diarrhea in AIDS patients 

(10,13,62,100,112,112,118,130,131,137,150,157,161,191). Some antigenic cross-

reactivities between the microsporidia have been detected, and serological surveys 

suggest that latent human infections can occur (90,102,153). In addition, recent 

serological surveys of immunocompetent patients have identified a high percentage of 

antibody to the Encephalitozoon sp. (76,102). 

Enterocytozoon bieneusi, the most commonly reported microsporidial infection, 

has been reported in mixed infections with Cryptosporidium parvum and can be found in 
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up to 28% of AIDS patients presenting with cryptosporidiosis (23,118,195). Co-infection 

can also occur with Giardia Icmblia (87). Other microsporidia have been found 

incidentally in the gut due to probable ingestion of infected food (115). 

E. Association with the Environment 

Microsporidia form environmentally resistant, infectious spores. Because 

microsporidia are ubiquitous in the environment, this group of organisms has significant 

implications for the water industry. Common environmental sources of microsporidia 

include ditch and other surface waters (11). Recently, organisms resembling 

microsporidia species have been reported from the cytoplasm of amebae present in tap 

water (89). 

Under routine environmental conditions, microsporidia are able to survive and 

maintain their infectivity for days to weeks and can infect non-human hosts through 

ingestion or direct inoculation. At 4°C the organisms can survive in water for more than 

one year (26,198,205). In laboratory studies, microsporidia have been reported to survive 

and retain their infectivity in distilled, non-chlorinated water at 4°C for up to two years 

(6,29,187,198). Temperatures of greater than 60°C or higher are necessary to kill some 

species of microsporidia, and it has also been shown that spores can survive freezing 

temperatures of-12°C, -24°C and -70°C (6). Spores of different species can vary in their 

envirormiental resistance. External conditions such as pH, cation concentration, UV light 

exposure, temperature, osmotic pressure, and humidity all have different effects on the 

spores (94,105,169,170,187). 
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Although the mode of transmission to humans remains unproven, it is suspected 

that human microsporidia are environmentally transmitted, with transmission routes 

similar to those of non-human species. These routes include ingestion or direct 

inoculation of spores, which are shed in large numbers into water and the environment 

from stool and urine of infected hosts. In addition, a potential role for human-to-human 

transmission has been postulated, either through the environment via the fecal-oral route, 

or the urinary-oral route. Direct eye inoculation, sexual transmission, or transplacental 

transmission are other possible routes of infection (24,81,118,122,130). The zoonotic 

route of infection is also a possibility (76,205). The route for acquiring respiratory 

infection is also unknown, but may be from inhalation, aspiration of gastrointestinal 

contents, hematogenous dissemination, or other means (23). 

Despite reports of microsporidial DNA in water supplies (63,162), there are few 

reports of human infection associated with water sources (66,92). One epidemiological 

study, performed in the US, examined prevalence of illness due to microsporidia and 

found no seasonal variation for illness (34). A detailed understanding of the 

microsporidian life cycle is imperative as it relates to the epidemiology, ecology, 

transmission, and the imderstanding of the potential effects of this organism on the water 

industry. 

F. Life cycle 

A detailed understanding of the microsporidian life cycle is imperative to 

understand the potential effects of this organism on the water industry and for the design 
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of test methodology. As a group, microsporidia are unique primitive eukaryotes lacking 

mitochondria and possessing prokaryotic-like 70S ribosomal RNA with a 16S small sub-

unit. Without mitochondria, the microsporidia must depend on the host cells for their 

supply of adenosine triphosphate; therefore, the host cell mitochondria are commonly 

seen in close relationship with the parasites inside the host cell. Parasite nutritional 

requirements are met by direct absorption of host molecules and are facilitated by direct 

contact with host cytoplasm. The speed of organism's multiplication is correlated with the 

level of activity in the host tissues (29,122,198). 

Following ingestion, the spore is stimulated to extrude its coiled polar filament 

when exposed to environmental conditions such as pH shifts or changes in ionic 

concentration, particularly with alkali metal cations in vitro (23,26,77). Previous testing 

has also suggested that high pressure may enhance spore germination (166). Once 

extruded, the filament becomes a polar tubule, through which the organism can infect 

susceptible host cells by injecting them with infectious spore material known as the 

sporoplasm. (205). 

The microsporidial life cycles, while varied, can be divided into three general 

phases; the infective stage, merogony and sporogony. The infective stage begins with 

ingestion or inhalation of spores by a susceptible host (23,26). Once injected, the 

sporoplasm develops into meronts, which are the proliferative stages of the organism. 

The meronts multiply by repeated binary fission or multiple fission, forming 

multinucleated plasmodial forms. Eventually, the meront's cell membranes thicken to 

form sporonts, which divide and give rise to sporoblasts. The sporoblast's thick spore 
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wall, with an underlying layer of chitin, serves to protect the infective stage of the 

microsporidia. Without undergoing further multiplication, the sporoblasts develop into 

mature spores, which accumulate in the infected cell cytoplasm until the cell ruptures, 

releasing the mature infectious spores. Most microsporidia are apansporoblastic and 

develop in a host-formed parasitophorous vesicle or in direct contact with the host 

cytoplasm (24,27). Refer to Figures 1 and 2 for internal spore structure and 

microsporidian life cycle (23,153). The combination of merogony and sporogony as a 

means of multiplication gives the microsporidia huge reproductive potential and results in 

heavy host infestations and subsequent environmental contamination. Released spores 

can reinfect other nearby cells or enter into the environment via stool, urine or respiratory 

secretions (23,26,79,118,153). 

G. Current Detection and Identification Methods 

Microsporidia are difficult to diagnose and identify in feces and in environmental 

samples. Current approaches to detection and identification of microsporidia involve the 
I 

use of a combination of techniques, each with its own limitations. Testing is often labor 

intensive and can produce ambiguous results. The species that infect the human 

gastrointestinal tract are the most prevalent of the infecting species, Enterocytozoon 

bieneusi and Encephalitozoon (syn. Septata) intestinalis, and are generally smaller than 

the others, ranging in size from 1.5-2 mn. They appear ovoid or pyriform in shape 

(23,76,79,205). 
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Transmission electron microscopy (TEM) of the internal spore morphology of 

mature and immature forms of microsporidia has been the historic method used for genus 

and species identification. The spores of different microsporidia genera and species vary 

in size, shape, method of cell division, and the characteristic number and placement of 

polar filament coils (12,26,204,205). Some examples of internal spore morphology are 

presented in ^pendix 1, Plate 1. Electron microscopy, still considered the gold standard 

for diagnosis and species identification, is labor intensive and may have limited 

sensitivity due to sampling error (67,205). 

Traditional fluorescent chitin stains (175,177,178) and various Chromotrope-

based stains (120,145,191) are the most commonly used methods for microsporidia 

diagnosis in fecal specimens. Most staining methods have been shown to be comparable 

for microsporidia detection, (35,49,55,80,93) but have a lower sensitivity when compared 

to PCR, (142) and may be prone to misinterpretation unless multiple stains are performed 

(31,79). Valid speciation of organisms using light microscopy has been attempted but is 

usually impossible due to the small size of the human microsporidia (76). 

The organisms can be detected in tissue sections by using hematoxylin-eosin. 

Gram's, Periodic acid Schif^ methenamine silver, Warthin-Starry, acid - fast, and 

Giemsa stains. Calcofluor - white, Uvitex - 2B, polarized light, and the most commonly 

used modified trichrome with Chromotrope 2R are used for detection of microsporidia in 

stool specimens (6,23,55,71,79,118,121,123,130,178,195,206). Quantitation of spores in 

enteric specimens does not appear to correlate with patterns of diarrhea (33). 
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Diagnostic antisera have also been used for detection and identification of 

microsporidia. The use of polyclonal antiserum for detection and identification of 

microsporidia is limited by cross-reactivity issues (55,76,80,211). Monoclonal antibodies 

have been developed and may prove useful for diagnosis of microsporidia, but 

monoclonal antibodies are also known to exhibit cross-reactivity with other 

microsporidia, yeast and bacteria (3,15,65,111,136,160,174,183). Cross reactivity limits 

their diagnostic usefiilness if species differentiation is required for chemotherapy. 

Various types of continuous cell lines have been used for successful propagation 

of human microsporidia (205). Traditionally, Madine Darby Canine Kidney cells 

(MDCK) cells were used with Minimal Essential media (MEM) or RPMI medium 

containing 5%-10% Fetal Bovine Serum (FBS) (30,54). Additionally, human lung 

fibroblasts (MRC-5 and HEL) and Vero monkey kidney cells (E6) were used with MEM 

containing 5-10% FBS (20,40,48,51,52,62,193). More recently, rabbit kidney (RK-13) 

cells with RPMI containing 5%-10% FBS or MEM containing 5% FBS have been used 

for propagation of some Encephalitozoon sp. both in culture flasks and in Transwell 

chambers (56,173). 

Cell culture may prove useful as a diagnostic tool for some species, but it is labor 

intensive and some important species, such as E. bieneusi, have only been transiently 

grown in cell culture (76). Enterocytozoon bieneusi, the most commonly identified agent 

of human microsporidia infection, has been cultivated in vitro as a short term culture 

using E6 cells and MEM containing 5% FBS at 37°C in 5-10% CO2 (180). 

Enterocytozoon bieneusi was shown to infect and muhiply in E6 cells, but continuous 
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cultivation was not achieved. The most recently cultivated human microsporidia is 

Vittqforma comeae (155). 

Recently, Western blotting and RNA analysis have been used in combination with 

other techniques to help confirm the identity of microsporidia 

(23,38,39,199,204,208,209). Because no in vitro cultivation methods are available for£. 

bieneusi, it appears that the fixture of diagnosis for this organism may be limited to the 

use of diagnostic rRNA probes, PCR, and other molecular tests (48,67,73,208,209). 

For microsporidia, the nucleotide sequences for rRNA genes have been the 

predominant targets for the development of molecular diagnostic tools. Several primers 

and protocols have been designed to detect microsporidia fi^om clinical specimens, and 

several published PCR methods have amplified rDNA gene firagments firom 

microsporidia (76,205). 

There is approximately 60-70% genetic homology between genera of 

microsporidia. Ribosomal sequences, which are highly conserved and observed in 

Encephalitozoon are also found in Enterocytozoon (84,208). Besides the similarities, 

there are also differences. Enterocytozoon bieneusi has much longer intergenic spacer 

regions than those seen in other microsporidia studied to date (208). Characterization of 

the microsporidial genome is largely based on the small subunit ribosomal RNA gene 

(SSU-rRNA gene) (67). The SSU-rRNA genes are published for K cuniculi, E. hellem, 

E. intestinalis and E. bieneusi (203,207,210). The unpublished sequence of V. comeae 

and a few other non-human microsporidia gene sequences are also available in GenBank 

National Technology for Biotechnology Information, National Institutes of Health. 
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The human microsporidia have been phylogenetically characterized by sequences 

that are available for portions of their rRNA-encoding genes, the SSU rDNA. These 

genes code for internal transcribed spacers (ITSl and 2) and adjoining small subunit 

(SSU), 5.8S and large subunit (LS) rRNAs. Included are the sites for RNA processing, 

mRNA integration, aminoglycoside binding, and potential protein coding genes. The ITS 

regions are relatively short, but they are diverse (97). The SSU and ITS regions are also 

usefiil for characterization of the microsporidian taxonomy. Genetic homology in these 

and other regions have been used to assign new isolates of microsporidia to the correct 

taxonomic group (76,205). 
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n. Problem Definition: 

Various methods exist for cultivation, characterization, and molecular testing of 

several microsporidia species. Until recently, most of the testing had been performed on 

species that do not infect humans. Due to awareness of AIDS-related infections, the risk 

of human microsporidial illness and the potential for waterbome transmission has been 

recognized. Over the last several years, representatives of the water industry have been 

eager to test disinfection parameters for human microsporidia and to link water sources 

with human infections. Clinical microbiologists continue to struggle to find reasonable 

and cost-effective approaches to diagnose microsporidial disease and to test for efficacy 

of chemotherapeutic agents. Unfortimately, diagnostic techniques and testing methods 

have not been optimized or standardized. At the onset of my graduate studies, there were 

no documented methods to produce the quantities of human-infecting microsporidia 

spores that would be necessary for disinfection trials. Likewise, molecular detection was 

not optimized or standardized. Diagnostic primers, designed for detection of 

microsporidia in human specimens, were not adapted to allow for the repetitive testing 

applications of clinical and environmental laboratories. Moreover, molecular methods 

were not designed to confirm identity of isolates fi"om enviroiunental samples. No single 

method can be used to confirm species identity; rather, a combination of methods must be 

used. 

The first objective was to use existing information about the physiology and 

biochemistry of various microsporidia species to develop and optimize methods for spore 
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production, purification, quantification, and viability testing. It was also hoped that in 

optimizing cultures, insight might be gained to enable the eventual cultivation of 

Enterocytozoon bieneusi, an important pathogen that continues to evade cultivation. 

Secondly, a focus was placed on modification of procedures for staining and transmission 

electron microscopy (TEM), so that these procedures could be performed directly on cell 

culture monolayers to assess the morphological characteristics of various life cycle 

stages. Lastly, a PGR protocol was to be designed and optimized to serve as a molecular 

screening method that could be used in an academic setting, where airflow and room 

design may not be optimal for performance of diagnostic PGR. The molecular system 

would be used in combination with available stains and TEM techniques for 

identification and characterization of both human and non-human microsporidia. 

In sununary, the dissertation will address some of the confounding issues related 

to detection, diagnosis, and viability testing of human microsporidia species, specifically 

the Encephalitozoon species. It will highlight microsporidia methodologies that continue 

to warrant improvement. The focus of this work is one of method enhancement for 

methods with the potential for use by clinical and environmental microbiologists to 

further the understanding of the ecology, epidemiology, biology, and biochemistry of the 

microsporidia. 

A. In vitro propagation of human microsporidia; Spore production and viability testing 

Most cell culture reports have focused primarily on spore recovery from clinical 

specimens such as stool, urine, and cerebrospinal fluid, etc. On rare occasions. 
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quantitative studies have been performed. In one study, bovine kidney (BK) ceils, 

Madine Darby Canine kidney (MDCK) cells, rabbit (RK-13) cells, and feline lung (FL) 

cells were grown in Minimal Essential Medium (MEM) supplemented with 1-5% Fetal 

Calf serum (FCS). The highest spore yields were reported at 6-17 days and produced 1.6 

X 10^ - 6.3 X lo' spores from flasks of FL fed with MEM containing 5% FCS and from 

MDCK cells fed with MEM containing 1% FCS. Another study reported human and 

bovine lung fibroblasts to best support spore growth and infection. The maximum 

number of spores were produced at day 15 post - inoculation, with concentrations of 

approximately 90-100 spores/S^l (2 x I0'*spores/ml) of cell culture fluid. Lesser yields, 

30-35 spores/5(iI, were achieved with Vero monkey kidney (E6) cells and MDCK cells 

(149). Spore yield from these published cell culture methods was not deemed adequate 

for bench-scale disinfection testing or drug susceptibility testing of microsporidia. 

A few infectivity, disinfection, and drug susceptibility studies have been 

performed using a variety of in vitro techniques. These techniques include traditional 

"growth/no growth" models, enumeration of infective foci in stained cell monolayers, and 

spore germination to assess the effects of laboratory disinfectants or drugs on the 

subsequent growth and infective capabilities of microsporidia 

(14,41,61,61,94,105,139,155,155,158,170,173,187,200). Other studies have used cell 

monolayers in micro-titer format with subsequent Giemsa staining to analyze results 

(14,200). Various conditions and test methodologies make these studies difficult to 

compare. More recentiy, vital dye loading with subsequent scanning confocal microscopy 

has been used (106). 
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In summary, existing methods for propagation of microsporidia in vitro did not 

provide the possibility for large-scale standardized production that would be necessary if 

disinfection studies were to be performed. In addition, cultivation techniques were not 

optimized or standardized and details of the spore growth cycle in vitro were not 

characterized. For disinfection and susceptibility testing to be performed, it will be 

necessary to create a standardized, optimized system that can produce large quantities of 

spores for testing. Furthermore, a system must be devised to quantitatively monitor the 

spore growth of microsporidia before and after disinfectant treatment and susceptibility 

testing. 

B. Molecular detection of microsporidia 

Molecular techniques have the potential to address some of the limitations of 

microsporidia diagnosis, but current methods for molecular detection and identification 

from human and environmental samples are not without difficulty. While at least 1200 

microsporidian species infect nearly every known class of vertebrate and invertebrate 

(205), molecular sequences are currently available for only 56 species (16,76). At least 14 

species of microsporidia are known to infect humans and strain variation within some of 

the human species is also known to occur (205). It is obvious that, with regards to the 

molecular biology of microsporidia, many are yet not fully characterized. 

Some relevant molecular information does exist. Microsporidia have a 16S rRNA 

that differs from that of other eukaryotic organisms in that it is much shorter and has little 

or no homology with other eukaryotes. Some microsporidia, like Encephalitozoon 
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cuniculi and Encephalitozoon (syn. Septata) intestinalis have multiple copies of the 

rDNA gene, one on each of 11 chromosomes. Different genotypes do not necessarily 

denote a new strain since different copies of the same gene may exist in one genome but 

may not be identical. Both SSU and LSU regions of the rDNA gene are highly conserved 

and flank the internal transcribed spacer (ITS) region and other spacer regions, where 

genetic differences are more likely to occur (76,141,205). 

Despite the appeal of molecular testing, these methods are still relatively resource 

intensive and do not lend themselves to routine testing in many clinical and 

environmental laboratories (132). Moreover, lack of standardized primers and PCR 

conditions make result interpretation and comparisons difficult. Little information is 

available on the specificity and sensitivity of various primer sets for PCR and results can 

vary widely (205). In one blinded, multi-center study, PCR diagnosis of microsporidia-

spiked stool specimens was compared to diagnosis by light microscopy (140). Various 

primer sets were tested and shown to yield a typical PCR sensitivity of approximately 

100 spores/g of stool. Differences in the ability to detect a true positive were noted 

between methods and between laboratories. The ability of molecular tests to detect a true 

positive, with 10^ to 10® spores/g, ranged from 36-96% detection. In addition, some 

laboratories reported a false positive rate as high as 4.5% (140). Even higher felse 

positive rates have been reported for other organisms when PCR is used for diagnostic 

testing (125,126). 

High fidelity PCR with subsequent DNA sequencing currently provides one of the 

most accurate molecular methods for microsporidia detection and identification. 
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However, these tools may still produce ambiguous resuhs if they are interpreted without 

prior optimization, knowledge of enzyme fidelity and typical sequencing error rate for 

known control organisms run with the same PGR and sequencing conditions. 

Understandably, these issues are of major concern for anyone who plans to use molecular 

tools to identify microsporidia from human, and especially from environmental sources. 

Percent homologies between human Ejicephalitozoon sp. can range from 89.7% - 91.4% 

(85). Because human microsporidia species exhibit high sequence homologies in the 

highly conserved SSU and LSU rDNA, organisms with 96-100% DNA homology are 

generally considered to be of the same species (76). However, for two environmental 

isolates, Nosema apis and Vairimorpha necatrix, differences for SSU rRNA, have been 

shown to be as small as 1.6% (113), a DNA sequence homology of 98.4%. Given these 

circumstances, even small percentage differences in molecular rDNA sequences can 

cause confusion and have the potential to change the taxonomic placement of newly 

characterized microsporidia species. It is possible that even small error rates may lead to 

misinterpretation. 

It is clear from the results of these studies that standardization of PGR protocols is 

needed and that PGR cany-over prevention practices are not always adequate. In this 

study, we address some key variables in current molecular testing for microsporidia in an 

effort to design a robust, high fidelity protocol that may be useful for screening human 

and environmental samples for the microsporidia, specifically E. intestinalis. Relevant 

aspects of PGR include targets, probes, specimen interference, primer selection, PGR 

protocol, PGR carry-over prevention procedures, and test specificity. The objective of 
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this study was to design simplified, high fidelity, contamination-resistant molecular 

methods for use in clinical and environmental laboratories that perform multiple 

specimen testing. Specifically, we address issues of specimen processing, PGR 

contamination, PGR sensitivity and fidelity, and result interpretation. 

G. Strategies for Optimization of Spore Growth 

It has been well documented that the in vitro growth of intracellular pathogens 

like viruses, Ghlamydia, Rickettsia, and Goxiella benefit fi'om conditions of host stress. 

Enhanced pathogen growth can be observed with host stressors such as pH, atmosphere, 

temperature, age and confluency of host cells, osmolarity, isotonicity, hormonal balance, 

ATP levels and level of hydration. Serum starvation has been shown to diminish host cell 

DNA synthesis or down regulate some host genes (91). Serum adds proteins, such as 

albumin, to the media. It also adds hormones and other enzyme, metal, and lipidic 

components. Too much serum can cause non-specific protein binding of vitamins placed 

in the cell culture media and can render these components unavailable to enhance cell 

growth. Osmolality of the cell media is also altered as serum concentration varies (114). 

For maximum spore growth to occur, it is necessary to carefully control both the cell and 

serum conditions in order to optimize the host cell physiology for potential infection and 

parasite reproduction. In addition, studies have shown that other spore-formers like 

Bacillus sp. and the fungi respond to conditions of external stress by adapting gene 

regulation to accommodate or prepare for the stress (91). 
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A few ceil culture conditions have been observed to effect microsporidian growth 

in vitro. For instance, unpublished reports have suggested that altering the serum 

concentration and hormone levels in cell culture media appears to alter spore growth in 

vitro (61,181). No published reports have documented this phenomenon. Published 

reports do exist to document the effect of pH extremes to enhance spore germination, a 

phenomenon to be expected from an organism that typically passes through the gut as a 

part of its life cycle. Other external conditions such as hydration, ionic components of 

cell media and treatment with hydrogen peroxide have been shown to enhance spore 

germination (205). Effects of hypo-osmolality are known to hinder spore germination 

(109,197) 

The overall goal of these studies was to alter host cell conditions in order to 

maximize spore growth in vitro. Once optimized, the second goal was to standardize the 

assays, making them reproducible and adaptable to quantitation of parasite growth. 

Quantitation of growth will allow for comparisons that may lead to determination of the 

various effects that individual growth conditions exert on parasite growth. It will also 

allow for comparisons of the effects of disinfection and of treatment with potential 

chemotherapeutic agents. Lastly, attempts were made to define conditions that could be 

used to enhance the growth of Enterocytozoon bieneusi and other non-cultivatable 

microsporidia. 
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D. Strategies for Environmental, Epidemiological and Clinical Testing of Microsporidia 

PCR amplification of DNA is not indicative of viable organisms in the water 

supply. This is evidenced by the ability of PCR to amplify microsporidian DNA after 

direct exposure to sodium hypochlorite and 10% formalin (68,187). Without a measure of 

proven viability, it is impossible to know whether or not such findings implicate a 

waterbome route of transmission. 

Several strategies have been suggested for the accurate detection and 

identification of microsporidia. All involve some combination of testing methodology. 

One researcher suggested that perhaps molecular tools are most applicable after pre-

screening specimens with stains (67). Others have suggested using two different genes, 

one rRNA and one protein-coding gene, for identification of strains and for taxonomic 

characterization and species identification (76). Due to the polj^ihyletic nature of 

microsporidia, others have suggested that taxonomic groupings and placement should not 

be made based on the use of any one microsporidian characteristic (12,205). Rather, 

before taxonomic grouping, molecular data should be combined with information derived 

from known host specificity and other spore characteristics, such as the nuclear condition, 

type of spore membrane, sporogony, and the chromosome cycle. Subcellular spore 

characteristics can only be determined by use of transmission electron microscopy 

(TEM). 

In medical laboratories where timely, sensitive, and cost-effective results are 

imperative, it seems more prudent to devote efforts toward improving the practicality, 

sensitivity and specificity of standard molecular detection techniques focused on 
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definitive identification of treatable organisms such as E. intestinalis. For environmental 

testing, a broader approach is necessary. In either situation, once positive samples have 

been detected by PGR, they can be tested by multiple methodologies in reseeu-ch or 

reference laboratories to confirm identification to the species or strain level. Similar 

consideration should be given when testing specimens from human patients and from 

other mammals, although to a lesser extent than for environmental samples, since host 

origin would be known. 

While species descriptions should ultimately contain a complete rRNA sequence, 

including the ITS region, to provide a means for unequivocal confirmation that the same 

species have been isolated(205), it is difficult to provide the genetic information 

necessary for taxonomic placement of these organisms in a diagnostic setting. 

Amplicons that include the ITS region are often longer than 1 kb and generally not 

recommended for diagnostic PGR. Targets of 100-400 bp are generally better suited for 

diagnostic assays because the methods can provide for better sensitivity (205). 

Epidemiologic and environmental molecular screening for microsporidia is 

necessary in order to collect valid information to determine the true prevalence and 

species of microsporidia in clinical and environmental samples. However, because few 

comparative molecular studies have been performed, PGR should not be used as the sole 

identification tool for clinical or environmental samples unless the fidelity of the PGR 

procedure is proven, the PGR product is sequenced and compared to sequence(s) 

produced by similar or previously tested primer pairs, and the heterogeneity of the 

genetic sequence is knowB Clearly, the need exists for more sensitive and specific 
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molecular procedures of confirmed high fidelity to produce the accurate results required 

for determination of ecology and life cycles of these organisms. (76). 

Further testing of microsporidia fi-om human and environmental sources is 

necessary to 1) discriminate with a high degree of confidence between human and non-

human species of microsporidia by using multiple test methodology to confirm 

taxonomy, 2) provide evidence to determine the location of environmental reservoirs of 

these pathogens, and 3) to assess the viability of human microsporidia found in water. 

Clearly, more data comparisons are needed, especially those including sequence analysis 

and information on the ITS regions of microsporidia species/strains fi-om different hosts 

and environmental niches before the epidemiology of microsporidia can be described and 

defined (76). Until such testing and studies occur, the route of transmission remains 

unknown. It is tempting, but premature, to assume waterbome transmission of 

microsporidia. Efforts must be made to develop the molecular databases needed to 

perform appropriate comparisons with environmental and mammalian microsporidia. 

in. Dissertation Format 

Chapters: The following chapters outline my approach to produce what I hope 

will be the beginnings of standardized and validated procedures for medical and 

environmental testing of human microsporidia. There were several aspects of 

microsporidia testing that warranted attention; the optimization of cell cultures, the 

standardization of in vitro testing method for disinfectants and chemotherapeutic agents, 

and the molecular-based detection and identification of these organisms for diagnostic 
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and epidemiological testing. Each chapter will detail one or more specific aspects of these 

particular issues and each chapter will contain sections for "Introduction", "Materials and 

Methods", "Results", "Discussion". Chapters 2-6 represent the preliminary work 

necessary to establish testing methods so that disinfection studies could be performed. 

Disinfection studies performed using these methods are described in Chapter 7. Chapter 8 

describes optimization of a molecular assay that is to be used to screen both human and 

environmental samples for microsporidia. Abstracts and Acknowledgments will be 

placed where appropriate. 
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CHAPTER 2: CHARACTERIZATION OF SPORE GROWTH PATTERNS AND 

OPTIMIZATION OF FLASK-BASED CELL CULTURE SYSTEMS FOR GROWTH 

OF ENCEPHALITOZOON SPECIES 

I. Introduction 

Microsporidia produce severe disease in AIDS patients and in other 

immunocompromised populations. Previous studies have described the growth of several 

human microsporidia species in cell culture, but few studies have detailed the aspects of 

an optimized in vitro system for spore growth. Optimized in vitro systems are necessary 

for a variety of reasons, including maximization of spore growth, cell permissiveness and 

sensitivity to infection. Optimized systems are also required for clinical and 

environmental testing of these organisms and will enable standardized testing protocols 

for drug susceptibility or environmental disinfection studies. In addition, uncovering the 

conditions that enhance growth of the more easily cultivated microsporidia may offer 

information that may eventually enable the growth of those species that cannot be easily 

cultivated, particularly bieneusi. 

Because of these issues, a study was performed to assess the growth of human 

microsporidia spores and to optimize in vitro spore growth in cell culture. Specific aims 

of these studies were to begin standardization and optimization of the in vitro growth of 

human microsporidia species, with the aim of producing a system to enable harvest of 
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maximum spore yields in minimal time. The second aim was to develop and standardize 

a system, which could be used to assess the effects of individual growth conditions, 

disinfection, and effect of chemotherapeutic agents. Lastly, characteristics of particular 

growth patterns, and growth-enhancing components for the Encephalitozoon species in 

cell culture systems were to be determined in an attempt to gain insight about the in vitro 

life cycle of these organisms. 

The search for an optimized cell culture system began by using semi-quantitative 

methods to compare the in vitro spore growth of three Encephalitozoon species, E. 

cuniculi, E hellem, and E. intestinalis. Common cell culture systems were chosen for a 

semi-quantitative comparison of each cell line's ability to grow spores quickly and 

abundantly. Cell lines were also assessed for their ease of use. All cells were grown at 

35°C in 5% CO2 with humidity in Minimal Essential Medium (MEM) or RPMI 1640 

medium, both containing 5% fetal bovine serum (FBS). Two cell lines, rabbit kidney 

cells (RK-13) and Vero monkey kidney (E6) cells, were chosen for further optimization 

and quantitative study. Various concentrations of FBS in MEM and RPMI media were 

assessed for their ability to grow Encephalitozoon spores, E. hellem (Eh) and E. cuniculi 

(Ec) in RK-13 and E6 monkey kidney cells. Specifically, RK-13 cells with RPMI 

medium (RKR), RK-13 cells with MEM (RKNQ, and E6 cells with RPMI medium (E6R) 

were compared, each prep-.j'ed with concentrations of FBS varying as follows: 1.5%, 

3.5%, 5%, 7%, and 10% (RKR1.5, RKR3.5, and so on). Growth in E6 cells with MEM 

was not evaluated because of lower semi-quantitative spore yields observed in cell 

cultures with this combination of cells and medium. 
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n. Methods for Quantitative Study 

Because the individual comparisons of the many aspects of in vitro spore growth 

would not be practical, a "shot-gun" approach was taken in an attempt to solve the 

problem of limited spore growth in vitro. Various combinations of cells and medium 

were compared. Serum concentration of the mediimi varied from 1.5 — 10% in an attempt 

to find the combination of serum that would maximize spore groAvth. In addition, cell 

monolayers were nutrient-starved by feeding the cultures weekly instead of the 

recommended 2-3 times per week. Feeds were performed with less than optimal medium 

volume to further enhance the effects of nutrient depletion and to increase the osmolality 

of the media due to increased evaporation. 

E. hellem, ATCC #50451, E. cuniculi, ATCC 50502, and E. intestinalis, ATCC 

50603 spores were grown in 75-cm^ culture flasks (Costar, Cambridge, MA) of confluent 

mycoplasma-free RK-13 cells, ATCC # CCL-37 and E6 cells, ATCC # CRL-1586. RK-

13 cells were used at passage numbers 188-193; E6 were used at passage numbers 32-36. 

Cells were maintained in cell growth medium, MEM (Sigma Diagnostics, St. Louis, MO) 

or RPMI 1640 (Gibco, Grand Island, NY), supplemented with 5 - 7% FBS (Omega, 

Tarzana, CA) and penicillin 100 lU/ml, streptomycin lOOng/ml, and fungizone 

0.25|xg/ml (Biowhittaker, Walkersville, MD). The incubation environment was 

maintained at 35°C with 5% CO2 and humidity. Spores were harvested from cell culture 

supematants, counted with a hemacytometer, and diluted in MEM or RPMI to 

concentrations of 1.0 xlO^ spores/ml. On the day of the experiment, growth medium was 
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removed and replaced with maintenance medium that had concentrations of FBS ranging 

from 1.5% to 10%. Flasks were infected with 1.0+E6 spores/75cm^ flask and incubated 

for 14 - 35 days at 35®C, in 5% CO2 with humidity. 

The microsporidian life cycle in cells is such that spores reproduce intracellularly 

but are eventually released into the cell culture fluid via rupture of the infected cell. To 

recover spores when replenishing spent cell culture medium, cell culture fluid was 

harvested from the cells at weekly intervals and centrifliged at 1000 x g for 10 minutes to 

sediment any spores present in the spent fluid. Cell monolayers were immediately 

replenished with fresh medium having the same concentration of FBS as the spent 

medium. After centrifugation of the harvest, all but 0.5 ml of the spent medium was 

removed and discarded. The remaining 0.5 ml of medium contained a pellet of cell debris 

and any microsporidia spores present. The pellet was re-suspended in the 0.5 ml of spent 

medium and 20 (il was removed for hemacytometer counts. The remaining pellet fluid 

was re-inoculated back into the flasks of origin. This re-infection process was repeated at 

weekly intervals for a total of 7-8 weeks. Each species/cell/media combination 

experiment was repeated in duplicate. 

Species identity was confirmed with molecular techniques and with electron 

microscopy. For statistical evaluation, 95% confidence intervals of each time point were 

compared. Additionally, cell permissiveness (sensitivity) experiments were performed 

using the RKM3.5 and RKR7 cell systems. Serial dilutions of fresh E. hellem and R 

intestinalis spores, ranging in concentrations from 1-500 spores were inoculated into 25 

cm^ flasks. Flasks were maintained as previously described. 
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in. Results 

There was no statistical difference among the average E. hellem (Eh) spore counts 

produced by supplementing media with various concentrations of FBS in E6 cells (n=3). 

Likewise, statistical differences were not observed among the average Eh spore counts 

produced by supplementing media with various concentrations of FBS in RKM (n=3). 

However, average maximum spore counts of 1.19 x 10® spores/flask were produced on 

day 35 Avith RK-13 maintained in MEM (RKM) (Fig. 2.1). These results were 

significantly higher than those from E6 cells with RPMI (E6R), with an average spore 

count on day 35 of only 2.48 x 10^ spores/flask (Fig. 2.1). 

The flask-based Encephalitozoon growth cycle is also depicted in Fig. 2.1. The 

initial lag phase is one of cell infection, intracellular spore multiplication, and maturation. 

In RK-13 cells, the lag phase lasted at least 7 days. Spores were observed to decline in 

number during this time period. The second phase occurs between day 7-14 and is 

characterized by logarithmic increases in spore numbers. Intracellular parasites matured 

into spores and cell lysis occurred with the concomitant release of mature spores into the 

cell culture fluid. After day 14, through day 28, reinfection and reproduction continued to 

occur and spores continued to multiply, albeit at a slower rate. As cells in culture were 

infected and consumed, the stationary phase continued with spore numbers remaining 

relatively constant. After day 28, cell monolayers were completely destroyed and spore 

replication was halted and cultures were eventually discontinued. Similar patterns were 

observed for all three Encephalitozoon sp. and the maximum spore production per flask 

for each species was between 1 x 10^ and 1 x 10® spores/75 cm^ flask (Fig. 2.2). 
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Subsequent experiments with E. hellem spores revealed that the fastest and 

highest spore yield was produced with RPMI and 7% FBS (RKR7), but nearly identical 

results were obtained using RKRIO, RKR5 and RKR3.S. Using RKRl.S, spore yields 

were considerably lower. Spore yields were significantly higher than spore yields 

obtained from RKM or E6R. After only 14 days in the RKR7 system, E. hellem spores 

had completely destroyed the cell monolayer and increased in number by more than 2 

logs to 1.7 X 10® spores/flask (1.7 x lOVml). Spore counts were substantially higher than 

spore yields obtained from the RKM or E6R systems with any concentration of FBS. The 

RKR7 media had a typical pH of 7.4 - 7.5 and an osmolality of 313-328 prior to its use in 

cell culture used to grow microsporidia. 

Prior to these experiments the highest spore yield of Eh produced was in 

RKM3.5, RKM5, and RKM7. Total spore 5neld/flask in the RKM system was similar to 

the RKR7 system, producing total yields of approximately l.Ox lO^spores/flask, but the 

RKM system required 28 days for the maximum spore yield to be produced. During 

subsequent incubation, the RKR7 system provided for cell cultures containing less debris 

than cultures of RKM3.5. 

When concentrations were determined by serial dilution, m vitro cell 

permissiveness experiments performed in triplicate showed that the RK-13 ceil system 

was very sensitive to infection and was able to support growth of as few as 2-10 spores. 

With minimal inoculum, exponential spore production was observed in RK-13 cells at or 

before 5 weeks of incubation. 
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IV. Discussion 

Most of the cell culture medium used to grow microsporidia has been historically 

prepared with 5% or 10% FBS. In this study, various cell growth conditions and 

concentrations of FBS in MEM and RPMI medium were assessed for their ability to 

produce E. hellem spores in RK-13 cells. Initial testing with RKM and E6R systems 

showed the RKM system to be superior ioiE. hellem. The spore counts produced by the 

RKM system were 1.0 x lOVflask (I.O x lO' spores/ml) These concentrations were nearly 

3 logs higher than 2 x lOVml, produced in previously published cell systems. Subsequent 

testing of E. hellem showed the RKR7 system to produce maximum spore yields at day 

14. When compared to the E6R cell system and the RKM, the RKR system produced 

even more spores of E. hellem per flask. All concentrations of FBS produced similar 

spore yields. Additionally all three Encephaliiozoon species appear to have similar in 

vitro life cycles in RKM, RKR and E6R. 

Differences in concentrations of amino acids, glucose, and other components exist 

between MEM and RPMI media; however, a systematic evaluation of these differences is 

impractical. Glucose concentration and osmolality were higher in RPMI media than in 

MEM, but these may not be the only factors involved. It is likely that some combination 

of factors, as yet to be defined, are responsible for the different spore production 

capabilities observed with various serum/cell/media combinations. Whatever the reason, 

it is clear that the RKR7 system is reasonable for further studies performed with E. 

hellem and other Encephalitozoon species. Perhaps fiirther studies can be performed to 

describe which variable(s) are the key factors enabling maximal spore growth. 
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While RK-13 cells appear to provide optimal spore growth for E. hellem, other 

cell culture systems may produce even higher spore yields when tested. This work 

remains to be performed. Since E. hellem growth patterns may or may not be predictive 

of the growth of other microsporidian species, it is prudent to optimize cell culture 

systems for each species and cell line that may be used. Since these experiments were 

performed in cells with relatively low passage numbers, results may vary as cells 

approach their passage limit. Likewise, other cell systems, as yet untested, may offer the 

advantage of more abundant spore production or increased cell sensitivity to infection. 

Ongoing work may describe these system(s), but for now, two in vitro systems have been 

optimized to provide maximum spore yields in minimum time. 
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CHAPTER 3: A FLASK-BASED CELL CULTURE MODEL FOR CHLORINE, 

OZONE AND PULSED UV LIGHT DISINFECTION OF ENCEPHALITOZOON 

SPECIES : AN IN VITRO VIABILITY ASSAY FOR CHLORINE-TREATED SPORES 

I. Introduction 

Although the mode of transmission to humans is unclear, it is suspected that 

human microsporidia are transmitted by ingestion or direct inoculation of spores shed 

into the environment from sources such as stool and urine. This suggests an association 

with water, despite the fact that human microsporidia species have not yet been isolated 

from water sources. Since previous studies had shown that microsporidia spores survive 

for up to one year at 4° C in non-chlorinated water, experiments were performed to assess 

spore survival after exposure to chlorinated water. The intent was to explore the 

possibility that preventive measures, such as water treatment, may prove to be an 

effective means of disease control for these opportunistic infections. 

Few experiments describing disinfection parameters of human microsporidia 

species have been reported. One published report describing disinfection used high 

concentrations of chemicals, more applicable to a laboratory bench-top than a water 

treatment facility (187). Optimized cell culture systems, described in Chapter 2, were 

used to design an in vitro viability assay that was sensitive and robust, so that work could 

begin to determine spore viability after exposure to chlorine or other disinfectants 
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common to water treatment. RK-13 cells were selected for disinfection experiments 

because of their permissiveness and sensitivity to microsporidia infection, ability to 

produce high spore yields in relatively short time periods, and ease of use. We chose 

Encephalitozoon hellem was chosen for disinfection studies because it is a human 

pathogen that produces quick and abundant spore yields in RK-13 cells. The intent of 

disinfection studies was to explore the possibility that preventive water treatment 

measures may provide an effective means of microsporidia control in water supplies with 

the potential for improving drinking water safety, especially for immunocompromised 

patients. 

n. Materials and Methods 

The methods of Korich et al. (99) were adapted for disinfection studies of 

Encephalitozoon sp. Briefly, Chlorine-demand-free (CDF) water was prepared by adding 

high concentrations of sodium hypochlorite to sterile Nanopure ® water in one liter glass 

bottles. Excess chlorine in the liquid will remove any chlorine demand of the water or the 

glassware. Bottles of chlorinated water were then placed on the roof of a building in 

direct sunlight for 6 hours to inactivate excess chlorine in the water. After sunlight 

exposure, total chlorine was measured to confirm that all chlorine residual had been 

inactivated. CDF glassware was prepared by soaking in solutions of concentrated 

chlorine to remove chlorine demand and then rinsing three times with chlorine demand 

free water. Qassware was used immediately. CDF water was chosen for initial 
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disinfection studies because of the unknown effects of ions, present in typical buffer 

systems, on the growth of microsporidia in vitro. 

Glassware was treated to eliminate chlorine demand, but was not coated with 

Teflon or a similar substance to reduce spore loss. Tween, a detergent conmionly used to 

reduce organism loss due to adsorption, was not used in these experiments because no 

data was available to describe the potential effect of Tween on subsequent growth of 

microsporidia. Furthermore, in pre-study spore recovery studies untreated spore recovery 

for centrifligation at 1000 x g in conical poljrpropylene (PP) tubes was shown to be near 

or above 90%, so spore recovery was not initially thought to be problematic. 

The growth of a human microsporidia species, E. hellem, was used as an initial 

model for the in vitro behavior of aiher Encephalitozoon species for chlorine disinfection. 

Monolayers of RK-13 cells were grown to confluency as previously described and with 

Minimal Essential Media (MEM) prepared with 5% FBS. E. hellem spores were grown in 

RK-13 cell monolayers until many spores were observed in cell culture fluid. Fresh 

spores were harvested, counted microscopically with a hemacytometer, and diluted to 

concentrations of 2.0 x lO' spores/ml in CDF water. Spores were added to 250 ml of 

CDF water in large, covered Erlenmeyer flasks. Spores were mixed at moderate speed by 

sing stir plates to achieve a homogenous spore suspension. 

Spore suspensions were mixed and treated with 2 mg/1 chlorine at 25°C and 

neutral pH. The chlorine concentration was chosen to simulate a mid-range chlorine 

concentration that could be achieved in water treatment facilities. Exposure to light 

during the experiment was limited to prevent breakdown of chlorine. At intervals of 0, 
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10, 20, and 40 min., spores were retrieved from the water by removing 10 ml of treated 

spore suspension and placing it in 15 cc sterile PP tubes. After each time interval, 

chlorine was immediately inactivated with 10 ^1 of 10% (wt/vol.) sodium thiosulfate 

previously added to the PP tubes(99). Aliquots were centrifiiged at 1000 x g for 10 min. 

at room temperature. Hemacytometer spore counts were performed on the resulting spore 

pellet and spore recovery was calculated. Controls were tested in the same manner, but 

without chlorine treatment. 

Concurrently, at every time interval, water samples were withdrawn from the 

chlorine treatment flask and tested with DPD chlorine reagent (Hach, Loveland, CO). 

Absorbance readings were taken on a Beckman DU-6 spectrophotometer and compared 

to a standard chlorine absorbance curve to verify the chlorine concentration throughout 

the entire experimental exposure period. For each time point, the pH of representative 

samples was monitored. Controls were subjected to the same procedures, with the 

exception of the chlorine treatment. 

Spores were then inoculated into 12.5 cm^ flasks of RK-13 cells, grown to 

confluency using MEM with 5%FBS, and fed on the day of the experiment with MEM 

containing 3.5% FBS. Flasks were incubated at 35°C for a total of 7-8 weeks. During this 

incubation, weekly spore counts were performed using a hemacytometer and phase 

contrast microscopy to assess viability and growth patterns of the microsporidia with and 

without chlorine treatment. 
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Experiments were performed in triplicate. In vitro growth patterns and total spore 

counts were compared for each experiment. Spore counts were compared by using 95% 

confidence intervals (CI). 

ni. Results; Chlorine's Effect on Encephalitozoon hellem Spores 

A- Spore Loss During Treatment 

Chlorine treatment produced a significant drop in the spore counts within 10 

minutes of exposure as determined by 95% CI (Fig. 3.1). While control spore counts 

remained relatively consistent throughout the entire experiment, chlorine exposure 

followed by sodium thiosulfate to inactivate the chlorine diminished spore counts from an 

average of 6.3 x lO"* spores/10 ml to 3.3 x 10^ spores/10 ml. This data shows no overlap 

with control data at the 95% confidence interval, indicating a significant drop in spore 

counts when spores were treated with chlorine and sodium thiosulfate. 

Some experimental spore loss is seen even with controls, and is thought to be due 

to spore adsorption to the glass fiask used in the chlorine treatment or loss during 

centrifugation. Spore recovery data indicates that spores are lost during this step. As can 

be seen in Figure 3.1, no further drop in spore count is observed in the controls after 10 

minutes, but chlorine treated spore counts continue to drop in an exponential manner. 

B. In Vitro Viability 

Growth patterns were observed to be as expected for control spores, in keeping 

with typical in vitro growth patterns described in Chapter 2. Control spore counts 
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declined by day 7 as spores infected cells and multiplied within them. Later, a 

logarithmic spore increase was observed as mature spores are released from infected cells 

into the cell culture medium where they can be counted. In the RK-13 in vitro viability 

assay, spore counts for controls demonstrated logarithmic increases, reaching a maximum 

average concentration of 2.6 x 10^ spores per flask. Results were similar for spores 

treated with chlorine for 0 minutes, in actuality < 10 seconds (Fig. 3.2). 

In contrast, after 10 min. of exposure, chlorine-treated spores counts remained 

low and did not recover during incubation to produce logarithmic growth increases (Fig. 

3.3). Although rare free-floating chlorine-treated spores continued to be seen in cell 

culture flasks for the entire incubation period, no real growth increases were observed 

during 8 weeks total incubation time, indicating that these spores were unable to infect 

cells and multiply. Differences between control and chlorine-treated spore counts per 

flask were observed at all time points. All chlorine-treated spore counts were determined 

to be statistically dififerent and significantly lower than control spore counts as 

determined by comparisons of by 95% CI. 

C. Experimental Conditions 

Absorbance readings determined that 2 mg/1 chlorine concentrations remained 

relatively constant throughout the experiment period, reaching an average low of 1.7 mg/1 

total chlorine. The pH, although difficult to measure without a buffer system, proved 

relatively constant and near neutral pH 7. 
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IV. Discussion 

Chlorine exposure for 10 minutes or more substantially reduced the number of E. 

hellem spores in water and inhibited their subsequent growth in an RK-13 cell in vitro 

viability assay. These experiments demonstrated that chlorine exposure caused a large 

initial reduction of E. hellem spore counts that appeared consistent with chlorine 

disinfection kinetics curves for other organisms. Spore recovery experiments of chlorine-

treated spores showed that a larger than expected spore loss occurred during the 

experiment. Despite this large loss, the post-treatment inoculum (approximately 1,000 

spores) was thought to represent a substantial number of spores for viability testing, given 

the sensitivity of the cell culture system was 2-10 control spores/flask. If remaining 

chlorine treated spores were indeed viable, they should have produced logarithmic 

growth during the 8-week incubation period. Control spore concentrations as low as 20 

spores/flask produced logarithmic increases in 6 weeks. 

Additionally, in vitro viability studies revealed that 10, 20, 40, and 60 min. of 

chlorine treatment rendered spores unable to multiply in RK-13 cells. Using phase 

contrast microscopy, rare spores were sometimes seen in flasks infected with chlorine-

treated spores; however, while phase contrast microscopy is sometimes used as a screen 

for spore viability, it is not a conclusive predictor of viability. Still, these results indicate 

that 2 mg/l chlorine may have a lethal effect on E. hellem spores in water and that 

chlorine treatment has the potential to be an effective water treatment for microsporidia. 

Although no infection or parasite multiplication was observed, there are some still 

important issues related to the sensitivity of methods used to determine spore viability. 
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For treated spores, subculture or longer incubation periods may be required for visible 

growth to be observed. While RK-13 cells appear to provide conditions for optimal spore 

production, it is possible that other systems may better support the germination, and 

reproduction of chlorine- treated spores. 

Do these results correlate with the behavior of other microsporidia species, 

specifically Enterocytozoon bieneusi or Encephalitozoon intestinalis, two of the more 

common microsporidial infections? E. hellem was chosen for this study because of its 

rapid and bountiful growth in RK-13 cells; however, the ability of £1 hellem to predict the 

effect of chlorine on other microsporidia species remains to be proven. In addition, until 

an in vitro or in vivo system for the complete growth cycle of E. bieneusi is developed, 

one caimot reasonably assess chlorine's effect on£l bieneusi or any other species. 

Despite these pending issues, it is clear that chlorine at 2 mg/1 has a deleterious 

effect on a human microsporidia species and its subsequent ability to infect and multiply 

in vitro. Until proven otherwise, this information may apply to other microsporidia 

species and raises the following issue. Prevalence rates for microsporidia in 

immunocompromised individuals range from 7-70%. If the chlorine experimental data is 

indicative of the response of all microsporidia, i.e., if chlorine is an effective treatment 

for microsporidia, then how are humans infected with these organisms? Does infection 

occur because of sub-optimal chlorine concentration or exposure, or are microsporidia 

transmitted by a means other than the public water supply? This and other questions 

relating to the life cycles of the human-infecting microsporidia remain unanswered. 
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The results of these preliminary experiments suggest that chlorine produces an 

inhibitory or perhaps even lethal effect on microsporidia spores in water. Possible 

explanations for the mechanism of chlorine's effect are postulated but remain unproven. 

For example, it is known that certain cations and anions, including Cr ions, can facilitate 

or induce spore germination in vitro (77,94,167). It is possible that chlorine treatment 

causes germination of spores and that the infectious sporoplasm, released by this 

germination, is then oxidized or inactivated before it can infect new host cells and 

continue the spore life cycle. Alternately, since chlorine is a known oxidant, it may be 

possible that chlorine oxidizes the spore coat or contents, causing inactivation or 

degradation of the spores. Still another explanation is that chlorine may act on the spore 

coat in a way that causes the spores to stick to the glass treatment flasks or PP tubes 

during centrifligation, thereby rendering inadequate numbers of viable spores for 

infection of RK-13 cells. The mechanisms of spore killing remain to be elucidated. 

Since these experiments are the first of their kind to be performed with 

microsporidia, it is clear that many other aspects of testing remain to be explored and 

standardized. Many questions still remain. For instance, what is the effect of using 

spores, which are not fi-esh, but are stored in water to mimic environmental conditions? 

Does chlorine exert its effect prior to ten minutes of exposure? Will chlorine exert the 

same effect on environmental waters? Obviously, fiuther testing, using different species, 

other conditions, and disinfection methods such as ozone or UV light, will also prove 

important to understand the potential impact of these organisms on the water industry. 
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In addition, further work is needed to assess the most sensitive yet practical 

method for determining spore viability. These viability studies proved to be extremely 

labor-intensive and provided only "growth/no growth" data. The method is based on 

manual spore counting, using a hemacytometer to count spores and producing spores 

counts with relatively large variances due to variability inherent to the method itself 

(163). Traditional use of the hemacytometer allows spore detection at minimal detection 

limit (MDL) of 1000 spores/ml. In this report, spore counts reported to be less than 100 

spores/nil represent average spore counts and reflect instances when spores counts near 

the MDL were averaged with counts of 0 spores/ml. In addition, 8 weeks of incubation of 

cells with MEM-3.5 produced cell monolayers that remained confluent but contained a 

substantial amount of cell debris due to normal cell deterioration and the nature of the 

spore reinfection process. 

Other methods for measuring post-experiment spore viability are explored in 

subsequent chapters of this manuscript. Another cell/media combination of similar 

sensitivity and spore production will be used for subsequent experiments and may 

provide for cleaner cell monolayers late in the incubation period. Cell culture performed 

in microtiter plates may also prove useful and laborsaving. In addition, the microtiter 

method would lend itself to comparisons of quantitative measures of infectivity such as 

the TCIDso (tissue culture infective dose 50%), i.e., spore dose that produces infectivity 

in 50% of cell cultures) or the MID (minimal infective dose), i.e., the lowest spore 

concentration that can still produce infection. Molecular viability or vital dye studies may 
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also prove useful; however, these methods will only be reasonable once a true "gold 

standard" measure of spore infectivity and viability is established (17,146,148). 

Work must also continue to attempt to isolate and identify human species from 

the environment and methods to recover and identify envirormiental isolates for 

disinfection testing. Many aspects of this endeavor will prove to be problematic. 

Antigenic cross reactivity of species is common and must be considered when 

interpreting results from spores recovered from water, waste water, or other 

environmental sources (3,65,76,79,90,124,129,199,205). Even molecular tests should be 

interpreted with caution since existing primers have been designed based only on a few 

species and testing has only been performed with a limited number of environmental 

species (76,205). Because many species remain uncharacterized or only partly 

characterized, it is imperative to perform multiple tests, both morphological and 

molecular, for identification of both medical and environmental isolates 

(54,57,76,184,194,205). 

It is clear that information derived from this initial in vitro viability study only 

begins to provide a basis for imderstanding the chlorine disinfection kinetics for 

microsporidia. Further analysis of this and other issues will provide information that can 

define specific aspects of spore infectivity, viability and microsporidia's relationship to 

water. It may also provide information for public policy related to the implications and 

problems associated with the potential presence of microsporidia spores in public water 

supplies. 
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V. Follow-up for Chlorine Disinfection Experiments 

To address some of the issues and questions raised by the previous chlorine 

disinfection studies, we attempted to 1) determine if spores were lysed or adsorbed during 

the spore loss period, 2) determine if another cell culture system of similar sensitivity 

could be used for in vitro viability assays, 3) determine if quantitative spore viability 

systems could be performed, and 4) to determine if spore enumeration could be 

performed with alternative methodology. 

A. Spore adsorption studies 

Spores were prepared in an identical manner to the previously described chlorine 

experiment and suspended in water with a chlorine concentration at 2 mg/1. After 10 

minutes of spore treatment, spores were exposed to sodium thiosulfate to inactivate 

chlorine, and centrifuged as previously described. Spore counts of the pellet were 

performed as previously described. In addition, one 10 ml aliquot of chlorinated water 

was not treated with sodium thiosulfate but was otherwise processed as the rest. Spore 

behavior was periodically observed in CDF hemacytometer chambers for 60 minutes. 

Spores in water, water sodium thiosulfate, and in chlorine alone remained in suspension 

until the liquid began to dry under the coverslip. In contrast, spores treated with chlorine 

for 10 min, then exposed to sodium thiosulfate to inactivate chlorine appeared 

immobilized on the glass after approximately 15-20 min. No spore lysis was observed. 

Since adsorption was only observed with the chlorine/sodium thiosulfate (Cl/Na-

thio) condition, and sodium thiosulfate did not enter experimental conditions prior to 
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placement of spores in PP tubes, a similar experiment was performed with spore 

suspensions, 1 x 10* spores/lOml in PP tubes. Subsequent to the various treatments, the 

PP tubes were submitted to the Arizona Research Laboratories (ARL) Biological Imaging 

Facility for scanning electron microscopy studies of the PP tubes. SEM was performed on 

the tip of the conical PP tubes in the area most likely to contact spores after centrifugation 

(Fig- 1)-

Microsporidia spores were observed on plastic sections of the Cl/Na-thio tubes 

but not on tubes with ft^om CI alone (Fig. 1). Spores were observed in numbers that, when 

calculated to determine total spores/tube surface area, were roughly equivalent to the 

amount of spore loss typically seen in the previously performed chlorine disinfection 

studies. 

B. Other issues 

Results of testing with different cell systems, spore counting methods, and cell 

viability systems are described in the subsequent chapters of this manuscript. 

VI. Report publication 

Naumovitz, D.Wolk., Marshall, M.M., Grrahn, KJ., and C.R. Sterling. In vitro viability 

assay for microsporidia treated with chlorine. WQTC Proceedings, Denver CO., Nov. 

1997, Paper # 4F-4. 
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CHAPTER 4: IN VITRO VIABILITY ASSAY FOR PULSED UV AND OZONE 

TREATED SPORES 

1. Introduction 

Spores of different microsporidia species can vary in their environmental 

resistance. Microsporidia can survive some exposure to ultraviolet light, both in the 

environment and under laboratory conditions (170). The effect of ozone on spore survival 

has not been reported. Other external conditions such as pH, cation concentration, 

temperature, osmotic pressure, and humidity also have affects on the spores and their 

ability to survive environmental stresses (94,105,169,187). 

There are still many questions regarding the susceptibility of microsporidia to 

common disinfection processes. This study was performed to examine the in vitro growth 

potential of Encephalitozoon sp. after exposure to 0.5-1.0mg/l ozone or 50-200 milliwatt-

seconds/cm^ (mws) pulsed UV light (PUV) photons. The intent was to explore the 

possibility that preventive measures, such as PUV or ozone water treatment would 

provide an effective means of microsporidia control in water supplies, thereby improving 

drinking water safety in small water treatment facilities, such as hospices or homes of 

immunocompromised patients. 

n. Materials and methods 
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As previously described, spores of the human Encephalitozoon sp. (K cuniculi, E. 

hellem, and E. intestinalis) were grown in monolayers of RK-13 cells maintained RPMI 

media prepared with 7% FBS (RKR-7). Spores were harvested from RK-13 cell culture 

supematants, counted using a hemacytometer, and diluted in sterile deionized water to a 

concentration of 6.7 xlO® spores/ml. Spores were placed in a quartz cuvette treatment 

chamber at room temperature and exposed to UV photons produced by a Xenon flash 

tube in the Innovatech, Inc. PUV system™, specifically designed for inactivation of 

waterbome pathogens in small-volume water supplies. PUV doses of 0 mws for a control, 

50 mws, 100 mws, and 200 mws were tested. Ozone treatments were performed by 

bubbling ozone through continuously stirred water in a beaker on a bench-top stir-plate. 

Ozone exposures of Omg/1 (control), 0.5mg/l, and l.Omg/l were performed for 2 min. at 

room temperature. 

After treatments, test samples were removed from the treatment cuvette or beaker, 

spores were retrieved by centrifligation at 1000 x g for 10 minutes, and spore counts were 

performed. Spores were then re-inoculated into 25 cm^ flasks of confluent RK-13 cells. 

RK-13 cells were previously grown to confluency in RKR7 and fed with fresh medium 

on the day of the experiment. The re-inoculated flasks were incubated at 35°C. Spore 

growth was observed and spore counts were performed weekly for 6-8 weeks to examine 

the growth and the growth patterns of spores previously treated with PUV and ozone. 

Medium was replenished weekly. Controls were subject to the same procedures, with the 

exception of the PUV or ozone treatment. 
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m. Results 

Characteristics of the RKR in vitro viability system were further elucidated in this 

study. Using RKR7 cell system, all three Encephalitozoon sp. tested exhibited similar 

growth patterns in RK-I3 cells, reaching a maximum average spore concentration of 

approximately 1.0 x 10® spores per 25cm^ flask after various time intervals (Fig. 4.1). 

Control data from these PUV experiments, where manipulation of control spores 

occurred in the form of pipetting spores into a quartz cuvette for PUV treatment, 

represents a diminished spore yield on day 14 when compared to that of non-manipulated 

E. hellem spores described in Chapter 2. PUV control spores produced 3 x 10^ 

spores/flask (8.6 x lO'spores/ml) versus 1.7 x 10^ spores/ml for non-manipulated spores. 

E. hellem consistently appears to be the fastest growing species in RK-13 cells and E. 

intestinalis the slowest. By 35 days, all three controls reached their maximum spore count 

per flask of nearly 1.0 x 10® spores/25cm^ flask (approximately 2.9 x lO'spores/ml). 

In contrast to the logarithmic growth increases observed in controls, the 

Encephalitozoon spores treated with 50-200 mws of PUV were not observed to infect 

RK-13 cells and multiply in vitro (n=9). After 6-8 of incubation, no parasite growth was 

observed. After 14 days, test and control spores counts were significantly different based 

on 95% confidence interval analysis. PUV exposure (50-200 mws) of Encephalitozoon 

spores in water inhibited the subsequent growth of spores in an RKR7 in vitro viability 

assay (Fig 4.2). 

In comparison, ozone exposure for 2 min. at concentrations as high as I.Omg/l was 

not able to completely diminish growth of spores in an RK-13 cell in vitro viability assay. 
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Spore growth was delayed, when compared to controls, but spores did eventually exhibit 

logarithmic increases during the incubation time. 

IV. Discussion 

Since exposure to 50 mws/cm^ of PUV treatment had an inhibitory or lethal eflfect 

on microsporidia spores in water, these results suggest that PUV exposure diminished 

subsequent growth of Encephalitozoon sp. in vitro and that PUV treatment has the 

potential to be an effective small-volume water treatment for microsporidia. Maximum 

growth of all three species was the same despite different growth rates of the individual 

species in RK-13 cells. 

In contrast, ozone treatment only delayed the growth of spores as compared to 

controls. Ozone concentrations as high as l.Omg/1 were not able to completely inhibit 

spore growth after 2 minutes of ozone exposure. Given the growth inhibition that was 

observed, it is likely that increased exposure times would eventually render the spores 

non-viable. Studies performed with Cryptosporidium parvum demonstrated that 5 min. of 

exposure to 1 mg/1 was necessary for inactivation of oocysts (99) and it is clear that an 

exposure time longer than 2 minutes will be necessary for the Encephalitozoon sp. tested. 

Other issues, related to the sensitivity of methods used to determine spore 

viability, still remain. Using serial dilution, the sensitivity of the RK-13 cell system is 2-

10 live spores/25cm^ flask. Growth of 2-10 spores can be visualized in RK-13 cells after 

6-8 weeks of incubation. It is not clear how long it would take for damaged spores to 

grow or if subculture may be required for visible growth to be observed. 



64 

In addition, animal studies of spore viability remain to be performed. The cell 

culture system provides only one measure of viability since host Actors may enhance the 

growth of pathogens in vivo. While RK-13 cells appear to provide conditions for optimal 

control spore growth, it is possible that other systems may better support the growth of 

disinfectant-treated spores. 

It is unclear if these results correlate with the behavior of environmental 

microsporidia and other human species, such as E. bieneusi. Until an in vitro or in vivo 

system for the complete growth cycle of E. bieneusi is developed, one cannot reasonably 

assess the effect of any disinfectant on E. bieneusi. Likewise, correlation of this study 

with similar studies with microsporidia spores in the environment still need to be 

performed. Environmental spores may react differently, but until there are reliable 

sources for environmental spore isolation in numbers reasonable for experimentation, the 

bench-top models are the only choice for disinfection studies. Since these experiments 

are the first of their kind to be performed with microsporidia, it is likely that other aspects 

of testing still remain to be explored and standardized. Many questions still remain. 

It is clear that information derived from these initial in vitro viability studies only 

begins to provide a basis for understanding the disinfection kinetics for microsporidia. 

Further analysis of these issues will provide information that can define specific aspects 

of spore infectivity, viability and microsporidia's relationship to water. 
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CHAPTER 5: SPORE PURIFICATION AND SPORE ENUMERATION METHOD 

COMPARISONS 

I. Introduction 

Results of hemacytometer counts for organism enumeration are notoriously 

fraught with result variability (163) due to small differences in pipetting, loading the 

chamber, and specimen mixing. Alternatively, turbidity measurements of organisms in 

suspension can also be used tc enumerate organisms if organisms are pure and free of 

debris that may interfere with accurate turbidity measurements. Turbidity is measured in 

a spectrophotometer using percent transmittance (%T) at 625nm, which can be correlated 

to organism concentration. Spectrophotometric measurements of organisms at various 

concentrations can be used to prepare a standard curve for use as a substitute for 

enumeration by hemacytometer counts. Alternatively, turbidity measurements of 

organisms in suspension can be made and compared to those of latex bead or barium 

sulfate McFarland turbidity standards. 

Spectrophotometric organism enumeration is currently performed as a substitute 

for bacterial, fungal and mycobacterial hemacytometer counts in protocols designed for 

antimicrobial susceptibility testing (7,88,116). To our knowledge, spectrophotometric 

measurements have not been used as a substitute for microsporidia enumeration, but have 

been used to measure spore germination rates (168) and changes in internal sugar 
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concentrations related to viability (169,171). The small size and uniform density of 

microsporidia make them a logical organism for enumeration with a %T-based method. 

Furthermore, the Percoll purification method described here provides spore suspensions 

free of cell culture debris and suitable for spectrophotometric measurement and spore 

enumeration. 

n. Materials and Methods 

A. Purification of Spores 

Spore pellets were purified from cell debris by using a differential density 

gradient centrifugation with an isopycnic gradient of Percoll® (Amersham Pharmacia 

Biotech, Piscataway, NJ), an inert substance unlikely to interfere with spore germination 

(95,155,171). Using a modification of these previous methods, equal volumes of 

Percoll® and spore harvest pellet in sterile distilled water, at concentrations of 1.0 x 10^ 

total spores, were mixed in a 15cc conical polypropylene tube. The resulting mixture had 

a specific gravity (S.G.) of 1.067, a concentration thought to provide adequate separation 

of spores and cell debris based on previous studies describing microsporidia spores with 

S.G. of approximately 1.2 (171). Tubes were centrifuged at room temperature at various 

speeds and times, 1000 x g for 30 min., 2300 x g for 15 min. and 2300 x g for 30 min. 

After each centrifugation, 3 layers of the final product were examined by counting spores 

with a hemacytometer (Neubauer-ruled Bright Line Counting Chambers; Hausser 

Scientific, Horsham, PA). Final suspensions containing spores were examined for purity 

and for percent recovery of spores. 
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B. Comparison of Hemacytometer and %T-derived Spore Counts 

Spore suspensions were prepared in 0.05M phosphate buffer, counted using 

hemacytometers, and adjusted to four different target concentrations ranging from 

- 2x lO' spores/ml. Target concentrations were placed in 10ml glass tubes (Comar Glass 

M%., Vineiand NJ). Using a DR/2010 spectrophotometer (Hach, Loveland, CO), percent 

transmittance (%T) was measured (n=12) at 625nm for each concentration as 

reconunended by the procedure for testing turbidity of latex bead McFarland Equivalence 

Turbidity Standards (REMEL, Lenexa, KS). Mean %T values were calculated for each 

spore concentration. Multiple spores counts (n=12) were performed in hemacytometers 

and mean spore counts were calculated. Data was tested for normal distribution using 

residual and normal probability plots produced by a regression analysis (Microsoft Excel 

97; Seattle, WA). A standard curve was constructed by plotting mean %T values vs. 

mean spore counts. Confidence intervals (99%) were calculated for each data set. A 

linear regression analysis of the data was performed using the "least squares" method to 

produce a best-fit curve, defined by a numerical equation and an value that provided 

correlation analysis for the standard curve. 

m. Results 

A. Spore Purification 

After centriftigation, 3 distinct layers were observed in the tubes. The top layer 

appeared as a white band that contained mostly cell debris. The second layer comprised 

most of the liquid and was clear. The third and bottom layer, was determined to contain 
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the spore pellet. Centrifugation at 1000 x g produced a spore recovery of 47%. 

Centrifugation at 2300 x g for 30 min. increased spore recovery to 65%. Diminishing the 

centrifugation time to 15 min at 2300 x g provided the lowest spores recovery of all, 

34%. 

Centrifugation at 2300 x g for 30 min., was chosen for spore purification prior to 

spectrophotometric measurements, TCIDjo assays, and chlorine disinfection studies 

described in Chapters 6-7. Percoll purification provided spore suspensions that were free 

of debris and suitable for spectrophotometric measurements and cell culture. 

B. Spore Enumeration 

For target spore counts of Ix 10^ 5 x lo®, 1 x lo^ spores/ml, and the equivalent 

of a 0.5 McFarland standard, mean hemacytometer spore counts were 1.03x 10®, 5.17 x 

10®, 1.04 X 10^, and 2.18 x lo^ spores/ml respectively (Fig. 5.1). Data was normally 

distributed around the mean as determined by residual and normal probability plots 

performed using the linear regression statistical model (70) and Microsoft Excel 97. 

Mean spectrophotometric measurements (%T at 625nm), performed with the same spore 

suspensions, produced results ranging from 78.46 to 98.53, with 99% confidence 

intervals ranging from 0.19 to 0.33. The standard curve, prepared by plotting mean %T 

vs. mean spores/ml, is depicted in Fig. 5.2 along with the corresponding 99% confidence 

limits. A least squares regression analysis of the standard curve data produced the 

equation, y = -lE-6x +1E+08, represented in Fig. 5.2 with a correlation value of = 

0.9959. The regression equation was used to calculate %T-derived counts from the %T 
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data obtained. The calculated %T-derived counts, with the corresponding 99 % 

confidence limits, are shown in Fig. 5.1. In all cases, except for 1.0 x 10® target values, 

means for %T-derived counts were within the range of the 99% confidence limits of the 

hemacytometer counts. 

IV. Discussion 

Using Percoll purification of spores enabled preparation of spore suspensions that 

were free of debris and suitable for the use of spectrophotometric methods for spore 

counting. In addition, since extraneous protein debris diminishes the efiScacy of chlorine, 

removal of debris limits the chlorine demand and is thereby advantageous for subsequent 

chlorine disinfection testing described in Chapter 7. More discussion pertaining to the 

value and application of spectrophotometric methods for chlorine-treated spore 

enumeration is presented in Chapter 7. 

The data suggests that %T readings can be used for E. intestinalis spores in 

phosphate buffer to predict spore concentrations ranging from 5.0 x 10® and 2.18 x 10^ 

spores/ml. When using laboratory waters, it appears reasonable to use %T readings as a 

substitute for spore counts prior to dilution and cell infection. Replacing experimental 

hemacytometer spore coimts with %T readings has the potential to limit variation 

inherent to hemacytometer (163) enumeration of inoculum density. Further testing and 

statistical analysis of spore count comparisons will be necessary with other systems. 

Pending further testing, it appears that %T readings should not be used to estimate spore 

counts < 5 X 10® spores/ml because low spore concentrations produced %T readings that 
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did not correlate with hemacytometer chamber counts. Lack of correlation may be due to 

the limits of linearity inherent to spectrophotometric readings. Likewise %T reading 

should not be used for source waters or other media with inherently high turbidity that 

would interfere with spectrophotometric measurement. 
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CHAPTER 6: RK-13 CELL CULTURE ADAPTED TO A MICROPLATE-BASED 

SYSTEM FOR DETERMINATION OF THE TCID50 OF ENCEPHAUTOZOON 

iSEPTATA) INTESJINAUS 

I. Introduction 

While flask-based cell culture systems enabled optimization of culture conditions, 

the system did not lend itself to repetitive testing for disinfection studies. To that end, cell 

cultures were adapted to a muliji-well tissue culture plate format. Centrifugation was used 

to enhance cell infection by forcing the spores in close contact with the cell monolayer. 

Both Nanopure© water and 0.05M phosphate buffer spore diluents were tested to ensure 

their lack of cell toxicity and for their ability to maintain the spore's ability to infect host 

cell monolayers. Once adapted, the multi-well system provided the basis for 

determination of the Tissue Culture 50% Infective Dose (TCID50), the spore dose at 

which 50% of inoculated coverslips would be infected with microsporidia. The TCID50 is 

a quantitative measure that will enable disinfection testing, providing a basis for 

comparison of spore infectivity before and after disinfection. 

n. Materials and Methods 

A Organism, Cell Culture, and Media 

Spores of a duodenal isolate of Encephalitozoon (Septata) intestinalis, ATCC # 

50603, were maintained in 225-cm^ culture flasks (Costar, Cambridge, MA) of 

mycoplasma-free Rabbit Kidney (RK-13) cells, ATCC # CCL-37. Cells were grown to 
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confluency and maintained in RPMI medium (Gibco, Grand Island, NY) with 7% fetal 

bovine serum (FBS), (Omega, Tarzana, CA), penicillin 100 lU/ml, streptomycin 

lOOng/ml, and fungizone 0.25ng/ml (Biowhittaker, Walkersville, MD). Cells were 

incubated at 35°C in an atmosphere of 5% CO2 and humidity. 

B. Preparation of Spores 

Spores were harvested from the cell monolayers and pelleted as described 

previously in Chapter 4. The pellet, containing purified spores, was washed with sterile 

NANOpure®-water (Bamstead Thermolyne, Irvine, CA), re-centrifiiged at 1000 x g and 

re-suspended in sterile NANOpure®-water (Fig. 1). Using a hemacytometer (Neubauer-

ruled Bright Line Counting Chambers; Hausser Scientific, Horsham, PA), spores were 

counted in duplicate and adjusted to various concentrations in Nanopure® water or in 

0.05M phosphate buffer. All spores were harvested, purified and used within one week of 

harvest. 

C. In vitro Microplate Viability Assay for Determination of Infectivity 

Cell culture conditions, optimized in our laboratory and described in part in 

Chapter 2, were chosen for determination of viability and infectivity. RK-13 cells were 

grown in a 24-well plate format. Cells were removed from cell culture flasks with 

trypsin-EDTA (Sigma Chemical Co., St. Louis, MO) at 35°C. Cell counts were 

performed in duplicate using a hemacytometer. Cells were diluted in cell culture medium 

to a concentration of 2 x lo' cells/ml. Plates were seeded by placing one ml of cell 
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suspension onto 15mm^ Thermanox™ coverslips, which covered the surface of the wells 

in the 24-well plates. Plates were incubated at 35° with 5% CO2 and humidity for one to 

four days. After incubation, one ml of each spore dilution was inoculated onto previously 

seeded RK-13 cell monolayers, grown on coverslips and fed immediately prior to spore 

inoculation with one ml of 2X Minimal Essential Medium (Sigma, St. Louis, MO) 

prepared with 3.5% FBS. The resulting addition of spore suspension in 0.05M phosphate 

buffer or in Nanopure® water returned the cell media to IX concentration. 

Coverslips were inoculated (n = 6-10) for each spore dilution. Immediately after 

inoculation, 24-well plates were centrifuged at 2300 x g for 0, 10, and 30 minutes, then 

incubated at 35°C with 5% CO2 and humidity for 1 to 10 days. After incubation, 

coverslips were fixed with methanol, stained with Giemsa (Hema 3 Stain set. Fisher 

Scientific, Pittsburgh, PA), mounted with Gel/Mount (Biomedia Corp., Foster City, CA) 

on glass slides, and examined with a light microscope. The entire coverslip was scanned 

on 400X to determine the presence or absence of cytoplasmic cells vacuoles containing 

mature microsporidia spores. Evidence of infection and development of E. intestinalis 

was demonstrated by the presence of one or more inclusions present in RK-13 cell 

vacuoles. If inclusion(s) were seen, the coverslip was considered positive for infection. If 

there were no inclusions present in cell vacuoles, the coverslips were considered 

negative. Percent infectivity was calculated by dividing the number of positive (infected) 

wells by the total number of wells inoculated. 

D. Transmission Electron Microscopy (TEM) of cell monolayers 
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After incubation, coverslips were fixed in the multi-well plate by adding 1 ml of 

3% glutaraldehyde in 0. IM cacodylate buffer, pH 7.4. Post- fixation, embedding, cutting, 

staining, and grid preparation was performed in the Imaging Facility of the Arizona 

Research Laboratories, Tucson, AZ. 

nr. Results 

Non-infected cell monolayers were fixed and stained each day for four days and 

monitored with and inverted microscope to assess the period of incubation necessary to 

produce nearly confiuent monolayers for subsequent infection with spores. Cell 

monolayers did not reach confluency until day 3 after inoculation. Cells that were fixed 

and stained prior to day three showed visible signs of cell division after cells were stained 

with GHemsa stain. Cell chromosomes stained with Giemsa can interfere with 

microscopic examinations of the cell monolayer for microsporidia inclusions. Three days 

of incubation was chosen as the incubation period necessary prior to infection with 

spores. 

Infected cell monolayers were stained on each day for 10 days after infection and 

monitored for inclusions. Spore vacuoles were observable in RK-13 cell cytoplasm 

within 24 -7 2 hours after infection and remained intact for up to six days post infection 

(Fig. 2). Intact spore vacuoles were also observable after TEM and allowed for 

developmental spore stages to be visualized within the host cell cytoplasm (Fig. 3). 

Cytoplasmic vacuoles were observed to rupture after 7 days of incubation, so six days of 

incubation was chosen for use in subsequent experiments, optimizing the possibility of 
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cell vacuole formation while maintaining intact vacuoles necessary for identification of 

actively infected cells in culture. 

Percent infectivity was calculated for diluted spores in water and in phosphate 

buffer. The mean spore count per well necessary to achieve approximately 30% 

infectivity was determined. For spores in water that were not centrifuged onto cell 

monolayers, doses of 1 x 10^ spores/ml did not result in infection of at least 30% of the 

coverslips. Average infectivity was approximately 17%. After 10 min. of centrifiigation 

at 2300 X g, 30% infectivity was achieved with doses of approximately 4x10^ spores/ml. 

After 30 minutes of incubation 30% infectivity was achieved with less than 1 x 10^ 

spores/ml (Fig. 6.1). In PBS, centrifiigation had a similar effect with maximum 

infectivity achieved after 30 min. of centrifiigation; however, infectivity was slightly 

reduced in the phosphate buffer diluent to approximately 20% (Figure 6.2). 

rV. Discussion 

It was determined that 3 days of cell growth prior to infection with a subsequent 6 

days of infection would allow for the greatest number of cell vacuoles to be detected. 

While Nanopure® water seemed to provide some measure of enhanced infectivity, it was 

not substantial. Both diluents were determined to be suitable for use in further 

experiments to determine the TCID50 values for E. intestinalis in RK-13 cells described 

in Chapter 7. Both 10 and 30 min. centrifiigation times appeared to enhance infectivity, 

probably due to the forced proximity of spores and cells during centrifiigation. A 30 min. 
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centrifiigatioii was chosen for use in determination of the TCIDso and for chlorine 

disinfection studies described in Chapter 7. 
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CHAPTER 7: CHLORINE DISINFECTION STUDIES OF THE HUMAN 

MICROSPORIDIA, ENCEPHAUTOZOON (̂ OSMEKLY SEPTATA) INTESTINAUS 

I. Abstract 

Microsporidia have recently gained recognition as a group of pathogens with 

potential for waterbome transmission; however, little is known about the effects of 

routine disinfection on microsporidia spore viability. In this study, model systems were 

designed for Encephalitozoon (formerly Septata) in(estinalis, a human microsporidia 

found in the gut. Study objectives were to determine the in vitro infectivity of E. 

intestinalis spores and to assess the effect of chlorine on the organism's infectivity and 

viability. Enumeration methods to determine spore inoculum concentrations were 

determined by traditional hemacytometer counts and by counts derived from comparisons 

with a standard curve of spectrophotometric measurements, % transmittance (%T) at 625 

nm, taken from spore suspensions. To determine infectivity, rabbit kidney cell 

monolayers, seeded on coverslips in 24-well plates, were infected with various spore 

concentrations. Plates were centrifriged to enhance spore-to-cell contact and to 

synchronize infection. After a six-day incubation at 35°C, coverslips were jSxed, stained, 

and examined to determine the presence or absence of cytoplasmic cell vacuoles 

containing mature microsporidia spores. Dose response data for spore infectivity weis 

used to calculate a Tissue Culture 50% Infective Dose (TCID50) and a Minimum 

Infective Dose (MID) for E. intestinalis. Spores were treated with chlorine at 
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concentrations of 0, 1, 2, 5, and 10 mg/1. Exposure times ranged from 0-80 minutes at 

25° C and pH 7. MID data for K intestinalis were compared before and after chlorine 

disinfection. A > 3-log reduction (> 99.9% inhibition) of E. intestinalis MDD was 

observed at a chlorine concentration of 2 mg/1 after a minimum exposure time of 16 

minutes, suggesting that chlorine may have the potential to be an effective water 

treatment for K intestinalis. Logio reduction results based on hemacytometer-derived 

spore counts were equivalent to those based on %T-derived spore counts and indicate that 

spectrophotometric methods may substitute for labor intensive hemacytometer methods 

when counting spores for laboratory-based chlorine disinfection studies. 

n. Introduction 

Several factors have combined to place microsporidia on the EPA's critical 

contaminant list for emerging pathogens. Because microsporidia-related illnesses are 

being reported in increasing numbers, it is thought that their true prevalence is 

underestimated. The illnesses are severe and the most common form of the illness 

currently has no chemotherapeutic cure. In addition, the microsporidia are a group of 

common environmental organisms that have the potential to cause infection if they 

escape filtration and water treatment in the municipal water supply. At present, accurate 

nsk assessment is impossible, but the potential for outbreaks can be better assessed as 

more information about the human microsporidian life cycle and disinfection parameters 

becomes available. The overall goal of this study was to develop methods that would 

enable standardized testing of a human microsporidia, producing parameters for 
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infectivity comparisons before and after disinfection. Specifically, this work examines the 

use of an in vitro assay to assess the viability of one human microsporidia, E. intestinalis, 

after disinfection with chlorine, a common disinfectant used in municipal water supplies. 

This system serves to provide a starting point for disinfection studies using other agents 

and other human microsporidian species. This work provides the first published report of 

a human species of microsporidia that has sensitivity to chlorine at concentrations 

applicable to a human water supply. 

To date, few attempts have been made to optimize culture conditions and spore 

enumeration methods so that standardized quantitative assays may be used to monitor 

changes in the in vitro growth of the microsporidia after disinfection or drug 

susceptibility testing (62,149,154,155). In order to obtain quantitative data that could be 

used evaluate chlorine disinfection, a cell culture method in 24-weIl plates was optimized 

and enabled the calculation of a tissue culture 50% infective dose (TCID50) and a 

minimal infective dose (MED) for K intestinalis. The TCID50 serves as a quantitative 

measure of the infectivity and growth, determined by the number of organisms that need 

to be present to infect 50% of the cell culture wells tested. The MID serves as a measure 

of system sensitivity and a measure of infectivity. To date, a standardized MID or TCID50 

has not been reported for any species of microsporidia. 

Of primary concern for the water industry are the microsporidian species that 

infect the human gastrointestinal tract, Enterocytozoon bieneusi and Encephalitozoon 

iSeptatd) intestinalis. These two species are the most prevalent human species isolated. 

Because of their small size, 1.5-2 irni, and oval shape, they can easily be overlooked or 
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confused with other organisms. Microsporidia present a special challenge to the water 

treatment industry with regard to detection, filtration, removal, and species identification 

(12,12,23,79,192,201). 

Despite the limited epidemiological evidence for waterbome transmission of 

microsporidia, there is still reasonable concern about the potential for waterbome 

outbreaks. Surface waters are common environmental sources of microsporidia (11). 

Large numbers of microsporidia spores can be introduced to water and into the 

environment from stool, urine, or respiratory secretions of infected hosts. Spores are 

typically able to survive and maintain their infectivity for weeks, infecting non-human 

hosts through ingestion or direct inoculation of spores (23,58,81). In distilled non-

chlorinated water, some spores can resist temperature extremes, pH variation, and 

multiple freeze-thaw cycles to remain viable for up to 10 years (6,58,187,192). 

Furthermore, in order for waterbome transmission to occur in municipal water systems, 

microsporidia would have to survive typical water treatment processes such as 

chlorination. Because of the potential impact of microsporidia as a disease-causing agent, 

and the widespread use of chlorine as a water treatment, this study was designed to 

develop a reference method for spore infectivity and to examine the potential 

effectiveness of chlorine for inactivation of microsporidia. 

Because of the limited number of animal models and the low spore concentrations 

that can be produced in these models (1,2,165), an in vitro system was chosen to assess 

the effects of chlorine on microsporidia. Most, but not all, microsporidia grow well in 

various cell lines, permitting the use of an in vitro model for evaluation of organism 
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infectivity and growth (20,173,186). Since Enterocytozoon bieneusi has not been 

propagated to produce large numbers of spores in vitro (180), K intestinalis was chosen 

as the test organism for the disinfection studies. 

During the in vitro replication cycle, Encephalitozoon sp. typically form a 

cytoplasmic parasitophorous vacuole filled with large numbers of mature spores that will 

eventually rupture and release spores into the cell culture media (28,173). The 

parasitophorous vacuole can be visualized by fixing and staining infected cell monolayers 

Avith Giemsa stain prior to host cell rupture (14,200). Examination of stained monolayers 

provides a basis for in vitro examination of infectivity and viability since observation of 

cjrtoplasmic vacuoles filled with spores can only occur if the spores have germinated, 

infected host cells, multiplied, and matured. 

The overall goal of this study was to develop methods that would enable 

standardized testing of E. intestinalis, producing parameters for infectivity comparisons 

before and after chlorine treatment. An alternative spore counting method was compared 

to traditional hemacytometer-based counting methods for chlorine-treated spores. Cell 

culture procedures were optimized and standardized to produce a TCIDso and ME), 

infectivity results that are quantitative and can be used for future comparisons with other 

disinfectants and other microsporidia species. The methods used proved to be 

reproducible and laborsaving in comparison to the use of animal models and traditional 

hemacytometer-based counting methods. 

Using an in vitro 24-well plate cell culture model to monitor spore viability before 

and after chlorine treatment, it was determined that 2mg/l chlorine has an inhibitory 
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eflfect on the infectivity of E. intestinalis after 16 minutes of exposure, producing a > 3 

log reduction of spore growth. Results suggest that chlorine and may have potential to 

render E. intestinalis non-infective after routine water treatment. Use of these methods in 

future studies with source waters could provide the water industry with the new 

information to perform risk assessment for the potential of waterbome human 

microsporidia illness. 

m. Materials and Methods 

A. Organism, Cell Culture, and Media 

Spores of a duodenal isolate of Encephalitozoon (Septata) intestinalis, ATCC # 

50603, were maintained in 225-cm^ culture flasks (Costar, Cambridge, MA) of 

mycoplasma-free Rabbit Kidney (RK-13) cells, ATCC # CCL-37. Cells were grown to 

confluency and maintained in RPME medium (Gibco, Grand Island, NY) with 7% fetal 

bovine serum (FBS), (Omega, Tarzana, CA), penicillin 100 lU/ml, streptomycin 

lOOfig/ml, and fungizone 0.25ng/nil (Biowhittaker, Walkersville, MD). Cells were 

incubated at 35°C in an atmosphere of 5% CO2 and humidity. Each week for four weeks 

after infection, spores were harvested by removing the cell culture medium from the cell 

monolayer. Cell monolayers were immediately fed with fresh cell culture medium. 

Harvested fluid was centrifuged at 1000 x g for 10 minutes at room temperature in 50cc 

polypropylene tubes (Falcon, Becton Dickinson, Franklin Lakes, NJ) in a Sorvall T6000B 

centrifuge with an HIOOB rotor. After centrifligation, used medium was removed from 

spore pellets by aspiration. Spores were re-introduced into the original cell culture flask 
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and re-incubated as described. After four weeks, each 22Scm^ flask produced greater than 

I^IO' spores. With the help of the Arizona Research Laboratories, species identification 

was confirmed by transmission electron microscopy and by PCR with subsequent partial 

sequencing of the RNA small-subunit gene described in Chapter 8. 

B. Preparation of Spores 

Spores were harvested from the cell monolayers and pelleted as described 

previously in Chapter 4. The pellet, containing purified spores, was washed with sterile 

NANOpure®-water (Bamstead Thermolyne, Irvine, CA), re-centrifiiged at 1000 x g and 

re-suspended in sterile NANOpure®-water (Fig. 1). Using a hemacytometer (Neubauer-

ruled Bright Line Counting Chambers; Hausser Scientific, Horsham, PA), spores were 

counted (n=4) adjusted to a concentration of 1 x lO' spores/lOml of water, recounted 

(n=4) to ensure spore density, and stored at 4°C until use. All spores were harvested, 

purified and used within one week of harvest. 

C. Spore Enumeration Methods 

Various spore enumeration methods, their accuracy and applicability are 

described in Chapter 5. The equation for the least squares regression line was used to 

predict unknown spore concentrations based on the %T readings of the spore 

suspensions. Each spore suspension from subsequent chlorine disinfection experiments 

was tested in a similar manner to determine %T (n=3) and hemacytometer counts (n=2). 

A %T-derived spore concentration was calculated based on the linear regression analysis 
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equation of the spore concentration standard curve. To assess the similarity of 

hemacytometer counts wth %T-derived counts, sample means were compared using 99% 

confidence intervals were compared (47). 

D. Chlorine Disinfection Protocol 

An inoculum of I><10' spores was used for each chlorine test and for each control. 

Chlorine-demand-free (CDF) glassware was used for chlorine treatments. Test and 

control spores were mixed with equal velocity in borosilicate glass beakers. Beakers 

contained 100ml of CDF 0.05M phosphate buffer containing 0 mg/1 (control) or target 

concentrations ranging from 2-10 mg/I of chlorine. Chlorinated CDF buffer was prepared 

by adding reagent-grade sodium hypochlorite (NaOCi), (Fisher Scientific, Pittsburgh, 

PA) to sterile NANOpure®-water to obtain the desired chlorine concentration. Chlorine 

levels were adjusted to compensate for any chlorine demand exerted by the spore 

inoculum. Chlorine concentrations were determined using the N,N-dimethyl-p-

phenylenediamine colorimetric method (9). Beakers containing CDF buffer served as the 

controls. Exposure times ranged from 0 to 80 min. at 25 ° C and pH 7. After treatment, 

lOmI volumes were removed from the treatment beaker and placed in the sterile glass 

spectrophotometer tubes, containing 5 ^il of sodium thiosulfate (Na2S203), 10% wt/vol. 

(Fisher Scientific, Pittsburgh, PA) to neutralize the chlorine. The lOml samples were used 

for determination of spore density and for subsequent inoculation into cell culture for 

viability studies. Duplicate experiments were performed at each time point and chlorine 

concentration level, except for the 20 min exposure at 2 mg/1 (n=4). Replicate numbers 
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were calculated to produce results with a 90% power to detect a 3 log reduction in spore 

viability with a = 0.05 (47). 

E. In vitro Mlcroplate Viability Assay for Determination of Infectivity 

Cell culture conditions, optimized in our laboratory and described in part in 

Chapters 2 and 6, were chosen for determination of viability and infectivity. RK-13 cells, 

passage 190, were grown in a 24-well plate format. Cells were removed from cell culture 

flasks with trypsin-EDTA (Sigma Chemical Co., St. Louis, MO) at 35°C. Cell counts 

were performed in duplicate using a hemacytometer. Cells were diluted in cell culture 

media to a concentration of 2xl0' cells/ml. Plates were seeded by placing one ml of cell 

suspension onto 15mm^ Thermanox™ coverslips, which covered the surface of the wells 

in the 24-well plates. Plates were incubated at 35° with 5% CO2 and humidity for three 

days, a time period pre-determined to produce near confluent monolayers, with cells 

targeted to be near the end of logarithmic growth at the time of experimental spore 

inoculation. 

After disinfection with chlorine, 10 ml of spore suspension were removed from 

treatment beakers and used for in vitro viability testing as described. Hemacytometer 

spore counts were performed in duplicate and %T of the spore suspension at 625nm was 

performed (n=3). Chlorine-treated spores, with an average hemacytometer-based 

inoculum concentration of 8.83x10® (± 6.90x10®) spores/ml, were diluted in 0.05M 

phosphate buffer by ten-fold (log) dilutions ranging from 1:10 to 1:100,000. The average 

%T-derived concentration was 9.99 xio® (±1.32x10®) spores/ml. One ml of each dilution 
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was inoculated onto previously seeded RK-13 cell monolayers, grown on coverslips as 

previously described and fed immediately prior to spore inoculation with one ml of 2X 

Minimal Essential Media (Sigma, St. Louis, MO) prepared with 3.5% FBS. The resulting 

addition of spore suspension in 0.05M phosphate buffer returned the cell media to IX 

concentration, with the exception of extra phosphates from the buffer. 

Six coverslips were inoculated for each spore dilution. Control spores were 

inoculated in an identical maimer except that doubling dilutions were performed and 

dilutions ranged from 1:1000 to 1:128,000 of the original spore suspension. Mean %T-

derived and hemacytometer-derived spore inoculum concentrations were 8.37x10^ 

(±1.52x10®) spores/ml and 9.46^10® (±2.68x10®) spores/ml respectively. Controls were 

repeated in triplicate. Immediately after inoculation, 24-well plates were centrifuged at 

2300 X g for 10 minutes, then incubated at 35°C with 5% CO2 and humidity for 6 days. 

After incubation, coverslips were fixed with methemol, stained with Giemsa (Hema 3 

Stain set. Fisher Scientific, Pittsburgh, PA), mounted with Gel/Mount (Biomedia Corp., 

Foster City, CA) on glass slides, and examined with a light microscope. The entire 

coverslip was scanned on 400X to determine the presence or absence of cytoplasmic cells 

vacuoles containing mature microsporidia spores (Illustration 2). Evidence of infection 

and development of E. intestinalis was demonstrated by the presence of one or more 

inclusions present in RK-13 cell vacuoles. If inclusion(s) were seen, the coverslip was 

considered positive for infection. If there were no inclusions present in cell vacuoles, the 

coverslips were considered negative. Percent infectivity was calculated by dividing the 

number of positive (infected) wells by the total number of wells inoculated. 
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F. Dose Response and Logio Reduction Calculations 

Dose response curves were plotted using percent infectivity as the independent 

variable. The mean spore count per well was calculated by combining data from three 

control experiments performed within a one week period and averaging all spore counts 

of inoculum that produced the same percent infectivity value. Data was analyzed using 

both hemacytometer-derived and %T-derived spore counts. Standard deviations and 

corresponding 99 % confidence intervals were calculated for hemacytometer and %T-

derived spore counts. After plotting mean spore count per well versus percent infectivity, 

a linear regression analysis was performed using the "least squares" method. The least 

squares regression of the data produced a best fit curve, defined by a numerical equation 

that represents the slope of the line describing the dose response model, and an R^ value 

that provided correlation analysis for the dose response. The equation for least squares 

regression line was used to calculate the TCID50 of control spores used during the 

experiments. The equation of the regression line represents the equation of the dose 

response model. 

Percent growth inhibition and logio reductions were calculated in comparison to 

the lowest dilution of control spores that still produced infection, i.e., the minimum 

infective dose (MID). MID results for chlorine-treated spores were compared to MID of 

control spores using 99% confidence intervals (47). 
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IV. Results 

A. Control Spores: Dose Response, TCIDso, and MID 

Use of this disinfection model provided post-experiment control spores at mean 

hemacytometer-derived spore concentrations of 9.46 x 10® spores/ml and %T-derived 

concentrations of 8.37 x 10^. Spore recovery from the original inoculum was 94.6% and 

83.7% respectively. Calculated post-dilution mean hemacytometer counts and %T-

derived spore counts are presented in Figure 7.1 as a function of their corresponding 

percent infectivity in 24-weU RK-13 cell culture plates (n=3). Average number of spores 

per coverslip results are depicted with corresponding 90% confidence limits. A least 

squares regression analysis of the hemacytometer and %T-derived data produced the 

equations y = 224.34e ° and y = 189.86e ° respectively. The curves represent the 

dose response for control E. intestinalis spores inoculated into RK-13 cells in 24-well 

plate format. Both regression lines have the same corresponding R^ value of 0.98. Using 

both chamber-derived and %T-derived regression equations, the TCID50 for E. 

intestinalis can be calculated and was determined to be 915 spores/well and 809 

spores/well respectively. In all cases, means for %T-derived counts were within the 99% 

confidence limits of the hemacytometer data. These data sets were determined to be 

equivalent when evaluated using 99% confidence limits. 

B. Chlorine-treated Spores: Log Reduction 

Post-experiment chlorine-treated spores had mean hemacytometer-derived spore 

concentrations of 9.99 x 10® spores/ml and %T-derived concentrations of 8.83 x 10®. 
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Spore recovery from the original inoculum was 99.9% and 88.3% respectively. 

Averaged data for chlorine-treated spores (n = 2, except for T20 n=4) ±SD, are listed in 

Table 7.1 according to exposure time (T) for replicate experiments. Data represent 

inactivation kinetics of E. intestinalis spores exposed to 2 mg/1 chlorine in 0.05M 

phosphate buffer at 25°C and pH 7. Mean control spore results ±SD (n=3), are listed as a 

reference for calculation of log reductions in spore viability. The logio reduction data are 

also presented in Fig 7.2. For hemacytometer-derived and %T-derived data, a > 3-log 

reduction (> 99.9% inhibition) of E. intestinalis growth was observed after a minimum 

exposure time of 16 minutes (Tie and T20) at a chlorine concentration of 2 mg/I. 

Furthermore, reductions of > 3 logs were observed at 40 and 80 minute exposure in 2 

mg/1 chlorine and at 20, 40, and 80 minute exposures at 5mg/l and 10 mg/1 respectively 

(data not shown). 

Comparison of control MID with hemacytometer-derived doses inoculated after 

chlorine disinfection shows that chlorine-treated spores doses of 7.91 x 10' spores/well at 

Ti6, and 9.65 x 10^ spores/well at T20, no infectivity occurred in RK-13 cell monolayers 

concentrations. These doses are > 3 logs more than the MID of control spores and lack of 

spore growth at these concentrations represent a > 3 logio reduction in spore viability. 

Equivalent results were observed with %T-derived doses. Infection of chlorine-treated 

spores, Ti-Tg, produced results that were similar to control spores. Spores treated for brief 

time intervals with chlorine at 2 mgA were observed to have a noticeable enhancement of 

infectivity at Ti, T2, and T4; however, the power of this analysis was not sufficient to 

confirm statistical significance of this observation (Fig 7.2). 
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Mean MID results, showing inhibition of viability for spores treated with chlorine 

at TI6 and T20, are represented graphically in Figure 13 with the corresponding 99% 

confidence intervals. This diagram shows the differences between the MIDs of controls 

and chlorine treated spores. Considering that the MIDs for chlorine-treated spores at Tis 

and T20 represent the maximum detection limit of the RK-13 cell system for each data set, 

the real values are either greater than or equal to the graphed value. Figure 7.3 represents 

the decay of chlorine residual over time, as observed for all chlorine experiments 

performed. Despite a large chlorine burden of spores in suspension at high 

concentrations, it was possible to approach or exceed target chlorine concentrations with 

precision and accuracy using Percoll©-purified spore suspensions. 

V. Discussion: 

In vitro systems for nucrosporidia were optimized to create a system that enabled 

quantitative comparisons of the effects of disinfectants for E. intestinalis without the 

necessity of counting spores from cell culture supernatant or foci on cell monolayers. 

Centrifligation of E. intestinalis spores onto RK-13 cell monolayers forced spore-to-cell 

contact, increasing the opportunity for spores to infect host cells. Centrifiigation was 

intended to synchronize infection so that all spores had a similar time frame in which to 

multiply. Infected cells contained vacuoles that were easily visible by day six of 

incubation. 

The original inoculum had a concentration of l^io' spores in 100ml (1^10^ 

spores/ml). The treatment system provided for high recovery of control spores (83.7 -
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94.6 %). Percent recovery of chlorine-treated spores was slightly higher (88.7-99.9%) 

but siniilar to control spores. These high recoveries provide reasonable assuredness that 

spore populations are relatively homogenous both pre- and post-experiment. Equal or 

greater recovery of chlorine-treated spores assures that none of the loss of infectivity seen 

after chlorine treatment was due to loss of spores during the experiment. 

Results derived from doubling dilutions of control spores revealed sequential 

decreases in percent infectivity as spore dilutions decreased. A TCID50 of 809 spores/well 

was calculated from hemacytometer-derived data. When %T at 625 rnn was used to 

estimate the actual spore count, the TCID50 was 915 spores/well. Due to the large 

differences in spore concentrations derived from 10 fold dilutions of chlorine-treated 

spores, results for treated spores were not as sensitive in defining enough data points 

along the dose response curve to calculate a valid TCID50. Likewise, TCID50 values could 

not be compared for Tie or higher since the inoculum did not cause any infection even at 

the highest concentrations. However, it was possible to compare the MID of chlorine-

treated spores to the MID of control spores. Using these comparisons, a > 3 log reduction 

in spore infectivity was observed after chlorine treatment at Tig. Since it was not feasible 

to perform doubling dilutions over the entire concentration range necessary to determine 

a 3 log reduction in MID, 10 fold dilutions were performed. Ten-fold dilutions were 

adequate to determine a > 3 logio reduction in spore viability, but different dilutions may 

be necessary for actual TCID30 results to be calculated from chlorine-treated spores. 

It was noted that spores treated for brief time intervals with chlorine at 2 mg/1 

appeared to have a noticeable, but not statistically significant, enhancement of infectivity 
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at Ti, T2, and T4. Whether or not this enhancement would hold up to tests with sufficient 

power to detect this small-magnitude change remains to be seen. However it is entirely 

possible that proteins on the microsporidian exospore may undergo oxidation/reduction 

or disintegration due to the mild chlorine/sodium hypochlorite treatment that may enable 

germination of the polar tubuk through the weakened or altered spore wall. While 

perhaps unrelated, it is also noteworthy that chlorine treatment has been used to facilitate 

excystation and maximize sporozoite yield for another protozoan, Cryptosporidium 

parvum (117). In addition, sodium cations and chloride anions, both known to promote 

polar tubule discharge (77,94,167), may occur during treatment as a breakdown product 

of sodium hypochlorite. These events may occur to stimulate germination before the 

chlorine treatment reaches sufficient exposure to inactivate the organism. Further studies 

to prove and detail the mechanism of this enhancement may be useful to enhance growth 

of microsporidia from clinical or environmental samples. 

The in vitro system allowed for infection attempts with chlorine-treated spores in 

numbers at least 1,000 times (3 logs) greater than MID of control spores, at 

concentrations near or as high as 1^10® spores/ml. In vitro inoculation of organisms at 

concentrations greater than l^IO® is not prudent since dead organisms tend to accumulate 

in clumps on the cell monolayer and make microscopy difficult and imprecise. 

As previously described, several studies have assessed growth of microsporidia 

after treatment with antibiotics or other inactivation methods, but many variables exist 

and comparisons are difficult. In this study, a reproducible standardized assay was 

designed to determine two infective doses for E. intestinalis, the TCIDjo and the MID. 
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These doses were calculated before and after chlorine disinfection and compared to 

assess the potential effectiveness of chlorine disinfection. The TCID50 and the MID can 

also be used to assess other disinfection parameters and antibiotic susceptibility of 

microsporidia. 

The use of 24-well plates facilitated replicate testing at several chlorine 

concentrations and exposure times. Although testing with this system is labor intensive, it 

is less demanding than systems that use counting infected foci or routine counting of 

spore harvests from infected flask-based systems. Using Thermanox™ coverslips in the 

24-well plates enabled permanent mounting of cell monolayers and the ability to perform 

transmission electron microscopy on cell monolayers. 

Using %T readings to enumerate spores produced similar results and variability 

when compared to hemacytometer counts. Percent growth inhibition and logio viability 

reduction results were not significantly altered by useof %T-derived spore counts. 

It appears reasonable to use %T readings as a substitute for spore counts prior to 

dilution and cell infection. Use of %T readings has the potential to limit variation 

inherent to hemacytometer (163) enumeration of spores, making the TCID50 values more 

precise. 

Spectrophotometric readings have the potential to be useful for enumeration of 

spores after other disinfection treatments, but may not be useful in all situations. One 

report indicated that changes in turbidity at 625 nm was a measure of changes in 

trehalose concentration, observed as spore viability diminished (171). Using chlorine as a 

disinfectant did not trigger noticeable changes in spore density at 625 nm. Spores proven 
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to be non-viable in this model did not significantly vary in %T measurements when 

compared to control spores. However, any disinfectant or treatment that affects spore 

viability and causes corresponding changes to the internal sugar content may yield false 

results if only %T readings are used to enumerate spores. Comparison of hemacytometer 

coimts to counts derived from %T readings may help to determine the mechanism of 

spore death if changes in density indicate changes in sugar concentration. 

Many variables affect the results of an in vitro assay. In this assay, testing was 

performed in an attempt to optimize centrifligation, age of cells, cell density, and method 

for spore purification and enumeration. Other key variables, such as source of fetal 

bovine serum, pH of media, and media supplements may alter the results obtained. 

Changes in serum supplier and other reagents may change TCID50 values for K 

intestinalis, therefore, it is imperative that standard conditions are maintained throughout 

the entire experiment. In addition, it has been noted that changes in pre-exposure growth 

conditions of other organisms may influence their sensitivity to disinfectants (83), so it is 

reasonable to assume the same issues may exist for microsporidia. As changes are made, 

it will be important to evaluate each set of experiments with the MED and TCID50 derived 

under those conditions. 

Because RK-13 cells are easily cultivated and produce rapid growth of 

Encephaliiozoon sp., this system will enable the assessment of quantitative affects of cell 

culture variables on the growth of E. intestinalis and perhaps other microsporidia. It can 

serve as a baseline for future cell culture modiflcations and growth enhancements aimed 

at producing even lower MID and TCIDjo values. Awareness of these conditions may 
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eventually facilitate in vitro growth of the microsporidia species that currently cannot be 

cultivated by traditional methods. 

Although the effects of all in vitro variables have not yet been assessed, the 

system is still a useful model for comparative purposes and for evaluating disinfection 

parameters. Chlorine targets could be reached by using spore suspensions prepared by 

Percoll®-purification. Labor-saving spectrophotometric methods proved adequate for 

determining spore counts near 1 x 10^ spores/ml, the approximate concentration of 

control and chlorine - treated spores in the test system. Most importantly, this system 

produced data from which a > 3 logio reduction could be calculated after treatment with 

chlorine. 

More testing will be necessary as further optimization is required and to 

determine the effect of source water on the chlorine disinfection capabilities. Studies 

using laboratory waters and buffers are helpful to determine disinfection parameters and 

ranges, but no definitive conclusions can be drawn about chlorine's effect on 

microsporidia in the environment until source water studies have been performed. 

The findings in this study may help water industry regulators to begin to 

determine the requirements for chlorine inactivation of microsporidia. This system 

detected changes in spore viability caused by chlorine disinfection at 2 mg/1 in phosphate 

buffer for 16 minutes. Multiplying concentration by exposure time will produce a CT 

(concentration x exposure time) value of 32. Most water utilities provide a median 

chlorine residual of 1.1 mg/1 at a median exposure time of 45 min to the point of first use 

in the distribution system, a CT value of >49 (190). Therefore, the results of this study 
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indicate that chlorine may prove to be a reasonable water treatment for inactivation of E. 

intestinalis in the municipal water supplies if similar results are obtained from studies 

performed in natural waters. 
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CHAPTER 8: A SENSITIVE, HIGH-FIDELITY MOLECULAR DETECTION 

METHOD USING OPTIMIZED HOT-START PCR INCORPORATING dUTP AND 

URACIL-A'̂ GLYCOSYLASE TO DETECT ENCEPHAUTOZOON(SEPTATA) 

INTESTINAUS 

Abstract 

Molecular testing for human microsporidia presents challenges for both clinical 

and environmental laboratories. Issues relevant to sample screening by PCR include 

choice of target sequences and primers, DNA extraction methods, PCR false positives, 

and result interpretation. In this study, a microwave technique for microsporidia spore 

lysis and DNA release was compared with freeze-thaw techniques prior to DNA 

extraction. Microwave energy was found to be a simple and efficient method for spore 

lysis prior to DNA extraction. In addition, previously characterized primers were used to 

design a high fidelity PCR that incorporates dUTP and uraciI-A''-glycosylase as an extra 

measure of contamination control. PCR with carryover prevention (PCR-COP) is 

resistant to false positives resulting fi^om contamination by DNA amplified in previous 

reactions. Optimization of the hot-start PCR-COP conditions minimized mispriming and 

misincorporation of dNTPs, thereby avoiding errors in amplified nucleotide sequences 

caused by low stringency PCR conditions. Microwave lysis, combined with PCR-COP, 

produced a 382 bp PCR product that could be detected by agarose gel electrophoresis. 

The system's sensitivity was 13 spores per 50ul PCR reaction. Direct sequencing of PCR-
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COP amplicon produced nucleotide sequences that were 100% homologous to known 

published E. intestinalis sequences. This system provides a sensitive, specific, high 

fidelity PCR protocol with carryover prevention for use in human and environmental 

surveillance of microsporidia. The method can be used as a basis for future primer pair 

comparisons and for screening specimens to obtain additional information on the life 

cycle, transmission and epidemiology of microsporidia. 

Introduction 

Microsporidia-related illnesses are being reported in increasing numbers and 

produce severe symptoms for immunocompromised hosts. At least 14 microsporidian 

species are known to infect humans. Most human infections are found in the severely 

immunocompromised and produce a variety of symptomatic diseases with high mortality 

rates (58,79,101,205). 

Furthermore, microsporidia are members of a group of common environmental 

organisms that have the potential to cause infection if they escape filtration and water 

treatment in the municipal water supply, but to date, no conclusive evidence has been 

presented. Microsporidia have been isolated from surface water (11) and microsporidian 

DNA has been detected in water supplies (63,162). Other reports have suggested the 

possibility that water sources may be associated with human infection (66,92). 

Ultimately, the potential for outbreaks caimot be assessed until more information about 

the human microsporidia life cycle, transmission and ecology becomes available. Despite 

the appeal of molecular testing, use of molecular techniques for confirmatory 
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identification of human microsporidia from environmental or non-human sources 

presents many unique challenges. 

In this study, the challenges of using and interpreting currently available 

molecular testing methods for microsporidia are examined. Clearly, the need exists for 

simplified sample processing, and for a sensitive and specific PCR of confirmed high 

fidelity to produce accurate and comparable information required for determination of 

species identification. In addition, documented PCR resistance to false positives is 

essential when testing multiple samples so that results are representative of the true 

prevalence and ecological niche(s) of the human microsporidia (76,133). 

Typical DNA extraction methods for microsporidia are traditionally labor 

intensive. DNA extraction from microsporidian spores requires that the thick, chitinous 

spore wall be disrupted. Methods for release of DNA from spores include boiling, freeze-

thaw, glass-bead disruption, and incubation with lyticase, chitinase, or proteinase K. 

DNA release is followed by various DNA extraction or purification methods 

(46,68,72,128,202,203). Commercial kits have also been used with success (64,76,182). 

In an effort to simplify sample processing procedures, a freeze-thaw procedure was 

compared to a simple microwave procedure for releasing DNA from microsporidia 

spores. Spore lysis was combined with a commercially available DNA purification 

system to remove PCR inhibitors that may be found in water or fecal samples. 

For microsporidia, nucleotide sequences for the rRNA gene (rDNA) have been 

the predominant target for the development of molecular diagnostic tools, including PCR. 

Several primer sets and protocols have been used to amplify rRNA gene fragments from 
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microsporidia in order to detect microsporidia from clinical and environmental specimens 

(76,202). Although severed primer sets have been published, the lack of standardized 

primers and PCR conditions make PCR results difficult to compare. Little information is 

available on the specificity and sensitivity of various primer sets for PCR, therefore, 

results can vary widely (202). In one blinded, multi-center study, PCR diagnosis of 

microsporidia-spiked stool specimens was compared. The ability of molecular tests to 

detect a true positive, spiked with 10^ to 10^ spores/g of stool, ranged from 36-96% (140). 

Other studies reported PCR sensitivity in fecal specimens to be 200 - 1000 spores by 

agarose electrophoresis (63,128). 

The issue of PCR contamination is also one of great concern to laboratories that 
« 

test multiple clinical and environmental samples. In one blinded, multi-center study, 

designed to test PCR detection of microsporidia-spiked stool specimens, laboratories 

reported a 4.5% false positive rate. A result like this is not unexpected. Because of the 

sensitivity of PCR, the method is prone to contamination by non-specific DNA and 

carryover contamination of previously amplified DNA. False positive rates up to 20% 

have been reported for other organisms when PCR is used for diagnostic testing 

(125,126). It is clear from the results of these studies that PCR carry-over prevention 

(PCR-COP) practices are not always adequate. Diligent amplicon decontamination and 

some form of carryover prevention, such as the use of uracil-A''-glycosyIase (UNG), are 

necessary when testing multiple clinical and environmental samples (82,133,143). UNG 

is as an enzymatic form of carry-over prevention. Incorporation of deoxyuridine 

triphosphate nucleotides (dUTPs) for deoxythymidine triphosphate nucleotides in the 



102 

PCR reaction produces a PCR product containing dUTP. Incubation of all PGR reaction 

mixtures with UNG prior to DNA amplification destroys potential dUTP-containing 

amplicon from previous reactions before further amplification occurs (110,133). 

Estimating the size of a PCR fragment(s) by gel electrophoresis is commonly used 

to detect specific PCR products, but is usually not sufficient to confirm specificity of 

PCR (76). DNA sequencing of PCR product is one of the most accurate means to 

determine PCR product ideKEity, however, only 56 of 1200 microsporidian species have 

molecular sequences available for computer homology database comparisons (16,76). 

Moreover, DNA sequencing error has been reported as a source of ambiguity in some 

published sequences (76). To date, issues of PCR fidelity, as they relate to accuracy of 

subsequent DNA sequences derived from PCR, have not been addressed. 

This study represents one of the first efforts to simplify and optimize PCR for use 

as a molecular screening tool for detecting human microsporidia, E. intestinalis. The 

PCR-COP method described here combines a simplified DNA extraction with enzymatic 

safeguards for carry over prevention and conditions of proven fidelity and sensitivity that 

provide subsequent sequence determinations of known accuracy. We have used the PCR-

COP method to successfully amplify and identify DNA from E. intestinalis spores in 

laboratory and in source water. 
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I. Materials and Methods 

A. Organism, Cell Culture, and Medium 

A duodenal isolate of Encephalitozoon (Septata) intestinalis, ATCC # 50603, was 

maintained in 75-cm^ culture flasks (Costar, Cambridge, MA) containing mycoplasma-

free Rabbit Kidney (RK-13) cells, ATCC # CCL-37. Cells were grown to confluency and 

maintained in RPMI medium (Gibco, Grand Island, NY) with 7% fetal bovine serum 

(FBS), (Omega, Tarzana, CA), penicillin lOOIU/ml, streptomycin lOO^ig/ml, and 

fungizone 0.25|ag/ml (Biowhittaker, Walkersville, MD). Cells were incubated at 35°C in 

an atmosphere of 5% CO2 and humidity. Mature K intestinalis spores were harvested and 

centrifuged at 1000 x g for 10 minutes at room temperature in 15cc polypropylene tubes 

(Falcon, Becton Dickinson, Franklin Lakes, NJ) in a Sorvall T6000B centrifuge with an 

HIOOB rotor. Spore pellets were purified from cell debris by using a differential density 

gradient centrifugation with an isopycnic gradient of Percoll® (Amersham Pharmacia 

Biotech, Piscataway, NJ). Equal volumes of Percoll® and spore harvest pellet was mixed 

with sterile NANOpure®-water (Bamstead Thermolyne, Irvine, CA) water in a 15cc 

conical polypropylene tube. Tubes were centrifuged at room temperature at 2300 g for 

30 minutes. The pellet, containing purified spores, was washed, re-centrifuged at 1000 x 

g and re-suspended in sterile NANOpure®-water. Spores were counted (n=4) in 

Neubauer-ruled Bright Line Counting Chambers (Hausser Scientific, Horsham, PA), 

adjusted to a concentration of 5.0 x 10® spores/ml of absolute ethanol, and stored at 4°C 

until use. 
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B. DNA Extraction 

Total DNA was extracted from seeded samples of E. intestinalis and was used for 

PGR optimization. Briefly, 1ml samples of spores in ethanol were centrifiiged at 14,000 

X g for 1 minute in a Microfuge 18 microcentrifuge (Beckman, Palo Alto, CA). Ethanol 

supernatant was discarded, 200-500i/l of HPLC grade water (Fisher Scientific, Pittsburgh, 

PA) was added to the spore pellet, and the suspension was vortexed. Each sample was 

placed in a microwave and subjected to 30 seconds of 600W microwave energy (20 

Joule) in a Hotpoint Counter Saver 2 (GE/Hotpoint, Louisville, KY). DNA was purified 

from spores using the SV RNA isolation kit (Promega, Madison, WI) and the QIAamp 

DNA Mini Kit (Qiagen, Santa Clara, CA), used according to the respective 

manufacturer's instructions and modifications for isolation of genomic DNA. 

Alternatively, DNA was released from the organisms using 3-5 cycles of freeze thaw 

processing with exchanges of submersion in liquid nitrogen alternated with submersion in 

a 37°C water bath. Extracted DNA was stored at 4°C or -20°C until analysis. Control 

DNA from E. cuniculi, E, hellem, V. comeae, Endoreticulatis schuberti, and 

uninoculated RK-13 cells was extracted in the same way and used for PCR specificity 

testing. For E. intestinalis, DNA recovery and quantitation was tested using membrane 

strip analysis of total DNA (DNA Dipsticks; Invitrogen, Carlsbad, CA) according to the 

manufacturer's instructions. 
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C. PCR Amplification 

DNA amplification of portions of the SSU-rRNA gene was accomplished by 

using PCR. The forward primer VI (5 - CACCAGGTTGATTCTGCCTGAC-3') is based 

on the sequence of Vairimorpha necatrix at the 5' end (185) which aligns with 

nucleotides 1-22 of E, coli (76). It is a universal microsporidia primer. The reverse 

primer, SI500 (5 - CTCGCTCCTTTACACTCGAA-3') is an antisense primer located at 

position 500 based on the aligimient ofE. intestinalis with E. coli (203,207) (203). It is E. 

intestinalis-slpGC\^ic and based on nucleotides 351 - 368 of the SSU-rRNA sequence 

(GenBank accession No. LI9567) (207). PCR primers and probes were synthesized and 

gel-filtration-purified by Midland Certified Reagent Co., Midland, TX. Temperature for 

the PCR reaction was optimized using the Eppendorf Mastercycler® gradient (Eppendorf 

Scientific, Inc., Westbury, NY). 

The PCR reaction was performed in a total reaction volume of 50|il and was 

optimized for concentrations of MgClj, dNTP, enzyme, primer, and template. PCR 

conditions were defined using the following components from PE Applied Biosystems, 

Foster City, CA: lOX Gold Buffer™, AmpliTaq Gold ™ polymerase (0.025U/|a,l - 0.50 

U/^iI), dATP, dCTP, dGTP (100-200nM), dUTP (200-400nM); and MgCh (1.5,2.0,2.5, 

and 3.0mM). AmpErase® (Uracil-A'^glycosylase or UNG), also from PE Applied 

Biosystems, was added at concentration of 0.01 U/|i..l Concentration of each primer was 

200 nM; DNA template was added, 5 |jJ for each 50^1 reaction. 

Thermal parameters for PCR were as follows: 52°C for 2 min, to allow UNG to 

destroy any amplicon containing dUTP that may have been carried over from a previous 
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reaction. A denaturation step at 9S°C for 10 minutes also served to inactivate residual 

UNG so it would not be able to break down any new PGR product and to thermally 

activate the AmpliTaq Gold™ polymerase. Samples were subject to 35 cycles of 30 sec 

denaturation, annealing, and elongation at 94°C, 57°C gradient +/- 5° C, and 72°C 

respectively, with the last elongation step extended for 10 min. After PGR, samples were 

tested immediately or immediately placed at 4°G or -20®G until use. 

D. PGR product analysis by Gel Electrophoresis 

Loading Dye (Sigma, St. Louis, MO) was added at a concentration of I nl to 9ul 

of amplicon. PGR product was analyzed by using agarose gel electrophoresis on 

horizontal 2% high purity agarose gels in TBE buffer (Gontinental Laboratory Products, 

San Diego, GA). Gels contained ethidium bromide, (Amresco, Solon, OH) at a 

concentration of 1.25ug/ml gel. Electrophoresis was performed at 90Volts for 90min. 

After electrophoresis, PGR products were visualized and photographed with UV 

transillumination at 254nm. Precision Molecular Mass Standards (Bio-Rad Laboratories, 

Hercules, GA) were used to semi-quantitate DNA concentration of PGR products to 

determine differences in amplicon yield. A 50bp ladder DNA marker set (Amersham-

Pharmacia Biotech, Inc., Piscataway, NJ) was used to determine molecular weight of the 

PGR product. 
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E. UNG activity 

After PCR, samples were re-tested to assess the performance of UNG. Enzyme 

activity was tested by adding fresh UNG (0.004U-0.01U/ul) to a 1:10 dilution of the fresh 

PCR-COP ampiicon. Samples were placed back into the thermal cycler for 10-30 min at 

52°C, to provide an optimal temperature for UNG activity. Tests for residual UNG were 

performed by subjecting 1:10 dilutions of freshly amplified samples to 52 °C for 30 min. 

All samples were analyzed by agarose electrophoresis. The quantity of DNA was 

estimated by using Precision Molecular Mass Standard (BIO-RAD, Hercules, CA). 

F. DNA Sequencing 

To rule out the possibility of sequencing error, duplicate sequences were 

performed, each from a different PCR reaction. Representative samples of amplification 

products produced from both freeze-thaw extracted and microwave extracted PCR 

product were purified using the QIAquick PCR Purification Kit (Qiagen, Santa Clara, 

CA), and sequenced using a PE Applied Biosystems automated 377 DNA Sequencer. The 

system uses dye-labeled terminators and cycle sequencing with fluorescent detection. 

Sequencing was performed by the University of Arizona Laboratory of Molecular 

Systematics and Evolution, Tucson, AZ. Both strands were sequenced using forward and 

reverse primers. Using a BLASTn Search (4,5), homology of SSU-rRNA sequences were 

compared to DNA sequences of SSU-rRNA genes obtained from the e-mail server from 

the Ribosomal Database Project (103) and from GenBank (16). 
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n. Results 

A. DNA Recovery 

Both freeze-thawed and microwaved spore samples containing 2.5 x 10^ spores 

yielded equivalent concentrations of DNA after extraction procedures were performed. 

Semi-quantitative DNA measurement indicated that approximately 0.5 ng of DNA/jil of 

DNA was extracted for each condition tested. Microwave sample preparation showed a 

slight but discernible advantage with regard to the total DNA extracted. 

B. Primer analysis/PCR optimization: 

Using the V1/SI500 primer set, both FT and MW-extracted specimens were 

amplified by PCR and produced the expected target sequence, a diagnostic 382 bp 

fragments. Optimal annealing temperature was defined as the temperature producing the 

highest yield of specific product with little or no primer or other artifacts. With an 

annealing time of 30 sec, the optimal annealing temperature (Ta) was determined to be 

(Fig. 4). 

Final optimized PCR conditions were as follows: lOX Gold Buffer™, AmpIiTaq 

Gold ™ polymerase, 0.02517/^1; dATP, dCTP, dGTP each 200(iM, dUTP at 400|iM; and 

MgCh 2.5mM. AmpErase® (Uracil-A'^glycosylase or UNG), also from PE Applied 

Biosystems, was added at a concentration of 0.01 U/nl. Concentration of each primer was 

200 nM. A volume of 5 nl of DNA template was added for each 50pU reaction. 
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C. UNG Activity; 

No residual UNG activity was detected in PCR-COP amplicon when 

concentrations as low as 0. 004 U/|il were used in the PGR reaction mixture. UNG was 

efifective for removal of PGR product with DNA concentrations of approximately 5-10 

ng. When fresh UNG, in concentrations as low as 0.02U/ul, was added to 1:10 dilutions 

of previously amplified samples and incubated at 52°C for 30 min., amplicon was 

undetectable by agarose gel electrophoresis (Fig. 5). Over 200 positive samples have 

been tested by PGR in our laboratory over a 9 month period. Negative controls are 

included with each PGR run. To date, no PGR contamination events have occurred using 

the PGR-GOP method of DNA amplification. 

D. Specificity: Sensitivity; Sequence Gonfirmation 

Using optimized PGR-GOP conditions, there were no apparent differences 

between the sensitivity of the PGR procedure using FT- extracted DNA and MW-

extracted DNA. Both procedures produced template that was amplified with the 

optimized PGR conditions. Sensitivity for each PGR-GOP assay, reported to the nearest 

whole number, is 13 spores per reaction mixture, equivalent to the DNA from 4 

microsporidian spores after calculating for the portion of the total reaction mix that loads 

to the gel OFig- 6). The spore count necessary to produce 13 spores per reaction mixture 

was 500 spores for each ml to be extracted. 



110 

PCR-COP product was 362 bp long Avithout the primers attached. Extraction by 

MW did not alter the template so as to cause detectable sequence errors in the final 

product. Direct sequencing of both PCR products produced sequences with 100% 

homology to published intestinalis sequences U09929, L39113, LI6866, and LI6867, 

confirming the fidelity of PCR conditions and the effectiveness of the MW extraction. 

Sequence homology was also confirmed for partial sequence U39297. Only partial 

homology was obtained for sequence LI9567 due to its sequence differences with other 

published sequences. 

No PCR product was produced for the most closely related organisms: E. hellem 

and E. cuniculi, or for E schuberti. RK-13 cells did produce a barely visible PCR-COP 

product (Fig. 7), but when sequenced, the DNA was not homologous to that of any 

microsporidian organism. 

m. Discussion 

Epidemiologic and environmental screening for microsporidia should use PCR 

with documented sensitivity, fidelity, and resistance to false positives. Existing molecular 

strategies were adapted and new strategies were designed to improve methods used for 

detection of microsporidia. A labor saving microwave sample preparation method was 

used and produced results identical to traditional fireeze-thaw methods. The PCR-COP 

was designed to facilitate routine molecular screening of large numbers of clinical and 

environmental specimens with minimal risk of felse positives and maximized fidelity, 

specificity and sensitivity. PCR-COP was proven to be resistant to false positive results 
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caused by contamination with amplicon from previous reactions. Additionally, the 

fidelity and sensitivity of the PCR-COP was documented. PCR-COP repeatedly 

amplified E. intestinalis DNA with 0% error and a sensitivity of 13 seeded spores per 

PGR reaction, the equivalent of DNA from 4 spores. The PCR-COP protocol can be used 

for screening of human and environmental samples of E. intestinalis and in combination 

with other traditional methods for confirming the taxonomy of microsporidia. It can also 

be used as a baseline for much needed primer sets comparisons such as those described 

for Cryptosporidium parvwn (143). 

A microwave technique for microsporidia spore lysis was compared with freeze-

thaw techniques prior to DNA extraction. Boiling and heating have been previously used 

as a sample preparation step for DNA extraction of microsporidia and other organisms to 

damage the spore coat and cell membranes, freeing internal stores of DNA (64,128,172). 

A microwave modification of heating allows for simplified, efficient spore lysis and 

DNA release. Microwave spore lysis, followed by selective centrifugal filtration and 

selective DNA adsorption and elution, produced results with identical sensitivity and 

sequence quality as those produced by freeze-thaw lysis of spores. 

The PCR-COP method uses the enzyme uracil-N-glycosylase (UNG) as an 

enzymatic form of carry-over prevention. Using standard molecular laboratory practices 

and PCR-COP prevented false positive results during multiple testing with over 200 

positive samples. Only one of the existing PCR protocols for microsporidia incorporates 

the use of UNG. This study (98) used a nested PCR protocol to amplify microsporidia 

rDNA, but does not show evidence of UNG efficiency or evidence for lack of residual 
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enzyme. Since nested PCR protocols are inherently fraught with even greater risks of 

contamination than routine PCR, they are not recommended for use in routine testing 

laboratories (133). Our PCR-COP protocol provides adequate sensitivity for sample 

screening and effectively dismantled amplicon at concentrations much higher than typical 

PCR contamination events, making the protocol resistant to false positives. 

In this study, a small diagnostic 382 bp fragment located in the SSU-rRNA gene 

of E. intestinalis was chosen as the target of a PCR screening protocol. The V1/SI500 

primer set (203) was used because this primer set has already undergone relatively 

rigorous specificity testing as compared to other published primer sets. Specificity testing 

was performed with DNA from a variety of microsporidia, and with DNA from other 

genera such as S. cereviseae, and E. co//.(37,72,74,76,128,205). Despite a single base 

mismatch to other typical sequences near the 3' end of the SI500 primer, this primer set 

has been shown to produce excellent results when used to amplify E. intestinalis from 

various specimens, including DNA from infected tissues, body fluids, stool samples, and 

cell cultures (76). Other primer sets have been used to amplify E. intestinalis but have not 

had such rigorous specificity testing performed (76). 

Estimating the size of a PCR fragment(s) by gel electrophoresis is usually not 

sufficient to confirm specificity of PCR (76). Reports based on gel analysis alone are 

often reported without confirmation of PCR product (21,42,44,45,48,50,51,107,179). 

Without confirmation, amplification of similar, but non-identical, sequences cannot be 

ruled out (76). PCR products must be confirmed with Southern blots probed for sequence 

specific DNA regions, multiple restriction enzyme digests, or DNA sequencing. Without 
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appropriate confirmation, these reports have the potential to produce misleading results 

for funding agencies and diagnostic microbiologists, especially in light of the limited 

knowledge of the epidemiology and ecological niche(s) of the human microsporidia. 

To date, high fidelity PCR with subsequent DNA sequence confirmation currently 

provides one of the most accurate molecular methods for microsporidia detection; 

however, species identification is another matter. Even with sequence confirmation, 

results derived from small DNA fragments must still be interpreted with caution, 

especially when testing non-human or environmental specimens that may contain species 

or genetic sequences that are not yet fiilly characterized. Some microsporidia are known 

to possess very high sequence homology, with as little as 1.6% sequence differences 

(113). This is problematic given the limited number of human sequences available in the 

GenBank. With only six human species characterized, (76) molecularly uncharacterized 

species may possess DNA sequences nearly identical to currently sequenced isolates. 

Results can be ambiguous even when hybridization, RFLP, or sequences are performed 

on PCR products. Results must be interpreted with consideration of the length and 

location of the rDNA sequences within the rRNA gene. Computer database homology 

comparisons to known species of microsporidia may produce misleading results unless a 

large and variable enough segment of rDNA is used for these computerized comparisons. 

DNA amplification and sequencing errors are two other obstacles that must be 

overcome to ensure accurcrts molecular confirmation and sequence interpretation. 

Molecular detection of infectious disease agents calls for protocols that are very sensitive. 

Unfortunately, PCR conditions are often optimized for high sensitivity at the expense of 
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high stringency, fidelity, and specificity. For human and environmental screening, it is 

imperative to maximize both sensitivity and specificity of the PCR reaction. Under 

conditions of low stringency, non-specific mispriming can occur and can be amplified by 

PCR. If the amplified PCR product is sequenced, the results of DNA sequencing may be 

altered or contain artifacts. The possibility of procedural artifacts may be evidenced in the 

percent differences among sequences firom conserved DNA regions between members of 

the same species. Sequence differences have been reported to be as high as 2.7% (76) 

when compared to the original reports for Encephalitozoon intestinalis and 

Enterocytozoon bieneusi sequences (208,209). It is not known whether or not these 

differences represent true polymorphisms in multicopy genes or if they are the result of 

sequence artifacts or low fidelity PCR. It is noteworthy that these sequences were 

performed in triplicate before placement into GenBank (16), a practice that diminishes 

the potential for sequence artifacts and errors. Therefore, it may be possible that the 

results represent true differences, since heterogeneity has been suspected in I6S rDNA 

from other organisms (32,138,188). Alternatively, low stringency PCR conditions and 

low annealing temperatures, used to produce the relatively long PCR products in these 

studies, may have caused misprimings resulting in the sequencing differences. Sequence 

errors such as these may be unavoidable in instances where low annealing temperatures 

are required, but they should be avoided when using diagnostic molecular assays to 

screen for known pathogens. Moreover, knowledge of enzyme fidelity and typical 

sequencing error rate for known control organisms run with the same PCR conditions is 
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essential when attempting to perform PCR product sequence comparisons with molecular 

databases. 

Clearly, more data comparisons are needed, especially those including sequence 

analysis and information on the ITS regions of microsporidia species/strains from 

different hosts and environmental niches, before the epidemiology of microsporidia can 

be fully described and defined. Until such testing and studies occur, the route(s) of 

transmission and the true ecology of these organisms remains unknown. Eflforts must be 

made to develop extensive molecular databases needed to perform appropriate 

comparisons with environmental and mammalian microsporidia. The taxonomy of 

microsporidia have changed and will continue to change as new molecular data is added 

to classification systems (76). 

In this study, great care was taken to minimize any type of sequence errors. To 

avoid errors in amplified nucleotide sequences of the PCR-COP amplicon, a heat-

activated Taq polymerase was used to produce hot-start PCR conditions, thereby 

diminishing mispriming caused by low stringency PCR conditions. This high fidelity 

enzyme, estimated to produce only one bp error per 100,000-150,000 bp, also minimized 

dNTP misincorporation. Additionally, a temperature gradient, used to determine the 

highest possible annealing temperature that could be used without sacrificing sensitivity, 

combined with optimization of other chemical conditions and thermal parameters 

produced a PCR reaction of maximum fidelity. 

It has been suggested that it may be problematic to compare DNA sequences of 

multicopy genes, like the rDNA of the microsporidia, when they are obtained with 
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different sets of PGR primers because they may have different affinities to different 

classes of rDNA genes used to speciate organisms. Primers may have different afSnities 

to different classes of rRNA genes used to speciate organisms and therefore cause 

preferential amplification of different genetic sequences. Furthermore, different copies of 

a gene may exist within one gcaiome. Polymorphisms can occur, although so far they are 

mostly conserved in ITS regions of the genome (141). Therefore, users must exercise 

caution when using different primer sets than those used to define the original DNA 

sequence. Results of sequence comparisons of PGR products obtained using other primer 

sets than those used to derive the GenBank sequence may produce misleading 

conclusions, especially if the primer set has not been rigorously tested for specificity. Use 

of a different primer set for amplification of E. intestinalis rDNA by PGR-GOP did not 

affect the direct sequencing of the PGR product. Sequences fi-om both fi^eeze-thaw and 

microwave DNA extraction methods and amplified by the V1/SI500 primer set produced 

PGR products with nucleotide sequences that had 100% homology to previously 

published DNA GenBank sequences for intestinalis, U09929 (182). Sequences were 

identical despite different cell cultured spore growth conditions, primer sets, and 

extraction methods. This optimized protocol was used to detect seeded E. intestinalis 

spores in of laboratory water. 

Because few comparative molecular studies have been performed, PGR should 

not be used as the sole identification tool for clinical or environmental isolates, but can be 

used as an effective screening method. PGR protocols can be usefial for epidemiologic 

and environmental screening if they are designed for high fidelity and sensitivity. PGR 
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products of 400 bp or less can be sequenced and aligned with molecular databases to 

provide presumptive evidence that human microsporidian species have been identified. 

For testing unknown isolates, PCR screening can be followed by molecular testing of 

larger and more variable genetic sequences or combined with other proven means of 

species identification. In order to discriminate with a high degree of confidence between 

human and non-human species of microsporidia, multiple test methodologies need to be 

used for taxonomic placement of organisms (76). 

The need exists for continued development of sensitive, specific, and robust 

molecular procedures of confirmed high fidelity and sensitivity that will produce 

sequences of sufficient length to enable confident taxonomic placement of newly 

identified microsporidian species. Adaptation of PCR methods, such as the one described 

here, will be essential for screening large numbers of source water and human samples to 

determine the true prevalence of microsporidia and microsporidial disease. Additional 

testing will be necessary to provide evidence to determine the location of environmental 

reservoirs of these pathogens and to assess the viability of human microsporidia found in 

water. 

The PCR-COP assay combines a simple, labor-saving microwave spore lysis 

procedure with a DNA concentration system that can remove PCR inhibitors like those in 

source water and fecal samples. The method is enhanced by the use of dUTP and uracil-

A^'-glycosylase in the PCR reaction. The most widely characterized and tested primer set 

for E. intestinalis, V1/SI500 (203), was used in the current study and a hot-start PCR 

reaction was optimized for high fidelity while maintaining sensitivity and resistance to 
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false positives. These conditions combined to yield a 382 bp PCR product that could be 

detected by using agarose gel electrophoresis, while maintaining a sensitivity similar to 

that of previously published results, which did not have the added benefit of COP. 

Confirmation of the PCR product was obtained by purifying the PCR amplicon for direct 

DNA sequencing. Nucleotide sequences from PCR-COP amplicon were 100% 

homologous to known published E. intestinalis sequences, therefore, a 0% DNA 

sequencing error rate was established as a baseline for sequencing other unknown DNA 

amplified with the same PCR conditions. 

The PCR-COP method for K intestinalis can be used in routine testing 

laboratories to facilitate the accurate, sensitive, repetitive molecular screening system for 

human, non-human, and environmental isolates. It can also be used as the basis for much 

needed comparisons of primer sets and enzymes. If molecular testing does not provide 

adequate information for species confirmation, other identification methods reported here 

and elsewhere can be useful for testing of relatively low numbers of microsporidia spores 

in cell culture or in water samples (76,205). Continued comparison and improvement of 

techniques such as these produce usefiil tools for detection, identification, and 

phylogenetic placement of human-infecting microsporidia. In the meantime, PCR-COP 

may be used for human and environmental screening for E. intestinalis and can be used to 

provide additional information on the life cycle, transmission and epidemiology of this 

human pathogen. 
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APPENDIX A 

Figure 1 

Scanning electron microscopy of Encephalitozoon hel/em spores adhering to 
polypropylene tubes after chlorine disinfection (after spores were treated with sodium 
hypochlorite and sodium thiosulfate for 20 min.) (Bar= 4 J.tm). 
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APPENDIX A, CONT'D 

Figure 2 

Encephalitozoon intestinalis cytoplasmic vacuoles in RK-13 cells stained with Giemsa 
stain. The multinucleated cell has a cytoplasm completely filled with mature 
microsporidia spores. 
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APPENDIX A, CONT'D 

Figure 3 

Transmission electron microscopy of Encephalitozoon intestinalis reproducing in 
parasitophorous vacuoles in RK-13 cells. TEMs were performed directly from cell 
monolayers grown on Thermanox™ coverslips (Bar= 2J..tm). 
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APPENDIX A, CONT'D 

Figure 4 

Thermal gradient for PCR-COP (numbers listed are °C). A temperature of 57 oc proved 
to be optimal for the VI/SI500 primer set used in PCR-COP. 

mw 52 53 55 56 57 60 62 Negative----------

250bp 

382 bp 
fragment 
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APPENDIX A, CONT'D 

Figure 5 

UNG destruction of PCR-COP amplicon. Lanes 1 and 2 show the 382 bp band of 1:10 
dilutions of fresh PCR amplicon. The following lanes show breakdown of the same 1: 10 
concentration by UNG at concentrations of0.2- 0.5 U/J..!l. The last lane shows the DNA 
mass standard at various concentrations ofDNA. 

382 bp 

250bp 

50 bp cone. UNG (Ufbtl) mass 
mw 1 2 0.5 0.4 0.3 0.2 std. 

70 ng 

50 ng 

20 ng 
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APPENDIX A, CONT'D 

Figure 6 

Sensitivity testing of PCR-COP. Agarose gel electrophoresis stained with ethidium 
bromide shows a visible product with the DNA of 4 spores (numbers denote the number 
of spores per 50 j...Ll PCR reaction) 

382 bp 

250 bp 

50bp mass 
mw S S 22 22 13 13 4 4 3 3 std. 

lOOng 

70ng 
50ng 

20ng 

lOng 
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APPENDIX A, CONT'D 

Figure 7 

Specificity testing ofPCR-COP. A stained ethidium bromide gel shows large amounts of 
amplicon with E. intestinalis (duodenal strain or Eid) and E. intestinalis (alveolar strain 
or Eia). No amplification product of appropriate size is observed for Endoreticulatus 
schuberti (Es), Vairimorpha necatrix (Vn), Glugea sp. (Gs), Encephalitozoon hellem 
(Eh), or E. cuniculi (Ec). A slight, barely visible band was observed with RK-13 cells 
(RK13). 

50 bp mass 

mw Eid Eia Es Vn Gs RK13 std. Eh Ec 

100 ng 

70 ng 

50 ng 

382 bp 

250bp 
20 ng 

10 ng 



Table 2J.: EncephaUtozoon hellem spore production cycle and cthe 
omparison of two different cell culture systems for maximum spore 

production 

8 

ee 

s. « 
all 

l.OOE+09 

l.OOE+08 

1.00E-H)7 

1.00E-H)6 

1.00E^ 

1.00E-H)4 

3. Stationary/monolayer 
destniction 

2. Lx>garitiiinic growth 
and re-infection 

1. Cell infection and 
spore multiplication 

DayO 14 21 28 35 

- -EfiwithRPMI l.OOE+06 2.02E+05 1.46E+06 5.21E+06 1.06E+07 2.48E+07 

-RK-13 with MEM l.OOE+Ofi 6.97E+04 3.56E-K)6 239E+07 8.45E+07 I.19E+08 

- - • --E6 withRPMI —•—RK-13 with MEM 

Days after Inoculation 

Logarithmic growth curve and spore production cycle of E. hellem in RK-
13 cells maintained in MEM (RKM) and E6 cells maintained in RPMI 
(E6R). Each point represents the average spores/ flask during 1-5 weeks 
of incubation (n=10). Day 35, RKM, represents the maximum capacity of 
spore prouction per flask during the 5 week period and complete 
destruction of the cell monolayer. Data is represented with corresonding 
95% confidence intervals. 
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Table 2.2: Spore production cycle for Encephalitozoon sp. in RK-13 cells with 
MEM 

l.OE+OS 

l.OE+07 

ao 

l.OE+05 

DayO 

2.14E+06 l.06E-K)7 1.14E+05 2.11E+07 • • - - E cuniculi, RKM 
1.00E-K)6 3.56E-+06 2.39E-K)7 8.45E-K)7 6.97E+04 m—E heUem, RKM 

1.16E-K)6 1.85E+06 3,39E+05 *— E.intestiiialis(doudenal 
strain) RKM 

Days after inoculation 

- - • - - E cuniculi, RKM —•— E hellem, RKM —— E.intestinalisCdoudenal strain) RKM 

Logarithmic growth curve and spore production cycle of E. cuniculi, E. hellem and E. 
intestinalis in RK-13 cells maintained in MEM (RKM). Each point represents the 
average spores/ flask during 1-4 weeks of incubation (n=2). 
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Table 3.1: Eflfect of 2 mg/1 Chlorine on Encephalitozoon hellem Spore Counts in 
Water 

e 
o 

l.OE+OS 

"53 c s o 
U 
o >-l 

9i 

2 

Omin. 20 40 60 

6.26E+04 1.25E+03 6.67E+02 3.33E+02 Chlorine Treated 
3.83E+04 4.05E+04 4.79E+04 9.66E+04 Control 

Time of Exposure (min.) 

Chlorine Treated Control 

Loss of E. hellem spores in suspension after chlorine treatment for various time 
intervals followed by chlorine inactivation with sodium thiosulfate. 
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Table 3.2: Effect of 0 minute Chlorine Exposure on Subsequent 
Growth of £1 hellem inRK-13 Cells (n=2) 

l.OE+08 

l.OE+07 

L0E-H)6 

l.OE+05 

1.0E-K)4 

1.0E-K)3 

l.OE+02 
DayO 14 21 28 35 42 

-Chlorine Treated 6.26E+04 7.13E+03 1.92E+04 1.1SE+0S 5.36E+05 3.52E+06 3.06E+06 

-Control 2.00E+05 1.04E+04 2-67E+04 5.12E+05 1.97E+06 1.03E+07 8.05E+06 

Days after Inoculation 

•Chlorine Treated Control 

This figure depicts die spore gnvoth of K hellem after 2 mg/1 chlorine exposure followed by 
inunediate inactivation of chlorine with sodium thiosulfate. Spore growth and growth patter 
similar. No significant inhibition of spore growth is observed. 
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Table 3.2: Effect of 10 minute Chlorine Exposure on Subsequent 
Gravfih of Encephalitozoon hellem inRK-13 Cells 

l.OE+08 

l.OE+07 

1.0E-K)6 

l.OE+05 

l.OE+03 

Day 0 28 42 

2.47E+03 1.92E+03 8.75E+02 1.38E+03 3.93E+03 4.10E+03 Chlorine Treated 
3.83E+04 3.03E+05 9.18E+06 6.60E+06 2.53E+04 Control 

Days After Inoculation 

Chlorine Treated —D— Control 

This figure depicts the spore growth of£". he Hem after 10 minutes of 2 
mg/1 chlorine exposure. No logarithmic growth of spores was observed 
after 6 weeks of incubation in RK-13 cells. The RK-13 cell system has 
the ability to support growth of 1000 spores, suggesting that the 
chlorine-treated spores present in the cell culture flasks were not 
viable. 
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l.OE+09 

S LOE+08 

w l.OE+07 

I" l.OE+06 

£ 1.0E-K)5 

® l.OE-KM 

1.0E-K)3 

Table 4.1; Growth Patterns of Three Encephalitozoon sp. in RK-13 
cells 

14 

I £. hellem 

21 28 

Days after Inoculation 

35 

• E. cuniculi BE. intestinalis 

This figure depicts the growth of the three Encephalitozoon sp. in RK-13 
cells and compared the incubation time necessary for each species to reach 
maximum spore output per flask. 
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Table 4.2: Effect of Pulsed UV Light Treatment on Growth of 
Encephalitozoon Spores In Vitro 

l.OE+09 

l.OE+08 

l.OE+07 

1.0E-H)6 

l.OE+05 

1.0E-K)4 

1.0E-K)3 

l.OE+02 
DayO 

P--

14 21 28 35 

-E. cuniculi 1.76E+07 6.10E-H)5 1.86E+05 3.00E+04 4.85E+04 4J1E+04 

-E. hellem 3.01E+06 2.46E+04 X94E+04 1.27E+04 7.71E+03 6.46E+03 

-E. intestinalis 3.89E+06 1.21E+05 1.78E+05 6.69E+04 6.04E+03 2.02E+04 

- - O - -Control J.65E-K)6 2.96E-K)3 3.40E+05 1.28E+06 3.62E+07 6.14E-K)7 

Days after Inoculation 

•E. cuniculi •E. hellem intestinalis - - O - - Control 

Growth inhibition of three Encephalitozoon species after 50 mws 
exposure to pulsed ultaviolet light. 
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Table 5.1; Comparison of Hemacytometer-derived and %T- derived 
Spore Counts for̂ l intestinalis 

l.OE+08 

l.OE+O? -

§ 1.0E-K)6 -

93 

VI 
00 

l.OE+05 -

l.OE+04 
1.0+E6 5.CI+E6 1.0+E7 

Target Spore Counts 

Adjusted to 0.5 
McFarland Standard 

I Hemacytometer counts • %T-derived counts 

Comparison of avg. hemacytometer counts (n=12) with counts derived from a 
standard curve prepared by plotting counts vs. T% readings (625nm) taken 
from the same spore sample (n=12). Results are displayed with corresponding 
99% confidence limits. 



Table 5.2: Standard Curve, hemacytometer counts vs. %T (625rmi) 
for E. intestinalis in phosphate buffer 

2.5E-H)7 

2.0E+07 

-i 1.5E-K)7 
2 o a 

l.OE+07 
< 

5.0E+06 

O.OE+OO 

77 

This Figure depicts the standard curve produced by plotting hemacytometer 
counts with %T at 625nm. Data is shown with corresponding 95% confidence 
limts (n=12) as the measure of variability. 

Equation for regression fine 

y = -1E+06X+1E+08 
= 0.9959 

.00 82.00 87.00 92.00 97.00 

%T (625 nm) 
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Table 6.1 £flFect of centifligation on infective dose of £1 intestinalis 
with water diluent 

l.OE+06 

1.0E-K)5 

_ 1.0E-K)4 

^ 1.0E-K)3 
o 
ex. VI 

Less than 30 % 
infectivi^ = 17% 

l.OE+02 

l.OE+01 

l.OE+00 

I WO • W10 EaW30 

Centrifiigation times (niin.) necessary to produce 30% infectivity 
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Table 6.2; Effects of Centrifiigation on the Infective Dose of 
Encephalitozoon intestinalis with phosphate buffer diluent 

ts 

o (N 
I 

Qi 

I U L-I o o. Q/i 

l.OE+06 

20% infectivity 
I.0E-K)5 

l.OE-HM 

17% infectivity 
1.0E+03 

• 1.0E-H)2 

l.OE+Ol 

l.OE+OO 

Centrifiigation time (min.) in Phosphate Buffer 

IPBO • PBIO BPB30 

Centrifiigation times (min.) needed to produce approximately 20% 
infectivity 
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Figure 7.1: Infectivity offl intestinalis inRK-13 cells: A dose 
response model using hemacytometer-derived spores counts 

110 

90 

70 

i 
M 50 

5 
30 

10 

-10 

l.OE+Ol l.OE+02 l.OE+03 l.OE+04 

Avg. Spores/Coverslip (90%CI) 

• Hemacytometer-Counts 

• % T-derived 

Calculated Regression Line Calculated 50% Infectivity (TCIDso) 

A dose response model for RK-13 cell infectivity of£". intestinalis 
(duodenal strain) in phosphate buffer (n=2-5) and are shown with 
corresponding 90% confidence limits. The regresion lines and TCID50 
calculated from %T-derived counts and are equivalent as determined 99% 
confidence limits. 

Equation for Rearessfon Une for %T - tteftved 

y = 33.764Ln(x) -176.05 
R  ̂= 0.9799 

y Calculated TCIDjo^^ 
hemacytometer-derived counts = 

915 spores 

y = 34.628Ln(x)-186.13 
= 0.97S6 

Equation for Regression Line 
for hemacytometer - derived 
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Table 7.2: Comparison of infectivity at the minimal infective dose for control 

and chlorine-treated (2mg/l) E. intestinalis spores 

Time %Infcctivity 

at 

Hemacvtometer-derived 

MID Log 10 
spores/well reduction 

%T-derived (62S nm) 

MID Log 10 
spores/well reduction^^^ 

Avg. 
Ctrl. 

16-20 
min 

n=3P> 

28 4. 08 X 10^ N/A: 
Control 

3.61 X 10^ N/A: Control 

Tg 33 5.84 X 10^ 0 4.89 X 10^ 0 

TI6 0 >7.9 X 10^ 3.3 > 8.3 X 10' 3.4 

T20 0 > 9.6 X 10^ 3.4 > 9.1 X 10^ 3.4 

Percent infectivity is the ratio of infected coverslips to total coverslips inoculated. The 

percent infectivity is represented at the MED (minimum infective dose) i.e., the lowest 

dose of control spores that still produced infection in RK-13 cells. For Tis and T20, 0% 

infectivity was observed even at the highest dose inoculated, therefore, the true MOD is 

actually > than the dose listed. 

Log reductions were calculated in comparison to the average control MID (minimum 

infective dose. 

For control testing, n=3; For chlorine testing T1-T20, n=2 
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l.0E-H)7 

Table 7.3: Effect of Chlorine Exposure (2 mg/1) on Minimum bifective Dose '̂̂ of 
E. intestinalis in RK-13 Cells 

l.OE+06 

o.l.0E-K)5 

S l.OE-KM 

8.1.0E-K)3 CO 

< 1.0E-K)2 

l.OE+01 

l.OE+OO 

Time of exposure (min) to chlorine at target concentration of 2 mg/1 

• Control (Avg.T8,T16,T20) BT8 0T16 •T20 

The > 3 log reduction in the infectivity of £!. intestinalis after exposure to chlorine for 16 
and 20 min. No infection occurred even at doses > 3 logs higher than the control MID. 
Results are displayed with corresponding 95% confidence limits. 

TI5 and T20 represent the the maximum spore count that can be inoculated in this sytem. 
Therefore, the actual MID is greater than the number represented. 
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Table 7.4: Final Free Chlorine Concentrations 
for Three Disinfection Targets During Chlorine Disinfection Testing 

forEl intestinalis 

1Z0 

Q 10.0 
CO 

+• 

^ 8.0 oi 
E 
9» 

6.0 

4.0 

.c 0 
1 u. 
a> 
 ̂ 2.0 

0.0 

4 8 16 20 40 

Exposure Time (min) 
80 

• 2 mg/l OD 5 mg/l 10 mg/l 

Average free chlorine concentrations at the end of the treatment exposure periods for all 
target chlorine concentrations and exposure times tested. Ti-Ti6 not tested for 5-10 mg/l. 
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