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Cryprosporidium p a m m  is a zoonotic parasitic protozoan responsible for the 

gastrointestinal illness cryptosporidiosis in humans. Drinking water has been implicated 

as a route of transmission. Currently available techniques for detection and enumeration 

of this parasite are labour-intensive and Iack sensitivity and specificity. PCR-based 

detection and enumeration methods were developed for quantitative detection of C. 

parvum in artificially inoculated municipal water samples from Ontario, Canada. The 

qualitative PCR assay showed an 83.3% correlation with traditional irnrnunofluorescence 

(IFA)-based detection for IFA-positive samples, with potential for greater sensitivity. 

Detection of C. pnr-vzim in untreated and naturally contaminated water samples f?om an 

outbreak was achieved using nested PCR. Quantitative analysis using most-probable- 

nurnber (MPN)-PCR yielded as much as two-log underestimates of oocyst numbers 

compared to IFA. Quantitative PCR using an intemal standard allowed quantitation of 

10) to 10' purified oocysts spiked into municipal water samples within one-log of iFA 

counts. 
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1. Introduction 

1.1. The Organism: Cryptosporidium parvum 

1.1.1. Historical Background 

Cryptosporidium parvum is a protozoan zoonotic intestinal pathogen ranging fiom 4-6 

pm in diameter that infects a variety of mammals such as cattle, sheep, goats, pigs, hones 

and humans. Cryptosporidium p a m  was fint described and named by Tyzzer (1 9 12), 

who observed this organism in the gastric epithelium of asymptomatic laboratory mice. 

Tyzzer (1907, 1912) also established the genus with the identification and narning of 

Cryptosporidium muris. Parasites of the genus Cryptosporidium received litîle attention 

fiom veterinarians until an association between Crypiosporidiurn and bovine diarrhea was 

made by Panciera et al. in 197 1. The first case of human cryptosporidiosis was reported 

in the United States in a 39-year old immunosuppressed patient in 1976 (Meisel et al. 

1976). 

Reports of cryptosporidial illness have been increasing over the past two decades. Until 

the late 1970's, C. porvum was not widely regarded as an agent of enteric disease. With 

the emergence of AIDS in the early 19803, attention shifted to infectious agents that 

afflict immunocompromised individuals. Since then, healthcare worken alerted to the 

pathogenic potential of C. panrum have been more aware of its presence. With this 

increase in attention came the realization that C. pu- is not limited to 

immunodeficient hosts, but is capable of causing illness in irnrnunocompetent persons as 

well. increased awareness of the organism may be one reason for the increase in reported 



cases. Other contnbuting factors that need to be considered include human activities such 

as chaoging agricdtural practices that may have led to release of Cryposporidium 

organisms into water supplies and an increased health risk for human exposure. 

Crypfosporidium parvum has been implicated in several waterbome outbreaks of 

cryptosporidiosis in recent years. The largest outbreak occurred in Milwaukee, 

Wisconsin, USA in 1993 in which an estimated 370,000 to 403,000 people comprising 

one quarter of the population were affected (Edwards 1993; MacKenzie et al. 1994). 

During this outbreak, 739 cases of Cryptosporidium infection were confinned by the state 

laboratory. Unprecedented levels of turbidity of 1.7 Nephelometric turbidity units (NTU) 

in the treated water implicated the water supply as the likely source of infection. Water 

obtained by melting ice blocks produced during the outbreak contained between 0.7 and 

13.2 oocysts/100 L as detennined by the immunofluorescence method. A cause of great 

public concern that emerged fiom this outbreak was the apparent inadequacy of modem 

water treatrnent plants, such as those that were in place in Milwaukee at the t h e ,  to 

effectively remove Cryptosporidium fiom the water. 

Within Canada, outbreaks of waterbome cryptosporidiosis have also been a cause for 

concem. One recent outbreak occurred in March, 1996 in Collïngwood, Ontario, Canada. 

This outbreak affected 152 people with 36 laboratory-conhed cases. The extent of this 

outbreak was more than likely elevated by the complete Iack of water filtration facilities 

for dnnking water supplying the community. One public health issue arising as a result 



of the episode in Collingwood was the implications of ordering a boil-water advisory and 

detennining when, &er an outbreak, such an order should be Iifted. Such outbreaks as 

occurred in Collingwood and the 1993 outbreak in Kitchener, Ontario, Canada have 

prompted action by authorities at the Ontario Ministry of Health to make 

cryptosporidiosis a reportable disease as of May 1, 1996 in Ontario. Another outbreak 

was reported in Kelowna, British Columbia, Canada. This outbreak involved more than 

100 confirmed cases over the period from mid-June to the end of August, 1996, and led to 

the issue of a boil-water advisory by health officials. Continued testing for waterbome 

Cryprosporidium in source and distributed supplies showed levels from no detection to 1 1 

oocysts/100 L. Kelowna city officials flushed the city's 600 km of pipeline and 20 

storage tanks. In addition, equipment was to be installed to monitor turbidity, 

temperature and pH at intake sites in Lake Okanagan. The total cost of these 

modifications was expected to be in excess of $300,000.00 (Canadian). 

The effects and duration of the disease cryptosporidiosis varies fiom one individual to 

another in a population, depending in large part on the immune statu of the host. 

According to Fayer and Ungar (1986), the most comrnon symptom of C. p a m m  

infection in mammals is profuse watery diarrhea. Other clinical signs include 

dehydration, fever, anorexia and weakness. Adult immunocompetent animais infected 

with C. p a m m  may be asymptornatic or exhibit rnild clinical signs. Most recover 

within 1-2 weeks of infection. Young animals, however, appear to have a cornparatively 



increased susceptibility to Cryptosporidium infection with more severe and prolonged 

disease, and with higher rates of mortality. 

In immunocompetent humans, characteristics of cryptosporidial Section largely 

resemble those of other mammais. Additional clinicai signs observed include nausea and 

vomiting, cramping abdominal pain and low-grade fever. in general, for al1 animais 

suffering fiom cryptosporidiosis, the duration and severity of clhical syrnptoms is 

dependent on the immune s ta tu  of the host. Immunocompetent individuals usually 

experience transient enteritis, whereas irnrnunocompromised individuals often develop 

severe, unremitting diarrhea and villous atrophy that may persist to become life- 

threatening. hcreased susceptibility has been observed in human patients undergohg 

imrnunosuppressive drug treatrnent for various foms of cancer (Miller et al. 1983; Oh et 

al. 1984), patients with AlDS (Peterson, 1992), and patients with congenital 

immunodeficiencies such as Bruton's disease and other agarnrnaglobulinernias (Current et 

al. 1983). 

1.1 2. Incidence 

The prevalence of Cryptosporidium oocysts in drinking water supplies in Canada is 

largely unknown. Aside fiom one waterborne outbreak that occurred in 1993 in 

Kitchener, Ontario, other waterborne outbreaks have not been c o b e d  or well 

documented. Wallis et al. (1996) reported on the prevalence of Giardia cysts and 

Cryptosporidium oocysts isolated fiom drinking water in Canada. In examining 



prevalence, the authors considered concentration (dose), viability and pathogenicity in 

their analysis. Seventy-eight drinking water samples were obtaùied fiom 72 

municipalities across Canada. Of these, 3.6% were found to be positive for 

Cgptosporidium oocysts at levels of less than 0.5 oocysts/100 L by microscopic analysis 

using the immunofluorescence method. A seasonal variation was found for the presence 

of Cryptosporidh in water with greater fiequency of oocysts in late winter-early spring 

and in autumn. In addition, the prevalence of occurrence of Cryptosporidium oocysts in 

raw and treated drinkuig water was found to be highest in Nova Scotia and lowest in 

British Columbia (no statistical significance was attached to this data). In sampling 

across Canada, the detection of Cryprosporidium oocysts in water was Mequent and 

failed to yield any geographic patterns. Most of the municipalities involveci in this study, 

however, were not situated downstream fiom agricultural areas or sewage effluents. In 

addition, the reliability of oocyst counts was questioned as the authon expressed 

difficulties in accurate determination of oocysts by the immunofluorescence method. 

One purpose of quantiQing oocysts in municipal water is to establish a baseline for action 

should numbers of the organism exceed acceptable background levels. Dupont et al. 

(1995) had established a mean infective dose in healthy adult human volunteers of 132 

oocysts. Haas and Rose (1995) reported an action level for outbreak situations of 

between 10 to 30 oocystsll O0 L. Thus, a methodology that is quantitative and sensitive is 

required to aid in the evaluation of the quality of municipal water as it relates to the 

presence of Cryptuspuridium oocysts. 



1.1.3. Life Cycle 

The complex life cycle of Cryptosporidium p a m m  has k e n  simplified to six major 

developmental stages according to Current and Reese (1986). They are: schizogony, 

microgametogony, macrogarnetogony, fertilization, oocyst walI formation, sporogony, 

and excystation (Figure 1.1). Schizogony (also known as merogony) is the asexual 

multiplication within host celIs that resuits fiom nucIear division. Type 1 meronts 

develop either into another type 1 meront, or a type II meront. The Spe  II meronts contain 

four merozoites that are capable of invading new host celIs where they differentiate in the 

process of sexual multiplication or gametogony into rnicrogametocytes or 

macrogarnetocytes. Fertilization of the macrogametocyte by the rnicrogarnetocyte then 

ensues. Fertilized macrogametocytes develop into oocysts with the formation of an 

oocyst wall. The oocysts then sporulate resulting in the mature oocyst which contains 

four sporozoites that are potentialiy infective at this stage. Current and Reese (1986) also 

noted the presence of both two-layered thick-walled oocysts that are believed to be highiy 

resistant forms, as well as thin-walled single-unit membrane forms that are thought to be 

auto-infective. The existence of a cycling pathway for type I meronts as well as the 

presence of thin-walled auto-infective oocysts may promote the development of 

prolonged, life-threatening infections in immunocompromised individuals and introduce 

the possibility of severe infection with exposure to only small numbers of oocysts. 
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Figure 1.1. A schematic depiction of the life cycle of Cryptosporidium parvum. 



1.1.4. Taxonomy 

Al1 species of Cryptosporidium are classified taxonomically within the family 

Cryprosporidiidae, suborder Eirneriori~a, order Eucoccidiorida, subclass Coccidiasina, 

class Sporozoasida, and phylum Apicomplexa. Within the genus Cryp&osporidium are six 

recognized species distinguished by differences in oocyst morphology, site of infection, 

and vertebrate class specificity as follows: C. baileyi and C. rneleagridis in birds, C. 

nasortun in fish, C. serpentis in reptiles, and C. muris and C. pamîrn in rnammals (Dubey 

et. al. 1990). 

There is a need to determine the extent and nature of genetic diversity within 

Cryptosporidiurn isolates to identify sources of transmission and the clinical significance 

of parasite heterogeneity. Once transmission sources are localized, they can be correlated 

with severity of infection and dnig sensitivity of particular isolates. Detemuning genetic 

diversity among isolates may also aid in identifjmg sources of contaminating oocysts. 

Several studies have shown evidence of isolate or strain variation in biological and 

molecular characters. For example, Pozio ei al. (1992) have shown that C. parvurn 

isolates from calves and humans displayed differences in virulence for susceptible calves. 

Antigenic differences have also been found between mammalian isolates in Western blot 

analyses using immune sera, rabbit antisera, and mouse monoclonal antibodies 

(McDonald et al. 199 1 ; Nha et al. 1992). ui addition, isoenzyrne electrophoretic studies 

have show diversity both within, and between, different Cryposporidium species 

(Ogunkolade et al. 1993). Various genetic techniques have been used to determine 



molecular relatedness within, and between, different Cryptosporidium species and will be 

M e r  discussed in Section L S. 

1 -2. Cryptosporidiosis 

1.2.1. lmmunology 

The parasitization of human hosts by C. p a m m  and interactions of the parasite with the 

human immune system have not been well characterized. Recently, DuPont et al. (1 995) 

undertook a study to determine the infectivity of C. parvum in healthy volunteers in terms 

of an infective dose. After oocyst administration, individuais were rnonitored for 

excretion of oocysts in stools (indicating infection), development of enteric syrnptoms 

and for clinical cryptosporidiosis (diarrhea in addition to enteric symptoms). The mean 

infective dose (IDso) of oocysts, defined as the number of oocysts required to cause 

infection in 50% of the volunteers was calculated to be 132 oocysts. n i e  minimum 

number of oocysts that caused infection in this study was 30 oocysts. The size of the 

inoculum influenced the size and duration of oocyst excretion, but not the incubation 

petiod of illness or its severity. 

As C. p a m m  causes enteric disease and diarrheal illness in man and animals, it is 

desirable to develop a vaccine against this pathogen. However, due to the Iack of 

understanding of the pathogenesis and life cycle of the organism, as well as the 

knowledge of host immune effector mechanisms that act against parasitization 

pantum, a suitable vaccine has not been developed. 

lack of 

by C. 



1.2.2. Treatment 

Currently there is no effective treatment available for cryptospondiosis. Most patients 

with mild cryptosporidiosis await resolution of the illness. Cases of cryptosporidiosis 

accornpanied by severe diarrhea are ofien treated with supportive care in the form of 

intravenous fluid and maintenance of electrolyte balance. Research into potential 

treatments have taken many approaches. For instance, Goozé et al. (1991) noted that 

antifolate dnigs such as trimethoprim and pyrimethamine which are normally effective 

treatments for infections caused by other parasites closely related to C. pamm were not 

effective against C. pnrvum. 

1.3. Isolation and Concentration of Cryptosporidium p a m m  from Water 

1.3.1. Cartridge Filtration 

Musial et ai. (1987) first described a conventional 1 pm polypropylene cartridge filter for 

collection and concentration of Crypmporidium oocysts from drinking water (Figure 

1.2). The average recovery of oocysts obtained £iom this method was 44% (Table 1.1) 

with samples seeded in the range of 106 oocysts in 378 L of water. The sensitivity was 

reported to be less than 1 oocyst/l. 

LeChevallier et al. (1995) reviewed the cartridge filtration method for detecting Giardia 

c ysts and Cryptosporidium oocysts in water, including the influence of sample 

collection, elution, concentration, and clarification steps on the efliciency of recovery of 
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Figure 1.2. A schematic depiction displaying the steps involved in the cartridge filtration 
method for recovery of Cryptosporidium oocysts fiom water. 



Table 1.1. A summary of Cryposporidium oocyst recoveries for collection and 
concentration methods. 

Method 

Aldom and 
Cha la(l995) 
Arrowood and 
Sterling ( 1  987) . 
Musial et al. 
(1987) 
Shepherd and 
Wyn-Jones 
(1996) 

membrane 
filtration 
discontinuous 
sucrose and 
isop ycnic 
percoll 
rrradients 
cartridge 
filtration 

- -  - 

carîridge 
filtration 

membrane 
filtration 

calcium 
carbonate 
flocculation 

volume 
Processe 

Oocysts 
Seeded 

Recovery 

70.5% h m  treated water 

34% fiom feces 

44% fiom treated water 

11.2% fiom treated water 
9.4% fiom river water 

3 9.7% fiom treated water 

38.1 % fiom river water 
73.6% fiom treated water 
7 1 -3% fiom river water 



oocysts. It was found that 0.5 pm-pore-size filters showed slight improvements (04%) 

over those of 1 .O pm-pore-size. About 10% improvement in recovery could be achieved 

using Cotton, nylon, or rayon filters rather than polypropylene filters. Sarnple elution was 

another step examined for potential Ioss of oocysts during processhg (LeChevallier ef ai. 

1995). Oocyst recoveries using a screw press proved to be almost identical to those 

obtained by manual hand wringing (1% dzerence). ln addition, it was found that 

washing the filter material two or more times resulted in insignificant increases in 

recoveries over washing only once, and that the pH of the elution solution over a range 

fYom 6.0 to 7.4 had little effect on the numbers of oocysts recovered (between 3 and 5%). 

LeChevallier et ai. (1995) also reported that major losses were found during Iow g-force 

( ~ 7 0 0 0  g)  centrifugation. Sarnple clarification using Percoll-sucrose gradients had 

considerable impact on the recovery of Cvyptosporidium oocysts, depending on the 

specific gravity of the gradient used. in addition, the performance of the Percoll-sucrose 

gradient for oocyst recovery was markedly reduced when organisms were seeded into an 

environmental concentrate with a pellet size of 0.4 to 0.9 mL. in these sarnples, 

Cryptosporidium recovery was only 32% when a Percoll-sucrose gradient of specific 

gravity 1.0 was applied, but improved to 67% when a gradient with a specific gravity of 

1.15 was used (LeChevallier et al. 1995). A h a 1  test using an optimized 

irnmunofluorescence method based on the findings of this study produced an average 

Cryptosporidium oocyst recovery of 77%, much improved over the unmodified method. 



1 -3.2. Membrane Filtration 

Aldom and Chagla (1995) described a membrane filtration method for entrapping 

Cryptosporidium oocysts fiom artificiaily seeded municipal water samples. The use of a 

cellulose acetate membrane filter was an improvement over conventional cartridge 

filtration in that the entire membrane could be dissolved in acetone for maximal recovery 

of oocysts frorn the filter (Figure 1.3). in seeding experiments, an oocyst suspension 

(concentration of 1 x los) was injected simultaneously with 500-1000 L of treated 

municipal water into a 239 mm diarneter stainless steel membrane filter holder containing 

the 1.2 Fm pore-size cellulose acetate membrane filter. Afler filtration, the filter 

containing entrapped oocysts was dissolved in 200 mL of acetone and repeatedly washed 

with acetone, 95% ethanol, 70% ethanol and the eluting fluid. The fuial pellet was 

resuspended in 10 mL eluting fluid and oocyst recovery was detennined by rnicroscopic 

counts using the Merifluor Cryptosporidium/Giardia kit and an epifluorescence 

microscope under 400X magnification. The overall recovery rate for Cryptosporidium 

oocysts over 12 trials was 70.5% (Table 1.1). Unseeded controls gave a zero count. It 

was thought that solids in the water not dissolved by acetone may have interfered with the 

detection of oocysts, contributing to the overall loss. However, because of the use of 

acetone, the method may not be suitable for recovery of live oocysts. The effects of 

acetone treatment on oocyst survival need to be studied m e r .  
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Figure 1.3. A schematic depiction displaying the steps involved in membrane filtration 
and dissolution using a cellulose acetate membrane filter (Aldom and Chagla, 1995). 



1 -3.3. Calcium Carbonate Flocculation 

n i e  method of calcium carbonate flocculation was evaluated by Shepherd and Wyn-Jones 

(1996) for the recovery of C~ptosporidium oocysts fiom tap and river water. When 

compared with results for cartridge and membrane filtration (without dissolution) of tap 

water, the calcium carbonate flocculation method was found to be supenor (Table 1.1). A 

mean recovery of 73.6% was achieved for the flocculation method versus maximum 

recoveries of 11 -2% for cartridge filtration and 39.7% for membrane filtration. Calcium 

carbonate flocculation was also found to have higher recoveries fiom river water than the 

filtration methods, although the method must be evaluated for waters with higher 

turbidities. Another drawback to calcium carbonate flocculation is that high pH may 

reduce the viability of oocysts (Campbell et al. 1994). 

Oocyst recoveries for cartridge filtration were found to d~crease as the pore-size of the 

pleated polypropylene filter was increased fkom 2 to 5 prn (Campbell et al. 1994). 

Recovery improved by a mean of 1.4% when a second elution of the filter was performed. 

In addition, recovery by cartridge filtration may have been adversely affected by the low 

oocyst inoculum (Musial et al. 1987). Membrane filtration was recommended if viable 

oocysts are to be recovered. The 1.2 pm pore-size cellulose acetate membrane filter 

achieved the highest recovery among membranes tested. Mediocre oocyst recoveries may 

improve if scraping is replaced with membrane dissolution at the elution step (Aldom and 

Chagla, 1 995). 



1.3 -4. Oocyst Purification 

The conventional and most commonly used technique for the isolation and purification of 

Cryptosporidiurn oocysts was developed by Arrowood and Sterling (1987). The rnethod 

(Table 1.2) allows recovery of large numbers of virtually contaminant-fiee 

Cryptosporidilrm oocysts fkom fecal-positive sarnples while retaining viability. By 

microscopie examination, it appears that oocysts are undamaged throughout the isolation 

procedure. in the primary discontinuous sucrose gradient, 61% of the original oocysts 

were recovered. Approximately 10% of the oocysts were recovered along with more 

contaminating debris. Losses of oocysts were thought to occur during centrifugation 

washes and in the pellet. After a secondary discontinuous sucrose gradient, 72% of the 

rernaining oocysts were recovered and 77% of these were recovered f?om the Percoll 

gradient. Bacteria and small amounts of fecal debris were present after the primary 

discontinuous sucrose gradient, however, oocysts recovered fiom the Percoll gradient 

were found to be essentially free of these contaminants. Viability and infectivity of 

recovered oocysts was demonstrated by successful infection of BALBIc mice with an 

4 
inoculurn of 10 oocysts. 

A recent microcentrifuge procedure for purification of Cryptosporidium sporozoites has 

been descnbed by Nesterenko and Upton (1996). The ability to isolate intact sporozoites 

has application in isolation of Cryptosporidium membrane proteins and generating 

monoclonal antibodies (MAbs) against membrane components. Isolation of sporozoites 



Table 1.2. Various rnethods used to puri@ C>yptosporidium oocysts. 

Sample Processing 
Oocyst Purification: 

Feces containing Cryptosporidium oocysts collected in 5% K$3207 and 
passed through stainless steel screens (final mesh size 63 pm porosity) 
sieved material puifïed by discontinuous sucrose gradients prepared h m  
Sheather's solution (320 mL -0,500 g sucrose, 9 mL phenol) diluted 
with 0.025 M PBS and 1% Tween 80: 
1 :2 solution specific gravity 1.103 
1 :4 solution specific gravity 1 .O64 
1 O mi, of 1 :4 solution layered over 10 mL of 1 :2 solution 
5 mL aiiquot of sample Iayered over 1 :4 solution 
centrifugation at 1500 g for 30 min 
upper 5 mL Iayer, 1 :4 Iayer and lower 1 :2 layen recovered and pooled 
pooled layers diluted with 0.85% saline, centrihged and pellets collected 
pellets resuspended to 40 mL with 2.5% K2Cq07 
5 mL aliquots dispensed over new gradient tubes and centrifùged as 
above 
pellets resuspended to 4 mi. in 2.5% K7Cr207 - 
Percoll solutions (1 .O9 1 g/mL) prepared by miWng 9 parts Percoll, 1 part 
IOX Alsever's and 9 parts 1X Alsever's solution (320 mOsm, pH 7.4) 
1 mL aliquots of oocysts recovered £kom secondary discontinuous sucrose 
gradients layered over 9 mL Percoll solution in high-speed c e n a g e  
tubes 
cenhifùge at 32,000 g for 30 min at room temperature 
bands recovered and washed in PBS and stored in 2.5% K2Cr207 at 4OC 

Oocyst Purification: 
(method based on Arrowood and Sterling, 1987) 

Oocyst Purification: 
(method of Arrowood and Sterling, 1987) 

Oocyst Purification: 
fecal material filtered through sterile gauze 
PBS-ether sedimentation 
FicoH-density centrifugation 
wash 3X w/ PBS 
incubation in 10% sodium hypochlorite on ice for 1 O min 
wash 3X w/ PBS 
con6.m purity by microscopie examination 

Oocyst Purification: 
feces sieved sequentially through stainless steel screens with a final mesh 
size of 53 mm porosity and sedimented by centrifugation at 650 g for 5 
min 
fecal pellet resuspended in 45 mL sanirated sait solution (specific gravity 
1.2), tube topped up with 5 mL dH20 and centrihged at 200 g for 5 min; 

water layer containing oocysts removed f?om each tube, pooled, and 
concentrated by centrifugation at 800 g for 5 min; oocysts resuspended in 
a small volume of sterile W20 and counted using an improved Neubauer 



may also facilitate obtaining Crypiosporidium DNA for nucleic acid applications such as 

PCR. eliminating the need to rupture the tough oocyst wall with fkeeze-thaw cycles. 

1.4. The Detection and Identification of Cryptosporidiurn 

1.4.1. lrnrnunofluorescence 

The immunofluorescence assay (FA)  for Cryptosporidiurn (Meridian Diagnostics Inc., 

Cincinnati, Ohio) is available in a direct and an indirect antibody kit. A brief description 

of the indirect antibody protocol is given in Figure 1.4. The sensitivity of the assay is 

largely dependent on the sarnple processing that precedes detection (LeChevalier et al. 

1995). The E A  is versatile in that it is designed for detection of Cryptosporidium in 

environmental samples ùicluding raw sewage as well as treated and untreated water. The 

United States Environmental Protection Agency (USEPA) has adopted the F A  kit as the 

standard method of detection of Cryptosporidium in water. The monoclonal antibody 

used is not specific to C. pamlrn and may also bind to C. muris and possibly C. baileyi. 

1.4.2. Irnmunoassrys 

Two new enzyme immunoassays (EMS), the Prospect Cryptosporiditrm microtiter assay 

(Alexon, inc., Sunnyvale, California, USA) and the Color Vue Cryptosporidium assay 

(Seradyn, Indianapolis, indiana, USA) and a direct immunofluorescent assay (the 

Merifluor Cryptosporidium kit IFA) are available on the market for the detection of 

Cryptosporidizim species. Kehl et al. (1995) compared the two enzyme immunoassays 

with the F A  and acid-fast Kinyoun-staining for sensitivity and specificity. The methods 
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Figure 1.4. A schematic displaying the steps involved in a generic indirect 
immunofluorescence assay for Cryptosporidium oocysts. 



were used to evaluate stool specimens fkom patients with diarrheal illness resulting ftom 

cryptosporidial infection. No single procedure detected al1 positive specimens. The 

Prospect and Color Vue enzyme irnrnunoassays yielded a sensitivity of 94.5%. These 

were found to be not significantly different fiom the Kinyoun stain and Merifluor assay, 

which yielded a sensitivity level of 96.4%. Repeat testing of false negative specimens in 

each assay led to some resolution, except for one false negative Kinyoun specimen and 

two false negative Merifluor specimens that persisted. in a total of 74 negative 

specimens, two false positive results were recorded: one Kinyoun stain and one Prospect 

specimen. Specificity of al1 four methods was found to be high (98.6 to 100%). 

Kehl et d. ( 1  995) also evaluated the ease of use of immunoassays by the amount of the 

technologist time required to perforrn the assay as well as a subjective indication of the 

labor-intensiveness of reagent steps and difficulty in decision-making regarding assay 

results. Overall, the EiAs required the most hands-on tirne followed by the Kinyoim 

staining and the Metifluor IFA. Regarding ease of interpretation, the acid-fast Kinyoun 

staining was deemed the most dificult to interpret, requiring microscopic examination at 

lOOOX magnification. The Merifluor IFA was thought to be easy to interpret, but also 

required rnicroscopy at 400X mapification for result identification. Both EIAs were 

easy to interpret, as specimens regarded as borderline by visual inspection could be 

confirmed using a spectrophotometer. 



A reverse passive hernagglutination assay (RPK) for detection of Cryptosporidium 

antigen in human feces was developed by Fanington et al. (1995). The method involves 

the coupling of an anti-Cryplosporidium oocyst MAb of the imrnunoglobulin M class to 

sheep erythrocytes. The coupled antibodies are then dispensed into microtitre plate wells. 

Upon addition of treated fecal specimens containing Cryptosporidium oocysts, the 

coupled antibodies bind oocyst antigen resulting in erythrocyte agglutination that prevents 

normal sedimentation of the erythrocytes to the bottom of the well. Thus, a positive test 

is indicated by the absence of a button of settled erythrocytes (Figure 1 S). 

A total of 237 specimens 60m patients were tested using the RPH assay, and the results 

compared with those obtained by microscopy of auramine-phenol-stained srnears. Ushg 

the microscopy test as a reference technique, the sensitivity of the RPH assay was 

detemined to be 93.9% and the specificity to be 98.2%. These results were noted to be 

similar to ELISA results obtained by Newman et al. (1 993). 

1.4.3. Flow Cytometric Detection 

A unique, reproducible and sensitive method for evaluating cryptosporidial parasite loads 

using flow cytometry has been developed by Arrowood et al. (1987, 1995). Flow 

cytometric quantitation of Cryptosporidiirrn parasites offers many advantages over the 

conventional F A .  Oocysts used in the study were C. parvum bovine isolates of the Iowa 

strain. Severe combined irnmunodeficient (SCID) mice were infected with oocysts via 

gastric intubation, and fecal samples were collected for analysis by immunofluorescent 
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Figure 1.5. A schematic depiction of the reverse passive hemagglutination assay for 
detection of Cryptosporinium antigen in fecal sarnples (Farrhgton et al. 1995). 



and flow cytometric assays. Results indicated that a 10- 15 fold increase in detection 

sensitivity could be obtained using the flow cytometric assay versus the IFA (Table 1.3). 

A rough indication of oocyst viabiIity may be possible in the flow cytometric assay due to 

differences in profiles generated between heat-inactivated and non-heated oocysts. in 

addition, excystation may be detectable by shifis in the forward scatter plot. 

1.4.4. Detection of Viable Cryptosporidium parvum Oocysts 

Determinhg the viability of Cryptosporidium p a m  oocysts is an important step 

towards differentiating oocysts that are infective for humans fiom harmiess oocysts. 

Traditionally, viability determination has involved fluorogenic dyes, excystation, or the 

use of animal models. Campbell et al. (1992) attempted to determine a correlation 

between two methods for detennining the viability of C. panturn oocysts: in vitro 

excystation of sporozoites, and inclusion or exclusion of fluorogenic vital dyes 4',6- 

diamidino-2-phenylindole (DAPI) and propidiurn iodide (PI). One excystation assay 

involved addition of purified oocysts to a bile solution. The second protocol utilized 1% 

sodium deoxycholate to promote oocyst excystation. Both excystation protocols 

perfiormed similarly with a correlation coefficient of 0.996 between the two. The 

maximal excystation efficiency was found to be four hours. Some variation was found in 

the excystation efficiencies between isolates. When Campbell et al. ( 1992) compared the 

viability resuits fiom incorporation of DAPI and PI with four-hour excystation, the 

correlation between the methods was found to be 0.997. 



Table 1.3. A cornparison of various methods used to detect Cryptosporidium oocysts. 

References 1 Seeding LeveI (# oocysts) ] Detection Capabilities of Methods 

Arrowood 
et al. (1995) 

Johnson 
et al. (1 995) 

Webster 
et al. (1 993) 

104 per 4 0 0 ~ ~  mouse fecal suspension 1 6 1 40-60 

~ 
103 per 400pL mouse fecal suspension 

Compared 
- (IFAI 1 2-5 (FC) 

105per 400pL mouse fecd suspension 
0.9 oocysts per 100 pL PCR 
9.0 oocysts per 100 pL PCR 
90 oocysts per 100 pL PCR 
900 oocysts per 100 pL PCR 

2 oocysts per 50 pL PCR 
20 oocysts per 50 pL PCR 
200 oocysts per 50 pL PCR 

+ = positive test result; - = negarive test resuIt; +!- = inconsistently pasi&e test result; FA= 
immunofluorescence assay; PCR = polymerase chain reaction; FC = flow cytomeuy; dot-blot = dot-blot 
hybridization. 

80 
- (PCR)" 
- 
+/- 
+ 
- (PCR) 
- 
- 

1 2000 oocysts per 50 pL PCR 

500-700 
+/- (dot-blot) 
+ 
+ 
4- 

+ I 
iensitivity of PCR improved 100-1000 fold after flow cytomeuy or magnetic antibody capture. 



Putative triggers of excystation were used with in viiro excystation and fluorogenic dyes 

to test theu efficacy ( Campbell et al., 1 992; Table 1.4). Preincubation treatrnents were 

performed to observe the impact of various artificially simuiated conditions on oocyst 

viability. Preincubation steps were implemented pnor to incubation with vital dyes or in 

vitro excystation, and included: treatment with either 0.1 M NaOH or 0.1 M HCl, and 

treatment with acidified Hank's Balanced Salt Solution (HBSS). Viability d e r  

preincubation treatments was assessed by fluorogenic dye incorporation (predicted 

viabilitv) and excystation (observed viability). Results indicated a high correlation 

(correlation coefficient = 0.989) between predicted and observed viability. Preincubation 

with 0.1 M NaOH or 0.1 M HCl led to an increase in oocyst death in both the human and 

cervine-ovine isolates. In addition, human isolates showed an increase in the proportion 

of viable DAPI+ PT oocysts and a corresponding decrease in DAPï Pr oocysts, whereas 

viability in the cervine-ovine isolates was reduced. Preincubation in acidified HBSS, 

however, revealed a decrease in the proportion of DAPï PT oocysts in both isolates, with 

no change in the percentage of dead oocysts before and after treatment. Therefore, 

preincubation with acidified HBSS converted the majority of DAPr PT oocysts into 

viable DAPI+ PI' oocysts. 

Excystation, the stimulation of sporozoites to emerge Eom oocysts, has been used as a 

marker of viability in several studies. Fiikom et al. (1994) coupled poiymerase chah 

reaction (PCR; Table 1.5; Table 1.6) with an excystation protocol to develop a sensitive 

assay for the selective detection of viable Cryptosporidium oocysts. Wagner-Wiening 



Table 1.4. Viability of Cryptosporidium p a m  oocysts as detennined by the fluorogenic 
dyes DAPI and PI: 

Viabiliîy 

Non-viable 
Non-viable 
Viable 
Viable after a 
further trigger 

Oocyst description 

Ghost 
PI+ (red)' 

D A P I + P T ( ~ ~ U ~ ) '  
DAPr PT 

adapted fiom Campbell et al. ( t 992). 
'PI = propidiurn iodide 
'DAPI = 4',6-diamidino-2-phenylindole 
"DIC = differential interference contrast microscopy 

a 

Oocyst contents 
visible by D I C ~  
No 
Yes 
Yes 
Yes  

Lnclusion of 
PI DAPI 
No No 
Yes Yes 

No Yes 
No No 



Table 1.5. PCR protocols and cycling parameters employed in studies on 

Reference 
Awad-el-Kariem 
et al. (1  994) r- 
Chrisp and 
LeGendre (1 994) 

Filkorn et ai. C-- 

Johnson et ut. 
(1995) 

PCR mix 
10 pL reaction bufTer 
0.0 1 % (wfv) gelatin 
5 pL Taq potymerase (2.5 units) 
5 pL of each of PCR primers 
2 pL of each of four d N ï P s  
62 pL reagent-grade sterile 
(autoclaved) deionized water 
10 pL 1 OX PCR b a e r  
0.2 m M  each dNTP 
1 .O pM each primer 
2 pL DMSO 
10 pL template 
2.5 U Taq 
H20 to 200 pL reaction 

10 PL 10X PCR buf5er 
0.0 1 % GeIatine 
16 pL dNTP-miu (1 -3Sm.M each of 
dATP, dGTP, dCTP, dTTP) 
1 pL primer 1 ; 1 pL primer 2 
2 pL DMSO (Sigma) 
0.5 pL Taq polymerase (Perkin- 
Eher) 
59.5 pL H20 per 10 pL of 
Ctyptosporidirrm suspension 

IX PCR buffer 
150 pM each dNTP 
200 nM each primer 
2 U Taq 
50 PL tempiate 

5 pL 2mM dNTP rnix 
5 pL 10X reaction buffer 
2 PL 4pM primer (1 pL each of 
torward and reverse primer) 
32.2 PL ultrapure sterile water 
3.5 pL dimethylsulfoxide 
5 PL sample DNA 
1 U Taq 

-- 

Cycling Parameters 
45s @ 94OC denaturation 
1 min @ 4SoC primer annealing 

3 min @ 72OC polymerization 
-38 cycles 

1 O min @ 72°C finai extension 

10 min @ 94°C hot start 

1 min @ 94°C denaturation 
2 min @ 45°C primer annealing 
3 min @ 73°C polymerization 

-35 cycles 

Part 1 : 
3 min @ 94OC denaturation 

5 min @ 4SoC primer anneaiing 

1 min @ 72OC polymerizatian 
-1 cycle 

Part 2: 
1 min @ 94OC denaniration 

2 min @ 57OC primer annealhg 
1 min @ 72OC polymerization 

-30 cycles 
5 min @ 72°C final extension 
5 min @ 80°C hot start 

30s @ 98OC initial denaturation 

30s @ 94°C denaturation 
30s @ 55OC primer annealing 
1 min @ 72°C polymerization 

-39 cycles 
10 min @ 72OC final extension 
3-5 min @ 70°C hot start 

1 min @ 94OC denaturation 

1 min @ 45OC primer annealing 
1 min @ 72OC polymerization 

-40 cycles 
2 min 0 72OC h a 1  extension 



lOpL2mMdNTPmYc 
2.5 U Taq 
1 pL of each primer at 100 mM 
2 pL DMSO 
10 pL template 
68.5 pL H20 

Mayer and Palmer 
( 1996) 

Webster et al. 
(1993) 

1OX PCR Buffer 
0.3 pM each primer 
AmpliTaq DNA polymerase 
2 mM MgCl2 
1 pL template (previous PCR 
product) 

5 pL of 10X Saiki reaction buffer 
0.1 % gelatin 
5 pL nucleotide mix (2 mM of each 
base) 
2 PL primer (100 ng of each primer) 
0.5 pL Taq polymerase (2.5 units) 
2.5 pL glycerol 
1 pL DNA template in TE buffer/2% 
D'IT 
34 pL TE buffer 

1 %in @ 9 4 T  denaniration 
2 min @ 45°C primer annealhg 
3 min @ 72°C polymerization 

-35 cycles 
9 min @ 7 2 T  î i d  extension 

2 min @ 94 C initial denaturation 

30s @ 94 C denaturation 
30s @ 60 C primer annealing 
30s @ 72 C polymerization 

-40 cycles 
3.5 min @ 72 C &al extension 
Part 1: 
3 min @ 94OC denaturation 

Part 2: 

90s @ 94OC denamtion 
90s @ 50°C primer annealing 
120s @ 72OC polymerization 

-40 cycles 
10 min @ 72OC ha1 extension 



Table 1.6. Primer sets, target sequences and sizes, and sensitivity of PCR amplification of 
C- p a m m  DNA. 

References Primer set Target 
Sequence and 
Size (bp) 
18s rRNA Awad-el- 

Kariem ( 1994) 

- .  . - 
Forward: 
S'AGT GCT TAA AGC AGG CAA CTG3' 
Reverse: 
S'CGT TAA CGG AAT TAA CCA GAC3' 
Forward: 
S'AGT CAT ATG CTT GTC3' 
Reverse: 
S'TCG CGT ?TT GCT GCG TTC TTC3' 

(not 
detemiined) gene 

(555) 
Cai et al. 
( 19%) 

3' end of 18s 
rRNA gene, 
ITS 1, 
5' end of 5.8s 
rRNA gene 
pHC 1 plasmic 
(452) 

(not 
detemined) 

Forward: 
S'CCG AGT TTG ATC CAA AAA GTï 
ACG AAG3' 
Reverse: 
S'TAG CTC CTC ATA TGC CTT ATT GAG 
TA3 ' 

Cllrisp and 
LeGendre 
( 1 994) 

(not 
determïned) 

Filkorn et al. 
( 1 994) 

Forward: 
S'CCG AGT TTG ATC CAA AAA GTT 
4CG AA3' 
Reverse: 
5'TAG CTC CTC ATA TGC CTT A I T  GAG 
TA3 ' 
'olward: 
i'AAG CTC GTA G?T GGA TïT CTG3' 

not disdosed (not 
determined) 

Johnson et al. 
(1 995) 

portion of 1 8s 
:RNA gene 
:43 5) pL PCR 

reaction 
S'TAA GGT GCT GAA GGA GTA AGG3' 

Laberge et al. 
(1 995) 

Forward: 
SGCC CAC CTG GAT ATA CAC TiT C3' 

1- 10 oocysG- 
per 20 mL 
raw miik 

Reverse: 
S'TCC CCC TCT CTA GTA CCA ACA 
GGA3' 
Forward: 
S'CCG AGT TTG ATC CAA AAA GTT 
ACG AA3' 

L a e r  et al. 
1992) 

lot disclosed 
452) 

~0.1  - 2.0 pg 
:otal DNA 
>er specirnen Reverse: 

S'TAG CTC CTC ATA TGC C ï T  A î T  
GAG TA3 ' 

Mayer and 
)aimer 
1996) 

Forward: 
S'GGC TCC AAG GCC AAT TTG TGG 
CAT GCC CTG CAG GAT ATG C3' 

not disclosed 
(nested PCR 
product) 
(283) 

1.7 x 102 
iocysts/L of 
~rirnary sewage 
ffluent 

Reverse: 
S'GCA TGC CCT GCA GGA TAT GC3' 
Forward: 
SfATC TTC ACG CAG TGC GTG GT3' 
Reverse: 
S'CAT CAG CCG GTA GAT GTC GA3 

-- 

Vebster et al. 
1993) 

l 

- 
2000 oocysts 
per 50 pL 
PCR reaction 

~f clone CP53 
:329) 



and Kimmig (1995) described a method of detecting viable C. parvum oocysts by PCR 

employing an excystation protocol pnor to DNA extraction fiom sporozoites. A DNase 

digest was perfomed to destroy fiee DNA in the sample pnor to extraction of total 

genornic C. pamim DNA £kom excysted sporozoites. A 5S°C incubation for various time 

intervals in digestion b e e r  was used to release DNA fiom sporozoites. AAer 

purification by phenol-chlorofom-isoamyl alcohol extraction, the DNA was used as 

template in a PCR reaction. Results indicated that a PCR positive signal was visible 

between 5- and 90-min intervals after digestion buffer addition when excysted, viable 

sporozoites were present. 

1 S. The Molecular Biology of Cryptosporidium 

1 S. 1 DNA Relatedness of Cryptosporidium Isolates 

Morgan et al. (1 995) recently used random arnplified polymorphic DNA anaiysis (RAPD) 

to characterize 25 Cryptosporiniwn isolates originating fiom a variety of marnmals 

(including humans) and snakes. RAPD employs arbitrary oligonucleotide primers in the 

polymerase chah reaction (PCR). Amplification using a particular RAPD primer can 

reveal polyrnorphisms both within, and between, species. DNA profiles generated using 

three primers grouped the 25 isolates into four rapdemes (isolates grouped genetically 

using RAPD patterns). A phenogram based on Jaccard's distance was constructed fiom 

the RAPD data to indicate phylogenetic relationships. The four major groups that 

emerged were (a) reptilian isolates, (b) domestic animal isolates, (c) human isolates, and 



(d) one human isolate that was closer to the domestic animal group than to the human 

tFow- 

Carraway et al. (1 996), using RAPDs, obsewed sequence polymorphisms of the 18s 

rRNA gene and the interna1 transcribed spacer 1 (ITSI) among isolates fiom different 

animal and human sources. To M e r  study genetic heterogeneity between C. pamrn 

isolates, primers were designed based on C. panrum 18s rRNA and lTSl genomic 

sequence (Table 1.7) and used to ampli9 DNA fiom various isoiates. A total of 13 

single-base changes were identified based on cornparison with AUCP-1 sequence 

(GenE3a.k accession nurnber L 16996). DNA sequence analysis found as many sequence 

differences within an individual isolate as among isolates, including the three-bp TGA 

deletion. 

The TGA polyrnorphism in the 18s rRNA gene of C. parvurn was exploited in the 

development of a PCR-based assay capable of differentiating C. parvum isolates 

(Carraway et al., 1996). Primer cryl 1 was designed to be homologous to the sequence 

with the TGA being present at positions 645 to 647, whereas primer cryl2 was designed 

to be homologous to the sequence with the three-bp deletion. Similarly, two primer sets 

were designed to differentiate between C. p a m  isolates by amplification of the intemal 

transcribed spacer- 1 (ITS 1) sequence. Results fiom both PCR assays grouped the isolates 

in the same marner. No polymorphism was f o n d  in the ITS I sequence within isolates. 

No definitive conclusions can be drawn fiom the groupings of isolates that have arisen in 



Table 1.7. Primer sets targeting 18s and ITSl sequences used in a RAPD study by 
Carraway et al. ( 1996). 

Primer 1 Sequence (5' to 3')" 1 

added restriction sites. 



this study. A paucity of information on the structure and copy number of rRNA genes in 

C. parvum is a factor, as is the possibility of genetically heterogeneous populations of 

parasites within a single isolate of this sexually reproducing species. However, two 

distinct types of nbosomal units have been reported in Plasmodiwn berghei, a protozoan 

species taxonomically similar to C. panmm (McCutchan et ai. 1995). 

Restriction fiagrnent length polymorphisrns (RFLP) have been used to differentiate 

between C. parvum isolates of bovine and human ongin (Ortega et al. 1991). The 

restriction enzyme EcoM was used to digest genomic DNA and the resulting restriction 

digest products were probed with pV47-2 (used in other studies to reveal sequence 

polymorhisms in marnmals, birds and plants). Oocysts fiom a total of six isolates fiom 

different geographical locations were tested, three of bovine origin and three of human 

origin. RFLP analysis revealed 18 bands that were common to al1 six isolates. The three 

bovine isolates displayed identical signal patterns when probed with pV47-2. The human 

isolates, however, displayed slight variations in the pattern of signais generated. RFLP 

analysis was repeated for al1 isolates using three other restriction endonucleases to 

confirm differences between isolates. Different enzymes produced different RFLP 

pattems. RFLP pattems appeared to remain consistent, despite repeated passages. It was 

suggested that probe pV47-2 may prove useful in deteminhg whether cross-transmission 

of isolates between animal species had occurred. 



1.5.2. Characterized Genes of Cryposporidium parvum 

Many genes of C. parvum have been identified and characterized in ternis of nucleotide 

sequence and gene products (Table 1.8). In one instance, an introdess C. parvum gene 

encoding a protein with homology to the cytoplasmic form of heat-shock protein Hsp70 

was identified fiom a C. p a ~ m  genornic expression library using a rat antisenim raised 

against C. p a m m  (Khrarntsov et al. 1995). In addition to nucleotide sequence hornology 

to Hsp70 genes, the putative heat shock protein product was found to have similar mass 

and antigenic properties to Hsp70 fiom bovine brain. To M e r  characterize the protein, 

monospecific recombinant eluted antibodies (MREA) specific to individual genornic 

clones were purified for ail clones that were recognized by the rat antiserurn. 

Arnong some of the genes encoding one of the more ubiquitous proteins that have been 

identified and characterized in C. parvum is the gene for elongation factor-2 (EF2). EF-2 

is a G-protein that uses GTP to catalyze the translocation of peptidyl-tRNA f k m  the A 

site to the P site of the ribosome during the elongation step of protein synthesis. While 

cloning C. parvzlrn multi-dmg resistance genes which encode proteins with nucleotide- 

binding domains, Jones et al. (1995) isolated a 420 bp DNA hgment  encoding the GTP- 

binding domain of EF-2. 

Lally et al. (1 992) identified a 2359 bp gene fiagrnent from C. parvum that encodes about 

half of a 190 kDa oocyst wall protein. Upon analysis, the amino acid sequence was found 

to contain a high proportion of cysteine and to be markedly repetitive. The gene fiagrnent 



Table 1 .8. C haracterized genes of Cryptosporidium parvum. 

References 
Cai et al. ( 1992) 
Goozé et al. ( 199 1 ) 

Gene idensed 
1 8s rRNA genes and ITS 1 
Thwnidvlate Svnthase 

Jones et al. (1 995) 
Khramtsov et al. ( 1 995) 

EF-2 
Hsp 70 

Lally et al. ( 1992) 
Steele er al. (1995) 

CPRl oocyst wall protein 
hemA 



was found to bave a retativeiy low G + C content (39.1%). Codon-usage data revealed 

that this low G + C content is due to preferential use of G + C-poor codons at sites where 

synonyrnous codons codd be used, and not due to a biased amino acid composition. The 

significance of the repetitive domains and low G + C content are not well understood. 

1 S.3. Detection of Cryptosporidium by Molecuiar-based Methods 

1.5.3.1. Extraction and Purification of Oocyst DNA 

isolation of DNA from Cryptosporidium for applications such as PCR involves additional 

sample processing steps to fiee and purifi the DNA fiom oocysts. After coIIection, 

oocysts are often placed in a lysis buffer (Table 1.9) that consists typically of 5 to 500 

rnM EDTA, a detergent such as SDS and I to 10 mg/mL proteinase K added to a Tris 

buffer. DNA is released fiom oocysts by 3 to 10 fieeze-thaw cycles or by heating at a 

minimum of 56°C for several hours. The DNA is then extracted by phenol-chloroform- 

isoarnyl alcohol and precipitated by ethanol precipitation. Alternatively, one of several 

commercially available DNA isolation kits may be used to obtain pure DNA. 

1 -5.3 2 .  Conventionai PCR-based Detection of C~yprosporidium 

The polyrnerase chah reaction has been utilized for amplification of Cryptosporidiurn 

DNA (Tablesl.5, 1.6, and 1.7). Cai et al. (1992) described the PCR cloning and 

nucleotide sequence d e t e d a t i o n  of the 18s rRNA genes and ITS 1 of C. parvum and C. 

muris for phylogenetic comparisons. Purified oocysts of C. parvum isolate MD and C. 

muris strain RN66 were used in the study. Upon intra- and inter-species comparison of 



Table 1.9. Methods for extraction and purification of oocyst DNA. 
- 

Re ferences 
Chrisp and 
LeGendre ( 1 994) 

Johnson et. al. 
(1 995) 

Morgan et. ai  
( 1  995) 

- - -  

Webster et, al. 
(1993) 

DNA Isolation and Purification Procedures 
DNA Isolation: 

1x10~  to 1x109 oocysts were resuspended in 350 mL lysis b a e r  (120 
mM NaCl, I O  mM EDTA, 25 mM Tris pH 7.5, 1% sarcosyi w/ 1 
mglmL, proteinase K) 
5 fkeeze-thaw cycles: - 1 96OC for 1 O min 

6S°C for 10 min 
equivalent volume of proteinase K added 

incubation at 5S°C for 1 h. 

DNA mirification: 
pheno1-chloroform-isoamyl alcohol(25:24: 1 ) extraction 1 X 
chloroform-isoamyl afcohol(24: 1 ) extraction 2X 
DNA precipitated w/ 0.1 volumes of 3 M sodium acetate and 3.5 
volumes of 100% ethanol 
wash precipitate with 70% ethanol 
dry; resuspend in 50 ml TE buEer (1 mM Tris, 1 rnM EDTA) 

DNA Isolation: 
oocysts washed 4X w/ PCR b a e r  (10 mM Tris pH 8,3, 50 mM KCl, 
3.5 mM MgC12) by centrifugation 

20% (W/V in water) Chelex 100 solution mived wl each samples (i.e. 20 
mL Chelex stock to 100 mL sample) 
6 cycles of fieeze-thaw: dry ice-ethanol bath for 1 -2 min 

98OC water bath for 1-2 min 
sample debns pelleted by centrifugation 
50 PL supernatant used as template for PCR 

DNA Isolation: 
oocysts resuspended in 300 mL lysis buffer (50 mM EDTA, 10 mM 
Tris, 250 mM sucrose, 8% Triton-X 100) 

3 freeze-thaw cycles 
50 ml proteinase K ( 1 0 mg/mL) 
incubation at 56OC for 3 h. 

DNA Purification: 
Prep-A-Gene DNA purification kit (Bio-Rad Laboratories) 

DNA Isolation: 

2 x 1 0 ~  ptdied  oocysts resuspended in 500 pL lysis b& (2 rng/mL 
proteinase K, 0.5 M EDTA disodium salt pH 9.4, 1% (w/v) SDS) 
incubation at 56OC for 48 h. 

DNA Purification: 
phenol extraction 
phenol-chloro form extraction 
chloroforrn extraction 
aqueous phase precipitated w/ 0.1 volumes of 3M sodium acetate pH 8 
and 3 volumes of cold absolute ethanol at -2wC for 16 h. 

centrifuge at 13000 g at 4OC for 15 min 
pellet washed 2X with 70% ethanol 
dissolve in 100 rnL TE pH 8 (1 0 mM Tris, 1 mM EDTA) 



the sequenced products, it was detemiuied that sequence variation exists in the 18s and 

ITS 1 regions both within, and between, species of Cryposporidium. The two clones of 

C. p a m m  exhibited eight nucleotide differences, whereas those of C. muris showed ten 

nucleotide differences. A comparable 1 1 nucleotide differences were observed between 

the two species. These resuits were confirmed with repeat gene amplification and cloning 

to elirninate the possibility that differences arose from PCR-introduced errors. When 

sequences of the small-subunit rRNA gene sequences of C. parvum and C. muris were 

compared with those of other protozoa for sequence homology, it was found that 

Ctyptosporiciium possessed no close genealogical affinity with any species tested. The 

highest sequence sùnilarities exhibited were found with Sarcocystis (87%), Prorocen»urn 

(87%), and Theileria (86%). Some homology was also show with Plasmodium (71- 

78%). 

Webster et al. (1993) devised a rnethod for diflerentiating between species of 

Cryptosporidiurn using PCR (Table 1 S). To design PCR primers (Table 1.6) and probes 

specific for C. p u m m  and no other species of Cryptosporidium, DNA from the bovine 

isolate of C. parvum was cloned and sequenced. The sensitivity of the PCR reaction 

under optimal conditions was 2000 oocysts/50 pL PCR reaction by conventional gel 

detection. Afier hybrïdization to the oligonucleotide or the hsert probes, sensitivity 

improved to 20 oocysts/50 PL PCR reaction. No specific PCR products capable of 

hybndizing to the 30 bp oligonucleotide probe were detected upon amplification of DNA 

£iom C. mtiris or C. baileyi, or any other DNA tested. 



A PCR protocol was used to detect C. parvum DNA in fixed, paraffin-embedded tissue 

preserved as archival material (Laxer et al. 1992). After tissue extraction from paraf i ,  

DNA was isolated for use as template in PCR (Table 1.5). Both agarose gel and Southem 

blot results indicated that C. p a m m  DNA was present and successfully arnplified by 

PCR in each of the histologically positive samples and in a positive control sample that 

consisted of purified C. parvum DNA. No C. parvum was detected in negative controls. 

PCR enabled sensitive (c0.1 - 2.0 pg total DNA per specimen) amplification of 

Cryptosporidium DNA (Table 1.6) in a sampie containing a relatively small proportion of 

C. pnrvum DNA compared to human tissue material. Neither fixation nor the presence of 

human DNA appeared to interfere with the amplification of target C. parvwn DNA. 

Laberge et al. (1996) developed a PCR assay coupled with cherniluminescent detection 

for C. pantzirn in raw miik with a primer set based on the C. pumm sequence reported by 

Lally et al. (1992). The PCR primer set was compared to the primer set of Laxer et a[. 

(1991) with regard to sensitivity and specificity for amplification of DNA fiom human 

and bovine isolates of C. p a m .  Both primer sets were found to have a similar 

sensitivity of 1 to 10 oocysts/20 mL of artificially contaminated raw rnilk. The primer set 

of Laxer et al. (199 1) was found to be less specific for C. parvum than that of Laberge et 

al. (1996). The primer set of Laberge et al. (1996) was determined to have specificity for 

bovine isolates of C. pantum. 



In another study, Chrisp and LeGendre (1994) atternpted to differentiate between C. 

parvum and C. wrairi using species-specific primers (Table 1.6) in PCR and by probing 

using synthesized probes and a piasmid containhg genomic DNA. C. wrairi oocysts 

were recovered f?om feces of pathogen-fkee guinea pigs and purifïed (Table 1.2). DNA 

was then isolated fiom oocysts of both species (Table 1.9). When purified DNA was 

used in PCR (Table I S ) ,  the expected 452-bp PCR products (gene target not disclosed) 

were detected fiom both species. Nested PCR followed by sequencing of nested PCR 

products revealed polymorphisms between the two species. h total, 22 bp differences 

were detected. Determination of differences between species using either plasrnid or 

synthesized probes was not successful. 

Awad-el-Kariem et al. (1994) reported on a PCR and endonuclease-based system for 

identification of Crypfosporidium species. The systern utilized PCR (Table 1.5) to 

specifically amplie DNA from the genus Cryposporidium followed by a restriction 

endonuclease digestion step to differentiate between species. Thee species of 

Cryptosporinium were used: C. muris, C. baileyi, and several isolates of C. parvum of 

human and animal ongin. PCR was used to arnplify a central portion of the 18s rRNA 

gene of C. parvum, C. mtiris and C. baileyi using primers that targeted regions of the gene 

that were conserved in al1 three species (Table 1.6). The target sequence that was 

arnplified was identical in these two species except for a G for A substitution at 

nucleotide position 1036 in C. mwis. This single nucleotide substitution eliminated a 

Mael restriction endonuclease recognition site in C. muris that is present in C. pantum. 



PCR amplification produced a 556 bp product in al1 six isolates of C. parvum and in 

single isolates of C. muris and C. baileyi. A nested PCR was performed using internai 

primers to confimi the arnplified product. Restriction enzyme digestion using Mael 

produced identical profiles in al1 six C. p m m  isolates. The restriction profiles obtained 

for C. muris and C. baiieyi differed fiom each other and that of C. pantum. Thus, PCR is 

capable of ident img Cryptosporidizrm species by amplification of a specific product. 

Further resolution of the genus into different species is possible by generating restriction 

endonuclease profiles. 

Johnson ei al. (1995) outlined a PCR protocol (Tables 1.3 and 1.7) for detection of 

Cryptosporidiiun oocysts from wastewater, surface water, and drinking water. In some 

water types, the presence of compounds inhibitory to PCR complicated detection of 

organisms. Several methods (flow cytometry, dot blot hybndization, and magnetic 

antibody capture) were tested to determine whether PCR sensitivity in the presence of 

inhibitors could be improved. Detection of purified oocysts of Cryptosporidium isolated 

fiom calves indicated a 10- to 100-fold increase in sensitivity using a DNA dot-blot 

procedure over ethidium-bromide stained agarose gels, depending on the age of the 

sample. The sensitivity of the PCR assay was found to decrease 100- to 1000-fold for 

oocyst-seeded environmental samples compared with purified oocysts. However, when 

oocysts were separated fiom other particdates by flow cytometry pior  to DNA 

extraction, detection was greatly irnproved. For reasons of cost and technical 



requirements, however, flow cytometry may not be a practical technique for most 

laboratories in the routine analysis of Cryposporidiurn oocysts in water. 

Johnson et al. ( 1 995) observed that use of magnetic antibody capture (MAC; Figure 1.6) 

enabled the concentration of 250,000 oocysts into a 100 mi, sample, whereas the 

concentrating capability of a conventional protocol was limited to only 25,000 

oocysts/100 mL sample, fiom similar starting volumes. This represented a 10-fold 

improvement by MAC over the conventional protocol. PCR detection of the sample that 

had not undergone MAC was not possible until the sarnple was diluted 1 00-fold, owing to 

interference fiom PCR inhibitors present in the environmental water. The MAC-treated 

sample, however was detectable by PCR without M e r  dilution due to the concentrating 

eEect achieved by MAC. 

Mayer and Palmer (1996) compared PCR, nested PCR and fluorescent antibodies for 

detection of Crypospuridiurn species in wastewater. PCR detection of Cryposporidium 

oocysts was achieved using a primer set previously published by Ranucci et al. (1993), 

however, due to non-specific amplification and inadequate sensitivity, a nested PCR was 

employed (Table 1 S). The sensitivity achieved after nested PCR was 102 oocysts/l of 

primary wastewater influent (Table 1.9). PCR products were confirrned by Southem blot. 

Optimal sensitivity and specificity of the primer set for other species of Clyptosporidium 

have yet to be determined. Correlation between PCR and F A  results ranged between 63 

to 72% (Table LM). F A  positive, PCR negative results may have been due to the 



Mouse 
MAb 
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an ti-Cryptosporidium -f Rabbit 
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Ctyptosporkijum oocyst 

anti-mouse 

Figure 1.6. A schematic depiction of a geoenc indirect magnetic antibody capture system 
for Cryptosporidium oocysts. 



Table 1 JO. Cornparison of immunofluorescence (FA) staining and polymerase chain 
reaction (PCR) for detecting Cryprosporidiwt oocysts in sewage influent and effluent: 

PCR+~ EA+' 

'FA+ = positive immunofluorescence resuit; [FA- = negative immunofluorescence result 

Primary influent 
4 

b 

PCR+ IFA- 
Total nurnber of 
sarnples 
% Correlation 

4 
3 

PCR- IFA- 

PCR- FA+ 

Prirnary effluent 
4 

1 
I 

3 
3 

a 
adapted fiom Mayer and Palmer (1996). 

b ~ ~ ~ +  = positive PCR result; PCR- = negative PCR result 

1 

1 1  

63% (7 of 1 1 )  

Secondary effluent 
6 

O 

11 

72% (8 of 11) 

2 

10 

70% (7 of 10) 



tendency of the F A  method to cross-react with non-target organisms such as algae or to 

inhibitory substances present in the water that interfere with PCR enzymes such as hurnic 

acids. PCR positive, F A  negative results may have been caused by oocysts obscured by 

debis or a greater sensitivity of the PCR method. Use of this PCR rnethodology for 

detection of Cryptosporidium oocysts in drinking water may be hampered by the loss in 

sensitivity with larger volumes that must be processed. 

As many outbreaks of cryptosporidiosis are suspected to be the result of waterbome 

transmission of oocysts, the detection of Cryptosporidiurn purvum in drinking water has 

proven to be an area of great interest to researchers. The use of the polymerase chah 

reaction in the specific detection of oocysts in water has proven to be a usefûi tool in 

achieving greater sensitivity over conventional microscopie methods, especially when 

coupled to nucleic acid hybridization methodologies. However, still greater sensitivity 

must be attained to reach levels that are comparable to those established for the minimum 

infective dose in humans (Dupont et al. 1995). The main challenge to increasing 

sensitivity is finding methods to concentrate oocysts present in low numbers while, at the 

same tirne, excluding both soluble and insoluble components that may interfere with 

detection. 

1 5 3 . 3 .  Quantitative PCR 

h recent years, quantitative PCR for enurnerathg numbers of DNA molecules of a 

specific sequence in a sample has grown in popularity and in its range of applications. 



Many ways of quantimg the amount of PCR products generated in amplification 

reactions have been developed. The accuracy of detemllning the initial number of target 

sequences fiom quantitating PCR product varies greatly depending on the method. 

Development of an absolute quantitative PCR system for C. parvum has yet to be 

described, however, quantitative PCR methods that can be adapted to C. p a m m  are 

discussed below . 

Martin et al. (1995) described a means of quantitating PCR products with 

cherniluminescence. PCR product was quantified using biotin-iabeled primer in the 

amplification reaction which allowed the resulting product to be bound in a streptavidin- 

coated microtitre plate weil. The non-biotinylated strand was then removed by 

denaturation and a fluorescein-labeled oligonucleotide probe complementary to an 

intemal portion of the target was used to hybridize to the remaining strand. Detection 

was accomplished using an anti-fluorescein aikaline phosphatase antibody conjugate. 

Upon addition of CSPD substrate, the alkaline phosphatase reacted with CSPD in a 

chemilurninescent reaction to produce light that was measured using a microplate 

luminometer. The sensitivity of the assay enabled detection of 0.2 h o 1  of PCR product. 

Intra-assay variation was detennined to be approximately 12%. 

Martin et ai. (1 995) established a relationship between initial target concentration and the 

amount of PCR product generated based on the exponentiai nature of product 

accumulation. Thus, in this assay, the accuracy of determinhg initial target numbers 



relies on ensuring that product arnounts are taken during the exponential phase of 

amplification, and in assuming that the reaction eniciency for each amplification cycle 

remains constant. in detennining concentration of target DNA in an unknown sample, a 

standard curve was generated by amplification of known quantities of target DNA. The 

use of such a curve does not take into consideration the variation in reaction eficiencies 

between samples. Therefore, it was necessary to CO-amplif) a known control target DNA 

of sirnilar size and known quantity in the same reaction vessel. 

Wilkinson et al. (1995) reported on the use of competitive PCR and the QPCR system 

5000 in a transcription-based screen for insulin-Iike growth factor 1 (IGF-1). in the 

competitive PCR, an interna1 standard (1s) template was synthesized that consisted of the 

sarne primer sequences used to ampli@ the wild-type target DNA flanking an welated 

DNA fragment. To generate an external standard curve, a lcnown amount of wild type 

IGF- 1 template was serially diluted and CO-amplified in competitive PCR reactions witti a 

constant amount of IGF-1 IS template. Use of a standard curve generated fiom 

competitive PCR reactions has been previously described by Siebert and Larrick (1992) 

and Zachar et al. (1993). 

Jenkins et al. (1997) recently reported a semi-quantitative method for measuring C. 

pamtm infection in mice using PCR. A traditional quantitative PCR method empioying 

known concentrations of a cornpetitor molecule in a series of PCR reactions with constant 

unknown concentrations of Cryptosporidium template was used. After competitive PCR, 



products were nin on a polyacrylamide gel and the concentration of C. parvum template 

determined by optical density cornparison of product band intensity against those of the 

cornpetitor standards. The sensitivity of the assay allowed semi-quantitative detection of 

a 1 o3 dose of oocysts, 72 h post-infection. 

1.5.3.4. Most-probable-number-PCR 

The traditional most-probable-number (MPN) method permits estimation of the density 

of viable organisrns in a population. The MPN technique is based on determining the 

presence or absence of microorganisms in each of several consecutive dilutions of a 

sample (Alexander, 1982). A prerequisite of the MPN method requires a random 

distribution of organisms throughout the sample. In addition, when organisms are 

present, they must be able to bring about a recognizable change in the medium in which 

they are inoculated after multiplication. Finally, for accurate determinations, the growth 

of microorganisms should not be inhibited in the growth medium. Under these 

conditions, MPN indicies found in MPN tables can be used to estimate the number of 

organisms in a sample within given confidence Iimits. 

The MPN technique can be applied to estimate numben of target molecules in a given 

DNA sample used for PCR amplification. In theory, the nature of PCR amplification is 

not uniike the growth of microorganisms. In both cases, the number of 

molecules/organisms after a given number of cycles/division events can be described by 

the formula: number of molecules/organisms = 2", where n denotes the number of 

cycles/division events. As such, the probability statistics that have been used to derive 



MPN index values in MPN tables are applicable for determining the number of target 

molecules in a stock solution when au aliquot is taken for PCR. However, the same basic 

assumptions that validate traditional MPN estimates are also applicable to MPN-PCR. 

For accurate MPN-PCR estimates, target molecules mut be randomly distributed 

throughout the stock vial. Second, if one or more target molecules is present in a sample 

aliquot taken for PClZ, this target will be arnplified under the appropriate reaction 

conditions. 



1.6. Research Hypotheses to be Tested 

In the past, outbreaks of cryptosporidiosis have been linked to treated water supplies 

contamh~ated with Cryposporidium spp. (Kramer el al. 1 996; MacKenzie et al. 1994). 

The traditional methods used for isolation and detection of C. parvum in municipal water 

based on cartridge filtration and enurneration using immunofluorescence rnicroscopy lack 

the sensitivity and specificity required to ensure the safety of the water supply. The 

polymerase chah reaction (PCR) is an alternative molecular-based approach for detection 

of C. parnim. Furthexmore, PCR cm be adapted for quantitative applications that allow 

determination of numben of organisms. Because PCR involves amplification of a 

specific nucleic acid sequence, it is highly sensitive and specific. Sensitivity and 

specificity c m  be M e r  improved using probing methods that confirm and enhance the 

detection of amplified PCR products. 

This research was based on the following hypotheses: 

1) It was hypothesized that a PCR assay could be developed for qualitative detection of 

C. parvzirn oocysts in municipal drinking water. 

2) It was hypothesized that a PCR-based assay could be developed for quantitation of C. 

parvurn oocysts in municipal water samples. 



To test these hypotheses, municipal water samples spiked with C. parvum oocysts were 

fiItered and recovered using a membrane dissolution technique (Aldom and Chagla, 

1995). A protocol for isolation of DNA fiom recovered oocysts was developed. The 

Digene SHARP SignalTM System Assay, a commercial enzyme-linked immunosorbent 

assay (ELISA) for PCR product detection and quantitation, was evaluated for sensitivity 

and potential for enurneration of C. parvum in municipal water samples. The 

applicablility of the most-probable-aumber-PCR (MPN-PCR) method for estimation of 

oocyst numbers in municipal water was assessed. 



2. Detection of Ckyptosporidiumpawum in Municipal Water Samples by Polymerase 
Chain Reaction. 

2.1. Abstract 

The enteric protozoan, Cryptosporidium panrum, the causative agent of cryptosporidiosis, 

has been isolated firom drinking water, fecal samples fiom humans and anhals, and 

environmental samples such as sedirnent and soii. The cturently available water sampling 

methods for detection of this parasite are labour-intensive and the efficiency of oocyst 

recovery is poor. An improved method utilizing membrane filtration and dissolution 

followed by polyrnerase chah reaction (PCR) amplification, and confirmatory nested 

PCR was evaluated for the sensitive and specific detection of C. parvum oocysts in 

municipal water sarnples fiom Ontario, Canada. Detection of PCR products using the 

ELISA-based Digene SHARP Signalm System Assay was assessed for its applicability 

for water testing. Seventy-two municipal water samples from southwestern Ontario were 

collected and spiked with varying concentrations of formalin-killed C. parvum oocysts. 

Oocyst recovery on the filters was detemiined by the Merifluor immunofluoresence assay 

for CryptosporidiudGiardia. Oocyst detection using the PCR assay showed an 83.3% 

correlation with immunofluoresence assay results among [FA-positive samples with a 

sensitivity of 10' to 10) oocystsllO0 L. The PCR assay also showed potential for 

application to untreated water samples and naturaily contaminated municipal water fiom 

a recent Cryposporidium outbreak. 

2.2. Introduction 

Ctyptosporidiurn parvum is a coccidian protozoan parasite that invades and grows within 

epithelial cells lining the intestinal tract of vertebrate hosts. In humans and other 

mammals such as calves, sheep, and deer, C. p a m  is the cause of the gastrointestinal 

illness cryptosporidiosis. Transmission occurs by zoonotic or person-to-person contact 
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via the fecal-oral route. The immune status of the af5ected host is a major determinant of 

the severity and duration of disease. nius, hi& risk groups include those with 

underdeveloped or weakened immune systerns such as the young and the elderly as wel1 

as patients with acquired immune deficiency syndrome (AIDS) or patients undergoing 

immunosuppressive treatment. At present, there is no known protective vaccine or 

treatment for cryptosporidiosis. 

In the past, Cryptosporidium has been implicated in waterbome outbreaks of 

gastroenteritis. The most notorious outbreak occurred in Milwaukee, Wisconsin, USA in 

1993 (MacKenzie et al. 1994). Over 400,000 people were affected in this largest ever 

recorded outbreak of waterborne disease in the United States. Recent outbreaks have also 

been reported in Collingwood, Ontario, Canada (Seeman, 1996a) and Kelowna, British 

Columbia, Canada (Seeman, 1996b). Other outbreaks of waterbome cryptosporidiosis 

have been reported world-wide including such countries as Australia, South Afiica, 

United Kingdom, France, Portugal and in parts of South America. Some cryptosporidial 

outbreaks have implicated hospitais (Okafor and Okunji, 1994), daycare centers (Kuhls et 

al. 1994) and swimming pools (MacKenzie et al. 1995; Wilberschied, 1995) as foci of 

infection. 

Contaminated agricultural runoff and sewage discharge may contribute to the movement 

and spread of Cryptosporidium oocysts in the environment. Numbers as high as 10' to 

109 oocysts have been reported to be released by calves in feces over a penod of one 

week at the peak of oocyst shedding (Muller et al. 1993). Current, (1985) reported 

shedding in calves to be between 10' and 106 oocystdg (fiesh weight) of feces. 

Conventional methods of water treatment such as chlorination and ozonation have proved 

ineffective for inactivating Ctyptosporidium oocysts, as detemillied by mouse infectivity 
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and excystation assays after chernicd exposure (Korich et al. 1990). At present, the 

method most commonly adopted by water treatment plants is physical removal of the 

oocysts by filtration. Other methods for inactivation of Cryposporidium oocysts under 

development include pasteurkation (Harp et al. 1996) and ultraviolet irradiation 

(Campbell er al. 1995). 

Conventional methods for detection of Cvplosporidium oocysts in water rely largely on 

rnicroscopic examination or immuno-based methods. Kehl et al. (1995) compared four 

such methods including two enzyme immunoassays, one immunofluorescence assay and 

one acid-fast stain. Other immuno-based tests for Cryptospporidium include enzyme- 

linked immunosorbent assay (Woods et al. 1995) and the reverse passive 

hemagglutination assay (Farrington et al. 1995). Major drawbacks of conventional 

methods of detection include lack of assay sensitivity and specificity. Misidentification 

c m  be a problem in assays that involve either direct microscopic examination or cross- 

reacting antibodies. Recent advances have seen the application of flow cytornetry to 

detection of Cvyptosporidium oocysts in water (Vesey et al. 1994; Arrowood et al. 1995). 

However, the high costs associated with this technology may limit its feasibility for 

practical routine use in the water industry. 

The polymerase chain reaction offers a rapid, high throughput alternative for detection of 

C. pawum in water. The relative sensitivity and specificity of this technique compared to 

conventional methods derives fiom targeting and amplifjmg a specific nucleic acid 

segment fiom C. parvum. Several authors have reported on PCR-based methods for 

detection of C. pantum in a variety of water types (Johnson et al. 1995; Mayer and 

Palmer, 1996; Webster et al. 1993) however attempts to achieve greater sensitivity in 



municipal water samples remain a chaiienge due to lack of adequate concentration and 

purification tecbniques for isoIating the organism. 

This paper descnbes a new method for detection of C. panrum in mldcipal water 

samples that combines procedures for recovering oocysts from municipal water samples 

with DNA isoIation and PCR amplification followed by PCR product detection using an 

ELISA-based system. The PCR assay was compared to conventional detection using an 

indirect imrnunofluorescence kit fiom Meridian Diagnostics Incorporated, Cincinnati, 

Ohio, USA for the ability to detect formalin-killed C. parvurn oocysts seeded into 

different municipal water samples. 

2.3. Materials and Methods 

2.3.1. The Organism 

Cryptosporidium pnwum oocysts used in al1 spiking (the artificial inoculation of 

organisms into a medium) studies were obtained fiom K. Dianne Swabby-Cahill, 

Parasitology Research Labs (P.R.L.), Phoenix, Arizona, USA. The oocysts were of 

bovine ongin and have subsequently been passaged in 8-12 week old C57BLl6 rnice 

irnrnunosuppressed with dexamethasone at P.R.L. in order to propagate the organism. 

The particular strain of C. p a m  was not determined (Swabby-Cahill, P.R.L., Phoenix, 

Arizona, USA, personal communication). 

2.3.2. Inoculation and Recovery of Oocysts fiom Municipal Waters 

The technique of Aldom and ChagIa (1995) was used to filter IO00 L of municipal water 

inoculated with 1 o3 to lo5 formalin-killed C. parvurn oocysts. Oocysts were recovered on 

an 8.0-pm pore size ceilulose acetate membrane filter contained within a Millipore 

(Nepean, Ontario, Canada) 293-mm stainless steeI fiItration unit. The membrane was 
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subsequently dissolved in 100% acetone and oocysts washed successively with 95% (vh) 

ethanol, 70% (v/v) ethanol and eiuting fluid [1% (w/v) SDS, 1% (v/v) Tween 80, 1X PBS 

(137 mM NaCl, 2.7 mM KCl, 4.3 mM Nazwo4-7&û, 1.4 mM KH2P04, pH 7.3), 

0.00 1% (w/v) Sigma Antifoam, Sigma Chernical Company, St. Louis, USA]. Oocysts 

were recovered after the final wash by centrifugation at 650 g and resuspended in - 10 mL 

eluting fluid and counted using the Menfluor immunofluorescence assay fkom Mendian 

Diagnostics (Cincinnati, Ohio, USA). 

2.3.3. Untreated and Naturally Contaminated Water Samples 

Untreated water samples boom the city of Guelph, Ontario, Canada were collected and 

filtered by Clancy Environmental Consultants Incorporated (St. Albans, Vermont, USA) 

and seeded with C. parvum oocysts or Giardia cysts, or left unseeded. Water sources 

consisted of well, manhole and river waters (Table 2.1). DNA was isolated fiom the 

sarnples (see Section 2.3.4.) for PCR detection of C. p a m m .  

Municipal water sarnples were collected from Collinwood, Ontario, Canada by the 

Ontario Ministry of Health (MOH), Toronto, Canada during an outbreak of 

cryptosporidiosis that occurred in Febmary and March of 1996. After filtration, sample 

pellets were obtained from Michael Brodsky (MO@ for detection of C. parvum by PCR. 

2.3.4. DNA Extraction and Purification 

Municipal water pellets (-10 mL volume) were vortexed vigorously to resuspend the 

oocysts, and a 1.5 mL aliquot was used for DNA extraction. Oocysts were pelleted by 

centrifugation at 16,000 g in a microcentrifuge at 22OC and resuspended in 750 ~LL lysis 

buffer [120 rnM NaCl, 10 mM EDTA, 25 mM Tris pH 7.5 and 1% (wh) sarcosyl] with 

0.5 m g / d  proteinase K (Eloehringer Mannheim Canada, Laval, Quebec, Canada). 
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Table 2.1. Untreated water samples fiom the city of Guelph, Ontario, Canada seeded with 

Sample" 
A 
B 
C 
D 
E 
F 
G 
H 

"Ail sample volumes were 1250 PL. 
b Spiking OF water sarnples was performed by Clancy Environmentai Consultants hc., St. Albans, Vermont, 
USA- 
'+ denotes a postive PCR result; - denotes a negative PCR result. 

Spiking level/Organismb 
unspiked 
288 Giardia 
unspiked 
1440 Giardia 
unspiked 
293 Cr~posporidim 
unspiked 
1464 C~tosporidium 

Water source 
city well 
city well 
city well 
city well 
manhole 
manhole 
Eramosa river 
Eramosa river 

PCR resultc 
- 
- 
- 
- 
- 
+ 
- 
- 



Oocyst walls were disrupted and sporozoite membranes lysed by 10 cycles of fieeze-thaw 

altemating between 5 min intervals in liquid nitrogen (-195OC) and a 65°C themal  

incubator. The lysate was treated with an additionai 0.1 rng/mL proteinase K and 

incubated at 37°C for 30 min. The lysate was pelleted by centrifugation at 16,000 g to 

remove debris and DNA in the supernatant puified using QIAamp (Qiagen Incorporated, 

Chatsworth, California, USA) spin columns. DNA collected fiom the columns was 

eluted in 10 rnM Tris (pH 9.0) preheated to 70°C according to the manufacturer's 

instructions. 

2.3 S. Polymerase Chain Reaction (PCR) 

The primer set of Laberge et al. (1996), designed based on the C. p a m m  sequence 

reported by Lally et al. (1992), for detection of C. parvum in raw miik was used to 

develop and optimize a PCR assay for C. pamm detection in municipal water. The 

reverse primer was modified by addition of a biotin label to the 5' end to allow PCR 

product capture and detection by the Digene S H A R P  Signalm System Assay (Digene 

Diagnostics Incorporated, Beltsville, Maryland, USA). The biotinylated reverse primer, 

prepared by chemical addition of a biotin label at the 5' end of the oligonucleotide, was 

purchased fiom Dalton Chernical Laboratories hcorporated (North York, Ontario, 

Canada). 

The prirners targeted a portion of the gene fiagment CpRl (2359 bp) which encodes a 

repetitive oocyst wall protein (Lally ei al. 1992; GenBank accession number M95743). 

The sequence of the primer set is as follows: forward primer (HB-1): 5' GCC CAC CTG 

GAT ATA CAC TTT C 3'; reverse primer (BIO-HB-2): 5' Biotin-TCC CCC TCT CTA 

GTA CCA ACA GGA 3'. The size of the target amplicon was 358 bp. In previous 

studies, Laberge et al. (1996) showed that this primer set was specific for C. pamm.  
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DNA fiom C~ptosporidiurn muris and human isolates of an undetermined species were 

not amplified. Furthemore, DNA fiom Giardia intestinalis, Toxoplasma gondii, Eimeria 

aceMlIina and Entarnoeba histoiytica could not be amplified using this primer set. 

The PCR mixture contained 1X PCR buffer ii (10 mM Tris-HC1 pH 8.3, 50 mM KCI; 

Perkin-Elmer Cetus, Norwalk, Connecticut, USA), 2.5 rnM MgC12, 10 PM each of 

forward (HB-1) and reverse (BIO-HB-2) primers, 0.2 mM each dATP, dGTP, dCTP and 

0.4 m M  dUTP, 100 pg/rnL bovine serum albumin, 0.5 U uracil-N-glycosylase, 3.25 U 

AmpIiTaq Gold (Perkin-Eher Cetus), 5 x 1w6 arnoVpL intemal standard (1s) DNA (see 

Section 2.3.5.2.) and 5 pL sample DNA (unknown concentration). Each reaction mYi 

was topped to a final volume of 50 PL with ultrapure sterile water. For multiple 

reactions, a master mix of al1 PCR components except sample DNA was prepared and 

aliquoted into individual tubes prior to sarnple template addition. Samples were assayed 

by PCR in duplicate. 

DNA amplification was carried out in an automated DNA thermal cycIer (mode1 9600; 

Perkin-Elmer Cetus) with 15 s denaturation at 94"C, 1 min annealing at 50°C and I min 

extension at 72°C over 40 cycles. Pnor to cyciing, a 5 min incubation at 50°C was 

employed for uraciI-N-glycosylase activity (PCR product carryover-prevention kit, 

Perkin-Elmer Cetus), followed by 10 min incubation at 95°C to inactivate the giycosylase 

and activate AmpliTaq Gold (Perkin-Elmer Cetus) as per the manufacturer's instructions. 

After 40 cycles, a 6 min final extension was perfomed at 72OC foIlowed by a 4°C soak. 

Amplified fragments were visualized on 2% (w/v) agarose gels stained with ethidium 

bromidc (0.75 pg/mL) afler running at 100 V for 40 min in 1X TBE bufEer (0.09 M Tris- 

boric acid, 0.002 M EDTA) and photographed under ultraviolet transillumination using 



the Gel Doc 1 O00 image analysis system (Bio-Rad Laboratones, Hercules, Califomia, 

USA). 

The components of the PCR reactions using p h e r s  HB-1 and BIO-HB-2 were modified 

to optïmize the amplification of C. p a m m  DNA isolated fkom municipal water samples. 

A PCR optimizer kit (Invitrogen Corporation, San Diego, California, USA) was 

employed to test variable buffer pH and MgCIz concentrations. Primer concentration, 

annealing temperature, dNTP concentration, AmpliTaq (Perkin-Elme: Cetus) 

concentration, and the addition of BSA to the reaction rnix were also examined. Sample 

DNA was diluted 3-fold with ultrapure s tede water to test the effect of diluthg PCR 

inhibitors on amplification. Similar optimizations were performed using AmpliTaq Gold 

(Perkin-Elrner Cetus) versus AmpliTaq polyrnerase (Perkin-Elmer Cetus) in the PCR 

reactions. 

2.3 S. 1. Nested PCR Amplification 

The primers used for RNA probe synthesis were used in a secondary amplification of 

pnmary amplicons to confirm and improve the sensitivity of detection of C. p a m m  

DNA. The primers were used to ampli@ a 3 10 bp segment that is within the primary 

amplicon. The reaction mixture for nested PCR consisted of 1X BufTer G [60 rnM Tris- 

HCl, 15 mM (NH4)S04, 2.5 mM MgC12, pH 9.0; Invitrogen, San Diego, Califomia, 

USA], 1 .O yM each of forward (T7-EC): 5' GGA TCC TAA TAC GAC TCA CTA TAG 

GGA GGG ATC CCA ATG CGA GCA AAT 3' and reverse (2'-IL): 5' CAA ACG TAT 

TGA AGA GC 3' primer, 0.8 mM dNTP mix (0.2 m M  each dNTP), 100 pg/mL bovine 

serurn albumin, 1.25 U AmpliTaq DNA polyrnerase, and 5 pL primary PCR reaction 

mixture (diluted 100-fold with ultrapure sterile water if a product band was visible after 

the first round of amplification). Reaction mixtures were topped to 50 pL with ultrapure 
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sterile water. Cycling conditions were identical to those for the fist round of PCR 

amplification (Section 2.3.5 .). 

2.3 S.2. Intemal Standard Template 

An intemal standard (IS) template was prepared and purified using Clontech's PCR 

MIMIC construction kit (Clontech Laboratories hcorporated, Palo Alto, California, 

USA) and introduced into reaction mixes for CO-amplification with C. parvum sample 

DNA. The sequence of the IS template consisted of HB-1 and BIO-HB-2 C. p a m m  

primer annealing sites flanking a segment of DNA unrelated to Cryptosporidium (Figure 

2.1). Quantitation of the IS template was achieved by cornparison to a @174/HaeIII 

digest molecular weight marker (Clontech Laboratories hcorporated, Palo Alto, 

California, USA) run on a 2% (wh) agarose gel stained with ethidium bromide. IS was 

used in reactions at a final concentration of 5 x 1 0 - ~  arnoUpL. When the IS template was 

added into PCR mixes containing C. parvurn DNA, two products would result fiom 

amplification using one set of primes. PCR product resulting fiom the amplification of 

C. parvum DNA was distinguished fiom the IS arnplicon on the basis of the difference in 

size (358 bp versus 225 bp, respectively) or by differences in sequence using 

hybridization with nucleic acid probes (see discussion on the Digene SHAW Signalm 

System Assay, Section 2.3.6.). 

2.3.6. Digene SHARP SignalM System Assay 

The SHARP SignalM System Assay fkom Digene Diagnostics hcorporated (Beltsville, 

Maryland, USA) is an ELISA-based PCR product detection system. Samples were 

assayed in duplicate as per the manufacturer's instructions with the following exception: 

DNA-RNA hybridization was conducted at 6S°C for 1 h. The procedure can be 

summarized in four steps: 1) denaturation of 5' biotinylated PCR products, 2) 
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- GCCC ACCTGGATAT ACACTTTCTG GATCCCAATG CGAGCAAATA AAAGAAGCAC 
CTCCTGTTTC AGAATGTCCA CCAGGATATA AACTTCAAGG AAATCAATGT ACTGCACTAA 
AAATGATCGA TGCTA TCTGC CCAGATGGAT TT TTACCAAA TGGAGACGA T TGTATCCAA T 
TTTCTCCTGC TTCAACTGTA TGTCCTACTG GATTCACTCT ACAAAATCAA CAGTGTGTTC 
AAACAACTAC CTCACCAAAA ACACCAGAAT GTCCTCCAGG TTCTGCGTTG GATGGAGACT 
CGTGCACAAG ACTTGTTCCC GGGGCTCTTC AATACGTTTG TCCTGTTGGTACTAGAGAGG 
GGGA -* 

GCCCACCTGG ATATACACTT TCAAGTTTCG TGAGCTGATT GCAGAGTTCT CCAAAATGGC 
TCGTGACCCT CCCCGCTA TC TTGTTATACA GGGAGA TGAA AGGA TGCACT TGCCTAGCCC 
TACAGATTCC AAGTTTTATC GCACCCTGAT GGAGGAGGAG GACATGGAAG ACATTGTGGA 
TGCAGA TGAG TATCTTGTCC CTCCTGTTGG TACTAGAGAG GGGGA 

Fijpre 2.1. Panel A. Nucleotide sequence of a portion of the gene fiagrnent CpRl from 
C. parvurn (358 bp; GenBank accession #M95743). The primer annealing sites (cornrnon 
to both) are shown in bold. Arrows (- ) indicate a continuation of the sequence (not 
shown). The sequences involved in hybridization with RNA probe for the Digene 
SHARP Signalm System assay are s h o w  in italics [wild-type (WT) probe: 310 bp; 
intemal standard (IS) probe: 180 bp]. Panel B. Nucleotide sequence of the interna1 
control template (225 bp). 



hybrïdization to a PCR product-specific RNA probe, 3) capture of DNA:RNA hybrids 

onto microplate weils, and 4) detection of captured hybrids using an aikaline 

phosphatase-antibody conjugate system. Steps in the assay are outlined diagramatically 

in Figure 2.2. 

Numerical readouts of optical densities generated during the assay were obtained using a 

V,, kinetic microplate reader (Molecdar Devices Corporation, Siinayale, California, 

USA). Optimization of the assay for the detection of wild-type (WT) C. parvum and IS 

PCR products involved: 1) determinhg the linear range of the assay with respect to input 

PCR product concentration and 2) titration of the RNA probes for subsequent use in the 

hybridization expenments to WT and IS PCR products. 

2.3.6.1. Synthesis of RNA Probes 

RNA probes for the SHAW assay were synthesized using an in virro transcription kit 

from Ambion incorporated (Austin, Texas, USA) following the manufacturer's 

instructions. PCR product fiom amplification of C. parvum DNA was used to generate 

the transcription template required for RNA probe synthesis. In v i m  transcription using 

T7 RNA polyrnerase generated RNA probes 3 10 bp in length. To generate transcription 

templates, a forward primer (T7-EC) which incorporated a T7 promoter sequence at the 

5' end (GGA TCC TAA TAC GAC TCA CTA TAG GGA GGG ATC CCA ATG CGA 

GCA AAT 3') and a reverse primer (2'-IL; 5' CAA ACG TAT TGA AGA GC 3') were 

used to PCR-ampli& a 3 10 bp region within the sequence of the primary amplicon (358 

bp). PCR amplification resulted in the incorporation of the T7 RNA polyrnerase 

promoter region into the product (Figure 2.3). To check the transcription reaction, RNA 

probe was run on a 2% (w/v) agarose gel stained with ethidium brornide. The 

concentration of RNA probe was determined by spectrophotometry at an absorbance of 
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hybridization 
denaturation to RNA probe . ,,, ,, - W. - L L 

biotinylated PCR DNA-RNA hybrid 
product 

pNPP 
substrate streptavidin-coated 

microtitre plate well 
coIorimetric antibody 

microtitre plate conjugate 
reading (405 nm) 

H d e t  ect ion 

Figure 2.2. A schematic representation of steps involved in the Digene S H A W  SignalTM 
System Assay for PCR product detection. The assay involves generation of biotinylated 
PCR products ushg a biotin-labeled reverse primer during PCR amplification. PCR 
products are denatured in denaturation solution and hybridized to full-length RNA probes 
complementary to the biotinylated single-stranded PCR product. The resulting 
RNA:DNA hybrid molecules are captured onto streptavidin-coated microtitre plate wells 
via the binding interaction between biotin and streptavidin. Detection is achieved using 
an alkaline phosphatase-monoclonal antibody conjugate specific for RNA:DNA hybrids. 
Addition of p-nitrophenyl phosphate substrate results in a colorimetric enzyme reaction. 
The colour change cm be measured on a microtitre plate reader at an absorbance 
wavelength of 405 nrn. 



Primary PCR Prirners 

Reverse: Biotinylated-HB-2 

CpRl 

Nested Primers 

Foward: T7-EC 
Reverse: 2'-IL 

- 4- - 
,,-' \=OEc 

T7 RNA polymerase promuter sequence 

Figure 2.3. A schematic representation of the nested primers and target sequence fiom 
Crypîosporidium parvum (CpRI). The nested primers were used in the generation of 
transcription templates for RNA probe synthesis. For point of reference, the primen used 
for primary PCR amplification are also shown. Arrows ( -, ) indicate direction of 
DNA polymerization during PCR. 



260 nm using a DU Series 600 spectrophotometer (Beckman instruments hcorporated, 

Fullerton, California, USA). RNA probe concentration was adjusted to a 500 p m o K  

stock solution using ultrapure sterile water. The working concentration of RNA probe 

used for the SHARP assay was 200 pmol/L. 

2.3.7. DNA Concentration Determination 

DNA concentration was determined by fluorimetry using the TaqManTM LS-5OB PCR 

Detection System (Perkin-Elmer Cetus) and PicoGreenm (Molecular Probes 

incorporated, Eugene, Oregon, USA) dsDNA-binding fluorescent dye. 

2.4. Results 

2.4.1. Filtration and F A  Detection of Cryptosporidium pantum in Municipal Water 

Sarnples 

Seventy-two municipal water samples were inoculated with lo3 to 10' C. p a m m  oocysts 

and filtered usuig the membrane dissolution method. The efficiency of oocyst recovery 

for each sample was determined by imrnunofluorescence assay and is shown in Table 2.2. 

The average oocyst recovery rate was 43.1%. The turbidity and the colour of the sarnples 

varied between sites and within sites sarnpled on different occasions, indicating 

variability in the composition of the samples depending on the tirne and location of 

sampling. in previous studies, the average recovery rate using this methodology was 

43.5% with a range of 13 to 89% (Palmateer and Unger, GAP EnviroMicrobial Services 

incorporated, London, Ontario, Canada, personal communication). Six of the 72 spiked 

municipal water samples were negative by the IFA method. 



Table 2.2. Location, inoculum, recovery and PCR data for seventy-two municipal water 
samples collected fiom sites across southwestern Ontario, Canada. 

"Oocyst recovery determined by the Merifiuor immunofluorescence assay. 
' ~ e a n  volume of municipal water that was filtered over the course of al1 sarnpling runs at the specified site. 
Wumber of PCR positives determined by agarose gel electrophoresis ushg the PCR protocol in Section 
2.3.5. 
dNumber of SHARP positives detemiined by the Digene SHARP Signai System Assay. 

# o f  
Sam phgs  

25 
5 
IO 
4 
2 
2 
1 
5 
I 
5 
4 
4 
2 
2 

Mean 
hoculum 

(# ooc~sts) 

62,600 
60,000 
05,111 
63,500 
58,000 
68,000 
47,000 
46,600 
100,000 
55,750 
49,500 
50,000 
17,000 
23,000 

Location 

London 
Alvinston 
Grand Bead 
St.Thomas 
MitcheikBay 
Beile River 
Lambton 
Amherstburg 
Union 
Dresden 
Sarnia 
Ruthoen 
Paisley 
Port Stanley 

Meau 
RecovevQ 
(# oocysts) 

24,116 
38,400 
24,700 
23,250 
6,250 
10,250 
15,000 
24,000 
26,000 
17,000 
24,250 
24,500 
4,250 

1 1,000 

Mean 
Volurne 

~iltered~ (L) 

84 1.8 
820 

772.2 
735.2 
257 
917 
1010 
764.4 
903 

4 12.6 
63 1 
730 

228.5 
273 -5 

# PCR positive 
(gel)/# E A  
positivec 

1912 1 
515 
8110 
414 
212 
012 
O1 1 
315 
111 
2/3 
3/4 
4/4 
2/2 
2/2 

# S H A R P  
positive/# 
testedd 

1311 7 
414 
31 5 
2f2 
O f 0  
O f 0  
O f 0  
1 12 
O/O 
1 12 
O f 0  
212 
O/O 
2f2 



2.4.2. Detection of Cryptosporidium p a m m  Using PCR Amplification 

2.4.2.1. Optirnization of the PCR Assay 

The concentration of PCR reaction components was varied to £ind the optimal conditions 

for amplification of C. p u m m  DNA. On cornpanson of the efficiency of amplification 

of C. p a m  DNA template by AmpliTaq and AmpliTaq Gold, AmpliTaq Gold gave 

higher yieids of PCR product (data not shown). MgC12 concentration was varied between 

1.5 and 4.0 rnM and the pH of the PCR buffer was tested at 8.3 and 9.0. Optimal 

concentration for PCR amplification of C. parvum DNA was a concentration of 2.5 mM 

MgC12 (data not shown) and a pH of 8.3 (Figure 2.4). Annealing temperature was varied 

between 45OC and %OC, and the optimal temperature for annealing was found to be 50°C 

(data not shown). PCR amplification was improved in the presence of 100 pg/mL BSA 

(data not shown). A primer concentration of 10 pM was found to be optimal for 

amplification (Figure 2.4). 

2.4.2.2. Sensitivity of the PCR Assay 

Sensitivity tests were performed to determine the detection limit of the PCR assay for 

known numbers of pure oocysts seeded into municipal water pellets pooled fiom Grand 

Bend, Sarnia, Paisley, Hanover, Alvinston, Mitchell's Bay and Dresden (al1 in 

southwestern Ontario, Canada) compared to pure oocysts seeded directly into lysis buffer. 

Table 2.3 shows that oocyst losses during centrifugation at 16,000 g for 10 min at 22°C 

ranged between 10 and 15%. Hemacytometer counts of oocysts before, and afier, fieeze- 

thaw yielded a lysis efficiency of 100%. Pudication of oocyst DNA fiom Iysates using 

QlAarnp spin colurnns gave a recovery efficiency of 65% when fluorimeter readings of 

DNA were taken before, and d e r ,  passage through the column. It is thought that high 

molecular weight DNA may remain entrapped in the column matrix through the elution 
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pH 8.3 buffer 

pH 9.0 buffer 

Figure 2.4 Agarose gel electrophoresis of PCR products for optimization of AmpliTaq 
Gold (Perkin-Elmer Cetus) PCR varying units of AmpliTaq Gold, PCR buffer, and 
primer concentration. PCR products were run on a 2% (wh) agarose gel stained with 
ethidium bromide. Lanes A and Q, 100 bp molecular weight marker (Life Technologies, 
Gaithersburg, Maryland, USA); Lanes B, G and L, PCR using 1.25 U AmpliTaq Gold; 
Lanes C, 1 and N, PCR using 1.75 U AmpliTaq Gold; Lanes D, J and N, PCR using 2.25 
U AmpliTaq Gold; Lanes E, K and 0, PCR using 2.75 U AmpliTaq Gold; Lanes F, L and 
P, PCR using 3.25 U AmpliTaq Gold. 



Table 2.3. Determination of Cryptosporidium panrum molecule yield afler DNA isolation 
protocol for Cryposporidiurn pantwn oocysts. 

1 Processing  tep # oo&sts # oocysts 
(1 00% Qiagen column efficiency) (65% Qiagen column efficiency) 

1 10 mL pellet x x 
I after filtration 
L 

! 1 -5 rnL aliquot 1 1 . 5 ~  

1 Lysis 
; efficiencp (:Fi) (0-85) ( 1 ) 
l 

Total: 0.1 1 3 3 ~  0.0736~ 

"Centrifugation efficiency determined via hemacytometer counts of sample taken before, and der, 
centrifugation at 16,000 g for 1 O min. 
b Lysis efficiency determined via hemacytometer counts of sample taken before, and &er, 10 cycles of 
~eeze-thaw. 
'A Qiagen column efficiency of 100% was assumed in the fint recovery determination. An experimentaily 
derived value of 65% was obtained for Qiagen column efficiency by taking fluorimetry readings of the 
smple DNA before, and after, Qiagen column purification. 



step. The size of fiagments eluted off the spin column are typicdly 20-30 kb with a 

maximum of 50 kb according to the manufacturer, whereas intact chromosomal DNA 

fiom Cryptosporidium is in the order of 10 Mb (Hays et a[. 1995). Although isolation of 

intact chromosomes is not assumed, the presence of large DNA fiagments in the order of 

100 kb or greater after lysis are plausible due to the relatively mild treatment of samples 

using this isolation protocol. 

A detection level of 1 - 10 oocysts per PCR (Figure 2.5) was achieved when consideration 

was made for the percent losses of oocysts during centrifugation and DNA isolation with 

a 65% column efficiency (Table 2.3). This limit of detection was equivalent to a level of 

102 - 103 oocysts/100 L municipal water. No difference in detection Iimit was seen for 

oocysts seeded into pooled municipal water versus oocysts seeded directly into lysis 

buffer (Figure 2.5). 

2.4.2.3. PCR Detection of Cryptosporidium parvum in Municipal Water Sarnples 

Among the FA-positive municipal water samples described in Table 2.2, PCR 

amplification using primers HB-1 and BIO-HB-2 resulted in the detection of 55 positive 

sarnples giving an 83.3% correlation between the PCR and the F A  techniques (Figure 

2.6). AI1 of the spiked samples that were negative by F A  were also negative by PCR 

using agarose gel detection. 

As shown in Figure 2.6, an IS template was added to the PCR reaction mixtures 

containing DNA f?om the municipal water samples. The IS acted as a control for the 

presence of PCR inhibitors in the samples andor as an indicator of reagent failure. 

Various concentrations ranging from 5 x 10" to 5 x amoVpL were used to determine 

the appropriate concentration requùed for the detection of 1 o2 to Io4 oocysts/100 L. A 
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Figure 2.5. Panel A. Agarose gel electrophoresis of PCR products fiom amplification of 
C. pamrn DNA isolated fiom a IO-fold serial dilution of oocysts spiked into municipal 
water pellets. Lane A, 100 bp molecular weight marker (Life Technologies incorporated, 
Gaithersburg, MD, USA); Lane B, O oocystsPCR; Lane C, 1 0 - ~  oocysts/PCR; Lane D, 
IO-' oocystsPCR; Lane E, 10' oocystsPCR; Lane F 10' oocystsPCR; Lane G, 102 
oocystsPCR; Lane H, no template negative PCR control. Panel B. Agarose gel 
electrophoresis of PCR products fiom amplification of C. panrum DNA isolated h m  a 
IO-fold serial dilution of oocysts spiked directly into lysis buffer. Lane A, 100 bp 
molecular weight marker &ife Technologies hcorporated, Gaithersburg, MD, USA); 
Lane B, O oocystslPCR; Lane C 1 0 - ~  oocysts/PCR; Lane D, 10-1 oocysts/PCR; Lane E, 
10' oocysts/PCR; Lane F, 10' oocystsPCR; Lane G, Io2 oocystsPCR; Lane H, positive 
PCR control containing approximately 1 d molecules/PCR. 



Figure 2.6. Agarose gel electrophoresis of PCR products fiom amplification of 
Cryptosporidium pawum DNA (358 bp) isolated fiom oocysts recovered fkom spiked 
municipal water samples. PCR product fiom the simultaneous amplification of the 
intemal control template (5 x loa amoVpL) in each reaction is also visible (225 bp). The 
2% (w/v) agarose gel was stained with ethidium bromide and viewed under ultraviolet 
light. Lanes 1 and 17, 100 bp rnolecular weight marker (Life Technologies Incorporated, 
Gaithersburg, MD, USA); Lane 2- 16 and 18-32, PCR product £tom PCR amplification of 
DNA fiom spiked municipal water samples. 



final concentration of 5 x 10-~  arnoYpL (approximately 30 molecules) was determined to 

be suitable for future analyses (data not shown). At this concentration, the IS template 

did not interfere with the detection of C. parvum DNA, even in samples with low 

nurnbers of oocyçts (e-g. sample 5 oocyst recovery = 8.5 x ld; Figure 2.6). 

2.4.2.4. Nested PCR Amplification 

in an attempt to increase the sensitivity of the assay, nested PCR using primers T7-EC 

and 2'-IL was performed on municipal water sarnples that were negative (17 samples; 

Table 2.2) afler the first round of PCR amplification. No additional positive results were 

observed using this procedure. 

To further test the nested PCR amplification protocol, DNA was isolated fiom untreated 

water sarnples fiam Guelph, Ontario, Canada. First round PCR yielded no positive 

results (data not shown). Nested PCR was performed with primers T7-EC and 2'-IL 

using undiluted PCR product frorn the first round of amplification as ternplate. After 

nested PCR, a positive result was obtained for the manhole water sample (sample F) that 

had been seeded with 293 C. parvum oocysts (Figure 2.7). To test the extent of inhibition 

of the PCR, reactions were spiked with C. p a m m  DNA equivalent to approximately 10' 

oocysts in addition to the sample template prior to amplification. Results indicated little 

or no inhibition of PCR in the well water samples, but significant inhibition in the case of 

manhole and river water sarnples (Figure 2.8). 

A third trial of the nested PCR protocol was performed using Collingwood samples that 

had been previously confï ied positive for Cryposporidium by IFA (Ontario Ministry of 

HeaIth, Toronto, Ontario, Canada). First round PCR amplification of DNA isolated fiom 
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Figure 2.7. Agarose gel electrophoresis of nested PCR products. The 2% (w/v) agarose 
gel was stained with ethidiurn bromide and viewed under ultraviolet light. Lanes A and 
T, 1 00 bp molecular weight marker (Life Technologies Incorporated, Gaithersburg, MD, 
USA); Lanes B-1, Guelph well water samples; Lanes J-M, Guelph manhole water 
samples; Lanes N-Q, Guelph Eramosa river water samples; Lanes R and S, no template 
negative PCR control. 
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Figure 2.8. Agarose gel electrophoresis of PCR products d e r  amplification of DNA 
isolated fiom untreated water samples. Each PCR reaction was spiked with DNA fiom 
the equivalent of 102 Cryptosporidium parvum oocysts in addition to the template isolated 
fiom the untreated water sample. The agarose gel [2% (w/v)] was stained with ethidium 
bromide and viewed under ultraviolet light. Lanes A and N, 100 bp molecular weight 
rnarker (Life Technologies Incorporated, Gaithersburg, MD, USA); Lanes B-E, Guelph 
well water samples; Lanes F and G, Guelph manhole water samples; Lanes H and I 
Guelph Eramosa river water samples; Lane J, Blank well; Lane K, positive PCR control; 
Lanes L and M, no template negative PCR control. 



the Collingwood samples yielded no positive results. Nested PCR using prirners T7-EC 

and 2'-IL on undiluted PCR product fiom the first round of amplification gave positive 

results for Collingwood water seeded with approximately 10' and 10' oocysts as well as a 

positive result for the Collingwood outbreak sample (data not show). Some evidence of 

PCR inhibition was apparent in that Collingwood water seeded with approximately 10' 

oocysts did not yield amplification product whereas the same number of oocysts 

inoculated directly into lysis buffer resulted in positive amplification (data not shown). 

3.4.3. The Developrnent of a Cryproporidium parvum SHARP SignalN System Assay 

2.4.3.1. Optimization 

PCR products generated from reactions containhg C. p a m m  DNA were analyzed using a 

WT sequence-specific RNA probe. WT RNA probe concentrations ranging between 50 

and 250 pmol/L were assayed using the Digene SHARP Signalm System Assay to 

detennine the optimal concentrations of probe for use in the assay. Maximal optical 

density readings were achieved for WT probe concentrations between 150 and 200 

pmol/L (Figure 2.9). For subsequent applications of the assay, a WT probe concentration 

of 200 pmoi/L was used. 

Using five-fold serial dilutions of WT PCR product of known concentration, the WT PCR 

product detection level was between 1 and 5 ng DNA/rnL (Figure 2.10). Readings greater 

than those of the negative assay conîrol were obtained for product concentrations as low 

as 0.04 ng DNA/mL. In contrast, using 2% (wtv) agarose gels stained with 0.75 pg/mL 

ethidium bromide and UV light detection, the Iimit was approximately 25 ng DNNrnL 

(Figure 2.1 1). The reproducibility of the assay was determined using triplicate 

hybridization assays for each PCR product dilution. The coefficient of variation (CV) 



WT RNA probe concentration (pmoUL) 

Figure 2.9. A plot of absorbance reading at 405 nrn versus WT RNA probe concentration 
for pooled, 1 O-fold dihted PCR products generated fiom cornpetitive PCR reactions of 
WT and IS and assayed by the Digene SHPLRP SignaP System Assay. Values are mean 
+ S.D. for duplicate microweIls (+). 
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PCR product concentration (ngiml) 

Figure 2.10. A plot of absorbance v e m  PCR product concentration. Results are the 
mean t S.D. for a set of triplicate wells. The lower limit of detection of the assay is 
reached at 0.100 OD units (1 - 5 ng/mL) ( ---------- ). For cornparison, the lowest 
concentration of  PCR product that gave a visible band on a 2% (w/v) agarose gel stained 
with ethidium bromide contained approxirnately 25 ng/mL PCR product (- - - -). The same 
amount of PCR product were used for both the SHARP Assay and for loading into 
agarose gel wells. 



Figure 2.1 1.  Agarose gel electrophoresis of a 5-fold seriai dilution of PCR products. The 
agarose gel [2% (w/v)] was stained with ethidium bromide and viewed under ultraviolet 
light. Lane A, 100 bp molecular weight marker (Life Technologies Incorporated, 
Gaithersburg, MD, USA); Lane B, 3 1 10 ng DNA/mL; Lane C, 620 ng DNA/mL; Lane D, 
120 ng DNA/mL; Lane E, 25 ng DNAhL; Lane F, 5 ng DNA/rnL; Lane G, 1 ng 
DNA/rnL; Lane H, 0.2 ng DNA/mL; Lane I,0.04 ng D W m L .  



ranged f?om 20 to 30% (Further optirnization of the assay was performed in an attempt to 

reduce the CV values as described in Section 3.4.2.3.). 

2.4.3.2. PCR Analysis of Municipal Water Samples 

The SHAW Signalm System Assay was used to detect PCR products generated fiom 

DNA isolated fiom selected municipal water samples considered to contain low numbers 

of C. parvum oocysts (Table 2.4). The PCR products fiom these reactions were barely 

detectable or not detectable using agarose gel electrophoresis (data not shown). PCR 

products in 4 of 7 reactions were readily detectable using the SHPLRP assay (Table 2.4). 

Application of the SHARP Signalm Systern Assay to detection of C. p a m m  in 36 of the 

73 municipal water samples (Table 2.2) gave a 94.4% correlation with agarose gel 

detection. Two sampies that had tested negative by agarose gel eiectrophoresis were 

positive by the SHARP assay. Of these two samples, one was negative by IFA. 

3.5. Discussion 

The occurrence of C, pamm in municipal drinking water continues to be a signifrcant 

public health concern. The ability to reliably detect low numbers of C. parvum oocysts in 

water is hampered by lack of efficient means of recovering oocysts fiom relatively Iarge 

volumes of water. The amplification of C. parvzrm DNA by PCR may represent a unique 

methodology to increase the detection of low levels of oocysts. For practical 

applications, a detection sensitivity in the order of 10' tolo2 oocysts/lOO L is required 

(Haas and Rose, 1 995). 

A correIation of 83.3% was found between the results generated by irnrnunofluorescence 

detection and PCR-based detection arnong IFA-positive spiked municipal water samples. 
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Table 2.4. Cornparison of the sensitivity of the Digene SHARP Signaim System Assay 
and ethidium bromide agarose gel electrophoresis for detection of Ctyptusporidium 
p a m m  in municipal water samples. 

Sample +Y 

MW- I - 
MW-2 
MW-3 

b Oocyst recovery on filters determined by Mmunofluorescence assay. 
'2% (w/v) agarose gels stained with 0.75 pglml ethidium bromide run at IOOV; + denotes a positive 
detection result; - denotes a negative detection result. 
d Result waç obtained &er overnight incubation at 37"C, as per manufacturer's instmctions; + denotes a 
positive detection result; - denotes a negative detection result. 

MW-5 
MW-6 
MW-7 

# of oocysts 
recoveredb 

2.6 x 104 
2.5 x 104 
3.0 x 104 

"MW-# denotes municipai water sample number. 

Ethidium bromide 
agarose gel 

electrophoresisc 
+ 
+ 
+ 

- 
- 
+ 

~ 1 . 1  103 - I 

Digene SHAW 
S ignalm S ystem 

~ s s a f  
+ 
+ 
+ 

1.4 x 10" 
2.0 x 104 

- 
+ 



All FA-negative samples also tested negative by PCR. The detection level of C. p a m m  

oocysts using first round PCR was 1 02/100 L. This detection Ievel is similar to the 

detection level found by other investigators (Johnson et al. 1995). However, at least a 10- 

fold increase in the detection limit is requked to reach a Ievel of sensitivity applicable to 

municipal water testing. 

In prelllnuiary experirnents using e s t  round PCR amplification, there was no difference 

in the detection of C. parvurn DNA in spiked municipal water pellets versus detection of 

pure oocysts seeded directly into lysis buffer. Inconsistent amplification of C. parvurn 

DNA in naturally contaminated water samples and environmental samples suggested that 

irnpurities occurred in the DNA sample preparations that may have inhibited 

amplification. River and manhole water samples were found to be more inhibitory to 

PCR than well water sarnples. Previous studies involving PCR detection of C. p a m  in 

different water types have produced sirnilar finduigs (Johnson et al. 1995). PCR 

inhibition was also encountered using IS template in amplification reactions. The 

addition of the IS template was a valuable tool in detecting potential inhibitory substances 

in DNA template preparations obtained fiom water or environmental sarnples. 

Detection sensitivity in water samples may be challenged by a combination of low yield 

of C. parvum template and interference from sample irnpurities that rnay inhibit PCR. 

Indeed, substances such as clays, polysaccharides and humic acid that are present in 

envuonmental sediments have been known to adversely affect PCR amplification 

reactions (Bej, 1995; Errampalli et al. 1997). 

Nested PCR was usefil when applied to the detection of C. panrum in an artificially 

seeded manhole water sample and in a naturally contaminated water sample fiom the 
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Collingwood outbreak. This demonstrates the potential of the assay for practical 

applications in the detection of C. pamim in the environment. 

The assay may be irnproved with the following modifications: 1) the DNA extraction 

procedure should be modified to include a more stringent purification step (Le. phenol- 

chloroform extraction), 2) PCR amplification conditions should be fürther optimized 

using a more diverse set of samples fiom various water sources and the environment, and 

3) initial oocyst numbers should be increased by using more sample or concentrathg the 

sample with techniques such as magnetic antibody capture (Johnson et al. 1995). 

Application of the S H A R P  SignalM Systern Assay to the detection of PCR products f?om 

C. parvum DNA isolated fiom municipal water sarnples improved the overall sensitivity 

of the assay compared to agarose gel detection. The assay was approxirnately IO-fold 

more sensitive than conventional agarose gel electrophoresis for the detection of PCR 

products. One sample that had tested negative by F A  and by agarose gel detection was 

positive by the SHARP Assay. The S H A R P  Assay may be useful for the confirmation of 

the identity of the amplified product and for the potential automation of the assay. 

Further application of the SHAW System for quantitative purposes is discussed in the 

next chapter. 

2 Conclusions 

PCR offers a rapid and high throughput alternative for the sensitive detection of C. 

p a m m  oocysts in municipal water. The PCR assay gave a good correlation with results 

obtained using the conventional Menfluor (Meridian Diagnostics Incorporated, 

Cincinnati, Ohio, USA) imrnunofluorescence assay for Cryptosporidiwn/Giordia. 

Detection of C. pan>um by nested PCR showed potential for application to untreated 
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manhole water and naturaily contaminated water samples fiom an outbreak of 

C~tosporidium. Application of the Digene SHAW SignalTM System Assay for PCR 

product detection may be used to improve overall assay sensitivity and specificity. 



3. PCR-based Quantitation of Cryptosporidium parvum in Municipal Water 
Samples. 

3.1. Abstract 

The presence of Cryposporidium p a m m  oocysts in treated drinking water is widely 

regarded as a significant public health threat. Existing immunofluorescence methods Iack 

the sensitivity and specificity for adequate detection and enumeration of C. parvum 

oocysts in water. in this paper, we investigated the possibility of developing PCR-based 

rnethods for quantitation of C. parvum oocysts in municipal drinking water. A 

quantitative PCR method based on cornpetitive PCR and a most-probable number-PCR 

(MPN-PCR) method were separately evaluated. Quantitative PCR using an intemal 

standard and the Digene SKARP Signalm System Assay for PCR product detection 

allowed quantitation of purified oocysts within one-log of IFA counts in municipal water 

samples spiked with 103 to 10' oocysts. MPN-PCR provided between 2.3- and 73.9-fold 

underestimations of oocyst numbers when compared with immunofluorescence assay 

counts for seeded municipal water samples collected from different sites. 

3.2. Introduction 

Crypiosporidium are ubiquitous in the environment (Rose et al. 1997). The presence of 

C. purvum in water supplies during waterbome outbreaks of cryptosporidiosis is thought 

to be largely a result of either human or animal fecal contamination of the environment 

(Rose et al. 1997). Because the relationship between the prevalence of infection, the 

incidence of disease, and oocyst numbers in water is not yet well understood, the 

significance of small numbers of oocysts in drinking water remains uncertain. For the 

water industry, low level contamination should at least indicate the need for caution and 

enhanced control measures. As such, the USEPA has issued the routine monthly 



monitoring of drinking water for Cryptosporidium oocysts in municipal water plants 

serving populations greater than 100,000 people. 

Detennining whether waterbome Cryptosporidium poses a significant threat to a 

particular population involves identification of several risk factors. These hclude the 

immune status of individuais, hygiene conditions, opportunity for exposure (e-g. 

occupation, travel), consumption practices, and age (Casemore et al. 1997). The 

epidemiology of Cryptosporidium in drinking water has been examined through surveys 

assessing prevelance. in Canada, one study reported positive test resuits in 5% (2 of 42) 

of drinking water samples (Roach et al. 1993). This was relatively low compared to two 

separate studies conducted in the United States that collectively reported between 14.3 

and 33% positive of a total of 1 16 samples. The concentration of oocysts found in 

drinking water was sirnilar for studies conducted in both countnes, ranging between 

0.001 to 0.48 oocystslL (LeChevallieret al. 1991; Roach et al. 1993; Rose et ai. 1991). 

Assessing the threat of waterbome Cryptosporidium is complicated by the dynarnic 

nature of the parasite itself. Even if oocysts are found in drinking water, it is dificult to 

determine their source, viability, and infectivity towards humans. As such, the concept of 

defining an acceptable level of risk to a population that incorporates these considerations 

becomes exceedingly complex (Haas et al. 1996). Haas and Rose (1995) proposed an 

action level for Cryptosporidium oocysts in treated water of 10-30 oocysts/100 L. These 

values were based on concentrations of Cryptosporidiurn oocysts found in treated water 

during past waterbome outbreaks as compared to levels in non-outbreak situations (Haas 

and Rose, 1995). If counts at, or above, this level are encountered by a water utility, a 

modification of treatment tactics such as implementation of filtration and multiple-bamer 

approaches, and perhaps the issuing of wamings to more susceptible members of the 

community may be warranted. 



The low infectious dose, defined as the number of oocysts required to produce infection 

in 50% of healthy adult individuais, of C. parvum in humans @50=132 oocysts for 

healthy adults) (DuPont et al. 1995), and the finding that 30- 100 oocysts are capable of 

causing infection (DuPont et al. 1995), has prompted the need to establish a baseline for 

action in outbreak situations where oocyst numbers may greatly exceed acceptable levels 

of risk for waterbome Cryptosporidium in populations (Haas et al. 1996). To implement 

an action level for Cryptosporidium, sensitive methods for quantitation of oocyst numbers 

in drinking water must be explored. In this paper, we examined two semi-quantitative 

methods for enurnerathg oocysts in water samples based on PCR. The fint is a 

cornpetitive PCR method that employs a standard curve for quantitation. The second is a 

most-probable-number (MPN)-PCR method based on statistically determined indices 

describing patterns of exponential growth. 

3.3. Materials and Methods 

3 -3.1 The Organism 

Cryprosporidium parvum oocysts used in al1 spiking (the artificial inoculation of 

organisms into a medium) studies were obtained fiom K. Dianne Swabby-Cahill, 

Parasitology Research Labs (P.R.L.), Phoenix, Arizona, USA. The oocysts were of 

bovine origin and have subsequently been passaged in 8-12 week old C57BU6 rnice 

immunosuppressed with dexamethasone at P.R.L.. The particular strain of C. parvum 

was not determined (Swabby-Cahill, P.R.L., Phoenix, Arizona, USA, persona1 

communication). 



3 -3.2. Inoculation and Recovery of Oocysts fkom Municipal Waters 

The technique of Aldom and Chagla (1995) was used to filter 1000 L of municipal water 

inoculated with 103 to 10' formalin-killed C. parvum oocysts (refer to Section 2.3.2. for 

M e r  details). 

3.3.3. Quantitative PCR 

The p ~ c i p l e  of quantitative PCR using an interna1 standard template involves 

quantitation of samples with unknown target nurnbers by comparison against standards of 

known concentrations that are used to generate a standard curve. Because quantitative 

PCR requires comparison of PCR product concentrations between individual reactions, it 

is necessary to monitor tube-to-tube variations in amplification and to correct for these 

differences to achieve precise detenninations. To monitor variation, we employed an 

intemal standard (1s) template that is amplified by the sarne set of prirners as the C. 

panrum target DNA (Figure 2.1). The IS template was introduced h to  al1 PCR mixtures 

to a h a 1  concentration of 5 x 1 0 ' ~  amoVpL. It competed with C. parvum DNA template 

for amplification. If large amounts of C. p a m m  template were present, the amount of IS 

product generated was relatively small, having been out-competed by the more abundant 

Ctyprosporidilrm target. Conversely, if small amounts of C. parvum template were 

present, there was less cornpetition and this result in greater amplification for the IS 

template. By exarnining the ratio of Cryposporidium to IS PCR product generated in 

each reaction, tube-to-tube variation in amplification eficiency among replicate reactions 

may be reduced. 

3.3.3.1. Construction of Punfied Interna1 Standard (1s) and Wild-type (WT) Templates 

The Clontech PCR MIMIC construction kit was used according to manufacturer's 

instructions (see Section 2.3.5.2. for M e r  details on the construction of the IS 

template). 



The WT template was prepared by amplifj4ng C. parvurn DNA using primers HB-1 and 

BIO-HB-2 (see Section 2.3.5. for further details). The resulting PCR product was 358 bp 

in length. WT PCR product was purified through QiAquick PCR product purification 

columns (Qiagen Incorporated, Chatsworth, California, USA). The concentration of WT 

product was determined by imaging densitometry using the Gel Doc 1000 image analysis 

system (Bio-Rad Laboratones, Hercules, California, USA) by cornparison to a 

#X 174/Haem digest rnolecuiar weight market (Clontech Laboratories Incorporated, Pa10 

Alto, California, USA) run on a 2% (wlv) agarose gel stained with ethidium bromide. 

Concentrations were confirmed by fluorimetry using a solid state Briorimeter mode1 SSF- 

600 (Tyler Research Instruments, Edmonton, Alberta, Canada). A 100 arnoVpL stock 

solution was prepared fiom which 10-fold serially diluted working solutions were made 

in 50 pg/mL ultrapure glycogen (Boehringer Mannheim Canada, Laval, Quebec, Canada; 

Table 3.1 ). 

3.3.3.2. PCR Reaction Conditions 

The PCR mixture contained 1X PCR buffer II ( I O  mM Tris-HC1 pH 8.3, 50 m M  KCI; 

Perkin-Elmer Cetus, Norwalk, Connecticut, USA), 2.5 rnM MgCIz, 10 pM each of 

fonvard (HB-1) and reverse (BIO-HB-2) primers, 0.2 mM each ciATP, dGTP, dCTP and 

0.4 mM dUTP, 100 pg/mL bovine senun albumin, 0.5 U uracil-N-glycosylase, 3.25 U 

AmpliTaq Gold (Perkin-Elmer Cetus), 5 x 10 '~  arnoVpL interna1 standard (1s) DNA (see 

Section 2.3.5.2.) and 5 IL sample DNA (unknown concentration). Reactions were 

topped to a volume of 50 pL with ultrapure sterile water. For multiple reactions, a master 

mix of al1 PCR components except sarnple DNA was prepared and aliquoted into 

individual tubes prior to sample template addition. Sarnples were assayed by PCR in 

duplicate. 



Table 3.1. Description of wild-type (WT) ternpiate dilution series used in the construction 
of a standard curve for quantitation. 

# moleculesd 
(Le. template copies) 
3.0 x 10' 
3.0 x lo7 
3.0 x 106 
3.0 x 10' 
3.0 x lo4 
3.0 x 103 
3.0 x 102 
3.0 x 10' 
3.0 x 10' 

I 

3.0 x 10-1 

Concentrationa 
(attomoles/pL) 
100 (stock) 
10 
1 
O. 1 
0.0 1 
1 x lu-' 
1 x 104 
1 x 10 -~  
1 x 1 0 ' ~  
1 1 0 - ~  

aconcentration of purïfied WT was determïned by spectrophotometry and adjusted to a stock concentration 
of 100 amoUpl prior to serial dilution. 
b~ I 0- fold senal dilution of WT stock was used in preparing working solutions. 
'The attomoIe concentration per 5 pl volume used for PCR was used to determine the number of tempIate 
molecules per PCR 
bnie number of template molecules per PCR was caiculated using the equation: 
x = (6.023 x 10') x (number amoVS pl) x (500 mol), whae x is the number of template molecules per 
PCR 

 ilu ut ion^ 

LOO 

1 0-1 
1 
1 O-) 
1 O' 
1 o - ~  
1 o - ~  
1 o - ~  
1 
1 o - ~  

# attomoled5 pL 
volumec 
500 
50 
5 
0.5 
0.05 
5 x loJ 
5 x 104 
5 x 10-~  
5 x 
5 x IO-7 



DNA amplification was carried out in an automated DNA thermal cycler (mode1 9600; 

Perkin-Elmer Cetus) with 15 s denaturation at 94OC, 1 min annealhg at 50°C and 1 min 

extension at 72OC over 40 cycles. Pnor to cycling, a 5 min incubation at 50°C was 

employed for uracil-lv-glycosylase activity (PCR product carryover-prevention kit, 

Perkin-Elmer Cetus), followed by 10 min incubation at 95OC to inactivate the glycosylase 

and activate AmpliTaq Gold (Perkin-Eher Cetus) as per the manufacturer's instructions. 

After 40 cycles, a 6 min final extension was perfomed at 72OC followed by a 4OC soak. 

Amplified fragments were visualized on 2% (wh) agarose gels stained with ethidiurn 

brornide (0.75 pg/mL) d e r  ninning at 100 V for 40 min in 1X TBE buffer (0.09 M Tris- 

boric acid, 0.002 M EDTA) and photographed under ultraviolet transillurnination using 

the Gel Doc 1000 image analysis system (Bio-Rad Laboratones, Hercules, California, 

USA). 

3.3.3 -3. Construction and Application of the Standard Curve 

The generation of a standard curve using the competitive PCR methodology has been 

previously described by Siebert and Lanick (1992) and by Zachar et al. (1993). A bief 

description of the procedure is given in Figure 3.1. The set of standard templates for 

constructing the standard curve consisted of a 10-fold serial dilution of C. pantum PCR 

product in 50 pg/mL ultrapure glycogen (Boehringer Mannheim; designated WT) 

generated using the HB-1 and BIO-HB-2 primer set. For competitive PCR, intemal 

standard template was added to both the standard and sample reactions to a final 

concentration of 5 x 106 amoVpL (i.e. 30 molecules). The number of molecules per PCR 

for each water sample was calcuiated using the regression equation of the standard curve. 

The molecule number per PCR divided by 4 (4 sporozoitedl oocyst) was then used to 

estirnate the number of oocysts in the original spiked samples (Table 3.2). 



interna1 Standard Wild Type 
(1s) 225 bp 7 (WT) 358 bp 

Corn petitive PCR 
..Y' - _ r f  .r" -/.- - Y '  

Varying concentrations of WT: Set concentration of IS 

WT concentration 

WT concentration 

Figure 3.1. Steps hvolved in generating a standard curve for quantitative PCR using an 
intemal standard. Known, varying concentrations of WT standard were amplified 
together with a constant concentration of IS in a series PCR reactions. Because both 
molecules share the same primer annealhg sites, the products competed in the 
amplification reaction. The products fiom the cornpetitive reactions were visualized by 
agarose gel electrophoresis. A PCR product ELISA was used to measure the optical 
density of WT and IS products in each reaction using a microplate reader. The OD 
measurements were piotted versus the number of input molecules of WT for a graphical 
representation of product accumulation. A standard curve was constmcted for 
quantitation of samples with unlaiown concentrations of C. p a m m  DNA amplified 
together with the same concentration of IS in the same PCR r u ,  by plotting the ratio of 
WT:IS absorbance versus number of input molecules of WT. 



Table 3.2. Quantitative PCR data using standard curve of wild-type (WT):intemaf 
standard (1s) PCR product ratios for a municipal water pellet spiked with purified 
oocysts. 

# Oocysts in 
water pelleP 

O 
54,296 

33 1,897 
3,413,186 

Spiking level 
(# oocysts)" 

1 O' 
1 o3 
10' 
1 o5 

" Aliquots of a municipal water pellet were spiked with 1 6 ,  la3, 10'. and 10' oocysts, respectively. 
Readings fiom the SHARP assay are mean S.D. for n=3. 

'The ratio of WT(Abs):IS(Abs) was used to calculate the number of input molecules per PCR ushg the 
regression equation of the standard curve. 
d Number of oocysts in each aliquot of municipal water pellet Uicorporating recovery efficiencies as 
established in Table 2.3. The formula is x = 203.6n, where x is the number of oocym in the aliquot of 
municipal water pellet and n is the number of input molecules per PCR 

Mean WT 
Abs(405 nmlb 

0.006 k 0.010 
0.257 k 0.027 
0.353 * 0.063 
0.492 * 0.131 

Mean IS 
Abs(405 nm) 

0.386 * 0.097 
O. 19 1 I 0.006 
0.157 0.042 
0.1 13 * 0.006 

Log(WT/IS)' 
-1 .SOS 
O. 129 
0.352 
0.639 



3.3.3.4. The Digene SHARP Signalm System Assay 

The Digene SKARP Signalm System Assay (Digene Diagnostics Incorporated, 

Beltsville, Maryland, USA) for PCR product detection (Figure 2.2) was used to probe 

WT and IS PCR products from siandards and samples tested. Numerical readouts of PCR 

product concentration were obtained using a V,, kinetic microplate reader (Molecular 

Devices Corporation, Sunnyvale, Califomia, USA). Optimization of the assay for the 

detection of WT and IS PCR products involved: 1) determinkg the linear range of the 

assay with respect to input PCR product concentration; and 2) fïnding suitable 

concentrations of RNA probe for hybridization to WT and IS PCR products. 

Several modifications were made to minirnize intra-assay variation between replicate 

wells as follows: 1) The PCR product was fïrst diluted 10-fold in sample diluent (Digene 

Diagnostics Incorporated). 2) A volume of 20 pL was added to 200 pL sarnple diluent 

and 100 pL denaturation solution (Digene Diagnostics Incorporated) in an 1 -5-mL 

Eppendorf tube. After 10 min denaturation at 22"C, 100 pL of 200 pmoK RNA probe 

mix (Digene Diagnostics hcorporated) was added and the tube vortexed. 3) Transfer of 

100 pL of hybridization mixture to each of three capture wells. 

Hybrid capture and detection steps were camied out according to the manufacturer's 

instructions. Microplates were read after 2 h of incubation at 37OC, and afker overnight 

incubation at 4OC. Optical density readings were taken at an absorbance of 405 nm with 

subtraction of absorbance readings at a reference wavelength of 650 nm. 

3.3.3 -5. Lmaging Densitometry 

PCR product concentration was estirnated using irnaging densitometry to analyze product 

bands on conventional 2% (w/v) agarose gels stained with ethidium bromide. The Gel 

Doc 1000 image analysis system with Molecular Anaiyst Software (Bio-Rad 



Laboratories, Hercules, California, USA) has such capabilities for band volume analysis. 

The software was used to generate volume integration reports of molecular weight size 

standard band intensities h m  which standard curves could be constructed and semi- 

quantitation of WT and IS PCR products achieved. 

3.3.4. Spiking Municipal Water Pellets with Purified Oocysts 

Filtered municipal water pellet (free of Cryposporidium oocysts) was divided into 1.5 mL 

aliquots and centrifùged at 16,000 g. One milliliter of supernatant was removed and the 

pellet seeded with 1 mL of oocysts fiom a 10-fold dilution series. In this manner, filtered 

municipal water sarnples containkg 102, O 104, los, and 106 oocysts in 1.5 mL 

volumes were obtained (corresponding to 102 to 106 oocysts/100 L). Oocyst DNA was 

isolated from these samples following the protocol in Section 2.3.4. 

3.3.4.1. Quantitative PCR on Spiked Municipal Water Samples Using the Digene 

SHARP SignalTM System Assay 

DNA isolated from eight municipal water sarnples were diluted 10-fold and PCR- 

amplified in duplicate together with IS at a concentration of 5 x 10" amoUpL. in the 

same PCR run, IO-fold serial dilutions of WT were also amplified in duplicate with IS at 

a concentration of 5 x 1 0 - ~  amoVpL. PCR products fiom the duplicate reactions were 

pooled and diluted 10-fold. Aiiquots were hybridized to WT- and IS-specific RNA 

probes (see Section 2.3.6.1 .) in separate reaction tubes. The hybridization mixtures were 

then assayed in triplkate in SHAW assay microwells. 

The mean optical density (OD) readings for triplicates of amplified C. p a m m  PCR 

product and IS PCR product were obtained for each of the eight municipal water samples. 

The ratio of C. p u m m  product to IS product (y) was applied to the linear regression 



equation of the standard curve to obtain the number of PCR input moiecdes of C. 

parvum template (x). 

3 -3 S. The Most-probable-number-PCR Method 

3.3.5.1. MPN-PCR 

DNA was isolated fiom eight municipal water samples for MPN-PCR analysis following 

the protocol in Section 2.3.4.. Ten-fold serial dilutions of sample DNA were prepared in 

ultrapure stenle water fiom 10' (undiluted) to 10? PCR was performed on the serial 

dilutions of sarnple DNA using the HB-1 and BIO-HB-2 primer set following the 

protocol in Section 2.3.5. Five replications of each dilution were performed. PCR 

products were run on 2% (w/v) agarose gels stained with ethidium bromide and viewed 

under ultraviolet transillumination. The number of molecules correspondhg to the 

nurnber of oocysts were determined according to the MPN technique. 

3.3.6.2. MPN Tables 

The MPN technique is a means of estimating the density of viable organisms in a sample. 

The technique is based on probability statistics related to the frequency of occurrence of a 

series of positive results that are most Iikely to occur when given numbers of organisms 

are present in a sarnple (Oblinger and Koburger, 1984). Several assumptions underlie the 

use of the MPN method. Fkt ,  organisrns must be randomly distributed throughout the 

sarnple. Second, when one or more organisms is present in a sample, the organisms will 

grow when inoculated into an appropriate medium and incubated properly over a dehed 

petiod of tirne. Under these conditions, it is possible to use numencal MPN values found 

in MPN tables to estimate the nurnber of organisms in a sample within given confidence 

Iimits. 



Similarly, the principle of the MPN technique can be applied to estimate the 

concentration of template molecules in a DNA sample when replications of a serial 

dilution are used in PCR. The same basic assumptions that validate traditional MPN 

estimates are also applicable to MPN-PCR. Hence for accurate MPN-PCR estimates, 

target molecules must be randomly distributed throughout the stock vial. Second, if one 

or more target molecules is present in a sarnple aliquot used for PCR, this target will be 

amplified under appropriate reaction conditions. 

The MPN tables used to estimate numben of C. p a m m  target molecules were modified 

versions of those found in Standard Methodî for the Examination of Waîer and 

Wastewater, 14th Ed., APHA-AWWA-WPCF (1975). The tables give MPN index/& 

values with 95% confidence limits for 10-fold serial dilutions at 5 tubes per dilution. 

Tabular MPN index values were converted according to the dilutions of PCR template 

used for determinhg the combination of positive resuits to obtain the concentration of 

target molecules in the DNA stock. The target concentration was then used to calculate 

the nurnber of oocysts in the original sample (Table 2.3). 

3.4. Results 

3.4.1. Optimization of the Quantitative PCR Reaction Parameters 

Initial conditions for the quantitative amplification of WT and IS PCR products were 

investigated. Known amounts of WT template were 10-fold serially diluted and CO- 

amplified with a constant amount of IS template. The concentration of WT template in 

this series of reactions ranged between 3 and 300,000 molecules/PCR. The concentration 

of IS template was fixed at 30 moleculeslPCR. PCR products were analyzed by agarose 

gel electrophoresis (Figure 3.2). The amplified products corresponded to the predicted 
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Figure 3.2. Panel A. Agarose gel electrophoresis of PCR products korn cornpetitive 
amplification of a IO-fold serial dilution of WT standards (358 bp) with IS intemal 
standard (225 bp) at a constant concentration of 5 x 106 amoVpL. PCR products were run 
on a 2% (w/v) agarose gel stained with ethidium brom.de. Lane A, 100 bp molecdar 
weight marker (Life Technologies Incorporated, Gaithersburg, MD, USA); h e s  B and 
C, 300,000 molecules WT + 30 molecules IS; Lanes D and E, 30,000 molecules WT + 30 
molecules IS; Lanes F and Gy 3,000 molecules WT + 30 molecules IS; Lanes H and 1,300 
molecules WT + 30 molecules IS; Lanes J and K, 30 molecules WT + 30 molecules IS; 
Lanes L and M, 3 molecules WT + 30 molecules IS. Panel B. Absorbance reading at 405 
nm versus nurnber of input molecules of WT for PCR products as described in Panel A 
detected using the Digene SHARP Signalm System Assay. Values are mean * S.D. for 
trïplicate wells of WT (+ ) and IS ( i ). The h e a r  regression line (-) that fits the 
cuve of WT standards is also s h o w  dong with its equation and correlation coefficient 
m21* 



product sizes (WT: 358 bp; IS: 225 bp). The pattern of product accumulation was such 

that, as the amount of WT product increased, the amount of IS product decreased, 

indicating that the two products were competing in the amplification reaction above log 

1 -5 WT molecules (Figure 3 -2). 

Accurate quantitation of PCR products requires the number of PCR cycles to be within 

the exponential phase of amplification. Forty cycles of amplification were found to be 

suitable for quantitation of amplified C. parvum PCR product (Figure 3.3). An increasing 

linear trend in PCR product quantity was observed between 25 and 45 cycles of 

amplification for 30,000 input template molecules using the SHARP assay, suggesting 

that the reactions had not yet reached the plateau phase where product accumulation is no 

longer exponential. Forty cycles was chosen because as few as 3 moleculeslPCR was 

detectable for WT standards, and quantitation is ensured to be within the exponentiai 

phase of cycling. IS template introduced into reactions at a final concentration of 5 x 1 0 - ~  

amoVpL was also visible on 2% (w/v) agarose gels stained with ethidiurn bromide at 40 

cycles. 

3.4.7. Optimization of the Digene S W  SignalTM System Assay 

3.4.2.1. RNA Probes 

PCR products were analyzed using the Digene SHARP SignalM System Assay with 

sequence-specific RNA probes. The rnost suitable RNA probe concentration for the 

detection of WT was between 150 and 200 p m o K  as shown in Figure 2.9. Figure 3.4 

shows that 200 pmoVL of 1s-specific RNA probe was suitable for the detection of IS PCR 

produc t. 
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Figure 3.3. Panel A. Agarose gel electrophoresis of PCR products generated fiom 
amplification of 30,000 WT molecules and 30 IS molecules in cornpetition at various 
points of PCR cyclhg. PCR products were nin on a 2% (wh) agarose gel stained with 
ethidium bromide. Lane A, 100 bp molecular weight marker (Life Technologies 
Incorporated, Gaithersburg, MD, USA); Lanes B and C, 25 cycles; Lanes D and E, 30 
cycles; Lanes F and G, 35 cycles; Lanes H and I, 40 cycles; Lanes J and K, 45 cycles. 
Panel B. Absorbance reading at 405 nm versus number of PCR cycles for 30,000 input 
molecules of WT at various points of PCR cycling. PCR reactions were removed fiom 
the thennocycler after 25,30,35,40 and 45 PCR cycles. Duplicate reactions were pooled 
and detected in ûiplicate using the SHARP assay (Digene Diagnostics Incorporated). 
Plotted values (,) are mean i S.D. for n=3. The regression line (-) for the curve has 
a correlation coefficient (RZ) value of 0.9704 indicating a strong linear relationship. 
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Figure 3.4. A plot of absorbance reading at 405 nm versus IS RNA probe concentration 
for pooled, IO-fold diluted PCR products generated h m  cornpetitive PCR reactions of 
WT and IS and assayed by the Digene SHARP SignaTM System Assay. Values are mean 
k S.D. for duplicate microwells (+). 



The probes for WT and IS PCR products were f is t  tested for cross-reactivity by 

hybndizing samples that contained WT product alone with the IS sequence-specific probe 

or IS product with the WT sequence-specific probe. The resulting OD values from the 

assay were equd to the background signal of approximately 0.100 OD units (data not 

shown). 

The WT- and IS-specific probes hybndked to their respective PCR products generated in 

competitive PCR reactions as shown in Figure 3.2. The mean optical density (OD) 

readings for triplicates of each WT and IS PCR product standard were obtained and 

plotted against the number of PCR input molecules of WT. An increasing trend for the 

OD readings of WT and a decreasing trend for the OD readings of IS was observed as the 

number of input WT molecules increased (Figure 3.5). The pattern of decreasing IS 

amplification with increasing input WT molecules in this series of reactions suggests that 

the two products were competing in the amplification reaction. The ratio of WT optical 

density to [S optical density was calculated for the standards and plotted against the 

number of PCR input molecules on a log-log scale to obtain the standard cuve for 

quantitation of samples (Figure 3.5). A linear curve was generated to fit the data. The 

regession line was described by the equation y = 0.3 171x - 0.5225 with an lZ2 value of 

0.9659, where (0.000 < R~ 1.000) and an R~ value of 1 .O00 gives a straight Iine. 

3.4.2.2. Effect of Incubation Time of the Digene SHARP SignalTM System Assay 

The Iength of incubation time of the Digene SHARP Signalm System Assay was 

examined for its efFect on the linearity of a standard curve generated using starting WT 

arnounts ranging fiom 3 to 300,000 molecules. After incubation for 1, 2, 3, and 4 h at 

37OC and ovemight at 4OC, no effect was observed on the linearity of the standard curve 

for the mean values arnong triplkate wells of selected standards (Figure 3.6). 
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Fi,we 3.5. Panel A. A plot of absorbance reading at 405 nm versus nuxriber of input 
molecuies of WT for pooled WT (+) and IS (m ) PCR product standards diluted IO-fold 
and assayed by the Digene SHARP Signalm System Assay. Values are mean + S.D. for 
triplicate wells. Panel B. A plot of ratio of WT:IS absorbance readings at 405 nrn versus 
nurnber of input molecules of WT for cornpetitive PCR products of WT standards 
arnplified together with IS (.). The regression Iine (- ) for the curve and its equation 
and square of the correlation coefficient (R2) are also shown. The regression equation is 
in the form y = mx + b, where rn is the dope and b is the y-intercept. 
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3.4.2.3. Denaturation and Hybridization of PCR Products 

Attempts were made to reduce the intra-assay variability of the Digene SHARP SignalM 

System Assay. Modifications to the protocol in the denaturation and hybrïdizatioo steps 

of the assay were descnbed in Section 3 -3 -3.4. Incorporating these modifications, 

coefficients of variation between triplkate wells were consistently < 1 5%. When the 

protocol was followed according to the manufacturer's instructions, variation could 

increase markedly, averaging approximately 20% or higher. inter-assay variation was 

measured for three identical assays performed over a period of three days. The 

coefficient of variation between assay runs was approxirnately 25% (Table 3.3). These 

results were consistent with hdings previously published by other users of this assay 

(Boivin et al. 1997). 

3.4.2.4. Dilution of PCR Products 

Fuaher optimization of the SHAW assay deterrnined that a IO-fold dilution of PCR 

product was necessary to avoid saturation of the assay wells with PCR product when a 

large nurnber of input molecules were used in PCR (Le. >30,000 molecules; Figure 3.7). 

When undiluted PCR product was used in the assay, the absorbance readings reached a 

plateau for reactions containing hi& input rnolecule numbers. 

3.4.3. Quantitative PCR on Municipal Water Pellets Spiked with Known Numbers of 

Cryp~osporidium p m m  Oocysts. 

The Digene SHARP SignalTM System Assay enabled the quantitation of lo3 to 10' oocysts 

in municipal water pellets which corresponded to 103 to 10' oocystdl O0 L. Figure 3.8 

shows the corresponding standard curve used to obtain the number of PCR input 

molecules and for subsequent determination of the concentration of oocysts. Ten-fold 

differences in oocyst nurnber were distinguishable using the SHARP assay (Table 3.2). The 



Table 3.3. Inter-assay variation of the Digene SHARP S i g n P  System Assay. 

S tandarda 
3 x IO'(A) 
3 x N''(A) 
3 x 103 (A) 
3 x 102(A) 
3 x 10' (A) 
3 x 10' (A) 

. ~ X ~ O ~ C B I .  

- - -  

SMolecule number per PCR for a senes of IO-fold seriaily diluted standards. (A) denotes a IO-fold dilution 
of PCR product prior to perfonning the SHAW assay; (B) denotes a 100-fold dilution of PCR product prior 
to performing the SHARP assay. 
bThree trials of the SKARP assay were performed over three days on the same PCR product. Fresh 
dilutions were prepared for each trial. 
'Mean optical density reading (Abs. 405 nm) of the three trials was calculated for each standard. 
d Standard deviation of the three nins was calculated for each standard. 
'Coefficient of variation [(a/#) x 1001 of the three runs was calculated for each standard. 

Trial 1 
0.663 
0.630 

3 x 1 0 4 ( ~ )  
3 x LO'(B) 
3 x 1 0 2 ( ~ )  
3 x 10' (B) 
3 x 10' (B) 

0.454 
0.419 
0.312 
0.052 
0.203. 

Trial 2 
0.636 

0.463 

0.130 
0.086 
0.073 
0.031 
0.002 

0.332 
0.246 
0.186 
0.029 
0.203. 

Trial 3 
0.414 
0.402 

0.134 
0.090 
0.056 
0.024 
0.001 

0.334 
0.303 
0.223 
0.040 
0.106. 

mean ODc 
0.571 
0.498 

0.097 
0.087 
0.074 
0.029 
0.004 

0.373 
0.323 
0.240 
0.040 
0.171. 

Standard 
~eviat ion~ 

0.137 
0.1 18 

0.120 

0.088 
0.068 
0.028 
0.002 

Coefficient 
of Variation' 

23.929 
23.686* 

0.070 
0.088 
0.065 
0.0 12 
0.056. 

18.7 14 
27.323 
26 947 
28.52 1 
32.8 14. 

0.020 
0.002 
0.010 
0.004 
0.002 

16.875 
2.375 

14.950 
12.877 
65 -465 

I 

imean CV = 24.540 
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Figure 3.7. Panel A. A plot of absorbance reading at 405 nm versus number of input 
moIecuIes of WT for undiluted PCR products generated eorn a 10-fold serial dilution of 
input WT molecuies (range: 3 to 300,000 molecules) assayed by the Digene SHAW 
Signalm System Assay. Values are mean I S.D. for duplicate microwells (e). The linear 
regtession line that fits the curve (- ) and its corresponding regression equation are also 
shown. Pane[ B. A pIot of absorbance reading at 405 nm versus number of input 
mo1ecules of WT for IO-fold diluted PCR products generated from a 10-fold serial 
dilution of input WT molecules (range: 3 to 300,000 molecules) assayed by the Digene 
SHAW Signalm System Assay. Values are mean 2 S.D. for duplicate microwelts (e). 

The Iinear regression line that fits the cuve ( - ) and its conespondhg regression 
equation are also shown. 
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Figure 3.8. Panel A. Agarose gel electrophoresis of PCR products fiom amplification of 
DNA extracted from purified C. pantum oocysts spiked into municipal water samples. 
PCR products were run on a 2% (w/v) agarose gel stained with ethidium bromide. Lane 
A, 1 00 bp molecular weight marker (Life Technologies Incorporated, Gaithersburg, MD, 
USA); Lanes B and C, 106 oocysts; Lanes D and E, 10' oocysts; Lanes F and G, 104 
oocysts; Lanes H and 1, 10' oocysts; Lanes J and K, 102 oocysts. Panel B. Ratio of 
WT:IS absorbante readings at 405 nm versus number of input molecules of WT for 
cornpetitive PCR products of WT standards amplifïed together with IS ( + ). The 
regression line (- ) for the curve and its equation and correlation coefficient (R~)  are 
also show. The regression equation is in the form y = mr + b, where m is the slope and 
b is the y-intercept. The equation was used to calculate number of input molecules for 
sarnples containing C. p u m m  DNA amplified together with IS and assayed using the 
Digene SHAW Signalm System Assay. 



samples spiked with 102 and 106 oocysts were beyond the quantitative range of this standard 

curve (data not shown). 

3.4.4. Quantitative PCR on Municipal Water Sarnples. 

Table 3.4 shows that the number of oocysts in the municipal water samples, as predicted 

using PCR and the Digene S W  Signalm System Assay, were within one-log of the 

values determined ushg IFA detection. Figure 3.5 shows the corresponding standard 

curve used to obtain the number of PCR input molecules, fiom which the concentration 

of oocysts was determined. 

3.4.5. MPN-PCR 

The same eight municipal water samples as shown in Table 3.4 were used to determine 

the potential feasibility of using MPN-PCR for the quantitation of C. parvum oocysts. In 

Figure 3.9, an example of the pattern of PCR products generated in an MPN-PCR 

experiment is given for sample FI 1. The fiequency of positive PCR results decreased as 

the dilution factor of the DNA sample increased. The combination of positives was 

determined using the agarose gel electrophoresis results and an MPN index/& was 

determined using the appropriate MPN table. 

Table 3.5 shows that the number of oocysts recovered by membrane filtration as 

detemiined by F A  detection (approximately lo4 oocysts) was not predictable using 

MPN-PCR. Values ranged widely fiom 102 to lo4 for the same approximate number of 

oocysts in eight samples. Results revealed an underestimation of oocyst nurnbers using 

the MPN-PCR method when compared with immunofluorescence assay counts of the 

original sample (Table 3.5). For each of the samples tested, the IFA counts exceeded the 

number of oocysts predicted by the upper 95% confidence Iimit of the MPN-PCR 

estimate. The extent of underestimation for MPN-PCR estirnates of the F A  counts 



Table 3.4. Quantitative PCR data for selected municipal water sarnples. 

- -- - -- 

I 
-- 

1 ~ 6 2  11.5 x lo4 10.413 * 0.1 14 10.619 * 0.033 -0.176 1 1.6 x 105 
"Selected municipal water samples f?om the spike-recovery studies of 72 municipal water samples. 
'Oocyst recovery as determined by imrnunofluorescence assay. 
'Readings fiom the SHAW assay are mean S.D. for n=3. 

Samplea 

F11 
F20 
F38 

dThe ratio o f  WT(Abs):IS(Abs) was used to calculate the number of input molecules per PCR using the 
regession equation of the standard curve. 
J Nwnber of oocysts in each aliquot of municipal water pellet incorporating recovery efficiencies as 
established in Table 2.2. The formula is x = 13590n, where x is the number of oocysts in the municipal 
water sample and n is the number of input moIecules per PCR 

F33 2.2 x lo4 0.347 * 0.120 0.481 I 0.1 12 -0.142 2.0 los 

F A  
~etect ion~ 

6.9 x 10' 
2.7 x 10' 
4.7 x lo4 

mean WT 
Abs(405 nm)' 

0.793 0.144 
0.382 0.1 17 
0.152 * 0.032 

l o g ( ~ ~ / ~ ~ ) d  

0.038 
-0.298 
-0.74 1 

mean IS 
Abs(405 W) 

0.726 * 0.030 
0.758 * 0.043 
0.838 * 0.022 

# oocysts 
predicted 

using PCRe 
8.0 x 10' 
7.0 x 10'' 
3.0 x 103 
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Figure 3.9. Agarose gel electrophoresis of PCR products fiom amplification of seriai 
dilutions of DNA extracted fiom a C. parvum-spiked municipal water sample for MPN 
analysis. PCR products were nin on a 2% (wh) agarose gel stained with ethidium 
bromide. Lanes A, M, N and Z, 100 bp molecular weight marker (Life Technologies 
Incorporated, Gaithersburg, MD, USA); Lanes B-F, 10-fold dilution of DNA isolated 
from sample F 1 1 ; Lanes H-L, 100-fold dilution of DNA isolated fiom sample F 1 1 ; Lanes 
O-S, 1000-fold dilution of DNA isolated fiom sample F11; Lanes U-Y, 10,000-fold 
dilution of DNA isolated fiom sample F11. 



Table 3.5. lmmunofluorescence assay counts and MPN estimates for selected municipal 
water samples. 

Sample 

~ 1 1  
F20 

detennined by immunofluorescence assay. 
b MPN indices adapted fkom: Standard Melhods fur the Examinarion of Water and Wmtewater, 14th Ed., 
APHA-AWWA-WPCF (1975). 
'95% confidence limits for the MPN index/ml. (i.e. Given that the MPN index value is an estimate, there is 
95% confidence that the number of organisms is located within the specified range of values). 

MPN estimate of number of oocysts recovered by the membrane dissolution method (Aldom and Chagla, 
1995) incorporating 15% loss due to centrifiigation. 
MPN estimate of number of oocysts recovered by the membrane dissolution method (Aldom and Chagla, 

1995) incorporating 15% Ioss due to cenaifugation and 35% loss during DNA purification. 

F38 
F43 

I 

F46 
F48 
F52 
F62 

IFA 
Detectiona 

6.9 x 104 
2.7 x lo4 

" Number of oocysts recovered by the membrane dissolution method (Aldom and Chagla, 1995) as 

Combination 
of Positives 

5-0-0 
5-3-1 

4.7 x lo4 
2.2 lo4 
5 . 9 ~ 1 0 ~  
4.6x104 
3.6 x 10' 

1.5 x 10' 

17 
7 
17 
1 1  
17 
2.3 

5 4 1  
5-2- 1 
5 4 1  
5-3-1 
5-4- 1 
5-0-0 

MPN 
index/db 

2.3 
11 

4.3<x<49 
2 . 3 ~ ~ 4 7  
4 . 3 ~ ~ ~ 4 9  
3.1<xa5 
4.3cxC49 
0.7<xq.O 

95% 
Confidence 
Limitsc 
0.7c~rl.o 
3.18<5 

1.5 x lo3 
6.2 x lo3 
1.5 x 103 
9.7x103 
1.5 x lo3 
2.0 x 102 

MW-PCR~ 

2.0 x 104 
9.7 x 10' 

2.3 x lo3 
9.5 x lo3 
2.3 x lo3 
1.5~10~ 
2.3 x 103 
3.0 x 102 

MPN-PCR' 

3.1 x 104 
1.5 x lo4 



ranged between 2.8 and 73.9 times when losses fiom DNA purification steps were not 

taken into consideration. Assuming that IFA counts were relatively accurate, 

underestimation by MPN-PCR may be due to assay problems. The lack of consistency in 

the extent of underestimation may indicate differences between samples. 

3.5. Discussion 

Quantitation in municipal waters spiked with known numbers of purified oocysts was 

achievable within a one-log range. Quantitative PCR was dependent on the success of the 

amplification and detection steps uivolved in the process. PCR amplification of WT 

standards together with IS template was reproducible provided that smct control of reagent 

quality and template storage conditions were rnaintained. The linearity of the quantitative 

PCR standard cuve was aec ted  by the individual competitive PCR reactions for each WT 

standard. In particular, in standards containing low input molecule numben (i.e. <30 

molecules WT), the amplincation was less reliable, with an increased fi-equency of failed 

reactions (Figure 3.2). The efficiency of competitive PCR in municipal water samples 

spiked with known numben of oocysts may have been affected by interfiering substances in 

the water samples (Bej, 1995). 

To achieve a level of quantitation in the order of one C. parvum oocyst/PCR reaction, 40 

amplification cycles were required. Accurate quantitation of low target numbers can be 

achieved at 40 cycles since PCR product accumulation has been s h o w  to remain in the 

exponential phase for starting template quantities as high as 30,000 molecules, which was 

equivalent to approximately 1 o6 oocysts/ 1 00 L. 

A 1 to 4 h o u  incubation at 37OC or ovemight incubation at 4OC of the S W  assay 

reactions did not affect the linearity of the standard curve. However, eventually, a level 

of saturation was reached for the colorimetric reaction. Reactions that were allowed to 



develop overnight at 37OC were typically beyond the range of the plate reader to give 

reliable readings. Readings taken after 2 h incubation were found to be most suitable to 

cover the range of PCR product quantity in the standards. 

Modifications were made to the SHARP assay protocol to reduce the intra- and inter- 

assay variation of the ELISA. Before such modifications were made, variability within 

replications of the same PCR reaction aliquoted to triplicate wells could vary an average 

of 20% or greater. Pipetting error at multiple dispensing steps, inconsistency in 

streptavidin coating of microwells, variation in the extent of rotation d u ~ g  shaking 

steps, and evaporation of water during hybridization incubation could al1 be potential 

sources of well-to-well variation. Modifications that reduced the number of pipetting 

steps and loss of water fiom evaporation improved intra-assay variation to 515% 

consistently, however, high variation could not be completely elirninated altogether. 

These results are consistent with the experience of other usen of the S H A R P  assay (Lin 

et al. 1996). Inter-assay variation averaged approximately 25% when the same set of 

PCR reactions were tested on three separate occasions. A sllnilar inter-assay variation 

was reported by Lin et ai. (1996) for replicate PCR runs tested by the S H A R P  assay. 

in theory, quantitation using an intemal standard improves the accuracy of detemllnations 

by reducing the variability of PCR amplification fiom tube-to-tube among replications. 

However, introducing the IS into PCR reactions as a competing template also increases 

the complexity of the amplification. In this case, quantitation of oocyst numbers using 

the cuve  produced fiom the WT:IS ratios allowed prediction of oocyst number within 

one-log of rnicroscopic counts. The linear relationship was weakest where input 

molecule number was lowest (Le. 3 molecules of WT). Likely, the challenge of 

performing PCR with low input molecule numbers combined with the effects of pipetting 

error contributed to the loss of linearity. 



Extendhg the sensitivity of this quantitative assay to a level of 1 o2 oocysts/l O0 L (i.e. 1 

to 10 oocystslPCR) rnay be possible with additionai standards containkg lower WT 

molecule number. To achieve the action level of 10-30 oocysts/100 L proposed by Haas 

and Rose (1995), a M e r  10-fold increase in sensitivity is needed. Fuaher optirnization 

and reproducibility studies are required to validate the assay. 

Most-probable number estimates of the number of oocysts in the original filtered samples 

were low compared to immunofluorescence assay counts. Although F A  counts provided 

only an estimate of the number of oocysts, several factors rnay account for the observed 

MPN underestimation. One important prerequisite for accurate MPN-PCR 

determinations is the requirement that amplification is fiee of inhibition. MPN index 

values assume successful amplification of al1 targets present in a sample. Thus, the 

presence of substances that rnay interfere with PCR amplification such as clays, 

polysaccharides and hurnic acid (Bej, 1995) would result in an underestimation of target 

numbers. Variable PCR uihibition was apparent in the majonty of samples tested. in 

some cases, 10-fold dilution of the sample template yielded more efficient amplification 

than undiluted sample as indicated by a greater band intensity for the former. No 

apparent correlation was observed between location of sampling and the presence of 

inhibition. Multiple sarnples taken from the same site at different time points could Vary 

in the amount of inhibition obsewed. 

The importance of obtaining pure DNA free of contaminating substances that might 

interfere with PCR amplification is clearly indicated, although not easily achieved. ûther 

DNA extraction methods such as conventional phenol-chioroform (Sarnbrook et al. 1989) 

and InstaGene Matrix (BioRad Laboratorïes, Hercules, California, USA) have been 

attempted with similar results. Jenkins et al. (1997) reporteci equal effectiveness of 



phenol-chloroform and QIAamp column-isolated C~tospor id ium DNA used for semi- 

quantitative PCR analysis. Another possible cause for the MPN underestimation may be 

Uiaccuracy of determiuing oocyst losses during DNA isolation. Sample processing steps 

where Iosses in oocysts/DNA might occur include centrifugation, lysis and DNA 

extraction. Improvements in concentration and purification of samples may be achieved 

using techniques such as magnetic antibody capture. 

3.6. Conclusions 

The establishment of a minunu action level for outbreaks of cryptosporidiosis requires 

techniques for accurate quantitation of C. parvum oocysts in municipal water and careful 

assessrnent of both the pathogenic potential of the organism and the status of the 

population at nsk. in this paper, we have focused on the development of two PCR-based 

methods for quantitation of Ctyptosporidium panium in municipal water samples. 

Quantitative PCR using the SHARP Signalm System Assay enabled quantitation of 

municipal water samples spiked with 103 to 10' purified C. pan>um oocysts within one- 

Log of F A  counts. Further optirnization and reproducibility studies are required to 

validate assay performance. The MPN-PCR method was found to underestimate oocyst 

numbers when compared with immunoffuorescence assay counts due to PCR inhibition 

and possible inaccuracy in detemiining oocyst losses during sample processing steps. 

Modifications to DNA isolation and purification techniques may irnprove accuracy and 

precision of determinations. 



4. Conclusion 

4.1. Summary 

Crypmporidium p a m m  is an emerging waterborne pathogen suspected of being 

responsible for a large number of outbreaks of gastrointestinal illness globally over the 

past decade. The organism remains a great concem for healthcare workers caring for 

immunologicaily susceptible patients and public water utilities seeking to ensure the 

safety of the municipal water supply. Lack of sensitive and specific methods for 

detection and enumeration of waterbome Cryptosporidium has contributed to the 

continuing exposure of the public to this potential hedth threat. 

Polyrnerase chah reaction coupled with the Digene SHARP SignalM System Assay for 

PCR product detection offers a quantitative method for sensitive detection of C. parvum 

in municipal water samples. When applied to detection of C. parvum in 72 spiked 

municipal water samples obtained fiom southwestern Ontario, the PCR assay showed an 

83.3% correlation with traditional immunofluorescence detection among IFA-positive 

samples. Application of the S W  assay to the detection of PCR products showed 

potential for a 1 O-fold increase in sensitivity over conventional ethidium bromide agarose 

gel detection. Nested PCR was found to have potential application for detection of C. 

parvum in an outbreak situation and in untreated waters. 

Quantitative detection using PCR-based methods was also examined for enumeration of 

oocysts in municipal water. The MPN-PCR method gave underestimates of oocyst 

numbers compared to immunofluorescence assay counts. This discrepancy was attributed 

to PCR inhibition and inaccuracy in the determination of oocyst losses during sample 

processing. Quantitative PCR using an intemal standard allowed quantitation of 103 to 

10' purified C. p a m m  oocysts within one-log of F A  counts when spiked into municipal 



water samples. Optirnization of the cornpetitive PCR for low input molecule numbers 

rnay increase the sensitivity of quantitation. Further validation of quantitative potential of 

the Digene SHARP Signal System Assay for municipal water sampIes is required. 

4.2. Future research 

in the area of PCR detection and quantitation sensitivity, M e r  research is needed to 

improve DNA concentration, isoIation, and purification methodoLogies for C. p a m m .  

With the present assay, a 10-to 100-foId increase in sensitivity is required to achieve the 

target numbers for impIementing an action level of 10-30 oocysts/100 L for 

Cryptosporidizm in treated water. hprovements to DNA isoiation procedwes rnay aiso 

increase the accuracy of quantitative PCR and MPN-PCR. Development of a protocol for 

magnetic antibody capture of C. p a m m  in environmental water samples rnay aiso be 

useful in this regard. New quantitative technologies such as the fluorescence-based 5' 

nuclease assay (Chen et al. 1997) may provide a more accurate and sensitive means of 

DNA quantitation. Automation and miniaturization of detection assays for C. parvum 

using DNA chip technology rnay facilitate the introduction of testing on location at 

municipal water sites. 

As Cryptosporidium are ubiquitous in the environment, firrther studies in the 

differentiation of viable fiom non-viable oocysts rnay assist in the determination of the 

risks to human health posed by Cryptosporidium in water supplies. One alternative to 

traditionai excystation and animal infectivity techniques for viability determination is the 

molecular detection of inducible RNA targets by reverse-transcription (RT)-PCR. An 

improved understanding of the transmission potentid of contaminating oocysts rnay 

allow water treatment facilities to enact preventive treatment mesures for the removal or 

inactivation of harrnfbi oocysts. With the lack of success in developing protective 

vaccines and treatrnents for cryptospondial infection, it is likely that Cryptosporidium will 



remain a prominent public health threat. In the immediate future, prevention and public 

awareness are the best tools to safeguard our health against the h a d  effects of 

Cryptosporidium . 
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