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A PCR Differentiation Method, a hybrid of the US EPA and MOE methods, for
quantifying human infectious C. parvum/C. hominis as a group and non-human infectious C.
andersoni/C. muris was developed. Primers and probe sets targeting the hsp70 gene were
designed for C. andersoni/C. muris; those for C. parvum/C. hominis were obtained from the
MOE method. Results showed that C, andersoni/C. muris primers were specific for C.
andersoni/C. muris oocysts, while those for C. parvum/hominis primers detected C.
parvum/hominis and C. meleagridis. All primers were then used to quantify oocysts from urban
and agricultural environmental water samples in Kitchener/Waterloo. Human infectious Giardia
lamblia was also incorporated into this study. C. parvum/C. hominis and Giardia lamblia were
detected at urban and agricultural areas, whereas C. andersoni/C. muris was only detected at
agricultural sites. The PCR Differentiation Method is a reliable method for quantifying
Cryptosporidium and Giardia lamblia in environmental water samples.
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1.0 Introduction
1.1. Historical Background of Cryptosporidium
Cryptosporidium parvum and Cryptosporidium hominis are waterborne protozoan
pathogens responsible for the majority of human outbreaks of cryptosporidiosis worldwide
(McGuigan et al., 2006). Cryptosporidium was first recognized as a pathogen in 1907 by Ernest
Edward Tyzzer, who observed the parasite in the gastric glands of common mice (Fayer & Xiao,
2008). He observed that oocysts were released in faecal matter and later described the species as
Cryptosporidium muris. Cryptosporidium was not considered an agent causing a waterborne
disease in humans until 1987 (Carey et al., 2004). Interest in Cryptosporidium increased shortly
after the Center for Disease Control (CDC) reported 21 males across the U.S. had
cryptosporidiosis in conjunction with AIDS in 1982 (Fayer & Xiao, 2008). The largest
cryptosporidiosis outbreak occurred in Milwaukee, USA in 1993, where 403,000 people
contracted the parasite due to a contaminated municipal water supply (McGuigan et al., 2006).
This outbreak led to worldwide interest and research on Cryptosporidium with the goals of
understanding the biology and improving methods of recovery, detection and enumeration of the
parasite (Fayer & Xiao, 2008).

Introduction to Cryptosporidium
Cryptosporidium spp. are coccidian protozoans that infect the gastrointestinal and/or
respiratory tracts of animals and humans (Traversa et al., 2004). Cryptosporidium spp. are major
threats to potable water systems due to their resistance to common disinfection methods such as
chlorination (Jiang et al., 2005). Contamination of Cryptosporidium oocysts in surface waters
has been linked to the discharge of human and animal feces (Carey et al., 2004). C. parvum has a
1

wide host range and causes severe diarrhoea outbreaks when present in contaminated water
supplies (McGuigan et al., 2006). Infection occurs by the fecal-oral route, via waterborne and
food contamination (Traversa et al., 2004). When high levels of oocysts are present in water,
some can pass through the filtration system, leading to outbreaks of cryptosporidiosis via
drinking water (Johnson et al., 1995). Cryptosporidium oocysts can survive for months outside
its host, and the oocysts can also remain infective in salt and freshwater for months (Sunnotel et
al., 2006). Pokorny et al. (2002) studied the effect of different temperatures on the duration of
oocyst infectivity over 14 weeks. Results of the study showed that oocysts stored in river water
samples at 4oC and 10oC remained infective for the 14 week period. Samples stored at 4oC had a
5-fold decrease in oocyst infectivity while samples stored at 10oC had a 2.5-fold decrease
(Pokorny et al., 2002). Overall, it was observed that oocysts remained infective in river water
samples for a total of 14 weeks, particularly at cooler temperatures. At -20oC, however, oocysts
were infective for only one week (Pokorny et al., 2002). Based on the results from this study, it
is evident that oocysts are capable of surviving in cooler environments for many months, if the
water does not freeze (Pokorny et al., 2002).
1.1.1. Taxonomy
Cryptosporidium species are apicomplexan parasites (consisting of an apicoplast
involved in penetrating a host cell) that specifically infect the microvillus border of the
gastrointestinal epithelium of some hosts (Xiao et al., 2004c). It is classified under the family
Cryptosporidiidae, suborder Eimeriorina, and order Eucoccidiorida, subclass Coccidiasina, class
Coccidia (Carey et al., 2004) and is placed in the phylum Apicomplexa (Sunnotel et al., 2006).
A total of 20 Cryptosporidium species and over 40 isolates (referred to as genotypes) have been
identified, all of which have been isolated from various mammalian hosts, including humans
2

(Chalmers & Davies, 2010). Isolates have been identified only as Cryptosporidium sp. followed
by the genotype name that represents the origin host for the oocyst stage (Fayer & Xiao, 2008).
For example, isolates of C. parvum, C. muris, C. galli and C. canis were differentiated at the
molecular level, and have thus been labelled as genotypes or subgenotypes. Common to
members of the Cryptosporidiidae family, Cryptosporidium has four sporozites which are
enclosed in a thick walled oocyst where no sporocysts are present (Sunnotel et al., 2006). C.
parvum and C. hominis oocysts have diameters ranging from 4.5-5.5 µm and are
morphologically indistinguishable (Carey et al., 2004). Other than humans, C. hominis oocysts
can infect lambs, neonatal pigs and dugongs, whereas C. parvum oocysts can infect mice, dogs,
rats, cats and calves (Carey et al., 2004).
Genetic studies are useful for a better understanding of Cryptosporidium species, as well
as to distinguish C. parvum from C. hominis. Molecular studies, however, have discovered a
significant amount of genetic diversity within Cryptosporidium spp. (Xiao et al., 2004b). C.
parvum was previously separated into genotype I (human) and genotype II (bovine), based on
molecular studies that presented genetic differences among human and animal parasites (Ruecker
& Neumann, 2006). In 2002, the human genotype (genotype I) of C. parvum was given its own
species identification and renamed C. hominis (Morgan-Ryan et al., 2002). Genetic differences
that have been identified at the species or genotype level correlate with the range of natural hosts
and infectivity in cross-contamination studies of Cryptosporidium (Xiao et al., 2004b). These
genetic differences have been observed in specific genes. Common genetic targets include heat
shock protein (HSP), Cryptosporidium oocyst wall protein (COWP), and glycoprotein (GP60).
The identification and name given to a newly discovered Cryptosporidium species has been
based primarily on the host of origin (Xiao et al., 2004b).
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1.1.2. Life Cycle and Pathogenesis
A susceptible host is required for the survival and reproduction of Cryptosporidum. All
Cryptosporidium species undergo development, in which the oocysts are embedded in the feces
of their host in an encysted stage (Sunnotel et al., 2006). The oocysts of C. parvum and C.
hominis have a monoxenous (requires one host) life cycle, consisting of sexual and asexual
reproductive stages (Carey et al., 2004). Excystation of viable oocysts is triggered upon ingestion
of the Cryptosporidium oocyst. Excystation of Cryptosporidium occurs when there are changes
in temperature, pH, and the presence of bile salts and pancreatic enzymes (Carey et al., 2004).
The cycle begins when the oocyst, which is the resistant stage found in the environment is
ingested. Each oocyst contains 4 infective sporozoites, which exit from the suture located on the
side of the oocyst (Upton, 2008). The ileum is the primary site of infection, where sporozoites
penetrate individual epithelial cells located in this region. Parasites dwell on the lumenal surface
of the cells, and are enclosed by a thin layer of host cell cytoplasm. Cell to cell adhesion via a
desmosome along with folding of the parasite membranes develop at the interface between the
parasite proper and the host cell cytoplasm, causing multiple fissions (Upton, 2008). As a result
of multiple fissions, eight merozoites are generated within the meront (known as Type 1 meront).
Once formed, these Type I meronts burst open and release free merozoites, which then penetrate
new cells and form even more meronts. It has been hypothesized that Type 1 merozoites can
transform into Type II meronts, which possess a total of 4 merozoites. Type II merozoites
undergo sexual stages once they are released from Type II meronts. The primary goal of Type II
merozoites is to invade cells and enlarge, producing macrogametocytes. However, under
multiple fissions, Type II merozoites can form microgametocytes inside the cell, which consist
of 16 non-flagellated microgametes. The microgametes break free from the microgametocyte and
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penetrate macrogametes, thus producing a zygote. A resilient oocyst wall is formed around the
zygote (the only diploid stage in the life cycle) which can undergo meiosis to produce 4
sporozoites. The final stage is the release of these newly formed oocysts in faeces and into the
environment. Each haploid nucleus of the sporozoite consists of 8 chromosomes composed of a
total of 10 million base pairs that have few introns (Upton, 2008).
About 20% of the oocysts produced in the gut do not produce an oocyst wall and only
form membranes around the developing sporozoites; these are known as thin-walled oocysts
(Upton, 2008). It is possible that these thin-walled oocysts remaining in the gut can excyst and
infect new cells. C. parvum may have two autoinfective cycles: the first by continuous
generation of Type I meronts and the second via sporozoites bursting from thin-walled oocysts.
Each generation of Cryptosporidium can develop and mature within 12-14 hours, allowing for
several oocysts to accumulate in the intestinal tract within days (Upton, 2008). The ileum shortly
becomes crowded, followed by infection of secondary sites such as the duodenum and large
intestine. It takes about 4 days for the prepatent period, the time between infection and the first
appearance of oocysts in the feces, to occur in experimentally infected animals (Upton, 2008).
1.2. Public Health Significance
Cryptosporidiosis is a serious health threat to both humans and livestock. C. parvum and
C. hominis are the most common identified species that cause human cryptosporidiosis (Hunter
et al., 2007). Symptoms of cryptosporidiosis include watery diarrhoea, weight loss, abdominal
pain, fever, dehydration, nausea and vomiting (Hunter et al., 2007). Factors that contribute to
increased levels of environmental contamination and waterborne transmission due to
Cryptosporidium include the following: (1) Cryptosprodium species are capable of infecting
multiple hosts; (2) Cryptosporidium have a low infectious dose (10-30 oocysts), each host is
5

capable of shedding 108-109 oocysts in one bowel movement; (3) oocysts are robust and resistant
to common disinfectants (such as chlorination and UV treatment) used in ground, surface and
recreational waters (Putignani & Menichella, 2010). The major factors that contribute to
cryptosporidiosis are human activities and challenges in surveillance and detection (Putignani &
Menichella, 2010).
Cryptosporidium has been recognized by the World Health Organization (WHO) as a
‘neglected pathogen’ (Chalmers & Davies, 2010). Diseases such as cryptosporidiosis are evident
in poor populations residing in remote, rural areas and urban slums (Putignani & Menichella,
2010). These areas consist of improper sewage and waste water handling, leading to water
contamination. Similarly, rural areas may be exposed to intense agricultural practices, where
animal waste can leach into lakes, rivers and streams. Therefore, populations in rural areas are
exposed to unsanitary conditions, which can lead to gastrointestinal diseases, including
cryptosporidiosis (Putignani & Menichella, 2010). The symptoms of cryptosporidiosis are
amplified in children who also suffer from malnutrition and an impaired immune system
(McGuigan et al., 2006). Therefore, both contaminated drinking water and lack of sanitation are
responsible for cryptosporiodiosis in developing countries (McGuigan et al., 2006).
Potential routes of transmission of Cryptosporidium include close contact with infected persons
and animals (livestock, wildlife, pets), foodborne and waterborne sources, (contaminated
irrigation water, contaminated drinking and recreational water, swimming pools) and treatment
facility failures (Fayer & Xiao, 2007). Outbreaks of cryptosporidiosis have occurred in filtered
and unfiltered water systems including groundwater, surface water, drinking water, recreational
waters and chlorinated swimming pools (Carey et al., 2004). The prevalence of Cryptosporidium
oocysts enumerated in surface waters across North America during the months of March-June

6

are more prominent, when spring rainfalls increase run-off and many neonate animals are present
in the environment (Upton, 2008). Breakdowns or overloading of public water utilities are
known to cause community outbreaks of cryptosporidiosis (Upton, 2008). According to Hunter
et al. (2007), about 5000 cases of cryptosporidiosis are reported each year in England and Wales.
An effective therapy for treating cryptosporidiosis and the removal of Cryptosporidium oocysts
from its host does not yet exist. Thus, it is essential to develop effective and sensitive monitoring
methods at drinking water sites in order to detect oocysts in treated and source water (Johnson et
al., 1995).
Outbreaks of cryptosporidiosis have been reported in Canada and the U.S.A. BuduAmoeko et al. (2012) conducted a study on the prevalence of Cryptosporidium and Giardia on
dairy farms in Prince Edward Island, Canada. Fecal samples were collected from 20 dairy farms,
along with 20 wells and 13 surface water samples associated with the dairy farms. The United
States Environmental Protection Agency (US EPA) method was employed from sample
filtration. Samples positive for Cryptosporidium and Giardia were determined by direct
immunofluorescence assay. Nested PCR was used to amplify the -giardin and 16S rRNA genes
from Giardia and the HSP70 and 18S rRNA genes from Cryptosporidium. Of the fecal samples
collected, 95% were positive for Giardia and 14% were positive for Cryptosporidium. C. bovis
predominated in all cattle (51%), C. andersoni was found primarily in adult cattle (53%) and
calves that were less than 2 months of age were positive for C. parvum. For surface water
samples, 7 samples from upstream and downstream locations from farms, along with 4 samples
from downstream locations were positive for Cryptosporidium oocysts. Genotyping of
Cryptosporidium was achieved only for C. parvum, which was detected in 4 samples, one of
which was found near a farm that consisted of cattle infected with C. parvum. Giardia was
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detected in 6 of 13 surface water samples collected. The study concluded that although the
majority of (oo)cysts detected were nonzoonotic species and genotypes of Cryptosporidium and
Giardia, more studies should be conducted using surface water from nearby farms, where
shedding of (oo)cysts from animals can occur and pose a risk to public health.
In Canada, there was an outbreak of cryptosporidiosis in Kitchener-Waterloo, which
occurred shortly after the outbreak of cryptosporidiosis in Milwaukee, USA in 1993, that
affected approximately 1400 people in the spring of 1993 (Welker et al., 1994). The outbreak
took place after the region shifted from depending solely on groundwater to a mix of
groundwater and surface water, which may have contributed to an increase in oocysts present in
the plant intake water (Butler & Mayfield, 1996). The Grand River runs through KitchenerWaterloo and since the opening of the Mannheim Water Treatment Plant, it supplies some of the
potable water required by the region. Furthermore, the region upstream of the Grand River is
highly agricultural and thus a potential reservoir for Cryptosporidium (Sattar, 1999). From
February 19 to May 14, the Waterloo region experienced 143 cases of laboratory confirmed
cases of cryptosporidiosis (Hrudey & Hrudey, 2005). However, there was no epidemiological
evidence that the outbreak was attributed to drinking water. Cryptosporidiosis was not a
reportable disease on Ontario at the time of the outbreak (Hrudey & Hrudey, 2005). The
Mannheim Water Treatment Plant did report the presence of turbidity spikes in treated water in
April when the Grand River was experiencing spring runoff. Turbidity spikes were related to
filtration-operating procedures that could have been improved (Hrudey & Hrudey, 2005).
During March 1996, a cryptosporidiosis epidemic was detected at two nursing homes in
Collingwood, Ontario, Canada. Residents of Collingwood were directed by their County Medical
Officer of Health to boil their drinking water due to concerns that Cryptosporidium may be
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present in the municipal water supply (Frost et al., 2000). There were approximately 121 cases of
cryptosporidiosis that had occurred during the outbreak in Collingwood, which led the health
authorities in Ontario to make cryptosporidiosis a reportable disease (Frost et al., 2000).
Jameson et al. (2008) reported a Cryptosporidium outbreak due to a water treatment
failure in North Battleford, Saskatchewan in 2001. The source of the outbreak was due to the
Sedimentation Contact Unit (SCU), which did not sufficiently remove suspended solids from the
source water, and this resulted in filter breakthrough and caused contaminated water to be
introduced into the distribution system. The outbreak affected 5,800-7,100 people, 50 of which
were hospitalized. In addition to the outbreak itself, inadequate facility planning, antiquated
technology and ineffective management and communication all contributed to the extended
duration of the outbreak. The surface water plant was shut down for maintenance, where the
SCU was drained, repaired and cleaned. The shutdown left residual amounts of sludge in the
tank for restarting the sedimentation process. It was assumed that the filters could effectively
remove suspended solids. As a result of the outbreak, changes made to the surface plant include
one inspection of drinking and water sewage plants annually and watershed planning to protect
source water from contamination.
Outbreaks of Cryptosporidium in the United States are more common than in Canada.
According to the Center for Disease Control (CDC) in 2005-2006, of the 48 outbreaks of
gastroenteritis, 33 (68.8%) were parasitic of which 31 (94%) were caused by Cryptosporidium in
the United States (Yoder et al., 2006). In June 2005, an outbreak caused by C. hominis was
transmitted through a New York spray park, leading to 2, 307 cases of cryptosporidiosis,
predominantly among children. In August 2005, another C. hominis outbreak occurred in
multiple pools in Ohio and resulted in 523 cases. A Cryptosporidium outbreak at a water park in
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Missouri caused illness in 116 people in June 2006 (Yoder et al., 2006). The above are just a
collection of some of the known cases of cryptosporidiosis.
In Canada, a drinking water guideline has been established for Cryptosporidium and
Giardia, however, the guideline does not give a maximum acceptable concentration value for
these pathogens in drinking water. However, water treatment authorities are encouraged to
reduce the risk of illness and implement a protection plan, and a watershed or wellhead
protection plan (Health Canada).
It has been documented that Cryptosporidium can become prevalent depending on the
season, heavy rainfall and an increase in animal pollution from farm wastes (Putignani &
Menichella, 2010). In fact, incidences of cryptosporidiosis in children are highest during October
to March. Thus, depending on the time of year, the amount of precipitation and temperature,
seasonality can play a significant role in planning prevention and surveillance programs for
waterborne transmission of Cryptosporidium (Putignani & Menichella, 2010).
1.3. Detection of Cryptosporidium
Various techniques exist for the detection of Cryptosporidium, including the standard US
EPA Method 1622 for detecting Cryptosporidium in environmental water samples. However,
many of the common methods cannot indicate viability or infectivity and are unable to
distinguish Cryptosporidium species, making it difficult to determine if the species being
detected are a threat to human health versus those that primarily only affect wildlife. For
example, host specific Cryptosporidium species that infect animals only include C. andersoni, C.
baileyi, and C. serpentis. Species such as C. andersoni, which affects adult cattle, can be used for
source tracking purposes for tracing its presence to agricultural sources. C. andersoni is
genetically and morphologically similar to C. muris, thus making it difficult to distinguish the
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two species using traditional methods such as microscopy. Standard methods such as the US
EPA Method 1622 uses microscopy for the detection of Cryptosporidium, but this method does
not give any information on the species of Cryptosporidium. Furthermore, C. parvum and C.
hominis are 99% genetically similar (www.ncbi.nlm.nih.gov), making it difficult to distinguish
these species using traditional methods. From older techniques such as modified acid fast stain to
highly specific methods such as Real-Time PCR, different methods have been employed for
detecting and distinguishing Cryptosporidium species.
1.4. US EPA Method 1622 for the Detection of Cryptosporidium spp.

Methods recommended by the Unites States Environmental Protection Agency (US EPA)
for the detection of Cryptosporidium species only describe morphological characteristics of these
parasites. Method 1622 detects Cryptosporidium in water samples by concentration, followed by
immunomagnetic separation (IMS) and immunofluorescence assay (IFA) microscopy (US EPA
Method 1622, 2005). The related US EPA Method 1623 uses the same procedure as Method
1622, except that it includes detection of Giardia spp. The method consists of filtering a 10 L
water sample, and the oocysts and other materials are retained on the filter. The oocysts are
eluted from the filter, the sample is centrifuged forming a pellet of oocysts and the supernatant
liquid is aspirated. Next, immunomagentic separation (IMS) occurs, where micromagnetic beads
coupled to anti-Cryptosporidium antibodies are added to the sample. This allows for the
separation of oocysts from other materials using a magnet (US EPA Method 1622, 2005). The
materials are discarded and the magnetic bead complex is detached from the oocysts via acid
dissociation. Fluorescently labelled monoclonal antibodies and 4', 6-diamidino-2-phenylindole
(DAPI) are used to stain oocysts on slides, which are observed by fluorescence and differential
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interference contrast (DIC) microscopy. DAPI is a fluorescent stain that binds to A-T rich
regions of DNA (Kapuscinski, 1995). DAPI can pass through cell membranes and can be used to
stain both live and fixed cells (Kapuscinski, 1995). Oocysts are identified by standard shape, size
and fluorescent properties (US EPA Method 1622, 2005). Typical sizes of Cryptosporidium
oocysts range from 4 to 6 μm and under UV light the oocysts appear as bright green and are
round to oval in shape.
Quantitative analysis is achieved by counting the oocysts on the microscope slide.
Although the USEPA Method 1622 identifies oocysts of the genus Cryptosporidium, it does not
distinguish between different Cryptosporidium species. Thus, it is unable to distinguish between
C. parvum and C. hominis oocysts, which are identical in shape and size. Furthermore, this
method cannot be used to determine viability and infectivity of oocysts, nor the host species of
origin (US EPA Method 1622, 2005). Therefore, it is important to use alternative methods, such
as that of PCR, RFLP, etc., to determine whether the species being detected pose a risk to public
health.
1.4.1. Other Common Methods for Detecting Cryptosporidium
There are various methods for detecting Cryptosporidium, however the majority being
researched and developed have been molecular methods. In addition to detection, molecularbased methods can also be used for speciating and genotyping of Cryptosporidium. Under ideal
conditions, molecular diagnostic tools for Cryptosporidium should allow for the identification of
all species and genotypes or allow for the detection of all Cryptosporidium species that are
human infectious (Fayer & Xiao, 2008).
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1.4.2. Immunofluorescence Assay

Some methods such as immunoassays have the ability to detect the presence of
Cryptosporidium, however, molecular methods are imperative for distinguishing and subtyping
various species. In fact, detection of oocysts in water samples would not have been possible
without fluorescent monoclonal antibodies (MAb) for Cryptosporidium oocysts. The small
oocyst size, along with other particles of similar size and shape present in water makes
identifying oocysts challenging. Early methods for Cryptosporidium detection in water included
sample concentration by filtration, separation using density gradients and MAb staining, but
were collectively referred to as the immunofluorescence assay (IFA) method (Fayer & Xiao,
2008). Direct immunofluorescence is commonly used to detect oocysts in which monoclonal
antibodies (MAbs) are used. Ocysts can be stained with fluorescent MAbs in solution, after
drying on microscopic slides or on membranes. The majority of methods however employ IFA
staining after drying oocysts on microscopic slides. Using MAbs can cause cross-reactivity in
environmental samples, in which algae and other organisms can react with the MAbs via antigen
recognition or non-specific binding (Fayer & Xiao, 2008).
Although IFA has been used to detect Cryptosporidium, limitations include difficulty in
interpreting results (due to environmental debris or the presence of algae), low sensitivity and
IFA cannot be used to determine viability. Teixeira et al. (2011) conducted a study to
standardize a direct IFA for detecting C. parvum oocysts in fecal samples from calves.
Differential interference contrast (DIC) microscopy with DAPI staining was used to confirm the
presence of oocysts from direct IFA. Anti-C. parvum polyclonal antibodies were made in two
adult New Zealand rabbits. The rabbit anti-C. parvum IgG fraction was conjugated with FITC
and direct IFA was standardized using dilutions of the conjugate on slides that were positive for
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C. parvum oocysts in calf fecal samples. The study also observed cross reactivity of the anti-C.
parvum conjugate with C. andersoni and C. serpentis and concluded that the conjugate can be
used to detect other Cryptosporidium species in fecal samples using direct IFA. However, crossreactivity of antibodies is a limiting factor when utilizing direct immunofluorescence
microscopy. Thus, MAbs, despite being more time consuming and laborious to develop, are
preferred because it is less likely for them to cross react with non-target organisms and can form
a stable antigen-antibody complex (Barer and Wright, 1990).
Although viability and infectivity cannot be determined by direct immunofluorescence
microscopy, infecting a cell culture with C. parvum oocysts can be used for viability purposes.
Infected cell cultures are stained with fluorescently labeled antibodies and observed via
microscopy (Carey et al., 2004). Cells infected with Cryptosporidium can be detected using
various techniques, including immunofluorescence and PCR. A study by Johnson et al. (2012)
compared IFA to PCR and reverse transcriptase PCR (RT-PCR), targeting the hsp70 gene for
detecting Cryptosporidium infections in cell cultures. Monolayers of HCT-8 cells were grown
with both viable and inactivated oocysts to determine the performance of each assay. Using low
doses of viable oocysts (enumerated by flow cytometry), along with oocysts that were subjected
to various inactivating substances, reproducibility, sensitivity and the number of false positives
were evaluated during the study. Although all three methods detected infectious C. parvum and
C. hominis, cell culture IFA was demonstrated to be the most appropriate method for detecting
oocysts. IFA, PCR and RT-PCR detected infection in 25%, 51% and 23% of monolayers
inoculated with three C. parvum oocysts, respectively. When inoculated with one oocyst, IFA,
PCR and RT-PCR detected infection in 9%, 16% and 10% respectively. Cell culture IFA had the
lowest number of false positives with inactivated oocysts in addition to detecting low infections
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of 1 to 3 oocysts per monolayer. Cell culture PCR assays, although the most sensitive assay, had
the highest number of false positives with oocysts that were inactivated using freeze/thaw, UV
and gamma irradiation. Furthermore, cell culture IFA performed better than other assays when
recovering oocysts from spiked filters using US EPA method 1623. However, the equipment and
materials required for cell culture methods are not available in water utility laboratories and cell
culture infectivity assays are subject to variability for Cryptosporidium.
1.4.3. Fluorescence in situ Hybridization (FISH)

FISH involves fluorescently labeled oligonucleotide complementary DNA probes that
target specific rRNA sequences for identifying microorganisms (Alagappan et al., 2008).
Although rRNA consists of high copy numbers, only viable oocysts would be detected due to the
fact that RNAses degrade RNA when the cell dies and can thus no longer be detected in nonviable oocysts (Jex et al., 2010).
Graczyk et al. (2003) coupled fluorescent oligonucleotide probes with a fluorescein
isothiocyanate (FITC)–conjugated MAb for detecting and determining the viability of
Cryptosporidium sp. in flies. Oocysts labelled with FITC and MAb revealed a small distance
between the oocyst wall and internal structures, which allowed sporozoites to be observed.
Conversely, damaged oocyst walls were observed for non-viable cells. This enabled scientists to
view the external morphology of various pathogens and observe structural damage to their walls
leading to non-viability (Graczyk et al., 2003).
Another study conducted by Lemos et al. (2005) experimented with FISH coupled with
MAbs in order to detect and determine viability for Cryptosporidium oocysts isolated from
human faecal and water samples. The method was applied to faecal samples stored at 4 oC for

15

many years and then introduced to water samples, which were then stored for up to 5 months.
There were 3 out of 61 fecal samples positive for C. parvum and C. hominis. Overall, viable
oocysts were detected in water samples analyzed by FISH and FITC-conjugated MAbs (Lemos et
al., 2005). The study concluded that this method provides information regarding the presence,
number and viability of Cryptosporidium in environmental and fecal samples.
A study by Alagappan et al. (2008) utilized FISH to develop a species-specific probe,
targeting C. parvum 18S rRNA sequences. In addition to FISH, Cryptosporidium species from
33 human fecal samples were identified by PCR-RFLP, as a comparison to the FISH assay. A
Cpar677-Cy3 probe was designed and evaluated against various Cryptosporidium species
including: C. parvum, C. andersoni, C. hominis, C. muris, C. melagridis, C. felis, and rabbit and
corvine genotypes. Positive hybridization was only observed for C. parvum oocysts and oocysts
of other species did not fluoresce. The probe was validated using oocysts from 33 human fecal
samples. Of the 33 isolates, 21 were positive for C. parvum using the Cpar677-Cy3 probe. The
remaining 12 did not hybridize with the probe and no fluorescent signal was observed, indicating
the absence of C. parvum oocysts. The results from PCR-RFLP using VspI identified 19 of the
33 isolates as C. parvum. Of the remaining 17 isolates, 16 were identified as C. hominis using
PCR-RFLP analysis of the 18S rRNA gene.
Although FISH can be used to detect different Crytposporidium species and determine
oocyst viability, the procedure is time consuming and labor intensive (Carey et al., 2004).
Furthermore, current probes cannot accurately distinguish species or genotypes (Jex et al., 2010).
The extent to which FISH probes can assess oocyst viability depends on the rate at which rRNA
decays, which can be dependent on various environmental conditions (Jex et al., 2010).
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However, FISH can be used to target multiple species simultaneously and is capable of detecting
these species in a single assay using species-specific probes (Alagappan et al., 2008).
1.4.4. PCR

Cryptosporidium species and genotypes can be identified using various PCR based
techniques, consisting of primer pairs used to amplify genetic loci, followed by enzymatic
cleavage or sequencing (Jex et al., 2010). PCR can be used to differentiate human infectious C.
parvum from C. hominis. PCR is a sensitive, reproducible and quantitative technique capable of
analyzing multiple samples efficiently (Carey et al., 2004). PCR can be an important tool with
respect to risk assessment (Girones et al., 2010). It allows for multiple samples to be processed
and provides quantitative information regarding the concentration of oocysts present in water
samples (Girones et al., 2010). However, disadvantages of PCR include the inability to assess
viability and any presence of inhibitors (heavy metals, humic acids, phenolic compounds and
other non-target DNA) or sample contamination can yield inaccurate results (Carey et al., 2004).

Conventional PCR
For the purpose of detecting Cryptosporidium species using PCR, oligonucleotide primer
design targeting specific sequences is crucial. Furthermore, standardization of PCR and nucleic
acid protocols can be easily achieved, allowing oocysts that may be present in numbers below
the detection limit of other assays to be detected (Girones et al., 2010). A study by Rieux et al.
(2013) used a two-step nested PCR method to amplify the 18S rRNA gene, followed by DNA
sequencing of the amplicon, in oocysts from pre-weaned beef calves in France. Nested PCR
employs a second round of amplification for the purpose of increasing PCR sensitivity. Results
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of the study described a total of 37 samples collected from pre-weaned calves that displayed
positive amplification. However, 5 samples consisted of overlapping sequences and hence could
not be identified. C. bovis, C. ryanae and C. parvum were found in 27, 4 and 1 samples,
respectively. Infection of C. bovis and C. raynae occurred soon after birth. Since the young
calves were housed together with calves born earlier, it was possible that these calves were
infected with species found in older cattle.
Kuzehkanan et al. (2011) conducted a study for the purpose of developing a nested PCR
method to identify Cryptosporidium species from human and cattle fecal samples targeting the
18S rRNA gene. Out of 850 human fecal samples, 29 were positive for cryptosporidiosis and out
of 100 cattle fecal samples, 30 samples were positive by PCR. Further PCR analysis was
required for microscopically analyzed samples that were negative from human samples.
Suspected negative samples were subjected to nested PCR, which detected one positive case that
was found negative via microscopic examination first and then by PCR. Thus, PCR may be more
sensitive than microscopy for the detection of Cryptosporidium. Specific primers were designed
for this study and used for nested PCR in samples that were negative using microscopy, and this
yielded a positive amplification. The study referred to Weber et al. (1991) who reported that the
sensitivity for IF methods for detecting oocysts in human fecal samples was 10,000 oocysts per
gram in watery stool, 50,000 in formed stool and at least 500,000 oocysts per gram for acid fast
staining. Thus sensitive methods such as nested PCR (able to detect 500 oocysts per gram of
stool) are required for cases where oocysts are present in low numbers. Detecting oocysts in low
numbers is important, especially in environmental water samples for which low numbers of
oocysts are typically found. Due to the resiliency of the oocyst cell wall, oocysts can survive
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under extreme conditions in environmental samples. Thus, it is important to monitor oocysts,
even outside of times of infections and outbreaks to determine the source of contamination.
Yu et al. (2009) tested the sensitivity of various PCR target genes to detect C. parvum.
PCR amplification products included a 550bp COWP gene, 769bp COWP gene-1, 1,325 bp SSU
rRNA gene and a 433bp random amplified polymorphic DNA. The detection limit of PCR
amplification was 103-104 oocysts for all primer sets. Nested PCR amplification was then used to
increase sensitivity and specificity. The detection limit based on pure oocyst samples from nested
PCR amplification of the COWP gene was observed to be one oocyst. The SSU rRNA gene had
a detection limit as low as 10 oocysts. Diluted DNA was extracted from purified oocysts for this
study, thus the detection limit for environmental or clinical samples may vary.
Real-Time Polymerase Chain Reaction (PCR)
Real-Time PCR allows for sensitive detection of multiple pathogens and can be used to
detect genetic variability within Cryptosporidium isolates (Guy et al., 2003). Amplification and
analysis of samples by Real-Time PCR is achieved by continuously monitoring the DNA
produced during each PCR cycle (Fontaine & Guillot, 2003a). Therefore, no post-PCR analysis
is required. Real-Time PCR utilizes fluorescent technology to quantify the product at the end of
each amplification cycle, where the amount of fluorescence directly correlates with the amount
of product at the end of each PCR cycle (Applied Biosystems, Carlsbad, California, USA).
Briefly, gene expression assays for TaqMan® fluorogenic detection involves a pair of unlabeled
PCR primers and a TaqMan® probe with a FAMTM or VIC® dye label on the 5’ end, along with
a nonfluorescent quencher and minor groove binder on the 3’ end (Applied Biosystems,
Carlsbad, California, USA). To generate a fluorescent signal, specific hybridization takes place
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between the probe and target. Specifically, cleavage of the 5’ end of the probe by Taq
polymerase releases the flurophore. Amplification of two different sequences can also take place
in one reaction via labelling probes with different reported dyes (Applied Biosystems, Carlsbad,
California, USA). Real-Time PCR can be used for differentiating human infectious and nonhuman infectious species of Cryptosporidium. Therefore, Real-Time PCR can determine whether
oocysts being detected in environmental samples will have a public health impact or not.
Quantitative Real-Time PCR methods have been used to identify Cryptosporidium species in
sewage and environmental samples (Fayer & Xiao, 2008). A quantitative Real-Time PCR assay
measures how much nucleic acid target is present in each amplification PCR cycle (Applied
Biosystems, Carlsbad, California, USA). The cycle at which the fluorescence signal is greater
than the threshold is proportional to the number of target sequences present at the beginning of
the reaction. The target can be DNA, cDNA or RNA (using reverse transcription PCR). SYBRGreen can be used as an alternative to TaqMan® probes, as this would reduce the assay setup
and running costs. However, SYBR-Green based detection uses a highly specific doublestranded DNA binding dye to detect PCR products, which detects all amplified double-stranded
DNA, including non-specific reaction products and may generate false positives as a result.
Melting curve analysis can be used to overcome this problem.
A study by Hadfield et al. (2011) conducted in the United Kingdom used Real-Time PCR
to detect Cryptosporidium spp. in human clinical samples to improve efficiency for large scale
molecular surveillance and outbreak investigations. The Real-Time PCR method targeted the
SSU rRNA gene for detecting all Cryptosporidium genotypes. The SSU rRNA gene was selected
because it covers the major region of genotype variability in the gene, allowing all species and
genotypes of Cryptosporidium to be identified via sequence analysis of the PCR product. In this
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study, all Cryptosporidium isolates in human clinical samples were successfully detected via
SSU rRNA Real-Time PCR assay. Hadfield et al. (2011) noted that prior to using Real-Time
PCR, PCR-RFLP was used to retrieve epidemiological data, where the COWP gene was targeted
for clinical samples. Restriction Fragment Length Polymorphism (RFLP) is a technique that
utilizes differences in homologous DNA sequences for identification purposes. PCR-RFLP based
analysis is widely used technique for genotyping. PCR-RFLP analysis is achieved by amplifying
the fragment containing the genetic variation, followed by treating the amplified fragment with a
restriction enzyme (Rasmussen, 2012). The formation of restriction fragments of different sizes
can be observed, based on whether the restriction enzyme recognition site is present or not. Gel
electrophoresis can be used to determine allelic differences of the fragments (Rasmussen, 2012).
Of the 136 Cryptosporidium positive stool samples submitted for typing, Real-Time PCR and
COWP PCR-RFLP assays had similar results for 134 of these samples. Overall, the Real-Time
PCR was more sensitive than COWP PCR-RFLP, detecting Cryptosporidium in two more
samples. For 62 samples, the reproducibility for Real-Time PCR was 100% when tested by 3
different operators. The study suggested that Real-Time PCR is a sensitive method and more
efficient than PCR-RFLP.
Homeme et al. (2012) used a Real-Time PCR assay for detecting C. parvum in calf faecal
samples. The actin gene was targeted for detecting and classifying Cryptosporidium species, due
to the presence of a high level of inter-species polymorphism. The purpose of the study was to
use a TaqMan® MGB probe specific for the actin gene and compare the Real-Time PCR with
results of nested PCR. Sequences of the C. parvum actin gene were aligned with sequences that
belonged to all Cryptosporidium species and genotypes available in the GenBank database.
Primers and probe were designed using information acquired from GenBank and analyzed using
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BLAST. A total of 209 calf faecal samples were collected that ranged from 1 day to 6 months of
age. The study found that the Real-Time PCR assay specific for C. parvum had greater
sensitivity than nested PCR in calf faecal samples, with 73% of the samples being positive for C.
parvum. However, results based on nested PCR detected only 56% of samples positive for
Cryptosporidium spp. The study showed Real-Time PCR was able to detect DNA from one
oocyst per reaction. The analytical sensitivity was determined using serial dilutions of C. parvum
oocysts ranging from 100 to 103 oocysts as counted in a Neubauer chamber. Each sample was
tested using 5 replicates. The study concluded that Real-Time PCR is a sensitive and specific
method that can be used for detection of Cryptosporidium pertaining to food and water, along
with faecal samples from human and animal sources.
In conclusion, Real-Time PCR is a rapid and sensitive tool that can be used for
performing multiple assays and differentiating species of Cryptosporidium. However,
disadvantages of Real-Time PCR include high equipment cost and setting up requires high
technical skill and support. Despite these disadvantages, Real-Time PCR is a specific and
reproducible tool that can be applied in health risk assessments of environmental water samples
and epidemiological studies. The fact that no post-PCR processing is needed makes Real-Time
PCR an efficient tool for detecting pathogens including Cryptosporidium.
1.5. Cryptosporidium Viability and Infectivity

It is important to determine whether oocysts that exist in environmental water samples
are viable or non-viable, as non-viable oocysts do not pose a risk to public health. Viability
assays are useful for determining treatment efficacies, specifically for treatments that do not
remove oocysts, such as that of UV and chlorine treatments. Thus, various techniques have been
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developed to determine whether human infectious Crytosporidium are viable or not. Such
techniques include animal infectivity, in vitro excystation, fluoregenic dyes, cell culture
infectivity and reverse transcriptase PCR (RT-PCR).
1.5.1 Animal infectivity model

A gold standard method to assess C. parvum and C. hominis viability is to infect an
animal, such as cattle, followed by monitoring oocysts shedding. To further investigate and
understand cryptosporidiosis, animal models can be employed and yield information regarding
infectivity. The gold standard for differentiating viable/infectious oocysts from non-viable and
non-infectious oocysts has been the mouse infectivity assay, specifically due to its sensitivity
(Fayer & Xiao, 2008). Various studies have compared the sensitivity of neonatal CD-1 mice to
that of cell lines utilizing dose-responsive experiments (Fayer & Xiao, 2008). However, no
difference in sensitivity was observed between in vivo and in vitro experiments. Animal models
are not well suited for high throughput applications, along with constant monitoring of
Cryptosporidium (Fayer & Xiao, 2008). Furthermore, animal infectivity techniques are
expensive to conduct. Thus, more common methods to assess viability include in vitro
excystation, fluorogenic dyes, cell culture infectivity and RT-PCR.
1.5.2. In vitro excystation

In vitro excystation is commonly used to measure viability of Cryptosporidium oocysts.
Oocysts are exposed to specific temperatures, bile salts, enzymes or detergents, which similar to
conditions found in the gut. In vitro excystations assays are used to measure viability or the
infectious potential of Cryprosporidium. Oocysts that do not excyst in vitro are considered to be
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non-viable and non-infectious. Excystation consists of multiple biochemical signaling
mechanisms that trigger infection (Neumann et al., 2000). Factors including pH, temperature,
bile salts, reducing agents and proteases all contibute to the induction of excystation (Neumann
et al., 2000). The purpose of in vitro excystation is to mimic the biochemical signals to induce
infection. However, it is possible that oocysts may be resilient to excystation, due constant
exposure to environmental conditions, such as temperature and pH fluctuations, oocysts can be
difficult to excyst (Neumann et al., 2000). However, oocysts that do not excyst can be viable
(Neumann et al., 2000). Therefore, this technique may not be suitable for oocysts that are found
in environmental samples.
1.5.4. Fluorogenic Dyes
A study by Grimason et al. (1994) used DAPI and immunofluorescence to identify C.
parvum oocysts in environmental water samples. The use of DAPI allowed sporozoite nuclei to
be observed, which yielded an accurate number of of sporulated oocysts to be estimated. The
internal structures of oocysts were detected in surface water (12 oocysts), potable water (11
oocysts) and treated wastewater (40 oocysts) by DAPI microscopy. Although sporozoites can be
observed by differential interference contrast microscopy (DIC) and phase contrast microscopy,
organic debris that may be present in environmental samples can be mistaken for oocysts.
Smith et al. (2002) analyzed 2361 raw and final water samples for the presence of
Cryptosporidium, using both FITC labelled anti-Cryptosporidium MAb and DAPI. Out of 2361
samples, Cryptosporidium was detected in 269 (235 raw and 34 final water concentrates). The
most frequently identified oocysts (51% in final water) had either no DAPI-positive nuclei or
internal morphology or consisted of four nuclei with internal morphology (33% in raw water)
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using DIC microscopy. Thus, using flurogenic dyes for observing morphological characteristics
of Cryptosporidium allows for oocysts to be easily idenitified and minimizing false positives.
Kar et al. (2011) used DAPI and PI staining for determining oocyst viablilty. It was
reported that DAPI passed through walls of intact oocysts and sporozoites, whereas PI did not.
Thus, viable oocysts were labelled as DAPI(+) and PI(-). The study found that an increase in
DAPI (+) and PI(+) numbers was directly proportional to the length of time oocysts were
maintained at 4oC. Oocysts that were no longer viable were DAPI(+) and PI(+), and they
displayed blue fluorescence with DAPI staining due to damage of the nuclear structure of
sporozoites. The study concluded that oocysts that have a high viability stain DAPI(-) and PI(-)
and oocysts that stain DAPI(+) and PI(-), may be viable. Furthermore, oocysts wall permeability
may not be a reliable indicator for viability. The study reported that permeability of the oocyst
wall is minimal after faecal oocyst excretion. However, exposure to heat, chemical treatments
and acid pre-treatment can increase wall permeability. In general, procedures for in vitro
excystation and inclusion or exclusion of vital dyes (DAPI-PI) are laborious, mainly due to
microscopic analysis and are not reproducible or sensitive and require a large number of oocysts
(in vitro excystation requires 103-104 oocysts).
1.5.5. RT-PCR

RT-PCR is a method used to detect viable organisms (Girones et al., 2010). The method
detects mRNA, which is only present in viable oocysts and has a very short half-life lasting only
a few seconds to minutes (Girones et al., 2010). In RT-PCR, cDNA is first produced from
mRNA templates by reverse transcriptase and then a particular fragment of cDNA is amplified
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via PCR (Carey et al., 2004). Since reverse transcriptase is sensitive to salts, alcohol and phenol,
it is also subject to variability (Carey et al., 2004).
A study by Hallier-Soulier and Guillot (2003) combined immunomagnetic separation
(IMS) to collect oocysts with RT-PCR to determine the viability of C. parvum oocysts in water
samples. Fresh oocysts were exposed to inactivation treatments for the purpose of evaluating if
IMS-RT-PCR (targeting the hsp70 gene) can differentiate viable and non-viable oocysts.
Inactivation treatments included chlorine, chlorine dioxide and ozone. Regardless of the
disinfectants used, the results for IMS-PCR were identical to those of untreated samples. There
was no RT-PCR signal observed when oocysts were inactivated via boiling. IMS-RT-PCR
revealed that chlorine and chlorine dioxide had no impact of oocyst viability. PCR results,
however, were positive for oocysts that had undergone boiling, indicating that DNA was
amplified and PCR detected both viable and non-viable oocysts.
A study by Nam and Lee (2010) described a duplex RT-PCR method that would
determine the viability of both C. parvum and G. duodenalis simultaneously. The hsp70 RT-PCR
conditions for C. parvum and its primers were designed to be identical to those of G. duodenalis.
Viable and non-viable (oo)cysts were serially diluted to obtain concentrations between 100-104
(oo)cysts. Amplification of hsp70 mRNA was not evident in non-viable oocysts, regardless of
whether it was heat shocked or not. Amplification of hsp70 was apparent for viable oocysts at a
concentration of 101 oocyst/100L, however no amplification was observed for G. duodenalis by
duplex RT-PCR, even though amplification was evident at a concentration of 10 3 cysts/100 μL
by RT-PCR. Heat shocking (oo)cysts at 45oC for 20 minutes increased sensitivity, resulting in a
lower detection threshold for both C. parvum (100 oocysts/100 μL) and G. duodenalis (101
cysts/100 μL), suggesting that viable (oo)cysts can be simultaneously detected.
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1.6. Genotyping Cryptosporidium

Genotyping is commonly used in microbiology for determining genes and gene variants
associated with pathogens, such as Cryptosporidium, for the purpose of identifying the source of
an outbreak. Many genotyping tools have been developed for the characterization of
Cryptosporidium epidemiology, such as that of DNA fingerprinting, RFLP and Real-Time PCR,
followed by RFLP analysis. These techniques can differentiate C. parvum from C. hominis in
stool samples and have been used for further understanding of human cryptosporidiosis
epidemiology (Fayer & Xiao, 2008).
DNA microarray involves hybridization of a nucleic acid sample to an oligonucleotide
probe in order to determine the sequence or to detect differences in genetic sequences for the
purpose of gene mapping (National Centre for Biotechnology Information). RFLP is a technique
used in which differences in homologous DNA sequences can be detected via frangments of
various lengths after digestion of DNA samples using restriction endonucleases
(www.ncbi.nlm.nih.gov). Since isolating enough DNA for RFLP analysis is time consuming and
laborious, PCR can be employed to amplify DNA to the amount sufficient for RFLP analysis,
allowing for samples to be analyzed in less time (National Centre for Biotechnology
Information). With respect to Real-Time PCR and RFLP, Real-Time PCR can be more
advantageous than RFLP. Real-Time PCR is a sensitive technique that reduces the risk of DNA
contamination and avoids using ethidium bromide, a carcinogenic substance (Ben Abda et al.
(2011).
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1.6.1. PCR-RFLP

PCR-RFLP has been useful in determining the genetic identity of Cryptosporidium.
However, issues regarding the detection limit and the ability to sort multiple species of
Cryptosporidium in a single sample have yet to be resolved. Since endocucleases used for PCRRFLP only recognize a small number of variable sites, PCR-RFLP cannot detect variation of
sequences within the entire length of amplicons during analysis (Jex et al., 2010). Although
PCR-RFLP is an inexpensive and user-friendly technique, there are disadvantages to this
technique. For example, due to several steps, including that of gel electrophoresis, the technique
is time consuming. Furthermore, PCR-RFLP requires specific endonucleases, in which it is
possible that several single nucleotide polymorphisms (SNPs) impact the same enzyme
restriction site, making genotyping difficult (Rasmussen, 2012). Finally PCR-RFLP cannot be
used for the simultaneous analysis of a large amount of different SNPs, since a specific primer
pair and restriction enzyme would be required for each SNP, limiting its use for high throughput
analysis (Rasmussen, 2012).
A study by Ruecker et al. (2013) used nested PCR-RFLP to detect oocysts from 601
environmental samples. Enumeration of oocysts was carried out by US EPA Method 1623, in
which oocysts were detected on microscopic slides via DAPI staining based on size, shape and
morphology. Furthermore, in order to determine mixtures of Cryptosporidium species and
genotypes from water samples, the study used limiting template dilution repetitive nested PCRRFLP followed by DNA sequencing. For repetitive nested PCR, DNA extract for each sample
was analyzed for Cryptosporidium 18S rRNA in 5 replicate reactions. Electrophoresis of
secondary PCR products was performed on 1.2% agarose gels and observed using ethidium
bromide staining. Reactions positive for nested PCR were digested with SspI, VspI and DdeI
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restriction enzymes. Results of the study showed that of the 601 samples positive for
Cryptosporidium, only 358 samples were positive using nested PCR-RFLP. It was determined
that 81% of slides negative by nested PCR-RFLP were below the detection limit (4 oocyst per
slide). Therefore, all negative samples were subjected to a second round of PCR-RFLP analysis
(identical to the first round). The second round of analysis resulted in an additional 64 samples
testing positive for Cryptosporidium. The overall success rate of repetitive nested PCR-RFLP for
detecting Cryptosporidium increased from 59% to 70% with a second round of analysis. Overall,
there were 29 different species and genotypes of Cryptosporidium observed from 422 samples in
this study, including C. andersoni, C. parvum, C. hominis, C. meleagridis and various wildlife
genotypes such as that of muskrat, deer, and fox genotypes. Samples that displayed mixed RFLP
band patterns from nested PCR reactions were subjected to another round of nest PCR analysis
in an attempt to isolate these species. Repetitive nested PCR was repeated for 19 samples that
suggested diversity might be present after RFLP analysis. DNA sequencing was also employed
to ascertain additional species and genotypes from the second round of nested PCR analysis, as
RFLP was insufficient in determining sequence diversity in some cases. There were a total of
173 samples out of the 601 samples collected during the study, that had multiple species or
genotypes detected in a single sample. Of the 173 samples, three different species/genotypes
were identified in 30 samples and four different species/genotypes were identified in 11 samples.
Since Cryptosporidium oocysts are found in low number in environmental water samples, the
study concludes that repetitive PCR is a sensitive method that can be used to detect and identify
species and genotypes in water samples.
Insulander et al. (2013) conducted an epidemiological study in Stockholm County,
Sweden, where Cryptosporidium species/genotypes were determined by PCR-RFLP of the
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COWP and 18S rRNA genes. Human stool samples (collected from patients) positive for isolates
of C. parvum or C. hominis were subtyped using a nested PCR method for which the 60 kDa
glycoprotein (Gp60) gene was amplified. Out of a total of 185 isolates, RFLP analysis of the
amplified COWP and 18S rRNA genes both produced identical results. Sixty-four isolates were
attributed to C. hominis, 110 were isolates of C. parvum and 11 were isolates of C. meleagridis.
Out of the 65 C. hominis isolates, 63 were subtyped at the Gp60 locus, belonging to the Ia, Ib, Id,
Ie, and If allele families. C. parvum isolates were also subtyped (107 out of 110) and belonged to
IIa, IIc, IId, and IIe allele families as well as a novel (IIo) allele family. The study concluded that
subtyping and molecular characterization of isolates is important for epidemiological studies,
specifically when tracing the source of Cryptosprodium outbreaks.
In another epidemiology study, Abd El Kader et al. (2011) collected human fecal samples
(May 2008- March 2009) from hospitals in Great Cairo, Egypt, in which C. parvum and C.
hominis were identified using PCR-RFLP (targeting the COWP gene). Out of the 391 samples
collected, 20 and 89 samples were positive for Cryptosporidium and Giardia using a CryptoGiardia immunochromatography kit. Microscopy was also employed during this study and 23
out of 391 samples were positive for Cryptosporidium. However, PCR was successful in only 18
out of the 23 samples, primarily due to low oocyst load. After RFLP analysis, 15 out of 18
samples were typed, of which 9 isolates were C. hominis genotypes, 3 C. parvum isolates and 3
mixed infections. C. hominis was found in patients only during August 2008, whereas C. parvum
was found all year round. Although PCR was not the most sensitive of methods used in this
study (for unknown reasons), typing Cryptosporidium via RFLP identified C. hominis and C.
parvum. This information can provide details regarding when cases of outbreaks tend to occur
and collecting stool samples from patients can help to trace the source of contamination.
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1.6.2. Real-Time PCR
In a recent study by Rolando et al. (2012), Real-Time PCR was employed for detecting
Cryptosporidium oocysts in faecal samples from children and HIV infected patients collected
between 1999-2011 in Brazil. Out of a total of 1207 samples collected, 48 faecal samples were
positive for Cryptosporidium using an 18S rRNA dual TaqMan PCR assay. C. parvum was
amplified in 5 samples (4 from children and 1 from HIV patient). The remaining 9 samples from
HIV patients and 28 samples from children were amplified in the C. hominis assay. The C.
hominis TaqMan probe did not cross react with C. parvum controls and similarly, the C. parvum
TaqMan probe did not cross react with the C. hominis control (Refer to Appendix C for sequence
information). Therefore, Real-Time PCR can and has been used to develop high-throughput
screening assays for multiple applications. Based on the results of this study, Real-Time PCR is a
useful instrument for rapid differentiation between C. parvum and C. hominis in epidemiological
studies.
Burnet et al. (2013) developed a TaqMan® MGB Real-Time PCR assay for quantitative
typing of cattle and human infectious Cryptosporidium. The 18S rRNA gene was targeted for C.
andersoni, C. parvum and C. hominis. Results showed that for the C. parvum/C. hominis assay,
only C. parvum and C. hominis were detected. Similarly, only C. andersoni was detected for the
C. andersoni assay. There was no cross reactivity with other Cryptosporidium species that were
included in this study, such as that of C. muris, C. bovis, C. ryanae, C. canis, C. felis, C.
ubiquitum, C. meleagridis and C. cuniculus. Although many Real-Time PCR techniques have
been used to detect and identify C. parvum and C. hominis, other species and genotypes have
already been reported in water via PCR-RFLP in multiple studies. Thus, the goal of the study
was to distinguish human infectious Cryptosporidium from livestock and other species such as C.
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andersoni, which do not pose a risk to public health, using a sensitive and rapid technique.
Despite the genetic similarity between C. andersoni and C. muris, the assay amplified DNA only
from C. andersoni. Finally, due to the fact that oocysts are found in low numbers in
environmental water samples, sensitivity is important. Samples were concentrated via
centrifugation and purified by IMS. Both C.parvum/hominis and C. andersoni assays were
capable of detecting as low as one oocyst per PCR assay.
1.6.3. Common Cryptosporidium Genetic Targets

Multiple gene targets have been used to characterize species and genotypes of
Cryptosporidium. COWP, HSP70, actin and 18S rRNA, in particular, have been used
successfully in determining differences among multiple species and genotypes (Ruecker &
Neumann, 2006). Genetic targets such as GP60 (60 kDa glycoprotein), extra-chromosomal
dsRNA, ITS-2 and microsatellites have been utilized to determine Cryptosporidium isolates for
the purpose of source tracking and identifying epidemiological links between outbreaks and
various cases of cryptosporidiosis (Ruecker & Neumann, 2006). Since some species and
genotypes of Cryptosporidium are capable of infecting multiple hosts, some of which can also
infect humans, it is imperative that molecular based methods used for detecting human
cryptosporidiosis should also detect all species and genotypes present (Ruecker & Neumann,
2006).
Since C. parvum and C. hominis have highly similar genetic sequences, it is difficult to
distinguish these species and thus require highly specific and sensitive genotyping methods. As
more Cryptosporidium genotypes that are genetically similar continue to be discovered, it
becomes more difficult for existing methods to distinguish them.
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1.6.4. C. parvum and C. hominis

C. parvum has a small genome, consisting of 8 chromosomes and is 10.4 Mb in size
(Widmer et al., 2002). The size of the chromosome ranges from 1.03-1.54 Mb and both C.
parvum and C. hominis have identical karyotypes (Widmer et al., 2002). Unlike many
apicomplexan organisms that possess nuclear, mitochondrial and apicoplast genome sequences,
all Cryptosporidium species, and thus C. parvum, only consist of nuclear genomes (Widmer et
al., 2002). The nucleotide sequences of C. parvum and C. hominis genomes are highly similar,
with a nucleotide identity of 99% (Fayer & Xiao, 2008). Techniques such as DNA sequencing,
RFLP and PCR can be used to distinguish highly similar genetic sequences of Cryptosporidium.
1.6.5. Source Tracking & Seasonality of Cryptosporidium Species and Genotypes

Sewage, animal wastes and agricultural wildlife are major reservoirs for Cryptosporidium
spp. which contaminate drinking and recreational waters (Ruecker & Neumann, 2006). C.
parvum, C. hominis, C. andersoni, and C. muris are common species found in wastewater,
however, other species/genotypes such as C. canis, C. felis and Cryptosporidium corvine and
mouse genotypes have also been documented (Ruecker & Neumann, 2006). Moreover, industrial
(i.e., slaughterhouse) and residential (i.e., urban run-offs) wastes, in combination with human
sewage can form wastewater. Thus, the source of Cryptosporidium contamination cannot be
attributed to human sources alone (Ruecker & Neumann, 2006). Conversely, agricultural areas
typically consist of C. parvum, which is commonly found in neonate calves and C. andersoni,
which infects adult cows (Ruecker & Neumann, 2006). Other Cryptosporidium
species/genotypes can be found in hogs, sheep, chickens, goats and horses (Ruecker &
Neumann, 2006).
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A study by Cama et al. (2008) focused on identifying several species of Cryptosporidium
found in children in Peru. Weekly faecal samples from those infected with Cryptosporidium spp.
were collected and detected by microscopy, while a SSU rRNA-based PCR-RFLP assay was
used to identify these species. Sequence analysis of the hypervariable GP60 gene, which is used
to classify Cryptosporidium to the subtype level, was used to determine identification of C.
parvum and C. hominis. Out of a total of 156 cases of cryptosporidiosis, genotype data was
collected from 127 cases, of which 70% were detected as C. hominis, followed by C. parvum
(13%) and C. meleagridis (8%) (Cama et al., 2008). Thus, C. hominis was the most prevalent
species to cause cryptosporidiosis in this study.
A study by Yang et al. (2008) used PCR-RFLP of the SSU rRNA gene for tracking
sources of Cryptosporidium contamination in the Potomac River, USA, the main water supply
for Washington, DC, metropolitan area. A total of five sites were sampled, two were water
treatment plants (WTP) and three from watershed areas. A total of 64 base flow samples were
collected from October 2006 to October 2007 and 28 storm flow samples were collected during
March, April and August to December 2007 and in February 2008 (Yang et al., 2008). SspI and
VspI restriction enzymes were used. Overall, 15 Cryptosporidium species or genotypes,
including C. andersoni, C. felis, C. meleagridis, C. serpenits and several wildlife genotypes such
as snake and tortoise genotypes, among others, were detected (Yang et al., 2008). C. andersoni
was found in the majority of samples collected from both base flow and storm flow samples (41
samples positive for C. andersoni) at four of the sites sampled, which are located downstream of
cattle farms. During November 2006 to March 2007, 74% of the samples obtained tested positive
for Cryptosporidium using PCR. During this period, there was greater precipitation than
compared to October and November 2006. Storm flow samples were obtained after seven
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precipitation occurrences later in the study; of these samples most were positive for
Cryptosporidium (Yang et al., 2008). Since the majority of Cryptosporidium detected do not
pose a risk to human health, it is important to distinguish human infectious versus non-human
infectious species of Cryptosporidium. Current standard detection methods for oocysts do not
differentiate pathogenic from non-pathogenic species. Thus, risk assessment models that do not
incorporate non-pathogenic oocysts would over-estimate the human health impact of
Cryptosporidium. The authors suggested that monitoring Cryptosporidium species occasionally
within watersheds and different water types would provide a broader perspective on the extent of
contamination of water with Cryptosporidium (Yang et al., 2008).
Another source tracking study conducted by Jellison et al. (2009) described
Cryptosporidium genotypes being detected in the Wissahickson watershed, in Philadelphia,
Pennsylvania (USA) during May 2005 to April 2008. Samples were collected from two locations
on the Wissahickson Creek, three wastewater treatment plants (WWTP) and animal feces within
the watershed. Nested PCR was used for genotyping Cryptosporidium species, in which a
hypervariable region of the 18S rRNA gene (434 base pair length) was targeted (Jellison et al.,
2009). Briefly, primers from the first round of amplification are both replaced by internal primers
in a nested PCR protocol for the second and subsequent cycles of amplification. This process
increases both sensitivity and specificity of the PCR detection of Cryptosporidium, and is
particularly useful when oocysts are present in low number in the environment. Results showed
that 67% of Cryptosporidium genotypes found at the creek, WWTP and faecal samples were
human infectious and may pose a risk to public health (Jellison et al., 2009). C. hominis or C.
hominis-like genotypes were found in 30% of samples, followed by C. parvum at 12%, cervine
genotype at 14%, skunk genotype at 9% and chipmunk genotype at 1%. At the creek alone, 65%

35

of samples contained human infectious genotypes of Cryptosporidium (Jellison et al., 2009). Of
the WWTP samples, 88% samples tested positive for human infectious genotypes followed by
64% found in faecal samples. Seasonal detection of Cryptosporidium genotypes was observed
for samples obtained from the Wissahickson Creek (Jellison et al., 2009). Although detection of
C. hominis was observed year-round, C. parvum was detected only during the spring period. The
chipmunk genotype was detected only during the fall season and corvine and skunk genotypes
were found during the fall, winter and spring (Jellison et al., 2009). In contrast to other
Cryptosporidium studies, this study found no relationship between precipitation and
Cryptosporidium detection (Jellison et al., 2009). The authors suggested that oocyst source
tracking needs to include Cryptosporidium genotypes in water and animals, which are also
capable of transporting human infectious oocysts from the host species to watersheds.
Source tracking Cryptosporidium oocysts is important for preventing outbreaks of
cryptosporidiosis and protecting public health. If oocysts can be traced back from the primary
source of output, whether it is from urban or agricultural locations, prevention measures and
management efforts can be implemented. Furthermore, rainfall can play a significant role in the
prevalence of oocysts and thus, monitoring watersheds, surface and drinking water throughout
the year, especially during heavy rainfall should also be employed.
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1.6.6. Cryptosporidium Species Found In Agriculture

There are four Cryptosporidium species that are common to cattle: C. parvum, C. bovis,
C. ryanae and C. andersoni (Fiuza et al., 2011). C. andersoni, which was previously known as
C. muris in cattle, is most prevalent in mature cattle (Fiuza et al., 2011). Fiuza et al. (2011)
reported that C. andersoni has been found in rivers and lakes at higher concentrations than C.
parvum oocysts in Brazil. Dairy cattle infected with C. andersoni produce less milk than
uninfected cows, leading to economic loss. C. bovis and C. ryanae are both host specific and
non-zoonotic, whereas C. parvum and C. andersoni have been known to infect both cattle and
humans (Dixon et al., 2010). Dixon et al. (2010) compared the occurrence and genotypes and
species of Cryptosporidium spp. and Giardia duodenalis in beef and dairy cattle from farms
located in Waterloo, Ontario. Manure samples were collected from 45 dairy cattle farms and 30
beef cattle farms. The presence of (oo)cysts in the samples were determined by
immunofluorescence microscopy and species and genotypes were identified by PCR (Dixon et
al., 2010). Overall, C. parvum and C. andersoni were most frequently found in dairy cattle (64%
of farms) and all Cryptosporidium isolates found in beef cattle were identified as C. andersoni
(Dixon et al., 2010). C. andersoni and C. parvum have many differences in their genetic
sequences (Chapter 2) and can thus be distinguished more easily and can overcome the
limitations of genotyping (Appendix A). Real-time PCR can be used to distinguish C. parvum
from C. andersoni, and no cross over reactions should occur between the two species. Thus, the
presence of C. andersoni can be traced to agricultural sources, where it is also possible for C.
parvum to be detected, since both species can infect cattle. Specifically, C. andersoni can infect
juvenile and adult beef or dairy cattle. The presence of C. parvum is indicative of dairy cattle.
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Therefore, tracing C. andersoni can also lead to determining sources of C. parvum in agricultural
areas, where transmission patterns should be carefully monitored to prevent future outbreaks of
cryptosporidiosis.
1.7. Cryptosporidium and Source Tracking Research Project
C. parvum and C. hominis contribute substantially to infectious diarrhoeal diseases
worldwide. Contamination due to zoonotic Cryptosporidium genotypes in water and other
environmental sources can cause human cryptosporidiosis. The traditional US EPA Method 1623
lacks sensitivity and specificity required for ensuring public safety. It is imperative to determine
which species and genotypes are present in environmental water samples, specifically those that
pose a risk to public health. As more Cryptosporidium species and genotypes continue to be
discovered, it becomes more challenging for methods to distinguish Cryptosporidium genotypes
due to genetic similarities. Traditional methods such as microscopy cannot distinguish between
Cryptosporidium species. Moreover, it is useful to separate human infectious species from nonhuman infectious species from a public health perspective. Cryptosporidium species that do not
pose a threat to human health, such as that of C. andersoni/C. muris can be useful for tracing its
presence to agricultural sources, where it is possible that C. parvum can also be found.
As opposed to genotyping and using traditional detection methods for detecting various
Cryptosporidium species, the aim of this project is to target 2 specific groups of
Cryptosporidium: C. parvum/C. hominis, which has public health significance and C.
andersoni/C. muris, which can be used as an indicator for agricultural contamination. C. parvum
can be found at both agricultural and urban sources; this means it can be difficult to trace exactly
where oocysts are located. However, C. andersoni/C. muris is characteristic of agricultural areas.
Shedding of C. andersoni oocysts and detecting it in agricultural and surrounding areas can also
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indicate that C. parvum may also be present, as it is typically found in cattle as well. Thus, it may
be useful to monitor agricultural sites for both human and non-human infectious sources of
Cryptosporidium.
In order to unambiguously detect these two groups of Cryptosporidium species, a new
method was developed using Real-Time PCR that would distinguish and quantify these
Cryptosporidium species. This method was then validated using environmental water samples
collected from agricultural and urban locations within Ontario. It is important to identify both
environmental sources of contamination, along with the identity of Cryptosporidium spp. to
effectively monitor and limit cases of cryptosporidiosis and prevent future outbreaks.
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2.0. Development of PCR Assay for Distinguishing Human Infectious versus Non-Human
Infectious Species of Cryptosporidium

2.1. Abstract

A PCR Differentiation Method was developed using Real-Time PCR in which specific
primer and probe sets were used to detect C. parvum/C.hominis as a group, as its presence poses
a threat to public health. Primer and probe sets were also designed to detect C. andersoni/C.
muris, as its presence can be traced to agricultural sources. Real-Time PCR results showed that
primer and probe sets specific for C. andersoni/C. muris detected only C. andersoni/C. muris as
opposed to human infectious Cryptosporidium species. Similarly, primer/probe sets for C.
parvum/hominis and C. meleagridis did not detect C. andersoni/C. muris. The method developed
consists of sample concentration and immunomagnetic separation (IMS) based on US EPA
method 1623, along with DNA extraction (based on MOE method E3463)). Detection and
quantification of samples was done via Real-Time PCR. The PCR Differentiation Method was
used for conducting C. parvum oocyst recovery experiments using deionized water and
environmental water samples collected from Humber River (Etobicoke, Ontario, Canada) using
Envirochek and IDEXX Filta-Max™ filters.
2.2 Introduction
One of the main transmission routes for Cryptosporidium is through waterborne
contamination. Increases in environmental contamination and livestock production have both
contributed to cryptosporidiosis in multiple hosts, including humans. Run-off wastes from
industrial, residential and agricultural sources, in combination with human sewage can all be
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attributed to sources of contamination for Cryptosporidium. Although Cryptosporidium species
such as C. hominis are specific to human infections, other species such as C. parvum, C.
meleagridis, C. felis, C. canis and C. suis have wide host ranges, capable of infecting both
humans and animals.
Traditional methods for detecting Cryptosporidium oocysts include microscopy. For
example, a study by McAllister et al. (2005) reported that of the 39 farms sampled from within
10 counties of Ontario, 72% of C. muris was detected in cows. Microscopy was used to
distinguish C. muris from C. parvum based on size and shape of oocysts. Microscopy was also
employed in other methods, such as that of US EPA Methods 1622 and 1623, but these cannot be
used to distinguish Cryptosporidium species, thus making it difficult to determine whether
oocysts are human infectious and therefore a threat to public health. Furthermore, environmental
water samples consist of debris, algae and other materials that can interfere with the detection of
oocysts. An analyst can mistake these other materials for oocysts, allowing for an over
estimation of oocysts present in the sample. Thus, it would be useful to develop a method that
can distinguish Cryptosporidium species and genotypes to determine the presence of species or
groups that pose a risk to public health versus those that threaten other animals and livestock.
Despite PCR-RFLP (as decribed in Chapter 1) being used for differentiating
Cryptosporidium species and genotypes, it is a time consuming and laborious tecnique. As an
alternative, Real-Time PCR can be used for genotyping, allowing for efficient quantitative
analysis, in which multiple species and genotypes can be detected using different primer and
probe sets. Real-Time PCR is an efficient method that can be used to determine various species
and genotypes of Cryptosporidium (See Chapter 1). Real-Time PCR can amplify and quantify
more than one target of DNA simultaneously. For one or more specific sequences of
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Cryptosporidium in a DNA sample, Real-Time PCR enables both detection and quantification in
real time. The purpose of this study is to detect and differentiate human-infectious from
agricultural groups of Cryptosporidium using Real-Time PCR. Detection of different groups of
Cryptosporidium would be useful for ultimately determining the source of the pathogen in
environmental samples. If the source of contamination can be traced, prevention measures and
management practices can be implemented to prevent future outbreaks of cryptosporidiosis.
Although C. andersoni does not pose a risk to public health, their presence can provide
useful information on the source of contamination. C. andersoni is found in young cattle and its
presence can be traced to agricultural sources (McAllister et al., 2005). C. andersoni oocysts are
also found in adult cattle, sheep and bactrial camels (Xiao et al., 1999). Its presence in
agricultural areas can also be indicative of C. parvum, which can also be found in agricultural
areas. Structurally, C. andersoni oocysts are similar to that of C. muris, but larger than C.
parvum oocysts (Lindsay et al., 2000). C. andersoni was chosen for this study because there are
many base pair differences between the sequences of hsp70 gene from C. parvum and C. hominis
(Figure 1). There are 15 differences in bases within the selected amplicon region (842-912) of
the hsp70 gene. Also, the hsp70 gene sequence of C. andersoni shows uniqueness compared to
various other Cryptosporidium genotypes, such as that of muskrats, raccoons, and birds
(www.ncbi.nlm.nih.gov). However, C. andersoni is genetically similar to C. muris (section 2.4.)
Thus, the detection of C. andersoni/C. muris as a group and C. parvum/hominis as a group will
be tested to confirm whether these two groups of species can be differentiated using Real-Time
PCR. Furthermore, C. andersoni oocysts are found in agricultural areas and are introduced in
watersheds as a result of direct fecal inputs or via manure application with subsequent
transportation of fecal matter through runoff due to rain, as described by Ruecker et al., 2007).
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However, C. parvum/C. hominis can be found in both agricultural and urban environments,
making it difficult to track the exact source of contamination for these species.
Detecting the presence of C. parvum/C. hominis is imperative for public health purposes.
The main objectives for this study include: (1) The developmemt of a PCR Differentiation
Method that distinguishes human infectious C. parvum/C. hominis from C. andersoni/C. muris
and (2) utilizing the PCR Differentiation Method for oocyst recovery experiments.
2.3. Material and Methods
Sources of Cryptosporidium
In the laboratory, Cryptosporidium spp. are difficult to work with, particularly because
the pathogen is non-culturable and must be obtained from a host. Thus, Cryptosporidium oocysts
and, in some cases, purified DNA were obtained from various sources.
2.3.1. Purified Genomic DNA: C. parvum, C. hominis and C. meleagridis

Purified genomic DNA from C. parvum (isoloate Iowa NR-2519), C. hominis (isolate
TU502 NR-2520) and C. meleagridis (isolate TU1867 NR-2521) were obtained from BEI
Resources, Manassas, Virginia, USA. Oocysts from BEI Resources were produced in calves,
concentrated from fecal matter and purified via salt flotation and bleach treatment. Oocysts were
excysted in dilute taurocholic acid. Prior to DNA isolation, sporozoites and/or oocysts were
pelleted and resuspended in lysis buffer. Each vial obtained consisted of one microgram of
genomic DNA in TE buffer, and was stored at -80 oC (http://www.beiresources.org).
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2.3.2. Cryptosporidium Oocysts:

Cryptosporidium parvum
C. parvum oocysts were obtained from Hyperion Research Ltd. (Medicine Hat, Alberta,
Canada). The concentration of oocysts as provided by Hyperion Research Ltd. was 1.0 x 106
oocysts/L. Oocysts were stored at 4oC and were 24 months old when recovery experiments
were performed. DNA was extracted and purified using the Qiagen DNeasy® Tissue kit (Qiagen,
Toronto, Ontario, Canada).

Cryptosporidium muris
C. muris oocysts were purchased from Waterborne, Inc. (New Orleans, Louisiana, USA).
Oocysts were 95%-99% purified by sucrose and percoll gradients and water washes. Oocysts
were suspended in PBS with antibiotics (penicillin, streptomycin, gentamicin and amphotericin
B) and 0.01% (v/v) Tween 20. The concentration of oocysts was 1.0 x 106 oocysts/L, as
indicated by the supplier. Oocyst DNA was extracted and purified using MOE Method E3463, a
method that is used to detect Cryptosporidium oocysts and Giardia in biosolids
Cryptosporidium andersoni
C. andersoni oocysts (KSU or IOWA strain; exact strain was unknown) were obtained
from Dr. Norma Ruecker, Department of Microbiology and Infectious Diseases, University of
Calgary, Alberta, Canada. Oocysts were one year old when received and oocysts were subjected
to CsCl flotation (by Dr. Norma Ruecker, personal communication). Oocysts were suspended in
0.05% (v/v) Tween 20™ with antibiotics (penicillin, streptomycin, gentamicin and amphotericin
B). The concentration of oocysts in the 200 L stock solution, determined by performing a
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hemocytometer count, was 1.24 x 103 oocysts/L. Oocyst DNA was extracted and purified by
the Ministry of the Environment (MOE) Method E3463, a method that detects Cryptosporidium
oocysts and Giardia cysts in wastewater and biosolids using Real-Time PCR.
2.4. Targeting the Heat Shock Protein Gene for Detecting Human and Animal Sources of
Cryptosporidium
Cryptosporidium species with significant genetic differences that are relevant to public
health, such as C. parvum/hominis and C. andersoni were the focus of this study for source
tracking purposes. The heat shock protein gene, hsp70, was targeted for the detection and
differentiation of C. parvum and C. hominis as a group from C. andersoni in this study.
Heat shock protein (hsp) genes are useful in stressed organisms, as they are synthesized
with a high level of efficiency (Laxer et al., 1991). Thus, the induction response observed when
oocysts are subjected to thermal shock allows for a level of amplification to increase detection
sensitivity (Laxer et al., 1991). The hsp70 gene of Cryptosporidium belongs to a multigene
family that is highly conserved in both prokaryotes and eukaryotes (Sulaiman et al., 2000). The
hsp70 gene is already targeted for C. parvum and C. hominis in MOE Method E3463. Therefore,
for this study, the hsp70 gene was used to design another primer set for C. andersoni, as this
strain can be used to track the source of Cryptosporidium contamination from agricultural areas.
Genetic differences (15 base pairs) between Cryptosporidium species are shown in Figure 1
below.

45

Cryptosporidium
Species

C. andersoni
C. parvum
C. hominis
C. muris
C. meleagridis

Sequence
5’TGAAGCTGTTGCTTATGGTGCTGCAGTTCAAGCAGCAATCTTAAATGGTGAACAGTCATCAGTAGTGCAAGATTTATTGTTATTGGATGTTGCTCCACTATCTTTAG3’
5’C …………………………………..…….T…..A………..T…..T………..….…………G….A……C…..T..CC…..A….G……C..C…A……………………………..T……..AC.C……3’
5’C…………………………………...…….T…..A………..T…..T………..….…………G….A……C…..T..CC…..A….G……C..C…A……………………………..T……..AC.C…....3’
5’…………………………………………………………………………………………………………………………………………………………………………………………………...3’
5’…………C……….C…………………….T…..A………..T…..T……………………...G…A……C…...T..CC….T….G…….C..C…A…G…………………..….....T………………T.3’

Figure 1: Genetic Base Pair Differences in the Primary Sequences of Cryptosporidium Species in the 842-912 Amplicon Region
for C. andersoni hsp70 Gene (842-912 of Accession #AB089288). Dots represent similar base pairs. Arrows represent forward and
reverse primers. The complementary sequence was used for the reverse primer. Boxed region represents probe sequence and arrows
represent forward and reverse primer sets. The C. andersoni, C. parvum and C. hominis, C. muris and C. meleagridis hsp70
sequences are available from the GenBank under accession numbers AB089288, U11761, U11761, AF221542 and AF402283,
respectively.
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BLAST (basic local alignment search tool) was used for alignment of the entire hsp70
gene sequences of C. andersoni against C. parvum/C. hominis, C. muris and C. meleagridis.
Primer Express V.2.0 (Applied Biosystems, Carlsbad, California) was used to design primers for
the C. andersoni hsp gene. When a general BLAST search of the entire hsp70 gene was
performed for C. andersoni, it was found that there was 100% homology with that of C. muris
sequences (Accession # AF221542, AF221543 and AY643490). In addition, a BLAST search of
the amplicon region of hsp70 of C. andersoni (Accession #AB089288) against the GenBank
database revealed that mismatches existed between that of C. andersoni and those of certain C.
muris genotypes (Accession # AY643490.1, AF221543.1 and AB089286.1), as well as that of C.
meleagridis (Acession # AF402283). However, the homology between the C. andersoni and C.
muris hsp70 sequences is very high (99%) and will therefore be difficult to distinguish, due to
small differences in their hsp70 sequences. Similarly, the homology between the C.
parvum/hominis hsp70 sequences would be difficult to distinguish from that of C. meleagridis
(99%). A BLAST search of the entire hsp70 gene sequence of C. andersoni (Accession #
AB089288) against those of C. parvum and C. hominis yielded 81% homology. The 19% is a
relatively large difference between C. andersoni and C. parvum/C. hominis hsp70 sequences
suggest that a careful design of the primers can eliminate crossover reactions between C.
andersoni and C. parvum/C. hominis during PCR (Figure 1). Primer and probe sets that were
selected to detect C. andersoni are shown in Table 1.
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Table 1: C. andersoni, C. parvum/C. hominis and Giardia lamblia primer and probe sets. C. andersoni primer and probe
designed by ABI Primer Express V 2.0. based on the 842-912 amplicon. FAM= carboxyfluorescein used for Cryptosporidium,
MGBFNQ= Minor Grove Binder, Non-Fluorescent Quencher, VIC® = proprietary fluorescent dye used for Giardia
C. andersoni/C. muris
Gene
Target
5’ CTGCAGTTCAAGCAGCAATCTT 3’
hsp70
Sequence

Forward
Primer
Reverse
Primer
Probe
Forward
Primer
Reverse
Primer
Probe
Forward
Primer
Reverse
Primer
Probe

Location
(bp)
842

Size
(bp)
22

Accession #

Reference

AB089288

hsp70

883

30

AB089288

PCR
Differentiation
Method

6FAM AATGGTGAACAGTCATC MGBNFQ
hsp70
C. parvum/C. hominis
5’ GCTGCTATCTTAAATGGTGAGCAAT 3’
hsp70

865

17

AB089288

2412

25

U11761

hsp70

2489

22

U11761

FAM-CTCTGCCGTACAGGAT-MGBNFQ
hsp70
Giardia lamblia
5’ GATCAAGGGCGAGATGATGAA 3’
EF1A

2438

16

U11761

447

21

D14342.1

5’AACATCCAATAACAATAAATCTTGCACTAC 3’

5’ AACGAGTGATAATGGAGCAACA 3’

5’ GTCGGACTTCTCCATGATGTTG 3’

EF1A

561

22

D14342.1

VIC®-AGGAGTTCGACTACA-MGBNFQ

EF1A

500

18

D14342.1

MOE E3463

MOE E3463

48

Designing primers and probe sets that specifically target C. andersoni will distinguish it
from C. parvum/hominis. Moreover, detection of C. andersoni in water samples can be traced to
an agricultural source (where C. andersoni/C. muris is typically found). This distinction cannot
be made by methods such as microscopy, but can be determined by sequencing, Real-Time PCR
or PCR-RFLP, which can target specific genes to determine what species of Cryptosporidium is
being detected.
The primer and probe sequences for the hsp70 gene of C. parvum/C. hominis are given in
the MOE method E3463 shown in Table 1. The sequence for the hsp70 gene of C. parvum can be
found in GenBank under Accession number U11761, deposited by Khramtsov et al. (1995).
These primers detect C. parvum/C. hominis as a group and can be enumerated simultaneously in
samples via Real-Time PCR. Thus, the PCR Differentiation Method will distinguish two main
groups of Cryptosporidium: C. parvum/C. hominis and C. andersoni/C. muris.
2.5. Detection of Giardia lamblia using the PCR Differentiation Method

In addition to Cryptosporidium, the PCR differentiation method also incorporates
detection of Giardia, as anti-Giardia beads are included in the same Dynal kit for
Cryptosporidium. Giardia can also infect humans and is found more often than Cryptopsoridium
in surface waters within Canada. Therefore, detection of Giardia was included in this project.
MOE method E3463 for Giardia lamblia targets the elongation factor 1-alpha (EF1A) gene of
Giardia intestinalis (Giardia lamblia), which is a unique genetic marker of Giardia spp. It is
different from bacterial and higher eukaryotic analogues of the same gene. The primer and probe
sequences can be found in Table 1. The genetic sequence for the EF1A gene of Giardia can be
found in GenBank under Accession number D14342.1, deposited by Hashimoto et al. (1994).
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2.6. Concentration, Purification & Detection of Cryptosporidium from Water Samples
2.6.1. Samples Filtration & Concentration
Water samples were concentrated using Envirochek and IDEXX Filta-Max filters,
both of which are used in the USEPA Methods 1622/1623. A peristaltic pump was used to filter
environmental water samples at a rate of 1-2 L/min, where a minimum of 10 L of water was
collected, as recommended by the USEPA Method 1623. Filter eluates were concentrated via
centrifugation and (oo)cysts were separated from sample materials by IMS, as described by the
US EPA. For each filter, 10 mL of concentrated eluate was transferred into individual L10 tubes.
Each L10 tube consisted of 1 mL of each 10X SL-buffer-A and 10X SL-buffer-B [Dynal kit
(Dynabeads anti-Cryptosporidium kit, Dynal Biotech Inc.)]. IMS was performed as per
manufacturer’s instructions. Briefly, micromagnetic beads coated with anti-Cryptosporidium and
anti-Giardia antibodies were added to the sample. This allowed for the binding of (oo)cysts to
the beads and removal of the beads from other materials using a magnet (US EPA Methods
1622, 2005). The non-bound materials were discarded and the magnetic bead complex was
detached from the (oo)cysts via acid dissociation (50 µL of 0.1N HCl). The 50 µL of supernatant
collected was transferred into a microcentrifuge tube consisting of 10 µL of 1.0N NaOH. Acid
dissociation was repeated once more for a total of 100 µL of HCl used. A total of 100 L of
supernatant was collected containing (oo)cysts removed from the beads. Lastly, 750 L of ATL
lysis buffer (Qiagen DNeasy® Tissue Kit, Toronto, Ontario, Canada) was added to the
microcentrifuge tube. Purified oocysts were either stored at -20oC or immediately subjected to
DNA extraction.

50

2.6.2. DNA Extraction

After thawing at room temperature, 25 L of proteinase K (provided with the Qiagen
DNeasy® Tissue kit) was added to each IMS-purified supernatant (850 L volume in each tube)
in a 1.5 mL microcentrifuge tube, which was then incubated for 60 min ± 5 min at 55±3C in a
heat block. Immediately after, the mixture was subjected to five cycles of freeze-thaw (1 min in
liquid nitrogen and 3 min in 65±5C water bath).
Purification of supernatant from the lysate sample was performed using the Qiagen
DNease® Tissue kit with a QIAvac24 connected to a vacuum source according to
manufacturerer’s instructions with some modifications. Briefly, QIAprep spin columns were
inserted in a QIAvac24 and lysates were transferred to the columns. Next, spin columns were
washed twice with 750 µL Buffer AW1 (Qiagen DNeasy® Tissue kit) and four times with 750
µL Buffer AW2 (Qiagen DNeasy® Tissue kit) for each wash. After removing residual traces of
ethanol by centrifugation at 10,000 x g for 3 min, the spin columns were air dried with the lid
open for 5 min. DNA was eluted with 100 µL of AE Buffer (Qiagen DNeasy® Tissue kit) and
recovered by centrifuging at 10,000 x g for 2 min with a 1.5 mL microfuge tube as a collection
vessel. DNA extracts were labelled and stored at -20C ± 5C.
2.7. Quantitative PCR for C. parvum/hominis As Described by MOE Method E3463
2.7.1. Quantitative Standards for Real-Time PCR
Analysis of a reference standard or positive control is required for quantitative PCR with
each Real-Time PCR run. A plasmid containing the PCR amplified region of the hsp70 gene for
C. parvum was used as the reference standard. Plasmid DNA can be prepared in high quantities
allowing multiple analyses with the same plasmid preparation. The plasmid was maintained in E.
51

coli DH5 cells and purified according to the Qiagen Plasmid Mini Prep Kit (Qiagen Toronto,
Ontario, Canada). Plasmid standards were quantified using a standard curve prepared from a
dilution series of a known quantity of C. parvum oocysts. C. parvum oocysts were enumerated
using a hemacytometer (7 replicates) on a 10-2 dilution of a stock solution (Waterborne Inc., New
Orleans, LA, USA). The 10-2 dilution is aliquoted in 2 L (stored in 1.5 mL centrifuge tubes) and
is then diluted before each PCR. No plasmid solutions were re-used after thawing.
Plasmids containing C. parvum hsp70 genes were calibrated to a standard curve using
quantities assigned based on the number of C. parvum oocysts counted. Stocks were stored at 20
±50C for up to one year. Careful plasmid standard calibration to oocysts is important to ensure
accurate results and is performed yearly by the MOE laboratory.
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2.7.2. C. andersoni Quantitative Standard
C. andersoni oocysts are not commercially available and were obtained from Dr. Norma
Ruecker who shipped them from the University of Calgary, Alberta, Canada. Since there was a
limited amount of oocysts, C. andersoni DNA had to be used as a positive control. The
concentraton of C. andersoni oocysts (1240 oocysts/µL) was determined by using a
haemocytometer (4 replicates) under an Olympus optical fluorescence microscope (100X
magnification). DNA extraction (10 µL from stock solution) was performed as described in
section 2.6.2. DNA from the stock solution was diluted 5-fold and used to prepare a standard
curve in Real-Time PCR assays for C. andersoni/muris.
2.7.3. Real-Time PCR Conditions
After DNA extraction, 100 L of DNA extract was available for analysis via Real-Time
PCR. Of the 100 L, 10 L was used for each PCR assay in order to maximize the number of
samples being analyzed. Due to the fact DNA other than that of Cryptosporidium may be
present, the DNA concentration of samples was not measured. Each PCR run consisted of master
mix made up of 2X TaqMan® Universal Master Mix (Applied Biosystems, Carlsbad, California),
0.5 µM each of forward and reverse primers (InvitrogenTM), 0.176 µM of probe (Applied
BiosystemsTM) and 10 µL DNA extract. The thermocycler (Mastercycler® Eppendorf Realplex,
Hamburg, Germany) conditions were 50 oC for 2 min, 95 oC for 10 min, and 40 cycles of 95 oC
for 15 sec and 59 oC for 1 min.
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2.7.4. Oocyst Recovery Experiments Using PCR Differentiation Method
In order to validate the performance of the PCR Differentiation Method, a recovery study
was performed using Envirochek and IDEXX Filta-Max filters. Recovery studies allow an
assessment of losses associated with filtering, IMS, DNA extraction and PCR. The objective for
conducting recovery experiments was to determine the percent recovery of C. parvum oocysts in
both deionized water and an environmental water sample collected from Humber River
(Etobicoke, Ontario, Canada). Although Envirochek filters are expensive, these filters are
simple to use and consist of a housing built into the capsule and thus require no assembly or
elution equipment. IDEXX Filta-Max filters are less expensive but these filters require
separate housing and elution equipment. Since both filters have advantages and are approved for
use in US EPA methods, both filters were incorporated in this study. A 20 L carboy (SigmaAldrich, St. Loius, Missouri, USA) was filled with 20 L of deionized water and placed on a
magnetic stirrer. A stir bar was inserted into the carboy, along with 20 L of C. parvum oocysts
from stock solution of approximately 1.0 x 103 /µL C. parvum oocysts (Hyperion Labs, Medicine
Hat, Alberta, Canada). Water was stirred for half an hour prior to filtering. The concentration of
oocysts was approximately 1.0 x 10 4 oocysts/10 L. For each filter, 10 L of water (as
recommended by the US EPA 1623 method) was used. However, in some cases, 10L of water
could not be filtered due to insufficient power supplied by the peristaltic pump. The procedure
for validating oocyst recovery was identical for deionized water and Humber River water. For
each PCR run for deionized water, 10 L of 1.0 x 104 C. parvum oocysts was subjected to DNA
extraction and used as a positive control throughout the recovery study. For Humber River water,
only one positive control was used. Results from oocysts recovered from the positive control for
each PCR run would indicate how much loss is associated with filtration and IMS, since both the
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positive control and water samples were subjected to the same DNA extraction procedure for the
PCR Differentiation Method. Similarly, a total of 1.0 x 104 C. parvum oocysts was spiked during
the IMS step only, to determine the loss associated with the IMS procedure for this method. An
IMS spike was performed once for deionized water and 3 times for all Humber River samples.
Two negative controls were also performed using only deionized water and antiCryptosporidium beads. There was no negative control using Humber River water and antiCryptosporidium beads. The negative control experiments had undergone IMS and DNA
extraction prior to PCR analysis.
All filtrations were run in duplicates of two 10 L samples from a single 20 L carboy
containing C. parvum spiked water. In total, 7 sets of duplicates were run. The duplicates were
set up to maximize direct comparison within a filter and between both filters used. Each of the 7
experiments was treated as a different sample in order to achieve at least 3 replicates for each
filter. By determining the percentage of oocysts recovered based on filtration, IMS, DNA
extraction and PCR, the results for this recovery study would indicate how well suited the
performance of the PCR Differentiation Method is for conducting Cryptosporidium detection
and quantification experiments using environmental samples.
2.7.5. Statistical Analysis
Statistical analysis for all recovery experiments included calculating average percent
recovery of oocysts for deionized and Humber River water samples, along with determining
standard deviation. The relative standard deviation (RSD), is the standard deviation of replicate
samples divided by the mean and multiplied by 100%. The RSD value is expressed as a
percentage. The Student’s t-test was used to determine statistically significant difference between
the average percent recoveries for Envirochek versus IDEXX Filta-Max filters.
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2.8. Results

2.8.1. Real-Time PCR Results for C. parvum/C. hominis and C. andersoni/C. muris Primer
and Probe sets.

Real-Time PCR was used to confirm primer and probe sequences used for C. parvum/C.
hominis would only detect C. parvum/C. homins and primer and probe sequences specifically
designed for C. andersoni/C. muris would only detect C. andersoni/C. muris. Results include
Figure 2A, which displays positive amplification for the hsp70 gene of C. andersoni and C.
muris, whereas no amplification was observed for that of C. parvum, C. hominis, and C.
meleagridis using the C. andersoni primers. Based on these data, the C. andersoni/muris primers
designed in this study were specific for C. andersoni/C. muris with no cross-reaction to C.
parvum, C. hominis, and C. meleagridis. The quantifications of Cryptosporidium species for
these primer/probe sets were not determined. The purpose for the primer/probe set experiments
were solely for determining whether these primers and probes could be used to detect species of
Cryptosporidium of interest, without having non-human infectious sources of Cryptosporidium
cross react with human infectious sources of Cryptosporidium using Real-Time PCR.
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Figure 2: A) Detection of C. andersoni and C. muris Using C. andersoni HSP70 Primer and
Probe Sets. B) Detection of Cryptosporidium Species Using C. parvum/C. hominis HSP70
Primer and Probe Sets. The X-axis represents the number of PCR cycles. The Y-axis represents
fluorescence of the reaction. The dark green line represents the negative control.The red line is
the cycle threshold. C. parvum (1x106 oocysts/µL), C. hominis (1x107 oocysts/µL) and C.
meleagridis (1x107 oocysts/µL) were not detected in (A). C. muris (1x106 oocysts/µL) and C.
andersoni (1.24x104 oocysts/µL) were not detected in (B). There was 10 µL of each
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Cryptosporidium species used with the exception of C. hominis. Only 1 µL of C. hominis
genomic DNA was used.
Similarly, Figure 2B illustrates that C. andersoni and C. muris were not detected using
the C. parvum/C. hominis primer and probe set. Positive detection was only evident for C.
parvum/C. hominis and C. meleagridis. These experiments were repeated once again using the
same procedure as the previous experiment described. Results showed that only C. andersoni
and C. muris were detected when using C. andersoni primers and C. parvum, C. hominis and C.
meleagridis were only detected using C. parvum/hominis primers.
2.8.2. Oocyst Recovery Study
Deionized water and surface water samples collected from the Humber River, Etobicoke,
Ontario, Canada were used to perform a recovery study using Envirochek and IDEXX FiltaMax filters. Results of oocyst recovery experiments are summarized in Table 2. Percent
recovery was determined by comparing oocysts recovered from deionized and Humber River
water samples to that of oocysts recovered from a positive control (described in section 2.7.4.).
The average C. parvum oocyst percent recovery for Envirochek filters (13.4% 7.8%) was
lower than that of IDEXX Filta-Max filters (29.9% 31.2%) in deionized water. However, the
average percent recovery of oocysts for Envirochek filters (12.1% 6.5%) was higher than that
of IDEXX Filta-Max filters (7.3% 3.6%) in Humber River water samples. Taking into
accounting all oocyst recovery experiments performed, the average percent recovery of all
Envirochek filters was 12.8% 6.0% and 20.2% 25.5% for all IDEXX Filta-Max filters.
Although there was 0% recovery of oocysts for two samples using the IDEXX Filta-Max filter,
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after performing the Student’s t-test, the difference in percent oocyst recovery for both filters is
not statistically significant.
The US EPA Method 1623, a standard method that is similar to the PCR Differentiation
Method, provides performance criteria in addition to percent recovery for analysis of
Cryptosporidium in water. Therefore, the relative standard deviation (RSD) of the recovery rates
was included in this study in which the standard deviation is divided by the mean percent
recoveries. The RSD for Envirochek filters (58.5%) was lower than that of IDEXX Filta-Max
filters (104%) in deionized water. Similarly, the RSD for Envirochek filters (30.2%) was lower
than that of IDEXX filters (125.8%) in Humber River water samples. Lastly, the overall average
recovery for all experiments using deionized water (21.6% 22.9%) was higher than that of
Humber River samples (9.7% 5.4%). All average percent recoveries fell within the accepted
range (13%-111%) for Cryptosporidium determined by US EPA Method 1623 (2005), with the
exception of the IDEXX Filta-Maxfilter in Humber River Samples. The RSD for all average
oocysts percent recoveries in deionized water did not fall within the accepted (55%) maximum
RSD (US EPA Method 1623, 2005). However, all average oocysts percent recoveries in Humber
River samples, with the exception of the IDEXX Filta-Maxfilter, did fall within the accepted
range.
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Table 2: Recovery of C. pavum Oocysts from Deionized and Humber River Water Samples.
Deionized Water Samples
Duplicate Set
1
Positive Control
2
Positive Control
3
Positive Control
4

Filter
Envirochek
Envirochek

Volume
10
10

Envirochek
IDEXX Filta-Max

10
2

IDEXX Filta-Max
IDEXX Filta-Max

2
2

Envirochek
IDEXX Filta-Max

10
2

Positive Control
Average Recovery (n=8)
Average Recovery Envirochek (n=4)
Average Recovery IDEXX Filta-Max(n=4)
Average Recovery Positive Control (n=4)
IMS Spike (n=1)
Humber River Samples
5
10
Envirochek
2
IDEXX Filta-Max
IMS Spike
6
10
Envirochek
2
IDEXX Filta-Max
IMS Spike
7

Envirochek

10
2

% Recovery
7.4
6.6
20.7
23.0
35.8
1.0
71.2
12.7
6.1
16.6
0
22.8
21.6±22.9 (RSD=105.6)
13.4±7.8 (RSD=58.5)
29.9±31.2 (RSD=104.4)
11.1±7.9 (RSD=71.1)
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12.0
9.7
40.4
15.8
0
36.4
8.5
12.3
18.7
9.7±5.4 (RSD= 55.4)
12.1±3.6 (RSD=30.2)
7.3±6.5 (RSD= 125.8)
31.8±11.5(RSD=36.3)
22.8

IDEXX Filta-Max
IMS Spike
Average Recovery (n=6)
Average Recovery Envirochek (n=3)
Average Recovery IDEXX Filta-Max (n=3)
Average Recovery IMS Spike (n=3)
Positive control (n=1)
Deionized and Humber River Samples
Average Recovery for Envirochek Filters (n=7)
12.8±6.0 (RSD=42.5)
Average Recovery for IDEXX Filta-Max Filter (n=7)
20.2±25.5 (RSD=125.8)
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2.9. Discussion
The PCR Differentiation Method was developed to detect and differentiate humaninfectious and agricultural Cryptosporidium species in environmental samples using Real-Time
PCR. This method can detect and quantify C. parvum/C. hominis/C. meleagridis as a group, C.
andersoni/C. muris as a group, along with Giardia lamblia. A study by Burnet et al. (2013) also
developed specific primers and a TaqMan probe specific for the detection of C. parvum/hominis
and C. andersoni (Chapter 1). C. andersoni oocysts infect cattle and are thus likely to be found in
agricultural areas. C. andersoni oocysts are introduced in watersheds as a result of fecal inputs or
manure application with subsequent transportation of fecal matter through runoff due to rain
(Ruecker et al., 2007). Real-Time PCR used in the PCR Differentiation Method allows for direct
quantification of (oo)cysts in environmental samples, without any post analysis that would
otherwise be required for procedures such as PCR-RFLP or DNA sequence analysis.
Furthermore, the method can be used in any laboratory and can be used for the quantitative
detection of other organisms. It is not limited to the detection of Cryptosporidium species and
genotypes. Cryptosporidium DNA sequences, along with sequences of other organisms of
interest can be found in public databases and primers and probes can be designed based on the
target sequence, The PCR Differentiation Method can efficiently be used to analyze hundreds of
samples and avoids the need for any gels or blots to be used, which can be time consuming and
laborious. Finally, the method can also be used to address issues regarding the detection of
mixed species/genotypes and single oocysts in environmental samples, which require sensitive
PCR-based techniques (Smith & Nichols, 2010). Since it is possible that multiple
species/genotypes can be present in a single sample, it would be useful to determine all
species/genotypes that are present for source tracking purposes.
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The PCR Differentiation Method was used to conduct oocyst recovery experiments.
Detection methods for the analysis of Cryptosporidium in water samples, however, typically
result in low and variable recoveries (Kimble et al., 2013). Experiments were conducted to
determine the average percent recovery of C. parvum oocysts from Envirochek and IDEXX
Filta-Maxfilters. The accepted mean recovery for Cryptosporidium is between 13% and 111%
(US EPA Method 1623). In our experiment, the average percent recovery of oocysts with C.
parvum being spiked into deionized water samples (21.6% 22.9) was higher than that compared
to Humber River samples (9.7% 5.4). IDEXX filters gave a higher average percent recovery of
C. parvum oocysts (29.9%) than Envirochek filters (13.4%) for deionized water samples,
whereas Envirochek filters had a higher percent recovery (12.1%) than IDEXX Filta-Max
filters (7.3%) in Humber River samples.
Feng et al. (2003) spiked oocysts in reagent water and determined oocyst recovery rates
via filtration, IMS and FA staining using US EPA Method 1622. The oocyst recovery after FA
staining was 98.3%. The recovery after IMS and FA staining was 95.1% and 14.4% after
filtration, IMS and FA staining. Thus, there is a significant reduction in oocys recovery
following filtration using Envirochek filters. Kible et al. (2013) performed recovery experiments
based on the US EPA Method 1623 (using Envirochek filters) and reported an average
Cryptosporidium recovery of 55% using reagent water and less than 30% for that of source water
samples. The study only used Envirochek filters, not IDEXX filters. Thus, comparing the results
from this study to that conducted by Kible et al. (2013) showed lower Cryptosporidium
recoveries in reagent water (13.4%) and surface water (12.1%). Lastly, Adamska et al. (2012)
performed recovery experiments from spiked distilled water and lake water using TaqMan RealTime PCR. Following filtration (using IDEXX filters) and concentration according to the US
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EPA Method 1622, DNA extraction and PCR were performed. The study reported 8.25% oocyst
recovery from distilled water and 11.38% recovery from lake water. The results from this study
using the PCR Differentiation Method were closer to results reported by Adamska et al. (2012).
Recovery from this study using deionized water was 29.9%, which was higher than that reported
by Adamska et al. (2012) and 7.3% in surface water, which was slightly lower. However,
recoveries using IDEXX filters had inconsistent volumes of sample and there were complications
during filtration. However, it is evident from the results in this study and those found in literature
that oocyst recovery is variable and there is a reduction in oocyst recovery following filtration.
Environmental samples contain other materials, which may interfere with oocyst
recovery from filters during IMS and thus preventing oocysts from not binding to Dynal beads
(Garces-Sancez et al., 2009). A study by Hu et al. (2004) stated that during the filtration
procedure (as followed by US EPA Method 1623), there is a significant decrease in the recovery
level of C. parvum oocysts. Hu et al. (2004) also stated that when large particles are present or
when there are too many particles in a sample, it becomes difficult to elute these particles. As a
result, particles that remain intact to the filter can affect the recovery efficiency.
There were problems with inconsistent volumes of 2 L being collected for IDEXX FiltaMax filters, due to equipment complications. These are further discussed in experimental
limitations. Recovery for environmental samples can be as low as 10% (US EPA 1623). The
percent oocysts recovered were in the accepted range. All average percent oocysts recovery
experiments conducted were in the accepted range, except for the average percent recovery for
IDEXX Filta-Max filters used for the Humber River water samples. However, the RSD for
deionized water and the IDEXX Filta-Max filter for the Humber River sample did not meet the
accepted criteria. The volume collected for the Humber River and deionized water samples for
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IDEXX Filta-Max filters ranged from 0-2 L, which was considerably less than the 10 L
recommended by the manufacturer. The low volume may have led to the unacceptably high RSD
observed in deionized water. Insufficient power from the peristaltic pump may have caused
water in the housing for the IDEXX filter to pool, preventing water from flowing through the
filter at a consistent speed. This may also have contributed to high RSD values observed in
deionized water.
There are limitations to this study and Cryptosporidium studies in general that need to be
noted and addressed. For these experiments, the flow rate for IDEXX filters was slow at 1 L/hr,
whereas the recommended rate is 1-2 L/min. A slow flow rate caused water to collect and pool
around the filter instead of passing through it, making it difficult for the filter to capture C.
parvum oocysts. This was apparent in both deionized water samples and Humber River samples,
as there was no detection of spiked oocysts by Real-Time PCR. Thus for consistency purposes,
only 2 L of water were filtered for each recovery experiment. For future experiments using
IDEXX filters, a peristaltic pump that can provide enough power for a consistent flow rate is
recommended.
C. parvum oocysts used for recovery experiments were 12 months old. Garces-Sanchez et
al. (2009) reported that aged oocysts may have interfered with oocysts binding to Dynal beads,
as it is possible that the oocyst wall degraded over time. Thus, it is important to use fresh oocysts
when possible to prevent degradation and recover as many oocysts as possible during IMS.
Another limitation to this study was the volume of DNA collected after DNA extraction.
There was only 100 L of DNA extracted from each sample. The 100 L amount was chosen
according to Qiagen DNA extraction kit (Qiagen Toronto, Ontario, Canada). The volume of
DNA (10 L) was chosen to maximize the use of the entire 100 L sample. Analyzing only 10%
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of the sample posed challenges in detection of oocysts in environmental samples. The US EPA
Method 1623 in comparison uses microscopy to analyze the whole pellet formed from samples,
thus taking the entire sample into account. Furthermore, analyzing 10% of the sample in each
PCR assay increases the detection limit by 10-fold. The detection limit cannot be increased any
further, due to the fact that oocysts were present in low numbers. Filtering a larger volume of
water sample or 10 times as much sample would not compensate for the maximum analysis of
the sample, because only 10% of the sample is being analyzed for each PCR. In addition,
increasing the volume of water samples contributes to labour costs associated with sampling, as
it takes longer to collect a larger volume of water. Sampling complications can also arise, where
there can be equipment failure, presence of various materials in water that can clog filters and
weather conditions may be unsuitable for sampling. Filtering larger volumes is not always
feasible for these reasons.
The PCR differentiation method was developed using Real-Time PCR that will be used
to detect and quantify Cryptosporidium spp. with important impact on public health and
differentiate those from agricultural sources. Each PCR assay consists of specific primers and
probes, pertaining to the group of Cryptosporidium species of interest. Thus, there will be a PCR
assay for C. parvum/C. hominis and another one for C. andersoni/C. muris. Detecting separate
groups of species is another advantage of using Real-Time PCR over other genotyping
techniques such as RFLP and DNA sequencing, which cannot be used to target groups of
species. To validate the method, environmental water samples will be collected in the field to
determine whether human infectious and agricultural sources of Cryptosporidium species can be
detected.
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3.0. Detection of C. parvum/C.hominis, C. andersoni/C. muris and Giardia lamblia in
Environmental Water Samples Using PCR Differentiation Method

3.1. Abstract
Environmental water samples were taken from 5 different locations across the
Kitchener/Waterloo region from April 2010-February 2011. The PCR Differentiation Method
was used to detect human infectious and agriculturally important species of Cryptosporidium and
Giardia. C. parvum/C.hominis and C. meleagridis were detected at the Waterloo Wastewater
Treatment Plant (WWTP) and near the Kitchener drinking water intake in September. Giardia
lamblia was detected at several sites from September-January. C. andersoni/muris was detected
from June-February at sites that were subjected to agricultural practices only. Increased numbers
of (oo)cysts were observed during the fall when there was frequent rainfall. Overall, the PCR
Differentiation Method performed as expected by successfully detecting and quantifying the
presence of C. andersoni/C. muris at agricultural sites only, along with C. parvum/hominis and
C. meleagridis at multiple sampling locations.
3.2. Introduction
C. parvum and C. hominis are protozoan parasites that cause gastrointestinal disease in
humans (Carey et al., 2004). Although not all Cryptosporidium species represent a threat to
humans, it is important to determine which groups of Cryptosporidium species are human
infectious versus those that are not. Current detection methods based on microscopy and IFA are
unable to differentiate between these groups of Cryptosporidium. Both Cryptosporidium and
Giardia parasites are zoonotic. C. parvum, along with C. andersoni and Giardia species infect
animals such as cattle, which may excrete a high number of (oo)cysts for weeks (McAllister et
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al., 2005). Giardia is a parasite pathogenic to humans and causes diarrheal illness known as
giardiasis. There are multiple ways in which Giardia can be spread, however, similar to
Cryptosporidium, drinking and recreational water are the most common sources of transmission.
Giardia, like Cryptosporidium has a tough exterior wall, making it resistant to common methods
of water treatment, such as chlorination. According to Health Canada, Cryptosporidium oocysts
appear to be less prevalent than Giardia cysts in Canadian surface waters (http://www.hcsc.gc.ca/ewh-semt/pubs/water-eau/protozoa/chap_8-eng.php). Outbreaks of both
Cryptosporidium and Giardia have been attributed to agricultural effluents from livestock
(McAllister et al., 2005).
In this study, surface water samples were collected from areas exposed to urban and
agricultural practices, which represent human and animal sources for Cryptosporidium and
Giardia species in the Kitchener/Waterloo region. Samples were processed using the PCR
Differentiation Method, as described in Chapter 2, in which (oo)cysts were recovered via IMS.
DNA was extracted and purified using the Qiagen Qiagen DNeasy® Tissue kit (Qiagen Inc.,
Toronto, Ontario, Canada). Detection and quantification of Cryptosporidium and Giardia were
determined by Real-Time PCR, using the PCR Differentiation Method. Separate PCR assays
with specific primers and probes were set up for the detection of C. parvum/C. hominis, C.
andersoni/C. muris and Giardia lamblia. It was hypothesized that C. andersoni/C. muris oocysts
would only be found at agricultural sites. C. parvum/hominis, along with Giardia were likely to
be detected at urban sites, but may also be detected at agricultural sites. Another hypothesis was
that rainfall would increase the prevalence of (oo)cysts in the surface water samples.

67

3.3. Kitchener/Waterloo Field Sites

A total of 5 sampling locations were chosen in Kitchener/Waterloo, surrounding the
Grand River Watershed (Figure 3). The farthest downstream sampling site was near the
Kitchener drinking water intake (DWI), an urban source located by a drinking water facility and
surrounded by residential and industrial areas (Site #1). Agricultural areas also surrounded this
site further downstream. The river near the outlet from the Waterloo Wastewater Treatment Plant
(WWTP) was the second sampling location and was located upstream from the Kitchener DWI
(Site #2). The WWTP outlet was another urban source and is also surrounded by residential and
industrial areas. Conestoga River is an agricultural site located upstream from the WWTP (Site
#3). Cattle, sheep and geese were present at farms surrounding Conestoga River. Canagagigue
Creek was another agricultural site located upstream of Conestogo River (Site #4). Cattle were
also present near this site. The last agricultural site was Grand River North, which was located
furthest upstream from all other sites (Site #5). Conestogo River, Canagagigue Creek and Grand
River North are all areas surrounded by cattle and other animals and are this subjected to manure
application and spreading, which can leach into surface waters. The sample sites chosen for this
study represented possible areas where Cryptosporidium and Giardia (oo)cysts would be found.
The fact that each site was located upstream of the previous site would allow for distribution of
(oo)cysts to be observed as a result of runoff due to rainfall.
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Figure 3: Sampling Sites in Kitchener/Waterloo
*Star symbols represent exact locations of each sampling site. In order from furthest downstream
to upstream: (1) Kitchener drinking water intake facility, (2) Waterloo Wastewater Treatment
Plant (WWTP), (3) Conestogo River, (4) Canagagigue Creek and (5) Grand River North.
3.4 Environmental Sample Collection
Water samples were collected once every 2 weeks from the five different sites in the
Kitchener/Waterloo region, Ontario, Canada. Water samples were passed through Envirochek®
(Pall Corporation, Mississauga, Ontario, Canada) or IDEXX (Filta-Max™, Westbrook, Maine,
USA) filters. For these filters, a minimum of 10 L of volume at a flow rate of 1 L/min was
required. Samples were filtered at each site using a Masterflex peristaltic pump (Cole-Parmer
Canada Inc., Vernon Hills, Illinois, USA). However, depending on weather conditions and field
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equipment, a volume of 10 L was not always achieved. After filtration, filters were stored in
sealed plastic bags in an ice filled cooler in the field and transported to the laboratory. Filters
were stored in laboratory at 4 oC until analysis, which took place within 24 hours. A total of 69
samples were collected from April 2010-February 2011. Samples were marked and it was noted
when rainfall had occurred, either on sampling days or 48 hours prior to sampling. Furthermore,
rainfall data was collected from the Kitchener/Waterloo station listed on the Environment
Canada website (http://climate.weather.gc.ca/index_e.html) by date.
3.4.1. Sample Processing
The US EPA Method 1622 was used for sample concentration, filter elution and IMS.
Processing of samples took place within 24 hours of sample collection. IDEXX filters were
inserted into the filter housing, the housing was then placed in the IDEXX Filta-Max xpress®
system, which uses air pressure to force elution buffer through the filter. The 1-L elution buffer
consisted of Super Q water, Tween 20 and Phosphate Buffered Saline (Sigma-Aldrich, Oakville,
Ontario, Canada). Eluates were collected in sterile conical 500-mL centrifuge tubes and
centrifuged at 1500 x g for 15 min. Pellets were suspended in reagent water and transferred into
L10 tubes and purified by IMS.
For the Envirochek filters, Cryptosporidium oocysts and Giardia cysts were eluted
according to manufacturer’s instructions. Briefly, residual sample water in Envirochek® filters
was emptied into 500-mL collection centrifuge tubes. The filter was then filled with enough
elution buffer to cover the top of the filter (approximately 50 mL) and attached to a laboratory
shaker. All Envirochek® filters were placed in the 12 o’clock position in the shaker at maximum
speed for 5 min. The filters were then emptied into labelled collection tubes. This process was
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repeated at the 4 o’clock and 8 o’clock position to ensure all ends of the filter were shaken to
collect maximum eluate.
All collection tubes were centrifuged (Heraeus centrifuge, Thermo Scientific at 25OC) at
1500 x g for 15 minutes. Oocysts, along with environmental debris were concentrated into a
pellet at the bottom of the collection tube. The supernatant was removed from each tube using a
sterile 25-L pipette. The pellet was then resuspended in remaining supernatant by vortexing and
transferred to an L10 tube. The sides of the centrifuge tube were rinsed twice with half the
remaining volume of reagent-grade water, and each of the wash volumes was transferred to the
same L10 tubes.
Immunomagnetic separation (IMS) was performed using the Dynabeads antiCryptosporidium kit (Dynal Biotech Inc.) as per manufacturer’s instructions. Briefly, each
sample was added to an L10 tube that consisted of 1 mL of 10X SL-buffer A and 10X SL-buffer
B (Dynabeads anti-Cryptosporidium kit). After adding 100 L of each of anti-Cryptosporidium
and anti-Giardia beads (Dynabeads anti-Cryptosporidium kit), L10 tubes were secured on a
rotating mixer and mixed at 18 rpm for 1 h at room temperature.
After 1 h, all L10 tubes were placed in a magnetic particle concentrator (MPC®-6). The
flat side of the tube was placed towards the magnet. Sample tubes were rocked by reciprocal
motion at 90o for 2 min (one tilt/min). The supernatant from each sample (while still attached to
the MPC) was discarded into a waste container with bleach. Any supernatant that settled was
aspirated using a pipette. All sample tubes were then removed from the MPC and each sample
was resuspended in 0.5 mL 1X SL-buffer A (Dynabeads anti-Cryptosporidium kit). The
suspension was transferred into a 1.5 mL microcentrifuge tube. Samples were subjected to 0.5
mL of 1X SL-buffer A (Dynabeads anti-Cryptosporidium kit) two more times, for a final volume
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of 1.5 mL for each sample. Microcentrifuge tubes were then placed in a second MPC (MPC®M). The MPC®-M was rocked back and forth a total of 180 o for 1 min (1 tilt/sec). The
supernatant was aspirated immediately and poured into a waste container containing bleach.
Cryptopsoridium oocysts and Giardia cysts were dissociated from the magnetic beads by
adding 50 L of 0.1 N HCl. The tubes were vortexed for 50 sec at the highest setting. The tubes
were placed back in the MPC®-M and held at a vertical position for 10 min at room temperature.
The tubes were then vortexed again for 30 sec and placed back into the MPC®-M. The
supernatant was removed with a pipette and transferred into a labelled microcentrifuge tube
containing 5 L of 1.0 N NaOH. The acid-dissociation step was repeated once more to yield a
total suspension of 100 L containing (oo)cysts removed from the Dynal beads. To each
microcentrifuge tube, 750 L of ATL lysis buffer was added. Samples were either stored in the
freezer or immediately subjected to DNA extraction and purification.
3.4.2. DNA Extraction
Oocyst samples frozen after IMS were thawed at room temperature prior to the freezethaw procedure, followed by DNA extraction as described in Chapter 2. Briefly, after thawing,
25 L of proteinase K (provided with the Qiagen DNeasy® Tissue kit) was added to each sample
in a 1.5-mL microcentrifuge tube, and incubated for 1 h ± 5 min at 55±3C in a heat block.
Samples were subjected to five freeze-thaw cycles (1 min in liquid nitrogen and 3 min in
65±5C waterbath). Samples were then transferred to spin columns and purified by adding 750
µL of Buffer AW1 and Buffer AW2 (provided with the Qiagen DNeasy® Tissue kit) to the spin
column. Lastly, DNA was eluted in 100 µL of AE Buffer (provided with the Qiagen DNeasy®
Tissue kit), labelled and stored at -20C ± 5C.
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3.5. Quantitative PCR
3.5.1. Real-Time PCR Conditions
Real-Time PCR conditions were identical to that listed in Chapter 2. All primers and
probes for Cryptosporidium and Giardia are listed in Table 1 (Chapter 2).
A separate 96 well PCR plate with optical film was used for Giardia, C. parvum/hominis
and C. andersoni. Each PCR well for each plate contained DNA, primers and a probe specific for
Giardia, C. parvum/hominis and C. andersoni. Each PCR plate had at least one template-free
control, consisting of SuperQ water in place of DNA extract, and positive controls, which were
reference standards as described in Chapter 2 for C. parvum/hominis and DNA for C. andersoni.
For a description of Giardia reference standards, see Appendix B.
3.5.2. Standard Curve for Real-Time PCR
The determination of the number of (oo)cysts present in a sample by quantitative RealTime PCR is accomplished by comparison to a standard curve consisting of DNA at various
known concentrations. In order to accomplish this, prepared plasmids from the MOE laboratory
(as described in Chapter 2) were serially diluted. The HSP plasmid standard contained a partial
hsp70 gene fragment, which was to be amplified by primers designed for Cryptosporidium
species. Similarly, Giardia plasmid standards consist of an insert of the amplified region of the
EF1A gene (refer to Appendix B). Each standard curve consisted of a minimum of 4
concentrations of either HSP or Giardia plasmids. These same plasmids were also used as
positive controls. The plasmids were developed and maintained by the MOE.
For C. andersoni, no plasmid was available. Therefore, oocysts (exact strain was
unknown) were obtained from Dr. Norma Ruecker, Department of Microbiology and Infectious
Diseases, University of Calgary, Alberta, Canada. Oocysts were purified by CsCl flotation and
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suspended in 0.05% (v/v) Tween 20™ with antibiotics including penicillin, streptomycin,
gentamicin and amphotericin B. The concentration of oocysts in the 200 L stock solution was
determined to be 1.24x103/L oocysts by performing a hemocytometer count (100x
magnification, 4 replicates).
3.5.3. PCR Inhibition Tests
For every water sample tested, an inhibition test was performed to assess the extent of
PCR inhibition present in the DNA extract. To determine whether inhibitors were present,
Giardia plasmid was added to all DNA extracts on its own PCR plate, in addition to Giardia
master mix. Thus, positive amplification should be observed for every DNA extract. DNA
extracts that did not display positive amplification or had a reduced signal compared to the
control were considered to contain inhibitors. If a sample had inhibitors present, the effect of the
inhibitor was reduced via serial dilution (2-fold to 8-fold). There were no samples that displayed
the presence of inhibitors beyond an 8-fold dilution.
3.6. Results for Environmental Water Samples Collected from Kitchener/Waterloo
Sampling Sites Using PCR Differentiation Method.
After developing the PCR Differentiation Method in the laboratory, it was important to
determine whether the method could successfully detect and quantify Giardia and
Cryptosporidium species in environmental water samples. Thus, samples were collected from the
Kitchener/Waterloo region. Sample sites in this region are influenced by fecal pollution due to
agricultural practices and various animals and wildlife. Samples collected near agricultural sites
were expected to be positive for C. andersoni/muris, C. parvum and Giardia. Samples were also
collected near a wastewater treatment plant to determine whether C. parvum/hominis would be
detected. The following results illustrate samples collected from 5 different sites in the
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Kitchener/Waterloo region, two of which were from urban sources and three from agricultural
areas (See Figures 4-8).
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Figure 4: Number of Giardia lamblia, C. parvum/hominis and C. andersoni (oo)cysts
detected at the Kitchener drinking water intake (Site #1) over 10 months.
The X-axis represents the date the environmental water sample was collected and Y-axis
represents the number of oocysts per 10L volume detected.

symbols indicate that rain had

occurred within 48 h prior to sampling. ∆ symbols represent rainfall on the day of sampling. ◊
symbols represent evironmental samples with less than 10 L of volume.  symbols represent
sample that were diluted due to the presence of inhibitors. On November 22, 40 L of water were
collected at this site. On December 6, only 6 L of water were collected. C. andersoni oocysts
were not detected at this site.
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Figure 5: Number of Giardia lamblia, C. parvum/hominis and C. andersoni (oo)cysts
detected at the Waterloo Wastewater Treatment Plant (Site #2) over 10 months.
The X-axis represents the date the environmental water sample was collected and Y-axis
represents the number of oocysts per 10L volume detected.

symbols indicate that rain had

occurred within 48 hours prior to sampling. ∆ symbols represent rainfall on the day of sampling.
◊ symbols represent evironmental samples with less than 10 L of volume.  symbols represent
sample that were diluted due to the presence of inhibitors. WWTP was not sampled on October 5
(indicated by X). Rain had occurred on September 3, where 9.6 mm of rain had occurred. Only 7
L of volume was collected on October 19. C. andersoni was not detected at this site.
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Figure 6: Number of Giardia lamblia, C. parvum/hominis and C. andersoni (oo)cysts
detected at the Conestogo River (Site #3) over 10 months.
The X-axis represents the date the environmental water sample was collected and Y-axis
represents the number of oocysts per 10L volume detected.

symbols indicate that rain had

occurred within 48 hours prior to sampling. ∆ symbols represent rainfall on the day of sampling.
◊ symbols represent environmental samples with less than 10L volume. Conestogo River was not
sampled on October 19 (indicated by X). Inhibition was observed for the December 6 sample,
where an 8-fold dilution was performed (indicated by ). C. parvum/hominis was not detected at
this site.
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Figure 7: Number of Giardia lamblia, C. parvum/hominis and C. andersoni (oo)cysts
detected at Canagagigue Creek (Site #4) over 10 months.
The X-axis represents the date the environmental water sample was collected and Y-axis
represents the number of oocysts per 10L volume detected.

symbols indicate that rain had

occurred within 48 hours prior to sampling. ∆ symbols represent rainfall on the day of sampling.
◊ symbols represent environmental with less than 10L volume. Inhibition was present for the
sample collected on January 4, where a 4-fold dilution was performed (indicated by ). Only 9 L
of volume was collected on December 6.
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Figure 8: Number of Giardia lamblia, C. parvum/hominis and C. andersoni (oo)cysts
detected at Grand River North (Site #5) over 10 months.
The X-axis represents the date the environmental water sample was collected and Y-axis
represents the number of oocysts per 10L volume detected.

symbols indicate that rain had

occurred within 48 hours prior to sampling. ∆ symbols represent rainfall on the day of sampling.
◊ symbols represent environmental samples with less than 10L volumes.  symbols represent
sample inhibition. Only 7 L of volume was collected on December 6 and January 25. Sample
was not collected on February 16. C. andersoni was not detected at this site.
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3.6.1. Cryptosporidium and Giardia Results in Kitchener/Waterloo Water Samples
Cryptosporidium and Giardia are pathogens that pose a risk to public health and require
constant monitoring in environmental surface and drinking water within the Kitchener/Waterloo
region. A total of 69 environmental water samples were collected from 5 different sites in the
Kitchener/Waterloo region, two of which were from urban sources and three from agricultural
areas. Although sampling took place during April 2010 and June-February 2011, anti-Giardia
beads were not added to samples for the detection of Giardia lamblia until June 29, 2010.
It was hypothesized that rainfall would increase the prevalence of Cryptosporidium
oocysts and Giardia cysts, especially during the fall when rainfall events are common. Intense
rain showers occurred on September 2-4 (40 mm total) and on November 16 (26.6 mm). Figure 4
displays the results at the Kitchener drinking water intake (Site #1), which is located furthest
downstream from all other sampling sites at which C. parvum/hominis, and possibly C.
meleagridis (genetically similar to C. parvum/hominis) and Giardia lamblia were detected. C.
parvum/hominis (30 oocysts/10 L) was detected only during September. Rain had occurred 48 h
prior to sampling and on the day the sample was collected. Giardia lamblia was detected
throughout the fall and winter from October to January. There were 25 Giardia cysts/10 L
detected on October 5, followed by 15 cysts/10 L on October 19, 20 cysts/10 L on November 9,
47 cysts/10 L on November 22, 11cysts/10 L on December 6 and 1 cyst/10 L on January 25.
Rain showers occurred one week prior to sampling on November 22, when the highest number of
Giardia cysts (47 cysts/10 L) was detected at this site.
Similar results were found at the WWTP (Figure 5), which is upstream from the site near
the Grand River in Kitchener. C. parvum/hominis was present at WWTP on September 8 (1411
oocysts/10 L). Giardia was also present on September 8 (7 cysts/10 L), October 19 (23 cysts/10
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L), November 22 (33 cysts/10 L), December 6 (73 cysts/10L) and January 25 (109 cysts/10 L).
Only 1 L of sample was collected on August 24, due to the fact that the flow of water was too
fast, which caused more air to be collected than water. The low volume collected may have been
insufficient for Cryptosporidium or Giardia detection at the WWTP. Since Cryptosporidium and
Giardia are typically found in low numbers, it is important to collect a sufficient volume of
sample and 1L is below the recommended 10 L volume as described in US EPA Method 1623.
No sample was collected on October 5 and January 4 due to construction at the plant, which
restricted access to the sampling site. Only 7 L of sample was collected on October 19 (due to
housing and sampling complications). Thus, the decrease in volume was likely a limiting factor
in detecting Cryptosporidium and Giardia. C. parvum/hominis/C. meleagridis was found at the
WWTP only on September 8 where 1411 oocysts/10 L were detected. There was rainfall 48
hours prior to and on the day of sample collection (4.2 mm), which may have contributed to a
high number of oocysts detected due to runoff from surrounding areas. The WWTP sample on
November 9 had a sludge-like consistency, which visually interfered with anti-Cryptosporidium
and Giardia beads binding to the magnetic particle concentrator (MPC) during IMS, thus
reducing recovery of oocysts and likely prevented detection of these pathogens (Garces-Sanchez
et al., 2009). Giardia lamblia was detected from September to January and the highest number of
cysts was found on January 25 (109 cysts/10 L). Heavy rain (8.6 mm) occured on January 4 and
may have contributed to the number of Giardia cysts found on January 25. As hypothesized, C.
andersoni/muris was not detected at the Kitchener drinking water intake and WWTP sites.
Giardia and C. andersoni/muris were detected at Conestogo River (site 3), a site exposed
to agricultural practices and located upstream of WWTP (Figure 5). No sample was taken on
October 19 due to construction which obstructed access to the site. C. andersoni/muris was
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found during various months including June, and July and through November to January. Heavy
rainfall occurred 48 h prior to and on the day of sampling on June 16 (16.2 mm) and caused high
turbidity at all sampling locations, except for Grand River North. C. andersoni/muris was present
on June 16 (4 oocysts/10 L). C. andersoni/muris was also present on July 13 (37 oocysts/10 L),
November 22 (2 cysts/10 L), December 6 (12 cysts/10 L) and January 25 (2 cysts/10 L). Giardia
was present on November 9 (16 cysts/10 L), November 22 (13 cysts/10 L) and December 6 (88
cysts/10 L). C. parvum/hominis/meleagridis was not detected at the Conestogo River sampling
site.
Figure 7 displays detection of Cryptosporidium and Giardia at Canagagigue Creek (site
4), another agricultural site located upstream of Conestogo River. C.
parvum/hominis/meleagridis was found in September (46 oocysts/10 L). C. andersoni/muris was
detected once during the winter months from December to February. Giardia was found on
August 24 (3 cysts/10 L), October 19 (10 cysts/10 L), November 9(6 cysts/10 L) and November
22 (9 cysts/10 L). C. anderson/muris oocysts were present on December 6 (6 oocysts/10 L),
January 4 (1 cyst/10 L ) and February 16 (9 oocysts/10 L). PCR Inhibition was detected in
samples collected on January 4. Thus, all samples collected on January 4th were diluted (4-fold
dilution), however no (oo)cysts were detected.
The last agricultural site (Site 9) and the furthest upstream from the urban site near the
Grand River in Kitchener, was Grand River North (Figure 8). No water sample was collected on
January 4 and February 16 because the river was frozen. C. parvum/hominis/meleagridis were
detected on September 8 (167 oocysts/10 L) and November 9 (20 oocysts/10 L). Giardia was
also detected on September 8 (4 cysts/10 L), November 22 (42 cysts/10 L) and December 6 (2
cysts/10L). C. andersoni/muris was not detected at Grand River North in any sample.
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3.7. Discussion
It is useful to determine the source from which Cryptosporidium species are introduced to
surface and drinking water, along with accurately identifying human infectious Cryptosporidium
species. In this study, Real-Time PCR was evaluated for the detection of C. parvum/hominis, C.
andersoni/muris and Giardia lamblia. Although C. andersoni/muris is non-infectious for humans
and are primarily found in cattle, their presence can be traced to agricultural sources. Thus,
samples were collected from urban and agricultural areas to determine the presence of
Cryptosporidium species, along with Giardia lamblia to determine whether the PCR
Differentiation Method from Chapter 2 using Real-Time PCR can be used for the purpose of
source tracking studies.
Agricultural versus Urban Sampling Locations
Presence of Cryptosporidium and Giardia In Urban Areas
The two urban areas that were sampled from during this study included the Kitchener
drinking water intake and the WWTP located in Waterloo. C. parvum/hominis/meleagridis and
Giardia were detected at both of these sites. However, C. andersoni/muris was not detected at
either urban sampling site. This supports the hypothesis that C. andersoni/muris is not likely to
be found within urban areas. C. parvum/hominis/meleagridis was detected once at each site in
September, coinciding with heavy rainfall which had occurred 5 days prior to sampling. Effluent
from the WWTP is a source of both C. parvum/hominis/meleagridis and Giardia. Surface water
was collected from the point where the water treatment outlet pours into the Grand River. The
Kitchener drinking water intake facility is downstream from the WWTP, where it is possible that
C. parvum/hominis/meleagridis detected at the drinking water intake was due to runoff or
effluent from WWTP. This suggests that there may be a correlation between rainfall and the
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presence of (oo)cysts. Other urban and agricultural sources could have also contributed to the
presence of these pathogens that are located upstream from the WWTP, that were not a part of
this study. It is also possible that faulty connections between sewage and storm drains exist,
causing sewage to contaminate surrounding surface water after heavy rainfall.
Detection of Cryptosporidium and Giardia was not evident throughout the spring and
summer seasons. Although sampling had occurred from April 2010 and June 2010 to February
2011, anti-Giardia beads were not added to samples for the detection of Giardia lamblia until
later in June (June 29). Therefore, it is possible that Giardia could have been present during
April and early June. During both sample collection dates in June, rainfall was evident prior to
sampling. As a result, there was high turbidity at Conestogo River and Grand River North. Rain
was also evident during during sample collection in July and August, causing high turbidity at
many sample sites. Overall, the dry spring and summer seasons may have contributed to the
absence of Cryptosporidium and Giardia. Furthermore, (oo)cysts may have been present in such
low numbers, that they were not detected in the sample volume collected.
Results obtained from the urban sampling sites in this study can be compared to results
found in literature. For example, a study conducted by Castro-Hermida et al. (2011) in Spain
collected influent and effluent samples in 2008-2009 from drinking water treatment plants
(DWTPs) and wastewater treatment plants (WWTPs) for detecting Cryptosporidium species
using PCR-RFLP by targeting the 18S SSU rRNA gene. Samples of between 25L and 100L were
collected using and processed using Filta Max Automatic Systems. IMS and detection was
carried out by the US EPA Method 1623. In the coastal area, 1 oocyst/L of Cryptosporidium was
found in the influent and effluent from 2 of 12 DWTPs. Cryptosporidium was also found in the
influent (1-25 oocysts/L) and effluent (1-36 oocysts/L) of 8 of 12 WWTPs, respectively.
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Furthermore, amplification of the 18S SSU rRNA gene showed that C. parvum was found in
neonatal calves and lambs and C. parvum and C. andersoni were both found in heifers within the
coastal area. C. hominis was also found in treated wastewater. For G. duodenalis, 1-2 cysts/L
were detected in the influent and effluent from 3 of 12 DWTPs and the influent (45-1260
cysts/L) and effluent (15-1507 cysts/L) at all 12 WWTPs (Castro-Hermida et al., 2011). For the
inland area, only C. parvum and C. andersoni were detected. Cryptosporidium oocysts were
detected in 9 of 12 and 7 of 12 of DWTPs influent (1-2 oocysts/L) and effluent samples (1
oocyst/L), respectively, and in 8 of 12 WWTPs influent (1-50 oocysts/L) and effluent samples
(1-120 oocysts/L), respectively. G. duodenalis was also detected in 7 of 12 and 4 of 12 influent
(1-3 cysts/L) and effluent (1 cyst/L) DWTP samples, respectively, and in all influent (2-10,000
cysts/L) and effluent (2-2145 cysts/L) WWTP samples (Castro-Hermida et al., 2011).
Cryptosporidium and Giardia were also found in urban sources at the WWTP in Waterloo for
this study. Furthermore, (oo)cysts were also found at the Kitchener drinking water intake.
Therefore, urban sites including DWTPs and WWTPs are areas where Cryptosporidium and
Giardia are likely to be detected and should be monitored regularly to prevent the public from
acquiring human cryptosporidiosis or giadiasis.
In another study, Liu et al. (2011) collected samples from wastewater treatment plants for
the detection of Cryptosporidium and Giardia using nested PCR targeting the 18S rRNA gene. A
total of 48 samples (600-800 mL) were collected from April 2009 to March 2010 from two
WWTPs located in Harbin, Heilongjiang Province, China. Samples were concentrated via
centrifugation and were followed by DNA extraction. Both plants (Plant W and Plant T)
discharge raw wastewater and effluents from slaughterhouses in the Harbin area. Of the 48
samples, 15 were positive for Cryptosporidium (14 were identified as C. andersoni and 1 was
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identified as C. ubiquitum) and 23 were positive for G. duodenalis. Overall, the prevalence of G.
duodenalis was higher than that of Cryptosporidium (Liu et al., 2011). Similarly, Giardia was
also detected more frequently at all sampling locations as compared to C. parvum/hominis for
this study. Lastly, it was observed that over four seasons, the average positive rates for
Cryptosporidium ranged from 8.3% to 25%, with a peak during spring. For G. duodenalis, the
rates ranged from 16.7% to 50%, with a peak during winter. Although there was no detection of
(oo)cysts during the spring and summer months in Kitchener/Waterloo environmental water
samples, detection of (oo)cysts was evident in the fall, which has been reported in the literature,
and also during the winter. Thus, it is important to monitor surface and ground water for
Cryptosporidium and Giardia all year round for public health safety.
Presence of Cryptosporidium and Giardia In Agricultural Areas
The agricultural areas that were sampled during this study included Conestoga River,
Canagagigue Creek and Grand River North. All agricultural sites for this study were surrounded
by farms, where cattle were present and manure application was evident during the spring and
summer seasons. C. andersoni/muris was found only at agricultural sampling sites, primarily
throughout the winter from December to January. The fact that C. andersoni/muris was found
during the winter indicates that sampling and monitoring of Cryptosporidium should be done
during all seasons. Although C. parvum/hominis/meleagridis were not detected during the winter
months at urban locations, their presence was found at agricultural sites. Thus, detection of C.
andersoni/muris oocysts can be used as an indicator to determine where C. parvum/hominis and
C. meleagridis may also be detected, which is a concern to public health and safety.
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C. andersoni/muris was also detected in June and July at Conestoga River. There was no
detection of C. andersoni/muris at Grand River North. Grand River North is a fast-flowing river
and it is possible that by the time a sample was collected from this location, C. andersoni/muris
oocysts may have travelled downstream. Another possible explanation as to why C.
andersoni/muris was not detected at Grand River North may be due to the presence of drainage
basins in the area, which remove excess water that could possibly contain oocysts. Furthermore,
during the winter, the sample location at the Grand River had a tendency of freezing over,
preventing samples from being collected, at which point C. andersoni/muris may have been
present. Although C. andersoni/muris was not found at the Grand River North location, it is
important to continue to monitor the area for Cryptosporidium species, as it is subjected to runoff
from lands subjected to agricultural practices including the presence of cattle or manure
application and surrounded by wildlife.
Based on the research conducted in this study, C. andersoni/muris was not detected at the
urban locations chosen for the study. This supports the hypothesis that its source can be traced to
cattle found at agricultural sites. Giardia was found at all agricultural sites, whereas C.
parvum/hominis, along with C. meleagridis was found at Canagagigue Creek and Grand River
North. Therefore, it is important to monitor agricultural areas for the presence of Giardia and
Cryptosporidium species, specifically those that pose a risk to public health.
There were heavy rain events that occurred during the fall and winter sampling periods
for this study. The presence of Giardia and C. parvum/hominis at agricultural areas may have
been due to runoff from urban sites further upstream from Grand River North that traveled
downstream due to rainfall and effluent. In fact, Giardia was detected predominantly during the
fall season and C. parvum/hominis/meleagridis was detected only in the fall (September 8),
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during which heavy rainfall was evident. With the exception of Conestogo River, C.
parvum/hominis/meleagridis was found at every site in September, during which heavy rainfall
had occurred a few days prior to sampling. This suggests that runoff and effluent from urban
sources further upstream from Grand River North may have travelled downstream to these
agricultural sites due to rain showers.
C. parvum/hominis and C. meleagridis could have also come from agricultural sources,
such as that of manure application or directly from cattle, that may have been introduced in water
due to rainfall. Since other literature has reported a correlation between rainfall with the presence
of Cryptosporidium and Giardia and these species being prevalent during the fall (Wilkes et al.,
2009, Charles-Smith et al., 2010, Jagai et al.,2009 ), monitoring both urban and agricultural
locations for these species should take place during periods of heavy rain activity. For example,
waterways close to areas subjected to intense agricultural practices (such as high use of
fertilizers, high intensity livestock farming and pesticide use) and the presence of cattle should
be monitored at least on a monthly basis for the presence of C. parvum and Giardia. Although
filters and other consumables required for the detection of Cryptopsoridium can be expensive,
monitoring that can be done on a weekly or bi-weekly basis, would be even more effective than
on a monthly basis to prevent furture outbreaks of cryptosporidiosis. However, during periods of
heavy rainfall and during application of manure, monitoring should take place immediately after
these events. Similarly, wastewater treatment plants and drinking water treatment facilities
should be closely monitored on a weekly, bi-weekly or monthly basis for various
Cryptosporidium and Giardia species throughout the year and especially during periods of heavy
rainfall, as there may be a connection to rainfall and the presence of these pathogens.
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Both Giardia and Cryptosporidium have been known to cause diarrhoea in dairy calves
and outbreaks of both pathogens have been linked to agricultural effluent from livestock
(McAllister et al., 2005). A study by McAllister et al. (2005) collected fecal samples from beef
cows on various farms within 10 counties located south, west, and central agricultural regions of
southern Ontario. Of the 39 farms sampled, Giardia was detected on 64%, C. muris on 72% and
C. parvum on 90%. The prevalence of Giardia and Cryptosporidium in cows was influenced by
when samples were collected. Specifically the prevalences of both pathogens were highest
during calving season and thus, farming management strategies for reducing fecal contamination
in the environment should be targeted (McAllister et al., 2005).
Other surrounding agricultural areas that were not part of the present study may contain
other wildlife in addition to cattle and geese and these animals may also contribute to fecal
contamination of the watershed. For example, Cryptosporidium genotypes including skunk,
muskrat, and swine, may also be detected in other surface waters. Detection of specific
genotypes can also be used for source tracking purposes. A study by Ruecker et al. (2007) used
nested PCR-RFLP to determine the prevalence of Cryptosporidium species and genotypes in the
South Nation watershed in Ontario, Canada. Within the watershed, 14 sites were monitored over
10 weeks to determine the host sources of Cryptosporidium. Cryptosporidium oocysts were
found in 77% of collected samples, at concentrations ranging from 0.04-1.50 oocysts/L.
Genotypes that were detected included C. andersoni, C. parvum, C. baileyi, Cryptosporidium
muskrat genotype I and II, Cryptosporidium cervine genotype, Cryptosporidium fox genotypes
and others. C. andersoni was detected in 50% of samples collected at 11 out of 14 sites. It was
determined that cattle were likely the main source of Cryptosporidium contamination found
within the watershed. Based on land use observations, the presence of C. andersoni was likely
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related to widespread cattle (beef and dairy herds) agricultural activity. Furthermore, a study by
Liu et al. (2011) found through molecular identification that C. andersoni was present in 14 of
48 wastewater samples, likely due to draining of fecal matter of cattle by slaughterhouses. The
results suggested that adult cattle in close proximity to the sampling sites were commonly
infected with C. andersoni. The study by Ruecker et al. (2007) and Liu et al. (2011) are among
many Cryptosporidium studies that provide a rationale for why C. andersoni/muris was chosen
for this study. The presence of C. andersoni/muris can be indicative of agricultural activity and
be traced to agricultural sources. This was the case for this study, in which C. andersoni/muris
was solely found at agricultural sites.
Although C. andersoni/muris is not infectious to humans, its presence is indicative of
agricultural input, which can also consist of C. parvum and thus pose a risk to public health.
Similarly, Giardia can be found in both agricultural and urban areas, where it poses a threat to
both humans and animals. Therefore, it is imperative to monitor the presence of both
Cryptosporidium and Giardia species in waterways used by farmers, along with water channels,
drainage systems, recreational and drinking water to determine the source of contamination of
(oo)cysts and prevent future outbreaks of cryptosporidiosis and giardiasis.
Seasonality of Occurrence of Cryptosporidium and Giardia
It has been suggested that rainfall and snowmelt may increase Cryptosporidium oocysts
in water sources due to surface runoff (Ramirez et al., 2009). Both Cryptosporidium and Giardia
were found primarily during the fall and winter seasons between September and February at all 5
sampling locations. Heavy rainfall from September to November may have contributed to the
higher number of (oo)cysts that were found during these months. The presence of Giardia during
periods of heavy rainfall supports data found in literature. For example, Siwila et al. (2011)
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conducted a seasonal prevalence study for Cryptosporidium and Giardia species in children from
4 Zambian pre-schools from October 2007 to September 2008. The study found that both
Cryptosporidium and Giardia species were more prevalent during rainy seasons as compared to
dry seasons, and Cryptosporidium infected 81% of children at least once during the wet season
and 50% were infected during the dry season. Similarly, 73% of children were infected with
Giardia duodenalis at least once during the wet season and 36% in the dry season.
According to a study by Ramirez et al. (2009), most waterborne outbreaks of
cryptosporidiosis have been linked to agricultural sources due to the high prevalence of
Cryptosporidium oocysts in animal waste and manure spreading on farms. Cryptosporidium
oocysts can migrate 90 cm deep in soil and even deeper in fractured soil, thus escaping soil and
entering surface water and groundwater via rainfall (Ramirez et al., 2009). Results showed that
rainfall that occurred 2 to 4 h post manure application caused an increase in oocyst movement
through soil than when rain was delayed 48 h. It was also determined that intensity of rainfall
affected oocyst mobility through soil, as more oocysts were transported under intense rainfall
(Ramirez et al., 2009). Thus, application of liquid manure to farmland should be prevented
before intense rain showers are forecasted and perhaps be applied during dry periods to reduce
the load of Cryptosporidium oocysts found in the environment.
For this study, Giardia and C. andersoni/muris were also found during the winter months
from December to February. Results from this study indicate that sampling during winter is
important, as the presence Cryptosporidium species remains evident. Moreover, studies focus on
collecting environmental samples during the spring, summer and fall months as opposed to the
winter season. Although winter sampling can be more demanding and can cause equipment
failure, making it complicated to sample during this season, oocysts are capapble of surviving in
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winter conditions. It is possible that these oocysts can be detected in the winter season and may
be viable when sampling occurs in the spring.
3.7.1. Experiment Limitations
Sampling Limitations
There are many limitations in the field when collecting environmental water samples. In
this study, weather was the dominant limiting factor in the field. During the spring and summer
months, there was rain over some weekends prior to sample collection. This resulted in high
turbidity and water flow, which in turn allowed for runoff from agricultural sources and in some
cases, caused filters to plug, accounting for inconsistent volumes (1-9 L, which is less than the
10 L recommended by US EPA Method 1622) to be collected. Since Cryptosporidium and
Giardia are found in low numbers in environmental water samples, volumes collected below the
recommended 10 L can lead to an underestimation of (oo)cysts detected. High turbidity was
observed on many days that samples were collected. Areas exhibiting high turbidity affected
27% of samples (19 out of 69 samples) and also made collection of samples from various sites
difficult and resulted in less volume being collected (1-9 L). During the fall, rain had also
occurred over the weekends prior to sample collection and similar problems persisted.
Another limitation that was encountered during this study included problems with the
IDEXX filter housing, particularly at the WWTP plant, where the flow rate was much less than 1
L/min as recommended by the manufacturer. A slower flow rate in some cases can cause water
to pool in the housing and thus oocysts may not be captured by the filter, which can lead to fewer
(oo)cysts being detected in the sample.
Limited oocysts detection can also be a result of sampling complications during the
winter months. It is possible that the reason for less knowledge about the presence of
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Cryptosporidium during the winter season may be due to such complications. Sampling during
the winter months was difficult due to both weather conditions and equipment failure. The
rubber tubes from which water flowed froze at lower temperatures, causing non-continuous flow
through filters. Canagagigue Creek and Grand River North would freeze over to the point where
no samples were collected. Furthermore, collection of samples during the winter was dangerous
due to freezing conditions, causing areas near the sampling location to be slippery. As a result,
there was inconsistency in the number of samples collected at Canagagigue Creek and Grand
River North throughout the winter, during which it is possible for Cryptosporidium to have been
present in water samples and could have been detected.
Overall, for this study, it was found that sampling in the field with Envirochek filters
had fewer complications than IDEXX filters. IDEXX filters would plug more often than
Envirochek filters. IDEXX filters also require a separate housing, which can cause problems in
the field, as opposed to Envirochek filters which have their own housing. However in the
laboratory, IDEXX filters are user friendly and require less labour to collect filter eluates than
Envirochek filters. Although the Envirochek filters were less problematic during sample
collection, these filters are more expensive than IDEXX filters (IDEXX filters are half the cost of
Envirocheck filters), which can be a limitation for Cryptosporidium and Giardia research.
Future recommendations for minimizing issues pertaining to sampling include collecting
samples from an indoor location to prevent freezing of equipment. Rods used for collecting
samples can be extended to an indoor location, where sampling can take place all year round.
This would also minimize the labour involved in setting up and transporting equipment, along
with the danger of sampling at locations, especially during the winter (as discussed above).
Preventing filters from becoming plugged, as described above, could not be eliminated. This was
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particularly problematic when runoff due to rainfall introduced more environmental debris at the
sampling locations. However, it may be useful to have an additional IDEXX filter housing, if the
problem with collection of samples is due to housing related issues. Minimizing the number of
problems associated with sampling in the field would allow for samples to be collected
throughout the year with consistent volumes or at the very least, 10L of sample as recommended
by manufacturer.
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4.0. General Conclusions
4.1. Summary and Significance of Results
Since its first major reported outbreak in Milwaukee, U.S.A. in 1993 and other outbreaks
documented in Canada, U.S.A., and around the world, it is evident that Cryptosporidium
threatens human health. Consistent and effective monitoring of the species is required to limit
and ultimately prevent future outbreaks of cryptosporidiosis. Although not all species of
Cryptosporidium are a threat to human health, it can be useful to determine if Cryptosporidium
oocysts present in the environment pose a public health risk or may be harmful to agriculture.
For example, C. parvum, C. hominis and Giardia lamblia are all infectious to humans and thus
pose a threat to public health, whereas species such as C. andersoni is harmful to cattle and
threatens agriculture. Traditional methods used to distinguish Cryptospridium species include
microscopy, DNA sequencing and RFLP. However, distinguishing Cryptopsoridium oocysts can
be difficult using microscopy, since other environmental materials such as algae can be present,
making it difficult to determine whether oocysts are present or absent. RFLP has been used to
distinguish Cryptosporidium species (Lindsay et al., 2000), however, a large amount of sample is
required, where the sample needs to be fresh. It is also important for oocysts to be pure, as
contaminating oocysts would give rise to errand RFLP banding patterns. Furthermore, multiple
SNPs can impact the same enzyme restriction (Lindsay et al., 2000), making genotyping a
challenge. Therefore, an efficient method that is capable of distinguishing Cryptosporidium
species, specifically those that impact human health from species specific to other animals and
wildlife is required for detection and quantification of this pathogen.
Real-Time PCR was a technique used for the development of the PCR Differentiation
Method. For this study, Real-Time PCR was used to distinguish species and groups of species of
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Cryptosporidium, using specific primers and a TaqMan probe targeting the hsp70 gene. The
main objectives for this study was to detect Cryptosporidium species, specifically C. parvum/C.
hominis/C. meleagridis, as they pose a serious risk to public health and to detect C. andersoni/C.
muris as their presence can be traced to agricultural sources. Due to similarity in genetic
sequences between C. parvum/hominis and C. meleagridis, detection of C. parvum/hominis using
Real-Time PCR can indicate that C. meleagridis is also present. In addition to Cryptosporidium,
Giardia lamblia also poses a risk to public health. The PCR Differentiation Method for
Cryptosporidium can also be used for the detection of Giardia lamblia using specific primers and
a probe, targeting the ef1a gene.
The PCR Differentiation Method was successful in distinguishing and detecting both
groups of Cryptosporidium species. To validate the method, surface water samples from the
Kitchener/Waterloo region were collected, which included urban sites and areas subjected to
intense agricultural practices. C. parvum/hominis and C. melagridis were found at both urban
and agricultural areas primarily during the fall. Giardia lamblia was found at all sites throughout
the fall and winter and C. andersoni/muris was only found at agricultural areas during the fall
and winter. These results support the hypothesis that agricultural practices contribute to the
prevalence of Cryptosporidium (oo)cysts in surface water. C. andersoni/muris is therefore a good
marker for agricultural sources.
Detection of (oo)cysts during the winter specifically shows that collection of samples for
Cryptosporidium studies need to take place during all seasons. Heavy rainfall activity during
September and November may have contributed to the fact that (oo)cysts were detected at
agricultural and urban sites, all of which are located downstream of the Grand River North.
Detection of C.parvum/hominis and C. meleagridis was evident at Grand River North during
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September, where it is possible that runoff due to rainfall may explain the presence of C.
parvum/hominis and C. meleagridis at other agricultural and urban areas on the same day.
Overall, the PCR Differentiation Method was successful in detecting Cryptosporidium
and Giardia in environmental water samples. This method could also be used for quantitatively
detecting other Cryptosporidium species and genotypes that are human infectious and/or host
specific, depending on research goals. As more Cryptosporidium species and genotypes continue
to be discovered, it is necessary to distinguish those that are human infectious and pose a risk to
public health. Thus, using Real-Time PCR is an efficient and sensitive method that allows for
quantitative results and can be accurately used to distinguish multiple species and genotypes of
Cryptosporidium. Furthermore, the PCR Differentiation Method can be used for direct
quantitative analysis of C. andersoni/C. muris, C. parvum/C. hominis and C. meleagridis and
Giardia lamblia using the primer and probe sets designed for this study. However, the method
can also be extended to other species and genotypes of Cryptosporidium and Giardia through
designing specific primer and probe sets for those respective sequences. Although this study
focused on human infectious species of Cryptosporidium, along with using C. andersoni/C.
muris as an indicator of agricultural inputs, other species and genotypes of interest, depending on
the interests of the research can also be included in this method, such as that of C. canis, C. felis
and C. bailey, all of which can cause human cryptosporidiosis and are commonly found within
the environment.
4.2. Future Perspectives

The patterns associated with frequency of detection of Cryptosporidium are important for
gaining a better understanding of how Cryptosporidium oocysts are dispersed within water and
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sewage treatment facilities. Since Cryptosporidium is present in low number in the environment,
large quantities of environmental water samples are required to be filtered. This water sample is
concentrated by filtration, IMS purification and DNA extraction to a volume of 100 µL. The
PCR Differentiation Method used for this study analyzes 10 µL out of 100 µL of DNA extract
for each PCR run. In this regard, the whole pellet formed from the environmental sample is not
analyzed, regardless of how much sample is filtered.
Furthermore, not all of the oocysts in a sample are recovered during IMS. Although the
majority of recoveries from the oocyst recovery experiment performed in this study fell within
the accepted range, improvement in recovering oocysts is necessary for determining an accurate
number of oocysts being detected within a sample. Research is required for improving both PCR
and IMS techniques to allow for minimum loss during analysis, while maintaining sensitivity.
Although Real-Time PCR is a rapid and sensitive method for detecting Cryptosporidium,
future Cryptosporidium studies may consider a multiplex PCR assay for the simultaneous
detection of C. parvum, C hominis and other human infectious pathogens, such as Giardia
lamblia. Muliplex assays would also reduce the volume required from each purified DNA
extract, which would allow for detecting other pathogens. With the use of TaqMan probes,
multiplex PCR can be applied to Real-Time PCR. This method can also be applied to other
agricultural species that have been poorly studied, such as those that infect swine and horses.
Multiplex PCR can be used to monitor different groups of Cryptosporidium, such as those of
human, agricultural and wildlife groups. Real-Time PCR should continue to be used in future
Cryptosporidium research studies, as it can detect species and groups of species of specific
interest and does not require a specific database. As well, the Real-Time PCR instrument is
becoming commonplace in laboratories one can design primers and probe sequences for the
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specific detection of pathogens of interest using publically available databases and immediately
begin detecting these pathogens using Real-Time PCR. For the PCR Differentiation Method,
samples can be collected, processed and analyzed very efficiently for the detection of
Cryptosporidium and Giardia. Detection and quantification of pathogens can be done
simultaneously and in the case of multiplex assays, various species of Cryptopsoridium can be
detected and quantified, resulting in more information while using less resources.
An area for improvement of the PCR Differentiation Method and/or any method that uses
IMS related to recovery of Cryptosporidium oocysts and recovery efficiencies. Low recovery of
Cryptosporidium oocysts can be due to losses during filtration, centrifugation and during IMS. In
order to increase the recovery of oocysts, improvements are required at each step that may be
associated with these losses. It has been reported that recovery efficiencies can be improved from
18% to 80% with the addition of silica particles in seeded water (Weintraub, 2006). Continuous
research for increasing recovery of oocysts is important to accurately determine the quantity of
oocysts that are being found in the environment and to evaluate the risk it will have to the
population.
Other techniques that can and have been used to detect Cryptosporidium species and
genotypes include RFLP, PCR-RFLP (as described in Chapter 2) and DNA sequence analysis.
Although molecular tools used to differentiate C. parvum and C. hominis are becoming common,
currently there is no consensus for the methods used. Furthermore, PCR-RFLP, although a
widely used technique for Cryptosporidium genotyping, is more laborious as compared to RealTime PCR. PCR-RFLP has been used to differentiate C. parvum from C. hominis (as described
in Chapter 1 by Rolando et al. 2012). Although both C. parvum and C. hominis threaten public
health, it is useful to know the exact species that is being detected for the purpose of source
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tracking and containing the source of contamination to prevent cryptosporidiosis. It would be
very useful to develop a method that could differentiate C. parvum from C. hominis using RealTime PCR, which would allow for direct detection and quantification of oocysts within two
hours in a laboratory. In fact, a study by Rolando et al. (2012) used Real-Time PCR to
distinguish C. parvum from C. hominis in stool samples, utilizing specific primers (Appendix C).
The study by Rolando et al. (2012) was published after data was collected for this study.
Although the ultimate goal and purpose of Cryptopsoridium research is to limit and
ultimately prevent cryptosporidiosis, cases and outbreaks of the disease will continue to take
place, especially in countries where contol measures are difficult to implement (Jenkins, 2004).
In such situations, it may be useful to treat infected humans with drugs or immune clostrum. This
may be especially beneficial for dairy operations, since administering hyperimmune clostrum to
newborn calves is common for preventing against bacterial and viral infections (Jenkins, 2004).
Nitazoxanide is a drug that has been used against clinical signs and C. parvum ocyst shedding in
adults and children and has also shown positive results against giardiasis. Although other drugs
(paramomycin and cyclodextrins) have also shown positive results against cryptosporidiosis in
animal models and cell cultures, the fate of these drugs used in the future for treatment of the
disease has yet to be determined (Jenkins, 2004).
As more Cryptosporidium genotypes continue to be discovered, it becomes increasingly
difficult for methods to distinguish Cryptosporidium genotypes due to genetic similarities. Future
research should continue to focus on source tracking and monitoring Cryptosporidium in urban
environments such as that of wastewater treatment plants, along with areas exposed to
agricultural practices. Future research should also focus on advanced techniques to determine
viability of oocysts. Despite the presence of Cryptosporidium in environmental water, non-viable
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oocysts are not a threat to human health. Therefore, determining whether oocysts detected are
both viable and infectious is important for determining the level of risk to public health.
Furthermore, agricultural practices should be monitored, such as that of tile drains, liquid versus
solid manure spreading and manure holding tanks to determine their impact on the levels and
types of Cryptosporidium species present. Runoff control is also very important, since it can
contribute to the presence of (oo)cysts. Examples include natural buffer zones and the
installation and design of onsite disposal systems (such as septic systems) away from water
bodies that are regularly maintained and inspected. This is particularly critical around all waste
facilities where overflow and flooding can occur, posing an environmental risk. Developing and
enforcing effective treatment plans for monitoring Cryptosporidium will help to determine the
source of contamination and to ultimately limit the cases of cryptosporidiosis and prevent future
outbreaks of the disease.
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6.0. Appendix A
6.1. Introduction
C. parvum and C. hominis are both species that are responsible for human
cryptosporidiosis, and thus pose a serious risk to public health. Many other Cryptosporidium
species exist, of which infect multiple hosts including animals and humans. It is important to
distinguish species that infect humans versus those that impact wildlife. Standard methods, such
as that of US EPA 1622 and 1623 used for detecting oocysts, cannot differentiate between
species. Thus oocysts being detected using such methods may or may not be human infectious.
Real-Time PCR can be used to differentiate Cryptosporidium species and genotypes. The main
objective for this project was to develop a method using Real-Time PCR for differentiating
Cryptosporidium species, specifically C. parvum from C. hominis (over 99% genetically
similar), using primer sequences from literature, along with designing in house primer/probe
sets. Another objective was to apply this method in the field, using environmental water samples
from the Kitchener/Waterloo region.
6.2. Detecting Multiple Cryptosporidium spp. using PCR
Several PCR primer and probe designs were compared. These include published primer
sequences and new primer sequences designed in this study. In house primers and probes were
designed to target the SSU rRNA gene using an alignment of 5 sequences from different
Cryptosporidium species using basic local alignment search tool (BLAST). Xiao et al. (1999)
used PCR-RFLP of the SSU rRNA gene of 7 Cryptosporidium species and isolates of C. parvum
from 8 hosts. All nucleotide sequences of the Cryptosporidium SSU rRNA genes were obtained
from GenBank database under Accession numbers listed in Table 4.
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Table 3: Accession Numbers for various Cryptosporidium species from GenBank.
Cryptosporidium Species
Accession No.
C. hominis
AF093489
C. parvum
AF093490
C. muris
AF093498
C. meleagridis
AF112574
C. andersoni
AB089285
Figure 12 displays the conserved region that was targeted for distinguishing
Cryptosporidium genotypes listed in Table 4. Although the article by Xiao et al. (1999) used
PCR-RFLP for distinguishing Cryptosporidium species, the objective of this study was to use
Real-Time PCR to differentiate Cryptosporidium species and genotypes that infect humans,
specifically C. parvum and C. hominis. PCR-RFLP distinguishes between Cryptosporidium
species based on the presence or absence of restriction sites. Real-Time PCR probes such as
TaqMan® can distinguish species based on sequences. Ultimately, a TaqMan® probe would be
designed such that it anneals within the variable region from Figure 12, amplified by nested
primers listed in the article by Xiao et al. (1999) in Table 5. In addition to these nested primers,
primers were designed using Primer Express version 2.0 (Applied Biosystems, Carlsbad,
California) and flanked the targeted variable region.
Cryptosporidium
Species
C. hominis
C. parvum
C. meleagridis
C. andersoni
C. muris

Accession
#
AF093489
AF093490
AF112574
AB089285
AF093498

Position
661
660
659
637
660

Sequence
taatattaacataattcatattactatttttttttttagTATATGAAATTTTACTTTGAG
……………………………---.A.A…………………………………………
..T…C…..CC…C…..-..---…..C.AAA..-….G…………………………….
..T…C…..CC…C…..-..---…..C.AAA..-….G…………………………….
.--…C…..CC…C…..-..--……C.AAA..-….G….C…………………........

Figure 9: Variable Region of 18S rRNA Genes Targeted by PCR-RFLP.
Dots represent similar base pairs and dashes represent gaps. Numbers represent sequence
location of Cryptosporidium genotypes (Accession # AF093489, AF093490, AF112574,
AB089285, AF093498)
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Table 4: Primers Targeted for Differentiating Cryptosporidium Species
Primer
Forward Primer
Reverse Primer
Set
5’5’1

Position

Source
Xiao et
al.
(1999)
Xiao et
al.
(1999)
Primer
Express
V 2.0

TTCTAGAGCTAATACATGCG3’

CCCTAATCCTTCGAAACAGGA-3’

F-155
R-1477

2

5’GGAAGGGTTGTATTTATTAGA
TAAAG-3’

5’AAGGAGTAAFFAACAACCTCC3’

F-192
R-1029

3

5’GGTAATTCCAGCTCCAATAGC
GTAT 3’

5’TTAAAGACAAACTAATGCGAAA
GCA- 3’

F-555
R-1261

6.3. Cryptosporidium Primer Sequences
Primers from Xiao et al. (1999) and designed primers were ordered from Invitrogen,
Toronto. For each Cryptosporidium genotype, the 18S rRNA gene restriction site was targeted.
Since C. parvum and C. hominis are over 99% genetically similar, there was only one region that
differentiated both genotypes by two base pairs within the variable region (Figure 12), which
consisted of multiple consecutive thymine base pairs. There were two primer sets (Table 5primers 1&2) described in the literature by Xiao et al. (1999). The third primer set (Table 2primer set 3) was a universal primer set, designed by Primer Express V.2.0. (Applied
Biosystems, Carlsbad, California), that would detect all Cryptosporidium genotypes listed in
Table 4. The variable region from Figure 12 was entered where the program listed default primer
and probe sequences that can be used to detect Cryptosporidium genotypes from Table 4. The
selected forward and reverse primers (primer set 3 from Table 5) designed by Primer Express
V.2.0. (Applied Biosystems, Carlsbad, California) had a 100% match between all genotypes
listed in Table 4).
Primer sets 1&2 were tested using conventional PCR as described in the literature Xiao et al.
(1999). Briefly, PCR was conducted for 35 cycles, each consisting of 94oC for 45 s, 55oC for 45
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s and 72oC for 1 min, with an initial hot start of 94oC for 3 min and a final extension at 72oC for
7 min. A total volume of 25 L reaction mixture was used for each PCR, consisting of 10 L of
genomic DNA and 12.5 L of 2X master mix (Fermentas Canada, Inc., Burlington, Ontario,
Canada) and 2.5 L of nuclease-free water (Fermentas Canada, Inc., Burlington, Ontario,
Canada). The 2X master mix consisted of Taq DNA polymerase, reaction buffer, MgCl2, and
dNTP (including dATP, dNPP, dCTP, dGTP and dTTP), to which forward and reverse primers at
a concentration of 0.125 L/25 L reaction were added, along with 11.25 L nuclease-free
water. A volume of 12.5 L of the PCR product was loaded into the gel. PCR products were
analyzed by gel electrophoresis on a 1.2% agarose stained with ethidium bromide. Analysis was
performed using Gene Snap 6.00.15 (SynGene Synoptics Limited, Cambridge, England)
software. However, after multiple attempts, no bands were observed for any primer sets.
Prior to determining whether primer sets listed in Table 2 can be used for differentiating
Cryptosporidium species, it was imperative to ensure the quality of DNA being used was high.
The Ministry of the Environment (MOE) Method E3463 was used to determine the quality of
Cryptosporidium DNA. Method E3463 is used for simultaneously detecting and enumerating of
C. parvum/C. hominis oocysts as a group, along with Giardia lamblia cysts in wastewater and
biosolids via Real-Time PCR. Real-time PCR involves PCR amplification and detection using a
fluorescent oligonucleotide probe. The E3463 method uses a TaqMan ® oligonucleotide probe.
This method targets the heat shock protein (hsp70) gene of Cryptosporidium. MOE HSP primerprobe sets were used for experiments in this study to ensure that the quality of template DNA for
C. parvum/C. hominis was high. Method E3463 indicated that DNA quality was very high for C.
hominis.
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The PCR parameters were then manipulated in an attempt to obtain results observed by
Xiao et al. (1999). The time for the hot start temperature at 94 oC for 3 min was increased to 5
min and the final extension at 72 oC for 7 min was increased to 10 min, along with the number of
cycles being increased from 35 to 40. However, after performing gel electrophoresis, no results
were seen on the gel for any of primer sets.
In an attempt to obtain results using gel electrophoresis for all primer sets, a gradient
PCR (TECNE Touchegene Gradient, Burlington, New Jersey, USA) was performed. Briefly, a
gradient PCR is used to optimize PCR conditions due to problems associated with specific DNA
fragments (Prezioso & Jahns, 2007). This can be achieved by gradually increasing the annealing
temperature (Prezioso & Jahns, 2007). Six temperatures were used, ranging from 52.4oC-68.3oC.
A total of 40 cycles were performed and PCR conditions included 15 s at 95 oC, 30 s at 60 oC and
30 s at 72 oC, with a final extension of 5 min at 72 oC and a final holding temperature at 4 oC.
Again, no amplification products were seen. At this point, the primers and conditions described
in the literature required re-evaluation.
6.4. Re-evaluation of Primers
GenBank database was searched for Cryptosporidium sequences. The C. hominis
sequence (Accession #AF093489.1) deposited by Xiao et al. (1999) was subjected to BLAST
and an alternate sequence (Accession #AF093492.1) from Xiao et al. (1999b) revealed a 99%
identity to the original (http://www.ncbi.nlm.nih.gov/). Both sequences targeted the SSU rRNA
gene. Mismatches occurred in the conserved region from Figure 12.
A BLAST search of all primer sequences including the published sequence was
performed. The results showed that the reverse primer from primer set 1 (Table 1) differed by
three base pairs from the published sequence from peer reviewed literature. Where the reverse
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primer contained 5’CCCTAATCCTTCGAAACAGG3’ the sequence published by the same
author showed 5’CCCATTTCCTTCGAAACAGGA3.’ Furthermore, when the reverse primer
was used in a BLAST search, no other matches with Cryptosporidium were found in any
sequence in GenBank. In an attempt at amplification, the reverse primer corresponding to the
published sequence was synthesized. PCR was once again performed using the new primer set
under conditions in the published literature and once again under modified temperature, time and
cycle conditions as described above. However, the experiment failed to reproduce any
amplifiable product, despite altering PCR conditions from those mentioned in literature.
6.5. Obtaining Genetic Sequences from GenBank Database
GenBank is a publicly available genetic sequence database, where sequences are
submitted by various authors and/or journals. Many journals are required to submit sequences
prior to publication, so that Accession numbers can be included in the paper (National Center for
Biotechnology Information). The issue with a publicly available database is that sequences are
not peer reviewed and there may be discrepancies and errors within sequences. Thus, designing
and testing primer and probe sets becomes challenging and expensive for research projects.
Private genetic databases also exist, where genetic sequences are peer reviewed (Marks &
Steinberg, 2002). However, private genetic databases are exclusive and publicly unavailable.
There is usually a fee associated for accessing the database (Marks & Steinberg, 2002) and thus
limiting available resources to the public in terms of paying for genotyping as well as for
building their own database.
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6.6. Genotyping Limitations
All genetic sequences for various Cryptosporidium spp. were obtained from the National
Center for Biotechnology Information (NCBI). Many articles have referenced and entered
genomic sequences into the database. NCBI accept genomic data from sequencing research
projects from around the world. Although the initial outline for this study was to replicate results
found in that of Xiao et al. (1999) and ultimately distinguish C. parvum from C. hominis using
Real-Time PCR, there were some errors found in some of the sequences that were published.
The same sequences were also published in other journal articles and compared to that of Xiao et
al. (1999), where there were base pair differences. Although the sequence database is a useful
tool for genetic studies and has been useful for this study, there is a need for strict guidelines for
posting genomic sequences to ensure confidence in sequences being used for other studies.
Limitations regarding genotyping complications are an area that needs focus. Genetic sequences
should be peer reviewed when depositing these sequences into the GenBank database to prevent
research discrepancies. Furthermore, public access to genetic databases is imperative for
continuing future research regarding Cryptosporidium studies.
Identifying human infectious Cryptosporidium species is imperative from a public health
perspective. Thus, the scope of this study is to develop a method that not only identifies human
infectious Cryptosporidium species such as that of C. parvum/ C. hominis as a group, but also to
determine the source of contamination. Therefore, for source tracking purposes, C. andersoni
will be included in this study as a marker for agricultural sources. To determine the validity of
the method, environmental water samples will be collected from the Kitchener/Waterloo region
from both urban and agricultural areas. Although the presence of C. andersoni can be traced to
agricultural sources, C. parvum/hominis can be found in urban and agricultural areas, making it
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difficult to determine the origin of the source of contamination. Furthermore, the method
developed cannot distinguish C. parvum from C. hominis, but will detect both these species as a
group.
7.0. Appendix B
7.1. Calibration of Plasmid Standard EF1A of Giardia lamblia from MOE Method E3463
MOE method E3463 for Giardia lamblia, targets the elongation factor 1-alpha (EF1A)
gene of Giardia intestinalis (Giardia lamblia), which is a unique genetic marker of Giardia spp.
It is significantly different from bacterial and higher eukaryotic analogues of the same gene. The
EF1A gene of Giardia lamblia is analyzed using Real-Time PCR and thus requires analysis of a
standard curve with each PCR run. Similar to the preparation of plasmid standard for C. parvum,
the standard curve is generated from a dilution series of a known quantity of Giardia lamlia
cysts. A plasmid clone containing the PCR amplified region of the EF1A gene is maintained in
E. coli DH5. EF1A gene was extracted following Fermentas Plasmid Miniprep Kit instructions.
Cysts were enumerated using a hemacytometer and adjusted to 105 cysts/100 L. Plasmid serial
dilutions (10-5 to 10-9 from the original stock) were prepared for calobration.
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8.0. Appendix C

8.1 Sequence Information for Distinguishing C. parvum from C. hominis based on Rolando
et al. (2012).
Rolando et al. (2012) conducted a study that differentiated C. parvum from C. hominis in
stool samples using Real-Time PCR. The probe and primers used to distinguish C. parvum from
C. hominis can be seen in Table 5.
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Table 5: Sequence information for distinguishing C. parvum from C. hominis based on Rolando et al. (2012)
Cryptosporidium
Forward Primer
Species
5’ACTTTTTGTTTGTTTTACGCCG 3’
C. parvum
C. hominis

5’ACTTTTTGTTTGTTTTACGCCG 3’

Reverse Primer
5’AATGTGGTAGTTGCGGTTGAA
3’
5’ ATGTGGTAGTTGCGGTTGAA 3’

Probe
5’FAMATTTATCTCTTCGTAGCGGCG-BHQ
3’
5’FAM-ATTTATTAATTATCTCTTACTTCGT-BHQ-3’
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