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Abstract
Background: Cyclospora cayetanensis and Cryptosporidium spp. are intestinal Apicomplexan
parasites that can cause severe diarrheal disease in children and immunocompromised hosts.
Diagnostic challenges using routine diagnostic methods lead to an underreporting of these
parasites, particularly in resource-limited settings. Establishing affordable molecular detection
techniques will allow for the reliable determination of these parasites’ prevalence in those settings.

Objective: The overarching objective was to optimize polymerase chain reaction (PCR) protocols
to detect the presence of C. cayetanensis and Cryptosporidium spp. in human stool samples. Once
optimized, these protocols will be used to undertake epidemiological research in Honduras.

Methods: To optimize the C. cayetanensis PCR assay, we utilized a previously identified sample
that contained C. cayetanensis oocysts, as confirmed by epifluorescence microscopy and safranin
staining. Two additional samples from a Honduran epidemiological study on soil-transmitted
helminths (STH) reported positive by the modified Ziehl-Neelsen staining were also used. The
PCR protocol comprised the amplification of the 18S rRNA gene. To optimize the
Cryptosporidium spp. PCR assay, a first step was to identify positive samples among donated
specimens from a Honduran epidemiological study on STH. Initial screening was done with an
enzyme immunoassay (copro-antigen ELISA). The PCR protocol comprised the amplification of
the COWP gene and subsequent species identification using RFLP.

Results: The C. cayetanensis and Cryptosporidium spp. PCR assays were both optimized. The C.
cayetanensis PCR assay revealed one positive sample of the three tested. The positive sample
using epifluorescence microscopy and safranin staining showed the corresponding 18S rRNA gene
band at ~501 bp. As for the Cryptosporidium PCR assay, only one was PCR-positive out of 4
ELISA-positive samples. RFLP analysis of this sample revealed a possible mixed infection by
both C. hominis and C. parvum.

Conclusions: Both protocols can now be used to analyze human stool samples in future
collaborative epidemiological research with our partners in Honduras.
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CHAPTER 1: INTRODUCTION AND RESEARCH OBJECTIONS
Diarrheal disease is one of the leading causes of global morbidity and mortality, associated
with ~1.3 million deaths annually (Mokomane et al., 2018; World Health Organization, 2017).
Although present globally among all regions and populations, most deaths due to diarrheal diseases
occur in children in resource-limited countries (GBD 2016 Diarrhoal Disease Collaborators, 2018;
Mokomane et al., 2018). Diarrheal disease is the passage of three or more loose or liquid stools
per day or more frequent passages than is typical for the individual. Diarrheal disease is usually a
symptom of an infection in the small intestinal tract, which may be caused by various bacterial,
viral, and parasitic organisms. The main mechanisms for diarrheal disease spread are through
contaminated food and/or drinking water, although a more direct fecal-oral transmission is also
possible for some etiological agents (World Health Organization, 2017). While there has been a
decline in the total global mortality from diarrheal diseases since the 1990s, there are concerns
about potential rebound increases in diarrheal-associated mortality due to increasing urbanization
and climate change (Karambizi et al., 2021; Mokomane et al., 2018).
The Apicomplexan microscopic parasites Cyclospora cayetanensis and Cryptosporidium
spp. can cause diarrheal illness and have become of particular interest in high-income countries
due to the occurrence of both imported and locally acquired infections made possible by world
travel and globalization of fresh foods, respectively. Both parasites are shed in the stool of infected
patients or carriers, so their diagnosis has, for a long time, been limited to the time-consuming
process of differential staining and bright-field microscopy. However, with recent advances in
diagnostic technology, it is possible to diagnose these parasites using molecular and antigendetection methods accurately.
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In the case of C. cayetanensis, a variety of DNA detection techniques have been reported
for research purposes, particularly for detecting the parasite in fresh produce (Giangaspero &
Gasser, 2019; Resendiz-Nava et al., 2020; Shapiro et al., 2019). In clinical settings, however,
microscopic-based techniques are still the norm. Among the latter, ultraviolet fluorescence
microscopy (based on the epifluorescence characteristic of the oocyst) is recommended as this
technique is a highly sensitive technique (Centers for Disease Control and Prevention, 2018b;
Garcia et al., 2018).
For Cryptosporidium spp., both DNA detection techniques and commercial copro-antigen
are widely available for research, epidemiological, and clinical studies. Although these techniques
are more costly and time-consuming, these techniques are highly sensitive in comparison to the
use of microscopic-based techniques (Cunha et al., 2019; Elgun & Koltas, 2011).

1.1 Research goal
The overarching goal of the present study was to establish a reliable laboratory
methodology to identify human infections with Cyclospora cayetanensis and Cryptosporidium
spp. To accomplish this goal, the following specific research objectives were pursued:

1.1a Specific research objectives

1. To optimize a polymerase chain reaction (PCR) protocol to determine the presence of C.
cayetanensis oocysts in human stool samples previously collected to investigate intestinal
parasites.
2. To optimize a PCR protocol to determine the presence of Cryptosporidium spp. oocysts in
human stool samples previously collected for the investigation of intestinal parasites.
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CHAPTER 2: LITERATURE REVIEW
2.1 Apicomplexan parasites
The phylum Apicomplexa consists of single-celled eukaryotic organisms known to
parasitize both vertebrates and invertebrates. Apicomplexans exhibit a variety of morphological
shapes depending on their genus and life cycle stage and are known to be reasonably host-specific.
Parasites in this phylum are obligate parasites, requiring a host to complete their lifecycle.
Apicomplexans are thought to have evolved from a free-living photosynthetic ancestor within the
Chomerida phylum and are closely related to free-living single-celled predators in the genus
Colpodella (Šlapeta & Morin-Adeline, 2011).

2.1a Characteristics of apicomplexans: the apical complex
Unique to the organisms within the Apicomplexan phylum is the apical complex structure.
The apical complex is central to host cell invasion, and consists of ultrastructural organelles found,
during certain life stages, at the anterior end of the parasite that ultimately displaces the nucleus
and the mitochondria towards the posterior end (Aikawa et al., 1978; Lee et al., 2000; Levine,
1973). The cytoskeletal components of the apical complex include the conoid, the polar rings, and
the sub-pellicular microtubules. In addition, the apical complex is comprised of three distinct types
of secretory organelles, which include the rhoptries, the micronemes, and dense granules. The
rhoptries and micronemes are often found at the anterior end, while the dense granules may also
be found in the posterior end (Šlapeta & Morin-Adeline, 2011).
Organisms within the Apicomplexa phylum also possess a distinct membrane complex that
envelopes all infective stages. The plasmalemma is the outermost layer of the membrane. The
inner membrane comprises two membranes forming the inner membrane complex, also known as
the alveoli. The two membranes forming the inner membrane run parallel to each other. Further, a
3

complex membranous structure, known as the pellicle, is interrupted at the anterior end by the
polar rings of the apical complex and a single or several microspores. The pellicle is comprised of
the endosymbiotic-derived organelles (mitochondrion, apicoplast), universal eukaryotic
organelles, and specific compartments (i.e., acidocalcisomes) (Šlapeta & Morin-Adeline, 2011).
Figure 1 shows a schematic sketch of the internal structures of a typical Apicomplexan organism.

Figure 1. Schematic sketch of the internal structures of a typical Apicomplexan organism
(Šlapeta & Morin-Adeline, 2011)
The number and general shape of the secretory organelles differ between the different
apicomplexan groups (Blackman & Bannister, 2001; Leander, 2008). For example, apicomplexans
within the coccidia and hematozoa subclass are known to contain two rhoptries in their merozoites
(Bannister & Mitchell, 1989). The proteins secreted by the secretory organelles are important as
they initiate and regulate the host invasion process (Bannister & Mitchell, 1989; Carruthers, 1999;
Proellocks et al., 2010).
Presumably, the conoid, found in apicomplexans, is made of tubulin fibers arranged
uniquely. This feature can expand and reduce in a Ca2+ dependent manner to produce some form
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of movement (Hu et al., 2002). Thus, in addition to the apical complex being associated with host
cell invasion, the apical complex may have a vital role in parasite orientation, support, and
movement both before and after invasion (Shanmugasundram et al., 2013; Shen & Sibley, 2012;
Šlapeta & Morin-Adeline, 2011).

2.1b Characteristics of apicomplexans: the apicoplast
In addition to the apical complex, the apicoplast is another conserved organelle within
apicomplexans that is thought to play a role in parasite survival. The apicoplast is a remanent nonphotosynthetic plastid similar to the mitochondrion as the plastid contains its own DNA (Parada,
2010; Šlapeta & Morin-Adeline, 2011). The apicoplast consists of a 35kb circular genome (Wilson
et al., 1996). It was hypothesized that a secondary endosymbiont event occurred, whereby the
photosynthesizing eukaryote was engulfed by a heterotrophic organism giving rise to the
apicoplast (Cavalier-Smith, 1999). It was later confirmed that this sequence of events likely
occurred (Fast et al., 2002; Janouskovec et al., 2010; Waller & McFadden, 2005).
Studies suggest that the apicoplast is critical for parasite survival as it is responsible for
critical anabolic pathways (Brooks et al., 2010; Lang-Unnasch et al., 1998). Except for
Cryptosporidium spp. and Gregarina niphandrodes, plastid ribosomal ribonucleic acid (rRNA)
gene analyses have confirmed that all apicomplexans seem to possess the apicoplast, thus leading
to the assumption that the apicoplast carries an essential function for parasite survival (LangUnnasch et al., 1998; Toso & Omoto, 2007; Zhu, Marchewka, et al., 2000). Researchers have
recently focused on using the apicoplast as a target for drug therapies (Parada, 2010; Šlapeta &
Morin-Adeline, 2011).
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2.1c Invasion of apicomplexans into host cells
Host cell invasion by apicomplexan parasites is highly conserved among related protozoa.
Attachment of apicomplexan parasites to the host cell is initiated by interacting its surface proteins
with the host cell’s plasma membrane (Šlapeta & Morin-Adeline, 2011). At the point of
attachment, the apical region of the infecting parasite (zoite) will then connect to the host cell
forming a depression in the shape of the zoite in the cell’s plasma membrane. Next, the rhoptry
ducts will extend from the apical complex through the newly created cell junction, followed by
releasing proteins from the microneme and the rhoptry (Aikawa et al., 1978). This action induces
the formation of the parasitophorous vacuole that surrounds the parasite once inside the host cell
(Bannister & Mitchell, 1989). Actual parasite invasion into the host cell is mediated by forming a
moving junction around the infecting parasite. The moving junction moves along the length of the
parasite leading to the engulfment of the parasite within the host cell (Brooks et al., 2010).

2.1d General life cycle of apicomplexans
The general life cycle of an apicomplexan parasite consists of four transformations: the
zygote, a sporozoite, a merozoite, and a gametic stage. Typically, apicomplexan parasites undergo
a series of asexual and sexual reproductions involving either one or two hosts to form a diploid
zygote. Next, the diploid zygote will undergo meiotic division to create infective haploid
sporozoites (Šlapeta & Morin-Adeline, 2011). Within the host, sporozoites target specific cells
using molecular armament, including surface adhesions and binding antigens to enter host cells
(Baum et al., 2008). Subsequently, the sporozoites transform into merozoites within the host cells.
Once merozoites are formed, several additional generations of asexual reproduction occur,
producing more merozoites. Eventually, sexual gametes are produced, leading to the fertilization
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and production of a diploid zygote followed by the formation of the infective haploid sporozoites
repeating the cycle (Lee et al., 2000; Levine, 1973).
The specific details of this life cycle, such as the number of hosts involved and the type of
cellular invasion, vary within different apicomplexan groups (Šlapeta & Morin-Adeline, 2011).
For example, some coccidian parasites require access to atmospheric oxygen to induce sporulation
of the zygote, which means that those oocysts are not infectious when released into the
environment. Coccidia are also known to parasitize a single host (Lee et al., 2000; Levine, 1973).

2.2 Cyclospora cayetanensis
C. cayetanensis is a single-celled obligate intracellular parasite measuring ~8-10 mm in
diameter. C. cayetanensis colonizes the small intestine in humans, causing enteric disease.
Infection by C. cayetanensis occurs by ingesting contaminated food and/or water by sporulated C.
cayetanensis oocysts. Oocysts that are passed in the stools of an infected person are not readily
infectious. C. cayetanensis oocysts sporulate and become infectious under ideal environmental
conditions (Centers for Disease Control and Prevention, 2018b; Chacín-Bonilla, 2017; Ortega &
Sanchez, 2010).
C. cayetanensis is classified within the phylum Apicomplexa, class Sporozoasida, subclass
Coccidiasina, order Eimeriorina, and family Eimeriidae (Almeria et al., 2019; Chacín-Bonilla,
2017). It was first described by Ashford (1979) when he serendipitously found the oocysts in the
stools of three patients while doing a routine stool examination of their samples. Cyclospora was
given its taxonomic status by Ortega et al. (1993), using isolated oocysts from Peruvian patients.
Currently, there are 21 described Cyclospora species; however, C. cayetanensis is the only species
known to infect humans. It is not yet clear whether C cayetanensis is zoonotic; however, it has
been suggested that animals may be a paratenic host as they can mechanically transport oocysts to
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contaminate crops or water sources. Further investigation into animal sources using molecular
detection techniques is necessary to establish the zoonotic implications of C. cayetanensis
(Solarczyk, 2021; Totton et al., 2021).
One of the defining characteristics of Cyclospora is the highly resistant oocyst wall that
encapsulates the parasite. The coccidian oocyst wall is very similar across all coccidia and is
essential for parasite survival. This feature protects both physical and chemical treatments. The
oocyst wall comprises two distinct layers: an electron-dense layer with a roughened outer surface
and an inner layer with a uniform electron-lucent appearance (Belli et al., 2006). The outer layer
is a proteinaceous layer rich in proline, while the inner layer is rich in lipids. In addition, one or
both layers consist of tyrosine cross-links contributing to its autofluorescent properties (Belli et
al., 2006; Belli et al., 2003). The oocyst wall is resistant to proteolytic enzymes and water-soluble
substances. Many common disinfectants are imperious to the oocyst wall, which allows for oocyst
survival for extended periods (months to years).
On the other hand, the oocyst wall is sensitive to high temperatures and extremely dry
conditions. The oocyst wall is permeable to lipid-soluble substances such as ammonia, methyl
bromide, and carbon disulphide. The oocyst wall allows for gas exchange to occur, as this is
essential for sporulation and the development of the infectious form of the parasite (Belli et al.,
2006).

2.2a Life cycle
C. cayetanensis requires a single host to complete its entire life cycle, as shown in Figure
2 (Centers for Disease Control and Prevention, 2018b; Chacín-Bonilla, 2017). Individuals infected
with C. cayetanensis excrete unsporulated oocysts in their feces. In the absence of proper
sanitation, these oocysts contaminate the environment and, under ideal conditions (23-27°C), will
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sporulate and become infectious in ~7-15 days. Sporulated oocysts contain two sporocysts, each
containing sporozoites. After sporulation, the infectious oocysts enter the food chain,
contaminating fresh foods and/or water (Chacín-Bonilla, 2017). Due to their small size, low
specific gravity, and high infectivity (Giangaspero & Gasser, 2019). Contaminated food and/or
water ingested by a susceptible host results in the excystation of the sporozoites within the
intestinal lumen. The sporozoites then infect the duodenum and jejunum epithelial cells and
transform into trophozoites, which undergo merogony, resulting in the formation of type I and type
II meronts (Chacín-Bonilla, 2017; Ortega & Sanchez, 2010). Type I meronts contain 8-10
merozoites ~3-4 x 0.5 mm in size. Type II meronts contain 4 merozoites ~12-15 x 0.7-0.8 mm in
size (Chacín-Bonilla, 2017; Ortega et al., 1997). Type I meronts penetrate the host cells and
develop into type II meronts (Chacín-Bonilla, 2017). Merozoites then enter other host cells and
begin the gametogony cycle by differentiating into male (microgametocyte) or female
(macrogametocyte) stages. Fertilized macrogametocytes develop into zygotes, followed by the
development of the resistant wall around the zygote and the development of the oocyst containing
a sporont, repeating the cycle (Chacín-Bonilla, 2017; Ortega & Sanchez, 2010).
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Figure 2. The life cycle of Cyclospora cayetanensis (Centers for Disease Control and
Prevention, 2018b)
Recent research has described asexual and sexual development within the C. cayetanensis
life cycle. The newly proposed life cycle by Dubey et al. (2020) is shown in Figure 3. The
terminology used to describe the stages of the C. cayetanensis life cycle was derived from the
research conducted to describe the life cycle of Toxoplasma gondii (Dubey, 2009). Before
discovering the coccidian phase of T. gondii, the term trophozoite was used to describe the life
cycle stage where the sporozoites/merozoites round up and lose their organelles upon entry into
the host cell. Dubey et al. (2020) have suggested that the term, uninucleate zoite, should replace
the term trophozoite. As the name suggests, a uninucleate zoite contains a single nucleus and is
nonmotile, which is the typical “trophozoite” of Eimeria. The new terminology avoids confusion
with the motile trophozoites of other protozoa, which can contain two nuclei. Furthermore,
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research has shown that the trophozoites in T. gondii are different structurally from “trophozoites”
in Eimeria species; thus, the new term, uninucleate zoite, is preferred by Dubey et al. (2020).
In addition to sexual reproduction, most species of intestinal coccidia divide asexually
through a schizogony process where the nucleus divides into four or more nuclei before the
merozoites are formed. Dubey et al. (2020) documented the process of schizogony through the
observation of five or more nuclei within the immature schizonts before the formation of
merozoites. Research suggests that the mode of division of schizont in C. cayetanensis is different
from that in Eimeria species. Nevertheless, further research is necessary to confirm these findings
(Dubey et al., 2020).
Dubey et al. (2020) have also challenged the concept of two types of meronts in C.
cayetanensis proposed by (Ortega et al., 1997). Evidence suggests that type I meronts are more
likely to be the only stage, as type II meronts were not reported in numerous studies (Connor et
al., 1999; Dubey et al., 2020; Sun et al., 1996; Van Nhieu et al., 1996).

11

Figure 3. The proposed life cycle of Cyclospora cayetanensis by Dubey et al. (2020)
2.2b Diarrheal disease caused by C. cayetanensis
Infection with C. cayetanensis is characterized by nonspecific symptoms, including lowgrade fever, watery diarrhea, loss of appetite, weight loss, and fatigue. C. cayetanensis has an
incubation period between 2-11 days after exposure and has a low infectious dose between 10-100
oocysts. Cyclosporiasis symptoms vary in areas of high endemicity as asymptomatic infections
occur more frequently. In these areas, small children and immunocompromised individuals will
typically exhibit symptoms. As age increases, infections tend to be milder because the duration of
the infection decreases and the severity of the disease decreases. Conversely, in areas where
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cyclosporiasis is not endemic (such as in high-income countries), infections are almost always
symptomatic (Chacín-Bonilla, 2017; Ortega & Sanchez, 2010).

2.2c Diagnosis
Cyclosporiasis can be diagnosed through a variety of different methods. Traditionally,
cyclosporiasis is diagnosed by identifying oocysts in wet mounts of stool specimens observed at
100X immersion oil using bright-field microscopy. Differential staining techniques can be
employed to aid in the identification process. The most popular staining techniques include the
modified acid-fast staining and the safranin staining. Although the modified acid-fast staining
technique is widely used, the safranin technique is preferred because it provides a more uniform
stain. C. cayetanensis oocysts can also be detected using ultraviolet (UV) fluorescence microscopy
(UV excitation filter set at 330-365 nm or 450-490 nm). Stool samples can be processed through
a sporulation assay to induce oocyst sporulation if present within the sample. In addition,
molecular techniques can also be used to diagnose cyclosporiasis through various polymerase
chain reaction (PCR) methods. In terms of serology and antigen-based diagnostic procedures, there
are currently no commercial assays available (Garcia, 2016c; Garcia et al., 2018; Ortega &
Sanchez, 2010).

2.2d Treatment
Cyclosporiasis is a self-limiting infection lasting several weeks after contracting the
parasite. Typical treatment of cyclosporiasis is through trimethoprim-sulfamethoxazole taken
orally twice daily for seven days. Relief of symptoms usually occurs within the first few days in
immunocompetent patients. For individuals with a sulfa allergy, a 7-day treatment using
nitazoxanide has been proposed as an effective alternative. In patients with AIDS, higher doses of
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trimethoprim-sulfamethoxazole and long-term treatment may be necessary as symptoms reappear
in 40% of patients within 1-3 months post-treatment (Garcia, 2016c; Ortega & Sanchez, 2010).

2.2e Epidemiology
Like other parasitic diseases, cyclosporiasis is typically found in tropical and subtropical
impoverished areas where food and water sanitation are poor or nonexistent (Centers for Disease
Control and Prevention, 2018b). The infection is common in children living in endemic areas and
immunocompromised patients. School-aged children living in endemic regions are predominantly
affected due to frequent exposure to contaminated environmental sources such as soil and water.
The adult population in endemic areas is typically asymptomatic as they may have acquired
immunity due to regular exposure to the parasite. There is limited data regarding outbreaks caused
by C. cayetanensis in endemic areas, possibly due to the lack of diagnostic capability and
nonspecific antibiotics in these areas (Chacín-Bonilla, 2017; Chacín-Bonilla et al., 2007).
Seasonal variation in infection rates has also been noted for cyclosporiasis, increasing
prevalence in warm periods with maximal rainfall and hot periods without rain. These climatologic
factors are essential for the sporulation of the oocysts within the environment (Almeria et al., 2019;
Chacín-Bonilla, 2017). Rainfall can spread oocysts from a contaminated soil environment with
human feces to further contaminate water reservoirs, water systems, or irrigated produce that is
consumed raw (Kaminsky et al., 2016).
In high-income countries, cases involving C. cayetanensis are typically related to
international travel or local foodborne outbreaks caused by imported fresh foods from endemic
areas. Although uncommon, exposure to contaminated water sources has also been involved in
spreading infection in these countries (Chacín-Bonilla et al., 2007; Giangaspero & Gasser, 2019).
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2.2e1 Recent outbreaks in Canada
Cyclosporiasis is a notifiable infectious disease in Canada (Public Health Agency of
Canada, 2021b). The risk of cyclosporiasis for Canadians is low as C. cayetanensis is not found in
the water or food grown in Canada. In Canada, non-travel-related illness occurs more frequently
in the spring and summer months (Public Health Agency of Canada, 2017). For example, in 2015,
a cyclosporiasis outbreak was declared in Ontario, Canada, when four laboratory-confirmed and
six probable cases were reported. Upon investigation, it was determined that the source of infection
was imported sugar snap peas from Guatemala, resulting in a total of 35 non-travel related cases
(Whitfield et al., 2017). The following year, the Public Health Agency of Canada (PHAC), in
collaboration with local, provincial, and federal partners, launched a national outbreak
investigation of cyclosporiasis as nine locally acquired cyclosporiasis cases occurred in Alberta,
British Columbia, and Ontario. In total, 87 cases within Alberta (n=2), British Columbia (n=2),
Ontario (n=75), and Québec (n=8) occurred between May 19 – August 10, 2016. The outbreak
was suspected to be associated with blackberries imported from Mexico (Morton et al., 2019).
Both Guatemala and Mexico are endemic to cyclosporiasis (Almeria et al., 2019).
PHAC, provincial public health partners, the Canadian Food Inspection Agency, and
Health Canada issued a food recall warning for bagged salad products containing C. cayetanensis
oocysts. The reason for the recall was the occurrence of cyclosporiasis. The final investigation
report identified a total of 370 cases of cyclosporiasis in British Columbia (1), New Brunswick
(1), Newfoundland and Labrador (6), Nunavut (2), Ontario (255), and Québec (105) between midMay and late August 2020 (Public Health Agency of Canada, 2020b). The bagged salad products
in Canada were also investigated in the United States (U.S.) by the Centers for Disease Control
and Prevention (CDC), public health and regulatory officials in 14 states, and the U.S. Food and
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Drug Administration. A report dated September 23, 2020, informs that 701 laboratory-confirmed
cyclosporiasis cases were linked to this outbreak between May 11 – July 24, 2020, in 14 states
(Centers for Disease Control and Prevention, 2020).
In October of 2021, PHAC reported 75 cases of cyclosporiasis occurring between May and
September of that year; however, the source or sources of the illnesses was not identified (Public
Health Agency of Canada, 2021a). In comparison to the U.S., the CDC investigated two large
multistate cyclosporiasis outbreaks, in which those who were affected reported eating various
types of leafy greens. In total, these outbreaks contributed to 170 illnesses. As of September 28,
2021, 1020 laboratory-confirmed cases were reported in people with no international travel history
(Centers for Disease Control and Prevention, 2021).
It is important to note that cyclosporiasis was added to the Canadian notifiable disease list
in 2000 with reports from Alberta, British Columbia, Manitoba, Newfoundland and Labrador,
Nova Scotia, Northwest Territories, Nunavut, Ontario, Saskatchewan, and Yukon. Reports from
Québec are included from 2004 onwards, reports from Prince Edward Island are included from
2013 onwards, and reports from New Brunswick are included from 2015 onwards (Public Health
Agency of Canada, 2021b). Figure 4 represents the rate per 100,000 reported cases in Canada
between 2000-2019.
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Figure 4. Rate per 100,000 reported cases of cyclosporiasis from 2000-2019 in Canada
(Public Health Agency of Canada, 2021b)

2.3 Cryptosporidium spp.
Cryptosporidium spp. are apicomplexan protozoan parasites that infect the gastrointestinal
tract and lungs of various animals, including humans (Leitch & He, 2012). Cryptosporidium
parvum was first described in 1907 when it was found in the gastric crypts of a lab mouse (Tyzzer,
1907). Subsequently, C. parvum was discovered in animals and humans, indicating
cryptosporidiosis was zoonotic and not host-specific (Fayer, 2010; Xiao et al., 2004). Over 30
species of Cryptosporidium have been identified, of which at least 21 are considered zoonotic (Xu
et al., 2020). Of these species, C. hominis and C. parvum are the main species commonly infecting
humans (Jiang et al., 2014; Lake et al., 2007). C. hominis infections are commonly associated with
human-to-human transmission within urban areas, while C. parvum infections are common in rural
settings affecting humans and ruminants (Cacciò & Putignani, 2014; Lake et al., 2007). Other
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Cryptosporidium species identified in humans include C. andersoni, C. meleagridis, C. felis, C.
canis, and C. suis. With the development of molecular biological technologies, it has been
discovered that some species of genotypes of Cryptosporidium are predominant in specific
countries or regions (Xu et al., 2020). It is important to note that the focus of the present thesis is
based on cryptosporidiosis caused by C. hominis and C. parvum in humans, so the term
Cryptosporidium will be used to describe C. hominis and C. parvum hereafter.
Like C. cayetanensis, Cryptosporidium belongs to the Apicomplexan phylum, indicating
the possession of an apical complex (Ryan & Xiao, 2014). Cryptosporidium spp. has traditionally
been considered a coccidian parasite because of its morphological characteristics and lifecycle
similarities (Levine, 1988). For example, the oocyst wall of Cryptosporidium is composed of two
layers consisting of glycoproteins and lipids and is highly resistant to chemical disinfectants (Belli
et al., 2006). However, Cryptosporidium spp. has different characteristics that separate them from
other coccidia. Using the same example of the oocyst wall, Cryptosporidium parvum oocyst wall
protein (COWP) is present in the inner layer of Cryptosporidium oocyst walls. This protein forms
extensive disulphide-bonded protein matrices responsible for the rigidity of the wall (Belli et al.,
2006). The oocyst wall contains a suture at one end that dissolves during excystation that allows
the sporozoites to leave the oocyst (Garcia, 2016c). Cryptosporidium spp. does not contain an
apicoplast, suggesting differences from the coccidia subclass (Ryan & Xiao, 2014). Molecular
phylogenies suggest that Cryptosporidium spp. are related to gregarines (Zhu, Keithly, et al.,
2000).
Cryptosporidium measures ~4-6 mm in diameter and can be acquired through different
transmission routes, including direct fecal-oral, contact with contaminated animals, and the
consumption of contaminated food and/or drink (Garcia, 2016c). Cryptosporidiosis is an important
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infection in immunocompromised persons, especially those infected with the human
immunodeficiency virus (HIV), as it may result in potentially fatal complications (Garcia, 2016c).

2.3a Life cycle
The life cycle of Cryptosporidium is monoxenous, developing within a single host, and
involves both asexual and sexual replication, as shown in Figure 5 (Cacciò & Putignani, 2014;
Centers for Disease Control and Prevention, 2019b). Mature Cryptosporidium oocysts are excreted
by the infected host through the feces and are immediately infectious. Excystation occurs
following ingestion of oocysts in contaminated food or water, feces of infected animals, or through
direct fecal-oral contact (Centers for Disease Control and Prevention, 2019b). During excystation,
the suture along the oocyst wall opens, allowing the four infectious sporozoites to be released
(Cacciò & Putignani, 2014). In vitro studies suggest that temperature and pH are the most
important triggers for releasing infectious sporozoites (Widmer et al., 2007). Once the sporozoites
are released, attachment to the gastrointestinal tract or the respiratory epithelial cells occurs
through the apical complex (Cacciò & Putignani, 2014; Centers for Disease Control and
Prevention, 2019b). The sporozoite contacts the host cell membrane upon attachment to the host
cells. The rhoptry extends into the attachment site, and the micronemes and dense granules move
toward the apical region. Next, the secretory organelles are released, triggering the recognition and
attachment to the host cell, invasion, and formation of the parasitophorous vacuole (Cacciò &
Putignani, 2014). The developmental stages of the parasite occur within the parasitophorous
vacuole located at the microvillous surface of the host cell (Garcia, 2016c). The sporozoites then
differentiate into spherical trophozoites. Next, the process of merogony occurs by which the
trophozoite nucleus and cytoplasm are divided to create meronts. Specifically for C. parvum, two
types of meronts are formed. Type I meronts contain 6-8 nuclei, each producing a merozoite.
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Mature merozoites leave the meront to invade other host cells to either develop into another Type
I or a Type II meront. Type II meronts contain four nuclei that create four merozoites. Once a new
host cell is infected, Type II meronts can initiate sexual reproduction (Cacciò & Putignani, 2014).
During sexual reproduction, Type II merozoites can differentiate into either a macrogamont
(male) or a macrogamont (female) (Cacciò & Putignani, 2014; Centers for Disease Control and
Prevention, 2019b). Nuclear division within the macrogamont leads to the production of
microgametes released within the parasitophorous vacuole. Macrogamonts are fertilized by a
microgamete leading to the development of the zygote. The zygote then differentiates into four
sporozoites, completing the infectious oocyst formation (Cacciò & Putignani, 2014). It is
hypothesized that mature oocysts are released into the lumen of the small intestine, where they
pass through the feces (Mor & Tzipori, 2008).
It is important to note that there are two types of oocysts: thick-walled and thin-walled.
The thick-walled oocysts are produced ~80% of the time and are commonly excreted from the host
and contaminate the environment. The thin-walled oocysts are produced ~20% of the time and are
primarily involved in autoinfection. They are thought to stay within the host and immediately
release their sporozoites, creating an endogenous infection (Belli et al., 2006; Cacciò & Putignani,
2014; Centers for Disease Control and Prevention, 2019b; Garcia, 2016c). Thick-walled oocysts
contain a thin, moderately coarse outer layer and a finely granular inner layer. There is an electronlucent zone between the two layers consisting of the oocyst membrane sandwiched between the
outer and inner layers of the oocyst wall. The outer layer is a continuous uniformed layer, while
the inner layer contains a suture at one pole. The thin-walled oocysts do not have wall-forming
bodies (Garcia, 2016c).
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Figure 5. The life cycle of Cryptosporidium spp. (Centers for Disease Control and
Prevention, 2019b)
2.3b Diarrheal disease caused by Cryptosporidium
Infection with Cryptosporidium typically results in various symptoms that include watery
diarrhea (the most common), stomach cramps or pain, dehydration, nausea, vomiting, low-grade
fever, and weight loss. Symptoms usually present within 2-10 days after ingesting oocysts (Centers
for Disease Control and Prevention, 2019b). Various host factors and parasite characteristics
define the infection's severity, persistence, and outcome. Like other opportunistic infections,
immune status, and frequency of exposure of the infected individual, are important factors
influencing the prognosis of cryptosporidiosis (Bouzid et al., 2013; Shikani & Weiss, 2014). In
addition, the age of the affected individual plays a role in the severity of the disease (Shikani &
Weiss, 2014). However, there is limited information regarding the pathogenic characteristics of
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Cryptosporidium spp. (Bouzid et al., 2013; Certad et al., 2017). Like Cyclospora, Cryptosporidium
also has a low infection dose as ~9-10 oocysts are required for infection to occur (Borad & Ward,
2010; Garcia, 2016c). The severity of cryptosporidiosis can vary from asymptomatic shedding of
oocysts to life-threatening disease (Bouzid et al., 2013; Chen et al., 2002; Garcia, 2016c). In
addition, in endemic areas, cryptosporidiosis occurs more frequently in younger children than
older children suggesting the development of protective immunity (Guérin & Striepen, 2020;
Shirley et al., 2012). Those who are immunocompetent tend to have self-limited infections,
whereas immunocompromised patients may have a chronic infection leading to dehydration and
wasting (Bouzid et al., 2013; Chen et al., 2002; Garcia, 2016c). Moreover, immunocompromised
patients may experience atypical manifestations of cryptosporidiosis that may include atypical
gastrointestinal disease, biliary tract disease, respiratory tract disease, and pancreatitis (Hunter &
Nichols, 2002).

2.3c Diagnosis
Cryptosporidiosis can be diagnosed through a variety of different methods. Traditionally,
cryptosporidiosis is diagnosed by identifying oocysts in wet mounts of stool specimens observed
at 100x immersion oil using bright-field microscopy. Various differential staining techniques can
aid in the identification process (Garcia, 2016c). The most popular staining technique is the
modified acid-fast staining technique. Other staining techniques such as safranin staining and
trichrome staining may also be used (Van den Bossche et al., 2015). Unlike Cyclospora,
Cryptosporidium can be detected through copro-antigen detection techniques such as direct
fluorescent antibody procedures, enzyme-linked immunosorbent assays (ELISA), and rapid
chromatographic diagnostic tests. In addition, molecular techniques can also be used to diagnose
cryptosporidiosis through various PCR methods (Garcia, 2016c; Garcia et al., 2018).
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2.3d Treatment
Cryptosporidiosis tends to be self-limiting in those who are immunocompetent. If
pharmacological treatment is needed in immunocompetent individuals, nitazoxanide is used as it
is the only drug approved by the Food and Drug Administration for cryptosporidiosis treatment
(Centers for Disease Control and Prevention, 2019b; Garcia, 2016c; Mead & Arrowood, 2014).
Paromomycin also has the potential to be used for cryptosporidiosis treatment. For those who are
immunocompromised, no drugs have been proven effective. Highly active antiretroviral therapy
has been used to restore immune function in immunocompromised individuals (Garcia, 2016c;
Mead & Arrowood, 2014).

2.3e Epidemiology
Cryptosporidium is one of the leading causes of death among children under the age of 5
as it causes severe diarrheal disease worldwide. This infection mainly affects children and as
mentioned earlier, immunocompromised patients, especially those infected with HIV (Khan et al.,
2018; Xiao, 2010). Although Cryptosporidium has a worldwide distribution, the prevalence of
infection is higher in developing countries with a lack of necessities such as clean drinking water
and proper hygiene and sanitation systems (Gerace et al., 2019; Putignani & Menichella, 2010).
The risk factors for acquiring C. hominis and C. parvum differ in geographical settings due
to the difference in host range, transmission cycles, and prevalence (Putignani & Menichella,
2010) Macroepidemiological analyses have shown that C. hominis is more prevalent in North and
South America, Australia, and Africa, whereas C. parvum is more prevalent in Europe (Putignani
& Menichella, 2010; Shirley et al., 2012; Xiao, 2010).
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Risk factors include contact with persons with diarrhea, particularly young children, travel
to countries where cryptosporidiosis is endemic, and swimming in contaminated freshwater or
chlorinated swimming pools (Lake et al., 2007; Robertson et al., 2002; Roy et al., 2004). C.
hominis infections are more common in urban settings favouring direct person-to-person
transmission (Cacciò & Putignani, 2014; Lake et al., 2007; Roy et al., 2004). C. hominis cases are
also more likely in areas with higher socioeconomic status and a high proportion of young children.
On the other hand, risk factors for C. parvum infections include living in areas where agricultural
land use occurs and contact with cattle especially calves (Lake et al., 2007).
For those living where cryptosporidiosis is endemic, several studies have identified several
risk factors such as age (<2 years), absence of breastfeeding, contact with pets, living in
overcrowded conditions, low birth weight, male gender, malnourishment, and coinfections to be
associated with infection (Abdel-Messih et al., 2005; Katsumata et al., 1998; Molloy et al., 2011;
Putignani & Menichella, 2010).
Like cyclosporiasis, cryptosporidiosis exhibits seasonal outbreaks (McLauchlin et al.,
2000). Increased rainfall, pollution from farm waste or calving and lambing activities are
associated with increased cryptosporidiosis (Jagai et al., 2009; Putignani & Menichella, 2010).
This relates to Cryptosporidium oocysts remaining infectious in the environment for months if
kept moist (Shirley et al., 2012). Furthermore, due to the different transmission routes, seasonal
patterns are likely to vary for other Cryptosporidium spp. Studies conducted in the United
Kingdom and New Zealand have found cases linked to C. parvum peak in late spring, whereas
cases caused by C. hominis peak in the fall. This finding was associated with increasing C. parvum
infections following the calving season. An increase in C. hominis infections was associated with
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increased travel, exposure to contaminated water, and attendance at daycare centers (Learmonth
et al., 2004; McLauchlin et al., 2000).

2.3e1 Recent outbreaks in Canada
In North America, Cryptosporidium spp. is associated as a leading etiological agent in
waterborne diseases. In Canada, Cryptosporidium was the third most associated pathogen with
drinking water between 1974-2001. In 2001, more than 1,700 cases of cryptosporidiosis were
reported as a waterborne outbreak in Saskatchewan (Ayres Hutter et al., 2020). However, the risk
for cryptosporidiosis for Canadians is low as there are protocols in place to protect the population
against Cryptosporidium in the water systems (Public Health Agency of Canada, 2020a). These
protocols include using water sampling to detect fecal contamination and the presence of oocysts
and physical removal and inactivation technologies such as filtration systems and other various
water treatment solutions (Health Canada, 2019).
Waterborne outbreaks are commonly associated with livestock fecal matter contamination
and public swimming pool contamination (Rossle & Latif, 2013). For instance, in 2010, 12 cases
of cryptosporidiosis were reported in association with a waterborne outbreak in a water park in
Niagara Falls, Ontario (Hopkins et al., 2013). During January 2016-December 2017, an
epidemiological study was performed in Québec to identify possible exposures associated with
Cryptosporidium infection. This study issued an investigation questionnaire and determined that
~53% of positive cases were associated with exposure to recreational water activities, i.e., the
beach, public pool, or water park (Ayres Hutter et al., 2020).
Foodborne cryptosporidiosis outbreaks are less common than waterborne outbreaks. The
primary sources of food contamination come from consuming raw fruits, vegetables, and shellfish.
For those travelling to areas where cryptosporidiosis is endemic, food and water consumption may
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be the source of infection (Rossle & Latif, 2013). In the study by Ayres Hutter et al. (2020), 26%
of positive cases were associated with the consumption of contaminated food.
A C. hominis outbreak was detected in Nunavik, Québec, between April 2013-2014.
During this period, 51 cases of Cryptosporidium were identified using the modified-acid fast
staining technique. Fourteen positive cases were selected for genetic subtyping, and their
sequences were aligned with the C. hominis subtype for all cases. Cryptosporidium spp. was
previously detected in this region in marine animals; however, seeing that C. hominis was
identified, zoonotic transmission was ruled out. In addition, the temporal and geographical
distribution of the cases included in this study provides additional evidence to support the theory
of a C. hominis outbreak in this region. The prevalence of C. hominis was not previously reported
in this region (Thivierge et al., 2016). C. hominis was previously reported in Ontario during a study
focusing on the importance of dairy cattle as an infection source (Trotz-Williams et al., 2006) and
during a study assessing Cryptosporidium contamination in water sources (Ruecker et al., 2012).
During an outbreak investigation, C. hominis was also reported in British Columbia (Ong et al.,
2008).
It is important to note that cryptosporidiosis was added to the Canadian notifiable disease
list in 2000, with reports from Alberta, British Colombia, Manitoba, New Brunswick,
Newfoundland and Labrador, Nova Scotia, Northwest Territories, Nunavut, Ontario, Prince
Edward Island, Saskatchewan, and Yukon. Reports from Québec are included from 2004 onwards
(Public Health Agency of Canada, 2021b). Figure 5 represents the rate per 100,000 reported cases
in Canada between 2000-2019.
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Figure 6. Rate per 100,000 reported cases of cryptosporidiosis from 2000-2019 in Canada
(Public Health Agency of Canada, 2021b).

2.4 Common diagnostic techniques used to detect Cyclospora cayetanensis and
Cryptosporidium spp.
2.4a Routine parasitic examination
2.4a1 Bright field microscopy with or without sample concentration
The identification of protozoan parasites is mainly based on identifying the protozoan
through phenotypic characteristics such as size, shape, and colour. Routine parasite examination
involves using bright-field microscopy to identify the features of the protozoan of interest. In
general, it is recommended that three or more stool specimens are collected within ten days as
many intestinal protozoa are not consistently shed in stools (Garcia et al., 2018).
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C. cayetanensis or Cryptosporidium can be identified using fresh or preserved stool
specimens as oocysts are known to survive for extended periods. A small amount of fecal specimen
is mixed with a few drops of 0.85% saline on a microscope slide and viewed under a coverslip.
Using a preserved sample, 1-2 drops can be directedly added to a microscope slide and viewed
under a coverslip (Garcia et al., 2018). The entire coverslip is examined systematically using the
40X objective to locate possible oocysts in both scenarios. If present, oocysts are confirmed using
the 100X oil immersion objective (Robinson & Chalmers, 2019).
C. cayetanensis oocysts appear as non-refractive spheres measuring ~8-10 mm and contain
greenish inclusions or a central morula when using the direct wet mount smear and visualizing
using 100X magnification as seen in Figure 7A (Eberhard et al., 1997; Garcia, 2016c; Garcia et
al., 2018). The direct wet mount technique for Cyclospora identification is considered insensitive,
and specificity is almost negligible compared to other diagnostic methods. Cyclospora oocysts can
be easily missed with a light infection or interpreted for other similar size artifacts (Garcia, 2016b).
Cryptosporidium oocysts appear as small, round structures measuring ~4-6 mm, with a
pinkish hue when using the direct wet mount smear and visualizing using 100X magnification, as
seen in Figure 7B (Centers for Disease Control and Prevention, 2019a). Identification of
Cryptosporidium is considered unreliable using the direct wet mount technique. The oocysts are
too small and can be misinterpreted for yeasts or other artifacts similar in size (Garcia, 2016b;
Garcia et al., 2018). In addition, species of Cryptosporidium cannot be distinguished using brightfield microscopy (Garcia, 2016c).
Identification of both parasites can be enhanced by using various concentration and
staining techniques.
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Figure 7. Direct wet mount observation of Apicomplexan parasite oocysts A. Cyclospora
cayetanensis oocysts from a human fecal sample visualized at 100X magnification (taken with
iPhone 6 camera).B. Cryptosporidium oocysts visualized at 100X magnification (Centers for
Disease Control and Prevention, 2019a).
2.4a1.1 Concentration techniques
Concentration techniques are typically employed to increase the chance of detecting both
C. cayetanensis and Cryptosporidium oocysts within the stool sample, as samples from light or
asymptomatic infections may contain few oocysts. Commonly used concentration techniques
include the formol-ether sedimentation technique and Sheather’s floatation. The formol-ether
sedimentation technique is a general concentration technique that recovers all parasites present
within the sample through centrifugation into a fecal pellet. In this technique, ethyl acetate is added
to the fecal suspension before the concentration process to extract debris and fats that may be
present. Sheather’s floatation involves mixing the sample in a higher density solution to separate
most parasites from fecal debris. The high-density solution allows the organisms to float, forming
a top surface film from which parasites can be recovered by pipetting or contact with a coverslip.
Debris present will sink to the bottom of the tube (Garcia et al., 2018).
To detect C. cayetanensis, Kimura et al. (2004) compared the formol-ether sedimentation
technique and Sheather’s flotation to determine which one was more effective. It was found that
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Sheather’s floatation method identified more positive cases than the formol-ether sedimentation
technique. It was hypothesized that oocysts were trapped within the fecal plug of the latter
technique (Kimura et al., 2004).
A similar study was conducted by Baxby et al. (1984), and they found no advantage to
using either of the techniques. In practice, some authors recommend the formol-ether
sedimentation technique as it has more general applications (Garcia et al., 2018).

2.4a2 Staining techniques with or without sample concentration
Differential staining techniques are usually employed to aid in the microscopic
identification of C. cayetanensis and Cryptosporidium spp. In practice, samples are concentrated
before using staining techniques to enhance the sensitivity of the method (Garcia, 2016d; Garcia
et al., 2018).

2.4a2.1 Modified Ziehl-Neelsen Staining
The modified Ziehl-Neelsen staining technique is commonly used to stain acid-fast
organisms. This technique has been modified from the original “hot” technique typically used to
stain acid-fast organisms such as mycobacteria (Zhao et al., 2012). Typically, a prepared smear is
stained with Carbolfuchsin as the primary stain, followed by a decolorizing step using an acidalcohol solution. Finally, a counterstain using malachite green or methylene blue is used. This is
considered a “cold” technique, as the reagents do not need to be heated. Since C. cayetanensis and
Cryptosporidium contain acid-fast lipids in their cell walls, they are considered acid-fast (Garcia
et al., 2018).
The gold standard for clinical diagnosis for C. cayetanensis and Cryptosporidium is the
microscopic observation of oocysts in stain stool smears. Therefore, this technique is one of the
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more commonly used techniques to identify Cyclospora and Cryptosporidium (Eberhard et al.,
1997; Morgan & Thompson, 1998; Ortega & Sanchez, 2010; Soave, 1996). Using this technique,
C. cayetanensis stains oocysts somewhere between “ghost” appearance to light pink to deep red to
deep purple, which is the distinguishing feature of the parasite using this type of stain as seen in
Figure 8A (Centers for Disease Control and Prevention, 2016; Chacín-Bonilla, 2017; Garcia,
2016d). Oocysts that appear as “ghosts” do not uptake any of the Carbolfuchsin primary stain, thus
resulting in a clear oocyst. These “ghost” oocysts are problematic as they can be easily missed
when viewing stained slides using bright-field microscopy. The thickness of the oocysts wall of
C. cayetanensis is a suggested cause of the variability of staining between oocysts (Harrington,
2008).
Like Cyclospora oocysts, Cryptosporidium oocysts stain a pink-red colour and vary from
“ghost” or poorly stained oocysts using the method shown in Figure 8B. Like the direct wet mount
observation, it is crucial to measure the suspected oocyst to confirm the size to correctly identify
the oocyst (Garcia, 2016d; Garcia et al., 2018).
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Figure 8. Modified Ziehl-Neelsen staining of Apicomplexan parasite oocysts A. Cyclospora
cayetanensis oocyst from a human fecal sample visualized at 100X magnification (taken with
iPhone 6 camera). B. Cryptosporidium spp. oocyst from a human fecal sample visualized at
100X magnification (taken with iPhone 6 camera).
2.4a2.2 Safranin Staining
Safranin staining is another staining technique that can identify C. cayetanensis and
Cryptosporidium in fecal smears. The safranin staining technique is a “hot” staining technique that
uses safranin as the primary stain. Fecal smears are fixed using an acid-alcohol solution and then
placed in a heated safranin solution to perform this technique. Fecal smears are then washed to
remove excess safranin from the slide and counterstained with either methylene blue or malachite
green (Garcia et al., 2018; Maratim et al., 2002; Visvesvara et al., 1997). It is important to note
that the pH of the safranin solution plays an important role in ensuring the uniform staining of the
oocysts. It is recommended that the safranin solution has a pH of 6.5 (Visvesvara et al., 1997).
Heating of safranin could be done using a microwave or a water bath (Maratim et al., 2002;
Visvesvara et al., 1997).
C. cayetanensis oocysts stain a brilliant reddish-orange colour and are uniformly stained
using this technique, as shown in Figure 9. It is believed that the exposure of the fecal smears to
hot safranin alters the oocyst wall to allow for a more uniform stain to be absorbed (Visvesvara et
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al., 1997). The significant advantage to using this staining technique is that since the oocysts stain
uniformly, a high percentage of C. cayetanensis oocysts can be identified.
When using this staining technique, cryptosporidium oocysts present as vivid orange-pink
spheres or slightly ovoid shapes. In addition, the sporozoites within the oocyst stain are somewhat
darker and sometimes found around the periphery (Baxby et al., 1984).
Since oocysts of C. cayetanensis and Cryptosporidium stain uniformly, safranin staining is
superior to the modified acid-fast staining technique (Garcia et al., 2018; Rekha et al., 2016;
Visvesvara et al., 1997).
A

B

Figure 9. Safranin staining of Apicomplexan parasite oocysts A. Cyclospora cayetanensis
oocysts from a human fecal sample visualized at 100X magnification (taken with iPhone 6
camera). B. Cryptosporidium oocysts were visualized at 100X magnification (Centers for
Disease Control and Prevention, 2019a).
2.4b Epifluorescence
Epifluorescence is a widely used technique that involves both the illuminated and emitted
light waves travelling through the same objective lens (ThermoFischer Scientific). Fluorescence
of a sample is achieved when the incident lamp excitation light is focused onto fluorophores
present within the sample. The fluorophores absorb light energy and enter the singlet excitation
state. The singlet excitation state is unstable, so the excess light energy will be emitted to return to
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the ground state. Some energy can reach the ground state by emitting the extra light energy in
fluorescence. Fluorescent light is emitted at lower energy than the incident light. This process is
known as the Stokes shift and allows for separating the excitation light and the emission light using
filters. When performing epifluorescence, the incident light is continuously exciting the
fluorophores within the sample allowing the fluorophores to cycle between the excited and ground
state, repeatedly giving off many photons within each cycle (Webb & Brown, 2013).
Autofluorescence is a property exhibited by biological molecules acting as endogenous
fluorophores within an organism (Croce & Bottiroli, 2014). Oocysts of C. cayetanensis and
Cryptosporidium contain autofluorescent properties, allowing them to be identified through
epifluorescence (Garcia et al., 2018).
C. cayetanensis oocysts appear blue when using a 330-380 nm UV excitation filter, as seen
in Figure 10. A 450-490 nm UV excitation filter can also be used; however, C. cayetanensis
oocysts appear green (Centers for Disease Control and Prevention, 2018a). The fluorescence
intensity can be influenced by the time and storage of the sample (Ortega & Sanchez, 2010). This
technique is used to confirm direct wet mount smears for the presence of C. cayetanensis oocysts
and has been suggested to be the easiest and quickest diagnostic method (Berlin et al., 1998; Long
et al., 1994; Ortega & Sanchez, 2010; Verveij et al., 2003).
Oocysts of Cryptosporidium appear violet in colour using a 365 nm UV excitation filter
and appear green when using a 405 nm or 436 nm UV excitation filter (Varea et al., 1998). It
should be noted that the oocyst wall is not recognized as containing tyrosine, although it does have
high levels of histidine and cysteine (Herwaldt, 2000; Mai et al., 2009). Due to the absence of
recorded attempts to identify Cryptosporidium using epifluorescence, this technique should not be
used for this parasite (Garcia et al., 2018).
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Figure 10. Cyclospora cayetanensis oocyst from a human fecal sample using epifluorescence
(330-380 nm) visualized at 40X magnification (taken with pixeLINK microscope camera
Scope Professional x64 (pixeLINK) software).
2.4c Copro-antigen ELISA techniques
Copro-antigens are a group of antigens found in the feces and can be used to indicate an
active infection. Copro-antigen ELISA techniques can detect several intestinal protozoan parasites
in immunological detection techniques. Compared to traditional microscopy and staining
techniques, which can be labour-intensive and time-consuming, copro-antigen ELISA techniques
have allowed for more sensitive and specific identification of these parasites (Danišová et al.,
2018). Antigen detection in serum samples is not helpful for diagnosing fecal parasites. In this
case, circulating antibodies would indicate prior exposure rather than active infection.
Readily available commercial ELISA kits can be performed to determine the presence of
the antigen of interest. This technique can use either fresh or preserved fecal samples, dependent
on the commercial kit used and is typically limited to detecting antigens from one or two organisms
only (Garcia & Shimizu, 1997; Garcia et al., 1992; Kehl et al., 1995). Commercial kits are easy to
perform, cost-efficient, and can be a useful screening method to process many samples in a short
amount of time (Elgun & Koltas, 2011; Uppal et al., 2014). This technique relies on the highly

35

specific antigen-antibody binding interactions. Stool samples are generally added to a pre-coated
microwell plate with antibodies. It is at this step that antigen-antibody binding occurs. Any
unbound sample is then washed from the microwell, and a secondary antibody specific for the
antigen is added. Depending on the method used, an enzyme may be conjugated to the secondary
antibody. Substrate for the enzyme is added for a catalytic reaction producing a colour change in
the microwell. This colour change is directly proportional to the antigen present within the original
sample. Thus, this type of assay can be qualitative and quantitative (Garcia, 2016a; Koivunen &
Krogsrud, 2006).

2.4c1 Copro-antigen detection for C. cayetanensis
There are currently no methods for the clinical detection of C. cayetanensis using coproantigens (Qvarnstrom et al., 2018). However, recent advances identifying the antigenic profile of
C. cayetanensis and its use to diagnose C. cayetanensis using an ELISA assay have been shown
in the literature (Hussein et al., 2021).

2.4c2 Copro-antigen ELISA for Cryptosporidium
Commercial copro-antigen ELISA kits have been developed to detect Cryptosporidium
spp. These kits can detect oocysts from human and animal fecal samples (Ahmed & Karanis, 2018;
Elgun & Koltas, 2011). The sensitivity and specificity of this method vary because there are
different commercial kits available, and the literature has reported their use in other sample
populations (Hassan et al., 2021). In addition, the literature compares their use to different
methods. Table 1 summarizes some of the commercial copro-antigen ELISA kits used in the
literature on human fecal samples.
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Table 1. Commercial copro-antigen ELISA kits for Cryptosporidium spp. detection used in
the literature on human fecal samples
Sensitivity (%)

Specificity (%)

100

80.1

100

92.7

100

95.3

98.9

94.3

Reference

Modified Ziehl-

Elgun and Koltas

Neelsen

(2011)

Modified Ziehl-

Parghi et al.

Neelsen

(2014)

Modified Ziehl-

95.5

87.4

Reference Method

Neelsen

Abd El-Aziz Ezz
El-Din El-Bhairy
(2015)

Modified Ziehl-

Ghoshal et al.

Neelsen

(2018)

Microscopy & PCR

Razakandrainibe
et al. (2021)

2.4d Nucleic acid amplification techniques
Recent advances in molecular genomics have revolutionized molecular diagnostic
techniques that can be used to detect intestinal parasites within stool samples. PCR is a simple
molecular technique that amplifies a specific DNA fragment from a complex pool of DNA. This
technique can be performed using only a trace amount of DNA to generate enough copies to be
further analyzed using other molecular techniques (Garibyan & Avashia, 2013).
One of the most critical steps of the PCR process is DNA extraction. This process purifies
DNA through physical and/or chemical means from a sample to separate DNA from cellular
membranes, proteins, and other cellular components. Efficient DNA extraction results in a
reasonable quantity and quality of DNA that does not include contaminants. The extraction process
involves lysing the cells and solubilizing DNA. Cell lysis can be performed using detergents such
as sodium dodecyl sulphate or ethylene tetraacetic acid. Following cell lysis, centrifugation is

37

performed to remove any cellular debris. DNA can then be solubilized using organic or inorganic
methods (Gupta, 2019). After the extraction process is complete, the sample is ready for
amplification.
PCR assays require the presence of a target sequence, primers, individual nucleotides, and
DNA polymerase (Garibyan & Avashia, 2013). The target sequence is the DNA template sequence
that the PCR assay will amplify. The primers, single-stranded DNA, match the target DNA at the
ends or within the sequences and are required to begin the DNA synthesis process during the assay
(Gupta, 2019). DNA polymerase links the individual nucleotides together to form the PCR
product. The primers are short DNA fragments with a defined sequence complementary to the
DNA sequence of interest and serve as an extension point for the DNA polymerase to build on.
PCR components are mixed and placed into a machine that allows repeated DNA amplification
cycles. DNA amplification occurs in three steps, denaturing, annealing, and extension. Once the
PCR products have been made, they can be visualized by staining the amplified DNA product with
chemical dyes or labelling the primers or nucleotides with fluorescent dyes before the
amplification process. Following the amplification process, agarose gel electrophoresis can
analyze the PCR product. This technique separates DNA products based on size and charge.
Predetermined DNA products with known sizes are also included as standardized markers to help
determine the size of the product (Garibyan & Avashia, 2013).
Many different types of PCR assays can be performed. The most basic type of PCR,
qualitative PCR, is performed to detect the presence or absence of a specific DNA product. This
type of assay is typically used for cloning or identifying pathogens. Quantitative real-time PCR
(qRT-PCR) can determine how much DNA of interest is present within the sample while it is being
synthesized. This type of assay is typically used to analyze single cells and quantify combinations
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of DNA, messenger RNA, and proteins (Garibyan & Avashia, 2013). In addition to these
techniques, more complex PCR assays can also be performed depending on the experiment's goals.
Restriction fragment length polymorphism analysis PCR (RFLP-PCR) uses amplified
DNA sequences that are then digested using restriction enzymes that cut a specific site within the
DNA sequence (Cunha et al., 2019). This type of PCR assay can differentiate between species
(Coupe et al., 2005). Nested-PCR assays were designed to limit the nonspecific binding of products
as amplification of unexpected primer-binding sites may occur. This technique uses two sets of
primers to increase the overall sensitivity of the assay (Gupta, 2019). Like RFLP-PCR, this
technique can genotype DNA sequences (Cunha et al., 2019). More complex PCR assays, such as
multiplex PCR, allow for the simultaneous amplification of multiple target sequences in one
reaction. This type of PCR assay is beneficial for distinguishing between species or can be used to
detect the presence of multiple organisms within a single sample (Laude et al., 2016; Robinson et
al., 2019).
PCR assays are highly sensitive techniques that can be advantageous when identifying
intestinal parasites within stool samples. In addition, PCR assays are time efficient and easy to
perform. One disadvantage to using this technique is that it can only identify DNA sequences of
organisms with known genomes. Also, the primers used can anneal non-specifically to sequences
like the target DNA sequence but are not the target DNA sequence (Garibyan & Avashia, 2013).
This technique can also become costly depending on the type and complexity of the PCR assay
being used.
2.4d1 PCR methods for C. cayetanensis
Several PCR-based methods have been developed for the detection of C. cayetanensis.
These methods are sensitive and more accurate than bright-field microscopy and epifluorescence
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techniques (Li et al., 2020; Qvarnstrom et al., 2018). Some of the target DNA sequences used in
the PCR techniques are based on the genetic loci of the regions within the small subunit of nuclear
ribosomal ribonucleic acid (18S-rRNA) gene, the internal transcribed spacer (ITS), or the 70 kDa
heat shock protein (HSP70) gene (Giangaspero & Gasser, 2019).
Many techniques have been developed to detect the presence of C. cayetanensis in fresh
produce samples and stool samples for use in research settings. Table 2 highlights some of the
PCR detection methods for C. cayetanensis found in the literature. Currently, there is only one
automated multiplex-PCR assay that has been approved for clinical use, known as the BioFire
FilmArray gastrointestinal (GI) panel (BioMerieux) (Almeria et al., 2019).
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Table 2. PCR detection methods for Cyclospora cayetanensis in the literature
Nucleic Acid
Amplification

Target Sequence

Sample

Reference

Water

Lalonde and

Basil

Gajadhar (2008)

Fecal

Verveij et al. (2003)

Technique
Qualitative PCR

ITS-2
18S-rRNA gene

Water
ITS-2

Soil

Giangaspero et al.

Vegetable

(2015)

Fecal

qRT-PCR

Raspberries
ITS-1

Blueberries
Strawberries

18S-rRNA gene

Fecal

HSP70 gene

Temesgen et al.
(2019)
Weinreich et al.
(2022)
Sulaiman et al.

HSP70 gene

Fecal

18S-rRNA gene

Fecal

18S-rRNA gene

Fecal

Jiang et al. (2018)

Nested-PCR-RFLP

18S-rRNA gene

Leafy greens

Dixon et al. (2013)

Multiplex PCR

18S-rRNA gene

Fecal

Taniuchi et al. (2011)

18S-rRNA gene

Viable oocysts

Shapiro et al. (2019)

Nested-PCR

Nested Multiplex
PCR

(2013)
Sulaiman et al.
(2014)

2.4d2 PCR methods for Cryptosporidium spp.
Several PCR methods have been developed for the detection of Cryptosporidium spp. PCR
techniques can be used to detect the genus Cryptosporidium or can be used to identify the specific
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species further. Furthermore, these techniques can be applied to both clinical and environmental
samples. PCR techniques can be used to detect several regions of the Cryptosporidium spp.
genome, including the 18S rRNA gene, the gp60 gene, the HSP70 gene, and the COWP gene
(Ahmed & Karanis, 2018; Cunha et al., 2019; Hassan et al., 2021).
Many techniques have been developed to detect the presence of Cryptosporidium spp. in
stool samples for use in research settings. Table 3 highlights some of the PCR detection methods
for Cryptosporidium spp. found in the literature.
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Table 3. PCR detection methods for Cryptosporidium spp. in the literature
Nucleic Acid
Amplification

Target Sequence

Sample

Reference

18S rRNA

Fecal

Morgan et al. (1997)

18S rRNA

Fecal

18s rRNA

Fecal

(Hailu et al., 2021)

Fecal

Guy et al. (2021)

Technique

Qualitative PCR

qRT-PCR
Nested-PCR

18S rRNA
gp60

Cossa-Moiane et al.
(2021)

Ajjampur et al.

18S rRNA

Fecal

18S rRNA

Fecal

(Poor et al., 2015)

COWP

Fecal

Gharieb et al. (2018)

COWP

Fecal

Nested Multiplex

18S rRNA

Fecal

(Laude et al., 2016)

PCR

18S rRNA

Fecal

(Shapiro et al., 2019)

Nested-PCR-RFLP
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(2010)

Betancourth et al.
(2021)

CHAPTER 3: METHODOLOGY
3.1 Source of samples and data
The present study utilized secondary data and samples collected as a part of a larger project
on soil-transmitted helminths (STH), referred to as the STH project hereafter. Participants from
the STH project were informed and provided consent for their stool samples for secondary analysis
for other intestinal parasites (see engagement letter and consent form found in Appendix A).

3.2 Stool sample descriptions
Participants from the STH project provided one stool sample. These participants were
asymptomatic for both cyclosporiasis and cryptosporidiosis and did not present with diarrhea.
Once collected, researchers created two aliquots of each sample that were provided for the present
study. One aliquot was preserved in 10% formalin, and one aliquot in 95% ethanol. For the present
secondary analysis, samples were shipped via courier to Brock University, Canada. Samples were
stored in a refrigerator at 4C until analysis.

3.3 Cyclospora cayetanensis determination
3.3a Study samples
For this portion of the present study, Honduran colleagues analyzed 90 samples from the
STH project via bright-field microscopic observation of direct wet mount preparations and samples
stained by the modified Ziehl-Neelsen staining technique. Using the microscopic observations as
a screening method for C. cayetanensis, two samples were chosen to be used in the present study.
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3.3b DNA extraction
DNA was extracted from two suspected C. cayetanensis positive samples using the Soil
Isolation Plus Kit (Norgen Biotek Corp, Thorold, Canada). DNA extraction was performed
following the manufacturer’s instructions with slight modifications. This kit was chosen based on
its previous use in our lab to detect STH in stool samples. The detailed protocol for this procedure
is outlined in Appendix B. Samples were brought to room temperature and mixed thoroughly.
Using 300 mL of sample, Lysis Buffer G, Lysis Additive A, and Proteinase K were added to a 2
mL Eppendorf tube. Proteinase K was purchased separately from the extraction kit from Norgen
Biotek Corp, Thorold, Canada. Samples were then incubated at 56C for two hours using the BioRad digital dry bath (California, U.S.). Over the two hours, the samples were vortexed for 1 min
every 30 minutes to ensure proper mixing with the lysis reagents. For the final elution step, 60 L
of Elution Buffer B was added to the column to incubate for 3 minutes at room temperature. This
was performed to increase the concentration of DNA eluted from the column.

3.3c Nested-PCR
Cyclospora cayetanensis was identified using the nested PCR amplification of the 18S
rRNA gene. The protocol used in the present study was adapted from the protocol outlined by
Sulaiman et al. (2014) and summarized in Table #3. Samples were tested in triplicates to increase
the chances of detecting C. cayetanensis DNA. 2X Taq Master Mix (FroggaBio, Vaughan,
Canada) was combined with nuclease-free water (FroggaBio, Vaughan, Canada), appropriate
primers, and either extracted DNA or primary PCR product to create the PCR reaction mixture.
For the first PCR reaction, a ~1000 bp fragment was amplified using a forward primer (ExCycF,
5’-AAT GTA AAA CCC TTC CGA AGT AAC-3’) (Integrated DNA Technologies, Iowa, U.S.)
and a reverse primer (ExCycR, 5’-GCA ATA ATC TAT CCC CAT G-3’) (Integrated DNA
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Technologies, Iowa, U.S.). 35 cycles were performed under the following conditions: 95°C for
45s, 55°C for 45 s, and 72 °C for 60s, with an initial start at 95°C for 10 min and a final extension
at 72°C for 10 mins. For the second PCR reaction, a ~500 bp fragment was amplified using 2 L
of the primary PCR product and the following nested forward and reverse primers (Integrated
DNA Technologies, Iowa, U.S.), (NesCycF, 5’-AAT TCC AGC TCC AAT AGT GTA T-3’) and
(NesCycR, 5’-CAG GAG AAG CCA AGG TAG GCR TTT-3’) respectively. PCR conditions for
the second reaction were identical to the primary PCR reaction. PCR reactions were performed
using the 96 well T100 Thermocycler (Bio-Rad, California, U.S.). PCR products were separated
using a 1% agarose gel stained with ethidium bromide (Norgen Biotek Corp, Thorold, Canada)
following amplification. Gels were visualized using the ChemiDoc Imager from Bio-Rad
(California, U.S.).

Table 4. Cyclospora cayetanensis nested-PCR reaction mixture
Primary Reaction

Secondary Reaction

Reagent

Volume (L)

Volume (L)

2X Taq Master Mix

12.5

12.5

Nuclease Free Water

7.5

7.5

Primers (10 M)

1.5 each

1.5 each

DNA/Primary PCR Product

2

2

Total Volume

25

25

3.4 Cryptosporidium spp. determination
3.4a Study samples
For this portion of the present study, 279 samples from the STH project were analyzed.
The STH project did not evaluate the presence of Cryptosporidium spp. therefore, all samples were
screened for Cryptosporidium spp. using a commercial ELISA kit.
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3.4b Cryptosporidium copro-antigen ELISA
279 samples preserved in 10% formalin and 95% ethanol were analyzed using the
Cryptosporidium 2nd Generation (Fecal) ELISA kit (Diagnostic Automation Inc, California, U.S.).
This kit was chosen due to its high reported sensitivity (100%), specificity (80.1%) and costefficiency (Elgun & Koltas, 2011). The assay was performed following the manufacturer’s
instructions. The detailed protocol for this procedure is outlined in Appendix C. All reagents and
samples were brought to room temperature and mixed well. The manufacturer provided positive
and negative controls for this assay, and samples were tested for intraplate quality control in
duplicates. The wash concentrate provided with the kit was diluted to 20X using 475 mL of dH 2O.
7 washings, 2 manual and 5 automated (using the BioTek ELISA plate washer, Agilent, California,
U.S.) were performed after the first incubation period. A total of 5 automated washings were
performed following incubation with the enzyme conjugate. The ELISA plate was read using the
BioTek ELISA plate reader and BioTek Gen 5 software (Agilent, California, U.S.) at 450 nm and
630 nm. A reactive test result indicating the presence of the Cryptosporidium antigen had an
absorbance value 0.08 optical density (OD) units. A non-reactive test result indicating that the
samples do not contain detectable levels of the Cryptosporidium antigen had an absorbance value
0.08 OD units.

3.4b1 Statistical Analysis for copro-antigen ELISA
To ensure replicability, ELISA readings of each sample were analyzed using the
Coefficient Variation (CV) formula (Equation 1). The acceptable CV was set at 15%; that is,
discordant readings with a CV greater than the cut-off were repeated in duplicate again.
Calculations were performed using Microsoft Excel for Mac (Redmond, U.S.). Once a CV of
15% was confirmed, readings were averaged to determine the positivity, i.e., OD 0.08 OD units.
47

%𝐶𝑉 =
- Standard deviation
- mean absorbance readings

𝜎
𝜇

Equation 1. Coefficient of variation
3.4c DNA Extraction
DNA was extracted from 23 ELISA positive samples stored in 95% ethanol using the Soil
Isolation Plus Kit (Norgen Biotek Corp, Thorold, Canada) as described in section 3.4b.

3.4d Nested-PCR
Cryptosporidium spp. was identified using the nested-PCR amplification of the COWP
gene. The following protocol was modified from the protocol outlined by (Betancourth et al., 2021;
Gharieb et al., 2018) and summarized in Table #4. Samples were tested in triplicates to increase
the chances of detecting Cryptosporidium spp. DNA. 2X Taq Master Mix (FroggaBio, Vaughan,
Canada) was combined with nuclease-free water (FroggaBio, Vaughan, Canada), appropriate
primers and either extracted DNA or primary PCR product to create the PCR reaction mixture. C.
parvum positive controls used for the nested-PCR were donated from the study by Betancourth et
al. (2021). For the first PCR reaction, a ~769 bp fragment was amplified using a forward primer
(BCOWPF: 5’-ACC GCT TCT CAA CAA CCA TCT TGT CCT-3’) (Integrated DNA
Technologies, Iowa, U.S.) and a reverse primer (BCOWPR: 5’-CGC ACC TGT TCC CAC TCA
ATG TAA ACC C-3’) (Integrated DNA Technologies, Iowa, U.S.). A total of 35 cycles was
performed under the following conditions: 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s, with
an initial start at 95 °C for 5 mins and a final extension at 72°C for 10 mins. For the second PCR
reaction, a ~553 bp fragment was amplified using 1 L of PCR product and the following
secondary forward and reverse primers (Integrated DNA Technologies, Iowa, U.S.), (Cry-15: 5’-
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GTA GAT AAT GGA AGA GAT TGT G-3’) and (Cry-9: 5’-GGA CTG AAA TAC AGG CAT
TAT CTT G-3’) respectively. PCR conditions for the secondary reaction were identical to the
primary PCR reaction. PCR reactions were performed using the 96 well T100 Thermocycler (BioRad, California, U.S.). PCR products were separated using a 1% agarose gel stained with ethidium
bromide (Norgen Biotek Corp, Thorold, Canada) following amplification. Gels were visualized
using the ChemiDoc Imager from Bio-Rad (California, U.S.).

Table 5. Cryptosporidium spp. nested-PCR reaction mixture
Primary Reaction

Secondary Reaction

Reagent

Volume (L)

Volume (L)

2X Taq Master Mix

12.5

12.5

Nuclease Free Water

7.5

8.5

Primers (10 M)

1.5 each

1.5 each

DNA/Primary PCR Product

2

1

Total Volume

25

25

3.4d1 Statistical Analysis for Cryptosporidium spp. PCR
Cohen’s kappa statistic was used to determine the agreement between the PCR assays
performed at Brock University and Universidad Nacional Autónoma de Honduras (UNAH).
Cohen’s kappa statistic was calculated using Equation 2 and interpreted as outlined in Table 5
(McHugh, 2012). Calculations were performed using Stata (Stata-Corp LP).

𝜅=

Pr(𝑎) − Pr(𝑒)
1 − Pr(𝑒)

Pr(a)- actual observed agreement
Pr(e)- chance agreement
Equation 2. Cohen's kappa agreement
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Table 6. Cohen's kappa agreement interpretation (McHugh, 2012)
Value
0
0.01-0.20
0.21-0.40
0.41-0.60
0.61-0.80
0.81-1.00

Interpretation
No agreement
No to slight agreement
Fair agreement
Moderate agreement
Substantial agreement
Almost perfect agreement

3.4e Cryptosporidium RFLP
Cryptosporidium RFLP was performed on one PCR positive sample to differentiate
between Cryptosporidium species. The protocol used was adapted from Betancourth et al. (2021),
with the reaction mixture summarized in Table #6. Samples were incubated with the RsaI
restriction enzyme (ThermoFisher Scientific, Massachusetts, U.S.), nuclease-free water
(FroggaBio, Vaughan, Canada), and 10X Buffer Tango (ThermoFisher Scientific, Massachusetts,
U.S.) at 37° for 2.5 hrs using the 96 well T100 Thermocycler (Bio-Rad, California, U.S.), followed
by a second incubation at 80°C for 20 mins. After digestion, the reaction products were separated
using a 1.5% agarose gel stained with ethidium bromide (Norgen Biotek Corp, Thorold, Canada).
Gels were visualized using the ChemiDoc Imager from Bio-Rad (California, U.S.). The presence
of C. hominis was determined by bands present at ~284 bp, ~129 bp, and ~106 bp. The presence
of C. parvum was determined by bands present at ~413 bp and ~106 bp (Betancourth et al., 2021;
Gharieb et al., 2018).
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Table 7. Cryptosporidium RFLP reaction mixture
Reagent

Volume (L)

Secondary PCR product

10

Nuclease Free Water

18

10X Buffer Tango

2

RsaI (10 U/L)

1

Total

31
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CHAPTER 4: RESULTS
4.1 Cyclospora cayetanensis determination
4.1a Testing positive control samples
Several samples that were positive for Cyclospora cayetanensis by both epifluorescence
and safranin staining were tested using the nested-PCR protocol before running the chosen study
samples to ensure the primers were working as well as to select a positive control sample, as shown
in Figure #11. To confirm that the band present in lane 9 was, in fact, the ~501 bp of C.
cayetanensis, one sample (Sample 3) was diluted at 1:50 L, 1:100 L, 1:200 L, and 1:500 L,
as shown in Figure #12.
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Figure 11. Amplification of the 18S rRNA gene of Cyclospora cayetanensis positive samples
(taken using ImageLab software (Bio-Rad, California, U.S.)) Primary and secondary PCR
products were separated on a 1% agarose gel. Sample C1 is a commercial C. cayetanensis
sample from the Intestinal Parasite Panel E from Meridian Bioscience, Inc. (U.S.). Sample C2 is
a positive C. cayetanensis sample from a Honduran patient. Sample C3 is a positive C.
cayetanensis sample from a previous study. All three samples were positive using
epifluorescence and bright-field microscopy after safranin staining. Lanes 1 and 10 contain the
100 bp ladder. Lanes 2 and 6 contain the negative control (nuclease-free water). Lanes 3-5
contain C. cayetanensis positive samples from the primary PCR reaction. Lanes 7-9 contain C.
cayetanensis positive samples from the secondary PCR reaction. There was no amplification of
the18S rRNA gene in the positive control samples C1 and C2. An excessive amount of DNA was
amplified in positive control sample C3 at ~500 bp requiring dilution of the product to determine
true band placement.
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Figure 12. Dilution of positive control sample C3 secondary PCR product by various
dilutions to verify the amplification of the 18S rRNA gene of Cyclospora cayetanensis (taken
using ImageLab software (Bio-Rad, California, U.S.)) The secondary PCR product of sample
C3 was separated on a 1% agarose gel. In both images, Lanes 1 and 6 contain the 100 bp ladder.
Lane 2 is Sample C3 using a 1:50 L dilution. Lane 3 is Sample C3 using a 1:100 L dilution.
Lane 4 is Sample C3 using a 1:200 L dilution. Lane 5 is Sample C3 using a 1:500 L dilution.
A. Original photo of the gel. B. Inverted photo of the gel. As visualized in panel B, successful
amplification of the 18S rRNA gene occurred in positive control sample C3 as a band is present
at ~501 bp.
4.1b Amplification of 18S rRNA gene in study samples
Two samples identified as Cyclospora positive by microscopy did not amplify in the PCR
reaction. As shown in Figure #13, samples were run in triplicates, with negative results. The figure
also shows the positive control containing a large amount of DNA corresponding to the 18S rRNA
gene of C. cayetanensis. To confirm that the band present in the positive control was, in fact, the
~501 bp band, the sample was diluted at 1:20 L, as shown in Figure #14.
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Figure 13. Amplification of the 18S rRNA gene of Cyclospora cayetanensis in study samples
(taken using ImageLab software (Bio-Rad, California, U.S.)) Secondary PCR products were
separated on a 1% agarose gel. Sample C3 was aliquoted several times (denoted C3a, C3b, and
C3c) and was used as the positive control. Sample C4 was a sample suspected of C.
cayetanensis. Samples tested for the present study are denoted S1 and S2. S1a is an aliquot of S1.
Lanes 1, 10, 18, and 26 contain the 100 bp ladder. Lane 2 the negative control (nuclease-free
water). Lanes 3-9 contain the samples as previously described. The samples are repeated in the
same order as described for replicates 2 and 3. An excessive amount of DNA was produced in
positive control sample C3b at ~500 bp requiring dilution of the product to determine true band
placement.
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Figure 14. 1:20 L dilution of positive control C3b from replicates 1 and 3 to verify the
amplification of the 18S rRNA gene of Cyclospora cayetanensis (taken using ImageLab
software (Bio-Rad, California, U.S.)) Secondary PCR products of sample C3b were separated
on a 1% agarose gel. In both images, lanes 1 and 4 contain the 100 bp ladder. Lane 2 is positive
control C3b from replicate 1. Lane 3 is positive control C3b from replicate 3. A. Original photo
of the gel. B. Inverted photo of the gel. As shown in panel B, successful amplification of the 18S
rRNA gene occurred in positive control sample C3b from replicate 3 as a band is present at ~501
bp.

4.2 Cryptosporidium spp. determination
4.2a Cryptosporidium spp. copro-antigen ELISA
Out of 279 stool samples, 23 samples had an absorbance reading 0.08 OD units and thus,
per the manufacturer’s instructions, were deemed ELISA-positive, as shown in Table #7. PCR was
used to analyze all 23 samples to confirm the presence of Cryptosporidium spp.
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Table 8. Positive copro-antigen ELISA average optical density (OD) readings using dualwavelength (450-630 nm) Samples included in this table had an average duplicate reading of
≥0.08 OD units.
Sample Average OD
Sample Number
(=450nm-630 nm)
Positive control
1.431
Negative control
0.013
S1
0.397
S2
0.164
S3
0.163
S4
0.255
S5
0.104
S6
0.281
S7
0.161
S8
0.125
S9
0.746
S10
0.104
S11
0.083
S12
0.218
S13
0.099
S14
0.107
S15
0.170
S16
0.100
S17
0.105
S18
0.108
S19
0.117
S20
0.113
S21
0.228
S22
0.099
S23
0.183
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4.2b Cryptosporidium PCR
4.2b1 Testing positive control samples
Cryptosporidium parvum positive controls were tested using the nested-PCR protocol
before running the ELISA-positive samples to optimize the reaction, as shown in Figure #15.

Figure 15. Amplification of the COWP gene using the protocol outlined by (taken with
ImageLab software (Bio-Rad, California, U.S.) Secondary PCR products were separated on a
1% agarose gel. Lanes 1 and 8 contain the 100 bp ladder. Lane 2 contains the negative control
(nuclease-free water). Lanes 3-7 contain the positive control samples C1-C5. There was no
amplification of the COWP gene in the positive control sample C1 as no band is present in lane
3. Positive controls C2-C5 contain a single band ~553 bp indicating successful amplification.
4.2b2 Determining reaction volume
The original protocol by Betancourth et al. (2021) performed the Cryptosporidium spp.
PCR reaction using a total volume of 50 L. To reduce costs, the reaction volume was reduced to
25 L. Figure #16 shows the amplification of the COWP gene in Cryptosporidium spp. positive
control and samples S1, S4, and S9 from the present study using a 50 L and a 25 L PCR reaction.
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Once proven that the reaction could be performed using a total volume of 25 L, the remainder of
PCR reactions were performed as such.

Figure 16. Amplification of the COWP gene in Cryptosporidium spp. positive control and
samples S1, S4, and S9 from the present study using a 50 L and 25 L PCR reaction
(taken using ImageLab software (Bio-Rad, California, U.S.)) Secondary PCR products were
separated on a 1% agarose gel. Lanes 1, 9 and 17 contain the 100 bp ladder. Lanes 2 and 10
contain the negative control (nuclease-free water). Lanes 3 and 11 contain the positive control
sample. Lanes 4-8 contain samples S1, S4, and S9 from the present study using a 50 L reaction.
Lanes 12-18 contain samples S1, S4, and S9 from the present study using a 25 L reaction.
Sample S1 was aliquoted three times (denoted S1a, S1b, and S1c) due to multiple extractions
from the sample. The positive control sample and sample S1c contain a single band present at
~553 bp, indicating successful amplification in both the 50 L and 25 L reactions.
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4.2b3 Amplification of COWP gene in study samples
Amplification of the COWP gene in the 23 ELISA-positive samples resulted in 1 PCRpositive sample. Figure #17 shows the COWP gene amplification in samples S2-S6 using the
positive sample (sample S1) as the positive control.

Figure 17. Amplification of the COWP gene in samples S2-S7 using a 1% agarose gel
(taken using ImageLab software (Bio-Rad, California, U.S.)) Secondary PCR products were
separated on a 1% agarose gel. Lanes 1, 10, 17, and 24 contain the 100 bp ladder. Lane 2
contains the negative control (nuclease-free water). Lane 3 contains the positive control (S1).
Lanes 3-9, 11-16, and 18-23 contain PCR products from samples S2-S7 in the same order for
each replicate. The positive control successfully amplified the COWP gene as a band is present
at ~553 bp. S2-S6 are negative in all three replicates. Samples S8-S23 were also negative and
thus not shown.
4.2c Cryptosporidium RFLP
The RFLP protocol was performed using the positive control samples to ensure the
restriction enzymes were working correctly. As mentioned in the methodology, the specific species
present in these samples were previously determined as C. parvum. The only positive sample in
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the present study (S1) was subjected to RFLP analysis in triplicate (denoted S1a, S1b, and S1c).
Figure #19 suggests the presence of a mixed C. hominis and C. parvum infection in this sample.

Figure 18. RFLP of S1 (taken using ImageLab software (Bio-Rad, California, U.S.)) RFLP
products were separated on a 1.5% agarose gel. Lanes 1 and 7 contain the 100 bp ladder. Lane 2
contains the donated positive control sample, which shows characteristic bands for C. parvum at
~413 bp and ~106 bp. Lanes 3-6 contain aliquots of S1 (denoted S1a, S1b, and S1c). Bands are
present at ~284 bp, ~129 bp, and ~106 bp, characteristic of C. hominis and C. parvum. This
suggests a mixed C. hominis/C. parvum infection. Lane 6 contains a 1:5 L dilution of aliquot
S1c. A. Original image of the gel. B. Inverted image of the gel.
4.2d Confirming Cryptosporidium PCR
Considering the extreme discrepancies between the copro-antigen ELISA and PCR results,
given that this ELISA kit is widely accepted as one of the most sensitive in the market, and
particularly when the OD readings indicated a high concentration of antigens in the positive
samples, it was decided to have the PCR assay repeated by an experienced colleague in Honduras,
where the original sample aliquots remain. Extraction of the 23 ELISA-positive samples was
performed using the protocol outlined by Mejia et al. (2013). The original 50 L PCR reaction
mixture protocol outlined by Betancourth et al. (2021) was also used. No samples were found
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positive in this confirmation exercise. This finding contrasts with the results obtained at Brock
University, in which 1 of the samples (S1) was repeatedly PCR-positive, as shown in Figure #19.
Cohen’s kappa statistic was calculated to be  = 0.893 (95% CI = 0.891-0.927; p = 0.001).
Therefore, there is almost perfect agreement between the PCR assay performed at Brock
University and UNAH.

Figure 19. Amplification of the COWP gene in ELISA-positive Cryptosporidium spp.
samples Secondary PCR products were separated on a 1% agarose gel. PCR assay was repeated
in Honduras to confirm the PCR results obtained in the present study at Brock University. Lanes
1 and 2 contain the Cryptosporidium positive control. Lanes 3 and 4 contain sample S1. Lane 5
contains the 100 bp ladder. There was no amplification of the COWP gene in sample S1.
4.2e Re-evaluating Cryptosporidium spp. copro-antigen ELISA
PCR results from Honduras were in almost perfect agreement with the results obtained at
Brock University in the present study (22/23, 95.6%). Only 1 sample had discrepant results (S1).
However, this sample was consistently positive in the laboratory at Brock University, and in fact,
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the RFLP revealed that the sample contained two species of Cryptosporidium. Considering these
findings, the copro-antigen ELISA results came into question. Subsequently, it was decided to
repeat the ELISA for the 23 samples identified as positive with this technique. All samples were
tested in triplicates with a kit of the same lot number and expiration date as the original. The results
of this experiment indicated that out of the original 23 ELISA-positive samples, only 4 (17.4%)
tested positive, and the remaining 19 (82.6%) tested negative. Table #8 summarizes the OD
average readings from the initial ELISA, the O.D. average readings from the confirmatory ELISA
experiment, and the corresponding PCR results. In summary, re-testing the samples by ELISA
revealed that the initial results were problematic. The second ELISA experiment confirmed that
the negative PCR results were true negatives.
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Table 9. Summary of initial and confirmatory ELISA optical density (OD) readings and
corresponding PCR results
Sample
Number
Positive
control
Negative
control
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
S15
S16
S17
S18
S19
S20
S21
S22
S23

Initial ELISA
Confirmatory ELISA
Duplicate Average OD Triplicate Average OD
(=450nm-630 nm)
(=450nm-630 nm)

PCR
Brock
University/UNAH

1.431

1.231

-

0.013

0.040

-

0.397
0.164
0.163
0.255
0.104
0.281
0.161
0.125
0.746
0.104
0.083
0.218
0.099
0.107
0.170
0.100
0.105
0.108
0.117
0.113
0.228
0.099
0.183

0.296 (Pos)
0.230 (Pos)
0.022
0.058
0.005
0.004
0.003
0.004
0.006
0.006
0.003
0.004
0.004
0.041
0.032
0.008
0.104 (Pos)
0.004
0.004
0.042
0.112 (Pos)
0.005
0.005

Pos/Neg
Neg/Neg
Neg/Neg
Neg/Neg
Neg/Neg
Neg/Neg
Neg/Neg
Neg/Neg
Neg/Neg
Neg/Neg
Neg/Neg
Neg/Neg
Neg/Neg
Neg/Neg
Neg/Neg
Neg/Neg
Neg/Neg
Neg/Neg
Neg/Neg
Neg/Neg
Neg/Neg
Neg/Neg
Neg/Neg
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CHAPTER 5: DISCUSSION
The intestinal apicomplexan parasites Cyclospora cayetanensis and Cryptosporidium spp.
are of great importance due to the morbidity they cause in humans globally. More specifically,
infection by Cryptosporidium spp. is notorious for being an opportunistic pathogen causing severe
morbidity and mortality in immunocompromised individuals. In high-income countries,
Cryptosporidium spp. is highly associated with waterborne outbreaks. In contrast, C. cayetanensis
infections are among the most important food-borne infections in the US and Canada.
Globalization has allowed both parasites to be widely distributed, while their transmission
mechanisms allow for their persistence in the general population. Data are scarce in some regions
despite their global prevalence, especially in developing countries. The various technical
difficulties in diagnosing these parasites are the main contributing factors to their under-reporting.
In general, diagnosis of these parasites in low-resource settings is limited to using time-consuming
and insensitive traditional ova & parasite techniques in clinical samples.
Conversely, diagnostic techniques are well developed and readily available in highresource settings, but awareness of these infections remains low among the general public and
healthcare providers. Limited prevalence of these intestinal protozoa is achieved by existing public
health measures, including high standards of sanitation and hygiene and food and water safety
policies and practices. In low-resource settings, laboratory research can be useful in providing
baseline data to determine whether epidemiological studies are needed to determine the real impact
of both parasites.
The present study used samples collected in Honduras, where intestinal parasitic infections
are endemic as resources for clean drinking water and proper sanitation are limited (Kaminsky et
al., 2016). A small number of reports indicate that cyclosporiasis and cryptosporidiosis are present
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in the population. Kaminsky and Reyes-Garcia (2017) investigated the number of
Cryptosporidium spp. infections reported by the Department of Clinical Laboratory, University
Hospital in Honduras between 2002-2013. During the routine parasitological examination of
clinical samples, the study reports 202 (1.5%) cases of cryptosporidiosis which were identified
using brightfield microscopy after modified Ziehl-Neelsen staining. Of 202 cases, 56.5% were in
individuals between the ages of 0-5 years of age. García et al. (2021) identified risk factors
associated with cyclosporiasis and cryptosporidiosis among diarrheic patients from the
parasitology service at Hospital Escuela from January 2013-December 2019. During this time, out
of 10,938 samples tested, 131 (1.2%) were identified with Cyclospora, and 94 (0.9%) were
identified with Cryptosporidium spp. Positive cases were identified via bright-field microscopy
after modified Ziehl-Neelsen. Although these studies demonstrate that both parasites are
transmitted in Honduras, their results draw attention to a very low prevalence in clinical samples,
particularly from patients with diarrhea, in which a higher detection rate would be expected. One
explanation for the low prevalence found in hospital-based studies is the low sensitivity of the
diagnostic techniques used for parasite determination. Hence, the present study aimed to develop
molecular tools for future studies in the country.

5.1 Cyclospora cayetanensis determination
The present study aimed to optimize a nested-PCR protocol published by Sulaiman et al.
(2014) to detect the 18S rRNA gene of C. cayetanensis. The 18S rRNA gene is a commonly used
target for C. cayetanensis determination. Molecular phylogenetic analysis of the 18S rRNA
revealed that C. cayetanensis is closed related to the Eimeria species and depending on the PCR
primers used, can produce PCR products that are of the same size (Li et al., 2007; Relman et al.,
1996). Eimeria species are not known to parasitize humans and therefore the primers used in the
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present study can be used for C. cayetanensis determination as the samples used are human stool
samples.
The two samples used for this study were deemed C. cayetanensis-negative as there was
no amplification of the gene of interest when samples were tested in triplicates (Figure 13). The
study samples were tested alongside samples from a previous study deemed C. cayetanensispositive via epifluorescence and brightfield microscopy after safranin staining. Successful
amplification of the 18S rRNA gene in the sample of the prior study, as seen in Figure 14, confirms
that the PCR assay in the present study was optimized.
There are various reasons why the samples chosen in the present study were negative upon
amplification. Firstly, the samples may have been false-positive samples. The two samples selected
for the present study were observed via brightfield microscopy using a direct wet mount
preparation and samples stained using the modified Ziehl-Neelsen staining technique. Observation
of C. cayetanensis using brightfield microscopy after staining with the modified Ziehl-Neelsen
technique is the gold standard but relies highly on the person's experience observing the sample.
Observation by direct wet mount preparation can be difficult as stool samples can contain similarsized artifacts such as yeasts and other protozoan parasites. Thus, using a differential staining
technique can aid in identifying Cyclospora oocysts. However, the modified Ziehl-Neelsen
staining technique is inconsistent when used to help in the observation of C. cayetanensis oocysts.
Cyclospora oocysts within the sample may not be uniformly stained or remain unstained (Centers
for Disease Control and Prevention, 2016; Garcia et al., 2018). In general, PCR is a more sensitive
and specific technique than brightfield microscopy because PCR is explicitly targeting a gene of
interest. In other words, if the parasite is present within the sample, the PCR assay will amplify
the gene specific to the parasite, thus resulting in a positive PCR. In the present study, successful
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amplification of the 18S rRNA gene of C. cayetanensis in a known Cyclospora-positive sample
and not in the study samples suggests the possibility of the study samples being false-positive.
Secondly, DNA degradation within the sample cannot be ruled out as a reason why the
samples chosen in the present study were negative upon amplification. Samples used in the present
study were collected in Honduras in 2019, transported to Brock University in 2020, and analyzed
in 2021. Due to the various methods of transportation used and the extended time between
collection and analysis, DNA degradation may have occurred. Samples may have been exposed to
heat or radiation during transport. Furthermore, samples were stored at -21C until PCR analysis
after the DNA extraction process. Samples that were tested by PCR repeatedly were exposed to
several free-thaw cycles that may have played a role in DNA degradation within the samples.
Lastly, the method of preservation may have contributed to the negative results. The
samples used in the present study were preserved in 95% ethanol, while the C. cayetanensispositive via epifluorescence and brightfield microscopy after safranin staining samples were
preserved in 70% ethanol. Although ethanol is used during the DNA extraction process and as a
preservative, ethanol is a known PCR inhibitor (Schrader et al., 2012). Seeing that there was
successful amplification in the samples preserved in 70% ethanol, the concentration of ethanol
used to preserve the samples may have impacted the quality of the DNA extracted from the samples
preserved in 95% ethanol.

5.2 Cryptosporidium spp. determination
The second objective of the present study was to optimize a nested-PCR protocol published
by Betancourth et al. (2021) to detect the COWP gene in Cryptosporidium spp. Initially, 23
ELISA-positive samples were used to optimize the PCR assay. Of these 23 samples, only 1 sample
was PCR-positive, as shown in Figure 17. This sample, S1, was then analyzed using RFLP to
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determine the infecting species. RFLP analysis of sample S1 revealed a possible mixed infection
by C. hominis and C. parvum, as shown in Figure 18.
In addition to the study samples, C. parvum positive control samples were also analyzed
using the nested-PCR assay and were successfully amplified, as shown in Figure 15. The nestedPCR protocol was initially considered problematic, seeing that the PCR results revealed only 1
PCR-positive sample. Due to the extreme discrepancies between the copro-antigen ELISA and the
nested-PCR assay results, it was decided to have the nested-PCR assay repeated by an experienced
colleague in Honduras, where the original sample aliquots remain. No samples yielded positive
results when repeated in Honduras. This means that there was one discrepant sample which was
positive in my lab but negative in Honduras. Due to this discrepancy, the agreement between the
two PCR runs was =0.893 (95% CI= 0.891-0.927, p= 0.001), an almost perfect agreement.
Sample S1 remained discrepant as this sample was continuously PCR-positive, used as a
positive control, and was RFLP-positive for C. hominis. At this point, we believed that the coproantigen ELISA used to initially screen the samples was problematic and not the PCR assay.
Repeating the copro-antigen ELISA on the initial 23 samples in triplicates revealed 4 ELISApositive samples with specific O.D. readings shown in Table 8. Ultimately, repeating the coproantigen ELISA assay revealed that the nested-PCR assay was optimized in this study.

5.2a Assessing the copro-antigen ELISA assay
The commercial copro-antigen ELISA kit used in the present study was selected for various
reasons. The manufacturer reports that this kit is 100% sensitive and 100% specific in two different
studies. In addition, our research lab has extensive experience using this specific commercial kit.
In the literature, the use of this commercial kit on human stool samples was reported to have a
sensitivity of 100% and specificity of 80.1% (Elgun & Koltas, 2011). This study compared the use
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of the commercial copro-antigen ELISA kit to brightfield observation of samples after modified
Ziehl-Neelsen staining. It is important to note that the samples used by Elgun and Koltas (2011)
were symptomatic clinical samples with patients reporting diarrhea, the most prominent symptom
of cryptosporidiosis. Given this information, there was no reason to doubt the copro-antigen
ELISA assay.
The literature has previously reported using commercial copro-antigen ELISA kits to
screen large amounts of samples. The process is simple, cost-effective, and can be standardized
(Razakandrainibe et al., 2021; Uppal et al., 2014). However, the literature presents conflicting data
regarding the sensitivity of these commercial assays, indicating possible literature bias favouring
positive data publication. For example, Danišová et al. (2018) evaluated and compared the
sensitivity of three commercial copro-antigen assays for Cryptosporidium diagnosis, including the
copro-antigen ELISA kit used in the present study. Although samples used in the study were
animal stool samples from symptomatic pigs, calves, and lambs, the authors reported a sensitivity
of 40.9% and a specificity of 78.9% compared to Cryptosporidium spp. PCR. Danišová et al.
(2018) concluded that using this copro-antigen ELISA kit was unreliable and appeared insufficient
to detect the presence of cryptosporidiosis in immunocompromised populations.
Besides using clinical animal samples, a second difference between the present study and
the study by Danišová et al. (2018) is that the authors reported ELISA-positive samples as samples
with an O.D.  0.15, which is greater than that of the 0.08 O.D. threshold for positive samples used
in the present study. Furthermore, the authors suggested that the reason for reporting such a low
sensitivity was that not all commercially produced antibodies would recognize antigens produced
by the different Cryptosporidium spp.
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The present study also observed that stool sample homogenization plays an important role
in results replicability. Unlike serum or plasma, stool samples contain a high proportion of debris
and mucous, and one segment of the sample is not necessarily identical in contents to the next.
Thus, sample homogenization is a crucial step before any testing.
In addition, due to the gut microbiome, stool samples contain extreme amounts of nucleic
acids, enzymes, inhibitors, etc., that may affect nucleic acid extraction or DNA amplification. In
addition, there have been reports of false-positive results occurring when samples are taken from
patients recovering from cryptosporidiosis infections. Recovering patients may continue to shed
oocyst antigen within stool samples (Newman et al., 1993). Ultimately, repeating the coproantigen, ELISA assay revealed the initial flaws of this portion of the present study. The coproantigen ELISA assay should not be used as a screening method if PCR assay materials are available
for future studies.
5.2b Assessing the Cryptosporidium spp. nested-PCR assay
Repeating the copro-antigen ELISA assay resulted in 4 ELISA-positive samples, including
the consistently positive sample S1. Thus, leaving the nested-PCR assay unable to detect 3/4
ELISA-positive samples. The discrepant results between the copro-antigen ELISA assay and the
nested-PCR assay may be due to those samples being false-positive which can be supported by the
difficulties faced during the ELISA experiments. However, if these samples were truly positive,
there are several plausible explanations. Firstly, the initial samples collected from the study
participants may not have been adequately homogenized before creating the aliquots used in the
present study. Samples S2, S17, and S21 had two separate aliquots created, one aliquot preserved
in 10% formalin, used for the copro-antigen ELISA, and one aliquot preserved in 95% ethanol
which was used for the nested-PCR. If the samples were adequately homogenized, the aliquots
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would have been the same regardless of the preservation method. Sample S1 was only aliquoted
and preserved in 95% ethanol as there was not enough sample to create a formalin preserved one.
In addition, DNA degradation cannot be ruled out as a possible explanation as to why these
samples may not have amplified successfully. As mentioned previously, the samples were
collected in 2019 and analyzed in 2021. Regardless, the results of the present study support the
fact that we were able to optimize the protocol as the assay was able to successfully amplify the
COWP gene in positive control samples and one of the study samples (S1).

5.2b1 Assessing the Cryptosporidium spp. RFLP
RFLP of the nested-PCR positive sample (S1) revealed a possible mixed C. hominis/C.
parvum infection as shown in Figure 18. This technique is widely accepted for species
determination (Betancourth et al., 2021; Cossa-Moiane et al., 2021; Gharieb et al., 2018). When
performing this assay, sample S1 was tested alongside C. parvum controls. Seeing the C. hominis
bands at ~284 bp, ~129 bp, and ~106 bp minimizes the possibility of cross-contamination between
the study samples and the positive control samples that could have occurred. Furthermore, the
presence of C. hominis bands contributes to the evidence showing that this sample is a true-positive
sample. To confirm the presence of the mixed infection, secondary PCR products from this sample
should be sent for sequencing.

5.3 Study strengths and limitations
Overall, the overarching goal of the present study was to optimize nested-PCR protocols
that can be used to identify stool samples with either C. cayetanensis or Cryptosporidium spp.
Both nested-PCR protocols were optimized as we could amplify the respective genes in
asymptomatic stool samples using our nested assays.
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The present study has two significant limitations that should be considered when planning
for future experiments. Firstly, the limits of detection (i.e., sensitivity) of both nested-PCR assays
used in the present study are unknown. To determine the sensitivities of each of the protocols,
further exploration should focus on using samples with known oocyst amounts to assess the
sensitivity limits of each of the nested-PCR assays. In addition, increasing the number of PCR
cycles can be explored to increase the sensitivity of the nested-PCR protocols presented in this
study. Determining the sensitivity of the PCR assays would be useful when conducting
epidemiological samples to determine the prevalence of the parasites within a sample population
where other parasitic infections are prevalent and cyclosporiasis and cryptosporidiosis are
asymptomatic.
The second major limitation of the present study is the nature of the stool samples when
compared to other types of biological samples. These can be challenging to work with as they
contain many sources of nucleic acids (including human bacterial, fungal, and viral) as well as
enzymes and other substances known to be PCR inhibitors that are co-extracted with DNA. Some
characterized inhibitors include proteins, fats, humic acid, phytic acid, Immunoglobulin G, and
bile (Acharya et al., 2017). These inhibitors interfere with a consistent extraction of high-quality
DNA from fecal samples (Roperch et al., 2015). The present study did not attempt to control for
these inhibitors, but future studies should include them as internal controls. For example, Mergen
et al. (2020) report the use of an internal inhibition control plasmid and made a 1:10 dilution of
the extracted DNA of each patient to control for inhibitors that may be present.
In addition, stool samples are a complex mixture, and different portions of the sample may
have different contents when compared to other portions. Hence, samples must be adequately
homogenized before their use in experiments to ensure that the aliquots represent the whole
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sample. This is particularly important in infections characterized by irregular shedding of
diagnostic stages such as intestinal Apicomplexa, especially in light infections or asymptomatic
infections.
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CHAPTER 6: CONCLUSIONS & FUTURE RESEARCH
The present study optimized two nested-PCR assays that can be used to identify the
intestinal apicomplexan parasites, C. cayetanensis and Cryptosporidium spp. using stool samples
from asymptomatic participants. The use of molecular detection techniques to identify Cyclospora
and Cryptosporidium spp. is the future of diagnostic methods for these parasites. The nested-PCR
assays used in the present study allow for the time-efficient and straightforward identification of
these parasites. These assays can be applied to large sample sizes such as those needed for
epidemiological studies.
Optimization of the nested-PCR assays used in the present study allows for their use for
future collaborative epidemiological research with our partners in Honduras. Further
epidemiological research is necessary to determine the prevalence of these parasites in Honduras,
especially in those who are asymptomatic. Future epidemiological studies can focus on the
prevalence in the populations that are most affected by diarrheal illness, such as children between
0-5 years of age. Additionally, epidemiological studies can collect information that may be useful
in determining sources of infection through surveys to determine if animal sources of infection
should also be considered for testing.

75

REFERENCES
Abd El-Aziz Ezz El-Din El-Bhairy, A. (2015). Evaluation of direct fluorescent antibody and
enzyme linked immunosorbant assay versus copromicroscopy in diagnosis of
cryptosporidiosis. Al-Azhar Medical Journal, 44(4), 351-362.
https://doi.org/10.12816/0023133
Abdel-Messih, I. A., Wierzba, T. F., Abu-Elyazeed, R., Ibrahim, A. F., Ahmed, S. F., Kamal, K.,
Sanders, J., & Frenck, R. (2005). Diarrhea associated with Cryptosporidium parvum
among young children of the Nile River Delta in Egypt. J Trop Pediatr, 51(3), 154-159.
https://doi.org/10.1093/tropej/fmh105
Acharya, K. R., Dhand, N. K., Whittington, R. J., & Plain, K. M. (2017). PCR Inhibition of a
Quantitative PCR for Detection of Mycobacterium avium Subspecies Paratuberculosis
DNA in Feces: Diagnostic Implications and Potential Solutions [Original Research].
Frontiers in Microbiology, 8. https://doi.org/10.3389/fmicb.2017.00115
Ahmed, S. A., & Karanis, P. (2018). Comparison of current methods used to detect
Cryptosporidium oocysts in stools. Int J Hyg Environ Health, 221(5), 743-763.
https://doi.org/10.1016/j.ijheh.2018.04.006
Aikawa, M., Miller, L. H., Johnson, J., & Rabbege, J. (1978). Erythrocyte entry by malarial
parasites. A moving junction between erythrocyte and parasite. J Cell Biol, 77(1), 72-82.
https://doi.org/10.1083/jcb.77.1.72
Ajjampur, S. S., Sarkar, R., Sankaran, P., Kannan, A., Menon, V. K., Muliyil, J., Ward, H., &
Kang, G. (2010). Symptomatic and asymptomatic Cryptosporidium infections in children
in a semi-urban slum community in southern India. Am J Trop Med Hyg, 83(5), 11101115. https://doi.org/10.4269/ajtmh.2010.09-0644
Almeria, S., Cinar, H. N., & Dubey, J. P. (2019). Cyclospora cayetanensis and Cyclosporiasis:
An Update. Microorganisms, 7(9). https://doi.org/10.3390/microorganisms7090317
Ashford, R. W. (1979). Occurrence of a undescribed coccidian in man in Papua New Guinea.
Annals of Tropical Medicine & Parasitiology, 75(5), 497-500.
https://doi.org/10.1080/00034983.1979.11687291
Ayres Hutter, J., Dion, R., Irace-Cima, A., Fiset, M., Guy, R., Dixon, B., Aguilar, J. L.,
Trépanier, J., & Thivierge, K. (2020). Cryptosporidium spp.: Human incidence,
molecular characterization and associated exposures in Québec, Canada (2016-2017).
PLOS ONE, 15(2), e0228986. https://doi.org/10.1371/journal.pone.0228986
Bannister, L. H., & Mitchell, G. H. (1989). The fine structure of secretion by Plasmodium
knowlesi merozoites during red cell invasion. J Protozool, 36(4), 362-367.
https://doi.org/10.1111/j.1550-7408.1989.tb05527.x

76

Baum, J., Gilberger, T. W., Frischknecht, F., & Meissner, M. (2008). Host-cell invasion by
malaria parasites: insights from Plasmodium and Toxoplasma. Trends Parasitol, 24(12),
557-563. https://doi.org/10.1016/j.pt.2008.08.006
Baxby, D., Blundell, N., & Hart, C. A. (1984). The development and performance of a simple,
sensitive method for the detection of Cryptosporidium oocysts in faeces. Journal of
Hygiene, 93(2), 317-323. https://doi.org/10.1017/S0022172400064858
Belli, S. I., Smith, N. C., & Ferguson, D. J. P. (2006). The coccidian oocyst: a tough nut to crack!
Trends in Parasitology, 22(9), 416-423. https://doi.org/10.1016/j.pt.2006.07.004
Belli, S. I., Wallach, M. G., Luxford, C., Davies, M. J., & Smith, N. C. (2003). Roles of tyrosinerich precursor glycoproteins and dityrosine- and 3,4-dihydroxyphenylalanine-mediated
protein cross-linking in development of the oocyst wall in the coccidian parasite Eimeria
maxima. Eukaryotic cell, 2(3), 456-464. https://doi.org/10.1128/ec.2.3.456-464.2003
Berlin, O. G., Peter, J. B., Gagne, C., Conteas, C. N., & Ash, L. R. (1998). Autofluorescence and
the detection of Cyclospora oocysts. Emerging Infectious Diseases, 4(1), 127-128.
https://doi.org/10.3201/eid0401.980121
Betancourth, S., Archaga, O., Moncada, W., Rodríguez, V., & Fontecha, G. (2021). First
Molecular Characterization of Cryptosporidium spp. in Patients Living with HIV in
Honduras. Pathogens, 10, 336. https://doi.org/10.3390/pathogens10030336
Blackman, M. J., & Bannister, L. H. (2001). Apical organelles of Apicomplexa: biology and
isolation by subcellular fractionation. Molecular and Biochemical Parasitology, 117(1),
11-25. https://doi.org/https://doi.org/10.1016/S0166-6851(01)00328-0
Borad, A., & Ward, H. (2010). Human immune responses in cryptosporidiosis. Future
Microbiol, 5(3), 507-519. https://doi.org/10.2217/fmb.09.128
Bouzid, M., Hunter, P. R., Chalmers, R. M., & Tyler, K. M. (2013). Cryptosporidium
pathogenicity and virulence. Clin Microbiol Rev, 26(1), 115-134.
https://doi.org/10.1128/CMR.00076-12
Brooks, C. F., Johnsen, H., van Dooren, G. G., Muthalagi, M., Lin, S. S., Bohne, W., Fischer, K.,
& Striepen, B. (2010). The Toxoplasma apicoplast phosphate translocator links cytosolic
and apicoplast metabolism and is essential for parasite survival. Cell Host Microbe, 7(1),
62-73. https://doi.org/10.1016/j.chom.2009.12.002
Cacciò, S. M., & Putignani, L. (2014). Epidemiology of Human Cryptosporidiosis. In S. M.
Cacciò & G. Widmer (Eds.), Cryptosporidium: parasite and disease (pp. 43-79).
Springer. https://doi.org/10.1007/978-3-7091-1562-6_2
Carruthers, V. B. (1999). Armed and dangerous: Toxoplasma gondii uses an arsenal of secretory
proteins to infect host cells. Parasitol Int, 48(1), 1-10. https://doi.org/10.1016/s13835769(98)00042-7

77

Cavalier-Smith, T. (1999). Principles of protein and lipid targeting in secondary symbiogenesis:
euglenoid, dinoflagellate, and sporozoan plastid origins and the eukaryote family tree. J
Eukaryot Microbiol, 46(4), 347-366. https://doi.org/10.1111/j.1550-7408.1999.tb04614.x
Centers for Disease Control and Prevention. (2016). DPDx - Laboratory Identification of
Parasites of Public Health Concern.
https://www.cdc.gov/dpdx/diagnosticprocedures/stool/staining.html
Centers for Disease Control and Prevention. (2018a). DPDx - Laboratory Identification of
Parasites of Public Health Concern https://www.cdc.gov/dpdx/cyclosporiasis/index.html
Centers for Disease Control and Prevention. (2018b). Parasites - Cyclosporiasis (Cyclospora
Infection). https://www.cdc.gov/parasites/cyclosporiasis/index.html
Centers for Disease Control and Prevention. (2019a). DPDx - Laboratory Identification of
Parasites of Public Health Concern. https://www.cdc.gov/dpdx/cryptosporidiosis/
Centers for Disease Control and Prevention. (2019b). Parasites - Cryptosporidium (also known
as “Crypto”). https://www.cdc.gov/parasites/crypto/
Centers for Disease Control and Prevention. (2020). Outbreak of Cyclospora Infections Linked to
Bagged Salad Mix. https://www.cdc.gov/parasites/cyclosporiasis/outbreaks/2020/
Centers for Disease Control and Prevention. (2021). Domestically Acquired Cases of
Cyclosporiasis - United States, May-August 2021.
https://www.cdc.gov/parasites/cyclosporiasis/outbreaks/2021/seasonal/index.html
Certad, G., Viscogliosi, E., Chabe, M., & Caccio, S. M. (2017). Pathogenic Mechanisms of
Cryptosporidium and Giardia. Trends Parasitol, 33(7), 561-576.
https://doi.org/10.1016/j.pt.2017.02.006
Chacín-Bonilla, L. (2017). Cyclospora cayetanensis In Global Water Pathogen Project.
https://doi.org/10.14321/waterpathogens.32
Chacín-Bonilla, L., Barrios, F., & Sanchez, Y. (2007). Epidemiology of Cyclospora cayetanensis
infection in San Carlos Island, Venezuela: strong association between socio-economic
status and infection. Transactions of the Royal Society of Tropical Medicine and Hygiene,
101, 1018-1024. https://doi.org/10.1016/j.trstmh.2007.05.008
Chen, X.-M., Keithly, J. S., Paya, C. V., & LaRusso, N. F. (2002). Cryptosporidiosis. New
England Journal of Medicine, 346(22), 1723-1731.
https://doi.org/10.1056/NEJMra013170
Connor, B. A., Reidy, J., & Soave, R. (1999). Cyclosporiasis: clinical and histopathologic
correlates. Clin Infect Dis, 28(6), 1216-1222. https://doi.org/10.1086/514780

78

Cossa-Moiane, I., Cossa, H., Bauhofer, A. F. L., Chilaúle, J., Guimarães, E. L., Bero, D. M.,
Cassocera, M., Bambo, M., Anapakala, E., Chissaque, A., Sambo, J., Langa, J. S.,
Manhique-Coutinho, L. V., Fantinatti, M., Lopes-Oliveira, L. A., Da-Cruz, A. M., & de
Deus, N. (2021). High Frequency of Cryptosporidium hominis Infecting Infants Points to
A Potential Anthroponotic Transmission in Maputo, Mozambique. Pathogens, 10(3).
https://doi.org/10.3390/pathogens10030293
Coupe, S., Sarfati, C., Hamane, S., & Derouin, F. (2005). Detection of Cryptosporidium and
identification to the species level by nested PCR and restriction fragment length
polymorphism. Journal of Clinical Microbiology, 43(3), 1017-1023.
https://doi.org/10.1128/JCM.43.3.1017-1023.2005
Croce, A. C., & Bottiroli, G. (2014). Autofluorescence spectroscopy and imaging: a tool for
biomedical research and diagnosis. European Journal of Histochemistry, 58(2461), 320332. https://doi.org/10.4081/ejh.2014.2461
Cunha, F. S., Peralta, R. H. S., & Peralta, J. M. (2019). New insights into the detection and
molecular characterization of Cryptosporidium with emphasis in Brazilian studies: a
review. Revista do Instituto de Medicina Tropical de Sao Paulo, 61, e28-e28.
https://doi.org/10.1590/S1678-9946201961028
Danišová, O., Halanova, M., Valencakova, A., & Luptakova, L. (2018). Sensitivity, specificity
and comparison of three commercially available immunological tests in the diagnosis of
Cryptosporidium species in animals. Braz J Microbiol, 49(1), 177-183.
https://doi.org/10.1016/j.bjm.2017.03.016
Dixon, B., Parrington, L., Cook, A., Pollari, F., & Farber, J. (2013). Detection of Cyclospora,
Cryptosporidium, and Giardia in Ready-to-Eat Packaged Leafy Greens in Ontario,
Canada. Journal of Food Protection, 76(2), 307-313. https://doi.org/10.4315/0362028X.JFP-12-282
Dubey, J. P. (2009). History of the discovery of the life cycle of Toxoplasma gondii.
International Journal for Parasitology, 39(8), 877-882.
https://doi.org/https://doi.org/10.1016/j.ijpara.2009.01.005
Dubey, J. P., Almeria, S., Mowery, J., & Fortes, J. (2020). Endogenous Developmental Cycle of
the Human Coccidian Cyclospora cayetanensis. J Parasitol, 106(2), 295-307.
https://doi.org/10.1645/20-21
Eberhard, M. L., Pieniazek, N. J., & Arrowood, M. J. (1997). Laboratory diagnosis of
Cyclospora infections. Arch Pathol Lab Med, 121(8), 792-797.
Elgun, G., & Koltas, I. S. (2011). Investigation of Cryptosporidium spp. antigen by ELISA
method in stool specimens obtained from patients with diarrhea. Parasitology Research,
108(2), 395-397. https://doi.org/10.1007/s00436-010-2079-4

79

Fast, N. M., Xue, L., Bingham, S., & Keeling, P. J. (2002). Re-examining alveolate evolution
using multiple protein molecular phylogenies. J Eukaryot Microbiol, 49(1), 30-37.
https://doi.org/10.1111/j.1550-7408.2002.tb00336.x
Fayer, R. (2010). Taxonomy and species delimitation in Cryptosporidium. Exp Parasitol, 124(1),
90-97. https://doi.org/10.1016/j.exppara.2009.03.005
García, J., Alger, J., & Soto, R. J. (2021). Intestinal apicomplexan parasitoses among a hospitalbased population in Honduras, 2013-2019. Biomedica, 41(4), 734-744.
https://doi.org/10.7705/biomedica.6104 (Parasitosis por Apicomplexa intestinales en
población hospitalaria en Honduras, 2013-2019.)
Garcia, L. S. (2016a). Antibody and Antigen Detection in Parasitc Infections. In Diagnostic
medical parasitology (pp. 986-1018). ASM Press.
https://doi.org/10.1128/9781555819002.ch33
Garcia, L. S. (2016b). Artifacts That Can Be Confused with Parasitic Organisms. In Diagnostic
medical parasitology (pp. 195-211). ASM Press.
https://doi.org/10.1128/9781555819002.ch10
Garcia, L. S. (2016c). Intestinal Protozoa (Coccidia), Microsporidia, and Algae. In Diagnostic
medical parasitology (6 ed., pp. 612-666). ASM Press.
https://doi.org/10.1128/9781555819002.ch23
Garcia, L. S. (2016d). Macroscopic and Microscopic Examination of Fecal Specimens. In
Diagnostic medical parasitology (pp. 26-76). ASM Press
https://doi.org/10.1128/9781555819002.ch3
Garcia, L. S., Arrowood, M., Kokoskin, E., Paltridge, G. P., Pillai, D. R., Procop, G. W., Ryan,
N., Shimizu, R. Y., & Visvesvara, G. (2018). Practical Guidance for Clinical
Microbiology Laboratories: Laboratory Diagnosis of Parasites from the Gastrointestinal
Tract. Clin Microbiol Rev, 31(1). https://doi.org/10.1128/CMR.00025-17
Garcia, L. S., & Shimizu, R. Y. (1997). Evaluation of nine immunoassay kits (enzyme
immunoassay and direct fluorescence) for detection of Giardia lamblia and
Cryptosporidium parvum in human fecal specimens. Journal of Clinical Microbiology,
35(6), 1526-1529. https://doi.org/10.1128/JCM.35.6.1526-1529.1997
Garcia, L. S., Shum, A. C., & Bruckner, D. A. (1992). Evaluation of a new monoclonal antibody
combination reagent for direct fluorescence detection of Giardia cysts and
Cryptosporidium oocysts in human fecal specimens. Journal of Clinical Microbiology,
30(12), 3255-3257. https://doi.org/10.1128/JCM.30.12.3255-3257.1992
Garibyan, L., & Avashia, N. (2013). Polymerase chain reaction. The Journal of investigative
dermatology, 133(3), 1-4. https://doi.org/10.1038/jid.2013.1

80

GBD 2016 Diarrhoal Disease Collaborators. (2018). Estimates of the global, regional, and
national morbidity, mortality, and aetiologies of diarroea in 195 countries: a systematic
analysis for the Global Burden of Disease Study 2016. The Lancet Infectious Diseases,
18, 1211-1228. https://doi.org/10.1016/S1473-3099(18)30362-1
Gerace, E., Lo Presti, V. D. M., & Biondo, C. (2019). Cryptosporidium Infection: Epidemiology,
Pathogenesis, and Differential Diagnosis. Eur J Microbiol Immunol (Bp), 9(4), 119-123.
https://doi.org/10.1556/1886.2019.00019
Gharieb, R. M. A., Merward, A. M. A., Saleh, A. A., & El-Ghany, A. M. A. (2018). Molecular
Screening and Genotyping of Cryptosporidium Species in Household Dogs and InContact Children in Egypt: Risk Factor Analysis and Zoonotic Importance. Vector-Borne
and Zoonotic Diseases, 18(8), 424-432. https://doi.org/10.1089/vbz.2017.2254
Ghoshal, U., Jain, V., Dey, A., & Ranjan, P. (2018). Evaluation of enzyme linked
immunosorbent assay for stool antigen detection for the diagnosis of cryptosporidiosis
among HIV negative immunocompromised patients in a tertiary care hospital of northern
India. J Infect Public Health, 11(1), 115-119. https://doi.org/10.1016/j.jiph.2017.06.007
Giangaspero, A., & Gasser, R. B. (2019). Human cyclosporiasis. The Lancet Infectious Diseases.
https://doi.org/10.1016/S1473-3099(18)30789-8
Giangaspero, A., Marangi, M., Koehler, A. V., Papini, R., Normanno, G., Lacasella, V., Lonigro,
A., & Gasser, R. B. (2015). Molecular detection of Cyclospora in water, soil, vegetables
and humans in southern Italy signals a need for improved monitoring by health
authorities. Int J Food Microbiol, 211, 95-100.
https://doi.org/10.1016/j.ijfoodmicro.2015.07.002
Guérin, A., & Striepen, B. (2020). The Biology of the Intestinal Intracellular Parasite
Cryptosporidium. Cell Host Microbe, 28(4), 509-515.
https://doi.org/10.1016/j.chom.2020.09.007
Gupta, N. (2019). DNA Extraction and Polymerase Chain Reaction. J Cytol, 36(2), 116-117.
https://doi.org/10.4103/JOC.JOC_110_18
Guy, R. A., Yanta, C. A., Muchaal, P. K., Rankin, M. A., Thivierge, K., Lau, R., & Boggild, A.
K. (2021). Molecular characterization of Cryptosporidium isolates from humans in
Ontario, Canada. Parasit Vectors, 14(1), 69. https://doi.org/10.1186/s13071-020-04546-9
Hailu, A. W., Degarege, A., Adamu, H., Costa, D., Villier, V., Mouhajir, A., Favennec, L.,
Razakandrainibe, R., & Petros, B. (2021). Molecular characterization of Cryptosporidium
spp. from humans in Ethiopia. PLOS ONE, 16(6), e0253186.
https://doi.org/10.1371/journal.pone.0253186
Harrington, B. J. (2008). Microscopy of 4 Pathogenic Enteric Protozoan Parasites: A Review.
Laboratory Medicine, 39(4), 231-238. https://doi.org/10.1309/83G3PE2H1V2NY9FK

81

Hassan, E. M., Örmeci, B., DeRosa, M. C., Dixon, B. R., Sattar, S. A., & Iqbal, A. (2021). A
review of Cryptosporidium spp. and their detection in water. Water Sci Technol, 83(1), 125. https://doi.org/10.2166/wst.2020.515
Health Canada. (2019). Guidelines for Canadian Drinking Water Quality: Guideline Technical
Document - Enteric Protozoa: Giardia and Cryptosporidium.
https://www.canada.ca/content/dam/hc-sc/documents/services/environmental-workplacehealth/reports-publications/water-quality/enteric-protozoa-giardia-cryptosporidium/pub1eng.pdf
Herwaldt, B. L. (2000). Cyclospora cayetanensis: A Review, Focusing on the Outbreaks of
Cyclosporiasis in the 1990s. Clinical Infectious Diseases, 31(4), 1040-1057.
https://doi.org/10.1086/314051
Hopkins, J., Hague, H., Hudgin, G., Ross, L., & Moore, D. (2013). An outbreak of
Cryptosporidium at a recreational water park in Niagara Region, Canada. J Environ
Health, 75(9), 28-33.
Hu, K., Roos, D. S., & Murray, J. M. (2002). A novel polymer of tubulin forms the conoid of
Toxoplasma gondii. J Cell Biol, 156(6), 1039-1050.
https://doi.org/10.1083/jcb.200112086
Hunter, P. R., & Nichols, G. (2002). Epidemiology and clinical features of Cryptosporidium
infection in immunocompromised patients. Clin Microbiol Rev, 15(1), 145-154.
https://doi.org/10.1128/cmr.15.1.145-154.2002
Hussein, E. M., El-Gayar, E. K., Ismail, O. A., Mokhtar, A. B., & Al-Abbassy, M. M. (2021).
Identification of a Cyclospora cayetanensis Oocyst Antigens and Their Validity in the
Detection of Immunogenic Patterns of Cyclosporiasis Patients. Acta Parasitol, 66(2),
416-427. https://doi.org/10.1007/s11686-020-00289-w
Jagai, J. S., Castronovo, D. A., Monchak, J., & Naumova, E. N. (2009). Seasonality of
cryptosporidiosis: A meta-analysis approach. Environmental Research, 109(4), 465-478.
https://doi.org/https://doi.org/10.1016/j.envres.2009.02.008
Janouskovec, J., Horák, A., Oborník, M., Lukes, J., & Keeling, P. J. (2010). A common red algal
origin of the apicomplexan, dinoflagellate, and heterokont plastids. Proc Natl Acad Sci U
S A, 107(24), 10949-10954. https://doi.org/10.1073/pnas.1003335107
Jiang, Y., Ren, J., Yuan, Z., Liu, A., Zhao, H., Liu, H., Chu, L., Pan, W., Cao, J., Lin, Y., &
Shen, Y. (2014). Cryptosporidium andersoni as a novel predominant Cryptosporidium
species in outpatients with diarrhea in Jiangsu Province, China. BMC Infect Dis, 14, 555.
https://doi.org/10.1186/s12879-014-0555-7
Jiang, Y., Yuan, Z., Zang, G., Li, D., Wang, Y., Zhang, Y., Liu, H., Cao, J., & Shen, Y. (2018).
Cyclospora cayetanensis infections among diarrheal outpatients in Shanghai: a
retrospective case study. Front Med, 12(1), 98-103. https://doi.org/10.1007/s11684-0180614-3
82

Kaminsky, R., & Reyes-Garcia, S. (2017). Update of Human Infections Caused by
Cryptosporidium spp. and Cystoisospora belli, Honduras. Clinical Microbiology: Open
Access, 6, 289. https://doi.org/10.4172/2327-5073.1000289
Kaminsky, R. G., Lagos, J., Raudales Santos, G., & Urrutia, S. (2016). Marked seasonality of
Cyclospora cayetanensis infections: ten-year observation of hospital cases, Honduras.
BMC infectious diseases, 16, 66-66. https://doi.org/10.1186/s12879-016-1393-6
Karambizi, N. U., McMahan, C. S., Blue, C. N., & Temesvari, L. A. (2021). Global estimated
Disability-Adjusted Life-Years (DALYs) of diarrheal diseases: A systematic analysis of
data from 28 years of the global burden of disease study. PLOS ONE, 16(10), e0259077e0259077. https://doi.org/10.1371/journal.pone.0259077
Katsumata, T., Hosea, D., Wasito, E. B., Kohno, S., Hara, K., Soeparto, P., & Ranuh, I. G.
(1998). Cryptosporidiosis in Indonesia: a hospital-based study and a community-based
survey. Am J Trop Med Hyg, 59(4), 628-632. https://doi.org/10.4269/ajtmh.1998.59.628
Kehl, K. S., Cicirello, H., & Havens, P. L. (1995). Comparison of four different methods for
detection of Cryptosporidium species. Journal of Clinical Microbiology, 33(2), 416-418.
https://doi.org/10.1128/JCM.33.2.416-418.1995
Khan, A., Shaik, J. S., & Grigg, M. E. (2018). Genomics and molecular epidemiology of
Cryptosporidium species. Acta Trop, 184, 1-14.
https://doi.org/10.1016/j.actatropica.2017.10.023
Kimura, K., Kumar Rai, S., Takemasa, K., Ishibashi, Y., Kawabata, M., Belosevic, M., & Uga,
S. (2004). Comparison of three microscopic techniques for diagnosis of Cyclospora
cayetanensis. FEMS Microbiol Lett, 238(1), 263-266.
https://doi.org/10.1016/j.femsle.2004.07.045
Koivunen, M., & Krogsrud, R. (2006). Principles of Immunochemical Techniques Used in
Clinical Laboratories. Labmedicine, 37, 490-497.
Lake, I. R., Harrison, F. C. D., Chalmers, R. M., Bentham, G., Nichols, G., Hunter, P. R.,
Kovats, R. S., & Grundy, C. (2007). Case-control study of environmental and social
factors influencing cryptosporidiosis. European journal of epidemiology, 22(11), 805811. https://doi.org/10.1007/s10654-007-9179-1
Lalonde, L. F., & Gajadhar, A. A. (2008). Highly sensitive and specific PCR assay for reliable
detection of Cyclospora cayetanensis oocysts. Appl Environ Microbiol, 74(14), 43544358. https://doi.org/10.1128/AEM.00032-08
Lang-Unnasch, N., Reith, M. E., Munholland, J., & Barta, J. R. (1998). Plastids are widespread
and ancient in parasites of the phylum Apicomplexa. Int J Parasitol, 28(11), 1743-1754.
https://doi.org/10.1016/s0020-7519(98)00136-2

83

Laude, A., Valot, S., Desoubeaux, G., Argy, N., Nourrisson, C., Pomares, C., Machouart, M., Le
Govic, Y., Dalle, F., Botterel, F., Bourgeois, N., Cateau, E., Leterrier, M., Le Pape, P., &
Morio, F. (2016). Is real-time PCR-based diagnosis similar in performance to routine
parasitological examination for the identification of Giardia intestinalis,
Cryptosporidium parvum/Cryptosporidium hominis and Entamoeba histolytica from stool
samples? Evaluation of a new commercial multiplex PCR assay and literature review.
Clin Microbiol Infect, 22(2), 190.e191-190.e198.
https://doi.org/10.1016/j.cmi.2015.10.019
Leander, B. S. (2008). Marine gregarines: evolutionary prelude to the apicomplexan radiation?
Trends Parasitol, 24(2), 60-67. https://doi.org/10.1016/j.pt.2007.11.005
Learmonth, J. J., Ionas, G., Ebbett, K. A., & Kwan, E. S. (2004). Genetic Characterization and
Transmission Cycles of Cryptosporidium Species Isolated from Humans in New Zealand.
Applied and Environmental Microbiology, 70(7), 3973.
https://doi.org/10.1128/AEM.70.7.3973-3978.2004
Lee, J., Leedale, G., & Bradbury, P. (2000). An Illustrated Guide to the Protozoa. 3d Ed., Vol. II
pp. 690-1432. Society of Protozoologists, Lawrence, KS.
Leitch, G. J., & He, Q. (2012). Cryptosporidiosis-an overview. Journal of biomedical research,
25(1), 1-16. https://doi.org/10.1016/S1674-8301(11)60001-8
Levine, N. D. (1973). The Apicomplexa ad the coccida proper. Prorozoan parasites of domestic
animals and man (2 ed.). Minneapolis: Burgress Publishing Company.
Levine, N. D. (1988). Progress in taxonomy of the Apicomplexan protozoa. J Protozool, 35(4),
518-520. https://doi.org/10.1111/j.1550-7408.1988.tb04141.x
Li, G., Xiao, S., Zhou, R., Li, W., & Wadeh, H. (2007). Molecular characterization of
Cyclospora-like organism from dairy cattle. Parasitol Res, 100(5), 955-961.
https://doi.org/10.1007/s00436-006-0380-z
Li, J., Cui, Z., Qi, M., & Zhang, L. (2020). Advances in Cyclosporiasis Diagnosis and
Therapeutic Intervention. Front Cell Infect Microbiol, 10, 43.
https://doi.org/10.3389/fcimb.2020.00043
Long, E. G., Schaeffer, F. W., III, Stelma, G. N., Berlin, O. G. W., Porschen, R. K., & Novak, S.
M. (1994). Recovery of Cyclospora Organisms from Patients with Prolonged Diarrhea.
Clinical Infectious Diseases, 18(4), 606-609. https://doi.org/10.1093/clinids/18.4.606
Mai, K., Sharman, P. A., Walker, R. A., Katrib, M., De Souza, D., McConville, M. J., Wallach,
M. G., Belli, S. I., Ferguson, D. J., & Smith, N. C. (2009). Oocyst wall formation and
composition in coccidian parasites. Mem Inst Oswaldo Cruz, 104(2), 281-289.
https://doi.org/10.1590/s0074-02762009000200022

84

Maratim, A. C., Kamar, K. K., Ngindu, A., Akoru, C. N., Diero, L., & Sidle, J. (2002). Safranin
staining of Cyclospora cayetanensis oocysts not requiring microwave heating. British
Journal of Biomedical Science, 59(2), 114-116.
https://doi.org/10.1080/09674845.2002.11783644
McHugh, M. L. (2012). Interrater reliability: the kappa statistic. Biochemia medica, 22(3), 276282. https://doi.org/10.11613/BM.2012.031
McLauchlin, J., Amar, C., Pedraza-Díaz, S., & Nichols, G. L. (2000). Molecular epidemiological
analysis of Cryptosporidium spp. in the United Kingdom: results of genotyping
Cryptosporidium spp. in 1,705 fecal samples from humans and 105 fecal samples from
livestock animals. Journal of Clinical Microbiology, 38(11), 3984-3990.
https://doi.org/10.1128/JCM.38.11.3984-3990.2000
Mead, J. R., & Arrowood, M. J. (2014). Treatment of Cryptosporidiosis. In S. M. Cacciò & G.
Widmer (Eds.), Cryptosporidium: parasite and disease. Springer.
https://doi.org/10.1007/978-3-7091-1562-6_11
Mejia, R., Vicuña, Y., Broncano, N., Sandoval, C., Vaca, M., Chico, M., Cooper, P. J., &
Nutman, T. B. (2013). A novel, multi-parallel, real-time polymerase chain reaction
approach for eight gastrointestinal parasites provides improved diagnostic capabilities to
resource-limited at-risk populations. Am J Trop Med Hyg, 88(6), 1041-1047.
https://doi.org/10.4269/ajtmh.12-0726
Mergen, K., Espina, N., Teal, A., & Madison-Antenucci, S. (2020). Detecting Cryptosporidium
in Stool Samples Submitted to a Reference Laboratory. Am J Trop Med Hyg, 103(1),
421-427. https://doi.org/10.4269/ajtmh.19-0792
Mokomane, M., Kasvosve, I., Melo, E. d., Pernica, J. M., & Goldfarb, D. M. (2018). The global
problem of childhood diarrhoeal diseases: emerging strategies in prevention and
management. Therapeutic Advances in Infectious Disase, 5(1), 29-43.
https://doi.org/10.1177/2049936117744429
Molloy, S. F., Tanner, C. J., Kirwan, P., Asaolu, S. O., Smith, H. V., Nichols, R. A., Connelly,
L., & Holland, C. V. (2011). Sporadic Cryptosporidium infection in Nigerian children:
risk factors with species identification. Epidemiol Infect, 139(6), 946-954.
https://doi.org/10.1017/s0950268810001998
Mor, S. M., & Tzipori, S. (2008). Cryptosporidiosis in Children in Sub-Saharan Africa: A
Lingering Challenge. Clinical Infectious Diseases, 47(7), 915-921.
https://doi.org/10.1086/591539
Morgan, U. M., Constantine, C. C., Forbes, D. A., & Thompson, R. C. (1997). Differentiation
between human and animal isolates of Cryptosporidium parvum using rDNA sequencing
and direct PCR analysis. The Journal of Parasitology, 83(5), 825-830.
https://doi.org/10.2307/3284275

85

Morgan, U. M., & Thompson, R. C. (1998). PCR detection of cryptosporidium: the way
forward? Parasitol Today, 14(6), 241-245. https://doi.org/10.1016/s0169-4758(98)012472
Morton, V., Meghnath, k., Gheorghe, M., Fitzgerald-Husek, A., Hobbs, J., Honish, L., & David,
S. (2019). Use of a case-control study and control bank to investigate an outbreak of
locally acquired cyclosporiasis in Canada, 2016. Canada Communicable Disease Report
45(9), 225-229. https://doi.org/10.14745/ccdr.v45i09a01
Newman, R. D., Jaeger, K. L., Wuhib, T., Lima, A. A., Guerrant, R. L., & Sears, C. L. (1993).
Evaluation of an antigen capture enzyme-linked immunosorbent assay for detection of
Cryptosporidium oocysts. J Clin Microbiol, 31(8), 2080-2084.
https://doi.org/10.1128/jcm.31.8.2080-2084.1993
Ong, C. S. L., Chow, S., Gustafson, R., Plohman, C., Parker, R., Isaac-Renton, J. L., & Fyfe, M.
W. (2008). Rare Cryptosporidium hominis subtype associated with aquatic center use.
Emerging Infectious Diseases, 14(8), 1323-1325. https://doi.org/10.3201/eid1408.080115
Ortega, Y. R., Nagle, R., Gilman, R. H., Watanabe, J., Miyagui, J., Quispe, H., Kanagusuku, P.,
Roxas, C., & Sterling, C. R. (1997). Pathologic and clinical findings in patients with
cyclosporiasis and a description of intracellular parasite life-cycle stages. J Infect Dis,
176(6), 1584-1589. https://doi.org/10.1086/514158
Ortega, Y. R., & Sanchez, R. (2010). Update on Cyclospora cayetenanensis, a Food-Borne and
Waterborne Parasite. Clinical Microbiology Reviews, 23(1), 218-234.
https://doi.org/10.1128/CMR.00026-09
Ortega, Y. R., Sterling, C. R., & Gilman, R. H. (1993). Cyclospora Species - A New Protozoan
Pathogen of Humans. The New England Journal of Medicine, 328(18), 1308-1312.
https://doi.org/10.1056/NEJM199305063281804
Parada, L. V. (2010). The Apicoplast: An Organelle with a Green Past. 3(9), 10.
https://www.nature.com/scitable/topicpage/the-apicoplast-an-organelle-with-a-green14231555/#
Parghi, E., Dash, L., & Shastri, J. (2014). Evaluation of different modifications of acid-fast
staining techniques and stool enzyme-linked immunosorbent assay in detecting fecal
Cryptosporidium in diarrheic HIV seropositive and seronegative patients. Tropical
Parasitology, 4(2), 99.
Poor, B. M., Rashedi, J., Asgharzadeh, M., Fallah, E., Hatam-Nahavandi, K., & Dalimi, A.
(2015). Molecular characterization of Cryptosporidium species in children with diarrhea
in north west of Iran. International journal of molecular and cellular medicine, 4(4), 235.
Proellocks, N. I., Coppel, R. L., & Waller, K. L. (2010). Dissecting the apicomplexan rhoptry
neck proteins. Trends Parasitol, 26(6), 297-304. https://doi.org/10.1016/j.pt.2010.02.012

86

Public Health Agency of Canada. (2017). Public Health Notice - Outbreak of Cyclospora
infections under investigation. https://www.canada.ca/en/public-health/services/publichealth-notices/2017/public-health-notice-outbreak-cyclospora-infections-underinvestigation.html
Public Health Agency of Canada. (2020a). Cryptosporidiosis (Cryptosporidium): Prevention and
risks. https://www.canada.ca/en/publichealth/services/diseases/cryptosporidiosis/prevention-risks.html
Public Health Agency of Canada. (2020b, November 4 2020). Public Health Notice: Outbreak of
Cyclospora infections linked to salad products. https://www.canada.ca/en/publichealth/services/public-health-notices/2020/outbreak-cyclospora-infections-saladproducts.html
Public Health Agency of Canada. (2021a). Archived Health Investigations 2021.
https://www.canada.ca/en/public-health/services/public-health-notices.html
Public Health Agency of Canada. (2021b). Reported cases from 1924 to 2019 in Canada Notifiable diseases on-line. https://diseases.canada.ca/notifiable/charts?c=plt
Putignani, L., & Menichella, D. (2010). Global distribution, public health and clinical impact of
the protozoan pathogen cryptosporidium. Interdiscip Perspect Infect Dis, 2010.
https://doi.org/10.1155/2010/753512
Qvarnstrom, Y., Benedict, T., Marcet, P. L., Wiegand, R. E., Herwaldt, B. L., & da Silva, A. J.
(2018). Molecular detection of Cyclospora cayetanensis in human stool specimens using
UNEX-based DNA extraction and real-time PCR. Parasitology, 145(7), 865-870.
https://doi.org/10.1017/S0031182017001925
Razakandrainibe, R., Merat, C., Kapel, N., Sautour, M., Guyot, K., Gargala, G., Ballet, J. J., Le
Pape, P., French Cryptosporidiosis, N., Dalle, F., & Favennec, L. (2021). Multicenter
Evaluation of an ELISA for the Detection of Cryptosporidium spp. Antigen in Clinical
Human Stool Samples. Microorganisms, 9(2).
https://doi.org/10.3390/microorganisms9020209
Rekha, K. M., Puttalakshmamma, G. C., & D'Souza, P. E. (2016). Comparison of different
diagnostic techniques for the detection of cryptosporidiosis in bovines. Vet World, 9(2),
211-215. https://doi.org/10.14202/vetworld.2016.211-215
Relman, D. A., Schmidt, T. M., Gajadhar, A., Sogin, M., Cross, J., Yoder, K., Sethabutr, O., &
Echeverria, P. (1996). Molecular phylogenetic analysis of Cyclospora, the human
intestinal pathogen, suggests that it is closely related to Eimeria species. J Infect Dis,
173(2), 440-445. https://doi.org/10.1093/infdis/173.2.440
Resendiz-Nava, C. N., Orozco-Mosqueda, G. E., Mercado-Silva, E. M., Flores-Robles, S., SilvaRojas, H. V., & Nava, G. M. (2020). A Molecular Tool for Rapid Detection and
Traceability of Cyclospora cayetanensis in Fresh Berries and Berry Farm Soils. Foods,
9(3). https://doi.org/10.3390/foods9030261
87

Robertson, B., Sinclair, M. I., Forbes, A. B., Veitch, M., Kirk, M., Cunliffe, D., Willis, J., &
Fairley, C. K. (2002). Case-control studies of sporadic cryptosporidiosis in Melbourne
and Adelaide, Australia. Epidemiol Infect, 128(3), 419-431.
https://doi.org/10.1017/s0950268802006933
Robinson, G., & Chalmers, R. M. (2019). Cryptosporidium diagnostic assays: Microscopy. In J.
R. Mead & M. J. Arrowood (Eds.), Cryptosporidium: Methods and Protocols (Vol. 2052,
pp. 1-10). Springer Science+Business Media. https://doi.org/10.1007/978-1-4939-97480_1
Robinson, G., Elwin, K., & Chalmers, R. M. (2019). Cryptosporidium diagnostic assays:
Molecular detection. In J. R. Mead & M. J. Arrowood (Eds.), Cryptosporidium: Methods
and Protocols (Vol. 2052, pp. 11-22). Spring Science+Business Media.
https://doi.org/10.1007/978-1-4939-9748-0_2
Roperch, J.-P., Benzekri, K., Mansour, H., & Incitti, R. (2015). Improved amplification
efficiency on stool samples by addition of spermidine and its use for non-invasive
detection of colorectal cancer. BMC Biotechnology, 15(1), 41.
https://doi.org/10.1186/s12896-015-0148-6
Rossle, N. F., & Latif, B. (2013). Cryptosporidiosis as threatening health problem: A review.
Asian Pacific Journal of Tropical Biomedicine, 3(11), 916-924.
https://doi.org/10.1016/S2221-1691(13)60179-3
Roy, S. L., DeLong, S. M., Stenzel, S. A., Shiferaw, B., Roberts, J. M., Khalakdina, A., Marcus,
R., Segler, S. D., Shah, D. D., Thomas, S., Vugia, D. J., Zansky, S. M., Dietz, V., &
Beach, M. J. (2004). Risk factors for sporadic cryptosporidiosis among
immunocompetent persons in the United States from 1999 to 2001. J Clin Microbiol,
42(7), 2944-2951. https://doi.org/10.1128/jcm.42.7.2944-2951.2004
Ruecker, N. J., Matsune, J. C., Wilkes, G., Lapen, D. R., Topp, E., Edge, T. A., Sensen, C. W.,
Xiao, L., & Neumann, N. F. (2012). Molecular and phylogenetic approaches for
assessing sources of Cryptosporidium contamination in water. Water Research, 46(16),
5135-5150. https://doi.org/https://doi.org/10.1016/j.watres.2012.06.045
Ryan, U., & Xiao, L. (2014). Taxonomy and Molecular Taxonomy In S. M. Cacciò & G.
Widmer (Eds.), Cryptosporidium parasite and disease (pp. 3-42). Springer.
https://doi.org/10.1007/978-3-7091-1562-6_1
Schrader, C., Schielke, A., Ellerbroek, L., & Johne, R. (2012). PCR inhibitors - occurrence,
properties and removal. J Appl Microbiol, 113(5), 1014-1026.
https://doi.org/10.1111/j.1365-2672.2012.05384.x
Shanmugasundram, A., Gonzalez-Galarza, F. F., Wastling, J. M., Vasieva, O., & Jones, A. R.
(2013). Library of Apicomplexan Metabolic Pathways: a manually curated database for
metabolic pathways of apicomplexan parasites. Nucleic Acids Res, 41(Database issue),
D706-713. https://doi.org/10.1093/nar/gks1139

88

Shapiro, K., Kim, M., Rajal, V. B., Arrowood, M. J., Packham, A., Aguilar, B., & Wuertz, S.
(2019). Simultaneous detection of four protozoan parasites on leafy greens using a novel
multiplex PCR assay. Food Microbiology, 84, 103252.
https://doi.org/https://doi.org/10.1016/j.fm.2019.103252
Shen, B., & Sibley, L. D. (2012). The moving junction, a key portal to host cell invasion by
apicomplexan parasites. Curr Opin Microbiol, 15(4), 449-455.
https://doi.org/10.1016/j.mib.2012.02.007
Shikani, H., & Weiss, L. M. (2014). Human Cryptosporidiosis: A Clinical Perspective. In S. M.
Cacciò & G. Widmer (Eds.), Cryptosporidium: parasite and disease (pp. 383-421).
Springer. https://doi.org/10.1007/978-3-7091-1562-6_9
Shirley, D.-A. T., Moonah, S. N., & Kotloff, K. L. (2012). Burden of disease from
cryptosporidiosis. Current opinion in infectious diseases, 25(5), 555-563.
https://doi.org/10.1097/QCO.0b013e328357e569
Šlapeta, J., & Morin-Adeline, V. (2011). Apicomplexa. Retrieved September 2020 from
http://tolweb.org/Apicomplexa
Soave, R. (1996). Cyclospora: an overview. Clinical Infectious Diseases, 23, 429-437.
https://doi.org/10.1093/clinids/23.3.429
Solarczyk, P. (2021). Host range of Cyclospora species: Zoonotic implication. Acta Protozool,
60, 13-20.
Sulaiman, I. M., Ortega, Y., Simpson, S., & Kerdahi, K. (2014). Genetic characterization of
human-pathogenic Cyclospora cayetanensis parasites from three endemic regions at the
18S ribosomal RNA locus. Infect Genet Evol, 22, 229-234.
https://doi.org/10.1016/j.meegid.2013.07.015
Sulaiman, I. M., Torres, P., Simpson, S., Kerdahi, K., & Ortega, Y. (2013). Sequence
Characterization of Heat Shock Protein Gene of Cyclospora cayetanensis Isolates from
Nepal, Mexico, and Peru. The Journal of Parasitology, 99(2), 379-382.
Sun, T., Ilardi, C. F., Asnis, D., Bresciani, A. R., Goldenberg, S., Roberts, B., & Teichberg, S.
(1996). Light and Electron Microscopic Identification of Cyclospora Species in the Small
Intestine: Evidence of the Presence of Asexual Life Cycle in Human Host. American
Journal of Clinical Pathology, 105(2), 216-220. https://doi.org/10.1093/ajcp/105.2.216
Taniuchi, M., Verweij, J. J., Sethabutr, O., Bodhidatta, L., Garcia, L., Maro, A., Kumburu, H.,
Gratz, J., Kibiki, G., & Houpt, E. R. (2011). Multiplex polymerase chain reaction method
to detect Cyclospora, Cystoisospora, and Microsporidia in stool samples. Diagnostic
microbiology and infectious disease, 71(4), 386-390.
https://doi.org/10.1016/j.diagmicrobio.2011.08.012

89

Temesgen, T. T., Tysnes, K. R., & Robertson, L. J. (2019). A New Protocol for Molecular
Detection of Cyclospora cayetanensis as Contaminants of Berry Fruits [Methods].
Frontiers in Microbiology, 10(1939). https://doi.org/10.3389/fmicb.2019.01939
ThermoFischer Scientific. Epifluorescence Microscope Basics.
https://www.thermofisher.com/ca/en/home/life-science/cell-analysis/cell-analysislearning-center/molecular-probes-school-of-fluorescence/fundamentals-of-fluorescencemicroscopy/epifluorescence-microscope-basics.html
Thivierge, K., Iqbal, A., Dixon, B., Dion, R., Levesque, B., Cantin, P., Cédilotte, L., Ndao, M.,
Proulx, J. F., & Yansouni, C. P. (2016). Cryptosporidium hominis Is a Newly Recognized
Pathogen in the Arctic Region of Nunavik, Canada: Molecular Characterization of an
Outbreak. PLoS Negl Trop Dis, 10(4), e0004534.
https://doi.org/10.1371/journal.pntd.0004534
Toso, M. A., & Omoto, C. K. (2007). Gregarina niphandrodes may lack both a plastid genome
and organelle. J Eukaryot Microbiol, 54(1), 66-72. https://doi.org/10.1111/j.15507408.2006.00229.x
Totton, S. C., O'Connor, A. M., Naganathan, T., Martinez, B. A. F., & Sargeant, J. M. (2021). A
review of Cyclospora cayetanensis in animals. Zoonoses Public Health, 68(8), 861-867.
https://doi.org/10.1111/zph.12872
Trotz-Williams, L. A., Martin, D. S., Gatei, W., Cama, V., Peregrine, A. S., Martin, S. W.,
Nydam, D. V., Jamieson, F., & Xiao, L. (2006). Genotype and subtype analyses of
Cryptosporidium isolates from dairy calves and humans in Ontario. Parasitol Res, 99(4),
346-352. https://doi.org/10.1007/s00436-006-0157-4
Tyzzer, E. (1907). A sporozoan found in the peptic glands of the common mouse. Proceedings of
the Society for Experimental Biology and Medicine, 5(1), 12-13.
Uppal, B., Singh, O., Chadha, S., & Jha, A. K. (2014). A comparison of nested PCR assay with
conventional techniques for diagnosis of intestinal cryptosporidiosis in AIDS cases from
northern India. J Parasitol Res, 2014, 706105. https://doi.org/10.1155/2014/706105
Van den Bossche, D., Cnops, L., Verschueren, J., & Van Esbroeck, M. (2015). Comparison of
four rapid diagnostic tests, ELISA, microscopy and PCR for the detection of Giardia
lamblia, Cryptosporidium spp. and Entamoeba histolytica in feces. Journal of
Microbiological Methods, 110, 78-84.
https://doi.org/https://doi.org/10.1016/j.mimet.2015.01.016
Van Nhieu, J. T., Nin, F., Fleury-Feith, J., Chaumette, M.-t., Schaeffer, A., & Bretagne, S.
(1996). Identification of intracellular stages of Cyclospora species by light microscopy of
thick sections using hematoxylin. Human Pathology, 27(10), 1107-1109.
https://doi.org/https://doi.org/10.1016/S0046-8177(96)90294-4

90

Varea, M., Clavel, A., Doiz, O., Castillo, F. J., Rubio, M. C., & Gomez-Lus, R. (1998). Fuchsin
fluorescence and autofluorescence in Cryptosporidium, Isospora and Cyclospora oocysts.
Int J Parasitol, 28(12), 1881-1883. https://doi.org/10.1016/s0020-7519(98)00146-5
Verveij, J. J., Laeijendecker, D., Brienen, E. A. T., Lieshout, L. v., & Polderman, A. M. (2003).
Detection of Cyclospora cayetanensis in travellers returning from the tropics and
subtropics using microscopy and real-time PCR. International Journal of Medical
Microbiology 293, 199-202. https://doi.org/10.1078/1438-4221-00252
Visvesvara, G. S., Moura, H., Kovacs-Nace, E., Wallace, S., & Eberhard, M. L. (1997). Uniform
Staining of Cyclospora Oocysts in Fecal Smears by a Modified Safranin Technique with
Microwave Heating. Journal of Clinical Microbiology 35(3), 730-733.
https://doi.org/10.1128/JCM.35.3.730-733.1997
Waller, R. F., & McFadden, G. I. (2005). The apicoplast: a review of the derived plastid of
apicomplexan parasites. Curr Issues Mol Biol, 7(1), 57-79.
Webb, D. J., & Brown, C. M. (2013). Epi-fluorescence microscopy. Methods Mol Biol, 931, 2959. https://doi.org/10.1007/978-1-62703-056-4_2
Weinreich, F., Hahn, A., Eberhardt, K. A., Feldt, T., Sarfo, F. S., Di Cristanziano, V.,
Frickmann, H., & Loderstadt, U. (2022). Comparison of Three Real-Time PCR Assays
for the Detection of Cyclospora cayetanensis in Stool Samples Targeting the 18S rRNA
Gene and the hsp70 Gene. Pathogens, 11(2). https://doi.org/10.3390/pathogens11020165
Whitfield, Y., Johnson, K., Hanson, H., & Huneault, D. (2017). 2015 Outbreak of Cyclosporiasis
Linked to the Consumption of Imported Sugar Snap Peas in Ontario, Canada. J Food
Prot, 80(10), 1666-1669. https://doi.org/10.4315/0362-028X.JFP-17-084
Widmer, G., Klein, P., & Bonilla, R. (2007). Adaptation of Cryptosporidium oocysts to different
excystation conditions. Parasitology, 134(11), 1583-1588.
https://doi.org/10.1017/S0031182007002922
Wilson, R. J., Denny, P. W., Preiser, P. R., Rangachari, K., Roberts, K., Roy, A., Whyte, A.,
Strath, M., Moore, D. J., Moore, P. W., & Williamson, D. H. (1996). Complete gene map
of the plastid-like DNA of the malaria parasite Plasmodium falciparum. J Mol Biol,
261(2), 155-172. https://doi.org/10.1006/jmbi.1996.0449
World Health Organization. (2017). Diarrhoeal disease. https://www.who.int/news-room/factsheets/detail/diarrhoeal-disease
Xiao, L. (2010). Molecular epidemiology of cryptosporidiosis: an update. Exp Parasitol, 124(1),
80-89. https://doi.org/10.1016/j.exppara.2009.03.018
Xiao, L., Fayer, R., Ryan, U., & Upton, S. J. (2004). Cryptosporidium taxonomy: recent
advances and implications for public health. Clin Microbiol Rev, 17(1), 72-97.
https://doi.org/10.1128/cmr.17.1.72-97.2004

91

Xu, N., Liu, H., Jiang, Y., Yin, J., Yuan, Z., Shen, Y., & Cao, J. (2020). First report of
Cryptosporidium viatorum and Cryptosporidium occultus in humans in China, and of the
unique novel C. viatorum subtype XVaA3h. BMC Infect Dis, 20(1), 16.
https://doi.org/10.1186/s12879-019-4693-9
Zhu, G., Keithly, J. S., & Philippe, H. (2000). What is the phylogenetic position of
Cryptosporidium? International Journal of Systematic and Evolutionary Microbiology,
50(4), 1673-1681.
Zhu, G., Marchewka, M. J., & Keithly, J. S. (2000). Cryptosporidium parvum appears to lack a
plastid genome. Microbiology (Reading), 146 ( Pt 2), 315-321.
https://doi.org/10.1099/00221287-146-2-315

92

APPENDIX A- RESEARCH CLEARANCE
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APPENDIX B- DNA EXTRACTION PROTOCOL
Kit: Soil Isolation Plus Kit (product number: 64040)
Manufacturer: Norgen Biotek Corp.

Reagent Preparation
1. Add 42 mL ethanol (96-100%) to Wash Solution A concentrate and mix well.
DNA Extraction Protocol
1. Pipet 300 L of sample in a 2 mL Eppendorf tube.
2. Add 750 L of Lysis Buffer G and vortex briefly to mix.
3. Add 200 L of Lysis Additive A.
4. Add 20 L of Proteinase K and vortex briefly to mix.
5. Incubate at 56C for 2 hours vortexing samples for 1 min every 30 mins.
6. Centrifuge at 20,000 x g for 1 min.
7. Transfer all clean lysate to a 1.5 mL DNase-free tub.
8. Add 100 L of Binding Buffer I; mix by inversion several times and incubate on ice for 5
mins.
9. Centrifuge lysate at 20,000 x g for 2 mins.
10. Transfer 700 L of clean lysate to a 1.5 mL DNase-free tube.
11. Add 50 L of OSR solution; mix by inversion several times and incubate on ice for 5 mins.
12. Centrifuge lysate at 20,000 x g for 2 mins.
13. Transfer 700 L of clean lysate to a 2 mL DNase-free tube.
14. Add 400 L of Lysis Buffer QP and 550 L of 100% ethanol. Vortex briefly.
15. Assemble spin column with one collection tube.
16. Gently mix lysate from step 14 and transfer 600 L of clarified lysate onto the column.
17. Centrifuge at 10,000 x g for 1 min. Discard the flow-through and reassemble the spin
column and collection tube.
18. Repeat steps 16-17 with the remaining lysate until all lysate is passed through the spin
column.
19. Add 500 L of Binding Buffer B to the column.
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20. Centrifuge at 10,000 x g for 1 min. Discard flow-through and reassemble the spin column
and collection tube.
21. Add 500 L of Wash Solution A to the column.
22. Centrifuge at 10,000 x g for 1 min. Discard flow-through and reassemble the spin column
and collection tube.
23. Repeat steps 21-22.
24. Centrifuge at 20,000 x g for 2 mins. Discard collection tube.
25. Place column into a fresh 1.5 mL Eppendorf tube.
26. Add 60 L of Elution Buffer B directly to the column and incubate for 3 mins at room
temperature.
27. Centrifuge at 20,000 x g for 2 mins.
28. Store purified genomic DNA at ~ -20C or continue with PCR protocol.
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APPENDIX C- CRYPTOSPORIDIUM SPP. ELISA PROTOCOL
Kit: Cryptosporidium 2nd Generation (Fecal)
Manufacturer: Diagnostic Automation, Inc.

Protocol for Preserved Specimens
1. Mix samples thoroughly.
2. Break off the required number of wells needed (number of samples plus 2 for controls)
and place them in the holder.
3. Using a micropipette, add 100 L of negative control to well #1 and 100 L of positive
control to well #2.
4. Using a micropipette, add 50 L of Dilution Buffer to each sample well. DO NOT add
Dilution Buffer to control wells.
5. Add 50 L of sample to each well with Dilution Buffer
6. Incubate for 60 mins at room temperature (15-25C), then wash (2 manual and 5
automated). * After the last wash, slap the wells out on a clean absorbent towel to remove
excess wash buffer.
7. Add 2 drops of Enzyme Conjugate to each well.
8. Incubate for 30 mins at room temperature (15-25C), then wash (5 automated). After the
last wash, slap the wells out on a clean absorbent towel to remove excess wash buffer.
9. Add 2 drops of Chromogen to each well.
10. Incubate for 10 mins at room temperature (15-25C).
11. Add 2 drops of Stop Solution to each well. Mix wells gently tapping the side of the strip
holder with the index finger for ~15 s. Read reaction within 5 mins after adding the stop
solution.
12. Read results visually or using an ELISA plate reader at 450 nm and 620-650 nm.

* Manual washings consist of vigorously filling each well to overflowing and decanting contents
two separate times. When possible, avoid the formation of bubbles in the wells, as this may
affect the end results.
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