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Toxoplasma gondii and Cryptosporidium spp. are important and prevalent 

foodborne parasites in Canada. Both parasites are shed in feces and surface water run-

off can transport fecal pathogens into the watershed. Through filter-feeding, bivalve 

shellfish have been shown to contain both T. gondii and Cryptosporidium spp., posing a 

risk of foodborne exposure to people who consume shellfish. Clams are an important 

country food for the Inuit community in Iqaluit, and the oyster fishery in Prince Edward 

Island (PEI) is a valuable industry. While presence of Cryptosporidium spp. in clams or 

oysters from Iqaluit or PEI, respectively, has been previously reported, the prevalence 

of T. gondii and viability of parasites is unknown. By PCR, 2.1% of clams (Mya truncata, 

N=390) from Iqaluit contained T. gondii DNA. By PCR, 0.1% of oysters (Crassostrea 

virginica, N=1005) from PEI contained T. gondii DNA, and no oysters were sequence-

confirmed to contain Cryptosporidium spp. DNA.   
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1 Introduction and Literature Review 

 

1.1 Introduction 

 

Shellfish are a popularly consumed food, an excellent source of nutrition, and an 

important commodity. An annual average of 1.54 kg of shellfish is consumed per person 

in Canada (Fisheries and Oceans Canada, 2020a). Bivalve shellfish such as clams, 

mussels, and oysters are an excellent source of protein, omega-3 fatty acids, and 

nutrients including iron, zinc, and vitamin B12 (U.S. Department of Agriculture, 2019a, 

2019b, 2019c). Production of bivalve shellfish through aquaculture and commercial 

fishing is an important industry in British Columbia and Prince Edward Island (PEI), 

contributing a value of over $99 million by 2018 data (Economic Analysis and Statistics, 

2020). In particular, more than 10 million Malpeque oysters (Crassostrea virginica) are 

produced in PEI annually, and the popularity of this well-known oyster supports local 

export markets and a robust tourist industry (CBC News, 2017). More than half of 

bivalve shellfish in Canada is produced by weight in PEI (Statistics Canada, 2020), and 

by providing one of few year-round employment opportunities, aquaculture is an 

accessible source of income for small, rural communities where few alternatives to 

seasonal fishing and agriculture are present (Pinfold, 2013).  

The shellfish harvest is also important in Northern communities, where clams and 

mussels are considered nutritionally valuable country foods; a group of foods including 

plants and animals harvested from the local environment (Department of Health, 2013; 
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Priest and Usher, 2004). Country foods are a key source of sustenance in these remote 

locales, as the prevalence of household food insecurity is as high as 68.6% in Nunavut 

(Rosol et al., 2011). The cost and quality of retail foods pose a considerable purchase 

barrier to Inuit residents due to long transportation routes and higher risk of spoilage in 

a tundra climate (Mead et al., 2010). In turn, the presence of large intertidal flats off the 

coast of Iqaluit, Nunavut support the clam harvest as an accessible and popular source 

of country food (Dale et al., 2002). Country foods are additionally often more fresh and 

nutritious than available retail foods (The Department of Health, 2012). Clam harvesting 

is also a highly social activity and benefits the local community in many other important 

aspects, such as supporting the tradition of working on the land, encouraging younger 

people to learn from elders about traditional eating practices, and providing an 

opportunity for food sharing (The Department of Health, 2012). Country food sharing is 

rooted in Inuit tradition, and the practice not only alleviates the burden of local food 

insecurity, but also supports interpersonal relationships influencing mental health and 

community wellbeing (Department of Economic Development and Transportation, 

2017).  

The shellfish fishery is regulated by the Department of Fisheries and Oceans 

Canada (DFO). The Canadian Shellfish Sanitation Program (CSSP) maintains a 

biotoxin surveillance program and identifies safe shellfish harvest areas in Canada 

based on fecal indicator bacteria and microbiological standards (CFIA, 2019). This 

program regulates fisheries in Atlantic and Pacific Canada; however, surveillance is not 

regularly performed in Nunavut. Under open fishery conditions, shellfish harvested from 
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Approved zones are considered safe for consumption, shellfish from Restricted zones 

exceed the approved microbiological standards but are permissible for shellfish retail 

following depuration, and shellfish from Prohibited zones cannot be consumed (CFIA, 

2020).  

Shellfish can be consumed raw or cooked (Department of Health, 2013; 

Government of Canada, 2011). Raw, half-shell oysters are considered a premium 

product in North America and Europe, receiving a higher price per unit weight than other 

oyster products (Botta et al., 2020). Markets for raw, half-shell oysters are a primary 

focus for the fishery industry (Botta et al., 2020). However, consumption of raw shellfish 

may pose risks of pathogen exposure to the consumer. Ingestion of shellfish (including 

mussels, clams and oysters) account for 76% of all seafood-borne outbreak events in 

Canada (Cato, 1998). Toxoplasma gondii and Cryptosporidium spp. are important 

foodborne parasites: from Canadian hospitalization data, 45% and 10% of deaths due 

to T. gondii and Cryptosporidium spp., respectively, were foodborne (Thomas et al., 

2015). Additionally, both parasites are considered underestimated causes of foodborne 

illness from shellfish consumption (Rees et al., 2010). Risk for T. gondii infection has 

also been linked to eating undercooked or raw shellfish (Jones et al., 2009), and 

increased intake of country foods and consumption of seafood have been significant 

risk factors associated with exposure to T. gondii in some Inuit communities (Goyette et 

al., 2014). 

Both T. gondii and Cryptosporidium spp. are waterborne parasites with an 

environmentally resistant oocyst stage (Harris and Petry, 1999; Shapiro et al., 2019a). 
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Felids are the only definitive host of T. gondii (Elmore et al., 2010) while 

Cryptosporidium spp. have a diverse number of hosts, including humans, livestock, and 

wildlife (Xiao and Fayer, 2008). Oocysts enter the environment through fecal 

contamination and presence of parasites in the nearshore by freshwater runoff has 

been demonstrated (Dumètre et al., 2012; Shapiro et al., 2019a). Bivalve shellfish can 

accumulate oocysts through filter-feeding, leading to potential for exposure to parasites 

when shellfish are consumed raw or undercooked (Robertson, 2007).  

Cryptosporidium spp. oocysts are infective from time of excretion since 

sporulation occurs in situ (Xiao and Fayer, 2008). Sporulated Cryptosporidium spp. 

oocysts contain four sporozoites (Xiao and Fayer, 2008). Toxoplasma gondii oocysts 

sporulate between 1 to 21 days post excretion at 11-25°C given favourable 

environmental conditions (Dubey et al., 1970). Sporulated T. gondii oocysts contain two 

ellipsoidal sporocysts, which contain four sporozoites each (Dubey et al., 1998). 

Treatment of unsporulated T. gondii oocysts with freezing (-21°C for 1 day; -6°C for 7 

days), or heating (50°C for 10 min) can inhibit capacity for sporulation (Dubey et al., 

1970; Frenkel and Dubey, 1973). Sporulation in T. gondii oocysts was not inhibited with 

storage at 4°C for 11 weeks (Lindsay et al., 2002). 

Experimental survival studies have shown sporulated oocysts to be remarkably 

robust. In artificial seawater, C. parvum oocysts remained infectious at 6 to 8°C for at 

least 1 year, and infectious oocysts were detected in experimentally infected benthic 

mussels (Mytilus galloprovincialis) up to 14 days post exposure (Tamburrini and Pozio, 

1999). Cryptosporidium parvum oocysts stored in deionized water held at 0, 5, 10, 15, 
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and 20°C remained infectious after 24 weeks of storage, and those held at -5°C in a 

mixture of ethylene glycol and water were infectious up to 8 weeks in storage (Fayer et 

al., 1998). Toxoplasma gondii oocysts stored at 4°C in seawater for 24 months were still 

infectious in mice (Lindsay and Dubey, 2009) and oocysts in experimentally infected 

Eastern oysters were infective for up to 85 days (Lindsay et al., 2004). Toxoplasma 

gondii oocysts are fairly resistant to freezing, and were infectious for 14-28 days at -

20°C and up to 106 days at -10 and -5°C (Dumètre and Darde, 2003). Oocysts are 

additionally resistant to various chemical reagents including strong acids, detergents, 

and chlorinated disinfectants, such as concentrations of chlorine bleach used to treat 

drinking water (Dumetre et al., 2008; Shapiro et al., 2019a; Xiao and Fayer, 2008). 

However, treatment of oocysts with gamma radiation has been shown to effectively kill 

T. gondii oocysts (Dubey et al., 1996), and prevent C. parvum infection in calves 

(Jenkins et al., 2004). In separate studies, desiccation of C. parvum oocysts for 4 hours 

has also been reported to reduce viability by 100 and 95% (Deng and Cliver, 1999; 

Robertson et al., 1992). Lastly, heating T. gondii (58° for 15 min; 50° for 30 min) or C. 

parvum (64.2° for 5 min; 72.4° for 1 min) has been reported to render oocysts 

noninfectious (Alizadeh et al., 2018; Fayer, 1994). 

Ingestion of T. gondii or Cryptosporidium spp. oocysts in contaminated soil, 

water, or food (such as raw or undercooked shellfish), can lead to infection in people 

(Tenter et al., 2000; Xiao and Fayer, 2008). The infectious dose for T. gondii in people 

is thought to be as low as one oocyst based on results from animal models (Halonen 

and Weiss, 2013). An estimate of the median infective dose (ID50) for C. parvum 
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infection in people is 87 oocysts, though the ID50 ranged from 9 to 1042 oocysts for 

different isolates of C. parvum (Fayer et al., 2000; Okhuysen et al., 1999). Congenital 

transmission of toxoplasmosis is also possible and infection in the newborn can lead to 

birth defects, fetal death and mental disorders (Fallahi et al., 2018). While most people 

exposed to T. gondii are asymptomatic, toxoplasmosis is a life-long infection. 

Immunocompromised individuals are at higher risk for serious sequalae such as 

pneumonia, neurological disease, and/or death. For Cryptosporidium spp., C. parvum 

and C. hominis are the most prevalent pathogenic species in people, leading to 

gastroenteric disease generally lasting 10-14 days (Xiao and Fayer, 2008). 

Cryptosporidium spp. is a significant cause of death for children living in developing 

countries (Levine et al., 2019), and may lead to death in immunocompromised people 

and malnourished children (Hunter and Nichols, 2002). Considering burden of illness in 

the Canadian context, Cryptosporidium spp. and T. gondii are also significant 

pathogens. According to 2006 Canadian data, there were 25,318 cases of 

Cryptosporidium spp. infection in people of which 9% were foodborne in origin, and 

18,265 cases of T. gondii infection in people, of which 50% were foodborne in origin 

(Thomas et al., 2013). 

1.2 Literature Review 

1.2.1 Testing shellfish individually or by pooling  

Protozoan pathogen surveillance studies in shellfish generally use a 

methodological laboratory assay (e.g. microscopy or a molecular method) to screen 



 

 

7 

 

shellfish with unknown contamination status to identify and quantify prevalence or 

concentration of parasites. Shellfish samples are typically screened individually or 

pooled. Pooling refers to combining and testing samples from several shellfish together. 

For screening matrices, testing of shellfish gills, whole tissue homogenate, digestive 

gland, and hemolymph have been previously reported (Aguirre et al., 2016; Fayer et al., 

2002; Manore et al., 2020; Shapiro et al., 2015). Of these shellfish tissue/organs, 

literature also reports pooling shellfish matrices of the same type from different animals 

to be analyzed together (Adell et al., 2014; Fayer et al., 2003, 1999; Miller et al., 2005). 

Pooling can be a cost-effective method when cost per positive sample is high due to low 

prevalence, however sample pooling can also affect analytical sensitivity and specificity 

of the test (Muñoz-Zanzi et al., 2006). 

Pooled sensitivity refers to the probability of detecting a positive pool given it 

contains at least one truly positive shellfish sample. The effects of pooling on sensitivity 

are dependent on various factors. In addition to factors affecting sensitivity during 

individual screening, such as the number of oocysts within an individual sample and the 

assay limits of detection, pooled sensitivity is also affected by the number of oocysts 

between samples pooled together and the number of samples per pool (Muñoz-Zanzi et 

al., 2006). With the inclusion of negative samples in the pool, sensitivity may decrease if 

the concentration of oocysts declines due to dilution, and results in numbers that are 

under the limit of detection. However, increasing pool size and a subsequent higher 

probability for a greater number of oocysts and/or the inclusion of at least one sample 

containing oocysts, may also result in higher sensitivity (Muñoz-Zanzi et al., 2006). 
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Pooled specificity refers to the probability of a test negative pool given that truly 

no oocysts are present. Specificity decreases with increasing pool sizes due to 

increased potential for contamination by sample handling during the pooling process, 

and by increasing the probability of a pool containing cross-reacting or other agents that 

may lead to a false positive result (Muñoz-Zanzi et al., 2006). For example, oocysts of 

some closely related Sarcocystidae cannot be distinguished from T. gondii based on 

morphology and autofluorescence alone (Lindquist et al., 2003). Pools with high 

numbers of these other oocysts may result in a higher number of false positive results if 

detection is based on microscopy alone.  

1.2.2 Sampling  

1.2.2.1 Sample size estimations  

Sampling to detect disease with the goal of determining if a disease is absent in 

a population is fundamentally different from sampling to estimate prevalence, which 

seeks to determine the proportion of negative and positive animals in a population. The 

sample size calculation to estimate prevalence is dependent on an estimate of the 

proportion of test positive animals (𝑛 =
 ∝ ; where 𝑍∝ = 1−∝, 𝐿 = allowable error, 𝑝 =

𝑎 𝑝𝑟𝑖𝑜𝑟𝑖 estimate of the proportion, and 𝑞 = 1 = 𝑝) (Dohoo et al., 2014). The sample 

size calculation to detect disease is dependent on a minimum expected prevalence 

( 𝑛 = (1 − (∝) / )(𝑁 − ) for a finite population (<1000 animals), and 𝑛 = 𝑙𝑛 ∝/𝑙𝑛𝑞 for 

an infinite population, where 𝑛 = required sample size, ∝= 1 − confidence level, 𝐷 = 

estimated minimum number of diseased animals in the group, 𝑁 = population size, and 
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𝑞 = 1 − minimum expected prevalence) (Dohoo et al., 2014). Since it is often unrealistic 

to sample all animals within a population and most diseases exist at or above a minimal 

prevalence in populations, sample size calculations to detect disease are based on 

detection of a disease given the true prevalence is equal to or greater than the minimal 

prevalence. If no positive test results are present within the required sample, there is 

sufficient evidence for absence of disease at the level of confidence specified within the 

sample size calculation. 

For detection of protozoan oocysts in environmental shellfish, sample size 

calculations are rarely reported. In past reports, multiple sites in one waterway are 

usually sampled to explore the presence and strength of association between the 

prevalence or concentration of parasites in shellfish and the effect of environmental 

conditions, such as upstream compared to downstream locations (Miller et al., 2005) or 

different shellfish harvest classification zones (Aguirre et al., 2016). During sampling, 

additional data such as time elapsed since a major rain event (Aguirre et al., 2016) or 

water temperature, salinity, rainfall, and streamflow information (Fayer et al., 2002) has 

been collected to explore the effect of environmental factors. To avoid detection of a 

greater proportion of positive shellfish by chance alone (selection bias), approximately 

equal numbers of shellfish are sampled from each site. Numbers of shellfish sampled 

are generally based on a feasible approach given available laboratory processing time 

and personnel instead of a power calculation. Selection of sampling locations can be 

based on a variety of factors. With relevance to public health, sampling retail shellfish 

(Fayer et al., 2003), sampling at commercial fishery sites (Aguirre et al., 2016; Fayer et 
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al., 1999; Graczyk et al., 2007) or sampling shellfish harvested by the local community 

(Manore et al., 2020) has been reported. Sampling between wet and dry seasons and 

proximity to fresh water run-off (Shapiro et al., 2015), with respect to significant rain 

events (Aguirre et al., 2016), within proximity to sources of contamination (Aguirre et al., 

2016; Fayer et al., 1998; Graczyk et al., 2001; Levesque et al., 2006; Miller et al., 2005), 

or based on upstream or downstream locations (Miller et al., 2005) has also been 

investigated.  

1.2.3 Shellfish tissue types 

Hemolymph, gills, and digestive gland in shellfish are considered as relevant 

tissue types for oocyst detection since parasites can concentrate in these organs 

(Hohweyer et al., 2013). Examination of whole tissue homogenate is also reported and 

when treated by a HCl-pepsin digest solution, this method allows for a large proportion 

of the shellfish to be analyzed and can improve the probability for detection (Robertson 

and Gjerde, 2008). By polymerase chain reaction (PCR), T. gondii oocysts were 

detected more frequently in digestive gland than in hemolymph and gills of mussels 

(Mytilus galloprovincialis) (Arkush et al., 2003). Cryptosporidium spp. oocysts were 

detected via microscopy more frequently in samples of digestive organs from 

experimentally infected mussels (Mytilus galloprovincialis) compared to samples from 

gill washings and hemolymph (Tamburrini and Pozio, 1999). Detection also occurred 

more often in the digestive organs of experimentally infected Eastern oysters 

(Crassostrea virginica) compared to gills, diverticula, and gonadal tissues (Fayer et al., 

1997). Studies which have applied immunomagnetic separation (as described below) 
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found digestive gland in mussels (Mytilus californianus) (Miller et al., 2006) and whole 

tissue in mussels and oysters (Li et al., 2006; MacRae et al., 2005) to be the most 

sensitive matrices for detection of C. parvum in experimentally contaminated shellfish, 

as compared to gills and hemolymph. Pooling the gills and digestive tract from several 

shellfish to be analyzed as one combined matrix has also been reported to optimize 

parasite detection in mussels and clams (Hohweyer et al., 2013). 

1.2.4 Laboratory Methods for Detecting Cryptosporidium spp. and Toxoplasma 
gondii oocysts 

1.2.4.1 Immunomagnetic Separation 

Application of immunomagnetic separation (IMS) has been previously reported in 

shellfish for Cryptosporidium spp. detection (Adell et al., 2014; Miller et al., 2005). IMS 

is a concentration and purification technique utilizing antibody-coated magnetic beads 

specific to the oocyst wall and can be followed by microscopy or molecular methods for 

parasite identification. In whole tissue homogenate, oyster tissues may be treated with a 

HCl-pepsin digest solution to reduce volume prior to IMS without significant loss in 

recovery rate of parasites (Robertson and Gjerde, 2008). Two monoclonal antibodies 

targeted for T. gondii oocyst detection via IMS have been described (Dumètre and 

Dardé, 2005). Of the two antibodies, one recovered T. gondii oocysts in solution with a 

rate of 25.2 and 69.4% by IMS (Dumètre and Dardé, 2005). Optimal recovery (82.8%) 

occurred by IMS at an incubation temperature of 37°C (Dumètre and Dardé, 2005). IMS 

recovery of T. gondii oocysts in wild shellfish has not been previously validated. 
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1.2.4.2 Polymerase Chain Reaction 

Polymerase chain reaction (PCR) is a molecular technique with broad 

applications including screening, genotyping, and viability testing. For pathogen 

detection, a specific and typically highly conserved gene is targeted for amplification by 

oligonucleotide primers. PCR has been previously applied to detection of T. gondii and 

Cryptosporidium spp. oocysts in shellfish (Adell et al., 2014; Levesque et al., 2010; 

Manore et al., 2020; Shapiro et al., 2015). Since the oocyst wall is resistant to 

proteolytic agents (such as proteinase K), prior to nucleic acid extraction, the oocyst 

wall must be ruptured by either repeated freeze-thaw cycles (Adell et al., 2014) or by 

treatment with mini-bead beaters containing glass or silica microbeads (Gomez-Bautista 

et al., 2000; Gomez-Couso et al., 2006). Additionally, PCR inhibitors such as humic 

acid, clay, and polysaccharides may be eluted with DNA during the extraction process. 

PCR inhibitors can be removed with a variety of reported methods including purification 

of the oocysts from surrounding matrix using flow cytometry or IMS, or the inclusion of a 

chelating agent during freeze-thaw cycles or bovine albumin serum in the PCR mixture 

(Hohweyer et al., 2013; Wiedenmann et al., 1998). 

A major advantage of PCR is the ability to sequence positive detects which 

allows for molecular confirmation of species, and depending on the amplified gene, may 

provide genotyping information. Identification of genotype is of major public health 

importance since different genotypes of both Cryptosporidium spp. and T. gondii 

possess different virulence and infectivity potential in humans (Fayer et al., 2000; Grigg 

et al., 2001). Additionally, the ability to genetically confirm the identity of suspect 
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positive detects can decrease the number of false positive results. In field 

investigations, an assay with high analytical sensitivity is key, since few oocysts are 

usually recovered from environmental samples (Fayer et al., 2000). A highly analytically 

sensitive nested primer set for Cryptosporidium spp. and T. gondii detection has been 

validated to detect as low as one oocyst in environmental samples (Shapiro et al., 

2019b). PCR is also a rapid and affordable technique where multiple samples can be 

tested at one time. Additionally, application of a multiplex PCR assay (amplification of 

multiple gene targets using combinations of different primers) can decrease processing 

time by simultaneously detecting multiple parasite genera (Shapiro et al., 2019b). 

However, laboratory contamination is a common limitation that can lead to false positive 

detects due to assay sensitivity. As a DNA detection technique, conventional or real 

time PCR that targets DNA cannot discriminate between dead or alive parasites.  

1.2.4.3 Microscopy 

Microscopic identification of Cryptosporidium spp. oocysts in shellfish is a well-

reported technique and often accomplished through direct fluorescent antibody 

detection (DFAT) also known as immunofluorescence assay (IFA) (Adell et al., 2014; 

Aguirre et al., 2016; Fayer et al., 2003, 1999; Ronald Fayer et al., 1998; Miller et al., 

2005). Environmental samples are incubated with monoclonal antibodies specific to the 

oocyst wall, which fluoresce when visualized under an epifluorescence microscope 

equipped with appropriate excitation and emission filters (Hohweyer et al., 2013). 

Immunofluorescence techniques have not been applied to identification of T. gondii 

since these oocysts display natural autofluorescence in a light blue colour under UV 
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excitation (Lindquist et al., 2003), and monoclonal antibodies specific to the T. gondii 

oocyst wall are not readily available (Hohweyer et al., 2013). Parasite identification is 

based on expected morphology and fluorescence of target oocysts. Cryptosporidium 

parvum and C. hominis oocysts are spherical and measure approximately 4.5 by 5.5 µm 

in diameter (Xiao and Fayer, 2008). Unsporulated T. gondii oocysts are subspherical to 

spherical in shape and measure about 11 by 12 µm in diameter, whereas sporulated T. 

gondii oocysts are subspherical to ellipsoidal in shape, measure 11 by 13 µm in 

diameter and contain two ovoid sporocysts, each measuring approximately 6 by 8 µm in 

size (Dubey et al., 1998).  

Although microscopy is often a good tool, alone it cannot determine infectivity. 

Non-specificity of antibodies due to cross-reactivity with other microorganisms can also 

be a limitation. In gill washings and hemolymph obtained from oysters harbouring 

Cryptosporidium spp. oocysts, a number of organisms and particulate matter with 

similar morphological appearance were observed to fluoresce as brightly as oocysts 

(Fayer et al., 1999). Species identification is also a challenge because there are no 

differences in size, shape, and exhibited fluorescence that can differentiate species. For 

Cryptosporidium, species cannot be identified by morphology since oocysts within the 

genus are similar in shape and often overlap in size (Xiao and Fayer, 2008). Oocyst wall 

antigens are also highly conserved and no antibodies have been developed to reliably 

distinguish between species (Fayer et al., 2000). In identification of T. gondii, analytical 

specificity also presents a significant challenge due to similar morphology and 

autofluorescence characteristics exhibited by oocysts of closely related Sarcocystidae: 
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Hammondia heydorni, Hammondia hammondi, and Neospora caninum (Lindquist et al., 

2003). Reliable analytical specificity is of public health importance since H. heydorni, H. 

hammondi, N. caninum, and many species of Cryptosporidium are not infectious to 

humans. Application of diagnostic methods based on different principles, for example 

pairing IFA with PCR has been suggested to improve overall specificity (Xiao and 

Fayer, 2008).  

1.2.4.4 Viability Assays 

1.2.4.4.1 Bioassay 

The bioassay is historically considered the “gold standard” as a sensitive 

infectivity assay and is the most commonly reported method for detection of infectious 

C. parvum oocysts in wild, North American shellfish (Fayer et al., 2003, 2002, 1999, 

1998). This method has also been applied in experimentally exposed mussels for 

detection of infectious T. gondii (Arkush et al., 2003). In a bioassay experiment, animals 

(often mice) are inoculated orally or through gastric intubation with oocyst suspensions 

or shellfish samples. Following a period of incubation, the animal is euthanized and 

tissues are processed for histopathology or PCR (Arkush et al., 2003; Fayer et al., 

1999, 1998). Necropsy of inoculated mice followed by DNA extraction and PCR of 

intestinal tissue has been reported for infectious C. parvum detection (Fayer et al., 

2003, 2002, 1998). Toxoplasma gondii infection can additionally be verified through 

examination of serum for the presence of T. gondii specific antibodies (Arkush et al., 

2003). The bioassay is the only technique available that can determine parasite 

infectivity since viability methods can only determine if viable RNA is present which then 
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implies infectious potential. However, a reliance on animal inoculations is costly, time 

consuming, and not without ethical considerations. Additionally, the bioassay may 

underestimate the presence of parasite species pathogenic in humans. Cryptosporidium 

hominis, a major species of Cryptosporidium infectious in humans, was non-infectious in 

mice or calves under routine laboratory conditions (Peng and Xiao, 1997).  

1.2.4.4.2 Fluorogenic Vital Dyes 

A viability assay based on fluorogenic vital dyes can be paired with microscopy 

techniques. This technique has been applied in European flat oysters (Ostrea Edulis) 

and Palourde clams (Tapes decussatus) experimentally contaminated with C. parvum 

oocysts (Gomez-Couso et al., 2003). Two fluorogenic vital dyes reported for 

Cryptosporidium spp. viability assays are 4’,6-diamidino-2-phenylindol (DAPI) and 

propidium iodide (PI), which stain nuclear material. Inclusion or exclusion of DAPI 

(membrane permeable) and PI (not membrane permeable), produces an estimate for 

oocyst viability, where DAPI+ PI- oocysts viewed under epifluorescence microscopy are 

considered to be viable (Campbell et al., 1992; Fayer et al., 2000). DAPI/PI staining is 

not available as a viability assay for detection of T. gondii since fluorogenic dyes are 

excluded by the robust bi-layered oocyst wall and sporocyst walls (Dumètre and Darde, 

2003).  

Viability results from fluorogenic vital dyes have been reported to correlate with 

results from in vitro excystation (Campbell et al., 1992). In vitro excystation involves 

PCR amplification of sporozoites following excystation in inactivated oocyst 

suspensions, where non-excysted oocysts are considered not viable (Morgan and 
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Thompson, 1998). However, additional evidence suggests both DAPI/PI staining and in 

vitro excystation to be unreliable indicators of oocyst infectivity. In a comparison with 

infectivity studies by bioassay, both DAPI/PI staining and in vitro excystation were 

observed to significantly overestimate C. parvum viability (Black et al., 1996). 

Additionally, non-excysted C. parvum oocysts were highly infectious in neonatal mice, 

with proportions of infection similar to positive control groups inoculated with original 

stock preparations of oocysts (Neumann et al., 2000). Due to complex biochemical 

signalling mechanisms associated with C. parvum oocyst excystation, this method may 

not be an accurate measure of infectious potential (Neumann et al., 2000). 

1.2.4.4.3 Fluorescence in situ hybridization 

 An additional viability technique applied in combination with IFA is fluorescence 

in situ hybridization (FISH). This method involves a fluorescently labelled cyanine probe 

which targets C. parvum 18S rRNA, resulting in fluorescence of sporozoites in viable 

oocysts (Vesey et al., 1998). Sequencing results revealed this technique to be highly 

specific in detection of 19 isolates of C. parvum and fluorescence in other 

Cryptosporidium species C. baileyi and C. muris was not observed (Vesey et al., 1998). 

FISH has been applied for detection of C. parvum oocysts in experimentally exposed 

oysters (Crassostrea ariakensis) (Graczyk et al., 2006), and in commercial oysters 

(Crassostrea virginica) from the Chesapeake Bay (Graczyk et al., 2007). Results 

reported viable C. parvum oocysts to be clearly distinguishable, from both nonviable 

oocysts and oocysts of other species (Graczyk et al., 2007). However, results from this 

technique correlate well with in vitro excystation, a method known to overestimate 
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oocyst viability (Black et al., 1996; Vesey et al., 1998). FISH may overestimate oocyst 

viability due to prolonged rRNA stability. Fluorescence in heat-killed oocysts stored in 

PBS at room temperature was detectable after 6 days (Smith et al., 2004), and high 

FISH fluorescence from gamma-irradiated oocysts has been observed (cited in 

Robertson and Gjerde, 2007). Interference in oocyst detection by background 

autofluorescence of algae and mineral particles has also been described (Vesey et al., 

1998), though an application of FISH with IFA described no interference fluorescence 

other than weak autofluorescence of non-structural debris (Graczyk et al., 2007).  

1.2.4.5 Propidium monoazide quantitative PCR 

Propidium monoazide quantitative PCR (PMA-qPCR) is a viability technique 

involving the photoactive vital dye, propidium monoazide (PMA). This membrane 

impermeable dye binds and inhibits amplification of free DNA and DNA in dead oocysts, 

thereby theoretically, only DNA from viable oocysts produce a qPCR signal (Brescia et 

al., 2009; Vande Burgt et al., 2018). PMA-stained oocysts can also be visualized 

through microscopy under appropriate excitation wavelength/filter sets via 

autofluorescence of T. gondii or after treatment with a fluorescent antibody stain for 

Cryptosporidium spp. (Brescia et al., 2009; Rousseau et al., 2019b). Application of 

PMA-qPCR for viability discrimination of T. gondii or Cryptosporidium spp. oocysts in 

shellfish has not been previously reported.  

A strength of the PMA-qPCR method is efficiency for large sample size analysis 

(Vande Burgt et al., 2018). However, due to lower probability of bond formation between 

PMA and short DNA fragments, accuracy of viability discrimination by PMA-qPCR has 
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been reported to decrease when short DNA sequences (approximately <100 bp) are 

targeted (Agulló-Barceló et al., 2013; Alonso et al., 2014; Liang and Keeley, 2012). 

Bond formation between PMA and DNA is also inhibited where light penetration may be 

reduced and not recommended for application in turbid samples (Liang and Keeley, 

2012). Limit of detection for this method is 100 oocysts and relatively high compared to 

other viability techniques (Alonso et al., 2014; Vande Burgt et al., 2018). Additionally, 

PMA-qPCR may be a less reliable technique when applied to inactivated oocysts with 

structurally intact oocyst walls. A comparison of PMA-qPCR with reverse transcription 

quantitative PCR (RT-qPCR) determined the former method to be less sensitive 

following exposure of C. parvum oocysts to ammonia, or post long-term storage at 4°C 

in distilled water (Liang and Keeley, 2012), and overestimated the viability of T. gondii 

oocysts after heat treatment (Rousseau et al., 2019b).  

1.2.4.6 Reverse transcription quantitative PCR 

Reverse transcription quantitative PCR (RT-qPCR) is a relatively new molecular 

technique for viability discrimination of protozoan pathogens in food matrices. mRNA 

transcription is induced in metabolically active organisms under conditions of stress, 

oligo(dT)25-coated magnetic beads bind selectively to induced mRNA, which is then 

reverse transcribed to cDNA and detected via qPCR. Heat-shock protein (hsp) 70 

mRNA is considered a sensitive marker for C. parvum viability since hsp70 mRNA is 

produced in abundance in response to heat treatment (Morgan and Thompson, 1998). 

This gene is also the most sensitive target when compared to other genes coding for b-

tubulin, amyloglucosidase and CP2 in Cryptosporidium spp. parasites (Travaillé et al., 
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2016). Heat-shock protein 70 can be targeted to assess tachyzoite virulence in T. gondii 

(Piao et al., 2004); however, the SporoSAG gene may be more relevant for detection of 

viable oocysts since it has been shown to be highly expressed in the sporulated and 

infective oocyst (Radke et al., 2004).  

In addition to being a rapid and cost-efficient method, RT-qPCR has potential for 

high analytical sensitivity. A protocol developed for detection of Cryptosporidium spp. 

and T. gondii in food matrices determined limits of detection to be 2 parasites when 

targeting hsp70 and SporoSAG mRNA (Travaillé et al., 2016). Furthermore, the assay is 

highly specific. Three species of Cryptosporidium pathogenic in humans: C. hominis, C. 

parvum, and C. meleagridis in addition to ten distinct clinical isolates of C. parvum were 

amplified by RT-qPCR (Travaillé et al., 2016). However, application of RT-qPCR for 

detection of T. gondii and Cryptosporidium spp. in a shellfish matrix has not yet been 

reported and some limitations may not yet be known.  

1.2.4.7 Cell culture quantitative PCR 

Cell culture quantitative PCR (CC-qPCR) is a viability technique based on 

infection of cell cultures in vitro followed by qPCR. Sporocysts are released from the 

oocyst by mechanical treatment and bead beating prior to contact with cell culture. 

Sporocysts capable of invading cells and differentiating into replicative tachyzoites are 

considered infectious. Presence or absence of tachyzoite DNA in cells is measured by 

qPCR signal. A CC-qPCR protocol for targeting T. gondii sporocysts has been recently 

reported and validated in zebra mussels (Dreissena polymorpha) and blue mussels 

(Mytilus edulis) (Rousseau et al., 2019a). Application of CC-qPCR in detection of 



 

 

21 

 

infective T. gondii and C. parvum in experimentally contaminated zebra mussels has 

also been reported (Géba et al., 2020).  

The CC-qPCR results showed good agreement with the bioassay in detecting 

infective T. gondii (Rousseau et al., 2019a). Additionally, oocysts exposed to three 

different inactivation heat treatments returned negative infectivity results for both the 

CC-qPCR and bioassay method, indicating a low likelihood for false positive results 

(Rousseau et al., 2019a). Good correlation between CC-qPCR and bioassay results has 

also been reported for infective C. parvum oocyst detection (Jenkins et al., 2003; 

Rochelle et al., 2002). The reported CC-qPCR method is analytically sensitive with a 

limit of detection of 10 oocysts in shellfish, though a spike of less than 10 oocysts was 

not tested (Rousseau et al., 2019a). While processing time for CC-qPCR (4 days) is 

more than RT-qPCR (1 day), it is a fraction of the time required for the bioassay (28 

days) and is a relatively rapid viability technique (Rousseau et al., 2019a). 

1.2.5 Prevalence and load of Cryptosporidium spp. and Toxoplasma gondii in 
North American shellfish  

1.2.5.1 California 

In coastal California, species of shellfish investigated for T. gondii and 

Cryptosporidium spp. contamination include wild mussels and clams. Cryptosporidium 

spp. were not detected in any wild mussels (Mytilus californianus) in a study of 961 

individual mussel hemolymph samples and 54 aliquots of pooled mussel tissue (Adell et 

al., 2014). Of 959 wild mussels (Mytilus californianus), 1.4% of wild mussel hemolymph 

tested individually was confirmed to contain T. gondii DNA (Shapiro et al., 2015). 
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Another mussel study in coastal California reported the tissue and digestive gland of a 

single mussel to contain T. gondii, out of 135 bay mussels sampled within the same 

period and season, and 1109 mussels sampled overall (Miller et al., 2008). The 

prevalence of Cryptosporidium spp. contamination in clams (Corbicula fluminea) varied 

between two sampling years from no parasites detected in 2002 to 15 to 85% of clam 

batches positive for C. parvum-like oocysts in 2003 (Miller et al., 2005). Furthermore, 

the season (p<0.001) and year (p<0.005) were significantly associated with the 

likelihood of detecting Cryptosporidium spp. positive clam pools (Miller et al., 2005). A 

relationship between shellfish contamination and precipitation was also observed: the 

odds of detecting T. gondii in mussels was 12 times higher in the wet season as 

compared to the dry season (p=0.016) (Shapiro et al., 2015). Thus, the literature 

indicates that the prevalence of parasites in shellfish along the California coast is linked 

to environmental factors with seasonal and annual changes.  

1.2.5.2 Chesapeake Bay 

In Chesapeake Bay, Cryptosporidium spp. oocysts were identified in 14 of 16 

(87.5%) individual mussel (Ischadium recurvum) hemolymph samples, and 2 of 14 

(14.3%) replicates of pooled hemolymph from 50 mussels (Graczyk et al., 1999). The 

same study also tested whole tissue homogenate in a pool of 102 mussels through 16 

replicates, of which all were positive for Cryptosporidium spp. oocysts (Graczyk et al., 

1999). Cryptosporidium spp. contamination in Eastern oysters (Crassostrea virginica) 

has also been reported in several studies. A study of Chesapeake Bay commercial 

oyster harvesting sites determined a range of 16.7 to 60% (spring season) and 6.7 to 
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86.7% (summer season) of oyster hemolymph and gills to contain Cryptosporidium spp. 

oocysts within a sample of 180 individually tested oysters per season (Fayer et al., 

1998). Another summer season Chesapeake Bay study (N=1590) determined 88.7% of 

commercial oysters in pools of 5 to contain Cryptosporidium spp. (Graczyk et al., 2007). 

In a study of the gills and hemolymph of approximately 210 oysters, 0 to 97% and 3.3 to 

27% of oysters contained Cryptosporidium spp. oocysts in the fall and winter seasons 

respectively, at each Chesapeake Bay site sampled (Fayer et al., 1999). Notably, 

Cryptosporidium spp. was detected at all eight sampling sites at least once across the 

three collection periods (Fayer et al., 1999). A study in the Chesapeake Bay spanning 

three years (N=1590) reported an overall Cryptosporidium spp. prevalence of 19.6% in 

oyster gills tested individually (Fayer et al., 2002). Levels of contamination may be 

linked to surface water run-off, as the highest prevalence of oocysts in oysters at the 

most number of sites was observed under greatest rainfall and streamflow into the Bay, 

and lowest water temperature conditions (Fayer et al., 2002). However, a pattern 

between contamination of oysters at sites exposed to wastewater outfall as compared to 

those exposed to animal agriculture runoff was not observed (Fayer et al., 1998). 

Additionally, infectious C. parvum oocysts in Eastern oysters (Crassostrea 

virginica) was confirmed across four Chesapeake Bay studies. Infectious C. parvum 

was detected from three commercial fishing sites (N=210, in pools of 5) (Fayer et al., 

1999). A viability investigation of oyster hemolymph and gills (N=1590) determined that 

83.4% of commercial oysters in pools of 6 contained viable C. parvum oocysts, and the 

count of viable oocysts was not related to the level of fecal coliforms at the sampling site 
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(Graczyk et al., 2007). Fecal coliform counts may not be a good indicator for C. parvum 

contamination since infectious C. parvum has also been detected in oysters from one 

site classified as approved for shellfish harvest during low fecal coliform count 

conditions (Fayer et al., 1998). A separate study conducted over three years (N=1590) 

detected infectious C. parvum in 37.5% of 53 collection events, and, interestingly, 

positive results by bioassay did not correlate with parasite detection results by 

microscopy or polymerase chain reaction (PCR) (Fayer et al., 2002).  

The prevalence or concentration of T. gondii in wild shellfish from Chesapeake 

Bay has not been previously reported. 

1.2.5.3 Atlantic Coast 

In a study spanning New Brunswick, Canada and 13 coastal states from Maine to 

Florida, United States of America commercial oysters and/or clams intended for 

consumption were sampled (Fayer et al., 2003). Overall, Cryptosporidium spp. oocysts 

were detected by microscopy in 5.8% of oyster gills (n=550) and 0.8% of clam gills 

(n=375) (Fayer et al., 2003). By PCR in pools of 5, 19.1% of pooled oyster gills and 16% 

of pooled clam gills, of a total of 110 oysters and 75 clams contained Cryptosporidium 

spp. DNA and species detected include C. parvum, C. hominis, and C. meleagridis 

(Fayer et al., 2003). No infectious oocysts were found (Fayer et al., 2003). In New 

Brunswick specifically, C. parvum was detected in 3 of 25 Eastern oyster pools by 

microscopy, and 1 of 5 Eastern oyster pools by PCR (Fayer et al., 2003). A lower than 

expected prevalence coincided with sampling under conditions of record lowest rainfall 

along the Atlantic coast (Fayer et al., 2003). Due to potentially lower levels of fecal 
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contaminants through surface water run-off, Fayer et aI. (2003) speculated that the risk 

of exposure may have been underestimated in this cohort of shellfish.  

Toxoplasma gondii contamination in shellfish from the Atlantic Coast has not 

been previously reported in the literature. 

1.2.5.4 Northern Canada and Quebec 

In Iqaluit, Nunavut, Cryptosporidium spp. DNA was not detected in a sample of 

390 clams (Mya truncata) individually tested by PCR (Manore et al., 2020). In Nunavik, 

Quebec, blue mussels (Mytilus edulis) were investigated for parasite contamination 

during one to four sampling events per site for a total of 6 sites where 2 kg of mussels 

were sampled per site (Levesque et al., 2010). Toxoplasma gondii was not detected in 

any mussel, however 73% of blue mussels contained Cryptosporidium spp. oocysts in 

pooled whole tissue samples of 50 g each (Levesque et al., 2010). Cryptosporidium 

spp. oocysts also have been detected in zebra mussels (Dreissena polymorpha) 

(N=514) collected in August from the St. Lawrence River, near Sainte-Foy, Quebec 

(Graczyk et al., 2001). Mussel hemolymph and whole tissue were pooled and an 

adjusted concentration of 2.2 x 102 of oocysts per gram of tissue was reported, and 

approximately 4.4 x 102 oocysts were recovered from a single mussel (Graczyk et al., 

2001). Downstream on the St. Lawrence River’s lower estuary by Baie-Trinité, 

prevalence of Cryptosporidium spp. oocysts reported in clams (Mya arenaria) were 

high; of clams collected from open fishery sites, 10 of 13 clams contained 

Cryptosporidium spp. oocysts and 19 of 28 clams from closed fishery sites were 

contaminated by Cryptosporidium spp. oocysts (Levesque et al., 2006).  
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1.2.5.5 Prince Edward Island (PEI) 

In PEI, the effect of rain events on Cryptosporidium spp. oocyst counts in 

approximately 360 Eastern oysters harvested from different classification zones located 

in the Hillsborough River System has been reported (Aguirre et al., 2016). No 

association between Cryptosporidium spp. oocyst counts in oysters and rain events was 

observed, though oocysts were detected in oysters seven days after a rain event 

(Aguirre et al., 2016). Number of Cryptosporidium spp. oocysts detected in individually 

tested oyster whole tissue homogenate ranged from 0 to 30, 0 to 48, and 0 to 25 in 

Approved, Restricted, and Prohibited zones, respectively (Aguirre et al., 2016). A 

pattern between oocyst counts in oysters and harvest areas classified based on fecal 

coliform counts was not observed (Aguirre et al., 2016), reinforcing other studies that 

suggest fecal coliform counts are not reliable indicators of Cryptosporidium spp. 

shellfish contamination.  

Shellfish from PEI has not been previously investigated for presence of T. gondii.  

1.3 Justification for Thesis Research 

As filter-feeding organisms, bivalve shellfish may pose a risk of exposure to 

protozoan parasites when consumed raw or undercooked (Robertson, 2007). Clams are 

a popular country food in Iqaluit, and the presence of large intertidal flats make clams 

an accessible source of sustenance to the local community (Dale et al., 2002). Clams 

collected from Iqaluit were found to contain Cryptosporidium spp. (Manore et al., 2020) 

however little is known about the presence of T. gondii. This is an important knowledge 

gap considering seroprevalence for T. gondii is twice as high (20%) among Inuit 
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residing in Nunavut (Egeland, 2010) in comparison to crude seroprevalence data (11%) 

for people living in the United States (Jones et al., 2018). Additionally, increased intake 

of country foods and consumption of seafood are risk factors associated with exposure 

to T. gondii in some Inuit communities (Goyette et al., 2014). 

The oyster fishery is an important industry in PEI; this province is the largest 

oyster producer in the Atlantic Ocean (Statistics Canada, 2015). Since oyster production 

is focused primarily on the half-shell market intended for raw consumption (Botta et al., 

2020), a risk of exposure to foodborne parasites is present. Cryptosporidium spp. 

contamination was found to be high in PEI oysters (Aguirre et al., 2016), however the 

presence of T. gondii has not been previously reported. Insight on the viability of 

parasites found in shellfish is also important in a public health context to provide an 

estimate of risk posed to susceptible hosts. Viability of Cryptosporidium spp. and T. 

gondii in PEI shellfish has not been previously investigated. 

Of screening methods for detection of foodborne protozoa, the PCR method has 

major strengths. The potential to target multi-copy genes via a nested and multiplexed 

PCR make this technique analytically sensitive, rapid, and cost-effective. Though  

discrimination between closely related taxa requires DNA quality sufficient for 

sequencing, PCR has the potential to be a highly analytically specific technique, not 

limited by the possibility for antibody cross-reactivity present in IFA applications. In 

public health applications, the ability of PCR methods to yield genotype information 

(when coupled with sequence analysis) can also provide more accurate risk estimates 

by discriminating between parasite genotypes with strain-specific virulence and different 



 

 

28 

 

pathogenicity in humans. Additionally, genotyping data can provide insight on source 

attribution. Through a comparison of parasite genotypes identified between hosts and/or 

the environment, potential sources of contamination may be elucidated. In food 

matrices, RT-qPCR is a relatively new approach for viability discrimination of protozoan 

pathogens. A protocol for detection and viability discrimination of Cryptosporidium spp. 

and T. gondii in food matrices has been published with potential for higher analytical 

sensitivity as compared with the bioassay method (Travaillé et al., 2016). RT-qPCR is a 

more rapid approach in contrast with the application of fluorogenic vital dyes and FISH, 

which must be performed with microscopy, CC-qPCR which requires cell culture, and 

PMA-qPCR which requires PMA incubation of samples.  

1.4 Thesis Goals and Objectives 

The goal of this thesis research was to investigate the presence and viability of 

protozoan pathogens in shellfish from Canada. Within this goal, the research objectives 

were to determine the prevalence and genetic characterization of T. gondii in clams 

locally harvested in Iqaluit, Nunavut by PCR (Chapter Two), and to determine the 

prevalence and viability of Cryptosporidium spp. and T. gondii in oysters collected from 

PEI by PCR and RT-qPCR (Chapter Three). This research was intended to provide 

important information on foodborne pathogens in shellfish commonly consumed raw 

and additionally provide insight on viability of detected parasites to estimate the risk of 

infection in a public health context.   
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2 Clams and Toxoplasma gondii in Nunavut, Canada 

2.1 Highlights 

 Toxoplasma gondii was detected in clams harvested for food in Iqaluit, Nunavut.  

 Neospora caninum-like DNA was detected for the first time in shellfish. 

 Results demonstrate the importance of monitoring country foods for zoonotic 

pathogens to support public health messaging while promoting country food 

consumption. 

2.2 Abstract 

 The prevalence of Toxoplasma gondii exposure in Inuit living in Nunavut (20%) is 

twice that of the US (11%); however, routes of exposure for Inuit communities in North 

America are unclear. Exposure to T. gondii in humans has been linked with 

consumption of raw or undercooked shellfish that can accumulate environmentally 

resistant oocysts. Bivalve shellfish, such as clams, are an important, nutritious, 

affordable, and accessible source of food in many Northern Communities. To date, 

presence of T. gondii in clams in Northern Canada has not been reported. In this study, 

we tested for T. gondii presence in clams (Mya truncata) that were harvested in Iqaluit, 

Nunavut over a one-week period in September 2016. Of 390 clams, eight (2.1%) were 

confirmed to contain T. gondii DNA (≥99.7% identity), as determined using polymerase 

chain reaction and sequence confirmation. Additionally, three clams (0.8%) were 

confirmed to contain Neospora caninum-like DNA (≥99.2% identity). While N. caninum 

is not known to be a zoonotic pathogen, its presence in shellfish indicates contamination 

of the nearshore with canid feces, and the potential for marine mammal exposure 
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through marine food webs. These findings suggest a possible route for parasite 

exposure through shellfish in Iqaluit, Nunavut, Canada. 

2.3 Keywords 

Country food, Iqaluit, Toxoplasma gondii, Public health, Neospora caninum, Shellfish, 

Inuit 

2.4 Introduction 

The etiologic agent of toxoplasmosis is Toxoplasma gondii, a zoonotic parasite 

that infects warm-blooded animals, including humans. Toxoplasmosis is transmitted 

through three routes: (i) the ingestion of tissue cysts from undercooked or raw meat; (ii) 

ingestion of oocysts from contaminated raw vegetables, water, soil, or shellfish; and (iii) 

congenital transmission (Fig. 1) (Tenter et al., 2000). Immunocompromised individuals 

are at a higher risk of developing serious disease following infection due to 

disseminated toxoplasmosis that may be fatal. Congenital infection can also lead to 

toxoplasmosis in the newborn, resulting in birth defects, fetal death, or mental disorders 

(Fallahi et al., 2018).  

Investigation of potential sources of T. gondii exposure in Iqaluit is particularly 

important since T. gondii seropositivity is prevalent in Northern Indigenous populations 

(Messier et al., 2008; Reiling and Dixon, 2019). The seroprevalence of T. gondii among 

Nunavik Inuit is 59.8% (Messier et al., 2008) and seroprevalence across Nunavut in 

people ≥ 40 years old is approximately 20% (Egeland, 2010). These numbers can be 

compared to a global average of 30% (Tenter et al., 2000) and 11.14% crude 
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seroprevalence in the United States (Jones et al., 2018). Contamination of nearshore 

habitats with T. gondii occurs via rain or snow-melt driven runoff of oocysts from land to 

sea (Miller et al., 2002; Simon, Bigras Poulin, Rousseau, & Ogden, 2013). Filter-feeding 

organisms, such as bivalve shellfish, can concentrate oocysts from surrounding 

seawater (Shapiro et al., 2019a). While the presence of T. gondii in shellfish has been 

confirmed elsewhere in North America (Shapiro, Bahia-Oliveira, et al., 2019), no reports 

to date have documented T. gondii presence in shellfish from Arctic regions. Levesque 

et al. (2010) investigated presence of protozoan pathogens in mussels from Nunavik; 

however, T. gondii was not detected.  

Determination of T. gondii DNA prevalence in Iqaluit clams is important since 

clams are a commonly harvested and consumed country food in Iqaluit (Priest and 

Usher, 2004). Clams are a culturally important, nutritious, affordable, and accessible 

country food (Department of Environment, Fisheries and Sealing Division, 2016; 

Department of Health, 2013; Priest and Usher, 2004). They are typically consumed raw, 

fried, steamed, or boiled and recommended by the Nunavut Department of Health as an 

excellent source of protein, iron and zinc (Department of Health, 2013). Due to large 

intertidal flats in proximity to Iqaluit, clams are a popular and accessible food source for 

the local community (Dale et al., 2002). Risk of T. gondii infection in people has been 

linked to consumption of raw shellfish in the US (Jones et al., 2009), and increased 

intake of traditional foods and consumption of seafood have been associated with 

exposure to T. gondii in some Inuit communities (Goyette et al., 2014). The aim of this 

study was to determine if T. gondii is present in clams harvested for food in Iqaluit, 
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Nunavut. The clams for this study were collected via a community-based approach as 

part of a project investigating enteric illness in Iqaluit (Julien et al., 2019; Manore et al., 

2020; Masina et al., 2019).  

 
Figure 1: Potential routes of Toxoplasma gondii transmission in Arctic locales, with inclusion of 
the definitive host (red), routes of exposure to oocysts or tissue cysts (grey), and congenital 
transmission (purple).    

2.5 Materials and methods 

2.5.1 Clam collection and sampling 

Clams (Mya truncata) were collected by local harvesters at nine sampling sites 

over a one-week period in September 2016 near Iqaluit, Nunavut with licensing from 

Fisheries and Oceans Canada (License to Fish for Scientific Purposes #S-16/17-1047-

NU), the Nunavut Impact Review Board (NIRB File #16YN057), and the Nunavut 
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Planning Commission (NPC File #148338) (Fig. 2). A community-based sampling 

approach was applied where harvesters could exchange up to 10 clams of their choice 

each day for a small gift per clam (Manore et al., 2020). This study design ensured that 

sampled clams were intended for consumption by local community members. 

Hemolymph and digestive gland were sampled from each clam as described by Manore 

et al. (2020). 

 
Figure 2: Map depicting the nine sampling locations where clams where obtained from harvesters 
in Iqaluit, Nunavut. Clams containing Toxoplasma gondii DNA were obtained from Apex (n=3/157) 
and Red Island (n=5/87). 

2.5.2 DNA extraction and polymerase chain reaction (PCR) 

The DNeasy Blood and Tissue Kit (QIAGEN Inc., ON, Canada) was used for 

DNA extraction as previously described (Manore et aI., 2020). In brief, hemolymph was 

centrifuged to reserve a 100 µL pellet and samples of digestive gland (0.1 g) were 

aliquoted into microcentrifuge tubes. Samples were suspended in 180 µL ATL buffer, 

subjected to one freeze-thaw cycle and incubated overnight at 56°C. The rest of the 
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procedure followed the manufacturer’s instructions. Negative controls consisting of 

extraction reagents only were included for each batch.  

The 18S ssu rRNA gene was targeted for T. gondii detection by PCR 

amplification using a previously validated nested primer set with an assay detection limit 

of a single oocyst per extract (Shapiro et al., 2019). The specificity of the assay was 

also evaluated, and while closely related apicomplexan parasites (Neospora and 

Hammondia spp.) will also be amplified, their identity can be evaluated via sequence 

analysis. Clams that yielded positive amplification with ≥ 99% identity to T. gondii or 

Neospora spp. via sequencing were further tested at the ITS-1 locus (Rejmanek et al., 

2009) to distinguish among T. gondii, Neospora and Hammondia spp.. Genotyping of T. 

gondii at the B1 locus (Grigg et al., 2001) for positive samples was also attempted. 

Because the 18S PCR assay cannot discriminate between closely related taxa such as 

T. gondii and H. hammondi, samples that yielded DNA sequences with identity ≥99.7% 

with either of these organisms are reported as T. gondii for brevity.  

Master mix components and cycling conditions were performed as previously 

described (Shapiro et al., 2019; Rejmanek et al., 2009; Grigg et al., 2001). The positive 

control consisted of DNA extracted from T. gondii oocysts (Type II M4 strain, Gutierrez 

et al. 2010). Negative controls included an extraction reagent control (no sample 

added), and sterile water added to PCR reagents. Amplification products were 

separated and visualized using a 2% agarose gel stained with RedsafeTM.  
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2.5.3 Sequence analysis 

DNA was purified from amplicon products using the QIAquick Gel Extraction Kit 

(QIAGEN Inc., ON, Canada) according to manufacturer instructions. Sequences were 

analyzed by alignment of forward and reverse DNA fragments with a multiple sequence 

comparison by log-expectation method using Geneious software (Biomatters, Auckland, 

New Zealand). Alignment ends were trimmed, and the consensus sequence compared 

with GenBank reference sequences using BLAST 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi).  

2.6 Results 

Digestive glands were sampled for all harvested clams (N=390); however, 

hemolymph was only obtained from 328 clams. Presence of T. gondii DNA was 

detected in eight clams (≥ 99.7% identity), yielding an overall prevalence of 2.1% (Table 

1). Of the eight T. gondii positive samples, two were hemolymph samples yielding a 

hemolymph T. gondii prevalence of 0.6%. One of these clams was collected from Apex, 

and the other from Red Island (Fig. 2). Of 390 digestive glands, six (1.5%) contained T. 

gondii DNA. Two of these clams were collected at Apex, and six were collected at Red 

Island (Fig. 2). No clams were positive for T. gondii by both hemolymph and digestive 

gland. Sequence analysis using GenBank revealed one single nucleotide polymorphism 

(SNP) in two T. gondii positive clams (Genbank no. MT508983), compared to other T. 

gondii positive clams, the ME49 T. gondii reference strain (Genbank no. 

XR_001974181.1) and Hammondia hammondi (Genbank no. AH008381.2) (Table 2). 
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PCR at the B1 locus did not yield DNA amplification for any of the samples and 

sequencing quality at the ITS-1 locus was insufficient to discriminate identity. We also 

identified three clams collected from Apex that contained DNA having ≥ 99% identity 

with either Neospora caninum or Hammondia heydorni (Table 2). All negative controls 

yielded no amplification. 

 

Table 1: Number, prevalence, location and type of clam samples that tested positive for 
Toxoplasma gondii DNA in Iqaluit, Nunavut. Confirmation of positive samples (≥99.7% identity) 
was conducted using sequence analysis at the 18S small subunit rRNA gene. 

 Number positive for Toxoplasma gondii per site 
(% prevalence) 

Sample Type  
(No. samples) 

Apex (n=125) Red Island (n=87) All sites 

Hemolymph  
(n=328) 1 (0.80) 1 (1.15) 2 (0.61) 
Digestive Gland 
(n=390) 2 (1.60) 4 (4.60) 6 (1.54) 
Total clams  
(n=390) 3 (2.40) 5 (5.75) 8 (2.05) 
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Table 2: Location of single nucleotide polymorphisms (SNP) and percent identity between pathogen-positive clams and reference 
strains. 

   Location of SNPs Percent identity with reference strains 

Reference strains 

GenBank 
accession no. or 
sample ID 

Length 
(bp) 684 690 692 710 718 846 

T. 
gondii  
ME49 

T. 
gondii  
M4  

H. 
hammondi 
H.H-34 

N. 
caninum 
BPA1 

H. 
heydorni 
MEO2015 

T. gondii ME49 XR_001974181.1  A C A T A A 100 100 100 99.7 99.7 
T. gondii M4 †  A C A T A A  100 100 99.7 99.7 
H. hammondi H.H-34 AH008381.2  A C A T A A   100 99.7 99.7 
N. caninum BPA1 U17345.1  A T A T A A    100 100 
H. heydorni MEO2015 KT184388  A T A T A A     100 
Clam samples              
Clam hemolymph 24§ 380 A C A T A G 99.7 99.7 99.7 99.5 99.5 
 72¶ 390 - T G - G A 98.9 98.9 98.9 99.2 99.2 
 183§ 379 A C A T A G 99.7 99.7 99.7 99.5 99.5 
Clam digestive gland 76¶ 404 - T G - G A 98.9 98.9 98.9 99.2 99.2 
 97 345 NS‡ NS NS T A A 100 100 100 100 100 
 171 310 A C A T A A 100 100 100 99.7 99.7 
 176 316 A C A T A A 100 100 100 99.7 99.7 
 178 328 A C A T A A 100 100 100 99.7 99.7 
 180 335 A C A T A A 100 100 100 99.7 99.7 
 325 403 - T G - G A 98.9 98.9 98.9 99.2 98.6 
 329 403 A C A T A A 100 100 100 99.7 99.7 

† T. gondii M4 strain used as positive control DNA in PCR experiments and isolated from sheep in Scotland with sequence identical to ME49. 
‡ NS: No sequence data implies that sequence quality was poor at the specific nucleotide position. 

§ These sequence data (sample ID 24 and 183) have been submitted to the GenBank database under accession number MT508983.  
¶ These sequence data (sample ID 72 and 76) have been submitted to the GenBank database under accession number MT508984. 
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2.7 Discussion 

Our results demonstrate the presence of T. gondii in clams harvested near 

Iqaluit, Nunavut and represent the first report of these parasites in Arctic shellfish. As all 

sampled clams were harvested by local community members for personal consumption, 

our results reflect T. gondii prevalence in a country food that is directly relevant for local 

public health. Consumption of raw or undercooked clams may be a source of T. gondii 

exposure with potential for serious health sequalae in at-risk persons. Therefore, this 

new information can help support local public health messaging for food safety policy, 

while still promoting country food consumption in a community where clams are 

commonly consumed and an important country food for nutrition, sustenance, and 

cultural practices.  

Presence of T. gondii in clams also impacts human health indirectly since marine 

mammals, an important country food, can become infected through consumption of 

contaminated shellfish. In Nunavik, 20-30% of ringed seals were infected with T. gondii 

(Bachand et al., 2019; Reiling et al., 2019) and T. gondii infected bearded seals are 

present in Nunavut’s surrounding waters (Simon, Chambellant, Ward, Simard, & Proulx, 

2011). While the source of T. gondii infection in pinnipeds is unknown, our results 

indicate that fecal pathogen pollution is present and T. gondii may be entering the 

marine food web through shellfish in this region. Since marine mammals are a popular 

and nutritious country food (Department of Health, 2013; Goyette et al., 2014; Priest 
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and Usher, 2004), identifying sources of fecal pathogen pollution in the nearshore could 

benefit health of the local community. 

While the prevalence of T. gondii in clams in this study was relatively low (2%), 

this prevalence was surprisingly higher than in more densely populated regions 

including California, USA (Shapiro et al., 2015). Indeed, the presence of oocysts in the 

Arctic landscape is puzzling. The Canada lynx (Lynx canadensis) is the only wild felid in 

the Canadian Arctic that can serve as a definitive host for T. gondii. However, the limits 

of the lynx habitat range end more than 1,200 kilometers south of Iqaluit. Domestic cats 

are present in Iqaluit but the exact population size and prevalence of T. gondii in these 

cats are unknown. Alternatively, oocysts may be transported from southern locales 

through advection of organic flocs by ocean currents (Shapiro et al., 2014; Shapiro, 

Miller, & Mazet, 2012) or by migratory fish serving as paratenic hosts (Massie et al., 

2010). While the distance over which these particles can be mobilized in oceans is 

unknown, T. gondii oocysts remain infectious up to 24 months in cold seawater (4°C) 

(Lindsay and Dubey, 2009). Thus, even if movement of oocysts in ocean currents takes 

months to years, it is plausible that these robust parasites may remain infectious and 

become incorporated in marine food webs in locations distant to the original sources. 

For T. gondii screening, we applied primers targeting the multi-copy 18S gene 

due to high sensitivity of the assay (Shapiro, Kim, et al., 2019). Sequence analysis 

confirmed non-specific amplification among closely related Apicomplexan species 

including Hammondia heydorni, Hammondia hammondi, and Neospora caninum, and 

as a result only samples that shared ≥99.7% sequence identity with T. gondii were 
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classified as T. gondii-positive. Because the primers were designed to span the V4 

segment of the 18S gene, sequencing can discriminate between T. gondii and N. 

caninum, but not between closely related T. gondii and H. hammondi, nor between N. 

caninum and H. heydorni. For further discrimination, positive samples were amplified at 

the ITS-1 gene, but sequence quality was insufficient for analysis. Because the 

definitive host for the most closely related protozoans is the same (felids for T. gondii 

and H. hammondi; canids for N. caninum and H. heydorni), presence of DNA from these 

parasites in the Iqaluit nearshore indicates that coastal contamination by felid and canid 

feces is present. The presence of N. caninum DNA in two clams was an unexpected 

finding in this study, as N. caninum has never been detected in shellfish. This pathogen 

is not known to be zoonotic, though N. caninum exposure has been described in 

Nunavik ringed seals (Reiling et al., 2019) and walrus, sea lion, and three species of 

seals in Alaska (Dubey et al., 2003). Our results therefore suggest the potential for 

marine mammal exposure through the consumption of N. caninum in shellfish prey. 

We focused our field sampling effort in September, a major clam harvesting 

season due to extreme low tides that allowed access to intertidal clams, absence of sea 

ice, and favourable weather conditions. However, any prevalence variations due to 

temporal or seasonal factors could not be measured. Since the methods used in this 

study cannot differentiate parasite viability, application of viability-discriminating 

methods (e.g. reverse transcription quantitative PCR; Rousseau et al., 2018) would 

further elucidate potential risk of T. gondii infection to people. 
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2.8 Conclusion 

This first report of T. gondii and N. caninum-like DNA in arctic shellfish provides 

important insight on environmental contamination with apicomplexan parasites. Results 

provide evidence of land-to-sea transport of oocysts in a remote region with a tundra 

climate, emphasizing the prevalent and robust nature of these parasites. Presence of T. 

gondii in clams highlights the importance of monitoring country foods for zoonotic 

pathogens to ensure that this important source of sustenance continues to be safe for 

the local population.  
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3 Investigation of viable Toxoplasma gondii and 
Cryptosporidium spp. in Eastern Oysters from Prince 
Edward Island, Canada 

3.1 Highlights 

 Detection of viable foodborne parasites by RT-qPCR was applied for the first 

time in field oysters (final results pending) 

 Low prevalence of T. gondii and no Cryptosporidium spp. DNA were detected 

 Prevalence of protozoans in shellfish may be related to season; further 

longitudinal sampling may elucidate these patterns in PEI 

3.2 Abstract 

 Toxoplasma gondii and Cryptosporidium spp. are globally widespread foodborne 

pathogens. Exposure to T. gondii has been linked to shellfish consumption, and 

shellfish account for a large share of seafood-associated foodborne pathogen outbreak 

events. Shellfish can accumulate environmentally resistant oocysts, and when 

consumed raw or undercooked may present an exposure risk to humans. Pathogen 

viability assays can provide important insight on the potential for infection in susceptible 

hosts by discriminating between live and dead parasites in food matrices. Prince 

Edward Island (PEI) is the largest oyster producer in the Atlantic Ocean, however 

viability of T. gondii and Cryptosporidium spp. oocysts in oysters from PEI has not been 

reported. In Fall 2019, we collected 1005 Eastern oysters (Crassostrea virginica) in the 

Hillsborough River, PEI. Toxoplasma gondii DNA was detected and confirmed by 

sequencing from one oyster (0.1%). Cryptosporidium spp. consistent amplification 
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products were obtained by polymerase chain reaction (PCR) in 74 samples but could 

not be confirmed by sequencing. Viability of T. gondii (n=1) and suspected 

Cryptosporidium spp. (n=74) in oysters was tested by a reverse transcription 

quantitative PCR (RT-qPCR) approach, final results pending. Though our results 

demonstrate low levels of contamination in our sampled cohort, pne T. gondii positive 

oyster was collected from an open site where direct distribution of oysters to consumers 

is permissible. Since an exposure risk is present, further monitoring of oysters from PEI 

across several seasons and years may elucidate patterns of parasite contamination in 

the local watershed.  

3.3 Keywords 

protozoa, parasite, zoonoses, Crassostrea virginica, Atlantic coast, shellfish 

3.4 Introduction 

 Toxoplasma gondii and Cryptosporidium spp. are widespread pathogens of 

humans. Globally, 30% of people are infected with T. gondii (Tenter et al., 2000) and 

Cryptosporidium spp. infection has been reported in people from over 40 countries 

across 6 continents (Kosek et al., 2001). Infection in humans by T. gondii or 

Cryptosporidium spp. can occur through ingestion of oocysts in contaminated soil, 

water, or food. Toxoplasma gondii infection in most cases is asymptomatic, however 

toxoplasmosis is a life-long infection. Serious sequelae may occur in the newborn from 

congenital toxoplasmosis, such as birth defects, fetal death and mental disorders 
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(Fallahi et al., 2018), and infection in immunocompromised individuals can result in 

pneumonia, encephalitis, and death (Tenter et al., 2000). Cryptosporidium spp. is one of 

the most widespread diarrheal pathogens worldwide, resulting in gastroenteric disease 

lasting 10-14 days (Shirley et al., 2012; Xiao and Fayer, 2008). Cryptosporidium parvum 

and C. hominis are the most prevalent species in this genus that are pathogenic in 

humans. Cryptosporidium spp. infection may lead to death in malnourished children, 

such as those living in low-income countries, and immunocompromised people (Hunter 

and Nichols, 2002; Levine et al., 2019). 

Felids are the only definitive host of T. gondii while Cryptosporidium spp. have a 

diverse number of hosts, including humans, livestock, and wildlife. Oocysts, a highly 

resistant stage of T. gondii and Cryptosporidium spp., are dispersed into the 

environment through fecal contamination. Oocysts can be transported into the 

nearshore by freshwater runoff (Dumètre et al., 2012; Shapiro et al., 2019a), and 

subsequently accumulate in filter-feeding bivalve shellfish (Robertson, 2007). Risk for T. 

gondii infection has also been linked to eating undercooked or raw shellfish (Jones et 

al., 2009), and both T. gondii and Cryptosporidium spp. are considered underestimated 

causes of foodborne illness from shellfish consumption (Rees et al., 2010). In Canada, 

these protozoans are important overall foodborne pathogens for people. By 2006 data, 

50% of 18,265 cases of T. gondii infection and 9% of 25,318 cases of Cryptosporidium 

spp. infection were foodborne in origin (Thomas et al., 2013). Of seafood-borne 

outbreak events, ingestion of shellfish (including mussels, clams and oysters) 

accounted for 76% of events in Canada (Cato, 1998).  
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Previous studies on protozoa in shellfish from Canada have generally utilized  

microscopy and/or polymerase chain reaction (PCR) as methods of detection for T. 

gondii or Cryptosporidium spp. (Aguirre et al., 2016; Fayer et al., 2003; Manore et al., 

2020; Messier et al., 2008). While these methods provide data on the presence of 

parasites’ structure (via microscopy with or without immunofluorescence) or genetic 

material (PCR), the viability of detected parasites and subsequent potential for infection 

cannot be discriminated by these approaches. Given the large share of seafood-borne 

outbreak events from various pathogens attributed to shellfish and the potential for 

severity of infection, data on viability of foodborne parasites are important to accurately 

inform consumers of the associated health risk. Reverse transcription quantitative 

polymerase chain reaction (RT-qPCR) is a relatively novel molecular approach for 

determining parasite viability in food and has not been previously reported for parasite 

viability discrimination in shellfish.  

Production of bivalve shellfish is an important industry in British Columbia and 

Prince Edward Island (PEI), contributing over $99 million CAD by 2018 data (Economic 

Analysis and Statistics, 2020). As the largest oyster producer in the Atlantic Ocean, PEI 

is a relevant locale for investigation of potential foodborne pathogens in oysters 

(Statistics Canada, 2015). Oyster production is focused primarily on the half-shell 

market intended for raw consumption (Botta et al., 2020), and consumption of raw 

shellfish may pose a risk of exposure to various pathogens (virus, bacteria or 

protozoan) for consumers. Prior work has explored Cryptosporidium spp. in PEI oysters 

(Aguirre et al., 2016). Investigation of T. gondii and viability of protozoan parasites in 
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shellfish from PEI has not been reported in the literature. Given these gaps in 

knowledge, the importance of this fishery, and the potential for seafood-borne illness 

from protozoan oocyst consumption, the aim of this study was to compare the 

prevalence of T. gondii and Cryptosporidium spp. contamination in PEI oysters among 

different shellfish harvest areas and determine whether parasites were viable at the time 

of collection using RT-qPCR. 

3.5 Methods and materials 

3.5.1 Oyster sampling and hemolymph collection 

Three shellfish harvest classification zones are defined by Fisheries and Oceans 

Canada in the Hillsborough River system, PEI (Canada): approved, restricted, and 

prohibited. The approved zone has a median fecal coliform most probable number 

(MPN) ≤ 14/100 mL, and shellfish harvested here are considered safe for consumption 

(CFIA, 2020). The restricted zone has a median fecal coliform level (MPN ≤ 88/100 mL) 

that exceeds the approved standard but is permissible for shellfish retail following 

depuration (CFIA, 2020). Areas in proximity to fecal contamination such as wastewater 

treatment plants, discharge from a sanitary sewage system, and marinas are 

considered prohibited and shellfish from this zone cannot be consumed. Between 

September 26th to October 9th 2019, we collected 1005 Eastern oysters (Crassostrea 

virginica) from the Hillsborough River system. Total sample size was determined by a 

sample size calculation to detect a difference between two proportions (p1=0.2048, 

p2=0.2735, α=0.05, β=0.08, N=1010) based on Cryptosporidium spp. prevalence in 
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Eastern oysters from PEI (J. McClure and S. Greenwood, Personal communication, 

August 29th, 2019). Since difference between p1 and p2 is small, a sample of 1005 

oysters was deemed sufficient. Approximately 35 oysters were collected at three sites 

within approved, prohibited, and restricted harvest zones (9 sites total) per sampling 

event for a total of three sampling events (Fig. 3). The number of oysters collected 

during each sampling event was determined by laboratory processing logistics with 

respect to site-specific shellfish sampling numbers reported in past research (n=30-35) 

(Adell et al., 2014; Fayer et al., 1998; Fayer et al., 1999, 2002; Shapiro et al., 2015). 

 

Figure 3: Map of the oyster sampling sites indicated by shellfish classification zones (open, 
restricted or prohibited) in the Hillsborough River, Prince Edward Island. The sampling location of 
the Toxoplasma gondii positive oyster, nearby cattle farms, and the wastewater treatment plant 
are also indicated. 
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Following field collections, oysters were stored at 4°C and hemolymph was 

collected from live oysters within 4 days of sampling. On each processing day, an equal 

number of oysters from each shellfish harvesting zone was processed to avoid potential 

inter-zone bias due to parasite degradation over time. Hemolymph was collected from 

the adductor muscle via a sterile syringe and 23-gauge needle inserted through a notch 

filed into the shell. Hemolymph was centrifuged at 18,066 g for 4 minutes and a 200 µl 

pellet was split into two fractions, one for DNA extraction (for PCR) and one for RNA 

extraction (for RT-qPCR). Hemolymph intended for RNA extraction was pooled from five 

oysters and centrifuged again (4 min at 18,066 g) to obtain a 100 µl pellet. RNA 

expression was induced with heat treatment, flash-frozen with liquid nitrogen, and 

immediately stored at -80°C until nucleic acid extraction. Sample preservation through 

flash freezing was determined to not affect RNA integrity in viability tests (K. Shapiro 

and M. Kim, Personal communication, September 17th, 2019). Pooling of oyster 

hemolymph for RNA extraction was performed due to time and cost limitations in 

performing RT-qPCR for this large sample size over a short sampling period. 

3.5.2 Nucleic acid extraction 

The DNeasy Blood and Tissue Kit (QIAGEN Inc., ON, Canada) was used for 

DNA extraction following manufacturer’s instructions with modifications as previously 

described (Manore et al., 2020). In short, each hemolymph pellet was suspended in 180 

µL ATL buffer, then subjected to one freeze-thaw cycle (4 min liquid nitrogen, 4 min 

boiling water), followed by overnight incubation at 56°C with the addition of 40 µL of 

Proteinase K. Nucleic acids were eluted using 40 µL of 10% AE buffer.  
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For RNA extraction, the Dynabeads® mRNA DIRECT™ Kit (Invitrogen, CA, 

United States of America) was used with modifications as previously described 

(Travaillé et al., 2016). In short, RNA from batched-hemolymph pellets was heat 

induced at 45°C for 20 min, then subjected to 6 freeze-thaw cycles (1 min liquid 

nitrogen, 1 min 65°C water) with 200 µL lysis/binding buffer added. Forty µL of 

Dynabeads Oligo(dT)25 previously washed with 100 µL lysis/binding buffer were added 

to each sample and rotated at 15 rpm for 20 min at room temperature. Elution consisted 

of adding 50 µL of 10 mM Tris-HCl, pH 7.5 at 4°C followed by incubation at 80°C for 2 

min. Recovered eluates were flash-frozen in liquid nitrogen and stored at -80°C.  

3.5.3 Parasite DNA detection via PCR 

The 18S ssu rRNA gene was targeted for T. gondii and Cryptosporidium spp. 

detection using a previously validated nested, multiplexed PCR assay with a detection 

limit of a single oocyst per extract (Shapiro et al., 2019). Since closely related 

apicomplexan parasites may also be amplified using this assay, samples yielding 

amplification were also subjected to PCR targeting the ITS-1 gene (Rejmanek et al., 

2009) for greater discrimination among closely related taxa such as Toxoplasma and 

Hammondia. The B1 gene (Grigg et al., 2001) was also applied to attempt genotyping 

for positive T. gondii samples. Master mix components and cycling conditions for all 

PCR experiments were performed as previously described (Shapiro, et al., 2019). 

Separation of amplification products were visualized via a 2% agarose gel stained with 

Red SafeTM.  
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All PCR positive detects were confirmed via Sanger sequence analysis. The 

QIAquick Gel Extraction Kit (QIAGEN Inc., ON, Canada) was used to purify DNA from 

all suspect positive amplicons, following manufacturer’s instructions with modifications 

for lower DNA concentrations. Sequencing of purified DNA was performed by the 

Advanced Analysis Centre, University of Guelph. Sequences of suspect positive 

amplicons were analyzed by alignment of forward and reverse DNA sequences with a 

multiple sequence comparison by log-expectation method using GENEIOUS software 

(Biomatters, Auckland, New Zealand). Alignment ends were trimmed, and the 

consensus sequence compared with GenBank reference sequences using BLAST 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). For brevity, samples yielding DNA sequences 

with identity equal to 100% similarity with T. gondii or H. hammondi are classified as T. 

gondii.  

3.5.4 Determination of parasite viability via RT-qPCR 

All oysters with DNA amplification products consistent with positive control 

samples (T. gondii: 405 bp, Cryptosporidium spp.: 543 bp) were further tested for 

parasite viability via RT-qPCR using the extracted RNA from the corresponding pooled 

oyster samples. The sporozoite-specific SAG protein (SporoSAG) and heat shock 

protein 70 (Hsp 70) were targeted for T. gondii and Cryptosporidium spp. detection, 

respectively (Travaillé et al., 2016). Modification to the Cryptosporidium spp. TaqMan 

probe consisted of exchanging the CY5 fluorophore for FAM and Black Hole Quencher 

2 for Black Hole Quencher 1 (Table S1B). RT-qPCR reactions and cycling conditions 

were prepared with the iTaq™ Universal Probes One-Step Kit (BioRad, CA, United 
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States of America) following manufacturer’s instructions and specifications by Travaillé 

et al. (2016): each reaction consisted of 10 µl reaction mix (containing dNTPs, MgCl2, 

Taq DNA polymerase), 9.25 µl H2O, 0.5 µl reverse transcriptase, 0.1 µl forward primer 

(100 µM), 0.1 µl reverse primer (100 µM), 0.05 µl probe (100 µM) and 5 µl RNA 

template for a final reaction volume of 25 µl. All reactions including controls were 

performed in duplicate and with no dilutions. Since preliminary data demonstrated no 

significant inhibition in undiluted hemolymph RNA extract, dilutions were not employed 

to achieve higher sensitivity in RT-qPCR. 

3.5.5 Quality control 

For both DNA and RNA extraction, negative controls consisting of only extraction 

reagents with no oyster samples were included for each batch. Toxoplasma gondii 

positive controls consisted of DNA extracted from oocysts (Type II M4 strain, Gutierrez 

et al., 2010) generously provided by the laboratory of Dr. Jeroen Saeji at the University 

of California, Davis using previously described methods (Fritz et al., 2012). 

Cryptosporidium spp. positive controls consisted of DNA extracted from C. parvum 

oocysts (Iowa isolate) purchased from the Sterling Parasitology Laboratory, University 

of Arizona. Two negative controls were included for each PCR/RT-qPCR batch 

consisting of the blank reagent control from DNA or RNA extraction and sterile water 

added to PCR or RT-qPCR reagents.  
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3.5.6 Data analysis 

Parasite prevalence was calculated by dividing the number of PCR detected and 

sequence confirmed positive oysters for T. gondii or Cryptosporidium spp. by the total 

sample size (N=1005) (Table 3). Daily, raw precipitation data provided by the 

Government of Canada for the Charlottetown A weather station were collected from 

Sept. 1st to October 15th, 2019 (Statistics Canada, 2019a, 2019b). Since heavy rain 

events may result in fecal contamination of the nearshore by freshwater run-off, and an 

association between shellfish contamination and wet and dry seasons was determined 

to be present in another locale (Shapiro et al., 2015), sampling time points were 

graphed with respect to rainfall to assist with data interpretation (Fig. 4).  
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Table 3: Oysters sampled from Prince Edward Island, Canada (2019) and detection of Toxoplasma gondii and Cryptosporidium parvum 
via polymerase chain reaction (PCR) and reverse transcription quantitative PCR. 

 

†Only oysters in which DNA identity was confirmed via sequence analysis are reported as positive via PCR.            
‡Confirmed positive T. gondii oyster (n=1) and oysters yielding faint DNA amplification consistent with C. parvum (543 bp, n=74) were included in 
viability testing.                   

 §Data pending due to COVID-related restrictions on laboratory research 

TBD=To be determined (laboratory testing will be completed when COVID-19 restrictions on non-essential laboratory work are removed).

Shellfish 
Harvest 
Zone 

Site 
No. 

No. sampled per event    No. positive†  No. viable‡§ 

Sept. 26 Oct. 1 Oct. 9 Site 
Total 

Zone Total  T. gondii C. parvum  T. gondii C. parvum 

Approved 1 25 27 48 100  
 

320 

 0 0   TBD/8 

2 37 28 41 106  1‡ 0  TBD/1 TBD /11 

3 21 37 56 114  0 0   TBD /10 

Restricted 4 38 25 59 122  
 

343 

 0 0   TBD /12 

5 30 38 42 110  0 0   TBD /4 

6 26 39 46 111  0 0   TBD /5 

Prohibited 7 25 36 46 107  
 

342 

 0 0   TBD /9 

8 27 46 51 124  0 0   TBD /11 

9 28 26 57 111  0 0   TBD /4 

     No. oysters tested: 1005 1005  1 74 

     Prevalence (%): 0.1 0  TBD TBD 
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Figure 4: Precipitation in Charlottetown, Prince Edward Island, Canada prior to and during oyster 
sampling events (X) on Sept. 26th, Oct. 1st, and Oct. 9th. The oyster fishing season officially 
begins on Sept. 15th and the fishery was partially re-opened on this date following closure due to 
Hurricane Dorian (CBC News, 2019). The curve color scheme corresponds with oyster fishery 
closures (CFIA, 2020; DFO, 2020). 

 

3.6 Results 

In total, 1005 oysters were collected from three harvest classification zones: 

approved (n=320), restricted (n=343), and prohibited (n=342). DNA from one oyster was 

positive by PCR and sequence-confirmed to be T. gondii yielding a contamination 

prevalence of 0.1% (Table 3). The T. gondii positive oyster was collected on October 

9th, 2019 from a site located in East River within an approved shellfish harvest zone 

(Fig. 3), and 15 days after a major rain event (>54 mm) occurred (Fig. 4). The low 

prevalence precluded any evaluation of associations between precipitation and parasite 
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contamination in oysters. Faint DNA amplification consistent with Cryptosporidium spp. 

was observed in 74 oyster samples, however DNA quality was insufficient for sequence 

confirmation. RNA from the T. gondii positive oyster, as well as the 74 oysters with faint 

Cryptosporidium-like bands were further tested for parasite viability via RT qPCR. At 

this time, RT-qPCR data is pending due to inability to access laboratory space under 

COVID-19 pandemic limitations on research. 

3.7 Discussion 

To our knowledge, our results provide the first published report of T. gondii 

contamination in Eastern oysters from PEI. Toxoplasma gondii was detected in a single 

oyster (prevalence=0.10%) collected within approved shellfish harvest waters, an area 

considered safe for direct distribution of oysters to consumers. Although viability testing 

is not complete, our results demonstrate the presence of nearshore contamination with 

T. gondii. Considering the low infectious dose of T. gondii (as low as a single oocyst in 

susceptible hosts (Halonen and Weiss, 2013)) and that oysters are commonly 

consumed raw, further monitoring of this important fishery for viable, infectious parasites 

is critically important to protect consumers’ health.  

The absence of sequence-confirmed Cryptosporidium spp. detection in this study 

was surprising. Previous literature has demonstrated Cryptosporidium spp. to be 

present in Eastern oysters from PEI with load ranging from 0-30 (Approved), 0-48 

(Restricted), and 0-25 (Prohibited) oocysts per oyster, as determined via direct 

fluorescence antibody staining and microscopy of oyster whole tissue homogenate 
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(Aguirre et al., 2016). While the identity of oocysts detected through microscopy were 

not molecularly confirmed, testing the whole oyster matrix may provide a more sensitive 

approach than testing only hemolymph. We chose to sample hemolymph due to 

potential adverse effects on Cryptosporidium spp. viability following treatment with HCl-

pepsin digest solution, a method necessary to reduce the volume of whole tissue 

samples prior to parasite detection (Robertson and Gjerde, 2008). Additionally, an 

important regional change that occurred between the work of Aguirre et al., (2016) and 

our study was the completion of the Spring Park Project in 2016 (Ross, 2016). This 

project sought to separate storm water from sanitary sewer system lines at the 

wastewater treatment plant located off the banks of the Hillsborough River in 

Charlottetown (Fig. 3), thereby eliminating untreated sewage overflow into the local 

harbour under heavy precipitation conditions. The low levels of fecal protozoan 

parasites in oysters within the current study may indicate improved water quality 

conditions due to enhanced stormwater management infrastructure.  

A seasonal effect of parasite load in the local environment also may be present. 

A peak in C. parvum positive stool between the months of April and June was 

previously observed in fecal samples submitted to the Queen Elizabeth Hospital, PEI 

(Budu-Amoako et al., 2012), suggesting higher C. parvum exposure and oocyst 

shedding in this population during the spring. Cryptosporidium spp. also may be more 

prevalent in nearshore waters during the spring season, as Aguirre et aI. (2016) 

observed high levels of oyster contamination by Cryptosporidium spp. oocysts in their 

spring and summer sampling (the only seasons sampled). Protozoan oocysts in fecal 
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matter are likely to become transported into the watershed by freshwater runoff 

(Dumètre et al., 2012; Shapiro et al., 2019a). In colder climates, oocysts shed during the 

winter can accumulate in snowpack and become mobilized into watersheds in higher 

concentrations during the springtime short melt period (Simon et al., 2013). Therefore, 

accumulated parasites may be flushed out to the nearshore over a relatively short 

period of time and in higher concentrations following snowmelt in the PEI spring season. 

Additionally, since the local climate is characterized by abundant and frequent rainfall 

from May to October (“Canadian Climate Normals 1981-2010 Station Data,” 2019), fecal 

pathogen concentration in overland runoff may gradually decline from a peak in spring 

to low levels of contamination in the fall. Indeed, despite a major rain event preceding 

sampling (54 mm, Fig. 3), and with the inclusion of sampling sites in proximity to two 

cattle farms (Fig. 3) where Cryptosporidium spp. oocysts in livestock fecal run-off might 

be expected, we detected low levels of parasite contaminants in oysters.  

In North America, there is marked variability in the prevalence of protozoan 

pathogens in shellfish across and within study areas with low (Northern Canada), 

moderate (New Brunswick and PEI), and high (California) human population densities. 

In more northern locales, protozoa prevalence in shellfish ranged from 0% for T. gondii 

and 73% for Cryptosporidium spp. in mussels from Nunavik to 2% for T. gondii and 0% 

for Cryptosporidium spp. in clams from Iqaluit (Levesque et al., 2010; Manore et al., 

2020; Chapter Two). In PEI, despite some Eastern oysters reported to contain high 

concentrations of Cryptosporidium spp. oocysts (Aguirre et al., 2016), a Bayesian model 

based partially on this data with the incorporation of a minimum relay time of 14 days 
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determined the median probability for Cryptosporidium spp. exposure through 

consumption of oysters to be zero for all 20 scenarios modelled (Patanasatienkul et al., 

2020). A high zero count of oocysts in oysters (Cryptosporidium spp.-free) may be an 

explanatory factor for the low risk modelled (Patanasatienkul et al., 2020). In PEI’s 

neighbouring New Brunswick province, 12% and 20% of commercial oysters contained 

C. parvum by microscopy and PCR, respectively (Fayer et al., 2003). In California, 1.4% 

and 0% of mussels contained T. gondii and Cryptosporidium spp. DNA, respectively 

(Adell et al., 2014; Shapiro et al., 2015). An additional study from California reported 

either 0% (2002) or 15-85% (2003) of clams to contain C. parvum-like oocysts by 

microscopy (Miller et al., 2005). Though different protozoan parasite detection methods 

among published studies likely influence the observed results and hinders a direct 

comparison of findings across studies, the range for parasite prevalence in shellfish 

observed between and within study areas is considerable.  

The large variation in reported protozoan pathogen contamination of shellfish 

may be attributed to several environmental factors. In California, the effects of season 

and year were significantly associated with the likelihood of detecting Cryptosporidium 

spp. positive clam pools (Miller et al., 2005). Though we did not observe high levels of 

contamination when sampling shortly after significant rainfall (Fig. 3), Shapiro et aI. 

(2015) determined the odds of detecting T. gondii in California mussels were 12 times 

higher in the wet season as compared with the dry season. Within the arid Californian 

climate characterized by a short, distinct winter with less frequent rain events, parasites 

may accumulate during the dry season and subsequently wash into the nearshore in 
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greater concentrations during a significant rain event. An association between oyster 

contamination with Cryptosporidium spp. and rain events was not observed in PEI 

(Aguirre et al., 2016) perhaps because a distinct dry season is absent. However, since 

levels of shellfish contamination with fecal pathogens are likely associated with diverse 

ecosystem processes, repeated sampling in the Hillsborough River System across 

several seasons and years may further clarify any temporal patterns of parasite 

contamination in the local watershed.  

In foodborne pathogen investigations, viability tests are crucial to provide 

accurate data on the risk to consumer health. Screening tests and sequence analysis of 

detected DNA can inform us on the presence and identity of parasite genetic material 

but cannot assess parasite viability and in turn the potential for infection of a susceptible 

host, including shellfish consumers. Additionally, the RT-qPCR method may be a more 

accurate quantifier of true risk to the consumer since several species of 

Cryptosporidium spp. can be detected, including C. hominis and ten distinct clinical 

isolates of C. parvum (Travaillé et al., 2016). A bioassay approach that relies on animal 

inoculations may underestimate the presence of human-specific pathogens, as 

demonstrated when C. hominis was not infectious to mice or calves under routine 

laboratory conditions (Peng and Xiao, 1997).  

The low screening prevalence reported may indicate truly low levels of 

contamination in our sampled cohort due to high sensitivity of the PCR assay (limit of 

detection as low as one oocyst, Shapiro et al., 2019b). A retrospective freedom from 

disease calculation based on our sample size and lack of Cryptosporidium detects 
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estimates true prevalence of Cryptosporidium spp. in the sampled oyster hemolymph to 

be low and ≤ 0.5% (α=0.01). However, while we focused our sampling effort on 

hemolymph due to optimized sensitivity for detection of Cryptosporidium spp. and T. 

gondii RNA by RT-qPCR in comparison to other matrices (K. Shapiro and M. Kim, 

Personal communication, February 19th, 2019), parasites potentially present in other 

tissues known to harbour protozoan oocysts such as digestive gland and gills could 

have been missed by our sampling method (Hohweyer et al., 2013).  

3.8 Conclusion 

Low levels of T. gondii and absence of sequence-confirmed Cryptosporidium 

contamination in oysters from PEI, Canada indicate a low risk of exposure to these 

parasites in our sampled cohort. However, the T. gondii positive oyster was harvested 

within an approved harvesting zone during open fishery conditions, and a potential for 

consumer exposure to foodborne protozoan pathogens through oyster consumption is 

therefore present. Additional studies that pair parasite viability techniques with sensitive 

DNA screening methods will offer more robust insight on the risk of pathogen 

contamination in shellfish to human public health.  

  



 

 

76 

 

REFERENCES 

Adell, A.D., Smith, W.A., Shapiro, K., Melli, A., Conrad, P.A., 2014. Molecular 
epidemiology of Cryptosporidium  spp. and Giardia spp. in mussels (Mytilus 
californianus) and California sea lions (Zalophus californianus) from Central 
California. Appl. Environ. Microbiol. 80, 7732–40. 
https://doi.org/10.1128/AEM.02922-14 

Aguirre, J., Greenwood, S.J., Mcclure, J.T., Davidson, J., Sanchez, J., 2016. Effects of 
rain events on Cryptosporidium spp. levels in commercial shellfish zones in the 
Hillsborough River, Prince Edward Island, Canada. FAWPAR 5, 7–13. 
https://doi.org/10.1016/j.fawpar.2016.08.003 

Botta, R., Asche, F., Borsum, J.S., Camp, E. V., 2020. A review of global oyster 
aquaculture production and consumption. Mar. Policy 117. 
https://doi.org/10.1016/j.marpol.2020.103952 

Budu-Amoako, E., Greenwood, S.J., Dixon, B.R., Sweet, L., Ang, L., Barkema, H.W., 
McClure, J.T., 2012. Molecular Epidemiology of Cryptosporidium and Giardia in 
Humans on Prince Edward Island, Canada: Evidence of Zoonotic Transmission 
From Cattle. Zoonoses Public Health 59, 424–433. https://doi.org/10.1111/j.1863-
2378.2012.01474.x 

Canadian Climate Normals 1981-2010 Station Data [WWW Document], 2019. . Stat. 
Canada. URL 
https://climate.weather.gc.ca/climate_normals/results_1981_2010_e.html?searchTy
pe=stnProv&lstProvince=PE&txtCentralLatMin=0&txtCentralLatSec=0&txtCentralLo
ngMin=0&txtCentralLongSec=0&stnID=6526&dispBack=0 (accessed 6.1.20). 

Canadian Food Inspection Agency, 2020. Canadian Shellfish Sanitation Program 
Manual [WWW Document]. URL https://www.inspection.gc.ca/food-safety-for-
industry/food-specific-requirements-and-guidance/fish/canadian-shellfish-
sanitation-program/eng/1527251566006/1527251566942 (accessed 4.27.20). 

Cato, J.C., 1998. Seafood safety : Economics of Hazard Analysis and Critical Control 
Point (HACCP) programmes. Food and Agriculture Organization of the United 
Nations, Rome. 

CBC News, 2019. Fall season for P.E.I.’s wild oyster fishery starts after delay [WWW 
Document]. CBC News. URL https://www.cbc.ca/news/canada/prince-edward-
island/pei-oyster-harvest-delayed-dorian-update-1.5291239 (accessed 7.20.20). 

Dumètre, A., Aubert, D., Puech, P.H., Hohweyer, J., Azas, N., Villena, I., 2012. 
Interaction forces drive the environmental transmission of pathogenic protozoa. 
Appl. Environ. Microbiol. 78, 905–912. https://doi.org/10.1128/AEM.06488-11 



 

 

77 

 

Economic Analysis and Statistics, 2020. Canada’s Fisheries Fast Facts 2019. Ottawa. 

Fallahi, S., Rostami, A., Nourollahpour Shiadeh, M., Behniafar, H., Paktinat, S., 2018. 
An updated literature review on maternal-fetal and reproductive disorders of 
Toxoplasma gondii infection. J. Gynecol. Obstet. Hum. Reprod. 47, 133–140. 
https://doi.org/10.1016/j.jogoh.2017.12.003 

Fayer, R., Graczyk, T.K., Lewis, E.J., Trout, J.M., Farley, C.A., 1998. Survival of 
Infectious Cryptosporidium parvum Oocysts in Seawater and Eastern Oysters 
(Crassostrea virginica) in the Chesapeake Bay. Appl. Environ. Microbiol. 64, 1070–
1074. 

Fayer, R., Lewis, E.J., Trout, J.M., Graczyk, T.K., Jenkins, M.C., Higgins, J., Xiao, L., 
Lal, A.A., 1999. Cryptosporidium parvum in Oysters from Commercial Harvesting 
Sites in the Chesapeake Bay. Emerg. Infect. Dis. 5, 706–710. 

Fayer, R., Trout, J., Lewis, E., Xiao, L., Lal, A., Jenkins, M., Graczyk, T., 2002. 
Temporal variability of Cryptosporidium in the Chesapeake Bay. Parasitol. Res. 88, 
998–1003. https://doi.org/10.1007/s00436-002-0697-1 

Fayer, R., Trout, J.M., Lewis, E.J., Santin, M., Zhou, L., Lal, A.A., Xiao, L., 2003. 
Contamination of Atlantic coast commercial shellfish with Cryptosporidium. 
Parasitol. Res. 89, 141–145. https://doi.org/10.1007/s00436-002-0734-0 

Fisheries and Oceans Canada, 2020. Shellfish and Invertebrates [WWW Document]. 
URL https://www.dfo-mpo.gc.ca/science/regions/maritimes/rec-fish-peches-
rec/invert-eng.html (accessed 7.20.20). 

Fritz, H., Barr, B., Packham, A., Melli, A., Conrad, P.A., 2012. Methods to produce and 
safely work with large numbers of Toxoplasma gondii oocysts and bradyzoite cysts. 
J. Microbiol. Methods 88, 47–52. https://doi.org/10.1016/j.mimet.2011.10.010 

Grigg, M.E., Bonnefoy, S., Hehl, A.B., Suzuki, Y., Boothroyd, J.C., 2001. Success and 
Virulence in Toxoplasma as the Result of Sexual Recombination Between Two 
Distinct Ancestries. Science (80-. ). 294, 161–165. 
https://doi.org/10.1126/SCIENCE.1061888 

Gutierrez, J., O’Donovan, J., Williams, E., Proctor, A., Brady, C., Marques, P.X., 
Worrall, S., Nally, J.E., McElroy, M., Bassett, H., Sammin, D., Buxton, D., Maley, 
S., Markey, B.K., 2010. Detection and quantification of Toxoplasma gondii in ovine 
maternal and foetal tissues from experimentally infected pregnant ewes using real-
time PCR. Vet. Parasitol. 172, 8–15. https://doi.org/10.1016/j.vetpar.2010.04.035 

Halonen, S.K., Weiss, L.M., 2013. Toxoplasmosis. Handb. Clin. Neurol. 114. 
https://doi.org/10.1016/B978-0-444-53490-3.00008-X 



 

 

78 

 

Hohweyer, J., Dumètre, A., Aubert, D., Azas, N., Villena, I., 2013. Tools and methods 
for detecting and characterizing Giardia, Cryptosporidium, and Toxoplasma 
parasites in marine mollusks. J. Food Prot. 76, 1649–1657. 
https://doi.org/10.4315/0362-028X.JFP-13-002 

Hunter, P.R., Nichols, G., 2002. Epidemiology and clinical features of Cryptosporidium 
infection in immunocompromised patients. Clin. Microbiol. Rev. 15, 145–154. 
https://doi.org/10.1128/CMR.15.1.145-154.2002 

Jones, J.L., Dargelas, V., Roberts, J., Press, C., Remington, J.S., Montoya, J.G., 2009. 
Risk Factors for Toxoplasma gondii Infection in the United States. Clin. Infect. Dis. 
49, 878–884. https://doi.org/10.1086/605433 

Kosek, M., Alcantara, C., Lima, A.A., Guerrant, R.L., 2001. Cryptosporidiosis: an 
update. Lancet 1, 262–269. 

Levesque, B., Barthe, C., Dixon, B.R., Parrington, L.J., Martin, D., Doidge, B., Proulx, 
J.-F., Murphy, D., 2010. Microbiological quality of blue mussels (Mytilus edulis) in 
Nunavik, Quebec: a pilot study. Can. J. Microbiol. 56, 968–977. 
https://doi.org/10.1139/W10-078 

Levine, M.M., Nasrin, D., Acácio, S., Bassat, Q., Powell, H., Tennant, S.M., Sow, S.O., 
Sur, D., Zaidi, A.K.M., Faruque, A.S.G., Hossain, M.J., Alonso, P.L., Breiman, R.F., 
O, C.E., Mintz, E.D., Omore, R., Ochieng, J.B., Oundo, J.O., Tamboura, B., 
Sanogo, D., Onwuchekwa, U., Manna, B., Ramamurthy, T., Kanungo, S., Ahmed, 
S., Qureshi, S., Quadri, F., Hossain, A., Das, S.K., Antonio, M., Saha, D., 
Mandomando, I., Blackwelder, W.C., Farag, T., Wu, Y., Houpt, E.R., Verweiij, J.J., 
Sommerfelt, H., Nataro, J.P., Robins-Browne, R.M., Kotloff, K.L., 2019. Diarrhoeal 
disease and subsequent risk of death in infants and children residing in low-income 
and middle-income countries: analysis of the GEMS case-control study and 12-
month GEMS-1A follow-on study. Lancet 8, 204–218. 
https://doi.org/10.1016/S2214-109X(19)30541-8 

Manore, A.J.W., Harper, S.L., Sargeant, J.M., Weese, J.S., Cunsolo, A., Bunce, A., 
Shirley, J., Sudlovenick, E., Shapiro, K., 2020. Cryptosporidium and Giardia in 
locally harvested clams in Iqaluit, Nunavut. Zoonoses Public Health. 
https://doi.org/10.1111/zph.12693 

Messier, V., Lévesque, B., Proulx, J., Rochette, L., Libman, M.D., Ward, B.J., Serhir, B., 
Couillard, M., Ogden, N.H., Dewailly, E., Hubert, B., Déry, S., Barthe, C., Murphy, 
D., Dixon, B., 2008. Seroprevalence of Toxoplasma gondii Among Nunavik Inuit 
(Canada). Zoonoses Public Health 56, 188–197. https://doi.org/10.1111/j.1863-
2378.2008.01177.x 

Miller, W.A., Atwill, E.R., Gardner, I.A., Miller, M.A., Fritz, H.M., Hedrick, R.P., Melli, 



 

 

79 

 

A.C., Barnes, N.M., Conrad, P.A., 2005. Clams (Corbicula fluminea) as 
bioindicators of fecal contamination with Cryptosporidium and Giardia spp. in 
freshwater ecosystems in California. Int. J. Parasitol. 35, 673–684. 
https://doi.org/10.1016/j.ijpara.2005.01.002 

Patanasatienkul, T., Greenwood, S.J., McClure, J.T., Davidson, J., Gardner, I., 
Sanchez, J., 2020. Bayesian risk assessment model of human cryptosporidiosis 
cases following consumption of raw Eastern oysters (Crassostrea virginica) 
contaminated with Cryptosporidium oocysts in the Hillsborough River system in 
Prince Edward Island, Canada. Food Waterborne Parasitol. 19, e00079. 
https://doi.org/10.1016/j.fawpar.2020.e00079 

Peng, M.M., Xiao, L., 1997. Genetic polymorphisms among Cryptosporidium parvum 
isolates: evidence of two distinct human transmission cycles. Emerg. Infect. Dis. 3. 

Rees, G., Pond, K., Kay, D., Bartram, J., Santo Domingo, J. (Eds.), 2010. Safe 
Management of Shellfish and Harvest Waters. IWA Publishing, Norwich. 

Rejmanek, D., Vanwormer, E., Miller, M.A., Mazet, J.A.K., Nichelason, A.E., Melli, A.C., 
Packham, A.E., Jessup, D.A., Conrad, P.A., 2009. Prevalence and risk factors 
associated with Sarcocystis neurona infections in opossums (Didelphis virginiana) 
from central California. Vet. Parasitol. 166, 8–14. 
https://doi.org/10.1016/j.vetpar.2009.08.013 

Robertson, L.J., 2007. The potential for marine bivalve shellfish to act as transmission 
vehicles for outbreaks of protozoan infections in humans: A review. Int. J. Food 
Microbiol. https://doi.org/10.1016/j.ijfoodmicro.2007.07.058 

Robertson, L.J., Gjerde, B., 2008. Development and Use of a Pepsin Digestion Method 
for Analysis of Shellfish for Cryptosporidium Oocysts and Giardia Cysts. J. Food 
Prot. 71, 959–966. 

Ross, S., 2016. Sweet smell of success: Charlottetown sewage system passes rainfall 
test [WWW Document]. CBC News. URL https://www.cbc.ca/news/canada/prince-
edward-island/no-sewage-system-overflow-1.3801293 (accessed 7.20.20). 

Shapiro, K., Bahia-Oliveira, L., Dixon, B., Dumètre, A., Wit, L.A. De, Vanwormer, E., 
Villena, I., 2019a. Environmental transmission of Toxoplasma gondii: Oocysts in 
water, soil and food. Food Waterborne Parasitol. 12. 
https://doi.org/10.1016/j.fawpar.2019.e00049 

Shapiro, K., Kim, M., Rajal, V.B., Arrowood, M.J., Packham, A., Aguilar, B., Wuertz, S., 
2019b. Simultaneous detection of four protozoan parasites on leafy greens using a 
novel multiplex PCR assay. Food Microbiol. 84, 103252. 
https://doi.org/10.1016/j.fm.2019.103252 



 

 

80 

 

Shapiro, K., Vanwormer, E., Aguilar, B., Conrad, P.A., 2015. Surveillance for 
Toxoplasma gondii in California mussels (Mytilus californianus) reveals 
transmission of atypical genotypes from land to sea. Environ. Microbiol. 17. 
https://doi.org/10.1111/1462-2920.12685 

Shirley, D.A.T., Moonah, S.N., Kotloff, K.L., 2012. Burden of disease from 
cryptosporidiosis. Curr. Opin. Infect. Dis. 25, 555–563. 
https://doi.org/10.1097/QCO.0b013e328357e569 

Simon, A., Bigras Poulin, M., Rousseau, A.N., Ogden, N.H., 2013. Fate and Transport 
of Toxoplasma gondii Oocysts in Seasonally Snow Covered Watersheds: A 
Conceptual Framework from a Melting Snowpack to the Canadian Arctic Coasts. 
Int. J. Environ. Res. Public Heal. 10, 994–1005. 
https://doi.org/10.3390/ijerph10030994 

Statistics Canada, 2019a. Daily Data Report for September 2019 [WWW Document]. 
URL https://climate.weather.gc.ca/climate_data/daily_data_e.html?hlyRange=2012-
09-10%7C2020-07-19&dlyRange=2012-09-13%7C2020-07-
19&mlyRange=%7C&StationID=50621&Prov=PE&urlExtension=_e.html&searchTy
pe=stnName&optLimit=yearRange&StartYear=1840&EndYear=2020&selR 

Statistics Canada, 2019b. Daily Data Report for October 2019 [WWW Document]. URL 
https://climate.weather.gc.ca/climate_data/daily_data_e.html?hlyRange=2012-09-
10%7C2020-07-19&dlyRange=2012-09-13%7C2020-07-
19&mlyRange=%7C&StationID=50621&Prov=PE&urlExtension=_e.html&searchTy
pe=stnName&optLimit=yearRange&StartYear=1840&EndYear=2020&selR 

Statistics Canada, 2015. Aquaculture Statistics. 

Tenter, A.M., Heckeroth, A.R., Weiss, L.M., 2000. Toxoplasma gondii: from animals to 
humans. Int. J. Parasitol. 30, 1217–1258. https://doi.org/10.1016/S0020-
7519(00)00124-7 

Thomas, M.K., Murray, R., Flockhart, L., Pintar, K., Pollari, F., Fazil, A., Nesbitt, A., 
Marshall, B., 2013. Estimates of the burden of foodborne illness in Canada for 30 
specified pathogens and unspecified agents, Circa 2006. Foodborne Pathog. Dis. 
10, 639–648. https://doi.org/10.1089/fpd.2012.1389 

Travaillé, E., La Carbona, S., Gargala, G., Aubert, D., Guyot, K., Dumètre, A., Villena, I., 
Houssin, M., 2016. Development of a qRT-PCR method to assess the viability of 
Giardia intestinalis cysts, Cryptosporidium spp. and Toxoplasma gondii oocysts. 
Food Control 59, 359–365. https://doi.org/10.1016/j.foodcont.2015.06.007 

Xiao, L., Fayer, R., 2008. Cryptosporidium and Cryptosporidiosis, 2nd ed. CRC Press, 
Boca Raton. 



 

 

81 

 

4 Summary of Research, Recommendations, and 
Conclusions 

Shellfish aquaculture is an important industry, contributing over $99 million in 

British Columbia and Prince Edward Island (PEI) (2018 data, Economic Analysis and 

Statistics, 2020). The aquaculture industry also provides an accessible source of 

income for small, rural communities (Pinfold, 2013). In Northern communities, shellfish 

are considered nutritionally valuable country foods and the shellfish harvest not only 

alleviates the burden of local food insecurity, but also supports interpersonal 

relationships influencing wellbeing (Department of Economic Development and 

Transportation, 2017). 

Shellfish can be consumed raw or cooked (Department of Health, 2013; 

Government of Canada, 2011) and are a nutritious food high in protein, omega-3 fatty 

acids and vitamins (U.S. Department of Agriculture, 2019a, 2019b, 2019c). However, 

consumption of shellfish may be a risk factor for foodborne disease as 76% of all 

seafood-borne outbreak events in Canada are due to ingestion of shellfish, including 

mussels, clams, and oysters (Cato, 1998). Toxoplasma gondii and Cryptosporidium 

spp. are important foodborne parasites: from Canadian hospitalization data, 45% and 

10% of deaths due to T. gondii and Cryptosporidium spp., respectively, were caused by 

foodborne infections (Thomas et al., 2015). The risk of T. gondii exposure has been 

linked to consumption of undercooked or raw shellfish in the United States (Jones et al., 

2009) and increased intake of country foods and consumption of seafood, including 

clams, in some Inuit communities (Goyette et al., 2014).  
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Both T. gondii and Cryptosporidium spp. are waterborne parasites with an 

environmentally resistant oocyst stage (Harris and Petry, 1999; Shapiro et al., 2019). 

Oocysts can enter waterways through fecal contamination in surface water runoff 

(Dumètre et al., 2012; Shapiro et al., 2019a), and bivalve shellfish can accumulate 

oocysts through filter-feeding (Robertson, 2007). The presence of Cryptosporidium spp. 

oocysts has been investigated in clams from Iqaluit (Manore et al., 2020) and oysters 

from PEI (Aguirre et al., 2016), however T. gondii detection has not been reported in 

shellfish from these locales. Additionally, viability of these foodborne parasites and the 

subsequent potential for infection in a susceptible host is highly relevant to public 

health, but viability of T. gondii and Cryptosporidium spp. in field shellfish has not been 

previously reported in any study. To address these gaps in knowledge, we investigated 

the prevalence of T. gondii in clams from Iqaluit (Chapter Two) and explored the 

prevalence and viability of T. gondii and Cryptosporidium spp. in oysters from PEI 

(Chapter Three).  

4.1 Summary of the Thesis Research Approach and Results 

Through a collaborative process with local partners and Northern organizations 

initiated by the People, Animals, Water, and Sustenance (PAWS) Project, clams were 

selected as the country food of interest for investigation of foodborne parasites in Iqaluit. 

The PAWS Project sought to investigate sources of enteric illness for Iqaluit residents, 

specifically the presence of Giardia and Cryptosporidium spp. in several environmental 

matrices. In addition to clams, matrices of interest included surface water and dog feces 
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(Julien et al., 2019; Manore et al., 2020; Masina et al., 2019). Since consumption of 

country foods and seafood (including clams) were identified as risk factors for T. gondii 

exposure (Goyette et al., 2014), and high T. gondii seroprevalence among Inuit 

residents of Nunavik has been reported (Messier et al., 2008), clams were additionally 

tested for the presence of T. gondii (Chapter Two). 

In September 2016, clams (N=404) were collected from harvesters in Iqaluit. 

Hemolymph (n=328) and digestive gland (n=390) were tested for T. gondii DNA by PCR 

targeting the 18S ssu rRNA gene followed by sequence confirmation. Toxoplasma 

gondii DNA was confirmed in two hemolymph (0.6%) and six digestive gland (1.5%) 

samples, yielding an overall prevalence of 2.1%. Sequence analysis revealed one 

single nucleotide polymorphism (SNP) in two T. gondii positive clams compared to other 

T. gondii positive clams, the ME49 T. gondii reference strain and a closely related 

protozoan, Hammondia hammondi. Three clams containing DNA with ≥ 99% identity 

with either Neospora caninum or Hammondia heydorni were also identified. While 

results demonstrate the presence of canid and felid fecal contamination of the 

nearshore, source attribution was not possible since DNA sequencing quality was 

insufficient for genotyping. Furthermore, the viability of T. gondii in contaminated clams 

could not be discerned since original study design precluded RNA extraction.   

A further study (Chapter Three) was conducted to screen for the presence (DNA 

detection) and determine viability (RNA quantification) of T. gondii and Cryptosporidium 

spp. in oysters from Prince Edward Island (PEI), the largest shellfish producer in the 

Atlantic Ocean (Statistics Canada, 2015). From September to October 2019, oysters 
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(N=1005) were sampled in PEI across three shellfish harvest classification zones: 

approved (n=320), restricted (n=343), and prohibited (n=342). Oyster hemolymph was 

individually screened for T. gondii and Cryptosporidium spp. DNA by PCR targeting the 

18S ssu rRNA gene. Oyster hemolymph in pools of five were additionally tested for 

viability via RT-qPCR targeting the SporoSAG and Hsp70 mRNA of T. gondii and 

Cryptosporidium spp., respectively. Toxoplasma gondii DNA was sequence confirmed 

in 1 oyster, yielding a prevalence of 0.1%. Sequencing quality was insufficient to confirm 

the presence of Cryptosporidium spp. DNA. Since limit of detection is as low as one 

oocyst for the PCR test (Shapiro et al., 2019), the low screening prevalence may 

indicate truly low levels of contamination in the sampled cohort. However, the T. gondii 

positive oyster was sampled within approved shellfish harvest waters. Since this area is 

considered safe for direct distribution of oysters to consumers, our results demonstrate 

risk of T. gondii exposure may be present through oyster consumption. Given past 

research reporting some PEI oysters to contain high counts of Cryptosporidium spp. 

oocysts (Aguirre et al., 2016), the absence of confirmed Cryptosporidium spp. DNA in 

our cohort was surprising. The low prevalence of parasites reported here may have 

been influenced by environmental factors, suggesting future longitudinal research 

investigating the effects of season and precipitation may clarify parasite contamination 

patterns in this watershed. At this time, RT-qPCR viability data is pending due to 

inability to access laboratory space under COVID-19 pandemic limitations on research. 
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4.2 Thesis Research Strengths and Limitations 

Within the context of applied results that can benefit public health, a major 

strength of this thesis research is the sampling approach. Clams sampled near Iqaluit 

were collected from local harvesters who traded or donated a portion of their clam 

harvest intended for consumption. In PEI, sampling took place under open season 

conditions with inclusion of sites located within approved shellfish harvest waters. At 

times, our sampling coincided with fishermen collecting oysters for market sale. 

Sampling shellfish with the potential for consumption provides more external validity as 

this sample is more representative of the population of shellfish consumed by people.  

Due to a relatively high analytical sensitivity of the applied PCR test, the low 

screening prevalence of parasites in PEI may indicate truly low levels of contamination 

in the sampled cohort. In PEI, no Cryptosporidium spp. detection was confirmed by 

sequence analysis. A retrospective freedom from disease calculation estimated true 

prevalence of Cryptosporidium spp. in oyster hemolymph to be low and ≤ 0.5% 

(α=0.01). However, prevalence may be underestimated as only hemolymph was 

sampled in oysters, while in clams from Iqaluit both digestive gland and hemolymph 

were tested from clams. Parasites potentially present in other shellfish tissues known to 

harbour protozoan oocysts, such as a whole tissue homogenate or gills were not 

captured.  

Another limitation of this thesis research is a potentially unrepresentative sample 

in Iqaluit as harvesters chose which clams to give to the research team, such as clams 
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at the top of the bucket or those less desirable for consumption. While clams were 

collected over a five-day period during peak clam harvest weekend (Sept. 2016), the 

Iqaluit clam harvest occurs over approximately 12 weeks lasting from late summer into 

early fall. Similarly, oysters were sampled in PEI over a three-week period in late 

September to mid October 2019, however the oyster fishing season runs from 

September to November in the fall season and from May to July in the spring season. 

Results therefore capture parasite prevalence over a single and relatively short period in 

time and temporal or seasonal effects, if present, were not investigated in these studies. 

Additionally, our sampling in PEI took place after two major rain events (>50 mm). As a 

result of logistical challenges, sampling was only possible after the latter rain event. 

Possible associations between parasite prevalence in shellfish and major precipitation 

events could not be explored. In future work, several sampling events across seasons in 

both Iqaluit and PEI may offer additional insight on the associations between T. gondii 

and Cryptosporidium spp. prevalence in shellfish and seasonal or climatic risk factors.  

4.3 Considerations for Public Health 

In a public health context, the following should be considered in interpretation 

and application of results from Chapters Two and Three: 

 In both Iqaluit and PEI, shellfish sampled are a small subset of the annual 

shellfish harvest. 
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 The reported parasite prevalence in shellfish represent cross-sectional results 

from a single point in time. Repeated sampling over several seasons and years 

may provide further insight on parasite prevalence in shellfish under different 

environmental conditions, including variations over seasons and associations 

with climatic events such as snowmelt or rainfall.   

 While T. gondii DNA was confirmed in clams harvested near Iqaluit, parasite 

viability and the subsequent potential for infection in people from the local 

community is unknown. 

4.4 Recommendations 

Based on the results presented in this thesis, the following section outlines 

recommendations for researchers and policy-makers regarding clams and T. gondii in 

Nunavut (Chapter Two), and T. gondii and Cryptosporidium spp. in Eastern Oysters 

from PEI (Chapter Three).  

4.4.1 Recommendations for researchers 

Repeat shellfish sampling across several years and seasons: Levels of shellfish 

contamination with fecal pathogens are likely associated with diverse ecosystem 

processes. The marked difference between results of Chapter Three and the findings of 

Aguirre et al. 2016 despite a similar study area suggests that prevalence may be linked 

with unknown environmental factors, which can be potentially elucidated by a 

longitudinal study. In California, the effects of season and year were significantly 
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associated with the likelihood of detecting Cryptosporidium spp. positive clam pools 

(Miller et al., 2005) and the odds of detecting T. gondii in California mussels were 12 

times higher in the wet season as compared with the dry season (Shapiro et al., 2015). 

Though an association between oyster contamination with Cryptosporidium spp. and 

rain events was not observed in PEI (Aguirre et al., 2016), associations between 

parasite detection in shellfish and effect of season and year has not yet been explored 

in PEI nor in Nunavut.  

Pair screening techniques with viability testing: While PCR is routinely used in 

screening studies and sequence confirmation of parasite detection is a major strength of 

this approach, the test is unable to provide information on parasite viability and the 

potential for infection in a susceptible host. The RT-qPCR method is based on 

quantifying mRNA expressed following heat induction of the oocyst. Due to higher limits 

of detection for the RT-qPCR viability assay when compared with conventional PCR, 

RT-qPCR applied independently is a less analytically sensitive approach. Pairing the 

PCR screening method with RT-qPCR viability testing offers more robust insight on 

risks associated with foodborne pathogen contamination relevant to public health.  

Prioritize community collaboration: The sampling approach for Chapter Two was 

developed in close collaboration with Northern organizations and local research 

partners. Community engagement guided project conception and logistics; the local 

community identified clams as a country food of interest and aided with obtaining clams 

from harvesters. Local collaboration also ensures that research is relevant to public 
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health in a local context and communication of results with community members is 

helpful and culturally appropriate.  

4.4.2 Recommendations for policy-makers 

Periodically test for foodborne parasites: Results across several studies suggest 

fecal coliform counts may not be a good indicator for parasite contamination in shellfish 

(Aguirre et al., 2016; Fayer et al., 1998; Graczyk et al., 2007). The Canadian Shellfish 

Sanitation Program (CSSP) maintains a biotoxin surveillance program based on fecal 

indicators, toxins, viral, and bacterial pathogens but does not presently test for 

parasites. Evidence of oyster contamination with Cryptosporidium spp. (Aguirre et al., 

2016) and T. gondii demonstrate that exposure risk to foodborne parasites is present. 

Incorporation of periodic testing for foodborne parasites in addition to the current 

surveillance program may minimize risk of exposure posed to consumers. 

 

Consider building shellfish testing capacity in Nunavut: Clams are not only an 

important country food in Iqaluit, but shellfish are popularly harvested across Nunavut 

(Priest and Usher, 2004). The CSSP does not regularly operate in Nunavut and little 

information on potential risk associated with parasite exposure due to shellfish 

consumption is available to residents. Clam harvesting safety tips have been published 

by the Nunavut Department of Health (Department of Health, 2017), however no 

laboratories approved by the Canadian Food Inspection Agency are available in 

Nunavut (Nunatsiaq News, 2003). The closest microbiological shellfish testing facilities 
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are located in Quebec and Nova Scotia, which presents a significant logistical challenge 

for timely turn-around for results (Nunatsiaq News, 2003). Building local capacity for 

microbiological shellfish testing can inform local consumers on risk of parasite exposure 

associated with clam consumption, support community engagement with food safety, 

and create local employment opportunities. Access to local testing capacity can also 

support food safety licensing for local commercial shellfish fisheries, reducing issues 

associated with shipping when shellfish are tested at facilities located in other provinces 

(Nunatsiaq News, 2003). 

4.5 Conclusion 

This thesis is the first report of T. gondii in Arctic shellfish and PEI oysters. Results 

provide evidence of land-to-sea transmission of oocysts in even remote Arctic locales. 

Prevalence of T. gondii in clams near Iqaluit was surprisingly higher than the prevalence 

of T. gondii in oysters from PEI, where more felids are present. Environmental factors 

may influence parasite prevalence in shellfish, and further sampling may elucidate 

contamination patterns associated with year, season, and climatic events. Our results 

highlight the importance of monitoring shellfish for zoonotic pathogens to ensure that 

country food in Iqaluit and the oyster industry in PEI continue to be a safe source of 

sustenance. Furthermore, additional studies that pair parasite viability techniques with 

sensitive DNA screening methods will offer more robust insight on the risk of pathogen 

contamination in shellfish to human public health.  
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APPENDICES 

Table S1: Primer and probe sequences and thermocycler conditions used for detection of 
Toxoplasma gondi (Table 1A) and Cryptosporidium spp. (Table 1B) in oysters via polymerase 
chain reaction (PCR) and Real-Time quantitative polymerase chain reaction (RT-qPCR). 

1A) Toxoplasma gondii  

Locus Purpose Primer and Probe Sequences 
(5’-3’) 

Thermocycler 
Conditions 

References 

Conventional nested polymerase chain reaction 
18S Screening Primers: 

External Forward: 
CGGGTAACGGGGAATTAGGG 
External Reverse: 
TCAGCCTTGCGACCATACTC 
Internal Forward: 
GGTGTGCACTTGGTGAATTCTA 
Internal Reverse: 
TGCAGGAGAAGTCAAGCATGA 

 
 
 
 
 
 
 
Denaturation: 3 
min at 94C 
35 cycles: 40 sec 
at 95C, 40 sec at 
58C (external) or 
59C (internal), 90 
sec at 72C 
Post PCR 
extension: 4 min 
at 72C, hold at 
4C 

 
 
 
Shapiro et al., 
2019 

ITS-1 Protozoa 
species 
determination 

Primers: 
External Forward: 
TACCGATTGAGTGTTCCGGTG 
External Reverse: 
GCAATTCACATTGCGTTTCGC 
Internal Forward: 
CGTAACAAGGTTTCCGTAGG 
Internal Reverse: 
TTCATCGTTGCGCGAGCCAAG 

 
 
 
Rejmanek et 
al., 2009 

B1 Genotyping Primers: 
External Forward: 
TGTTCTGTCCTATCGCAACG 
External Reverse: 
ACGGATGCAGTTCCTTTCTG 
Internal Forward: 
TCTTCCCAGACGTGGATTTC 
Internal Reverse: 
CTCGACAATACGCTGCTTGA 

 
 
 
Grigg et al., 
2001 

Real Time-quantitative polymerase chain reaction 
SporoSAG Parasite viability Primers: 

Forward: 
CGGACAAATGTGGCGTACAC 
Reverse: 
GTGATCTTGCGCCGAACAC 
Probe: 
FAM-
TTCTCGTCAAAGCGGCACCAC
AGG-BHQ1 
 

Reverse 
Transcription: 
30 min at 50C 
Denaturation: 15 
min at 95C  
40 cycles: 
15 sec at 95C 
and 60 sec at 
60C 
 

 
 
 
 
Travaillé et al., 
2016 
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1B) Cryptosporidium spp.  

Locus Purpose Primer and Probe Sequences 
(5’-3’) 

Thermocycler 
Conditions 

References 

Conventional nested polymerase chain reaction 
18S Screening Primers: 

External Forward: 
CGGGTAACGGGGAATTAGGG 
External Reverse: 
TCAGCCTTGCGACCATACTC 
Internal Forward: 
TGGAATGAGTTAAGTATAAAC
CCCT 
Internal Reverse: 
GCTGAAGGAGTAAGGAACAA
CC 

Denaturation: 3 
min at 94C; 
35 cycles: 40 sec 
at 95C, 40 sec at 
58C (external) or 
59C (internal), 90 
sec at 72C 
Post PCR 
extension: 4 min 
at 72C, hold at 
4C 

 
 
 
Shapiro et al., 
2019 

Real Time-quantitative polymerase chain reaction 
Hsp70 Parasite viability Primers: 

Forward: 
GGATGCAGGTGCAATTGCT  
Reverse: 
CTCTCGCCAGTTCCTTTCTTA
TCA Probe: 
FAM-
ATGTAATGAGAATCATTAACG
AGCCAACTGCAGCT-BHQ1 

 
Reverse 
Transcription: 
30 min at 50C, 
Denaturation: 15 
min at 95C;  
40 cycles: 
15 sec at 95C 
and 60 sec at 
60C 
 

 
 
 
Travaillé et al., 
2016 

 


