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High prevalences of Cryptosporidium and Giardia were reported in enteric illness patients in 

Nunavut, Canada, with a foodborne, waterborne, or animal source of parasites suspected. Clams 

(Mya truncata) are a commonly consumed, culturally important, and nutritious country food in 

Iqaluit, Nunavut; however, shellfish may concentrate pathogens from surrounding waters. 

EcoHealth approaches were used to investigate locally-harvested clams as a potential source of 

Cryptosporidium and Giardia for Iqaluit residents. Following molecular method validation, clam 

hemolymph (n=328) and digestive gland (n=390) samples were screened for Cryptosporidium 

and Giardia via PCR followed by sequence analyses. Giardia was confirmed in hemolymph 

from 2 clams, while Cryptosporidium was not detected. The Giardia sequences were identified 

as zoonotic Giardia enterica assemblage B, and may have originated from human or animal 

sources. Study results are intended to inform public health practice and planning.  
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CHAPTER ONE: 

INTRODUCTION AND LITERATURE REVIEW 

Introduction 

Foodborne pathogens have been estimated to cause 550 million cases of acute 

gastrointestinal illness (AGI), and 230,000 deaths annually.1 AGI includes vomiting and/or 

diarrhea, which can range from short-lived and self-limiting to fatal.2 Pathogens that can cause 

AGI include bacteria (e.g. Campylobacter spp., Salmonella spp., and Vibrio spp.), viruses (e.g. 

Norovirus and Hepatitis A virus), and protozoan pathogens (e.g. Cryptosporidium and Giardia).1 

Humans can be exposed to these pathogens by ingestion through contact with infected people or 

animals, or with water or food contaminated with human or animal fecal material.1 Globally, 

29% of AGI cases are estimated to come from food, making food an important source of AGI in 

high, medium, and low-income countries.1,3  

From 2005-2010, over 100 international outbreaks of foodborne illness from fish and 

shellfish were reported.4–6 Foodborne pathogens can accumulate in shellfish, as they filter water 

to feed.4,7–9 Contamination of shellfish can occur due to proximity to sewage outfalls,10 livestock, 

or other sources of animal or human fecal material.8 Pathogenic bacteria have been detected in 

shellfish at both food processing and retail locations.4–6 For instance, Vibrio, E. coli, and 

Salmonella bacteria have been reported in retail shellfish in many regions (Europe, Asia, 

Caribbean, North and South America),4 and protozoan pathogens, including Cryptosporidium 

and Giardia, have been found in shellfish in North America and Europe.9  

In Canada, bacteria carrying antibiotic resistance genes have been found in shellfish in 

retail settings,5,6 and viral, bacterial, and protozoan pathogens have been found in shellfish 

harvested in Northern Quebec.11  While federal government programs such as the Canadian 
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Shellfish Sanitation Program monitor the microbiological quality of shellfish, these programs do 

not cover all geographic areas where shellfish are harvested for personal consumption, and are 

absent from Northern locales.12 Therefore, this literature review examines the biological, 

sociocultural, and health dimensions of shellfish research in Arctic North America. 

Literature Review  

Search Methods 

 A search of the scientific literature was conducted to explore the extent, range, and 

nature of published research on shellfish in Arctic locales of North America using an a priori 

developed search strategy. Search strings of shellfish and location-related terms were created for 

Web of Science,™ CAB Direct,© and PubMed. The search string for shellfish was adapted from 

a previous scoping review investigating farmed aquatic species and seafood (Table 1.1).4 These 

search strings were applied to titles and abstracts in all three databases, and to author keywords 

and Keywords Plus© in Web of Science,™ subject terms in CAB Direct,© and to MeSH terms in 

PubMed. No date restrictions were placed on the search, other than the data ranges of the 

included databases. The search was conducted on December 12th, 2016, and citations were de-

duplicated manually and using Mendeley Desktop version 1.17.13 (Elsevier Inc., New York, 

NY, USA). De-duplicated citations (n=6,155) were uploaded to DistillerSR© (Evidence 

Partners, Ottawa, ON, Canada), and titles and abstracts were screened by two independent 

reviewers (see full screening questions in Appendix A). Citations were included if they described 

primary qualitative or quantitative research or systematic literature reviews that examined 

shellfish in a North American Arctic locale. North American Arctic locales were defined as areas 

in the United Stated or Canada that fell within the Arctic boundary according to the Arctic 

Human Development Report (see map in Appendix A).13 Shellfish included macroscopic 
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(>5mm) crustaceans, molluscs, oysters, clams, shrimp, mussels, lobsters, crabs, and snails. 

Following title and abstract screening, 697 references were included. Articles included at the title 

and abstract screening stage which related to key aspects of biological, sociocultural, and health 

dimensions of shellfish research were summarized. Grey literature was not included in the 

systematic search; however, grey literature and published articles from the author’s personal 

collection were included when relevant. 

Biology and Contamination of Shellfish in the North American Arctic 

Studies of commercially-harvested crabs from Alaska were common in the literature. 

Some studies of crabs in Alaska described crab sampling and harvesting methods,14–19 aspects of 

crab survey timing and locations,20 and descriptions of crab habitats,19 and others described 

models for future crab harvests or reconstructions of previous crab harvests21–29 incorporating 

predictive variables such as crab mortality,18,24 fecundity and embryo production,28,29 climate 

variables,25–27 harvest rates,21–24 and timing of surveys.20 Studies of crabs in Alaska examined 

multiple regions, including the Aleutian Islands,26 Bristol Bay,16,20,27–31 Kodiak Island,24 the 

Bering Sea,18,22,26,32,33 and the Gulf of Alaska.26 Certain jurisdictions require a survey of the crab 

population before commercial harvesting, and some of the studies were conducted to meet these 

requirements.20  For example, the Bristol Bay red king crab survey was conducted to investigate 

the ratio of male to female crabs before the annual harvest can begin.20 Some studies were 

conducted in response to a collapse of the Alaskan red king crab population in the early 

1980s,21,24–26,30,31 and stated the explicit goal of rebuilding crab stocks which had been 

overfished.23,30  

While studies of crabs were common, studies of shrimp species were also 

found.34,35,44,45,36–43 Research was conducted on shrimp in Alaska,34–41 the Eastern Arctic in 
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Canada,42  and Newfoundland and Labrador, Canada.43–45 In Alaska, research on shrimp included 

a population model,34 and studies on hydrocarbon contamination near Port Valdez;35 the effects 

of a shrimp population crash on marine mammal populations;36 the presence of a dinoflagellate 

parasite in shrimp harvested near Prince William Sound;37 a description of a joint United States – 

U.S.S.R. research voyage which examined the sex composition of shrimp populations;38 and 

descriptions of farm-raised juvenile shrimp.39–41 One study from the Eastern Arctic in Canada 

described fairy shrimp species distribution,42 and studies from Newfoundland and Labrador 

described aspects of the reproductive cycle,43 size,44 extractable organohalogen (a persistent 

organic pollutant) concentrations45 of shrimp.  

Surveys of shellfish populations have been carried out in Alaska46–48 and in Northern 

Canada.49 For instance, mussels in Prince William Sound, Alaska, were surveyed in 1987 and 

factors related to mussel mortality accounted for mussel size differences between sample sites.47  

Mussels were studied because they serve as model organisms for studies of ecological concepts 

including competition between species.47 Other studies examined the presence of shellfish in 

Arctic freshwater lakes, including an examination of mussel densities in a lake in the Northwest 

Territories, Canada,49 and a study of snails in a lake in Alaska which investigated the effects of 

predation by trout on snail population density.48 Further studies of bivalve shellfish included a 

summary of viruses and virus-like particles in wild and farmed clams in Alaska,50 and a 

description of the diet and physiology of a bivalve population found in the Canadian Arctic.51 

As bivalve shellfish filter large volumes of seawater and accumulate contaminants from 

their habitats, they can serve as useful biomonitoring species for environmental 

contaminants.35,52–57 These contaminants can include organic or inorganic components, 

pathogens from fecal material,58 hydrocarbon components from oil,35,52–56 or radionuclides from 
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past nuclear testing.57 These contaminants may be of concern for ecosystem health as well as for 

the health of people who consume those shellfish.35,57,58 The Exxon Valdez oil spill in Prince 

William Sound in Alaska in 1989 and resulting effects on shellfish beds were the subject of 

much research.52–56,59 At the time, the oil spill resulting from the wreck of the Exxon Valdez was 

the largest oil spill ever to have occurred in the United States,52 and field observations and 

laboratory tests were conducted to determine the effects of the spill on the surrounding 

environment. Some bivalve species increased in abundance at oiled sites compared to un-oiled 

sites, while other species had the opposite response.52 The presence and effects of polyaromatic 

hydrocarbons (PAHs) in nearby sediments and shellfish were also the subject of much 

research.52–54,56,59 PAHs are compounds found in crude oil, and some PAHs have been linked to 

an increased risk of cancer in humans as well as animals.35 The presence of PAHs in shellfish 

and in the environment is of concern both for human and environmental health.35  

Research examining fecal contamination from cruise ship discharges and other sources 

was also present in the literature.58,60 Using predictive modelling, it was estimated that cruise 

ships discharging waste following Alaska State guidelines were unlikely to cause significant 

fecal bacterial contamination of bivalve shellfish.58 In a study that documented the presence of 

pathogenic bacteria in crabs, no fecal indicator bacteria were found, but the authors noted that 

the prevalence of bacteria (i.e. total heterotrophs, gram-negative enteric bacteria, and Vibrio 

spp.) in crab tissues increased with proximity to sources of human fecal contamination (e.g. 

community sewage outfalls).60  

Despite extensive research into shellfish in Arctic North America, gaps remain in the 

published literature. Research on commercially-harvested crab species appeared to dominate the 

published literature, while less research was published on bivalve shellfish species, including 
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clams. Some published studies of bivalve shellfish investigated foodborne illness and human 

health, but these were predominately studies of paralytic shellfish poisoning and took place 

primarily in Alaska, with very few studies on bacterial, viral, or protozoan pathogens.  

Sociocultural Aspects of Shellfish: An Important Country Food in the Arctic 

In Inuit Nunangata (Figure 1.1), country food includes animals and plants harvested from 

the water and land,61–64 such as caribou, seals, birds, fish, and shellfish, among others, depending 

on the community and on the season.65 Promoting country food consumption for Northerners has 

been recommended by researchers, practitioners, and community members alike.62,64,66,67  

Country foods are an important source of nutrients for Inuit,65,66,68–73 and have a higher 

nutritional content than a number of retail foods in Nunavut.64,65 Clams, for example, are high in 

iron and protein.65 Research in Nunavut has found that households that consume more country 

food have a more nutritionally balanced diet than households that consume less country food.68  

As such, the Government of Nunavut recommends consuming country food as often as 

possible.74
   

Country foods also play an important role in food security. In Nunavut, for instance, the 

promotion of country food has been identified as a strategic area for action by the 

intergovernmental Nunavut Food Security Coalition, in an effort to reduce the high prevalence of 

food insecurity, with 68.8% of households reporting food insecurity.62,66 Shellfish, including 

clams, are important to food security, as they are an accessible country food for people in 

Nunavut, and are harvested near a number of communities.75,76,85,86,77–84  

                                                 

 

a Inuit Nunangat includes the Inuvialuit Settlement Region, the Territory of Nunavut, the Nunavik Inuit Settlement 

Area, and the Labrador Inuit Land Claims (Nunatsiavut).  
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In addition to providing a source of nourishment and food security, country food 

contributes to building and maintaining community connections, sharing with family and 

community members, and respecting animals and the environment.64 For instance, sharing 

country food is an important cultural practice: 76% of households in Nunavut reported sharing 

country food,62 especially with Elders, single parents, and households without hunters.64,67 

Moreover, country food harvesting is often a social activity, with families or other groups 

travelling on the land together to reach harvesting or hunting grounds.61 These harvesters gather 

clams from exposed tidal flats during low tides, while others dive underwater to harvest clams.87–

89 Some clam harvesting areas are accessible by boat from communities, while other areas are 

accessible on foot.75,76,85–87,89,90,77–84 During these harvesting activities, Inuit knowledge of 

harvesting, hunting, and gathering practices are passed down from Elders to younger generations 

and includes knowledge of the safe selection and preparation of country foods.64,67,91,92  

While the benefits of consuming country food are clear, a dietary shift from country 

foods towards retail foods has been documented, particularly for young people.64 This dietary 

transition is attributed to a range of factors that are rooted in colonization, including forced 

settlement and/or relocation of Inuit into communities in recent decades; recent introduction of 

the wage economy; colonial attitudes towards country foods; miscommunications about country 

food safety; decreases in country food sharing; as well as decreased transmission of Inuit 

knowledge required to harvest country food.64,73,92 Furthermore, harvesting patterns for some 

country food species are shifting with changing climate conditions in the Canadian Arctic.67,93 

More extreme and unpredictable weather conditions, changing populations, distribution, and 

migration patterns of harvested species, and changes in the timing of ice break-up and freeze-up 

are causing hunters and harvesters to alter their travel patterns on the land and water, harvest 
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species outside of their usual season, become unable to reach harvesting areas or not find country 

food species where they have been found in the past.67,69,93  

In the midst of this dietary transition, there is also a blending of country and retail food. 

For instance, Arctic char, turbot, and shrimp are the major marine species commercially 

harvested in Nunavut; however, shellfish, including clams, present an opportunity for future 

commercial fishery development in many communities.75 In particular, there is the potential for 

the development of commercial shellfish harvests in some Nunavut communities, notably clams 

in Qikiqtarjuaq and Igloolik, scallops and mussels near Chesterfield inlet, shrimp and whelks 

near Iqaluit, Grise Fiord, Arctic Bay, Resolute Bay, and Qikiqtarjuaq, and porcupine crab near 

the east coast of Baffin Island.75,76 Sustainable commercial fisheries are recognized as a major 

source of future income, jobs, and food security for Nunavumiut.66,75  

Despite the accessibility and cultural importance of shellfish as a country food,75,76,85,86,77–

84 and the potential of shellfish for commercial harvest,75 less has been published on shellfish 

relative to other country food species in Inuit Nunangat. For example, seals,94,95 polar bear,96 and 

caribou97 have all been the subject of extensive study in the North. 

Health Aspects of Shellfish in the North American Arctic 

Shellfish commercially harvested or processed in Canada fall under the protection of the 

Canadian Shellfish Sanitation Program, which is jointly administered by the Canadian Food 

Inspection Agency, Environment and Climate Change Canada, and Fisheries and Oceans 

Canada. The Canadian Food Inspection Agency coordinates the activities of the Canadian 

Shellfish Sanitation Program and monitors commercial shellfish harvesting and handling 

activities, Environment and Climate Change Canada monitors the environments where shellfish 

are harvested in Canadian waters, and Fisheries and Oceans Canada is responsible for enacting 
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and enforcing shellfish harvesting area closures (Figure 1.2).12 These three organizations meet at 

National and Regional Interdepartmental Shellfish Committee meetings to coordinate their 

activities.12  

Under the Canadian Shellfish Sanitation Program, Environment and Climate Change 

Canada has the authority to conduct surveys of both actual and potential shellfish growing waters 

as part of its Marine Water Quality Monitoring Program. These surveys vary in frequency and 

thoroughness depending on previous surveys in a given shellfish area.98 Surveys include 

assessments of nearby potential sources of pollution, tests for fecal indicator bacteria, chemical 

contaminants, and marine biotoxins.98 Survey results are presented at Regional Interdepartmental 

Shellfish Committee meetings, where Environment and Climate Change Canada presents its 

recommendations to Fisheries and Oceans Canada about which classification is appropriate for 

each harvesting area.12 These recommendations may result in Fisheries and Oceans Canada 

classifying an area as approved, restricted, or prohibited from shellfish harvesting.98 Shellfish 

from areas with a “prohibited” classification are not permitted to be harvested for any reason, 

and include locations within 300 metres of a sewage system discharge or outfall, or within 125 

metres of a wharf or pier.98 

In the event of an outbreak of foodborne illness, public health authorities work to identify 

the source of the outbreak.99 If shellfish consumption is linked to an outbreak, public health 

authorities notify the Canadian Food Inspection Agency, which then leads a food safety 

investigation into the link between shellfish and the outbreak, and to determine whether the 

shellfish were contaminated prior to harvest or during processing.99 For norovirus contamination, 

the Canadian Food Inspection Agency will recommend an area closure to Fisheries and Oceans 

Canada if the shellfish from that area meet certain epidemiological requirements, and 
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Environment and Climate Change Canada will recommend an area closure to Fisheries and 

Oceans Canada if the waters in that area have been contaminated.99 Shellfish areas will re-open 

for harvesting after 7 to 60 days, depending on the follow-up testing performed, and the reason 

for the closure. Closures for E. coli only are lifted after 7 days once water samples meet 

microbiological criteria, and closures for norovirus are lifted after 30 days with testing, and after 

60 days with no testing.99 Microbiological testing following an outbreak investigation includes 

tests for E. coli and norovirus.100 From published information available, the Shellfish Sanitation 

Program does not appear to test for protozoan pathogens such as Cryptosporidium and Giardia. 

Furthermore, the Canadian Shellfish Sanitation Program does not conduct sampling in 

Nunavut.101 In the absence of local data from national surveillance programs, there is a lack of 

baseline knowledge about foodborne pathogens and marine biotoxins in bivalve shellfish, an 

important country food harvested in Nunavut.  

In addition to bacterial, viral, and protozoan pathogens, health concerns related to 

shellfish may be caused by toxins. Paralytic shellfish poisoning (PSP) is caused by a toxin 

produced by dinoflagellate algae, which can experience rapid population growth, or “blooms” in 

warmer waters.102,103 PSP toxins can cause paralysis in people if ingested, and were the subject 

of much research in Alaska.103–112 Paralytic shellfish poisoning is a mandatory-reported condition 

to public health authorities in Alaska,106 but it is suspected that cases of PSP are 

underreported.103 Alaska has one of the highest reported incidences of PSP in the world.105,106 An 

increased number of fatal PSP cases in Alaska in recent years, potentially due to warming water 

temperatures associated with climate change, appeared to prompt an increase in research on 

PSP.103,104,113 The literature addressing PSP in Alaska included case studies of patients with 

paralytic shellfish poisoning,106,107,112 investigations of outbreaks of paralytic shellfish 
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poisoning,105,107 and measurements of toxin concentrations in implicated shellfish.103,105–107 One 

paper compared methods (including mouse bioassays, high performance liquid chromatography, 

receptor-binding assays, a commercial antibody-based kit, and ELISA) for detecting PSP toxins 

in mussels, cockles, and clam species found in the Aleutian islands of Alaska.114 Another paper 

described a newly-implemented monitoring system in Alaska for algae that can produce PSP 

toxins, and for the presence of PSP toxins in seawater.103 Shellfish implicated in PSP studies 

from Alaska included mussels,111,112 butter clams,105,108,109 oysters, geoduck clams, and 

cockles.103,106 In addition to concerns about human health, PSP was also reported to cause 

fatalities in young seabirds that feed on fish, which can amplify PSP toxins from the 

environment,110 and to alter the foraging behaviours of sea otters that feed on shellfish.108 

Previous studies have indicated that factors related to country food harvesting, 

preparation, and consumption are potential risk factors for acute gastrointestinal illness.115–117 

Age and immune-compromised status may also play a role in determining the vulnerability of 

individuals to acute gastrointestinal illness pathogens from country food or elsewhere.115 For 

instance, in Alaska, outbreaks of AGI have been associated with V. parahaemolyticus in oysters. 

For halophilic Vibrio species to replicate, water temperatures must be greater than 15°C; prior to 

2004, water temperatures in Alaska had never exceeded this temperature and the most northerly 

reported outbreak of V. parahaemolyticus occurred in northern British Columbia, over 1,000 km 

south of Alaska. As such, distinct ocean warming trends are believed to be responsible for this 

new AGI-related pathogen in Alaska. 

While monitoring programs in the south capture data to monitor, understand, and mitigate 

health risks of shellfish consumption in the south, monitoring programs are absent in Inuit 

Nunangat, leading to a substantial gap in understanding in the North.11 
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Justification for Thesis Research 

Locally-harvested clams are an important, popular, and accessible country food in 

Nunavut.75,76,85,86,77–84 As clams can filter large volumes of water, they may concentrate 

contaminants and/or pathogens from surrounding waters.118–120 While this can make shellfish 

useful as indicators of coastal contamination, it can pose potential health risks for people who 

harvest shellfish for consumption. However, little is known about the presence and/or 

distribution of pathogens in shellfish in Nunavut. This is an important knowledge gap, 

considering country foods have been identified as a potential risk factor for AGI in people117,121–

124 and two protozoan pathogens, Cryptosporidium and Giardia, have been detected at high 

prevalence in the stools of AGI patients in Nunavut.125 In Iqaluit, Nunavut, clams are particularly 

accessible due to the presence of large tidal flats near the town centre,89,126 and community 

organizations and research partners identified clams as a specific country food item that should 

be tested for protozoan pathogens. 

The People, Animals, Water, and Sustenance (PAWS) Project 

In response to the detection of Cryptosporidium and Giardia in AGI patients in 

Nunavut,125 the potential for clams to concentrate these protozoan pathogens,118–120 the 

popularity and importance of clams as a country food in Nunavut,75,76,85,86,77–84 and interest from 

community partners, the People, Animals, Water, and Sustenance (PAWS) project was created. 

The PAWS project utilizes an EcoHealth approach to investigate dogs, surface water, and clams 

as potential sources of Cryptosporidium and Giardia in Iqaluit, Nunavut. This project was 

conceptualized by researchers at the University of Guelph in close collaboration with 

representatives of community and government organizations in Iqaluit. Community partners 

were involved in every stage of the research project, and their involvement ensured that the 
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research questions were of interest to community members and decision-makers in Iqaluit, that 

samples and data were collected in an effective and respectful manner, and that results were 

interpreted and communicated effectively. Accordingly, the research described in this thesis is a 

component of the PAWS project, and focused on the “Sustenance” component of PAWS in 

Iqaluit, Nunavut. 

Iqaluit (64° N, 69° W) is the capital city of the territory of Nunavut in Inuit Nunangat. 

Iqaluit is the largest of 26 communities in Nunavut, with a population of 7,740 people, 

approximately 60% of whom identify as Inuit.127 In Iqaluit, Nunavut, clam harvesting areas on 

large tidal flats adjacent to the community can be accessed on foot, and clam harvesting areas 

further afield can be reached by boat.89 Between 1996 and 2001, the mean annual clam harvest in 

Iqaluit was estimated at over 6000 clams, while the community’s population grew from 4200 to 

5200 residents,63,128 demonstrating the importance of this country food in this Northern city. 

Thesis Goal and Objectives 

The goal of this thesis research was to investigate locally-harvested clams as a potential 

source of Cryptosporidium and Giardia in Iqaluit, Nunavut. Within this goal, the research 

objectives were to optimize the DNA extraction and PCR techniques for molecular detection of 

Cryptosporidium and Giardia in clam tissues (Chapter Two), quantify the presence of 

Cryptosporidium and Giardia in the clams, and to genetically characterize any Cryptosporidium 

or Giardia detected using PCR (Chapter Three). This research was intended to provide important 

information on pathogens of human health interest in country foods, specifically clams, in 

Iqaluit, Nunavut, which may inform public health messaging regarding clam harvesting in the 

community and public health practice.  
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Figures 

 

Figure 1.1: Map of Inuit Nunangat, including the four settled Inuit land claim regions, Inuvialuit 

Settlement Region, Territory of Nunavut, Nunavik Inuit Land Claims Settlement Area, and 

Labrador Inuit Land Claims Settlement Area (Nunatsiavut). 
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Figure 1.2: The Canadian Shellfish Sanitation Program is administered by the Canadian Food 

Inspection Agency, Fisheries and Oceans Canada, and Environment and Climate Change 

Canada.12 
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Tables 

Table 1.1: Search terms used to identify relevant references in Web of Science, CAB Direct©, 

and PubMed. Search strings were applied to titles and abstracts in all three databases, and to 

author keywords and Keywords Plus© in Web of Science, subject terms in CAB Direct©, and to 

MeSH terms in PubMed. Shellfish and location search strings were combined using the operator 

“AND”. 

Research 

Question 

Shellfish Terms  Location Terms 

What is the extent, range, 

and nature of published 

research on shellfish in 

Arctic locales of North 

America? 

(seafood* OR shellfish* 

OR bivalve* OR 

crustacean* OR 

mollusc* OR mollusk* 

OR oyster* OR clam* 

OR shrimp* OR prawn* 

OR mussel* OR lobster* 

OR crab* OR snail* OR 

scallop* OR crayfish* 

OR abalone*) 

AND 

(Alaska OR Inuvialuit OR 

Yukon OR YT OR 

Northwest Territories OR 

"Northwest Territory" OR 

"Northwest Territories" OR 

NWT OR Nunavut OR 

Nunavik OR Quebec OR 

Nunatsiavut OR Labrador 

OR Arctic* OR 

Circumpolar OR Nunangat) 
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CHAPTER TWO: 

OPTIMIZATION OF NUCLEIC ACID EXTRACTION AND DETECTION 

OF CRYPTOSPORIDIUM PARVUM AND TOXOPLASMA GONDII 

OOCYSTS FROM ENVIRONMENTAL MATRICES 

Highlights 

• Increasing freeze-thaw cycles did not enhance parasite DNA detection. 

• T. gondii was detected in mussel tissue and water following one FT cycle. 

• Highest sensitivity of C. parvum was obtained with primers targeting the 18S gene.  

Abstract 

Freeze-thaw extraction methods and PCR primers were compared to optimize detection 

of Cryptosporidium parvum and Toxoplasma gondii oocysts in different matrices. Increasing FT 

cycles did not increase parasite DNA detection, and primers targeting the 18S rRNA gene 

yielded the lowest limit of detection for C. parvum oocysts. 

Keywords 

Cryptosporidium parvum; Toxoplasma gondii; Detection; DNA Extraction; Freeze-Thaw; PCR  
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Introduction 

Cryptosporidium spp. and Toxoplasma gondii are ubiquitous zoonotic parasites with 

worldwide distribution, and are important pathogens among high, medium, and low income 

countries.1,2 Exposure may occur by ingestion of oocysts that can survive in the environment for 

weeks to years,1,3 posing risk of infection to people and animals through contaminated water or 

food, including shellfish.3–5 Oocysts are resistant to chemical disinfectants and require additional 

steps for inactivation or physical removal.4  

Detection methods for oocysts include microscopy,6,7 antibody-based methods (e.g., 

immunomagnetic separation, direct and indirect fluorescent antibody techniques),8–10 and 

molecular methods (e.g., conventional and quantitative PCR).7,8,11,12 PCR can further facilitate 

molecular characterisation of pathogens needed for investigating transmission across 

environmental matrices and hosts.8,10  

The robust nature of protozoan parasite oocysts poses challenges for nucleic acid 

extraction needed in molecular assays.10 Freeze-thaw (FT) cycles are commonly used to disrupt 

oocyst walls prior to DNA extraction using commercial kits.8,10,13–17 However, standard 

recommendations for oocyst DNA extraction using freeze-thaw (FT) cycles are not available. To 

achieve deep freezing, storage at -80°C,7,8,14,16,18 or immersion in liquid nitrogen11,12,15 or a dry 

ice/ethanol slurry19 have been reported. Duration of these freeze cycles ranged from 3 - 

60min.7,13,14 Reported approaches for thawing include incubation at room temperature,18 55°C,19 

70°C,12 80°C,15,16 95°C,7 or in boiling water8,11 for durations of 3-15min.7,13,14,16 The number of 

FT cycles also varies, with studies reporting 1 cycle,11 3 cycles,14–16,19 5 cycles,12,17,20 or 6 

cycles.7 No prior studies have reported a comparison of the efficacy of different FT cycles for 

DNA extraction from oocysts. Utility of FT may also differ for different environmental matrices, 
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including water and foods.8,14,21 Therefore, it is important to investigate the efficacy of extraction 

in matrices that can serve as exposure routes for infection. 

To address discrepancies in molecular testing for protozoan parasites, we present a 

comparison of molecular approaches for oocyst detection. Specifically, the efficiency of oocyst 

DNA extraction following various numbers of FT cycles was evaluated for a simplex matrix 

(water or PBS), or whole mussel homogenate (Mytilus californianus). We further evaluated the 

limits of detection of C. parvum in water using PCR assays and primer sets, following similar 

spiking experiments previously reported for T. gondii.22   

Methods and Results 

Type II T. gondii (M4 strain23) oocysts were produced in experimentally-infected cats at 

the University of California, Davis, as previously described.24 C. parvum (Iowa isolate) oocysts 

were obtained from experimentally-infected calves at the Cryptosporidium Production 

Laboratory, University of Arizona, Tucson, AZ, USA.25 Parasite stock solutions were 

enumerated using a hemocytometer chamber under light microscopy. For T. gondii, triplicate 

serial dilutions of 0, 1, 10, 100, and 1,000 oocysts were prepared in either 100 µL of DI water or 

mussel homogenate samples. Mussel homogenates were prepared by blending entire mussel 

tissue with equal volume of peptone water.11 Because results for T. gondii suggested similar 

DNA extraction efficiency from these two matrices (Kruskal-Wallis test (Table 2.1)), FT cycles 

were compared for C. parvum in 100 µL phosphate-buffered saline (PBS), with triplicate 

dilutions of 0, 10, 100, 1,000, and 10,000 oocysts. The relevant matrix (PBS, water, or mussel 

homogenate) not spiked with oocysts, and a negative control containing only extraction reagents, 

served as negative controls. Spiked samples and negative controls were then subjected to one, 

three, or six FT cycles consisting of 4 min in liquid nitrogen followed by 4 min in boiling water. 



 

29 

 

The remainder of the DNA extraction process utilized the Qiagen DNeasy® Blood & Tissue Kit 

(QIAGEN Inc., Toronto, ON, Canada).11  

Extracted T. gondii and C. parvum DNA was amplified via PCR using nested primer sets 

targeting the B122,26  and gp60 genes,27 respectively (Table 2.2). DNA extracted from T. gondii 

tachyzoites (RH strain) and from 10,000 C. parvum oocysts served as positive controls for PCR.  

Table 2.1: Limit of detection (LOD) of Toxoplasma gondii oocysts extracted from water and 

mussel tissue homogenate, and Cryptosporidium parvum oocysts extracted from phosphate-

buffered saline (PBS) using 1, 3, or 6 freeze-thaw (FT) cycles. DNA detection did not differ 

among numbers of FT cycles (Kruskal-Wallis test P > 0.05).  

a All PCR reactions used 5 µL template representing 1/10th of the extract; thus, LOD per reaction are 1/10th of spiked 

oocyst numbers.  
b Numbers in bold represent the lowest limit of detection of oocyst DNA when tested in triplicate for a given matrix 

and number of FT cycles.   

    # Detected/ # Tested 

     FT Cycles b  

Protozoan 

parasite 

# Oocysts 

per 100 µL 

matrix 

# Oocysts 

per reactiona 

Matrix 1 3 6 

T. gondii 0 0 Deionized 

water 
0/3 0/3 0/3 

 1 0.1 0/3 0/3 0/3 

 10 1 1/3 0/3 0/3 

 100 10 3/3 3/3 3/3 

 1,000 100 3/3 3/3 3/3 

    1 3 6 

T. gondii 0 0 Mussel tissue 

homogenate 
0/3 0/3 0/3 

 1 0.1 1/3 0/3 0/3 

 10 1 2/3 0/3 2/3 

 100 10 3/3 3/3 3/3 

 1,000 100 3/3 3/3 3/3 

    1 3 6 

C. parvum 0 0 Phosphate 

buffered 

saline (PBS) 

0/3 0/3 0/3 

 10 1 1/3 0/3 2/3 

 100 10 3/3 2/3 3/3 

 1,000 100 3/3 3/3 2/3 

 10,000 1,000 3/3 3/3 3/3 
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A single FT cycle yielded the lowest limit of detection (LOD) of T. gondii spiked in 

water at 1 oocyst/reaction, with a LOD of 10 oocysts/reaction following 3 or 6 FT cycles. When 

extracted from mussel tissue homogenate, the LOD was 0.1 oocysts/reaction following 1 FT 

cycle, 10 oocysts/reaction following 3 FT cycles, and 1 oocysts/reaction following 6 FT cycles 

(Table 2.1). For C. parvum, both 1 and 6 FT cycles yielded a LOD of 1 oocyst/reaction in PBS, 

with a LOD of 10 oocysts/reaction following 3 FT cycles. All replicates extracted from 10 or 

more oocysts using 1 FT cycles tested positive, while one replicate with 100 oocysts extracted 

with 6 FT cycles did not amplify (Table 2.1). All negative controls tested negative by PCR for 

both parasites. 

To compare different primer sets and PCR methods for detection of C. parvum DNA 

following 1 FT cycle, three assays were compared; one targeting the gp60 gene,27 and two 

targeting the 18S gene: commonly used primers designed by Xiao et al.,28 and a recently-

designed primer set termed m18S (Table 2.2), intended for multiplex PCR for simultaneous 

detection of various parasites. DNA extracted from 10,000 oocysts served as a positive control 

for PCR.  
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Table 2.2: Mastermix components, thermocycler conditions, and primer sequences used for detection of Toxoplasma gondii and 

Cryptosporidium parvum. All reactions were carried out in a 50 µL volume. Negative controls for PCR consisted of reactions 

containing PCR-grade water instead of DNA template as well as no template controls. 

Parasite Locus Master Mix Thermocycler Primers Reference(s) 

T. gondii B1 1X PCR Buffer (Mg2+), 

300 µM of each dNTP, 

500 nM of each primer, 

0.4 µg/µl BSA, 1.5 U Taq 

polymerase, and 5 µL 

(external) or 2 µL 

(internal) DNA template.  

Pre-PCR 3 min at 94°C; 35 

cycles of: denaturation at 

95°C for 40s, annealing at 

58°C (external) or 59°C 

(internal), extension at 72°C 

for 90s; post-PCR at 72°C 

for 4 min. 

External forward: 

TGTTCTGTCCTATCGCAACG 

External reverse: ACGGATGCAGTTCCTTTCTG 

Internal forward: TCTTCCCAGACGTGGATTTC 

Internal reverse: CTCGACAATACGCTGCTTGA 

22,26 

C. parvum gp60 1X PCR Buffer (Mg2+), 

200 µM of each dNTP, 

500 nM of each primer, 

0.4 µg/µl BSA, 1.5U Taq 

polymerase and 5 µL 

(external) or 2 µL 

(internal) DNA template.  

Pre-PCR 5 min at 94°C; 40 

cycles of: denaturation at 

94°C for 30s, annealing at 

55°C for 45s, extension at 

72°C for 60s (external) or 

45s (internal); post-PCR at 

72°C for 10 min.  

External Forward: 

ATGAGATTGTCGCTCATTATC 

External Reverse: 

TTACAACACGAATAAGGCTGC 

Internal Forward: 

GCCGTTCCACTCAGAGGAAC 

Internal Reverse: 

CCACATTACAAATGAAGTGCC 

27 

C. parvum 18S rRNA 1X PCR Buffer (Mg2+), 

200 µM of each dNTP, 

500 nM of each primer, 

0.4 µg/µl BSA, 1.5U Taq 

polymerase and 5 µL 

(external) or 2 µL 

(external) DNA template. 

Pre-PCR 3 min at 94°C; 35 

cycles of: denaturation at 

95°C for 40s, annealing at 

58°C (external) or 59°C 

(internal) for 40s, extension 

at 72°C for 90s; post-PCR at 

72°C for 4 min. 

External Forward: 

TTCTAGAGCTAATACATGCG 

External Reverse: 

CCCATTTCCTTCGAAACAGGA 

Internal Forward: 

GGAAGGGTTGTATTTATTAGATAAAG 

Internal Reverse: 

AAGGAGTAAGGAACAACCTCCA 

28 

C. parvum 18S rRNA 1X PCR Buffer (Mg2+), 

200 µM of each dNTP, 

200nM of each primer, 0.4 

µg/µl BSA, 1.5U Taq 

polymerase and either 

5 µL (external) or 2 µL 

(internal) DNA template.  

 

Pre-PCR 3 min at 94°C; 35 

cycles of: denaturation at 

95°C for 40s, annealing at 

58°C (external) or 60°C 

(internal) for 40s, extension 

at 72°C for 90s; post-PCR at 

72°C for 4 min. 

External forward (358-F): 

CGGGTAACGGGGAATTAGGG  

External reverse (1141-R): 

TCAGCCTTGCGACCATACTC  

Internal forward (153-F): 

TGGAATGAGTTAAGTATAAACCCCT  

Internal reverse (695-R): 

GCTGAAGGAGTAAGGAACAACC  

Present study 
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Highest assay sensitivity for C. parvum DNA was observed with the 18S primer set 

published by Xiao et al.,28 with 1 oocyst/reaction detected in 2/3 replicates (Table 2.3). The gp60 

assay resulted in 1/3 replicates amplifying at 1 oocyst/reaction, while the m18S assay detected 

oocysts at 10 oocysts/reaction. All replicates containing 100 or more oocysts/reaction tested 

positive using all primer sets, while all negative controls tested negative (Table 2.3).  

Table 2.3: Detection of Cryptosporidium parvum DNA using primer sets targeting the gp60 or 

18S rRNA gene. DNA was extracted from oocysts in PBS using a single FT cycle. 

 
 # Detected/ # Tested 

  Primers 

# Oocysts per 

100 µL PBS 

# Oocysts per 

reactiona 

gp60 Xiao 18S m18S 

0 0 0/3 0/3 0/3 

10 1 1/3b 2/3 0/3 

100 10 3/3 3/3 2/3 

1000 100 3/3 3/3 3/3 

10,000 10,000 3/3 3/3 3/3 

a All PCR reactions used 5 µL template representing 1/10th of the extract; thus, LOD per reaction are 1/10th of spiked 

oocyst numbers.  

b Numbers in bold represent the lowest limit of detection of oocyst DNA for a given primer set when tested in 

triplicate 

 

This study is the first to systematically compare the efficacy of different FT cycles for 

extraction of DNA from T. gondii and C. parvum oocysts in diverse matrices. Increasing 

numbers of FT cycles did not enhance oocyst DNA detection and may have resulted in decreased 

sensitivity due to degradation of DNA with repeated FT cycles. The validation of a single FT 

cycle for efficient extraction of oocyst DNA should aid surveillance studies that aim to screen 

large number of environmental samples with minimal cost and personnel time. For C. parvum, 

nested PCR primers designed by Xiao et al.28 targeting the 18S rRNA gene yielded the lowest 

limit of detection, validating its use for screening environmental samples that typically harbor 

low (but epidemiologically significant) concentrations of parasites.  
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CHAPTER THREE: 

CRYPTOSPORIDIUM AND GIARDIA IN LOCALLY-HARVESTED CLAMS 

IN IQALUIT, NUNAVUT 

Summary 

High prevalences of Cryptosporidium and Giardia were recently found in enteric illness 

patients in the Qikiqtaaluk region of Nunavut, Canada, with a foodborne, waterborne, or animal 

source of parasites suspected. Clams (Mya truncata) are a commonly consumed, culturally 

important, and nutritious country food in Iqaluit; however, shellfish may concentrate protozoan 

pathogens from contaminated waters. The goal of this work was to investigate clams as a 

potential source of Cryptosporidium and Giardia infection in residents in Iqaluit, Nunavut. The 

objectives were to estimate the prevalence and genetically characterize Cryptosporidium and 

Giardia in locally harvested clams. Clams (n=404) were collected from Iqaluit harvesters in 

September 2016. Hemolymph (n=328) and digestive gland (n=390) samples were screened for 

Cryptosporidium and Giardia via PCR, and amplified products were further processed for 

sequence analyses for definitive confirmation. Giardia DNA was found in hemolymph from 2 

clams, while Cryptosporidium was not detected. The two Giardia sequences were identified as 

zoonotic Giardia enterica assemblage B. The presence of Giardia DNA in clams suggests 

human or animal fecal contamination of coastal habitat around Iqaluit in shellfish harvesting 

waters. Results from this study are intended to inform public health practice and planning in Inuit 

Nunangat.  

Keywords 

Country Food, Cryptosporidium, EcoHealth approaches, Giardia, Inuit health, Nunavut 
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Introduction 

The incidence of enteric illness (e.g. vomiting and diarrhea) is high among residents in 

Inuit Nunangat (Harper et al., 2015b). Recent work identified high prevalences of two parasites, 

Cryptosporidium and Giardia (15.7% and 4.6%, respectively), in the stools of enteric illness 

patients in Nunavut, and molecular characterization of these parasites suggested a potential 

environmental, animal or foodborne source of exposure (Iqbal et al., 2015). Similarly, studies in 

the Northwest Territories indicated potential environmental or foodborne exposures to parasites 

which can cause enteric illness (Pardhan-Ali et al., 2012b, 2013).  However, the route of parasite 

transmission in Inuit Nunangat is largely unknown and generally understudied (Harper et al., 

2015a, 2015b; Iqbal et al., 2015; Pardhan-Ali et al., 2012b, 2013). 

Country foodsa are commonly consumed in Inuit Nunangat (Priest & Usher, 2004; Rosol 

et al., 2012; Searles, 2016), and are preferred over store-bought foods by many Inuit for reasons 

including connections to important cultural practices (Collings et al., 1998; Donaldson et al., 

2010; Lambden et al., 2007; Pufall et al., 2011; Searles, 2016), nutritional benefits (Donaldson et 

al., 2010; Gagne et al., 2012; Kuhnlein & Receveur, 2007; Lambden et al., 2007; Pufall et al., 

2011; Rosol et al., 2016), cost (Ford et al., 2013; Galloway, 2014; Mead et al., 2010; Pufall et al., 

2011), and taste preferences (Donaldson et al., 2010; Lambden et al., 2007; Pufall et al., 2011). 

While the consumption of country foods is culturally important and critical for nutrition and 

wellbeing, it has been suggested as a possible risk factor for enteric illness (Goyette et al., 2014; 

Harper et al., 2015b; Messier et al., 2009; Pardhan-Ali et al., 2012a, 2012b). 

                                                 

 

aCountry foods include food hunted, trapped, and gathered from the land and waters surrounding communities (e.g. 

terrestrial and marine mammals, fish, berries, and shellfish). 
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Clams (Mya truncata) are an easily accessible and important country food in many 

communities in Inuit Nunangat, and are typically harvested during the summer and fall (Caughey 

et al., 2013; CBC News, 2013c; Harrison & Loring, 2016; Priest & Usher, 2004; Rideout, 2001; 

Samuelson, 1999). In Iqaluit, Nunavut, clam harvesting areas on large tidal flats adjacent to the 

community can be accessed on foot, and clam harvesting areas further afield can be reached by 

boat (Dale et al., 2002). Clam harvesting is often a social activity, with large family or friend 

groups gathering clams together. Clams can be consumed fried, boiled, steamed, or raw, and are 

high in iron and omega-3 fatty acids (Caughey et al., 2013; Gagne et al., 2012). Clams are 

commonly consumed in many communities; for instance, between 1996 and 2001 in Iqaluit, the 

mean annual clam harvest was estimated at over 6000 clams, while the community’s population 

grew from 4200 to 5200 residents (Priest & Usher, 2004; Statistics Canada, 2001).  

Zoonotic genotypes of Cryptosporidium and Giardia have been detected in marine and 

terrestrial wildlife in the Arctic, including seals, which consume bivalve shellfish (e.g. clams and 

mussels) as part of their diet (Dixon et al., 2008; Jenkins et al., 2013; Levesque et al., 2010). 

Filter feeding clams and other bivalves can concentrate pathogens from surrounding water, 

including Cryptosporidium and Giardia (oo)cysts (Gomez-Couso et al., 2003; Miller et al., 2005; 

Shapiro et al., 2015). As such, Cryptosporidium and Giardia (oo)cysts can accumulate in 

shellfish following contamination of surrounding waters with fecal matter from humans or 

animals (Gomez-Bautista et al., 2000; Gomez-Couso et al., 2005; Miller et al., 2005), and 

ingestion of shellfish contaminated with (oo)cysts can result in enteric illness (Robertson, 2007). 

Contamination of shellfish has been a concern for some communities, and health advisories for 

potential clam contamination in some Nunavut communities have been issued (CBC News, 

2013a, 2013b, 2013c, 2015; Murphy, 2003a; Rideout, 2001). A sewage lagoon used as a backup 
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for municipal wastewater treatment has also raised health concerns in Iqaluit (George, 1999; 

Krumhansl et al., 2015; The Municipal Corporation of the City of Iqaluit, 2014). While federal 

government programs, such as the Canadian Shellfish Sanitation Program, provide information 

on foodborne and environmental pathogens in other areas of Canada, these monitoring programs 

do not operate regularly in Nunavut (Canadian Food Inspection Agency, 2017a, 2017b, Fisheries 

and Oceans Canada, 2017a, 2017b; Government of Canada & Canadian National Enteric 

Pathogen Surveillance System (FoodNet Canada), 2015; Sauvé, 2010). In areas where the 

Canadian Shellfish Sanitation Program monitors shellfish harvesting areas, the focus is on 

bacterial pathogens and paralytic shellfish poisoning, rather than on protozoan pathogens 

(Canadian Food Inspection Agency, 2017a). 

Previous environmental studies of protozoan pathogens in bivalve shellfish have focused 

on commercial harvesting areas, or on environments in non-Arctic locations (Robertson, 2007; 

Willis et al., 2013). Indeed, studies of protozoan pathogens in bivalve shellfish in Inuit Nunangat 

are scarce, and do not cover all the species that are harvested by residents of these regions 

(Jenkins et al., 2013; Levesque et al., 2010). Given the importance of clams in Inuit Nunangat, 

and the high rates of cryptosporidiosis and giardiasis among Nunavut residents (Iqbal et al., 

2015), it is important to understand whether clams could be a source of protozoan pathogens. 

Therefore, the goal of this study was to investigate clams as a potential source of exposure to 

Cryptosporidium and Giardia for residents in Iqaluit, Nunavut. The specific objectives were to 

(i) estimate the prevalence of Cryptosporidium and Giardia in clams harvested in Iqaluit, and (ii) 

genetically characterize protozoan parasites detected in the harvested clams. The results of this 

study are intended to be useful for informing public health practice, planning, and decision-

making. 
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Methods 

Study Design 

Clams were collected in Iqaluit (64° N, 69° W), the capital city of the territory of 

Nunavut in Inuit Nunangat, the Inuit homeland in Canada. Iqaluit is the largest of 26 

communities in Nunavut, with a population of 7,740 people, approximately 60% of whom 

identify as Inuit (Statistics Canada, 2012). An EcoHealth approach guided this study, which was 

premised on principles of systems thinking, transdisciplinarity, participation, sustainability, 

social equity, and knowledge to action (Charron, 2012). University researchers, the Nunavut 

Research Institute, and community organizations worked closely together to identify research 

questions, secure funding, develop the study methods and design, and interpret the results. This 

collaboration was achieved through stakeholder and community engagement events including a 

series of meetings and workshops, held in Iqaluit from 2014-2016 and attended by community 

members and representatives of Government and non-governmental organizations. These local 

partners and stakeholders selected clams as a country food of interest for this study due to 

observed increases in enteric illness coinciding with shellfish harvesting season, and 

Cryptosporidium and Giardia were selected as pathogens of interest. This research was licensed 

by Fisheries and Oceans Canada (Licence to Fish for Scientific Purposes #S-16/17-1047-NU), 

the Nunavut Impact Review Board (NIRB File #16YN057), and the Nunavut Planning 

Commission (NPC File #148338).  

Sample Acquisition and Processing 

Clams were collected from harvesters to obtain shellfish that were representative of those 

consumed by Iqaluit residents. In early September 2016, print ads were placed in offices and 

businesses around Iqaluit, and posts were made on local social media groups to inform clam 
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harvesters in the community of the upcoming sample collection. Clams were collected from 

harvesters in Iqaluit between September 16-22, 2016 during a peak clam harvest period of 

extreme low tides. Each individual harvester could provide up to 10 clams per day in return for a 

small gift as an expression of appreciation and compensation. Harvesters were asked to identify 

clam harvest locations on maps of Iqaluit and the surrounding area, which included Inuktitut and 

English place names (Inuit Heritage Trust Inc., 2009a, 2009b). Clam surface temperatures were 

recorded with an infrared thermometer at the time of collection from harvesters. 

Clams were stored live in open plastic bags at 4°C between collection and sample 

processing. Sample processing occurred at the Nunavut Research Institute in Iqaluit within four 

days of clam collection. Clam weight and length was recorded, and hemolymph was aspirated 

from the abductor muscle using a sterile 22-gauge syringe (Miller et al., 2005). Hemolymph was 

centrifuged at 14,000 rpm  (Eppendorf MiniSpin Plus Microcentrifuge) for 4 minutes, and 

approximately 100µL of pellet was retained (Miller et al., 2006). After removal of hemolymph, 

the clams were opened by cutting the abductor muscle and the digestive gland was excised and 

stored in a 1.5 mL microcentrifuge tube (see detailed lab procedure in Appendix C). Hemolymph 

pellets and digestive gland samples were frozen at -20°C for 10-14 days at the Nunavut Research 

Institute in Iqaluit, and then transported on ice to the University of Guelph where they were 

stored at -80°C until DNA extraction.  

Nucleic Acid Extraction 

DNA extraction from hemolymph was performed using the Qiagen DNeasy Blood & 

Tissue Kit (QIAGEN Inc., Toronto, ON, Canada) as described by Adell et al. (2014). For 

digestive gland tissue, approximately 0.1g of sample was suspended in 180µL ATL buffer and 

subjected to one freeze-thaw (FT) cycle (4 min liquid nitrogen, followed by 4 min boiling water), 
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with the remainder of the extraction process previously described by Adell et al., (2014). One FT 

cycle was used according to findings that increased numbers of FT cycles do not lead to 

improved detection of protozoan DNA (Manore et al., 2018). Final nucleic acid elution was 

performed using 50µL 10% AE Buffer suspended in UltraPure™ DNase/RNase-Free Distilled 

Water (Life Technologies Inc., Burlington, ON, Canada). Eluted DNA was stored at -20°C until 

further analysis via PCR. Negative controls for each batch of DNA extraction consisted of 

extraction reagents with no added clam samples. 

Polymerase Chain Reaction (PCR) 

DNA amplification for detection of Cryptosporidium and Giardia was performed via 

nested PCR assays targeting the 18S rRNA gene (Xiao et al., 2000) and the glutamate 

hydrogenase (gdh) gene (Read et al., 2004), respectively. Additional characterization of samples 

confirmed positive for Giardia was attempted using nested PCR assays targeting the β-giardin 

gene (Lalle et al., 2005) and the 18S rRNA gene (Appelbee et al., 2003; Hopkins et al., 1997). 

All PCR master-mix reagents and thermocycler conditions are detailed in Table S1. The limits of 

detection of both the 18S rRNA and gdh primer sets were 10 (oo)cysts following DNA 

extraction from phosphate-buffered saline (Supplementary Information, Manore et al., 2018). A 

negative control for PCR included a no-template sample containing only PCR reagents. Positive 

controls consisted of DNA obtained from 10,000 C. parvum oocysts (Iowa isolate) from 

experimentally-infected calves (University of Arizona Cryptosporidium Production Laboratory, 

Tucson, USA) or 10,000 G. enterica cysts (isolate H3) from experimentally-infected gerbils 

(Waterborne Inc., New Orleans, USA).   

PCR products were visualized by agarose gel electrophoresis. Agarose gels (2%) were 

initially stained with ethidium bromide for nucleic acid visualization, followed with transition to 
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RedSafe™ (Froggabio, Toronto, ON, Canada) to reduce toxicity risk associated with ethidium 

bromide exposure. Comparison of the sensitivity of these two dyes for visualizing DNA was 

performed using dilutions of Giardia DNA (Supplementary Information, Manore et al., 2018). 

Amplicons that were consistent in size with positive control amplicons were considered suspect 

positive samples for Cryptosporidium or Giardia. Suspect positive DNA products were excised 

from the gel and purified using the Qiagen QIAquick Gel Extraction Kit (QIAGEN Inc., 

Toronto, ON, Canada) for submission for sequence analysis. 

Sequence Analysis 

Purified DNA from suspect positive samples were submitted for sequencing using the 

corresponding internal PCR primers at the Advanced Analysis Centre at the University of 

Guelph. Sequencing was carried out using a 3730 DNA Analyzer (Applied Biosystems Inc, 

Foster City, CA, USA). If enough DNA could not be purified from a potential positive band, gel 

extraction was attempted once more from multiple bands combined into one DNA purification 

filter-column tube before sequencing was classified as unsuccessful. Sequences were analyzed 

with Geneious version 11.0.4 (Biomatters Inc., Newark, USA). Forward and reverse sequences 

were aligned using a global alignment with free end gaps, the ends were trimmed, and the 

consensus sequence was used to search GenBank using BLAST 

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

Characteristics of Harvested Clams 

Of 404 clams obtained from local harvesters, 390 were alive at the time of processing and 

were used for pathogen detection analyses. Clams were harvested from a variety of locations, 

ranging from within town limits to 30km away (Figure 3.1, Table 3.1). On average, clams were 

6.0cm long (2.5 – 10.0cm) and weighed an average of 49.8g (3.8 – 166.8g) (Figure 3.2). Average 

temperature of the clams at time of collection was 7.0°C (-3.2°C – 17.4°C).  

Estimating the Prevalence of Cryptosporidium and Giardia 

Hemolymph was successfully obtained from 328 clams, and digestive gland was sampled 

from all 390 live-collected clams. Following PCR for target parasites, five hemolymph samples 

(1.5%) yielded amplicon products consistent with Cryptosporidium on gel electrophoresis; three 

of these could not be sequenced due to low DNA concentration, and the other two produced 

sequences that did not match Cryptosporidium in GenBank. Twenty-one hemolymph samples 

(6.4%) had amplicons consistent with Giardia; 17 of these could not be sequenced due to low 

DNA concentration, and two produced sequences that did not match Giardia in GenBank. Two 

of the 328 hemolymph samples (0.6%; 95% CI 0.2%, 2.4%) were confirmed positive for Giardia 

via sequence analysis. PCR of digestive gland samples yielded six samples (1.5%) with DNA 

products consistent in size with Giardia. Five of these DNA products were not sequenced due to 

low DNA concentration; one of these DNA products was sequenced, and the resulting sequence 

did not match Giardia in GenBank. Cryptosporidium was not amplified in any digestive gland 

sample (Table 3.1).  

Of the two clams confirmed positive for Giardia, one (10H) was harvested in Apex 

(Site #1), a popular harvesting site which is accessible on foot from the Iqaluit town centre. Of 
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the 158 clams harvested at Apex, hemolymph was obtained from 138, resulting in a Giardia site 

prevalence estimate of 0.7% (95% CI: 0.1%, 5.1%). The other clam confirmed positive for 

Giardia (221H), was harvested from Kitturiaqanngittut Islands (Site #9), approximately 17km 

from Iqaluit (Figure 3.1). Of the 33 clams harvested at Kitturiaqanngittut Islands, hemolymph 

was obtained from 29 and PCR targeting gdh was performed on 28, resulting in a Giardia site 

prevalence estimate of 3.6% (95% CI: 0.4% 23.7%) (Table 3.1). 

Molecular Characterization 

The DNA sequences from both hemolymph samples confirmed positive for Giardia were 

consistent with G. enterica assemblage B (>99.5% identity, 100% coverage), and a representative 

sequence (GenBank: KM190708.1) was used as a reference strain for further comparison of 

single nucleotide polymorphisms. Compared with the reference strain, each clam sequence 

contained two unique single nucleotide polymorphisms (SNPs) (Table 3.2). Further 

characterization of these confirmed positive samples via PCR targeting two additional loci (β-

giardin and 18S rRNA) was attempted, but DNA amplification was unsuccessful. 

Discussion 

The results of this study demonstrate the presence of Giardia DNA in clams in Nunavut. 

The existing literature on protozoan pathogens in shellfish has predominantly focused on 

commercial shellfish harvested in southern areas (Robertson, 2007; Willis et al., 2013), or on the 

use of filter-feeding shellfish as bioindicators (Adell et al., 2014; Graczyk et al., 1997, 2003; 

Levesque et al., 2010; Lucy et al., 2008; Miller et al., 2005; Palos Ladeiro et al., 2014). The 

study design employed herein is unique as it directly tested presence of parasites in shellfish to 

be consumed as a food source by residents of Inuit Nunangat (Priest & Usher, 2004). Few studies 

or government programs have investigated bivalve shellfish as sources of foodborne pathogens 
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in the Canadian Arctic (Canadian Food Inspection Agency, 2017a, 2017b, Fisheries and Oceans 

Canada, 2017a, 2017b; Government of Canada & Canadian National Enteric Pathogen 

Surveillance System (FoodNet Canada), 2015; Jenkins et al., 2013; Levesque et al., 2010; 

Robertson, 2007; Sauvé, 2010), despite their importance as a commonly consumed country food 

(Batal et al., 2005; Caughey et al., 2013; CBC News, 2013c; Harrison & Loring, 2016; Kuhnlein 

& Receveur, 2007; Lambden et al., 2007; Priest & Usher, 2004; Rideout, 2001; Samuelson, 

1999). Our study results are also relevant to the potential development of a commercial clam 

harvest in Iqaluit. Other communities in Nunavut have worked to establish commercial clam 

harvesting programs (Rideout, 2001), and have faced challenges due to the distance to the 

nearest Canadian Shellfish Sanitation Program-approved laboratories (Murphy, 2003a, 2003b). 

While the overall prevalence of Giardia in clams was low (0.6%) compared to other studies in 

southern Canada and elsewhere (Willis et al., 2013), the confirmed presence of Giardia DNA in 

clams indicates fecal contamination of coastal waters near Iqaluit from which clams are 

harvested. 

Several methodological factors may have affected the detection of Cryptosporidium or 

Giardia DNA. Protozoan (oo)cysts may occur in clam organs that were not sampled, or in a 

portion of the digestive gland that was not processed for DNA extraction. Additionally, the PCR 

primers used to detect Cryptosporidium and Giardia in this study have limits of detection of 10 

(oo)cysts following extraction from PBS (Supplementary Information, Manore et al., 2018). 

Although these limits of detection have not been confirmed in tissues from M. truncata, these 

primer sets have detected as few as one Cryptosporidium or Giardia (oo)cysts in hemolymph and 

10 Cryptosporidium oocysts in digestive gland samples of other bivalve shellfish species (Adell 
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et al., 2014; Miller et al., 2005). These limitations in tissue sampling and PCR limits of detection 

may have resulted in an underestimation of the true prevalence of Cryptosporidium and Giardia. 

While the presence of Cryptosporidium DNA was not confirmed in any clams, this 

protozoan parasite has been found in both terrestrial and marine wildlife in Inuit Nunangat 

(Jenkins et al., 2013). G. enterica assemblage B, as detected here in clams, has been previously 

detected in humans and in animals such as dogs and seals (Iqbal et al., 2015; Jenkins et al., 

2013). Detection of this genotype in clams could be due to either human and/or animal sources 

of the parasite. Contamination of coastal water with human sewage or animal fecal matter has 

been linked with Giardia presence in shellfish in prior investigations in southern regions 

(Gomez-Couso et al., 2005; Graczyk et al., 1998, 1999, 2004; Levesque et al., 2010; Miller et al., 

2005). As the two positive clams were harvested over 10 km apart, and the two Giardia 

sequences contain unique SNPs, there are likely to be multiple sources of fecal contamination. 

Potential sources of Giardia in Iqaluit include terrestrial and marine wildlife (Dixon et al., 2008; 

Jenkins et al., 2013), domestic animals including dogs (Himsworth et al., 2010; Jenkins et al., 

2013; Salb et al., 2008; Schurer et al., 2012), and the sewage lagoon and wastewater treatment 

plant located near the town centre (The Municipal Corporation of the City of Iqaluit, 2014).  

Only one prior investigation has reported the presence of protozoan pathogens in shellfish 

from Northern Canada, where Levesque et al. (2010) collected mussels (Mytilus edulis) from 

sites in Nunavik (Northern Quebec), and tested batches of homogenized mussel tissue for 

Cryptosporidium and Giardia. Because the present study employed a different shellfish testing 

approach (using hemolymph and digestive gland from individual clams), a direct comparison 

between these two investigations is challenging. The Nunavik study detected Giardia at 18.2% 

of tested sites (Levesque et al., 2010), which appears similar to the 20% site prevalence in the 
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present study. However, in the Nunavik study, Cryptosporidium was found at 72.7% of tested 

sites (Levesque et al., 2010), while no clams tested positive in the current investigation. This 

variation between detected prevalences of Cryptosporidium may be attributed to the differences 

in location, shellfish species, and sampling and detection methods between the two studies. 

Proximity to potential sources of human sewage contamination did not appear to predict the 

presence or absence of Cryptosporidium or Giardia in shellfish collected in the Nunavik study, 

which may indicate an alternate source of fecal pollution (Levesque et al., 2010). Additionally, 

the present study collected clams directly from harvesters to obtain a sample representative of 

clams that Iqaluit residents harvested for their own consumption. While collecting clams from 

harvesters enabled the research team to sample clams from many harvest locations near Iqaluit, it 

is possible that clams that were harvested for consumption accumulated less Cryptosporidium 

and Giardia compared to clams that were not harvested due to community and Inuit knowledge 

of preferable harvesting areas (Pufall et al., 2011). 

The research team collected clams from harvesters over a five-day period in September 

2016. While this period occurred over a peak clam harvest weekend, the Iqaluit clam harvest 

occurs over approximately 12 weeks in late summer and early fall. The clams collected during 

our study period, therefore, represent a single point in time and would not reflect or represent any 

temporal or seasonal effects on the prevalence of Cryptosporidium and Giardia. Additionally, 

and to avoid compromising food security, harvesters generally chose which clams to give to the 

research team. Thus, the most recently harvested clams (at the top of the bucket) were most often 

provided. Although each harvester was limited to giving the research team up to 10 clams per 

day, there were some harvesters who gave clams to the research team on multiple days. This 

sampling method, while culturally respectful, may have resulted in some harvesting areas being 



 

48 

overrepresented. Harvesting areas near town may also be overrepresented, as those harvesting 

clams close to town might have been more likely to find the research team to exchange their 

clams.  

While the results presented herein demonstrate, for the first time, the presence of Giardia 

DNA in Iqaluit shellfish, the relative human health risks from Cryptosporidium and Giardia in 

clams harvested near Iqaluit remain unclear. PCR assays were chosen for Cryptosporidium and 

Giardia detection based on prior investigations that successfully detected protozoan DNA in 

shellfish (Adell et al., 2014; Manore et al., 2018; Miller et al., 2005), however these molecular 

methods do not provide information on the viability or infectivity of Giardia to humans 

(Robertson, 2007). The detection of Giardia DNA in the clams thus indicates fecal 

contamination of the waters from which they were harvested but cannot confirm that 

consumption of clams poses a risk for contracting giardiasis to Iqaluit residents. Additionally, 

sampled clam tissues which contained fewer than 10 (oo)cysts may have failed to yield sufficient 

DNA for amplification, thus resulting in false negatives for either Giardia or Cryptosporidium. 

As ingestion of as few as 10 Giardia cysts may cause illness (Ortega & Adam, 1997; Rendtorff, 

1954; Stelma & McCabe, 1992), an individual may ingest a sufficient number of cysts from 

PCR-negative clams to cause illness, especially if multiple clams are consumed.  

Conclusions 

Giardia DNA was found in 2 of 328 hemolymph samples from clams that were harvested 

near Iqaluit. Cryptosporidium was not detected in any hemolymph or digestive gland samples. 

The two clams that were confirmed positive for Giardia DNA were harvested from two different 

locations approximately 4 and 17km from the Iqaluit town centre, and both were genotyped as 

zoonotic Giardia enterica assemblage B at the gdh locus. The distance between the harvest 
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locations of the two positive clams, as well as unique SNPs that distinguished them from each 

other, suggests the presence of at least two different sources of fecal pollution to coastal waters 

around Iqaluit where clams are harvested. Further genetic characterization of the Giardia found 

in the clams and concurrent investigation of Giardia strains in terrestrial animals and Iqaluit 

residents are needed to determine the source attribution of these parasites. Additional 

investigations targeting protozoa presence in shellfish in this region, especially using methods 

capable of discriminating viability and infectivity of detected parasites, will further clarify the 

human health risks from Cryptosporidium and Giardia in clams harvested near Iqaluit.  
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Figures 

 
Figure 3.1: Maps of (A) Canada, (B) Frobisher Bay, and (C) Iqaluit showing the harvest 

locations of clams near Iqaluit. Brackets below location IDs depict number of collected clams 

that were harvested from each site in 2016. Stars indicate harvest locations of clams confirmed 

positive for Giardia. 
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Figure 3.2: The median (black circles) and range (bars) of clam weight and length by harvest 

location are displayed. Location 10 represents clams whose harvest location was unknown. The 

red star indicates the harvest location, weight (A), and length (B) of Giardia-positive clam 10H. 

The yellow star indicates the harvest location, weight (A), and length (B) of Giardia-positive 

clam 221H. 
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Tables 

Table 3.1: A summary of the number of clams harvested at each location in September 2016, and results of molecular testing for 

Cryptosporidium and Giardia via PCR and sequence analyses. Numbers in brackets represent suspected positive samples from 

digestive gland tissue. Unless otherwise indicated, all potential, sequenced, and confirmed positives were from hemolymph samples.  

      Cryptosporidium  Giardia 

Location 

number 

Location name Clams 

collected 

Hemolymph 

samples 

tested 

Digestive 

gland 

samples 

tested 

Average 

clam weight 

(g) 

Suspected 

positive, 

sequencing 

not 

successful a 

Suspected 

positive, 

sequencing 

negative b 

Sequence 

confirmed c 

 Suspected 

positive, 

sequencing 

not 

successful a 

Suspected 

positive, 

sequencing 

negative b 

Sequence 

confirmed c 

1 Apex 158 138 157 41.99 3 2 0  3 1 1 10H d 

2 Causeway 10 7 10 35.38 0 0 0  0 0 0 

3 Red Island 103 81 100 59.42 0 0 0  7 (3) 0 (1) 0 

4 Ukaliqturliq 

Island 

19 16 19 36.91 0 0 0  1 (1) 0 0 

5 Tundra Valley 10 7 10 52.13 0 0 0  0 0 0 

6 Arnaqquaksaaq 10 9 10 41.04 0 0 0  3 0 0 

7 Palauga 28 16 22 34.72 0 0 0  1 0 0 

8 Jane's Inlet 10 10 10 126.96 0 0 0  1 0 0 

9 Kitturiaqanngittut 

Islands 

33 29 33 45.57 0 0 0  1 0 1 221H d 

Unknown Unknown 23 15 19 74.22 0 0 0  2 (1) 1 0 

 Total 404 328 390 49.80 3 2 0  19 (5) 2 (1) 2 

a. Samples that produced a band on agarose gel consistent with a positive control, but for which sequencing was not successful. 

b. Samples for which a sequence was obtained but did not match a Cryptosporidium or Giardia sequence in GenBank. 

c. Samples that were successfully sequenced, and whose sequence matched a Giardia sequence in GenBank. 

d. Identification numbers of clams confirmed positive for Giardia. 
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Table 3.2: Single nucleotide polymorphisms (SNPs) at the gdh locus in G. enterica assemblage 

B from reference strains and clams from Iqaluit, Nunavut (2016). 

  Nucleotide position 249 359 535 601 

Sample type GenBank accession # Consensus A G G G 

Water sample, Vancouver, Canada KM190708.1  - - - - 

Positive control a EF507647.1  - - - - 

Clam 10H Pending  - - A A 

Clam 221H Pending  T A - - 

a Positive control DNA was extracted from Giardia enterica isolate H3 (obtained from Waterborne Inc).  
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CHAPTER FOUR: 

SUMMARY OF RESEARCH, RECOMMENDATIONS, AND 

CONCLUSIONS 

Research has documented a high incidence of enteric illness (e.g. vomiting and diarrhea) 

among residents in Inuit Nunangat, the Inuit homeland in Canada.1 Risk factors associated with 

enteric illness in Inuit Nunangat may differ from factors associated with enteric illness in other 

regions of Canada,1 and may include, for example, the consumption of country foods.1–5  

Furthermore, high prevalences of two enteric illness pathogens, Cryptosporidium and Giardia, 

were found in the stools of enteric illness patients in the Qikiqtaaluk region of Nunavut, Canada, 

and a foodborne source of infection was speculated; however, the source of these parasitic 

infections was unknown.6 Indeed, research examining enteric illness transmission routes in the 

North is extremely limited, and the role that country foods may or may not play in enteric illness 

is largely unknown and under-researched.  

Locally harvested clams (Mya truncata) are a commonly consumed country food in many 

communities in Inuit Nunangat,7 and can be eaten boiled, steamed, fried, or raw.8 Clam 

harvesting is often a social activity, with large family or friend groups gathering clams together. 

For instance, in Iqaluit, which has a population of 7,740 people,9 there was a reported mean 

annual clam harvest of over 6,000 clams, demonstrating the important role that clam harvesting 

plays in culture continuity and food security.7  

Clams, as they filter water to feed, can accumulate pathogens or contaminants from 

surrounding waters.10–12 While the consumption of clams has been studied as a risk factor for 

enteric illness elsewhere,10–15 less is known about the potential for clams to be contaminated with 

protozoan pathogens, and thus be a risk factor for enteric illness, in Inuit Nunangat. To explore 

the role that clams may or may not play in enteric illness in Inuit Nunangat, we used a case study 
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in Iqaluit, Nunavut in this thesis research, which involved three interconnected studies: a review 

of the literature on biological, sociocultural, and health dimensions of shellfish research in Arctic 

North America (Chapter One); the optimization of methods for DNA extraction and PCR for the 

detection of protozoan parasites in water and shellfish tissues (Chapter Two); and the 

investigation of locally harvested clams in Iqaluit, Nunavut as a potential source of 

Cryptosporidium and Giardia (Chapter Three).   

Summary of the Thesis Research Approach and Results 

The three interconnected studies presented in this thesis followed an EcoHealth 

approach.16,17
 A team of interdisciplinary university researchers, the Nunavut Research Institute, 

and Northern organizations worked closely together to identify research questions, secure 

funding, develop the study methods and design, and interpret and communicate results. Through 

this iterative and collaborative process, local partners and Northern organizations considered 

various potential country foods of interest, and selected clams as the study foci; additionally, 

they considered various foodborne bacteria and parasites, and selected Cryptosporidium and 

Giardia as pathogens of interest. This collaboration guided the People, Animals, Water, and 

Sustenance (PAWS) Project, the larger research program within which this thesis project fit, 

which investigated clams and other environmental matrices (i.e. surface water and dog feces) as 

potential sources of Cryptosporidium and Giardia for Iqaluit residents.18  

The literature on shellfish in Arctic North America was searched and critically reviewed. 

Research on commercially harvested shellfish species, notably crab fisheries in Alaska, was 

common among the reviewed literature. The search also revealed several studies surveying 

beaches and shellfish beds for effects of the Exxon Valdez oil spill. Compared to the quantity of 

studies on commercially harvested shellfish species, there was a relative lack of information on 
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shellfish harvested for food by local residents, as well as a lack of information on protozoan 

pathogens in Arctic North America.  

My thesis research began to address this lack of information on the presence of protozoan 

pathogens in shellfish from Arctic Regions of North America, by investigating Cryptosporidium 

and Giardia in locally-harvested clams in Iqaluit, Nunavut (Chapter Three). Prior to testing the 

Iqaluit clams, we first needed to optimize and validate the methods to be used (Chapter Two). 

These optimized methods included freeze-thaw (FT) cycles prior to (oo)cyst DNA extraction and 

nested PCR for (oo)cyst DNA detection. Freeze-thaw (FT) cycles are commonly used to disrupt 

oocyst walls prior to DNA extraction using commercial kits,11,19–24 but reported FT DNA 

extraction methodologies vary widely. As such, Chapter Two presented a comparison of 

molecular approaches for Toxoplasma gondii and C. parvum oocyst detection in water, PBS, and 

mussel tissues, including DNA extraction and PCR. T. gondii was included in methods 

optimization due to the high prevalence of seropositivity of this pathogen reported in Inuit 

Nunangat,2,3 the consumption of country food identified as a potential risk factor for T. gondii 

seropositivity in past research,2 and findings of T. gondii oocysts in shellfish in southern 

locales.10,25 For both T. gondii and C. parvum, increasing numbers of FT cycles did not increase 

detection of oocyst DNA relative to 1 FT cycle. The limits of detection of C. parvum in water 

were further evaluated among three assays, and a set of nested PCR primers designed by Xiao et 

al.26 were the most sensitive among those tested. The results of this study are intended to be 

useful for future studies that target detection of protozoan pathogens in environmental matrices 

and allowed us to validate the methods that we then used to test the Iqaluit clam samples 

(Chapter Three).  
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Using the methods validated in Chapter Two, we investigated the protozoan pathogens 

Cryptosporidium and Giardia in locally-harvested clams in Iqaluit, Nunavut in Chapter Three. In 

September 2016, 404 clams were collected from harvesters in Iqaluit, and hemolymph (n=328) 

and digestive gland (n=390) were tested for Cryptosporidium and Giardia DNA using PCR and 

DNA sequencing. Giardia DNA was detected in two hemolymph samples. DNA sequencing of 

the two Giardia samples at the gdh locus revealed that the detected DNA was consistent with the 

zoonotic Giardia enterica assemblage B, which may have originated from human or animal fecal 

contamination. While the presence of Giardia DNA in clams harvested near Iqaluit indicates 

fecal contamination of coastal waters, samples did not yield adequate DNA material for 

multilocus sequence genotyping. Furthermore, a lack of sequence data across the same loci from 

people and animals in Iqaluit precludes direct genetic comparisons that are required for source 

attribution. Potential sources of fecal contamination around Iqaluit include the city wastewater 

treatment plant and backup sewage lagoon,27,28 as well as wildlife29–31 and domestic  

animals.30,32–34  

Thesis Research Strengths and Limitations 

There are several strengths and limitations to consider when interpreting the results of 

this thesis research. The use of EcoHealth methods, and in particular the involvement of 

Northern organizations throughout the research process, helped ensure that the information 

gathered in this study was of interest to and useful for community members and decision-makers 

in Iqaluit, and that data were collected in a way that was both informative and respectful. The 

involvement of community research partners further ensured that information about the clam 

collection was widely distributed in Iqaluit during data collection, that the research team was 
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successful in contacting harvesters to donate their clams, and that the results were interpreted and 

communicated appropriately (Figure 4.1, Figure 4.2).  

Studies of marine biology or shellfish contamination frequently employ a transect walk 

strategy to randomly sample shellfish from a given area.35–40 However, a random sample of 

shellfish around Iqaluit was not the goal of Chapter Three; and clams were collected from local 

harvesters to sample clams which were representative of those consumed by Iqaluit residents. 

However, harvesters generally chose which clams to give to the research team; this generally 

included clams from the top of the bucket, and potentially clams which were less desirable for 

consumption. It is also possible that clams harvested from areas closer to Iqaluit were 

overrepresented in this study, and clams harvested from areas further from Iqaluit were likewise 

underrepresented, since harvesters working closer to town may have been more likely to 

encounter the research team. However, clam harvesting areas closer to town may also be more 

accessible in general for Iqaluit residents and clams from these areas may represent a larger 

proportion of the total clam harvest. Potential strategies for collecting more clams from areas 

further from town include meeting harvesters at harvesting areas rather than in town, or pre-

arranging with harvesters to exchange clams upon their return. In this study, we collected clams 

from harvesters over a five-day period in September 2016. While this period occurred over a 

peak clam harvest weekend, the Iqaluit clam harvest occurs over approximately 12 weeks in late 

summer and early fall. The clams collected during our study period, therefore, represent a single 

period in time; as such, any temporal and/or seasonal effects on the prevalence of 

Cryptosporidium and Giardia in clams were not tested. Collecting clams at multiple peak 

harvesting times – periods of extreme tides – over the season might allow for the testing of 

temporal or seasonal changes in the prevalence of these pathogens. Nevertheless, the finding of 
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Giardia in the harvested clams identified pathogen contamination as an area of potential future 

study for shellfish in Inuit Nunangat. 

While the results of Chapter Three could inform public health practice and messaging 

surrounding clam harvesting, the extent and nature of the human health risk from 

Cryptosporidium and Giardia in clams harvested near Iqaluit remains unclear. While the DNA 

extraction and PCR protocols used to test the clams were validated in Chapter Two, these 

methods do not discriminate parasite viability. Viability assays (such as reverse transcriptase 

(RT) qPCR assays) would have provided information on whether the detected DNA was 

obtained from parasites that are infectious and able to cause illness in people who consume 

shellfish, or whether the parasites were non-viable, and thus do not pose a risk to clam 

harvesters.41,42  Due to logistical challenges in this project, clam tissues had to be frozen before 

PCR analysis, reducing or eliminating the viability of any (oo)cysts present. 

Additionally, laboratory factors including imperfect clam dissection during digestive 

gland sampling, limits of PCR detection, and lack of sufficient DNA concentration for sequence 

confirmation may have affected the detection of Cryptosporidium or Giardia. This may have 

resulted in an underestimation of the true prevalence of these protozoan pathogens in Iqaluit 

clams. Furthermore, while the presence of Giardia DNA indicates fecal contamination of coastal 

waters around Iqaluit, (oo)cysts can persist in the environment for weeks or months,43 and PCR 

can amplify DNA from (oo)cysts which are degraded and not able to cause infection.  

G. enterica assemblage B was identified in clams sampled in this study, as well as in 

other matrices sampled as part of the PAWS project, and in animals including dogs and wildlife 

in other studies.6,30 However, it is not possible to directly compare DNA sequences from the 

Giardia found in the Iqaluit clams to Giardia found in other matrices sampled as part of the 
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PAWS project because differences in PCR assays targeting different genes were used to test 

water, dog feces and clams. Additional loci were attempted for amplification of Giardia DNA in 

clams in an attempt to yield sequence data that was available for Giardia detected in dog feces, 

however these assays failed to produce any visible amplification products on gel electrophoresis.  

Considerations  

When interpreting and applying the findings presented in Chapter Three in a public 

health context, the following should be considered: 

• The clams tested in the present study represent a small fraction and non-random 

sample of the yearly clam harvest in Iqaluit. The present study tested 390 clams for 

Cryptosporidium and Giardia, out of an estimated yearly clam harvest of over 6,000 

clams.7  

• Higher resolution molecular data are needed to compare the Giardia from the clams to 

Giardia found in other environmental matrices tested in the PAWS project. 

Specifically, amplification and sequencing of the 18S rRNA gene and other 

polymorphic loci would allow for direct comparison between the Giardia found in 

clams and the Giardia found in human isolates or dog feces in Iqaluit. While the 

assemblages of Giardia can be compared between the clams and other matrices tested 

under the PAWS project, source attribution could not be determined with the results 

presented in this thesis. 

• The viability or infectivity of the detected Giardia is unknown, as the PCR methods 

used only detect the presence of Giardia DNA, regardless of the cyst viability status. 

Further studies using methods that provide information on protozoan parasite viability 
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would provide insight on whether parasites detected in shellfish can cause illness in 

people. 

Results Sharing Activities 

  The presence of Giardia DNA in clams harvested in Nunavut reported in Chapter 

Three is of interest for public health practitioners and decision makers, as well as Iqaluit 

residents who harvest local clams, and for communities in Inuit Nunangat who may be interested 

in developing a commercial shellfish harvest. As such, results of this work were shared with 

Northern partners in Iqaluit in November 2017. A meeting was held at the Nunavut Research 

Institute in Iqaluit and included brief presentations for each component of the PAWS project, 

with breakout sessions to discuss the interpretations and implications of the research findings and 

discussions on how to most effectively share research results with the larger Iqaluit community. 

Infographic-style handouts were provided to meeting attendees in English, French, and Inuktitut 

(Figure 4.3, Figure 4.4, Appendix B). Attendees of the results sharing meeting in November 

2017 included representatives of territorial and federal government departments and agencies, 

and representatives from non-governmental organizations. At this meeting, attendees indicated 

interest in continued contact with the PAWS research team, and we are currently assembling a 

communication plan for sharing the results of the PAWS project with the broader Iqaluit 

community. 

Recommendations 

Based on the results of the three studies presented in this thesis, the following section 

outlines recommendations for researchers and policy-makers regarding the optimization of DNA 

extraction and PCR methodologies for the detection of protozoan oocyst DNA in environmental 
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matrices (Chapter Two), and the detection of Giardia DNA in locally-harvested clams in Iqaluit, 

Nunavut (Chapter Three). 

Recommendations for Researchers 

Test more clams, and over a longer time period: The research presented in this thesis 

involved testing 390 clams, which represent a small fraction of the estimated 6000 clams 

harvested in Iqaluit in a given season.7 If the 0.6% of hemolymph samples which were confirmed 

positive for Giardia DNA is an accurate estimate of Giardia DNA prevalence in clams harvested 

near Iqaluit, approximately 36 clams in a 6000-clam harvest may contain Giardia DNA. A larger 

sample size in future studies would increase precision of estimates of pathogen prevalence, and 

allow for comparisons between harvesting areas. A random sample of clams from popular 

harvesting areas would allow a more accurate estimate of the true prevalence of pathogens in 

clams near Iqaluit. Furthermore, the clams tested here were collected over a 5-day period, while 

the Iqaluit clam harvest occurs over approximately 12 weeks. Testing over a longer time period 

would allow assessment of temporal and seasonal effects on the presence or absence of 

pathogens, including potential changes in pathogen prevalence throughout the harvesting season, 

and the potential effects of weather conditions and high impact weather events.  

Test pathogens in clams for viability and infectivity: The detection of Giardia DNA in 

clams in this thesis research indicated fecal contamination of the waters from which the clams 

were harvested but cannot confirm that consumption of clams poses a risk for giardiasis infection 

in Iqaluit residents. While the PCR assays employed here were chosen for Cryptosporidium and 

Giardia detection based on prior investigations that successfully detected protozoan DNA in 

shellfish,11,44,45 these assays only detect the presence of protozoan DNA; they do not provide 

information on the viability or infectivity of any detected pathogens.15 Additional investigations 
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targeting protozoa presence in shellfish in this region, especially using methods capable of 

discriminating viability and infectivity of detected parasites, will further clarify the human health 

risks from Cryptosporidium and Giardia in clams harvested near Iqaluit. In this investigation, 

logistical constraints required freezing samples in Nunavut prior to nucleic acid extraction at the 

University of Guelph, a process which diminishes or eliminates parasite viability. In addition, the 

protozoan DNA screening assays performed were determined to be more sensitive for parasite 

detection as compared with viability assays such as real-time reverse transcriptase PCR (RT-

qPCR) or propidium monoazide (PMA)-PCR. 

Prioritize community-based approaches: The work presented in this thesis research 

was developed using EcoHealth approaches and in close collaboration with Northern 

Organizations; in particular the Nunavut Research Institute.16 The success of future studies will 

likewise depend on the development of close relationships with local research partners. For 

instance, without community engagement, the research team may not have identified clams as a 

country food of interest; we would not have been successful in obtaining clams from harvesters, 

or in collecting clams from as many locations as we did, and we would not have been able to 

interpret our results accurately without the insights gained at the results sharing meetings in 

November 2017. Furthermore, and more specifically, close collaboration with the Nunavut 

Research Institute, including project conception and planning, advice and guidance on research 

licensing, and the use of laboratory facilities, equipment, and meeting spaces was essential for 

this project.  

Recommendations for Policymakers 

Consider developing and supporting shellfish testing capacity in Nunavut: Locally-

harvested shellfish are a commonly consumed food in Iqaluit, and across Nunavut.7 Clams were 
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investigated in this thesis due to community interest in the potential presence of protozoan 

pathogens in this popular and accessible country food. The Canadian Shellfish Sanitation 

Program (CSSP) does not operate on a regular basis in Nunavut, and thus little information is 

available for residents on risk of pathogens in shellfish. Currently, there are no CSSP-approved 

laboratories in Nunavut, which has proven a challenge to communities hoping to establish 

commercial clam fisheries.46,47 While the Government of Nunavut Department of Health, in 

conjunction with Health Canada and Hunters’ and Trappers’ Associations, has published 

guidelines on general shellfish harvesting safety tips,48 the results of regular shellfish testing 

could supplement these guidelines, and further inform clam harvesters in regards to harvesting 

decisions. Given that Giardia DNA was found in clams harvested near Iqaluit, governments 

should consider monitoring for protozoan pathogens in addition to fecal indicators, toxins, or 

viral and bacterial pathogens.  

Continue to work closely with local organizations and residents: Local harvesters and 

Hunters’ and Trappers’ Associations are critical partners for understanding shellfish harvesting 

in a given community, establishing interest in research questions or topics, and developing 

culturally-appropriate methods of sampling harvested country foods. Engagement with 

community research partners was essential for the success of this thesis research and the accurate 

interpretation and effective communication of the results. Furthermore, many of the harvesters 

who gave clams for this study expressed interest in hearing about the results of the study. 

Governments should therefore continue to engage community partners and residents at all stages 

of policy development, which is essential to ensure policies and interventions are locally relevant 

and culturally appropriate.49,50 
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Conclusions 

In conclusion, this thesis reviewed the published scientific literature on shellfish in Arctic 

North America, identifying a gap in the area of protozoan pathogen contamination of bivalve 

shellfish. This thesis added to this area of the literature by investigating locally-harvested clams 

as a potential source of Cryptosporidium and Giardia in Inuit Nunangat, finding Giardia DNA in 

two clams. The methods used for detecting protozoan pathogen DNA in environmental matrices 

were optimized to achieve the lowest limit of detection. Although the Giardia DNA found in 

clams harvested near Iqaluit, Nunavut was consistent with the zoonotic assemblage B, the health 

risk to those consuming these clams remains unclear. This work could not have been done 

without the contributions of community partners in Iqaluit, and serves as an example of how 

community needs, interests, and contributions can drive research and generate knowledge that is 

beneficial to all communities. 
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Figures 

 
Figure 4.1: Posters distributed around Iqaluit prior to clam collection from harvesters. This sheet 

was also available in Inuktitut (Appendix B). 
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Figure 4.2: Clam (with attached anemone) prior to sample processing at the Nunavut Research 

Institute, Iqaluit, Nunavut, September 2016. 
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Figure 4.3: Handout distributed at results sharing meeting in Iqaluit in November 2017. This 

handout included results presented in this thesis as well as work reported to be reported 

elsewhere detecting Toxoplasma gondii in the clam tissue samples. This handout was also 

available in French and Inuktitut (Appendix B). 
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Figure 4.4: Agenda (front and back pages) from November 2017 results sharing meeting in Iqaluit, Nunavut. 
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APPENDICES 

Supplementary Information (Chapter Three) 

Studies attempting to detect protozoan pathogens from environmental sources differ with 

respect to the primers and gene targets used to detect oocysts via PCR. One such gene target for 

detection of Giardia is gdh (Miller et al., 2005; Read et al., 2004). 

The limit of detection of Giardia DNA via PCR was assessed using nested PCR primers 

targeting a region of the gdh gene.(Read et al., 2004) Cysts of G. lamblia (Isolate H3) were 

obtained from Waterborne Inc. and DNA was extracted from 10,000 cysts suspended in 100µL 

PBS. DNA extraction was carried out using 1 freeze-thaw (FT) cycle and the Qiagen DNeasy 

Blood & Tissue Kit as previously reported (Adell et al., 2014). Triplicate serial dilutions were 

prepared from the extracted DNA, at concentrations equivalent to 1, 10, 100, 1,000, and 10,000 

cysts. PCR conditions are described in Table S1. PCR amplicons were visualized and compared 

following gel electrophoresis in 2% agarose gel stained with ethidium bromide (EtBr).  

Visualization of DNA amplified by conventional PCR is typically performed using 

agarose gel electrophoresis. However, the dye traditionally used to visualize DNA in a gel, EtBr, 

is potentially mutagenic and poses a safety hazard for research personnel (Sigma-Aldrich, 2018). 

Alternative gel dyes, such as RedSafe™, have been shown to yield similar sensitivities for 

visualizing low concentrations of DNA with reduced risk to the health of lab personnel (iNtRON 

Biotechnology Inc., 2008, 2014). A systematic comparison for visualizing protozoan parasite 

DNA, however, has not been previously published in the literature 

RedSafe™ (Froggabio, Toronto, ON, Canada) was compared with EtBr as an alternative 

stain for the visualization of DNA on agarose gels. Amplified DNA obtained from PCR targeting 

the gdh gene of G. lamblia was pooled for 10 reactions, and the concentration of the pooled 
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DNA was measured using a NanoDrop® ND-1000 (Thermo Scientific, Waltham, MA, USA). 

Serial dilutions were prepared using PBS to create aliquots containing 500, 50, 5, 0.5, or 0.05ng 

of DNA which were subsequently loaded onto a 2% agarose gel. Gels were stained with 2.5µL 

of EtBr or RedSafe™ and run at 100V for 60 minutes prior to imaging with a BioRad Gel Doc™ 

EZ Imager.  

The limit of detection for the nested PCR assay targeting a region of the gdh gene of G. 

lamblia was 10 cysts (2 of 3 replicates detected) (Table S2, Figure S1). Negative control 

replicates that were not spiked with cysts tested negative by PCR. Aliquots containing 500 and 

50 ng of DNA were clearly visible using both RedSafe™ and EtBr-stained gels. Bands 

containing 5ng of DNA were faintly visible on both gels, while bands containing 0.5 and 0.05ng 

of DNA were not visible on either gel (Figure S1).  
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Supplementary Figures and Tables 

 

Figure S1: Visualization of DNA bands on agarose gels stained with 2.5µL EtBr (A) or 

RedSafe™ (B). DNA amounts are labelled in ng. Each well contains DNA amplicons from PCR 

targeting the gdh gene of Giardia. 
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Table S1: PCR master mix components, thermocycler conditions, and primer sequences for nested PCR targeting the 18S locus of 

Cryptosporidium and the gdh, β-giardin and 18S loci of Giardia are described. All reactions were carried out in a 50µL total volume. 

(Manore et al., 2018) 

Parasite 
Locus Master Mix Thermocycler Primers Reference(s) 

Cryptosporidium 18S 1X PCR Buffer (Mg2+), 

200µM of each dNTP, 

500nM of each primer, 

0.4µg/µl BSA, 1.5U Taq 

polymerase and 5 µL 

(external) or 2 µL 

(internal) DNA template. 

Pre-PCR 3 min at 94°C; 35 

cycles of: denaturation at 

95°C for 40s, annealing at 

58°C (external) or 59°C 

(internal) for 40s, extension 

at 72°C for 90s; post-PCR 

4min at 72°C. 

External Forward: 

TTCTAGAGCTAATACATGCG 

External Reverse: 

CCCATTTCCTTCGAAACAGGA 

Internal Forward: 

GGAAGGGTTGTATTTATTAGATAAAG 

Internal Reverse: 

AAGGAGTAAGGAACAACCTCCA 

(Xiao et al., 2000) 

Giardia gdh 1X PCR Buffer (Mg2+), 

200µM of each dNTP, 

500nM of each primer, 

0.4µg/µl BSA, 1.5U Taq 

polymerase and 5 µL 

(external) or 2 µL 

(internal) DNA template. 

Pre-PCR 3 min at 94°C; 35 

cycles of: denaturation at 

95°C for 40s, annealing at 

58°C (external) or 59°C 

(internal) for 40s, extension 

at 72°C for 90s; post-PCR 

4min at 72°C. 

External Forward (gdh1):  

TTCCGTRTYCAGTACAACTC 

External Reverse (ggdh2):  

ACCTCGTTCTGRGTGGCGCA 

Internal Forward (gdh3):  

ATGACYGAGCTYCAGAGGCACGT 

Internal Reverse (gdh4): 

GTGGCGCARGGCATGATGCA 

(Read et al., 2004) 

Giardia -giardin 1X PCR Buffer (Mg2+), 

200µM of each dNTP, 

200nM of each primer, 

0.4µg/µl BSA, 1.25U Taq 

polymerase and 3 µL 

(external) or 1 µL 

(internal) DNA template. 

Pre-PCR 15 min at 95°C; 35 

cycles of: denaturation at 

95°C for 30s, annealing at 

65°C (external) or 55°C 

(internal) for 30s, extension 

at 72°C for 60s; post-PCR 

for 7 min at 72°C. 

External Forward (g7):  

AAGCCCGACGACCTCACCCGCAGTGC 

External Reverse (g759): 

GAGGCCGCCCTGGATCTTCGAGACGAC 

Internal Forward (F-Lalle): 

GAACGAGATCGAGGTCCG 

Internal Reverse (R-Lalle): 

CTCGACGAGCTTCGTGTT 

(Caccio et al., 2002; 

Lalle et al., 2005) 

Giardia 18S 1X PCR Buffer (Mg2+), 

200µM of each dNTP, 

125nM of each primer, 

0.8µg/µl BSA, 2.5U Taq 

polymerase, 5% DMSO 

and 5 µL (external) or 

2 µL (internal) DNA 

template. 

Pre-PCR 5 min at 96°C; 35 

cycles of: denaturation at 

95°C for 45s, annealing at 

55°C (external) or 59°C 

(internal) for 30s, extension 

at 72°C for 45s; post-PCR 

for 5 min at 72°C. 

External Forward (Gia2029):  

AAGTGTGGTGCAGACGGACTC 

External Reverse (Gia2150c): 

CTGCTGCCGTCCTTGGATGT  

Internal Forward (RH11): 

CATCCGGTCGATCCTGCC  

Internal Reverse (RH4): 

AGTCGAACCCTGATTCTCCGCCAGG 

(Appelbee et al., 2003; 

Hopkins et al., 1997) 
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Table S2: Limit of detection for primers targeting the gdh gene to detect Giardia DNA. 

Amplicon products were stained with either EtBr or RedSafe with identical results. 

# Oocysts Detections/Replicates - EtBr Detections/Replicates - 

RedSafeTM 

0 0/1 0/1 

1 0/3 0/3 

10 2/3 2/3 

100 2/3 2/3 

1,000 3/3 3/3 

10,000 3/3 3/3 
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Appendix A: Location Criteria and Screening Questions used in Chapter One 

Location Criteria: 

 

Figure 1: Map of Arctic boundaries according to the Arctic Monitoring and Assessment 

Program (AMAP) and the Arctic Human Development Report (AHDR). This map was 

compiled by Winfried K. Dallmann of the Norwegian Polar Institute. “Arctic locales” in this 

study were those which fell in the United States or Canada and within the Arctic boundary 

according to AHDR. (http://www.arctic-

council.org/images/PDF_attachments/Maps/boundaries.pdf; retrieved April 30th, 2018) 
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Appendix B: Literature Review Search Criteria 

Title/Abstract Screening Questions: 

1. Does the article discuss shellfish? (yes/no/unsure) 

2. Does the article focus on a North American Arctic locale? (yes/no/unsure) 

Full Text Screening Questions: 

1. Is the full text written in English? (yes/no) 

2. Is the piece a published primary research study, a systematic review of published 

research studies, or a post-secondary institutional thesis/dissertation? (yes/no) 

3. In this article, were data1 collected on shellfish2? (yes/no) 
1 “Data collected” defined as the collection of quantitative or qualitative data from or about shellfish 

(including systematic reviews on shellfish). 
2 “Shellfish” defined as any macroscopic (>5mm), non-fossil mollusc or crustacean with a shell (ex. 

oyster, clam, shrimp, prawn, mussel, lobster, crab, snail, scallop, crayfish, abalone would be included, 

but “zooplankton” or “benthic invertebrates” would not, without specific mention of any of the 

previous species). 

4. Does the article focus on a North American Arctic1 locale? (yes/no) 
1 “North American Arctic” defined as any area (land or marine) in Canada or the United States which 

falls within the Arctic boundary as defined by AHDR. 
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Appendix C: Advertising and Results Sharing Materials from Chapter Three 

 

Figure 1: Inuktitut poster distributed around Iqaluit prior to clam collection from harvesters in 

September 2016. 
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Figure 2: CBC News article describing the PAWS project prior to clam collection in Iqaluit. 

This article was accompanied by television and radio interviews. 
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Figure 3: Poster distributed prior to the November 2017 PAWS results sharing meetings in 

Iqaluit. 
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Figure 4: French handout distributed at the November 2017 PAWS results sharing meeting in 

Iqaluit. 
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Figure 5: Inuktitut handout distributed at the November 2017 PAWS results sharing meeting in 

Iqaluit. 
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Appendix D: Lab Procedures used in Chapter Three

 

 

PAWS PROJECT CLAM TESTING SOP 

1. Lay out bench cover paper, tape down edges 

2. Scrub outside of clam shell with clean scrub brush to remove sand/debris 

3. File small notch in clam shell 

4. Remove hemolymph using a syringe, place in labelled 1.5 mL tube(s) 

5. Centrifuge hemolymph for 4 min at 14 000 rpm 

6. Discard supernatant (leaving 100-200µL) 

7. Combine pellets from each clam into one tube for freezing (will need to combine pellets and re-

spin to remove supernatant such that only 100-200 uL left total for each clam) 

8. Open clam using shucking knife 

9. Use razor blade to remove digestive gland, place gland in labelled 1.5 mL tube 

10. Store tubes containing hemolymph pellets and digestive glands in -20C freezer 

11. Remove lab bench cover paper when finished for the day 

Equipment Cleaning: 

Clean all instruments in soap and water to remove any organic/mineral debris 

Scrub Brushes: soak in 10% bleach for 30 minutes (if possible) between batches 

Files: soak in 10% bleach for 30 minutes (if possible) between clams 

Razor blades: spray with alcohol, wipe off before using on clam 

Rinse bleach off of equipment in clean water (DI if available, if not then clean fresh drinking water) 

Waste: 

Syringes, razor blades, and tips go in yellow biohazard containers after one use 

Lab bench cover paper goes in regular garbage after being sprayed liberally with alcohol 

Remaining clam tissues to be disposed of in regular garbage 

Notes: 

• Keep clams live as long as possible, but refrigerate for ≤7 days if necessary. 


