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Abstract
Giardia and Cryptosporidium are protozoan parasites known to cause enteric disease in
terrestrial mammals, reptiles and birds. Compared to the abundance of surveys that have
examined Giardia and Cryptosporidium in terrestrial wildlife species, very few studies
on either parasite have been undertaken on marine mammal species. Studies of shellfish,
marine waters and water treatment plants clearly indicate that marine ecosystems are
contaminated with Giardia and Cryptosporidium. In spite of these data the extent to
which these parasites extend into the marine environment and how they may impact on
marine mammal health remains largely unknown. The aim of this thesis was to expand
our current knowledge of Giardia and Cryptosporidium in the marine environment and
in particular, the harp and hooded seal populations of the Gulf of St. Lawrence, Canada.

A large-scale serological survey of a large cohort of serum samples clearly show that, as
is the case with terrestrial mammals, Giardia is ubiquitous in the marine environment.
Sera positive for G. duodenalis-specific IgG were detected in almost all cetacean and
pinniped species examined, and from all regions of the St. Lawrence estuary, Gulf of St.
Lawrence and from the Canadian arctic.

In the case of harp and hooded seals, they are actively infected with Assemblage A, a
zoonotic strain of G. duodenalis and represent a previously unrecognised contributor to
the overall environmental parasite burden. The discovery of this variant of Giardia in a
phocid host, along with their susceptibility to infection with terrestrial strains of both
Giardia and Cryptosporidium, highlight the potential zoonotic transmission from seals
to humans through the consumption of uncooked intestines and general animal handling
during research or hunting practices. The identification of this zoonotic strain of
Giardia in seals also demonstrates the potential for anthropogenic activities such as
iii

human sewage treatment and agriculture runoff to be a significant source of
contamination for marine mammals.
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1. INTRODUCTION

1

1.1

THE IMPACT OF HUMANS AND DOMESTIC ANIMALS ON

WILDLIFE DISEASES
Historically, wildlife diseases were considered important only if human health or
agricultural interests were threatened. Several factors including outbreaks of disease in
endangered wildlife populations, increased contact with humans either through
veterinary practices, the expansion of recreation into ‘wilderness’ areas, conservation
and rehabilitation parks and zoos, along with improved knowledge regarding hostparasite biology have resulted in an increased awareness regarding the threat of wildlife
diseases. Such infections in wildlife may also act as an indicator for environmental
contamination, reflecting disease problems in humans and domestic animal populations.

In the past few decades, there has been a worldwide increase in the number of reported
diseases in the marine environment (Harvell et al., 1999). Pathogen pollution, also
known as “biological pollution” refers to the widespread introduction of non-native
flora and fauna into new areas resulting in a loss of biodiversity (Daszak et al., 2000).
This term has been expanded to describe the introduction of disease causing organisms
to naïve populations. Introduction of such diseases can have a devastating impact on a
susceptible population. The discovery of the protozoan parasite Toxoplasma gondii in
the sea otter population of Southern California serves as a prime example of this type of
biological pollution.

Toxoplasma gondii is a parasite carried by wild and domestic cats and was thought to
occur exclusively on land. Recent studies, however, have shown infection by this
parasite is common in southern sea otters, a threatened species that lives off the coast of
southern California (Cole et al., 2000; Lindsay et al., 2001). While some of the otters
survived infection, many developed severe neurologic disease (encephalitis), which
2

directly resulted in the death of a significant number of animals and left many others
susceptible to predation by sharks. Finding a considerable incidence of a "terrestrial"
pathogen in marine mammals raises the question as to how marine mammals are
becoming exposed to this, and other potential pathogenic organisms. It has been
postulated that in the case of Toxoplasma, the cysts are entering the marine coastal areas
through freshwater run-off and from domestic cat faeces being disposed of in toilets,
which is then ending up in the marine environment (Miller et al., 2002).

Environmental pollution with human and domestic animal faeces is now beginning to be
recognized as a significant potential pathway for transmission of zooanthropomorphic
pathogens to the marine ecosystem, placing these animals within this environment at
risk of infection. Giardia and Cryptosporidium are parasites and, like Toxoplasma, were
thought to be terrestrial pathogens that have only recently been detected in the marine
environment. The significance of these parasites in the marine environment is not
understood as so little research has been carried out in this field. This thesis aims to
address some of the basic questions regarding the impact Giardia and Cryptosporidium
has on the marine ecosystem and on the marine mammals off the eastern coast of
Canada.

1.2
1.2.1

BIOLOGY OF CRYPTOSPORIDIUM AND GIARDIA
Taxonomy

The taxonomic and phylogenic relationships of Cryptosporidium and Giardia remain
poorly defined, primarily as a result of the lack of morphologic features to clearly
differentiate one species or sub-species from all others. As a result of this difficulty in
clearly identifying the parasites, our understanding of transmission dynamics has been
3

limited. This situation is improving owing to the shift from identification through
morphology and immunohistochemistry to the application of modern molecular
genotyping tools such as polymerase chain reaction (PCR). With molecular techniques,
the ability to observe extensive genetic variation within Cryptosporidium and Giardia
species is leading us to a better understanding not only of the taxonomy, but also of the
zoonotic potential of these variants and of the epidemiology of disease.

Cryptosporidium spp.
While Cryptosporidium (Phylum Apicomplexa, Class Coccidia, Order Eimeriida,
Family Cryptosporidiidae) is currently classified with the coccidian parasites, recent
investigations into the biological, morphological and phylogenetic characteristics of this
parasite indicate that the genus was an early emerging lineage among the Apicomplexa
and is, in fact, more closely related to the Class Gregarinia than to the Coccidia
(Carreno et al., 1999; Hijjawi et al., 2002).

Cryptosporidium has been reported in a wide variety of vertebrate hosts including
mammals, birds, reptiles, rodents and fish (Table 1.1). Of the 14 accepted species of
Cryptosporidium, C. hominis (syn. C. parvum genotype I or the human genotype) is the
most prevalent species found in humans and is transmitted human to human. C. parvum
(syn. C. parvum genotype II or the bovine genotype) appears to be the most widely
distributed, has the broadest host range and is most commonly associated livestock
infections and is the second most reported species in humans (Xiao et al., 2004). In the
past, it was assumed that the majority of Cryptosporidium infections in wild mammals,
with oocysts morphometrically identical to C. parvum, were due to C. parvum and that
these animals represented an important zoonotic reservoir for human cryptosporidiosis.
Similar-sized oocysts recovered from water supplies were also assumed to be infectious
4

to humans (either C. parvum or C. hominis). Application of modern molecular
techniques, however, has revealed that wild mammals harbour host-adapted genotypes
that are not considered to be of significant public health risk, as they have not as yet
been identified in human infections (Xiao et al., 2004). The role that wildlife and
farmed animals have played in the zoonotic transmission to humans in the past may,
therefore, have been over-estimated.

Giardia spp.
Giardia is a very unusual, seemingly ancient, eukaryotic single cell organism as it
shares many characteristics with anaerobic prokaryotes. This flagellated, binuclear
parasite belongs to the Phylum Protozoa, Subphylum Sarcomastigophora, Superclass
Mastigophora,

Class

Zoomastigophora,

Order

Diplomonadida,

and

Family

Hexamitidae.

There are five species of Giardia currently recognized on the basis of cyst and
trophozoite morphology as well as host occurrence (Table 1.1). Most species of Giardia
are host-adapted with the exception of G. duodenalis (syn. G. intestinalis or G.
lamblia), which appears to have a much broader host range infecting many mammalian
species. As with Cryptosporidium, the recent application of molecular techniques to G.
duodenalis isolates has revealed a previously unknown genetic diversity within this
species (Thompson and Monis, 2004). There are currently six recognized variants or
Assemblages of G. duodenalis each having a varying degree of host-specificity (Table
1.2). Assemblages A and B infect a broad range of mammals including humans and are
often referred to as ‘zoonotic’ assemblages. Assemblages C-F appear more host-adapted
with C and D primarily infecting dogs, Assemblage E, often referred to as the livestock

5

Table 1.1 - Currently accepted species of Giardia and Cryptosporidium and their major
host species
Species

Major host

Cryptosporidiuma
C. andersoni

Cattle, bactrin camels

C. baileyi

Birds

C. canis

Dogs

C. felis

Cats

C. hominis

Humans, monkeys

C. meleagridis

Birds, humans

C. muris

Rodents, bactrin camels

C. nasorum

Fish

C. parvum

Humans, other mammals

C. saurophilium

Reptiles

C. serpentis

Snakes

C. wrairi

Guinea pig

C. galli

Birds

C. suis

Pigs

Giardiab
G. agilis

Amphibians

G. ardeae

Birds

G. duodenalis

Most mammals

G. microti

Voles and muskrats

G. muris

Rodents

a

Data obtained from Refs (Ryan et al., 2004; Ryan et al., 2003b; Xiao et al., 2004)

b

Data obtained from Ref. (Thompson, 2004)
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Table 1.2 - Genotypes within Giardia duodenalis and their host range
Assemblage

Genotype

Host range

Refs

A

Zoonotic

Humans, livestock, dog, cat,
beaver, guinea pig, slow
loris, mountain gorilla, rock
hyraxa, deer, prairie dog,
bobcat, groundhog, domestic
mouse

(Appelbee et al., 2003a;
Ey et al., 1997; Graczyk
et al., 2002; Homan et
al., 1992; Mayrhofer et
al., 1995; Meloni et al.,
1995; Trout et al.,
2003)

B

Zoonotic

Human, cattle, dog, cat,
beaver, musk rat, slow loris,
siamang, chinchilla, rat,
coyote, domestic mouse

(Ey et al., 1997; Homan
et al., 1992; Mayrhofer
et al., 1995; Meloni et
al., 1995; Moro et al.,
2003; Sulaiman et al.,
2003; Trout et al.,
2004)

C&D

Dog

Dog, coyote, domestic mouse (Hopkins et al., 1997;

E

Livestock

Cattle, alpaca, goat, sheep,
pig

(Ey et al., 1997)

F

Cat

Cat

(Mayrhofer et al., 1995;
Meloni et al., 1995)

G

Rat

Domestic rat

Monis et al., 1998;
Moro et al., 2003; Trout
et al., 2004)

Muskrat/vole Muskrat/vole

Muskrat, vole

(van Keulen et al.,
1998)

Novel

Quenda (bandicoot), mouse,
sheep, Tasmanian Devilb

(Adams et al., 2004;
Moro et al., 2003)

Marsupial
I & II

Updated from ref. (Thompson et al., 2000)
a
A. Appelbee unpublished.
b
R. C. A. Thompson unpublished.
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genotype, infecting artiodactyl species and Assemblage F which has only been found to
infect cats.

The ability to genotype Giardia and Cryptosporidium isolates from wild mammals is
vital to the understanding of the prevalence of these parasites in the environment, the
zoonotic potential of these isolates and the identification of potential reservoirs for
human infection.

1.2.2

Life cycle

Cryptosporidium spp. have a complex monoxenous life-cycle where all stages of
development occur within one host (Figure 1.1 A). Infection begins when oocysts are
ingested through the faecal-oral route. As little as one oocyst can produce infection in a
susceptible host (Pereira et al., 2002). In the gastro-intestinal tract sporozoites excyst
from oocysts and penetrate the cell membrane, within the microvillus region of the
mucosal epithelium, in an intracellular but extracytoplasmic position. Each sporozoite
differentiates asexually to become a trophozoite, which then undergoes asexual division
to produce meronts. Meronts produce six to eight merozoites that can infect another
host cell and develop into a Type II meront.

Type II meronts initiate sexual

multiplication by differentiating into either a microgamont (male) or macrogamont
(female). Upon fertilisation, zygotes differentiate into mature oocysts, which sporulate
in situ.

The majority of oocysts are released into the gastrointestinal tract as

environmentally stable, thick-walled oocysts which are excreted in faeces and are
capable of infecting other hosts, the remainder are released as thin walled oocysts
capable of autoinfection (Clark, 1999; Current and Reese, 1986; Gookin et al., 2002;
O'Donoghue, 1995).
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Figure 1.1 - Life cycles of Cryptosporidium (A) and Giardia (B). Diagram is not to
scale and the details of each life cycle are described in section 1.2.2.
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Giardia spp. Have a simple, direct life cycle in which the parasite alternates between the
motile feeding trophozoite stage and the infective, environmentally resistant, cyst stage
(Figure 1.1 B). As with Cryptosporidium, infection occurs when cysts are ingested by a
susceptible host. Ingestion of as few as ten cysts can lead to infections in humans and
animals (Rendtorff, 1954). Following ingestion, the trophozoites emerge from the
cysts, triggered by the more alkaline pH and proteolytic activity of the duodenum
(Gillin et al., 1996). The trophozoites multiply by asexual binary fission and can
colonize the entire small intestine. Trophozoites adhere to the intestinal epithelium
using a specialised adhesive disk located on their ventral surface, but they may detach
from the epithelial surface and move through the intestinal fluid using their four pairs of
flagella (Gillin et al., 1996). As the trophozoites are carried downstream by the flow of
intestinal fluid, they must encyst, as they do not naturally survive outside the host. The
dormant, quadrinucleate ovoid cyst form is then voided in the faeces.

Cryptosporidium oocysts and Giardia cysts are transmitted by the faecal oral route.
Potential routes of transmission include person to person through direct or indirect
contact, animal to animal, animal to human, human to animal, waterborne from humans
or animals through drinking water or recreational water and food borne from
contamination of water used in food preparation and manufacture or from food
handlers.

1.2.3

Clinical symptoms

Cryptosporidiosis
Profuse, watery diarrhoea is the most common clinical feature of cryptosporidiosis in
both immunocompetent and immunosuppressed mammals, including humans (Current
and Garcia, 1991). Secondary signs of infection in humans include abdominal pains,
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low-grade fever, nausea, vomiting and associated weight-loss (Current and Garcia,
1991; Current and Reese, 1986; O'Donoghue, 1995). The severity and longevity of
Cryptosporidium infections are directly related to the immune status of the host (Clark,
1999), lasting 3-12 days in the immunocompetent and up to several months in the
immunocompromised host (Current and Garcia, 1991; Juranek, 1995; Tzipori et al.,
1983). Clinical signs are generally more chronic and severe in the immunocompromised
and are not always confined to the gastrointestinal tract. Extraintestinal infection of the
respiratory tract (Casemore, 1990), pancreatic duct, gallbladder and biliary tree have all
been documented in human immunodeficiency virus-infected patients (Fayer, 1997).
Most healthy hosts develop immunity after infection. In immunosuppressed hosts,
however, like HIV-infected humans, recovery is difficult and severe dehydration can
lead to death (Seeman, 1996; Xiao and Herd, 1994b).

The majority of research in this disease in animals has been carried out in livestock.
Cryptosporidiosis in ruminant species is typically symptomatic in the young. Among
cattle, calves are susceptible to C. parvum infection shortly after birth and remain so for
several months (Xiao and Herd, 1994b). Whilst certainly not common, beef calves herds
may experience a high infection rates with C. parvum resulting in mortality of 30–35%
of the calves (Ralston et al., 2003). In adult cattle infected with C. muris, failure to
thrive, reduced milk production and chronic abomasal cryptosporidiosis have been
reported (Anderson, 1998).

Unlike young ruminants, infections in swine and horses are typically asymptomatic,
even in young animals, provided animals are not under extreme stress or
immunologically compromised (i.e. severe combined immunodeficiency (SCID) in
foals) (Quilez et al., 1996; Xiao and Herd, 1994a). Serious naturally occurring
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problematic cryptosporidial infections in nursing piglets (<3 weeks of age), however,
have been reported in Europe (Rotkiewicz et al., 2001).

Very little, if any information is available on the clinical symptoms in free-living
mammalian wildlife. While Cryptosporidium infections have been reported in a wide
range of wildlife mammals, these infections appear to be asymptomatic, at least based
on the consistency of single stool samples.

Giardiasis
The clinical features of giardiasis are similar to cryptosporidiosis, including severe
diarrhoea, abdominal cramps, nausea, and weight loss (Adam, 2001; Lebwohl et al.,
2003; Wolfe, 1992). These symptoms may persist for a few weeks, in the case of acute
giardiasis, or evolve into chronic reoccurring disease (Farthing, 1996). Giardia infection
in ruminants causes intestinal malabsorption thereby reducing rate of body weight gain
and affecting feed efficiency in growing animals by as much as 10%. Although
mortality is not common, fatal Giardia infections have been reported in chinchillas and
birds (Shelton, 1954; Upcroft et al., 1997). It is thought that the pathology of disease is
related to the asexual phase, the trophozoites, whilst attached to the intestinal epithelium
will disrupt host secretory and excretory functions either by the sheer number of its
presence or by as yet unidentified specific mechanisms (Buret, 1994).

1.3

GIARDIA AND CRYPTOSPORIDIUM IN TERRESTRIAL

MAMMALIAN WILDLIFE
The majority of data collected on Giardia and Cryptosporidium in wild mammals has
come from surveys of free-living terrestrial mammals in order to assess their potential
as reservoirs of disease for humans and livestock. A map showing a selection of Giardia
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and Cryptosporidium surveys carried out on free-living terrestrial mammalian wildlife is
shown in Figure 1.2.

Initially, animals located within water catchments were of prime concern. One species
most often implicated with waterborne contamination is the beaver, to the extent that
giardiasis in North America is commonly referred to as ‘beaver fever’. The mere
presence of Giardia cysts, or Cryptosporidium oocysts in the stool or intestinal
scrapings of animals found within the confines of watercourses used for human
consumption was enough to implicate them as a source of contamination (Dykes et al.,
1980; Heitman et al., 2002; Karanis et al., 1996; Moorehead et al., 1990; Navin et al.,
1985; Wallis et al., 1986). In most instances, identification was based solely upon
morphometric comparison with reference laboratory strains of G. duodenalis or C.
parvum. More recent molecular characterization of isolates from beavers and other
wildlife mammals provide clearer evidence in order to properly assess the health risk
wildlife poses in given areas.

The zoonotic genotypes of G. duodenalis, Assemblage A and Assemblage B, have been
detected in numerous species of wildlife encompassing nearly all mammalian orders
including artiodactyla, rodentia, primates, canivora and hyracoidean (Table 1.2). Novel
Giardia genotypes however, are still being discovered in wildlife, particularly in
marsupials. The recent discovery of two novel and genetically distinct genotypes of
Giardia isolated from a bandicoot in southwest Australia and a Tasmanian devil serve
as recent examples (Adams et al., 2004) and Thompson R. C. A, personal
communication). Once a new genotype has been characterized, it is often possible to
detect that genotype in other species. The bandicoot Giardia genotype was subsequently
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Figure 1.2 – A selection of Giardia and Cryptosporidium prevalence studies undertaken on free-living mammalian wildlife over the past 20 years. The
number of surveys conducted in each country is listed in brackets beside the country name. Of the 68 studies presented here, only 10 of the Giardia
studies and 18 of the Cryptosporidium studies were undertaken at the molecular level. Details for each study including species, rates of infection,
sample size and corresponding references can be found in the appendix.
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detected in sheep housed at a university farm in Western Australia as well as a house
mouse sampled from a subantarctic island off Australia’s southern coast (Moro et al.,
2003 and Thompson R. C. A, personal communication). Mice from this study were also
found to harbour the zoonotic genotype Assemblage A, and two primarily canine
genotypes C and D. Modern molecular tools, therefore, allow not only for the
identification of novel Giardia genotypes but for the revelation of previously
unsuspected host ranges as well.

These and other studies demonstrate that as we continue to genotype Giardia isolates, a
clearer picture of what species and genotypes exist in wildlife will emerge. These data
provide important insights into the public health significance of a given wildlife species
and will aid in identifying the source of Giardia contamination and infection in humans,
domestic animals, and other wildlife species.

As was the case with Giardia, the presence of oocysts of similar size and morphology to
C. parvum from wildlife and environmental samples was sufficient to consider the
sample infectious to humans (ie. either C. parvum or C. hominis). Application of
molecular tools, however, has revealed that the majority of Cryptosporidium species
found in naturally infected wildlife mammals are different to those infecting the human
host. For example, a recent study in Chesapeake Bay, Maryland, revealed that furbearing mammals in watersheds excreted host-adapted Cryptosporidium oocysts that are
not known to be of significant public health importance. Of 471 specimens examined
from foxes, raccoons, muskrats, otters, and beavers living in wetlands adjacent to the
Chesapeake Bay, 36 were positive for five types of Cryptosporidium, including the C.
canis dog and fox genotypes, Cryptosporidium muskrat genotypes I and II, and
Cryptosporidium skunk genotype (Zhou et al., 2004). Most genotypes of
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Cryptosporidium appear to have a very narrow host range infecting one major (or
preferred) host, and perhaps infecting other mammals, but to a much lesser extent
(Table 1.3).

Unless the host range or infectivity of Cryptosporidium species found in wildlife
includes humans, these wildlife mammals do not represent a significant public health
concern. Humans are primarily infected with the human host-adapted species C.
hominis and C. parvum, which has a broader host range but is predominantly found in
livestock. Other species traditionally associated with animals, including C. canis, C.
meleagridis

and

C.

felis

have

been

identified

in

immunocompetent

and

immunocompromised humans (Xiao et al., 2004). Whilst not as common as infections
with C. parvum and C. hominis, these species appear to be responsible for more human
infections than originally thought. In fact, C. meleagridis is increasingly becoming
recognized as an important human pathogen instead of merely an avian pathogen. It is
clear that wildlife that are natural hosts of the Cryptosporidium species with greater
zoonotic potential are of public health interest. Other Cryptosporidium species such as
C. muris, C. suis and cervine genotype have rarely been detected in isolated human
cases. These Cryptosporidium species and genotypes highlight the fact that apparently
host-adapted species still have the potential to occasionally infect other hosts including
humans and livestock.

Despite the fact that most species of mammalian wildlife are infected with strains of
Cryptosporidium that, given current knowledge, appear to be of low public health
importance, their continued study is necessary as wildlife contributes to the overall pool
of oocysts identified in environmental samples. We need to know what

16

Table 1.3 - Cryptosporidium species and genotypes found in mammalian wildlife.
Species

Genotype

Host species

Refs

C. parvum

Cattle genotype

Deer, raccoon dog,
mountain gorilla, nutria,
wild horse, alpaca

(Graczyk et al., 2001a;
Matsubayashi et al., 2004;
Ryan et al., 2003a)

Bactrin camel, marmot,
bison,
Humans, monkeys,
dugong

(Ryan et al., 2003a)

C. andersoni
C. hominis
C. hominis

Monkey genotype

C. muris

(Morgan et al., 2000; Xiao et
al., 2004)

Monkeys
Rodents, bactrin camel,
bilbies, rock hyrax,
mountain goats, ringed
seals

(Hurkova et al., 2003; Santin
et al., 2005; Sulaiman et al.,
2000; Warren et al., 2003;
Xiao et al., 1999a; Xiao et
al., 2004)

C. canis

Coyote genotype

Coyotes

(Xiao et al., 2002; Zhou et
al., 2004)

C. canis

Fox genotype

Foxes

(Xiao et al., 2004; Zhou et
al., 2004)

Cryptosporidium.
spp

Bear genotype

Bear

(Xiao et al., 2000)

Cervid genotype

Deer, sheep, lemur,
blesbok, nyala

Deer genotype
Deer-mouse
genotype
Ferret genotype

Deer
Deer-mice

(da Silva et al., 2003; Ryan
et al., 2003a; Xiao et al.,
2004)
(Xiao et al., 2002)
(Xiao et al., 2002)

Fox genotype
Horse genotype
Marsupial genotypes
I & II

Fox
Prezewalski’s wild horse
Kangaroos, koala

Mongoose genotype
Mouse genotype

Mongoose
Mouse, rat

Muskrat genotypes
I & II
Opossum genotypes
I & II
Rabbit genotype
Skunk genotype
Squirrel genotype

Muskrat, fox

Ferret

Opossum

(Abe and Iseki, 2003; Xiao
et al., 2004; Xiao et al.,
1999b)
(Xiao et al., 2002)
(Ryan et al., 2003a)
(Morgan et al., 1999; Power
et al., 2004; Xiao et al.,
2004)
(Abe et al., 2004)
(Bajer et al., 2003; Xiao et
al., 2004)
(Xiao et al., 2002; Zhou et
al., 2004)
(Xiao et al., 2002)

Rabbits
Skunk, raccoons
Squirrels

(Xiao et al., 2004)
(Xiao et al., 2002)
(Xiao et al., 2004)

Adapted from Refs (Xiao and Ryan, 2004; Xiao et al., 2002)
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Cryptosporidium species wildlife have and fully understand their zoonotic potential in
order to properly assess what risks wildlife poses to water supplies.

1.4

GIARDIA AND CRYPTOSPORIDIUM IN CAPTIVE MAMMALS

Limited research has been carried out on the prevalence, host range and transmission
dynamics of Cryptosporidium and Giardia in captive mammalian species. Zoos,
conservation parks and wildlife rehabilitation centres provide an ideal arena to study
these parasites in that a variety of mammalian species can be studied over an extended
period of time. The number and diversity of species in a captive setting allow for the
study of animals from widely different geographic locations without the cost and
logistical problems that preclude this sort of long-term research in the wild. In these
simulated environments however, the captive mammals are in unusually close contact
with humans and with other animal species they would not normally encounter in the
wild. This high animal density and the high stress environment often associated with
captivity may result in an increased susceptibility to disease and the exposure of these
mammals to species of parasite that they would not normally encounter in the wild.
Whilst studies of captive mammals may not directly mirror the situation in free-living
mammals, this research is important to aid in zoological management strategies as well
as to give insight into host-parasite interaction in mammalian wildlife species that
would otherwise be inaccessible to study.

Several

cross-sectional

and

longitudinal

studies

of

animals

infected

with

Cryptosporidium at the Barcelona zoo have been undertaken since 1992 (Gomez et al.,
1992; Gomez et al., 2000; Gomez et al., 1996; Gracenea et al., 2002). In these studies,
14 primate species (families - Pongidae, Cebidae, Cercopithecidae and Lemuridae) and
21 herbivore species (families – Elephantidae, Camelidae, Cervidae, Giraffidae,
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Bovidae and Rhinocerotidae) were found to be positive for Cryptosporidium. Shedding
analysis in the various animals revealed long-term chronic infections through to single
incidents of oocyst detection. Many of these animals such as the hippopotamus,
elephant, giraffe and rhinoceros represent new hosts of Cryptosporidium, having been
reported only in this series of publications.

The studies at the Barcelona zoo revealed that the prevalence of Cryptosporidium in
primates was correlated with the physical features of the respective enclosures
(Gracenea et al., 2002). The enclosure with the highest prevalence was an artificial
reproduction of a tropical sylvan. This exhibit was fully enclosed and was therefore not
open to the natural elements. The artificially high humidity and moderate temperatures
may have contributed to the protection and sustained viability of the oocysts. Larger
enclosures that were more exposed to the elements, showed a decreased prevalence of
Cryptosporidium. While housing was indeed one of the contributing factors to variation
in prevalence, differences in animal density, species, age of animals, oocyst shedding
intensity and varying cleaning regimes among the three enclosures could have also
contributed to the observed differences. Although the sample size of this study was
small, and ideally should be repeated with a larger numbers of animals, it does highlight
the importance of housing as a possible risk factor for captive wildlife. Zoo architects
and managers should consider this type of information when designing and maintaining
animal enclosures.

All isolates from the Barcelona zoo animals were identified as C. parvum based on
morphometric data, and it was hypothesized that the transmission of the parasite may
have occurred via water run off from one enclosure to another, or from the transport of
faecal material on the boots of the zookeepers (Gomez et al., 2000). Without genetic
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characterization, it is difficult to draw any solid conclusions about transmission from
these studies. These animals could have been harbouring their own host-adapted
genotype of Cryptosporidium that would make the issue of transmission from animal to
animal both within and among enclosures less of a threat. If the animals carried
identical strains of Cryptosporidium, however, there would clearly be a stronger case for
cross-enclosure contamination. Genetic data would greatly enhance any epidemiological
inferences drawn from these types of studies.

One study that demonstrates the value of genetic typing of wildlife isolates is the study
of animals from the Prague zoo (Gomez et al., 1992). In this study, eleven mammalian
species of wildlife were found positive for Cryptosporidium. With the application of
molecular analysis, it was revealed that these wildlife mammals were harbouring four
different species/genotypes of Cryptosporidium. Most mammals were found to be
infected with only one genotype, either C. parvum, C. andersoni or the cervid genotype,
with the exception of the Prezewalski’s wild horse (Equus przewalskii) that was infected
with C. parvum and the horse genotype. Of the Cryptosporidium species detected in this
study, only C. parvum and the cervid genotype have zoonotic potential.

As more studies such as these are undertaken on captive animals, important insight will
be attained into the transmission dynamics of Cryptosporidium and Giardia as well as
the zoonotic potential of individual captive and free living wildlife species.

1.5

GIARDIA AND CRYPTOSPORIDIUM IN MARINE MAMMALS

Despite the differences between the marine and terrestrial ecosystems, human activities
have a significant impact on the health of marine mammals. As well as the impact
chemical pollution has on marine mammal immunocompetency, the discharge of
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agricultural waste and raw or improperly treated human sewage can introduce
pathogens into the marine environment. Both Giardia cysts and Cryptosporidium
oocysts have been detected in marine water samples from areas of treated sewage
disposal (Johnson et al., 1995; Payment et al., 2001). Shellfish such as oysters and
mussels have also been demonstrated to harbour Giardia and Cryptosporidium (Fayer et
al., 2004; Graczyk and Schwab, 2000). Laboratory simulations indicate that
Cryptosporidium and Giardia cysts can remain infective in seawater for several weeks
and could, therefore, be considered a source of infection for marine mammals (Naik et
al., 1982; Nasser et al., 2003).

The potential for marine mammals to act as zoonotic reservoirs for Cryptosporidium
and Giardia through the consumption of meat, including the dried intestines of ringed
seals, harp seals and beluga by native and non-native persons particularly in North
America prompted the initial study to examine marine mammals in the Canadian arctic
(Olson et al., 1997b). Examination of faecal specimens by microscopy after staining
with a fluorescent monoclonal antibody detected Giardia cysts in three of 15 ringed
seals (Phoca hispida) but none of the 16 beluga whales (Delphinapterus leucas)
examined from the same area. While these cysts were morphometrically identical to G.
duodenalis, no molecular characterization was undertaken to identify the species found
in these mammals. This study did, however, reveal marine mammals as a potential
source of the zoonotic transmission of Giardia.

Similar studies have since detected Giardia cysts in other pinnipeds including harp seals
(Phoca groenlandica), grey seals (Halichoerus grypus) and a harbour seal (Phoca
vitulina) from the east coast of Canada as well as one California sea lion (Zalophus
californianus) from the coast of northern California (Deng et al., 2000; Measures and
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Olson, 1999). Most recently, Giardia cysts were reported in two species of whale from
Northern Alaska (Hughes-Hanks et al., 2005). Prevalence of infection among these
species varied ranging from 7% to 100%. It is not clear if this variation was related to
geographical location, feeding preferences, seasonality or simply an artefact of sample
size and detection techniques.

Genetic characterization of the giardin gene revealed the California sea lion harboured
G. duodenalis (Deng et al., 2000). All other studies have relied on morphometric
analysis to infer the species of Giardia infecting the animals. As is clearly demonstrated
in the studies on Giardia in terrestrial wildlife mammals, morphology is insufficient to
identify species, as some host-adapted forms are morphometrically identical to the
zoonotic strains of G. duodenalis. This highlights the need to genetically characterise
new isolates from marine mammals. It is only with this characterization, the relative
risks of potential sources of contamination can be assessed.

Cryptosporidium has also been detected in a marine mammal species albeit with less
frequency than Giardia. The parasite was first reported in Australia, in a terminally sick
dugong sea cow (Dugong dugong), which (upon necropsy) revealed a heavy
Cryptosporidium infection in the lower intestine. Owing to the lack of other causes, the
Cryptosporidium infection was considered to be the most likely cause of death (Hill et
al., 1997). This isolate was subsequently genotyped as C. hominis, a species thought to
be infective exclusively to humans, non-human primates and gnotobiotic pigs (Morgan
et al., 2000). It is hypothesized that either C. hominis has a broader host-range than first
thought or that the dugong, having been ill and perhaps immunocompromised, was
more susceptible to infection. If this were the case, the obvious source of contamination
would be spill-over from human sewage contaminating the sea-grass beds grazed by the
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dugong. Sampling a greater number of dugong from a number of pristine and
contaminated sites will be required to determine if they are natural hosts of C. hominis.

Cryptosporidium oocysts have since been reported in several other marine mammal
species, including the Californian sea lion, ringed seals, bowhead whale and north
Atlantic right whale (Deng et al., 2000; Hughes-Hanks et al., 2005; Santin et al., 2005).
Genetic characterization utilizing the COWP gene and an unidentified genomic region
revealed 98% sequence identity between the three sea lion isolates and C. parvum
(Deng et al., 2000). Although this finding suggests anthropogenic activities are a source
of pollution to the marine environment, detailed genetic analysis at more informative
loci such as the SSU-rRNA, HSP 70 and Actin genes are required to rule out the
possibility that sea lions harbour a host-adapted Cryptosporidium genotype not
transmitted from humans. Application of genetic analysis at informative loci is the only
way we can draw any firm epidemiological inferences regarding sources of infection
(Xiao et al., 2004). A recent example is the genetic characterization of ringed seal
isolates at the SSU-rRNA, HSP-70 and Actin gene fragments, that revealed these
marine mammals harbour two novel Cryptosporidium genotypes as well as C. muris
(Santin et al., 2005).

Additional marine mammal species including the pacific harbour seal (Phoca vitulina
richardsi), northern elephant seal (Mirounga angustirostris), bearded seal (Erignathus
barbatus), harp seal, beluga and northern bottle-nosed whale (Hyperoodon ampullatus)
sampled from waters of the western arctic, the east coast of Canada and the Californian
coast have been examined for the presence of Cryptosporidium oocysts by microscopy
or PCR (Deng et al., 2000; Hughes-Hanks et al., 2005; Measures and Olson, 1999;
Olson et al., 1997b; Santin et al., 2005). The parasite was not detected in any of these
23

samples. The absence of Cryptosporidium in these marine mammals might reflect the
limited number and age of the specimens analysed, as cryptosporidiosis is traditionally a
disease of young or immunocompromised mammals (Huetink et al., 2001; Xiao and
Herd, 1994b). The absence of the parasite from these samples may also reflect
differences in species, diet, or seasonal variation. The results of all the published
Cryptosporidium and Giardia prevalence studies conducted on marine mammals are
summarised in Tables 1.4 and 1.5.

Apart from the isolated studies presented here, the extent to which these
Cryptosporidium and Giardia extend into the marine environment and the effect these
parasites may have on marine mammal health is not well understood. Because of the
unique habitat of these marine species, the logistics and expenses incurred by the study
of marine mammals have meant that a limited numbers of samples have been obtained
and there has been no re-sampling of any individual animal. Nevertheless, the results
from these studies suggest that some marine mammal species could be potential
reservoirs for both Cryptosporidium and Giardia, although the significance of this, as
far as transmission of these parasites, is yet to be determined

Marine mammals can also act as indicator species for environmental contamination with
waterborne parasites such as Cryptosporidium and Giardia. The key to determining if
anthropogenic activities such as farming and sewage disposal are potential sources of
contamination is to identify the species and subtypes of Cryptosporidium and Giardia
that naturally infect marine mammals. As most species and subtypes of these parasites
are host adapted, identification of a terrestrial host-adapted strain such as C. hominis in
a marine mammal would indicate that runoff is the likely causal agent of the pathogen
pollution.
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Table 1.4 – Summary of all studies conducted to-date on the prevalence of Giardia in marine mammals.
Location

Species

% positive
(sample size)

Method of identification Giardia spp.
(loci used for genotyping)

Reference

Western Arctic, Canada

Ringed seal
Beluga

20% (15)
0% (16)

IFA Microscopy
IFA Microscopy

G. duodenalis

(Olson et al.,
1997b)

Gulf of St. Lawrence, St.
Lawrence Estuary or
Newfoundland, Canada

Harp seals
Grey seals
Harbour seals
Beluga

32% (47)
21% (19)
13% (8)
0% (11)

IFA Microscopy
IFA Microscopy
IFA Microscopy
IFA Microscopy

Giardia spp.
Giardia spp.
Giardia spp.

Northcoast Marine
Mammal Centre or
Humbolt Bay,
California, United States

Harbour seal
Elephant seal
California sea lion

0% (13)
0% (8)
16.6% (6)

IFA Microscopy
IFA Microscopy
IFA Microscopy & PCR

Nunavik, Canada

Bearded seal
Ringed seals

(Deng et al., 2000)

G. duodenalis

(Giardin)

75% (4)
82% (55)

Flow cytometry
Flow cytometry & PCR
(18S-rRNA/TPI)

Northern Alaska, United
States

(Measures and
Olson, 1999)

Ringed seal
Bearded seal
Beluga whale
Bowhead whale
North Atlantic
Right Whale

64.5% (31)
0% (22)
0% (18)
33.3% (39)
71.4% (49)

IFA Microscopy
IFA Microscopy
IFA Microscopy
IFA Microscopy
IFA Microscopy

Not reported
G. duodenalis
(Assemblage B)

(Dixon et al., 2004;
Santin et al., 2005)

Giardia spp.
Giardia spp.
Giardia spp.

(Hughes-Hanks et
al., 2005)

Table 1.5 – Summary of all studies conducted to-date on the prevalence of Cryptosporidium in marine mammals.
Location

Species

% positive
(sample size)

Method of identification
(loci used for genotyping)

Cryptosporidium
spp.

Queensland, Australia

Dugong

1

Histology & PCR

C. hominis

(SSU-rRNA/HSP70/Actin)

Western Arctic, Canada

Ringed seal
Beluga

0% (15)
0% (16)

Northcoast Marine Mammal
Centre or Humbolt Bay,
California, US

Pacific harbour seal 0% (13)
Elephant seal
0% (8)
California sea lion 50% (6)

IFA Microscopy
IFA Microscopy
IFA Microscopy
IFA Microscopy
IFA Microscopy & PCR

Reference
(Hill et al., 1997;
Morgan et al., 2000)
(Olson et al., 1997b)

C. parvum

(Deng et al., 2000)

(unidentified genomic region
& oocyst surface protein)

Nunavik, Canada

Bearded seal
Ringed seal

0% (5)
18% (55)

Flow cytometry
Flow cytometry & PCR
(18S-rRNA/HSP70/Actin)

Northern Alaska, United
States

Ringed seal
Bearded seal
Beluga whale
Bowhead whale
North Atlantic
Right Whale

22.6% (31)
0% (22)
0% (18)
5.1% (39)
24.5% (49)

IFA Microscopy
IFA Microscopy
IFA Microscopy
IFA Microscopy
IFA Microscopy

C. muris and
2 novel C. spp.

(Dixon et al., 2004;
Santin et al., 2005)

(Hughes-Hanks et
al., 2005)

It is also important to assess the biological impact that Cryptosporidium and Giardia
have on the host itself. In humans and domestic livestock, these parasites cause
diarrhoea and other enteric disorders, which may contribute to nutritional deficiencies
and impaired weight gain (de Graaf et al., 1999; Olson et al., 1995). Very little
information has been gathered on the clinical effects that these parasites have on the
majority of their wildlife hosts. As concerns about biodiversity increase, it is important
to monitor the health status of wildlife in general and endangered species in particular.
It is also important to identify potential pathogen pathways from humans and domestic
animals to wildlife populations.

1.6

THE ST. LAWRENCE ESTUARY

The Saint Lawrence, originally 'Kaniatarowanenneh' or 'big waterway' in Mohawk, is
one of the principal rivers in North America. The seaway can be divided into three
broad sections: the freshwater river, which extends from Lake Ontario to just outside the
city of Québec; the St. Lawrence estuary, which extends from Québec to Anticosti
Island; and the Gulf of St. Lawrence, which leads out into the Atlantic Ocean (see
Figure 1.3). The St. Lawrence runs 3,058 km from source to mouth. Its drainage area,
which includes the Great Lakes, comprises 1.03 million km2 with an average discharge
at the mouth of 10,400 m3/s.

There are approximately 7.5 million people living in the province of Québec, with the
majority living in the major city centres of Québec City (population 710,000), Montreal
(population 3.6 million) and the Ottawa/Gatineau region (1.1 million) all of which are
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Adapted from: http://atlas.nrcan.gc.ca

Figure 1.3- Map showing the location of the St. Lawrence Estuary and Gulf in Eastern
Canada.
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located on the banks of the St. Lawrence or a major river system that drains into the St.
Lawrence system.

Québec is a large agricultural producer with over 12,000 cattle farms and 7,500 hog
farms operating in 2001 (Statistics Canada, www.statcan.ca). The number of livestock
on these farms equates to over 1.4 million cattle and 4.2 million pigs. Crop farming is
also prevalent, with over 26,000 farms operating in the province. Of these farms, 60%
report using manure as a fertilizing agent with a total of 400,000 hectares (ha) being
covered by solid spread, 32,000 ha covered with liquid surface sprayers, 30,000 ha by
liquid surface injectors and a further 10,000 ha being fertilized with manure added to
the irrigation systems (Stastics Canada, www.statcan.ca). The large number of animals
and the extensive use of manure fertilization within the St. Lawrence watershed raise
concerns in regards to the potential for pathogen pollution in this waterway.

1.6.1

Marine life of the St. Lawrence

The St. Lawrence system is prolific with marine life and supports six species of
pinnipeds (seals) and 13 species of cetaceans (whales). The majority of the marine
mammal species are found with an even distribution in the Estuary and Gulf of St.
Lawrence, with the exceptions of the beluga which resides only in the estuary, and the
ringed and bearded seals which are only found in the Northern Gulf zones (See Table
1.6 and Figure 1.4).

Of the species inhabiting the St. Lawrence system, the beluga whales are considered to
be at the greatest risk. While the global population of beluga appears stable, the
population that frequents the St. Lawrence estuary has declined sharply in the last few
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Table 1.6 – A list of the marine mammals inhabiting the Upper and Lower St.
Lawrence Estuary and Gulf of St. Lawrence and their current population status, both
locally and globally.
Species
Order: Pinnipedia
Harbour seal
Grey seal
Harp seal
Hooded seal
Ringed seal
Bearded seal

Priority Rank
Canadiana
Globalb
NR
NR
NR
NR
NR
NR

LR
LR
LR
LR
LR
LR

St. Lawrence Zonesc
A B C D E
X
X
X
X

X
X
X
X
X
X

X
X
X
X
X
X

X
X
X
X
X
X

Order: Cetaceans
Harbour porpoise
NR
LR
X X X X
Atlantic white-sided dolphin
NR
LR
X X X X
White-beaked dolphin
NR
LR
X X X X
Atlantic pilot whale
NR
LR
X X X X
Killer whale
NR
LR
X X X X
Beluga †
T
VU
X
Northern bottlenosed whale†
SC
EN
X X X X
Sperm whale
NR
VU
X X X X
Minke whale
NR
LR
X X X X
Fin whale †
SC
EN
X X X X
Blue whale †
E
EN
X X X X
Humpback whale
NR
VU
X X X X
Northern right whale †
E
EN
X X X
† indicates species is registered on the Government of Canada Species at Risk Act
(SARA).
a

X
X
X
X

X
X
X
X
X
X
X
X
X
X
X
X

SARA Priority Rank and definitions (COSEWIC, 2004)

Threatened (T)
Endangered (E) A wildlife species that is facing imminent extirpation or extinction.
Special Concern (SC) A wildlife species that may become a threatened or an endangered species
because of a combination of biological characteristics and identified threats.
Not on record (NR) A wildlife species that is not designated at risk
b

IUCN Global Priority Rank and definitions (IUCN, 2001)

Endangered (EN) A taxon is Endangered when it is not Critically Endangered but is facing a
very high risk of extinction in the wild in the near future.
Vunerable (VU) A taxon is Vulnerable when it is not Critically Endangered or Endangered but
is facing a high risk of extinction in the wild in the medium-term future.
Lower Risk (LR) A taxon is Lower Risk when it has been evaluated, does not satisfy the criteria
for any of the categories Critically Endangered, Endangered or Near Threatened.
c

A graphical representation of mammal habitation zones A-E of the St. Lawrence
Estuary and Gulf are shown in Figure 1.4.
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Figure 1.4 - Map showing marine mammal habitation zones A-E of the St. Lawrence
Estuary and Gulf. Species residing in each zone, and their current risk status, are listed
in Table 1.6.
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decades, probably as a result of over hunting in the early part of the century. Although
the St. Lawrence beluga population has stabilised (Lesage and Kingsley, 1998), its
recovery is likely being hindered by the bioaccumulation of chemical contaminants in
the whales' tissues, which affects reproduction and by the disturbances associated with
whale watching and commercial shipping activities (Beland et al., 1993; Martineau et
al., 1994). Studies of this beluga population have lead to their classification as an
“endangered” species and this population has been given protection under the Canadian
Government Species at Risk Act (SARA).

Other species inhabiting the Gulf of St. Lawrence and St. Lawrence estuary that are
considered endangered or have special conservation status include the northern
bottlenosed whale, fin whale, blue whale, humpbacked whale and northern right whale.
Many of these species are at risk from being struck by ships, and to becoming entangled
in fishing gear. This is in part because they spend so much time on the surface of the
ocean, and because they migrate close to the coast, where vessel traffic is heavier.
Other potential threats include infectious diseases, marine biotoxins, habitat loss and
degradation, contaminants, disturbance from tourism, and an inadequacy of prey due to
changes in ocean climate (Environment Canada, 2002).

The susceptibility to infectious diseases, including the parasites Giardia and
Cryptosporidium are increased with suppressed immune systems. One of the primary
concerns about the St. Lawrence system is the physiological effect of bioacumulated
chemical toxins in the local marine mammals. Apart from belugas, seals are the marine
organisms most heavily contaminated by toxic substances. Chemical contaminants such
as polychlorinated biphenyls (PCB), organochlorinated pesticides, such as DDT and
hexachlorobenzene (HCB) have shown up in very high concentrations in the
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subcutaneous fat of harbour and grey seals and in lower concentrations in harp seals
(Hobbs et al., 2002). Heavy metals are also bioaccumulated in the seals of the St.
Lawrence with the liver of some grey seals heavily contaminated with mercury and
harbour and harp seals with cadmium.

The effects of these environmental contaminants on the immune function of marine
mammals is well documented, studies having shown an impairment of natural killer cell
activity, T-lymphocyte function, lymphocyte proliferative responses, and delayed-type
hypersensitivity and antibody responses to ovalbumin, amongst others, as a result of
ingestion of immunotoxic chemicals (Ross et al., 1996). The contaminant levels found
in free-ranging marine mammals inhabiting polluted areas of Europe and North
America are sufficiently high to suggest that these populations are at risk of immune
dysfunction as a result of immunotoxicity (de Swart et al., 1996; Luebke et al., 1997;
Martineau et al., 1994; Ross et al., 1996). This could result in diminished host
resistance and an increased incidence and severity of infectious disease.

Urban sewage effluent discharges represent another significant problem for the St.
Lawrence ecosystem, particularly in regards to the potential introduction of pathogen
pollution such as faecal bacteria, Giardia and Cryptosporidium.

1.6.2

Evidence of pathogen pollution in the St. Lawrence

The drainage basin of the St. Lawrence River and Estuary excluding the Great Lakes is
inhabited by about 6 million people living in more than 300 riverine municipalities, and
until 1984 sewage from most of these, including the City of Montreal, were discharged
without treatment (Gobeil, 1999; Harding, 1992). In Atlantic Canada, approximately 5 x
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105 m3 per day of municipal waste are discharged directly into coastal waters and not
more than 50% received wastewater treatment (Chambers et al., 1997).

The regional assessment of the St. Lawrence upper estuary shows that contamination of
the coastal zone by sewage was a major problem during the 1990’s. Contamination was
mostly caused by untreated municipal sewage and overflows during heavy rains of both
sewer systems linked to treatment plants and residential septic tank systems. In some
areas, runoff from inadequately installed storage facilities for livestock wastes also
added to the contamination. While the percentage of the population served by treatment
plants has increased from 19% during the early 1990’s to 70% at the end of 1998, the
use of treatment plants, while reducing faecal contamination of the marine environment,
does not eliminate it (Gagnon, 1998). This problem is highlighted by a study undertaken
to examine the efficiency of the removal of waterborne pathogens in the largest
treatment plant in Québec.

The Montreal Urban Community wastewater treatment facility is the main facility for
the inhabitants of the city of Montreal, treating the waste water for over one million
residents and more than 4000 industrial and commercial establishments representing
50% of the total wastewater treated in Québec (Payment et al., 2001). With a capacity
of 7.6 million cubic meters per day, it is one of the largest primary physio-chemical
treatment plants in North America. A six-month study examining the occurrence and
removal of waterborne pathogens revealed that both Giardia and Cryptosporidium were
present in the post-treated water being discharged directly into the St. Lawrence
Estuary. By comparing the number of pathogens before and after treatment, it was
found that the treatment plant removed of 76% of the Giardia cysts but only 27% of the
Cryptosporidium oocysts. Whilst this study did not address the viability of the cysts and
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oocysts, it demonstrates the potential for this sewage treatment plant to act as a major
source of marine contamination.

Another study examined the surface water sources that supply 45 water treatment plants
along a 300 km portion of the St. Lawrence River (Payment et al., 2000). The endpoint
of these waterways is the St. Lawrence estuary. Cryptosporidium and Giardia were
detected at all 45 sites, with levels of up to 15 oocysts/L and 38 cysts/L respectively. It
was hypothesised that this faecal pollution was coming from adjoining river systems
such as the Ottawa River which may be polluted by local discharges, stormwater,
untreated municipal discharges from local communities, as well as discharges from
combined sewer overflows where wastewater treatment exists.

In situ survival experiments in the laboratory have shown a significant portion of the
Cryptosporidium oocysts in St. Lawrence River water remain viable for several weeks
and were as resistant to disinfection as freshly isolated oocysts (Chauret et al., 1998).
This study suggests that oocysts, once released in the St. Lawrence marine environment,
will remain infective and be a potential source of infection to animals that ingest
contaminated water.

Studies of molluscan shellfish from the St. Lawrence also demonstrate the pathogen
pollution of this ecosystem. Shellfish are filter feeders and as a result of the large
volume of water they filter daily to obtain sufficient nutrients, are being tested as
biological indicators of waterborne contamination as they filter and concentrate
environmentally derived waterborne pathogens. Faecal bacteriological contamination of
shellfish beds is a serious problem in the St. Lawrence, with some areas being
particularly hard hit. Over 150 km of shellfish beds on the south side of the upper
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estuary, for example, are permanently closed for harvesting due to higher than
acceptable levels of bacterial contamination (Gagnon, 1998). A report published in 2002
showed that of the 238 shellfish areas in the St. Lawrence that are assessed under the
Shellfish Water Quality Protection Program (SWQPP), 51% of the areas were
permanently closed due to faecal bacterial contamination and a further 8% only
conditionally approved for harvesting (2002). These closures are due largely in part to
the lack of adequate wastewater treatment systems, storm-sewer overflows and poorly
maintained or obsolete septic systems near the shoreline, and the ill-considered farming
practices of some municipalities.

As the parasites Cryptosporidium and Giardia are transmitted via the faecal oral route,
it is safe to hypothesise that in areas with high levels of faecal bacterial contamination
there is a high likelihood of parasitic contamination also. In fact, oocysts of
Cryptosporidium hominis (reported as C. parvum genotype 1 ‘human-adapted’ strain)
were identified in zebra mussels (Dreissena polymorpha) from the St. Lawrence River
(Graczyk et al., 2001b). The concentration of oocysts per gram of mussel tissue was 2.2
x 102, with approximately 4.4 x 102 oocysts being recovered from a single mussel. A
smaller study examined the tissue from 41 soft shell clams (Mya arenaria) collected
from lower St. Lawrence estuary. When examined using IFA microscopy, it was found
63.4% were positive for Giardia spp. and 71% positive for Cryptosporidium spp.
(Valentin et al., 2000).

These studies of shellfish, marine water, water treatment plants and marine mammals of
the St. Lawrence clearly indicate that this ecosystem is contaminated with the parasites
Cryptosporidium and Giardia and therefore can act as a potential vehicle to infect the
marine mammals residing in this system. To what extent this waterway is a risk of
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infection; the extent to which the parasites extend into the marine mammals and to what
effect, if any, the infection has on these marine mammal species remains unknown.
These questions are very important particularly in light of the vulnerable population
status of several of these marine mammals including the beluga, which is an endangered
species. It is not practical, though to undertake investigation of the effect of Giardia and
Cryptosporidium on species such as the beluga as there are limited numbers of animals
and they are difficult and expensive to capture and handle. Other species, however, such
as harp seals and hooded seals, provide a unique study opportunity as they are present in
large numbers in the Gulf of St. Lawrence during the winter, and are easily accessible as
they haul out on to the icepack to give birth to their young. These factors make them
ideal animal models to study the biology of Giardia and Cryptosporidium in marine
mammals of the St. Lawrence system.

1.7

BIOLOGY OF HARP AND HOODED SEALS

Harp and hooded seals belong to the order Carnivora, suborder Pinnipedia, meaning
feather-, fin- or web-footed. Modern pinnipeds may be further divided into three
families the Otariidae (eared seals including fur seals and the sea lion), Obobenidae
(walrus) and the Phocidae (earless seal or true seals). Harps and hooded seals belong to
the Phocidae family and are known as true northern seals.

The harp seal (Phoca groenlandica, also Pagophilus groenlandicus) was given its name
due to the black harp or wishbone shaped marking found on the back of adult animals.
Adult male and females are approximately the same size averaging 169 cm in length
and weighing 130 kg. Hooded seals (Cystophora cristata) were formally known as
crested or bladder-nosed seals due to their distinctive inflatable sac located on the nose
and forehead of the males. Unlike harp seals, the male is considerably larger than the
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female averaging 2.5 m in length and weighing 300 kg. Adult females are smaller
weighing approximately half that of the males (160 kg) and measuring up to 2 m in
length. The size and weight of these mammals presents obvious difficulties in capturing
and sampling, which may explain why such limited parasitological research has been
conducted on these and other marine mammals.

Unlike some seal species that remain resident in one area throughout the entire year,
harp and hooded seals undertake extensive annual migrations covering as much as 5,000
km in one year (see Figure 1.5). Whilst hooded seals share much of their range with
harp seals, the two species do not usually occur together except for the breeding season.
Hooded seals tend to remain offshore and feed in deeper water than the harp seals.
Neither seal species frequent land or shore-fast ice except in the Gulf of St. Lawrence
during the breeding season.

In late autumn, harp and hooded seals begin their southward migration to the breeding,
or whelping grounds in the Gulf of St. Lawrence. The harp seals begin whelping in lateFebruary and are complete by mid-March with each female giving birth to one pup
within days of her arrival to the icepack. Immediately after birth, the female harp learns
to recognise the unique scent of her pup as harp seals will only tend to and feed their
own pups. She will stay with her pup almost continuously for the first few days after
which she will only spend approximately 15% of her time with the pup. The rest of the
time is spent in the water always maintaining visual and aural contact. Harp seal pups
are born without an insulating layer of blubber but this will quickly develop as they feed
on the fat-rich milk from their mother. Pups are fed every few hours, with each feeding
lasting approximately ten minutes. Pups will gain, on average, two kilograms per day
with half of this weight being stored as fat reserves. At the time of weaning, pups will
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Figure 1.5 - Circumpolar maps showing harp seal and hooded seal migration zones
(black shaded area) and breeding areas ().
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have tripled their birth weight being 30 – 45 kg with a blubber layer five centimetres
thick. Once weaned, pups remain on the ice until they complete their first moult when
they are approximately 25 days old. During this time they fast, living off their fat
reserves that sustain them until the ice breaks up and they enter the water to learn to
swim and forage on their own.

Unlike harp seals, hooded seal pups are born in an advanced state of development being
born larger with a thin layer of blubber, having already completed their first moult in
utero. The hooded females do not leave their pups until they are weaned therefore they
do not seem to develop the same bond with their pups as harp seals. Hooded seals have
the shortest lactation period of any known mammal. Pups are fed the fat-rich milk for
only four days before the mother abruptly weans her pup. In this time however, pups
will gain an average of 5 kg per day thus doubling their birth weight within the four
days. As with the harp seal pups, hooded pups will remain on the ice using their fat
reserves until the ice breaks up when they enter the water and slowly begin their
northward migration.

1.7.1

Giardia and Cryptosporidium in St. Lawrence harp and hooded seals

Of the five studies examining Giardia and Cryptosporidium in marine mammals to date,
only one has looked at the St. Lawrence population of seals. The study by Measures and
Olson (1999) examined the prevalence of Giardia in harp seals through the
immunofluorescent staining and microscopic analysis of faecal samples. Examination of
Cryptosporidium was not undertaken in this study, nor were hooded seals studied. This
paper reported that 50% (n = 30) of the adult female harp seals from the Gulf of St.
Lawrence were positive for Giardia spp. Molecular analysis was not undertaken in
order to determine which species or genotype of Giardia these seals harboured. It is
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important to identify which species of Giardia these seals harbour, and to determine if
they also harbour Cryptosporidium. A more thorough study including molecular
analysis of isolate from harp and hooded seals would allow us to fully understand the
zoonotic potential of the parasites, and to properly assess what risks anthropogenic
activities may have on marine mammal species in general.

This study also showed that five adult males and two juvenile males captured off
Newfoundland, and 10, two-week old harp seal pups (sex not reported) sampled from
the Gulf of St. Lawrence were negative for Giardia. Whether this variation in
prevalence is related to the age of the animal, the geographic location or simply an
artefact of sample size and detection techniques is unknown. Examination of a larger
number of individuals from a defined geographic location would help to determine if
there are differences in infection rates.

The absence of Giardia infections in the two-week old harp seal pups is interesting as
many terrestrial mammals are more susceptible to infection when they are very young.
It has been demonstrated that newborn seal pups have a relatively competent immune
system compared to terrestrial mammals, which may be an adaptation to birth into a
relatively hostile environment and a short period of maternal care (Ross et al., 1993). It
has also been shown that for seals, like many terrestrial mammals, the transfer of
immunity from mother to nursing pup via the colostrum and milk can play a role in
fending off pathogens such as Phocine Distemper Virus. The role of passive immunity
transfer in giardiasis and cryptosporidiosis in marine mammals has not been
investigated to date, and would give important insight into the biology of these parasites
in marine mammals.
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To address these questions and to gain a better insight in the role Giardia and
Cryptosporidium play in marine mammals and in the marine ecosystem, investigation in
both free-living mammals and mammals under controlled conditions needs to be
undertaken.

1.8

AIMS AND OBJECTIVES

The aim of this thesis was to expand our current knowledge of Giardia and
Cryptosporidium in the marine environment and in particular, the harp and hooded seal
populations of the Gulf of St. Lawrence.

To address this aim, four separate studies were undertaken. The specific objectives for
each study were to:
1.

To determine the host range of Giardia and Cryptosporidium by monitoring the

seroprevalence in a wide range of pinniped and cetacean species residing in the St.
Lawrence Estuary, Gulf of St. Lawrence and Atlantic ocean east of Québec, Canada
(Chapter 3).
2.

To explore the use of shellfish, in a set of defined locations around the

Magdalene Islands in the Gulf of St. Lawrence, as biological indicators of waterborne
pollution with Giardia and Cryptosporidium from anthropogenic sources (Chapter 4).
3.

To determine the point prevalence of naturally occurring Giardia and

Cryptosporidium infections in free-living harp and hooded seals in the Gulf of St.
Lawrence and to molecular characterisation of these isolates. Additionally the passive
transfer of immunity from mothers to nursing pups was to be explored (Chapter 5).
4.

To determine the infection pattern of experimental infections with terrestrially

derived isolates of Giardia duodenalis and Cryptosporidium parvum in post-weaned
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seal pups under controlled conditions. Additionally, the indirect transmission of the
parasites from seal to seal via the seawater was examined (Chapter 6).
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2. MATERIALS AND METHODS
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2.1

BUFFERS AND SOLUTIONS

Coomassie Brilliant Blue Stain: 0.1% w/v Coomassie Brilliant Blue R250, 10% v/v
acetic acid, 40% v/v MeOH in water
Coomassie Brilliant Blue Destain: 10% v/v acetic acid, 40% v/v MeOH in water
DNA loading buffer: 0.25% w/v bromophenol blue, 0.25% w/v xylene cyanol FF,
0.25% w/v orange G, 50% v/v glycerol in TAE buffer
ELISA blocking solution: 10% w/v skim milk powder in PBS, pH 7.2
Phosphate-citrate buffer: 0.2 M Na2HPO4, 0.1 M citric acid, pH 5.0
o-Phenylenediamine hydrochloride (OPD) solution: 4.0 mg/mL OPD, 0.05 M
phosphate-citrate buffer, pH 5.0. Add 40 µL of fresh 30% hydrogen peroxide per
100 mL of substrate buffer solution, immediately prior to use.
ELISA washing solution: 0.1% Tween®-20 in PBS, pH 7.2
PBS: 75.2 mM NaCl, 57.7 mM Na2HPO4, 18.07 mM KH2PO4, pH 7.2-7.4
Potassium Dichromate Solution: 2.5% w/v K2Cr2O7 in water
SDS-PAGE gel 5x sample buffer: 10% v/v glycerol, 2% v/v SDS, 50 mM Tris pH 6.8,
100 mM DDT, 0.1% w/v bromophenol blue
SDS-PAGE gel running buffer: 25 mM Tris, 192 mM glycine, 0.1% w/v SDS, pH 8.3
SDS-PAGE resolving gel: 12% w/v acrylamide 0.0375 M Tris-Cl, pH 8.8
SDS-PAGE stacking gel: 4% w/v acrylamide 0.125 M Tris-Cl, pH 6.8
TAE buffer: 40 mM Tris Acetate, 1 mM EDTA
TE buffer: 10 mM Tris-Cl, pH 7.5, 1 mM EDTA
Tissue fixative: 10% v/v formaldehyde in PBS
Tissue lysis buffer: 100 mM Tris pH 8.0, 40 mM EDTA, 0.2% SDS, 500 mM NaCl
TYI-S33 media: 30 g Peptone; 2 g NaCl, 0.8 g K2HPO4 (anhydrous), 0.8 g KHPO4
(anhydrous), 5 g L-Cysteine, 0.2 g L-Ascorbic Acid, 10% (v/v) bovine calf serum,
3% v/v Vitamin mix (Gibco 440-1100 EB) pH 6.8.
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Western blot blocking solution: 10% w/v skim milk powder in PBS
Western blot transfer buffer: 25 mM Tris base, 150 mM Glycine, 20% v/v MeOH pH
8.3
Western blot washing solution: 0.1% v/v Tween®-20 in PBS

2.2
2.2.1

ANIMAL HANDLING TECHNIQUES
Capture

Seals were live-captured or euthanitised (injection with 135 mg/kg Sodium
pentobarbital, Euthanyl® Fore [MTC Pharmaceuticals, Canada] into the lumbar
intravertebral epidural vein) from the Gulf of St. Lawrence and St. Lawrence Estuary
under a scientific permit issued by Fisheries and Oceans Canada. Adult animals were
captured and restrained using a stretcher net. Seal pups were restrained using throw
nets.

2.2.2

Animal identification and method of aging

Seals were aged by counting the number of growth-layer-groups (GLG’s) in the dentine
or cementum of canine or incisor teeth sectioned longitudinally where one GLG = 1
year of age (Measures et al., 2004). Age groups are described in Table 2.1.

Animals not aged by counting GLG’s, were grouped into less than one year old (youngof-year), animals greater than one year but not yet of sexual maturity (juveniles), and
sexually mature adults (adults) based on length (Table 2.2).
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Table 2.1 - Description of age groups of seals based on GLG’s
Species

Young-of-the- year Juvenile Adult male Adult female

Harp seal

<1

> 1 yr

4-8 yr

4-6 yr

Hooded seal

<1

> 1 yr

4-6 yr

3-4 yr

Grey seal

<1

> 1 yr

6 yr

4 yr

Harbour seal

<1

> 1 yr

6 yr

3-4 yr

Table 2.2 – Determination of a sexually mature adult based on length (cm)
Sexually mature adult
Species

Female

Male

≥ 160

≥ 160

≥ 180 - 195

≥ 170

Grey seal

≥ 190

≥ 170

Harbour seal

≥ 150

≥ 130 – 135

Ringed seal

≥ 112

≥ 110

≥ 290 - 330

≥ 260

Harp seal
Hooded seal

Beluga
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2.3
2.3.1

COLLECTION OF SAMPLES FOR ANALYSIS
Faeces

To sample from live seals, animals were restrained using a throw net then a
polyvinylchloride tube (0.312 inch inner diameter x 0.438 inch outer diameter)
lubricated with TARO gel personal lubricant [Taro Pharmaceuticals Inc.] was inserted
into the rectum. Once withdrawn, faecal material was removed from the tube and
transferred to a 15 mL polypropylene centrifuge tube. To collect a faecal sample at
necropsy, the rectum and distal portion of the small intestine were opened using a
longitudinal incision and 2-5 g faeces transferred to a polypropylene tube. Faeces were
liquefied in approximately 10 mL of 2.5 % potassium dichromate solution or PBS and
stored at 4˚C until analysis.

2.3.2

Serum

Whole blood was withdrawn from the lumbar intravertebral extradural vein using
untreated syringes and Vacutainers® [Borosilicate glass tubes, Red top, Becton
Dickinson]. Blood was kept warm until clotted, centrifuged for 20 minutes at 2,500 xg,
sera removed and stored at -20°C then transferred to -70°C for longer term storage.

2.3.3

Milk

Milk was withdrawn from live-captured lactating adult female seals using a modified 60
cc syringe. The tapered tip of the syringe was cut off so that there was a large surface
area in contact with the nipple of the seal. The syringe barrel was then withdrawn to
extract the milk under vacuum (Messer et al., 1988).
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2.3.4

Tissue

For histological analysis lengths of the duodenum, jejunum and ileum (1.0 cm each)
were collected for analysis. Duodenum samples were taken 5 cm proximal to the
pyloric sphincter, ileum taken 5 cm distal from the caecum and jejunum taken
approximately mid-way between the duodenal and ileum samples (see Figure 2.1).
Intestinal sections were cut along the mesentery, stapled at each end to a piece of
cardboard and fixed in 10% buffered formalin.

Tissue used for DNA extraction was prepared from 10 cm sections of the duodenum,
jejunum and ileum. A mucosal scraping from the lengths of tissue was placed in tissue
lysis buffer, vortexed vigorously and stored at 4 °C for analysis.

2.3.5

Water

2.3.5.1 Water collection
Water samples were collected using a battery-operated pump and Filta-Max™ foam
filter unit [IDEXX, Westbrook, ME] according to manufactures instructions. Between
50 and 300 litres of water were filtered (depending on turbidity of the sample) through
the foam filter unit (porosity 1 µm). Flow rates were kept below 4 litres per minute.
After collection, the filter and housing were placed in a plastic bag and stored at 4 ºC. In
the case of raw sewage, grab-samples of 500 ml were collected for analysis.

2.3.5.2 Filter purification and analysis
Samples filtered in the field were shipped to Hyperion Research Ltd., Medicine Hat,
Alberta for processing utilizing the Environmental Protection Agency method 1623:
Cryptosporidium and Giardia in Water by Filtration/IMS/FA (EPA, 2001). Briefly, the
water was filtered and the oocysts, cysts, and extraneous materials were retained on the
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Duodenum
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Large intestine and Rectum

Figure 2.1 - Photograph indicating where the duodenum, ileum and jejunum were
collected.
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filter. Material on the filter was eluted and the eluate was centrifuged to pellet the
oocysts and cysts. The oocysts and cysts were further purified using magnetic beads
conjugated to anti-Cryptosporidium and anti-Giardia antibodies. The oocyst/cyst
conjugated antibody complex was separated from extraneous material using a magnet,
and the extraneous material discarded. High stringency washes elute the purified
oocysts and cysts from the magnetic beads. The oocysts and cysts were stained on well
slides with fluorescently labelled monoclonal antibodies and 4',6-diamidino-2phenylindole (DAPI). The stained sample was examined using fluorescence and
differential interference contrast (DIC) microscopy. Qualitative analysis was performed
by scanning each slide well for objects that meet the size, shape, and fluorescence
characteristics of Cryptosporidium oocysts or Giardia cysts. Potential oocysts or cysts
were confirmed through DAPI staining characteristics and DIC microscopy. Oocysts
and cysts were identified when the size, shape, colour, and morphology agree with
specified criteria and examples in a photographic library. Quantitative analysis was
performed by counting the total number of objects on the slide confirmed as oocysts or
cysts.

2.4
2.4.1

ANTIGEN PREPARATION
Giardia

Giardia antigen was prepared as outlined in (Yanke et al., 1998) by growing
trophozoites (isolate S2) axenically in TYI-S-33 media supplemented with 10% bovine
calf serum. At late log phase, the trophozoites were harvested by placing flasks on ice
for 30 minutes. Trophozoites were separated from the media by centrifugation at 4 °C
for 15 minutes at 500 xg. The centrifugation was repeated three more times, each time
with the trophozoites being suspended in cold (4 °C) sterile PBS. Concentrated
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trophozoites were sonicated (Braun Ultrasonic equipped with a microprobe) and protein
concentration calculated utilizing a commercial assay kit (Bio-Rad Protein Assay Kit IICatalogue number 500-0002) following manufacturer’s instructions.

2.4.2

Cryptosporidium

Cryptosporidium antigen was prepared by purifying oocysts (isolate AZ-1) from mouse
faeces using Ficoll centrifugation (see Section 2.6). Oocysts were treated for 10 minutes
with 0.2% bleach, then washed twice with PBS to remove any residual bleach. Oocysts
were pelleted and resuspended in PBS before being subjected to ballistic disruption
[Braun MKS Shaker]. Equal volume of oocysts and 0.5 mm glass beads were mixed in a
specially designed 75 mL bottle. Oocysts were subjected to 5 disruption cycles of 2
minutes at 4,000 rpm. Oocysts were cooled on ice between runs. Protein concentration
was calculated utilizing a commercial assay kit [Bio-Rad] following manufacturers
instructions.

2.5
2.5.1

PROTEIN ANALYSIS
Dot Blot

The test protein sample was diluted to 270 µL with double distilled H2O prior to
addition of 30 µL 1% SDS in 1 M Tris (pH 7.5). Total protein was precipitated from
this solution through the addition of 60 µL 60% trichloroacetic acid (TCA) prior to
spotting onto a pre-wet 0.45 µm nitrocellulose membrane (Sartorius) under vacuum.
Membranes were rinsed under vacuum with 6% TCA then incubated in Western blot
transfer buffer for 15 minutes, then Western blot blocking solution for 60 minutes at
room temperature. After briefly rinsing the membrane in fresh Western blot blocking
solution, it was incubated with a 1:10 dilution of serum for a further 60 minutes at room
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temperature. The membrane was rinsed twice in Western blot washing buffer for 15
minutes with gentle agitation prior to the addition of Protein A-alkaline phosphatase
conjugate (1:1000 in PBS).

After blocking and washing, membranes were incubated for 60 minutes with seal serum
or milk at a concentration ten times that of its titre, then incubated in the secondary
reagent, a 1:1000 dilution of alkaline phosphatase-Protein A conjugate in PBS. Finally,
membranes were incubated in SIGMAFAST™ BCIP/NBT (5-Bromo-4-chloro-3-indolyl
phosphate/Nitro blue tetrazolium) made in accordance with the manufacturer’s
instructions for 5 to 10 minutes or until sufficient colour had developed. Colour
development was halted by rinsing membranes in distilled water.

2.5.2

Enzyme-linked immunosorbent assays

2.5.2.1 Giardia ELISA
Enzyme-linked immunosorbent assay (ELISA) was carried out as previously described
(Yanke et al., 1998). Each microtitre well (Titerteck, ICN Biomedicals) was coated with
20 µg trophozoite antigen and incubated overnight at 35°C. All subsequent incubations
were for 60 minutes at 35 ˚C. Wells were washed with 0.1% Tween-20 in PBS and then
blocked with 10% skim milk powder in PBS. Primary antibody samples, either seal
serum or seal milk were added, in duplicate, starting at 1:10 dilution in PBS. As there is
no commercially available anti-seal IgG, the secondary reagent used in this protocol
was horseradish peroxidase-conjugated Protein A [Sigma] diluted in PBS to a final
concentration of 0.66 µg/mL. The indicator and substrate used were ophenylenediamine dihydrochloride (Sigma) and hydrogen peroxide, respectively.
Colour development proceeded for 30 minutes before the reaction was stopped by the
addition of 2.5 M H2SO4. Three negative controls were run with each primary antibody
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sample: no antigen, no primary antibody and no antigen or primary antibody. Antibody
titre was determined to be the dilution with an OD 490 nm ≥ +0.1 of the highest negative
control.

Titres were log2 transformed and analysed using various statistic calculations described
in more detail in the relevant chapters.

2.5.2.2 Cryptosporidium ELISA
The ELISA used to measure Cryptosporidium titre in seal serum was adapted from
DuPont et al, (1995). Each microtitre well [Titerteck, ICN Biomedicals] was coated
with 0.2 µg oocyst antigen and incubated overnight at 4 °C. All subsequent incubations
were for 60 minutes at 35 °C. Wells were washed three times with 0.1% Tween-20 in
PBS and then blocked with 10% skim milk powder in PBS. Seal serum, diluted 1:2 in
PBS, was added to duplicate wells and incubated. After washing, horseradish
peroxidase-conjugated Protein A [Sigma] diluted in PBS to a final concentration of 0.66
µg/mL was added and plates incubated. The indicator and substrate used were ophenylenediamine dihydrochloride [Sigma] and hydrogen peroxide, respectively.
Colour development proceeded for 30 minutes before the reaction was stopped by the
addition of 2.5 M H2SO4 prior to being read spectrophometrically at a wavelength of
490 nm. Rabbit serum was run in triplicate on each plate as a negative control. Serum
samples were considered positive if the mean absorbance value was more than 1.5 times
that of the mean negative rabbit control.

2.5.3

Western Blot

Western blot analysis was carried out on a sub-sample of serum and milk with high antiGiardia or anti-Cryptosporidium IgG titres determined by ELISA analysis. 30 µg of
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Giardia or Cryptosporidium antigen (as prepared previously) were subjected to SDSPAGE analysis using a 4% stacking and 12% resolving polyacrylamide gel. Broad
range pre-stained SDS-PAGE protein standards were run with each gel to allow for size
comparison [New England Biolabs]. Electrophoresis of gels was conducted at 20 mA
constant current at room temperature. Transfer of proteins from the gel to nitrocellulose
membrane was carried out in Western blot transfer buffer and subjected to 30 V
overnight at 4 ˚C. The membrane was cut into strips to separate each lane, one of which
was stained with Coomassie blue to verify sufficient protein transfer. The remaining
strips were blocked for 60 minutes with PBS-10% skim milk. This and all following
incubations were conducted at room temperature with two washes in PBS-0.1% Tween20 between all incubations. After blocking and washing, membranes were incubated for
60 minutes with seal serum or milk at a concentration ten times that of its titre, then
incubated in the secondary reagent, a 1:1000 dilution of alkaline phosphatase-Protein A
conjugate in PBS. Finally, membranes were incubated in SIGMAFAST™ BCIP/NBT
(5-Bromo-4-chloro-3-indolyl phosphate/Nitro blue tetrazolium) made in accordance
with the manufacturer’s instructions for 5 to 10 minutes or until sufficient colour had
developed. Colour development was halted by rinsing membranes in distilled water.

2.6

PARASITE ISOLATION AND ENUMERATION

Each faecal sample collected was filtered through a surgical gauze sponge [Nu-Gauze,
Johnson & Johnson], washed with PBS, and expressed from the gauze to yield
approximately 7 mL of filtrate. To clarify the sample, the filtrate was layered over 5
mL of a 1 M sucrose solution (specific gravity, 1.13). The sample was then centrifuged
at 800 xg for 5 minutes to concentrate the parasite cysts and oocysts at the sucrose-PBS
interface. The interface and upper layer of liquid were transferred by pipette to a clean
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tube and centrifuged once more at 800 xg for 5 minutes. The supernatant was decanted,
and the pellet was resuspended in PBS to a final volume of 1-3 mL.

Faecal samples positive for Cryptosporidium oocysts were further purified by
centrifugation on a Ficoll-sodium diatrizoate gradient (Lumb et al., 1988). Faeces were
suspended in PBS, filtered through two layers of sterile gauze and rinsed through with
PBS. The filtered faecal material was washed twice by centrifugation, then resuspended
with PBS. 2 mL of resuspended faecal sediment was layered onto a Ficoll gradient (4%
- 0.5%) then centrifuged for 60 minutes at 1500 xg. Oocysts were collected from the
interface between 0.5% and 1%, rinsed in 7 mL PBS then treated in a 2% sodium
hypochlorite (v/v) at room temperature for 20 minutes, oocysts were pelleted at 3000 xg
for 5 minutes, supernatant aspirated and resuspended in 500 µL PBS. Purified oocysts
were stored as pellets at 4 °C.

To observe and enumerate Giardia cysts and Cryptosporidium oocysts, 15 µL samples
of the concentrated faecal specimens, and the entire water concentration specimen, were
spotted on a fluorescent microscope slide [Erie Scientific Co.] and air-dried for 30
minutes on a 37°C slide warmer. The slide was then fixed with acetone for 1 minutes
and left to dry. Aqua-Glo™ (20 µL) was spread over the fixed sample [Waterborne
Inc.]. This fluorescein isothiocyanate-labelled (FITC) monoclonal antibody solution
enabled the simultaneous direct detection of both Giardia cysts and Cryptosporidium
oocysts. After incubation in a humidity chamber at 37 °C for 45 minutes, the slide was
left to air dry. Slides were mounted with a fluorescent antibody mounting fluid (Aquapolymount, Polysciences) under a glass cover slip. Cysts and oocysts were examined
and enumerated, at 100 X and 400 X magnification respectively using an
epifluorescence microscope.
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The numbers of cysts and oocysts on the slide was calculated using the following
formula:
S = (n/x)(a/b)(1/v)
Where S = number of cysts or oocysts counted on the slide, n = sum of number of cysts
or oocysts counted in each grid, x = number of grids counted, a = area sample is spread
over the slide (mm2), b = area of the grid (mm) and v = amount of sample spread on the
slide.

The number of cysts and oocysts per gram of faeces were then calculated using the
following formula:
N = S/(v X wt)
Where N = number of cysts or oocysts per gram of faeces, S = number of cysts or
oocysts counted on the slide, v = volume of sample examined (0.015 mL), and wt =
weight of faecal sample.

Parasite counts were natural log transformed and are expressed as geometric means.

2.7
2.7.1

GENOTYPING ISOLATES
DNA Extraction

2.7.1.1 Giardia
Genomic DNA was extracted from the sucrose-purified cyst suspension following a
slightly modified protocol using cetyltrimethylammoniumbromide (CTAB) (Appelbee
et al., 2003b). Briefly, a 200 µL aliquot of purified cyst suspension was added to 300
µL lysis buffer (1% SDS, 10 mM Tris-HCl [pH 7.5], 1mM EDTA) and was subjected to
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six freeze-thaw cycles in liquid nitrogen and boiling water prior to proteinase K
digestion (300 µg) at 55°C. Following overnight digestion, 100 µL 5M NaCl and 80 µL
CTAB (10% CTAB in 0.7 M NaCl) was added and incubated at 65°C for 10 min,
mixing every 3 min. DNA was extracted with chloroform/isoamyl alcohol (24:1),
followed

by

phenol/chloroform/isoamyl

alcohol

(24:24:1)

and

a

second

chloroform/isoamyl alcohol (24:1) extraction. The aqueous layer was precipitated with
0.6-0.7 volume of isopropanol and DNA re-suspended in 50 µL TE buffer (10 mM TrisHCl [pH 7.5], 1mM EDTA).

2.7.1.2 Cryptosporidium
Genomic DNA (gDNA) was extracted as described by (Morgan et al., 1995). Pelleted
Cryptosporidium oocysts were resuspended in 80 µL ATL lysis buffer [QIAgen] and
were ruptured using 8-10 freeze-thaw cycles (liquid nitrogen and 100 °C water bath).
Protein was digested by addition of 10 µg Proteinase K (Sigma) and incubation at 56 °C
for 60 minutes or overnight.

Total RNA was removed using 200 ng RNAaseA

[Pharmacia Biotech] and incubation at room temperature for 5 minutes before DNA was
purified utilizing 20 µL Prep-A-Gene® Matrix [BioRad, Richmond, CA] and 180 µL
AL binding buffer [QIAgen] with this solution being incubated at 72 °C for 15 minutes.
The matrix with bound DNA was pelleted by centrifugation for 3 minutes at 10000 xg,
supernatant removed and the pellet washed twice in 700 µL AW wash buffer [QIAgen],
centrifuging for 3 minutes each time. After aspiration of the supernatant, the pellet was
dried in a vacuum desiccator (5 minutes) and DNA then eluted by incubation at 72 °C
for 15 minutes in 20 µL AE elution buffer [QIAgen]. The matrix was pelleted by
centrifugation at full speed for 5 minutes and supernatant containing gDNA transferred
to a 1.5 mL microcentrifuge tube to be stored at -20 °C.
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2.7.2

PCR Amplification

All polymerase chain reactions (PCR) were carried out in 0.2 mL tubes in a Perkin
Elmer GeneAmp 2400 thermocyler. Nested-PCR was used to amplify the 70 Kda heat
shock protein gene (HSP 70) fragments from the isolated Cryptosporidium DNA and
the small ribosomal subunit rDNA from Giardia DNA. Primers were selected to
maximize the chances of amplifying all species and genotypes of both parasites. In each
PCR reaction, a positive DNA and negative water control were used.

PCR reactions were carried out in a 25 µL total volume and consisted of 1–5 µL DNA,
2.0 mM MgCl2, 200 µM each dNTP, 12.5 pmol each forward and reverse primer, 0.5
Units of Taq polymerase [QIAgen] 0.5 Units of TAQExtender™ [Stratagene] to
minimise PCR error, and 1x PCR buffer [QIAgen]. When amplifying Giardia DNA,
5% DMSO was added to the PCR mix.

Thirty-five amplification cycles were carried out for both the primary and secondary
PCR with cycles consisting of a denaturation step (96 ºC for 30 seconds), annealing step
(various temperature for 30 seconds), and extension step (72 ºC for 45 seconds). Each
PCR began with an initial extended denaturation step (96 °C for 4 minutes) and ended
with a final extension (72 °C for 4 minutes).

Specific primer sequences and corresponding annealing temperatures used are listed in
Table 2.3.

2.7.3

PCR amplicon purification & sequencing

Amplified products were visualized by gel electrophoresis using a 1% agarose gel in
TAE buffer containing 0.12 µg/mL ethidium bromide. Bands were excised from the
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agarose gels and purified using QIAquick gel extraction kits [QIAgen] according to
manufacturer’s instructions except DNA was eluted from the column in 30 µL prewarmed (72 °C) sterile water which was loaded onto the column, incubated at 72 °C for
10 minutes then centrifuged for 120 seconds.

PCR products were sequenced in both directions using ABI Prism™ dRhodamine
Terminator Cycle Sequencing Ready Reaction Kit [Applied BioSystems] according to
the manufacturers instructions, except that the annealing temperature was reduced to 59
°C, the cycles increased to 35, and reaction volumes halved to 12 µL. Sequences were
edited using the SeqEd program V1.0.3 [Applied BioSystems]. Edited sequences
underwent comparison with previously published sequences from GenBank using the
CLUSTAL W sequence alignment program using default parameters for weight and
gaps (Chenna et al., 2003) to assess the level of similarity.

2.8

HISTOLOGY

Tissue sections were dehydrated through immersion of the tissue in increasing
concentrations of ethanol (70%, 80%, 90% and three immersions in 100% EtOH)
immersing for 15 minutes in each solution. Following dehydration in ethanol, the tissue
was infiltrated and embedded in JB-4 plastic medium according to the manufacturer’s
instructions [Polysciences, Inc.]. Sections of approximately 1.5 µm were cut, mounted
on glass slides and dried on a slide warmer. Tissue sections were stained with Lee’s
methylene blue for 60 seconds, washed in water, air-dried then cover slip permanently
mounted.

Giardia trophozoites were observed and photographed under 400 X

magnification.
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Table 2.3 – Sequence and annealing temperatures of primers used to genotype Giardia and Cryptosporidium isolates
Primer
Name

Primer sequences

Fragment size
(bp)

Annealing
Temp

Ref

Giardia
1’ reaction

Gia2029 5’ - AAGTGTGGTGCAGACGGACTC - 3’
Gia2150c 5’ - CTGCTGCCGTCCTTGGATGT - 3’

497

55 °C

(Appelbee et al.,
2003a)

Giardia
2’ reaction

RH11
RH4

5’ - CATCCGGTCGATCCTGCC - 3’
5’ - AGTCGAACCCTGATTCTCCGCCAGG - 3’

292

59 °C

(Hopkins et al.,
1997)

Cryptosporidium HSPF4
1’ reaction
HSPR4

5` - GGTGGTGGTACTTTTGATGTATC - 3’
5` - GCCTGAACCTTTGGAATACG - 3’

448

58 °C

(Morgan et al.,
2001)

Cryptosporidium HSPF3
2’ reaction
HSPR3

5` - GCTGATGATACTCACTTGGGTGG - 3`
5` - CTCTTGTCCATACCAGCATCC - 3`

325

55 °C

(Morgan et al.,
2001)
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2.9

BIOLOGICAL INFECTIVITY MODELS

To test the infectivity of the Giardia cysts and Cryptosporidium oocysts purified from
the seal faeces, a dexamethasone-treated Mongolian Gerbil (Belosevic et al., 1983) or
C57BL/6 (Petry et al., 1995) mice model was used respectively. Animals were given 20
mg/L dexamethasone in their drinking water three days pre-inoculation then for the
duration of the study. Approximately 0.2 cc of purified faecal samples found to contain
Giardia cysts or Cryptosporidium oocysts was orally inoculated into the relevant animal
model (n = 5 for each positive faecal sample). Faecal specimens were collected 5, 7, 9
and 12 days post-infection, purified and stained with Aqua-Glo™ as described in
Section 2.6. To facilitate the collection of the faecal samples, the gerbils were housed in
wire-floored cages with underlying moist paper towels for 24-hour period. On day 12,
all animals were sacrificed by cervical dislocation and the small and large intestines
were removed. In the case of Giardia inoculation in the gerbil model, a mucosal
scraping of the intestinal tract was examined by light microscopy for trophozoites then
concentrated over a 1M sucrose cushion and examined with Aqua-Glo™ for the
presence of cysts. In the case of the Cryptosporidium mouse model, the mucosal
scraping was analysed only by Aqua-Glo™ for presence of oocyts. In each assay, a set
of 3 positive control animals was inoculated with a laboratory strain of G. duodenalis
(isolate S2) or C. parvum (AZ-1) and monitored for infection. A set of negative control
animals was also included with each assay.
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3. SEROLOGICAL SURVEY OF GIARDIA AND CRYPTOSPORIDIUM IN
FREE-RANGING MARINE MAMMALS
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3.1

INTRODUCTION

As marine mammals appear to be subject to a high level of exposure to at least Giardia,
and possibly Cryptosporidium, it is important to identify possible sources of
contamination in order to gain a better insight into the routes of transmission of these
two parasites. As these parasites are ubiquitous amongst terrestrial mammals, it has
been postulated that the most obvious source of contamination into the marine
environment is through agricultural run-off and by municipal wastewaters that have
been inadequately treated (Fayer et al., 2004; Miller et al., 2002; Miller et al., 2005).
Waterborne transmission of Giardia and Cryptosporidium has been well documented
and is facilitated by the environmentally robust infective stages of the parasite (cyst and
oocyst) allowing their survival in the environment and their resistance to disinfectants
commonly used in water treatment (Cohen et al., 2006; Corso et al., 2003; Dykes et al.,
1980; Moorehead et al., 1990; Navin et al., 1985; Stirling et al., 2001; Thomas et al.,
2006; Wright and Collins, 1997). Laboratory tests have shown that C. parvum oocysts
and Giardia cysts can remain viable for long periods in seawater for up to 12 weeks at
salinities up to 30 ppt (El Mansoury et al., 2004; Naik et al., 1982; Nasser et al., 2003).
A study of the level of salinity in the Gulf of St. Lawrence seaway reported a gulf-wide
average salinity of 30.5 ppt in the 0 m to 30 m layer (Gilbert, 2001). These values
demonstrate that Cryptosporidium and Giardia can likely survive in the high salinity
environment in the Gulf of St. Lawrence waters for extended periods of time.

A serologic survey was conducted to document exposure to these parasites and the
prevalence and geographic spread of these pathogens. It is postulated that coccidian
oocysts are entering marine coastal areas through agricultural run-off and by municipal
wastewaters that have been inadequately treated. It is therefore hypothesized that
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species whose host range is close to the coastline would have a higher prevalence than
those that are pelagic (or offshore) species.

It is anticipated that this study would show a link between higher seroprevalence rates
in coastal dwelling species when compared with open water, pelagic species. The
significance of other risk factors such as age, sex and geographical location will be
determined. As both Giardia and Cryptosporidium can be naturally cleared from the
gastrointestinal system, seroprevalence reflects exposure to the parasites and not
necessarily active infection. Faecal material from marine mammals is also difficult to
obtain but blood is frequently collected by wildlife biologists and hunters thus making
seroprevalence studies easier to conduct.

3.2
3.2.1

METHODS
Sample collection

Serum was collected from shot or live-captured marine mammals as described in
section 2.3.2 from the east coast of Canada and the Canadian Arctic. In some cases
material for serum isolation was not available and whole blood was collected and frozen
at -20 °C for later analysis.

Harp seals and hooded seals were sampled in the field during the winters of 2001, 2003
and 2004 in the breeding and whelping grounds off the Magdalene Island (47°50’N,
63°11’W). Harbour and grey seals were sampled in the field in the summer of 2003
from the St. Lawrence estuary and off the northeastern coast of Newfoundland (between
49°56’N, 52°59’W and 51°09’N, 54°37’W). Dr. Lena Measures, from the Department
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of Fisheries and Oceans, Québec, kindly provided additional material from her
extensive archive of banked serum and whole blood samples.

Animals were stratified according to species, age, sex and geographical location. Age
was determined by body length, coat markings and, where appropriate, tooth
characteristics (see method 2.2.2). Where possible, samples from pups and fully-grown
adults of both sexes from the various geographical locations were collected for analysis.

3.2.2

Serologic Survey Analysis

A number of methods were utilized to determine the seroprevalence of naturally
occurring immunity to Giardia and Cryptosporidium. As there is no commercially
available secondary antibody for the marine mammals tested in this study, Protein A
was tested for its ability to detect specific antibody-antigen complexes. Protein A is
used routinely in serological testing of harbour seal serum for specific antibody levels as
it has a high affinity to seal IgG (Ross et al., 1993). Dot blots were undertaken to
demonstrate a specific reaction of seal sera to Giardia and Cryptosporidium antigen
preparations (see section 2.5.1). Specific interactions with immunodominant peptides of
Giardia preparations were demonstrated through Western blot analysis (see section
2.5.3). Finally, antibody titres were determined utilizing ELISA analysis (section 2.5.2).
Differences in serum titres between geographic region, species and age were examined
by ANOVA analysis with a Scheffe’s post-hoc test at P<0.001 using the statistical
software package Statview (version 4.0, Abacus Concepts Inc., Berkeley California,
USA).
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3.3
3.3.1

RESULTS AND DISCUSSION
Dot Blot Analysis

A typical dot blot analysis of Cryptosporidium and Giardia reactivity in serum from an
adult female harp seal (PgM01-09) is shown in Figure 3.1. These data demonstrated that
both C. parvum (isolate AZ-1) and G. duodenalis (isolate S2) antigens were
successfully detected using the Protein A-phosphatase conjugate system as the detection
agent. Various seal serum samples demonstrated a much more robust signal from the C.
parvum oocyst antigen preparation than from the G. duodenalis trophozoites antigen
preparation. It is important to note that the Cryptosporidium antigen preparations were
attained from oocysts isolated from mouse faeces and were likely less pure than the
Giardia preparations from axenic trophozoite cultures. This factor may have contributed
to the more robust signal observed with this antigen.

3.3.2

Western Blot Analysis

To further explore the specificity of the antibody:antigen reaction demonstrated by the
dot blots, Western blot analysis of the Cryptosporidium and Giardia antigen
preparations were undertaken. A Coomassie blue stained control gel is shown in Figure
3.2. Note that the sonicated Giardia trophozoite preparation yielded a number of
different size proteins that readily separate on the SDS-PAGE gel. The AZ-1
Cryptosporidium oocyst preparation, however, proved quite resistant to a number of
disruption techniques that were attempted including a combination of sonication, freezethawing, boiling and use of a bead-beater homogeniser. Western analysis indicated that
the majority of reactive Cryptosporidium antigens did not enter the resolving gel and
were trapped at the stacking/resolving interface. As the individual Cryptosporidium
peptides were not resolvable on the gel, it was difficult to assess the specificity of the
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10 µg

20 µg

Cryptosporidium

Giardia

Figure 3.1 - Representative dot blot showing reactivity of seal serum to both
Cryptosporidium and Giardia antigen preparations utilizing Protein A-phosphatase
conjugate as the detection agent. Note the reaction to Cryptosporidium oocyst antigen
preparation was much more robust than the reaction with the Giardia trophozoites
antigen preparation.
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Figure 3.2 - SDS-PAGE gel of Cryptosporidium oocyst (AZ-1) and Giardia
trophozoite (S2) antigen preparations.
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serum-antigen complexes, thus rendering these Western blots uninformative. For this
and other reasons as discussed below, Cryptosporidium ELISA data were left out of the
statistical analysis.

A typical Western analysis of a S2 Giardia trophozoite antigen preparation probed with
harp seal serum is illustrated in Figure 3.3. These Western blots detected a number of
reactive antigen peptides including the diagnostic anti-Giardia IgG immunodominant
bands at 32 kDa and 49 kDa (Yanke et al., 1998).

Dot and Western Blot analysis of seal serum demonstrate that protein A can be utilised
to detect an immunological response to both G. duodenalis (isolate S2) and C. parvum
(isolate AZ-1) antigen preparations, however in the case of Cryptosporidium, the
specificity of this reaction remains to be confirmed. These data suggest that marine
mammal serum is amenable to higher throughput quantifiable analysis by ELISA
utilizing protein A as the secondary detection reagent.

3.3.3

ELISA Analysis

An extensive serologic survey of marine mammals taken from the Eastern seaboard of
Canada and the Canadian Arctic was undertaken. A total of 384 samples comprising 12
marine mammal species were collected from the six geographical regions shown in
Figure 3.4. A list of the species sampled and the number of specimens collected from
each region are listed in Table 3.1. Those species with less than ten samples were not
subjected to statistical analysis.
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Figure 3.3 – A representative Western blot analysis of seal serum. Thirty micrograms
of sonicated S2 Giardia trophozoites antigen were loaded in each lane and probed with
adult male, adult female and young-of-year (YOY) harp and hooded seal serum. A
number of proteins are detected including the diagnostic immunodominant bands at 32
kDa and 49 kDa.
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Figure 3.4 - Map displaying the location of marine mammal capture sites used in this
study. The six sample regions were identified as the St. Lawrence Estuary (consisting of
18 capture sites); Miramichi Bay, New Brunswick; Amet Island, Port Hood and George
Island, Nova Scotia; Governor’s Island, P.E.I; Magdalene Island (I.M.L) Gulf of St.
Lawrence, Québec; Northesast coast of Newfoundland; and Salluit, Nunavik, Québec.
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Table 3.1 - A summary of the number of marine mammal species sampled at each of
the regions, and the type of sample type that was analysed by ELISA.
Region

Species

Sample Number

Sample type

1
1
14
53
1
2
18
24

serum
serum
serum
serum
blood
blood
blood
blood

Magdalene Islands, Gulf of St. Lawrence, Québec
Hooded seal
23
Harp seal
68

serum
serum

Miramichi Bay, New Brunswick
Grey seals

20

serum

Governor’s island, Prince Edward Island.
Grey seal
Harbour seal

20
10

serum
serum

St. Lawrence Estuary, Québec
Minke whale
Long-finned pilot whale
Grey seal
Harbour seal
Northern bottlenose whale
Harbour porpoise
Beluga
Harp seal

Amet Island, Port Hood and George Island, Nova Scotia
Grey seal
41
Harbour seal
8

serum
serum

Newfoundland (specific sample sites unknown)
Ringed seal
Harp seal

11
44

serum
blood

Salluit, Nunavik, Québec
Bearded seal
Ringed seal
Beluga

1
7
13

serum
serum
blood

Toronto zoo, Ontario and Aquarium Québec, Québec
Killer whale
3
Harbor seal
1

serum
serum
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3.3.3.1 Cryptosporidium ELISA
As was encountered with the dot blots, a very strong ELISA reaction utilising
Cryptosporidium antigen preparations was encountered. Owing in part to limiting
amounts

of

antigen

available

for

analysis,

a

published

positive/negative

Cryptosporidium ELISA assay system (DuPont et al., 1995) utilising a rabbit serum
negative control was chosen in-lieu of proper negative seal serum controls and
sufficient antigen for broad range titration and internal controls as was undertaken with
Giardia (see below).

A limited subset of serum was chosen for the initial Cryptosporidium ELISA analysis as
shown in Figure 3.5. All serum samples gave robust signals. When run along with the
no antigen, no antibody and no antigen nor antibody controls, the seal serum gave very
similar absorbance readings to that of the rabbit serum, and the mean serum titres were
consistent between duplicates. Although these data demonstrate that the no sera
background was low and the sample values were high it is difficult to assign any
credibility to the Cryptosporidium ELISA assay because the specificity of the
antibody/antigen interaction could not be ascertained by Western analysis and there was
no negative seal serum in which to base a ‘cut off’ value for a positive titre. To provide
sufficient antigen to carry out a large number of ELISA analyses it was decided to use
oocysts amplified in the mouse biological model. Whilst these oocysts were purified
over a ficoll gradient, repeatedly washed with PBS and bleach sterilised, it is possible
that mouse faecal antigens were contaminating the preparation. The ELISA analysis
proved difficult to validate, as there was no access to a known Cryptosporidium
negative seal serum sample. All samples had unknown histories with possible previous
exposure to the parasite. Due to the high signal levels and unverifiable specificity of the
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25
20
15
10
5
0

Figure 3.5 - Cryptosporidium titres in seal serum expressed as fold increase over
negative control rabbit serum (Pg - harp seal (n=38), Pv - harbour seal (n=5), Hg - grey
seal (n=20), Cc - hooded seal (n=17 adults, 7 pups)).
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antigen:antibody complex, it was decided to not incorporate the Cryptosporidium
ELISA results in the statistical analysis of the seroprevalence survey.

Optimisation of Cryptosporidium ELISA analysis would likely require a large amount
of more pure material, perhaps utilizing newly developed cell-free parasite culture
techniques (Hijjawi et al., 2004) in conjunction with more fully defined set of positive
and negative seal serum samples.

3.3.3.2 Giardia ELISA
Many of the available archival serum samples were heavily haemolysed or were frozen
whole blood and it was important to determine if they could be analysed together with
the serum samples, or needed to be treated in two separate groups. ANOVA analysis
followed by a Scheffe test showed the titres from serum were significantly higher to
those from blood (p<0.0001, f= 88.18, df= 1, 370). For all subsequent analysis,
comparisons were only made between samples of the same type unless otherwise stated.

Analysis by region
It is hypothesised that anthropogenic pollution is a major source of Giardia pollution in
the marine environment. If this is the case, those marine mammal species that are
resident year-round and are coastal in behaviour frequenting inshore regions near
populated urban and rural centres would, therefore, likely have a greater exposure to the
parasite and have a higher anti-Giardia titre than those from more pristine regions. To
determine if geographic location was a factor for Giardia titre, the serum titres from the
six regions in this study were compared.
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There were no statistical differences between the sampled regions of Nova Scotia, New
Brunswick, Newfoundland, the St. Lawrence estuary, from around the Magdalene
Island in the Gulf of St. Lawrence (I.M.L), or from Nunavik. It is interesting to note
that, although only a small number of serum samples (n=8) could be analysed from this
sparsely populated Canadian arctic region of Nunavik, they were not statistically
different to those from more populated regions of the eastern seaboard. The only
observable statistical difference between the regions was between those seals captured
near Charlottetown, Prince Edward Island (PEI), which had a significantly higher mean
titre than the St. Lawrence Estuary and the capture sites off the coast of Nova Scotia
(p<0.0001, f=10.79, df=6, 254). It is a little surprising that the samples from PEI were
different from Nova Scotia as the sampling sites are geographically close together,
straddling the Northumberland Strait, which is approximately 80-100 km in width (see
figure 3.6). It would be expected that the seal populations from these two areas may
intermingle, and would be exposed to the same ‘overall’ level of pollution. This may
indicate a localised contamination event focused around the town of Charlottetown and
the location of the seals sampled. Average serum titres from PEI were also higher than
the St. Lawrence estuary, which was expected to have the highest level of faecal
pollution as it is densely populated with several major cities and higher levels of
agriculture.

There were no statistical differences between the three Nova Scotian sample sites,
however there were statistically significant differences between the grey seal samples
taken from PEI in 2001 and those taken in previous years (2000 & 1998) (p<0.0001,
f=77.89, df=1,28). Grey seals caught at PEI compared with the grey seals in other
regions were statistically higher in PEI than Nova Scotia, but not statistically different
to New Brunswick.
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Figure 3.6- Map showing location of PEI and Nova Scotian sample sites. Grey and
harbour seals from PEI had statistically higher mean titres than the grey and harbour
seals from St. Georges Bay, Port Hood and Amet Island off the north coast of Nova
Scotia.
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Analysis by species
To determine whether there were major species differences in Giardia titres, species
with serum sample sizes greater than ten were compared. The titres from harp seals
(n=70) were significantly higher than hooded (n=23), harbour (n=66), and grey seals
(n=82) but not ringed seals (n=10) (p<0.0001, F=8.06, df=4,246). The titres from
beluga, killer whales, bearded seals etc. were examined independently as their sample
numbers were too low for direct comparison, or they were comprised of whole blood or
highly haemolysed samples.

Looking at each of the six regions separately, titres were compared between species
within each of the six regions and also between species between the regions. Several
interesting differences were noted.

In the St Lawrence Estuary, four marine mammals species were sampled at 18 separate
locations. Serum was collected from harbour (n=50) and grey seals (n=12) and blood
from beluga (n=18), harp seals (n=22). There were no statistical differences between the
harbour and grey seals; however, the titre in beluga was significantly lower as most of
the beluga titres were zero. As beluga are a protected species, we were unable to sample
from live-captured animals, with the exception of one adult female from Salluit which
gave a low, but positive titre. The majority of the other beluga samples were frozen
whole blood obtained from animals stranded in the estuary.

Serum samples from PEI were significantly higher than serum from the St. Lawrence
Estuary and off Nova Scotia. When looking closer at the region of PEI, the harbour and
grey seals sampled in the year 2001 off Charlottetown were higher than the harbour and
grey seals sampled in the previous years of 1998 & 2000 (p<0.001, F=73.53, df=1 &
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27). This group captured in 2001 were also higher than the seals captured from the St.
Lawrence estuary (harbour seals and grey seals). Whilst this may be suggestive of a
contamination event, firm conclusions of this type would require corroborative data
such as shellfish and water sampling.

There were no statistically significant differences between the two sample regions for
ringed seals Salluit (n=7) and Nova Scotia (n=11). Although the sample sizes for this
species were small, it shows that seals in the ‘pristine’ arctic are still exposed to
Giardia. This has been shown before, through the detection of cysts in the faeces of
ringed seals from the same region (Olson et al., 1997b). Also sampled from this region
were a single bearded seal (Erignathus barbatus) (100%), and 13 belugas
(Delphinapterus leucas) (23% - very low titre). Although the samples from these
species were whole blood or heavily haemolysed serum they were still analysed by
ELISA and a positive titre was detected in some samples. In terms of beluga, the low
prevalence could be a result of the non-ideal samples but it may be that beluga whales
being different in biology may not be as easily exposed and infected as seals are. When
the blood titres from the beluga from Salluit were compared to the beluga sampled from
the St. Lawrence Estuary (n=18), there was no statistical difference between the two
sample locations. A very limited number of faecal samples have been looked at from
beluga and all were negative. The positive sample data presented in this study are the
first indication of a humoral response to Giardia infection, mounted by cetaceans.

Hooded seals were only caught in one location, off the Magdalene Islands in the Gulf of
St. Lawrence. There were no statistical differences within this group in age or sex
(n=24).

80

Harp seals were caught in the gulf estuary, off Newfoundland and from the Gulf of St.
Lawrence near the Magdalene Islands. Only the estuary and Newfoundland samples
could be directly compared, as these were comprised of whole blood samples, the gulf
samples were comprised of serum. From this analysis, the harp seals in the St. Lawrence
estuary (n=24) had a higher mean titre then those from Newfoundland (n=44)
(p=0.0005, f=13.2, df=1,66). These data may fit with the higher pollution levels found
in the St. Lawrence estuary compared with the environment around Newfoundland. This
could also reflect the fact that most adult harp seals from around Newfoundland are
migratory, only coming down from the arctic to the East coast of Canada in the winter
to whelp and breed, then swim northward again in the spring. Those that were caught in
the estuary may have been part of the resident population that stays south all year round,
not partaking in the migration. If this was the case, these harp seals may be more likely
to be exposed to faecal pollution and therefore have higher titres.

Finally, it was determined if there were any age related titre differences between those
animals less than one year old (young-of-year YOY), juvenile and adult mammals
(Table 3.2). When serum samples were pooled and age groups compared there were no
statistical differences between the three age groupings. Within each species, no
differences were found between age groups with the exception of harp seal blood
samples collected from the St. Lawrence Estuary and Newfoundland. This set of
samples revealed adult seals (n=48) had a higher average titre than the juveniles (n=12),
but not YOY (n=6) (p=0.001, f=7.55, df=2,63). The majority of harp seal samples taken
from these two regions were sampled in the winter during the whelping season. Many
mammals are seen to have periparturient rise in cyst shedding linked to the stresses of
birth and lactation, which may also be the case in the harp and hooded seals (CastroHermida et al., 2005; Xiao and Herd, 1994a; Xiao et al., 1994).
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Table 3.2 - Table showing number of samples analysed when comparing the three age
groups. Blood was analysed separately from serum. The only differences seen in age
were between the blood samples from adult and juvenile harp seals (p=0.0011, f=7.55,
df=2,63).
Species

Adult

Juvenile

YOY

Sample type

Hooded seal

12

0

11

serum

Grey seal

57

4

21

serum

Harbour seal

18

28

23

serum

Harp seal

38
48

0
6

32
12

serum
blood

Ringed seal

3

8

7

serum

Beluga

24

0

6

blood

TOTAL

200

46

112
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3.4

CONCLUSIONS AND FUTURE DIRECTIONS

The specificity of the Giardia ELISA was confirmed by dot blot and Western analysis.
For the Cryptosporidium, validation of the ELISA assay proved difficult. The lack of an
appropriate culture system necessitated the use of a mouse faecal model, which
provided oocysts that were difficult to purify and denature sufficiently for Western
analysis. Although the sample signals were robust, the lack of a true negative control
made setting the cut off value for a negative result too arbitrary for subsequent
statistical analysis.

The number and quality of the blood and serum samples available for analysis also
limited the statistical analysis that could be undertaken.

Regional comparisons were undertaken revealing a statistical difference between
samples from PEI and Nova Scotia. These data combined with differences between
sampling years suggest that specific regional contamination events may have occurred
between sampling times. Firm conclusions of this nature would require more extensive
sampling and corroborative data from biological sentinels such as shellfish or water
filtration.

Species comparisons of Giardia seroprevalence data suggest that harp seals have
statistically higher titres than hood, harbour and grey seals, but not ringed seals. Beluga
whales appeared to have some low level of exposure to Giardia. This result is the first
reported indication of a humoral immune response to Giardia exposure in whales.

A statistical difference in Giardia titres with age was only demonstrated in harp seals.
Increased sample numbers of other species such as hooded and ringed seals may be
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required to confirm age differences in susceptibility of phocid species to Giardia
infection.

Future Cryptosporidium ELISA analysis of seal samples would be facilitated through
recently developed host cell-free parasite culture systems that may provide a plentiful
supply of clean antigens for Cryptosporidium ELISA development (Hijjawi et al., 2001;
Hijjawi et al., 2004). Another possibility would be to utilise the recombinant CP23
peptide as a test antigen for Cryptosporidium exposure (Priest et al., 1999).

For the Giardia assays it would be useful to determine the positive cut-off titre and
further validate the ELISA by evaluating the reactivity of serum collected from seals
whose post-mortem Giardia status was confirmed through the detection of parasites in
the gastrointestinal tract. The decline in serological titre following clearance of Giardia
infection in seals is also not known, but it has been shown to remain elevated in many
mammalian species (Daniels and Belosevic, 1994; Soliman et al., 1998). Knowing the
humoral immune status, with respect to the infection status would help reduce the
possibility of overestimating the seroprevalence of infection. Truly negative sera would
also be useful but more difficult to obtain as the vast majority of seals have most likely
been exposed to Giardia antigens or have received passive transfer of immunity.

It is important to note that the hypotheses for this study were based on the assumption
that high titres reflect a higher level of exposure and/or infection rates in these marine
mammals. As the serology of marine mammals is not well understood, the ELISA test
isn’t fully validated for these species. It is possible, but not likely, that separate seal
species may react differently to Giardia exposure and infection. These issues could be
addressed through extensive sampling of free-living species and the monitoring of
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Giardia and Cryptosporidium in captive animals held under controlled experimental
conditions.

These seroprevalence data demonstrate that Giardia is ubiquitously distributed in
marine mammals of the Saint Lawrence. Dot blot analysis suggests that animals may
have been exposed to Cryptosporidium but the ELISA test for this parasite could not be
validated. It is important to determine where these parasites originate from. Is Giardia
and the putative Cryptosporidium exposure due to anthropogenic pollution with
terrestrial strains or a marine host specific endemic infection?
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4. EXPLORATION OF SHELLFISH AS INDICATOR SPECIES FOR
WATERBORNE GIARDIA AND CRYPTOSPORIDIUM CONTAMINATION AT
THE MAGDALENE ISLANDS
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4.1

INTRODUCTION

As demonstrated in the previous chapter, there appears to be extensive exposure of
marine mammals residing in the St. Lawrence Seaway to the parasite Giardia, with
most animals testing positive for anti-Giardia antibodies in their serum. The available
antigens for Cryptosporidium, however, proved unsuitable for ELISA analysis of
marine mammal serum. It is unknown therefore, if the marine mammals collected from
these waters have been exposed to, or are infected with Cryptosporidium. It is likely,
however, that marine mammals in the St. Lawrence Seaway would be exposed to both
Giardia and Cryptosporidium, as studies examining municipal sewage treatment plants
and water treatment plants in the St. Lawrence indicate both parasites are being
discharged into these waterways (Payment et al., 2000; Payment et al., 2001).

As there appears to be a high level of exposure to at least Giardia, and possibly
Cryptosporidium, it is important to identify possible sources of contamination in order
to gain a better insight into the routes of transmission of these two parasites. As these
parasites are ubiquitous amongst terrestrial mammals, it has been postulated that the
most obvious source of contamination into the marine environment is through
agricultural run-off and the discharge of municipal wastewaters, which have been
inadequately treated. Waterborne transmission of Giardia and Cryptosporidium has
been well documented and is facilitated by the environmentally robust infective stages
of the parasite (cyst and oocyst) allowing for their survival in the environment.
Cryptosporidium oocysts stored in the dark at 4 ºC in natural seawater remain viable as
determined by dye exclusion, for over one month (Robertson et al., 1992) and up to
twelve weeks when exposed to salinities of 30 ppt at 10 ºC (Fayer et al., 1998b). Similar
studies carried out with Giardia cysts have demonstrated their ability to remain viable
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as determined by dye exclusion and an animal infectivity model, for between one and
three months when exposed to environmental water samples at 4ºC.

The likely presence of Cryptosporidium oocysts and Giardia cysts in marine waters and
their long-term stability in the salt water environment, led to the investigation of
shellfish, such as oysters and mussels, as biological indicators of marine pollution. As
shellfish filter substantial quantities of water, removing small particles for food, it was
realized that they could potentially recover and concentrate environmentally derived
particulate waterborne toxins and thus can be used for the sanitary assessment of water
quality. Shellfish have since been used extensively as bioindicators of aquatic
contamination with heavy metals and pesticides (O'Conner, 2002), and more recently
waterborne pathogens including Cryptosporidium and Giardia. Shellfish have been
shown to effectively remove oocysts from artificially contaminated water and retain
viable and infectious oocysts in the hemolymph, gills, faeces and gastrointestinal tissue
for at least one month (Fayer et al., 1998b; Freire-Santos et al., 2000; Gomez-Couso et
al., 2005). Cryptosporidium oocysts and Giardia cysts have since been isolated from
various shellfish species including oysters, mussels, clams and cockles harvested from
natural waters including sites along the Atlantic and Pacific coasts of the United States
as well as coastal areas of Ireland, England, Spain and Italy (Freire-Santos et al., 2000;
Giangaspero et al., 2005; Gomez-Bautista et al., 2000; Gomez-Couso et al., 2006;
Gomez-Couso et al., 2005; Graczyk et al., 2004; Graczyk et al., 1999a; Graczyk et al.,
1999b; Li et al., 2006; Macrae et al., 2005; Miller et al., 2005; Traversa et al., 2004).

Oocysts of Cryptosporidium parvum have also been identified in zebra mussels
(Dreissena polymorpha) from the St. Lawrence River, Québec (Graczyk et al., 2001b).
In this study, 220 oocysts per gram of mussel tissue could be recovered from these
naturally contaminated shellfish indicating that this species of shellfish was an effective
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bioindicator of faecal pollution. Many of these studies have targeted sites with close
proximity to wastewater outfalls and cattle farms where high levels of faecal
contamination can be expected. It remains to be seen, however, if shellfish can act as an
efficient bioindicators of Cryptosporidium and Giardia contamination in areas with
lower, basal levels of contamination more relevant to less polluted environments.

The Magdalene Islands were chosen as a target study area to test the effectiveness of
shellfish as natural indicators of Giardia and Cryptosporidium contamination in a less
polluted marine environment. These islands are located in the Gulf of St. Lawrence,
Québec, and were an ideal study site as shellfish are naturally abundant, being harvested
for both commercial and personal consumption. There has also been extensive study of
shellfish sites around the islands that are currently considered at high risk of faecal
pollution and thus are off limits to harvesting for human consumption. The aims of
these studies were to identify and map the potential sources of faecal contamination
with the ultimate aim of rehabilitating these areas so that harvesting for human
consumption could resume. The results of these studies were published in a government
report produced by the local Magdalene Island Priority Intervention Zone (ZIP)
Committee (Iles-de-la-Madeleine, 2001) and were used to choose the shellfish testing
sites for this study.

The sources of contamination on the island were categorised into two broad categories
according to whether they were specific or diffuse sources. Specific sources are those
for which a precise outlet could be identified (tributaries, residential sewer pipes,
channels, sumps etc). These are usually pollution of a municipal origin caused by
discharges of wastewater from isolated homes and municipal treatment systems. Whilst
some houses on the Magdalene Islands are connected to a central municipal sewage
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treatment facility, most residences have stand-alone septic systems. The study identified
many residences with systems that did not conform to current safety standards or were
poorly maintained and therefore posed a high risk of contaminating the surrounding
environment. Diffuse sources, on the other hand, do not have an easily identifiable
point-source and are most likely a result of agricultural activities, contamination events
arising from manure spreading and run off events occurring after heavy rainfall or in the
spring snowmelt. In this category, contamination arising from native wildlife such as
sea birds and marine mammals such as seals residing in and around closed shellfishbeds were considered contribute in part to these diffuse sources of contamination.

If human activity on the Magdalene Islands is a potential route of Giardia and
Cryptosporidium contamination of the surrounding marine waters, demonstrating a
method whereby marine mammals can acquire and maintain infections from the marine
ecosystem, it is expected that Giardia and Cryptosporidium will be isolated from
shellfish tissues, and waters from tributaries with high risk of agricultural runoff or
septic tank leakage and isolated from the municipal sewage plants. Through the genetic
characterisation of the parasites isolated from the shellfish and the sea water and
municipal sewage treatment plants, the identification of host specific species and
genotypes of Giardia and Cryptosporidium from these sources should also help identify
possible point-sources of contamination.

4.2
4.2.1

METHODS
Site Descriptions

Three shellfish testing sites around the Magdalene Islands were chosen based on their
designation by the government ZIP report as at high risk of faecal contamination. The
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locations of the three sites on the Magdalene islands are shown in Figure 4.1, with more
detailed maps of the potential sources of faecal contamination shown for each site
(Figures 4.3, 4.4 & 4.5).

The three sites chosen for this study all had shellfish harvesting restrictions in place at
the time of sampling. Direct shellfish harvesting for human consumption is forbidden in
both Sectors 16.1.1 and 14.1, as the sanitary surveys conducted by the Canadian
Shellfish Sanitation Program indicates that sewage from the adjacent communities or
runoff from livestock in the area may reach this harvesting area in such concentration to
constitute a public health hazard.

Sector 10.1.3 is closed for harvesting for the majority of the year, but is conditionally
approved during the months October through May of each year. During this period,
sanitary water quality surveys and shellfish sampling is undertaken by the CSSP. If tests
indicate bacterial indicators such as total coliform counts and faecal coliform counts in
the shellfish and surrounding waters falls below the national health standards, the area
opens for harvesting. This site has, however, had problems with faecal pollution and as
there is no agricultural activities and minimal residential housing within the region, it
was hypothesised by the government report that the faecal bacterial contamination may
have resulted from the populations of grey and harbour seals that reside in this sector
during the summer months. For this reason, this site was included in this study.

4.2.2

Shellfish collection

During the summer months (June through October) of 2001, shellfish were harvested on
a monthly basis from the three sites around the Magdalene Islands. Officers Roger

91

Figure 4.1 - Location of the three mussel sampling sectors around the Magdalene
Islands. Each month, various species of shellfish were collected and analysed for the
presence of Giardia cysts or Cryptosporidium oocysts.
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LuValle, Carole Turbide and Roger Simon from the Magdalene Department of Fisheries
and Oceans kindly organized the collection and shipping of these samples for this study.

At each site, naturally occurring species including soft shell clams (Mya arenaria), blue
mussels (Mytilus edulis), quahogs (syn. Quahaug, hard shell clam) (Mercenaria
mercenaria) or stimpson’s surf clams (syn. Arctic surf clam) (Spisula polynyma, syn.
Mactromeris polynyma) were collected. Species identification was made based on shell
morphology as described in Figure 4.2 (Abbott, 2001). A variety of shellfish species
were chosen for analysis as it was postulated that species inhabiting different habitats
within the inter-tidal zone would yield different levels of contamination. It was also
hypothesised that the sand dwelling species (quahog, soft shell clam and Stimpson’s
surf clam) would harbour fewer numbers of parasites than the water dwelling species
(blue mussel). These data would determine which shellfish species may be a better
indicator species for Giardia and Cryptosporidium.

Immediately after the shellfish were harvested, they were placed on frozen ice-packs in
insulated polystyrene coolers and flown to Calgary, Alberta within 72 hours for
analysis. An attempt was made at each monthly sampling period to collect thirty
specimens of each species at each site, although this was not always possible.

4.2.3

Shellfish processing

Shellfish were opened by gently inserting a scalpel and cutting the adductor muscle.
The hemolymph was then aspirated with a pipette and both the gills and gastrointestinal
tract excised with forceps. The hemolymph, gills and gastrointestinal tract were pooled
for each species, collected from each site, and processed separately. The pooled
hemolymph was centrifuged 1500 xg for 10 minutes and the pellet resuspended in 5 mL
93

Blue mussel (Mytilus edulis)
Average diameter: 5 cm
Shell shape: elongated, light blue-black
colour
Habitat: rocky shores
Zone: intertidal zone
Maximum depth: 10 m.

Quahog (Mercenaria mercenaria)
Average diameter : 10 cm
Shell shape: large, very hard oval shell,
concentric lines raised into ridges, dirty
white to grey-brown in colour
Habitat : silty, sandy beds
Zone: intertidal zone
Maximum depth : 15 m

Soft shell clam (Mya arenaria)
Average diameter: 7.5 cm
Shell: white to grey, very brittle,
elongated ellipsoid in shape
Habitat: silty sand
Zone: intertidal zone
Maximum depth: 10 m

Stimpson surf clam (Mytilus edulis)
Average diameter: 12 cm
Shell: thick, triangular, dirty white
shells with rounded edges and
concentric growth ridges, oval in shape
Habitat: sandy beds
Zone: intertidal zone
Maximum depth: 50 m
Pictures from - http://lavoieverte.qc.ec.gc.ca
Descriptions adapted from Abbot, et al, 2001.

Figure 4.2 – Description of shellfish species collected for analysis.
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PBS. Gill tissue was pooled then vigorously vortexed for 5 minutes in 2x volume of
0.1% SDS v/v PBS. The tissue slurry was strained through an 8-mesh wire screen (2.4
mm aperture) and filtrate retained for further concentration by centrifugation. Stomachs
were also excised, pooled and mixed with 2x volume 0.1% SDS v/v PBS then disrupted
using a Polytron™ tissue homogeniser. The homogenate was then strained through
single layer surgical gauze [Nu-Gauze, Johnson & Johnson] and filtrate retained. The
solute in the filtrate from the gill washing and the gastrointestinal tract was concentrated
by centrifugation at 1500 xg for 10 minutes with the pellet resuspended in 10 – 25 ml
PBS. Concentrated shellfish filtrate was purified over a sucrose cushion and examined
microscopically utilising the monoclonal antibody solution Aqua-glo™ (Waterborne) as
described previously (See section 2.6 in Materials and Methods). Giardia cysts and
Cryptosporidium oocysts were expressed as number of cysts or oocysts per shellfish.
Counts were natural log transformed and expressed as geometric means. Parasite counts
were evaluated by analysis of variance (ANOVA) and compared using Newman-Keul’s
multiple comparison of means.

The species and genotype of the Giardia cysts and Cryptosporidium oocysts isolated
from shellfish tissue were genotyped using nested PCR of the SSU-rRNA gene or the
HSP 70 gene as described in Section 2.7. In determining the genotype of isolates, a
possible source of contamination of the marine environment may be identified.

4.2.4

Water sampling

A water sample was filtered from each of the three sites from which the shellfish had
been collected. Tributaries on the island that may have been at risk of faecal
contamination either by agricultural run off or from the high density of septic tank units
used by the nearby houses were also targeted for water analysis. Figures 4.3-4.7 show
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Figure 4.3– Map showing the site of water filtration at La Petite Baie (Sector 14.1).
Giardia cysts and Cryptosporidium oocysts were not detected in the 102 L raw water
sample.
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Figure 4.4 - Map showing the site of water filtration at Havre-aux-Maisons (4) (Sector
16.1.1) and Cap-aux-Merle (5). Giardia cysts and Cryptosporidium oocysts were not
detected in the 100 L raw water sample from site 4. A single Cryptosporidium spp.
oocyst was detected in the 100 L treated sewage sample taken from the outflow of the
Cap-aux-Merle sewage treatment plant.
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Figure 4.5 - Map showing the site of water filtration at Point-aux-Loups (Sector
10.1.3). Giardia cysts and Cryptosporidium oocysts were not detected in the 65 L raw
water sample.
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Figure 4.6 - Map showing the three sites of water filtration at Baie du Bassin. Giardia
cysts and Cryptosporidium oocysts were not detected in the 100 L, 80 L or 60 L raw
water samples.
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Figure 4.7 - Map showing the site of water filtration at Baie du Cap-Vert. Giardia cysts
and Cryptosporidium oocysts were not detected this 52 L raw water sample.
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the location of water sampling at each site. Volumes of water between 50 – 100 L
(depending on turbidity) were filtered using a Filta-Max filtration unit. In addition to
these filtered water samples, small (250 mL) grab samples of influent from municipal
sewage treatment plants were collected. All water samples were analysed for the
presence of Giardia cysts and Cryptosporidium oocysts using the EPA protocol 1623 as
described in the Materials and Methods (section 2.3.5).

4.3
4.3.1

RESULTS AND DISCUSSION
Shellfish Parasite Prevalence

During the five month sampling period (June thru October, 2001), a total of 740
shellfish were collected from the three sites around the Magdalene Islands, as outlined
in Table 4.1. The pooled hemolymph, gill washings and gastrointestinal contents from
each batch of shellfish were examined for the presence of Giardia cysts and
Cryptosporidium oocysts by staining with the FITC monoclonal antibody Aqua-glo™.
Neither Giardia cysts nor Cryptosporidium oocysts were detected in any of the soft
shell clams (n = 142) collected from site 1, the Stimspon’s surf clams (n = 143), blue
mussels (n = 150) and quahogs (n = 45) collected from site 2, nor from the soft shell
clams (n = 109) and blue mussels (n = 150) collected from site 3.

While many of the purified shellfish samples displayed a high level of non-specific
background auto fluorescence, samples spiked with laboratory derived cysts and
oocysts, could be observed. The high-level background staining and the resulting lack
of contrast between the cysts/oocysts and the background may have made lower
concentrations of parasites difficult to detect.
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Table 4.1 - Number of shellfish collected each month at each of the three Magdalene
Islands sampling sites. The hemolymph, gill tissue and gastrointestinal tract were
extracted and analysed for the presence of Giardia cysts and Cryptosporidium oocysts.
Month
June

July

Sector 10.1.3

Sector 14.1

Sector 16.1.1

Soft shell clam (n = 30)

Surf clam (n = 30)

Soft shell clam (n = 28)

Blue mussel (n = 30)

Blue mussel (n = 30)

Surf clam (n = 30)

Soft shell clam (n = 30)

Blue mussel (n = 30)

Blue mussel (n = 30)

Soft shell clam (n = 30)

Quahog (n = 15)

August

Soft shell clam (n = 27)

Surf clam (n = 25)

Soft shell clam (n = 25)

Blue mussel (n = 30)

Blue mussel (n = 30)

Quahog (n = 20)

September Soft shell clam (n = 30) Surf clam (n = 30)

October

Soft shell clam (n = 25)

Soft shell clam (n = 26)

Blue mussel (n = 30)

Blue mussel (n = 30)

Surf clam (n = 28)

Blue mussel (n = 30)

Blue mussel (n = 30)
Quahog (n = 10)

102

To confirm the negative status of the shellfish collected from the Magdalene Islands, the
more sensitive method of PCR was employed. DNA was extracted from 1 mL of the
purified, concentrated hemolymph and gill washing samples from the shellfish species
collected during August, September and October at all three harvesting sites. The purity
of the DNA extractions was determined by a A220 to A350 nm scan on a
spectrophotometer. All extracted genomic DNA gave an expected 260:280 ratio of 1.7
and displayed the appropriate absorbance scans between A220 and A350.

Nested PCR analysis of these shellfish samples yielded no amplifiable Giardia or
Cryptosporidium DNA products. To ensure PCR inhibition was not the cause of the
negative PCR results, a single round of PCR using the internal 18S-rRNA or HSP70
primers using shellfish DNA spiked with positive control Giardia and Cryptosporidium
DNA respectively. All shellfish samples spiked and retested yielded amplifiable DNA
fragments thus indicating that PCR inhibition was not a cause of the negative results.

Published laboratory studies have shown that PCR is sensitive enough to detect down to
one Cryptosporidium oocyst per shellfish when analysis of hemolymph was undertaken
(Fayer et al., 1998b; Miller et al., 2005). In this study, the hemolymph and gill washing
from thirty shellfish of each species were pooled prior to analysis by PCR. The pooling
of specimens would have increased the likelihood of detecting very low levels of
contamination with Giardia or Cryptosporidium. The negative PCR results
demonstrated in this study along with the negative microscopy results strongly suggest
that the blue mussels, quahogs, soft shell clams and Stimpson’s surf clams collected
over the five month period from the three sites around the Magdalene islands were free
of Giardia and Cryptosporidium contamination.
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This negative finding was also supported by the analysis of water samples, collected to
supplement the shellfish data. The three water filtration samples collected from the
shellfish harvesting sites and the four samples collected from tributaries running into the
‘closed’ shellfish harvesting areas were negative for Giardia and Cryptosporidium (see
Table 4.2). Influent sewage samples collected at four municipal sewage treatment
facilities were also negative for Giardia and Cryptosporidium (see Table 4.3). The only
water sample positive for parasite contamination was from the filtration of 100 L of
post-treated effluent water taken from the Cap-aux-Merle sewage treatment facility.
This water filtrate contained one Cryptosporidium sp. oocyst. The viability of this
oocyst was undetermined.

The filtered water samples had a detection limit of between one and two oocysts and
cysts per 100 L. This level of sensitivity should have detected any meaningful Giardia
or Cryptosporidium contamination. While the pre-treated raw sewage had a decreased
sampling sensitivity of 100-200 oocysts and cysts per 100 L, it would be expected that
the levels in pre-treated sewage would be sufficient for detection.

The findings from this study demonstrate that during the summer months of 2001, the
marine waters surrounding the shellfish beds at the Magdalene Islands were free of
detectable contamination with Giardia and Cryptosporidium using mechanical water
filtration in combination with shellfish biological filters.

4.4

CONCLUSIONS AND FUTURE DIRECTIONS

The coastal environments of North America, and indeed the world, have become highly
valued resources. The sanitary status of coastal waters is clearly important both from the
standpoint of hazards to human health and the sustainability of wildlife populations. The
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Table 4.2 – Results of the water filtration study that examined the three shellfish
collection sites in addition to five potentially contaminated water sources on the
Magdalene Islands. A single Cryptosporidium spp. oocyst was detected in the effluent
(or treated) sewage sample from the Cap-aux-merle sewage treatment facility. Giardia
cysts were not detected in any of the water samples.
Sample Site

Water

Water

Volume

Oocysts/

Cysts/

temp.

pH

filtered

100 L

100 L

Detection
limit oocysts
and cysts
/100 L

(L)

(°C)

La Petite Baie

14.5

7.5
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0

0

1.0

Havre-aux-Maisons

13.7

6.7

100

0

0

1.0

Point-aux-Loups

18.4

7.8

65

0

0

1.5

Baie du Bassin

20.4

7.5

100

0

0

1.0

Baie du Bassin

15.1

7.5

80

0

0

1.3

Baie du Bassin

15.5

6.5

60

0

0

1.7

Cap-aux-Merle

18.4

6.5

100

1

0

1.0

Baie du Cap-Vert

24.3

7.5

52

0

0

1.9
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Table 4.3 – Results of the water analysis of raw (or untreated) sewage from five
municipal sewage treatment facilities located on the Magdalene Islands. Neither
Cryptosporidium oocysts nor Giardia cysts were detected in any of the samples
collected.
Municipality

Volume

Oocysts/

Cysts/

sampled (mL)

100 L

100 L

Detection limit oocysts and
cysts /100 L

Havre-aux-Maisons (I)

250

0

0

100

Havre-aux-Maisons (II)

250

0

0

200

Cap-aux-Merle

250

0

0

100

Fatima

250

0

0

100

E’tang du Nord

250

0

0

100
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key to determining if anthropogenic activities such as farming and sewage disposal are
potential sources of contamination is to identify the species and subtypes of
Cryptosporidium and Giardia that are encountered in the marine environment. As many
species and subtypes of these two parasites are host adapted, identification of a
terrestrial host-adapted strain such as C. hominis in the marine environment would
indicate that sewage outfall is the likely causal agent of the pathogen pollution.

The combination of the application of molecular tools such as PCR and DNA
sequencing of pathogens such as Giardia and Cryptosporidium with the use of shellfish
as biological filters should prove useful in the investigation of the sources of faecal
pathogen pollution and faecal loading into aquatic environments. The Magdalene
Islands were chosen as a test model system because they are comprised of an easily
accessible marine environment containing an abundant resident grey and harbour seal
population, abundant seabird populations, concentrated areas of livestock production,
residential areas with varying levels of waste water treatment, extensive shellfish
populations open to both commercial and recreational harvesting and shellfish
populations that have been closed to harvesting owing to previously detected faecal
contamination.

This is the first study to apply the molecular analysis of natural shellfish species to
monitor Giardia and Cryptosporidium contamination in high-risk areas of the
Magdalene Islands. Somewhat surprisingly, all samples collected during the summer of
2001 proved negative for detectable levels of Giardia and Cryptosporidium including
shellfish collected from areas closed to harvesting owing to previously detected faecal
contamination and the water filtration samples from sewage influent and effluent.
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There are a number of possible explanations for these negative results including the
possibility that shellfish do not represent a sensitive enough assay to monitor the faecal
contamination of coastal waters. A five-year study examining Cryptosporidium in
mussels, recently completed in the waters off the populated coast of California
demonstrates that this is not likely the case (Miller et al., 2005). This tested analytic
sensitivity of a very similar nested PCR protocol, also targeting the Cryptosporidium
18s rRNA loci and demonstrated detection limits of a single oocyst in two of three
trials, and greater than 1000 oocysts in a third trial. Cryptosporidium positive shellfish
were then successfully detected in explanted sentinel mussels using the PCR based
detection method.

It seems most likely, however, that the sampling areas around the Magdalene Islands
tested in this study were indeed negative for Cryptosporidium and Giardia during the
summer of 2001. While the Magdalene islands appeared to represent an ideal system to
test the use of native shellfish to monitor the sources of faecal contamination and faecal
loading into the environment, these results demonstrated that the islands are likely not
sufficiently populated with humans nor livestock to represent a significant source of
Giardia and Cryptosporidium contamination in the marine environment. It seems that,
at least during the summer months tested, there is minimal loading of these two
parasites in the marine environment.

Future studies of the Magdalene, or other sites in the St. Lawrence Seaway could
include sampling over longer periods of time encompassing more seasons than just the
summer. Although the correlation between the season and the level of Giardia and
Cryptosporidium contamination is not strong, some studies have shown that periods of
rainfall and high water runoff from the land may in some cases correlate with an
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increase in the level of faecal pollution (Miller et al., 2002; Miller et al., 2005). In the
case of the Magdalene islands, sampling through seasons other than summer was not
practical as the native shellfish were collected from the water column or sand beds by
hand. As the Magdalene Islands, and indeed much of the St Lawrence Seaway, remains
icebound throughout the winter and into early spring, venturing into the waters during
these periods of ice break up and spring run off were not feasible. The use of bagged
sentinel bivalves that could be harvested from a boat may prove useful in facilitating
sampling through the more difficult periods of the year. In further studies of this type
using shellfish as biological indicators of pollution, it would also be advisable to
simultaneously collect data on the level of faecal coliform in the marine waters and in
the shellfish tissues, rather than relying on sampling in areas with previously collected
and likely out of date faecal contamination data.
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5. STUDY OF NATURALLY OCCURING INFECTIONS WITH GIARDIA AND
CRYPTOSPORIDIUM IN HARP AND HOODED SEALS
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5.1

INTRODUCTION

A key issue in the study of Giardia and Cryptosporidium in wildlife is the effect that
anthropogenic activities such as sewage disposal, industrial effluent and agricultural
runoff have on the susceptibility of wildlife to natural infection, as well as the direct
parasitic contamination of the marine environment.

The Gulf of St. Lawrence in

Canada is an excellent arena to study these parasites in the marine environment as many
species of marine mammals inhabit this accessible area and both Giardia and
Cryptosporidium have been detected in this waterway (Graczyk et al., 2001b; Measures
and Olson, 1999; Payment et al., 2000; Payment et al., 2001).

A previous study from the Gulf of St. Lawrence reported Giardia cysts in the rectal
contents of harp seals, with the frequency of 50% (n = 30) (Measures and Olson, 1999).
Cryptosporidium oocysts were not detected in samples in this study, which included
faeces from harp, grey and harbour seals from the same region. Due to sampling
limitations, it has not yet been demonstrated whether seals in this area are truly infected
with Giardia and propagating the parasite, or whether they are simply passing ingested
cysts from the environment through the intestine without excysting.

Not only is the true infection status of these marine mammals unclear, the species and
genotypes of parasites that may be present in this population are unknown. The previous
study on seals from this region relied on morphological comparison to identify the cysts
as G. duodenalis (Measures and Olson, 1999). No molecular characterization was
performed to confirm this observation nor to determine whether the strain of G.
duodenalis was a zoonotic strain (Assemblage A or B) or a host-adapted strain, such as
those identified in dogs, cats and livestock. This kind of molecular characterisation is
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essential in verifying the identity of the parasite in the infection, as well as aiding in the
elucidation of possible sources of contamination and routes of transmission.

The primary aim of this study is to establish if Giardia cysts passing in the faeces
represents a true infection in harp and hooded seals. To this end, a point prevalence
study was undertaken to confirm infection with Giardia and Cryptosporidium and to
determine the frequency of these parasites in harp and hooded seals. Should seals be
infected with Giardia and Cryptosporidium and shedding cysts and oocysts into the
environment via the faeces, it is important to establish that this material is both viable
and infective. To address this issue, biological assays were employed.

To confirm that Giardia is undergoing complete replication in the intestines of the harp
and hooded seals, histological sections of the duodenum, jejunum and ileum were
analysed by light microscopy for the presence of trophozoites. The identification of the
reproducing intracellular stages of Cryptosporidium is better suited to electron
microscopic analysis and therefore was beyond the scope of this study.

A hallmark of infection with Giardia and Cryptosporidium is the mounting of a
humoral immune response (Faubert, 2000; McDonald et al., 2000). ELISA analysis will
be applied to the harp and hooded seals from this study to establish serum titres against
Giardia antigens. As demonstrated in Chapter 1, Cryptosporidium in seals was not
amenable to ELISA analysis with current available reagents and was therefore not
included in this study. Harp and hooded seals give birth and nurse their young on the
pristine icepack. This situation provides a unique opportunity to monitor the maternal
transmission of immunity from mother to the pup through the milk. To my knowledge,
this has never been attempted in any wildlife Giardia study.
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5.2

EXPERIMENTAL DESIGN

Live-captured and euthanitised hooded and harp seals were sampled during the winter
of 2001 from the breeding grounds located west of Magdalene Islands in the Gulf of St.
Lawrence, Québec (47°50’N, 63°11’W). Animals were stratified by species, sex and
age for comparative purposes.

The samples collected from live-captured harp seals and hooded included faeces, serum
and milk (from the nursing adults). Adult animals were captured and restrained using a
stretcher net and pups restrained using throw nets in order to collect the samples. Once
the sample collection was complete, the seals were released. Due to the difficulties in
recapturing an individual seal, re-sampling of the same seal was not undertaken in this
study. In addition to faeces, serum and milk, tissue from the small intestine was
collected for histology and PCR analysis from seals that were euthanitised.

To determine prevalence of Giardia and Cryptosporidium in these seals, cysts and
oocysts were purified from faecal specimens and identified utilizing fluorescein labelled
monoclonal antibodies and microscopy as outlined in materials and methods. To
confirm that the Giardia cysts and Cryptosporidium oocysts were viable and infective,
the Mongolian gerbil and neonatal mouse bioassays were used respectively.

Small intestinal tissue (duodenum, jejunum and ileum) from harp and hooded seals
positive for Giardia cysts in the faeces were plastic embedded and stained as described
in the materials and methods, in order to detect replicating Giardia trophozoites.
Cryptosporidium was not amenable to analysis by light microscopy and was therefore
not undertaken.
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To determine the species and genotype of Giardia and Cryptosporidium in naturally
infected seals, genomic DNA was extracted from a sub-sample of the small intestinal
sections stored in PBS. Tissue sections were vortexed vigorously for 1 minute before
large pieces of tissue were removed with sterile tweezers. The remaining solution was
then centrifuged at 900 xg for 10 minutes at 4 °C, supernatant removed and the pellet
re-suspended in approximately 1 mL tissue lysis buffer. Genomic DNA was extracted
from a 500 µL aliquot of this suspension. For Giardia genotype identification, a twostep nested-PCR protocol amplifying a fragment of the small subunit ribosomal (SSUrRNA) gene was targeted. For Cryptosporidium genotype identification, a fragment of
the 70 Kda heat shock protein (HSP70) was amplified and sequenced.

Anti-Giardia IgG antibody titres in harp seal and hooded seal serum and milk were
determined by ELISA analysis. Identification of Giardia antigens recognized by a subset of serum and milk was undertaken by Western blot analysis. These methods are
described in the materials and methods chapter.
5.3
5.3.1

RESULTS AND DISCUSSION
Sample collection

Serum and faeces were collected from two adult male harp seals, 20 harp seal motherpup pairs, 16 additional adult female harp seals, six adult male hooded seals and six
hooded seal mother-pup pairs. Additional serum samples were collected from three livecaptured hooded seal mother-pup pairs. Milk was collected from 10 nursing harp seals
and 6 nursing hooded seals. Intestinal tissue was collected only from those adult seals
that were euthanitised. A summary of all samples collected is represented in Table 5.1.
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Table 5.1 - Summary of the samples collected from live-captured and euthanitised harp
and hooded seals to assess the prevalence of Giardia and Cryptosporidium in these free
living marine mammals. Due to low numbers, male and female pups were grouped
together.

Number of samples collected
Faeces

Serum

Milk

Tissue

Harp Adult male

2

2

-

2

Harp Adult female

36

36

10

36

Harp Pup male and female

20

30

-

0

Hooded adult male

2

3

-

2

Hooded adult female

8

8

6

8

Hooded pup male and female

0

6

-

0
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5.3.2

Prevalence

The prevalence of Giardia and Cryptosporidium infections in harp and hooded seals
was determined through microscopic analysis of faeces stained with fluorescein labelled
monoclonal antibodies. Results of this analysis are summarised in Table 5.2. Of the
sixty-eight faecal samples analysed, Giardia cysts were present in 39% (14/36) of adult
female harp seals and 100% (2/2) of adult male harp seals. These cysts were
morphologically indistinguishable from our laboratory reference strain cysts of G.
duodenalis Assemblage A (strain S2 – ATCC reference number 203333). Giardia cysts
were not detected in any of the faecal samples collected from harp seal pups (0/20) or
adult hooded seals (0/10). Faecal specimens were not obtained from hooded seal pups.
Cryptosporidium oocysts were not observed in any faecal samples examined by
microscopy.

Giardia has been detected in various pinniped species in North America with
prevalence rates of up to 64.5% being reported (Deng et al., 2000; Hughes-Hanks et al.,
2005; Measures and Olson, 1999; Olson et al., 1997b). In this study, the point
prevalence in adult harp seals of 42% (14/36 female, 2/2 male) is slightly less than a
previous study of adult harp seals from the same region, using the same method of
faecal analysis where a prevalence of 50% (15/30) was reported (Measures and Olson,
1999). This, and previous studies most certainly underestimate true prevalence due to
the fact that mammals can shed cysts intermittently throughout the duration of infection,
thus reducing the chance of detecting a positive animal particularly when only one
sample is collected from each animal (Noordeen et al., 2001; Noordeen et al., 2002;
O'Handley et al., 1999; Ralston et al., 2003). Limitations of the sucrose centrifugation
faecal purification method could also have contributed to the underestimation of
prevalence.
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Table 5.2 - Prevalence of Giardia and Cryptosporidium based on microscopic
examination of faecal specimens.
Number
Samples

Cryptosporidium
Positive

Giardia
Positive

Harp adult female

36

0

14 (38.8 %)

Harp adult male

2

0

2 (100 %)

Harp Pup male and female

20

0

0

Hooded adult female

5

0

0

Hooded adult male

5

0

0

Hooded pup male and female

0

0

0
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The method used in this study has a theoretical sensitivity of 66 Giardia cysts per gram
of faeces, when a 1 g faecal sample is analysed (Xiao and Herd, 1993). If the seals were
shedding in low numbers, they may appear negative by this method.

Harp seal pups appeared to be free from Giardia infection through microscopic
examination of faecal specimens. In a previous study utilizing the same method of
parasite detection, all seal pups (n = 15) were negative for Giardia, including 10 harp
seal pups (Measures and Olson, 1999). As discussed previously, this finding may have
missed those animals that were shedding cysts below the detection limit of the method,
or the pups may have had sub-clinical infections. No intestinal tissue samples were
collected from these animals so it was not possible to screen them using the more
sensitive method of PCR.

It is likely however, that seal pups of this age are too young to develop a natural
giardiasis. At the time of sampling, most pups were between one and twelve days old
and still suckling from their mothers. In studies on dairy and beef calves, initial Giardia
cyst excretion was detected at an average of 31 days and 27 days after birth respectively
(O'Handley et al., 2003; Ralston et al., 2003). This delay in infection may be due to the
immune status of the calves (O'Handley et al., 1999). It is possible that the colostrum fed
to these calves may have initially protected them from Giardia. In calves, circulating
maternal antibodies absorbed through colostrum are cleared via the intestinal lumen and
still retain their function (Besser et al., 1988a; Besser et al., 1988b). Maternal antibodies
the calves receive via colostrum become depleted within a few weeks, and calves must
then begin to produce their own antibodies. This waning of maternal antibody was well
correlated with the first appearance of Giardia cysts observed in these dairy calves
(O'Handley et al., 2003).
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This same phenomenon may explain why seal pups of this young age were not infected
with Giardia. Although it was not possible to collect colostrum from the nursing adult
female seals, milk was shown to have anti-Giardia IgG titres (see results section 5.3.6
below). A longitudinal study of the anti-Giardia IgG titres in harp seal and hooded seal
pups serum may be able to properly answer the question of the efficiency of maternally
derived immunity to protect from giardiasis.

5.3.3

Viability and infectivity of Giardia cysts

If the positive faecal samples represent a true infection, it is important to demonstrate
that the seals are actively shedding viable and infective cysts. To assess the viability and
infectivity of these parasites passed in seal faeces an in vivo gerbil model was utilized.
As the faecal samples were negative for Cryptosporidium, the neonatal mouse
biological assay was not applied. Giardia cysts isolated from the two positive adult
male and 13 adult female harp seal faecal specimens were orally inoculated into
Mongolian gerbils (n = 5 per faecal sample). The negative control gerbils and those
challenged with cysts isolated from the seals did not shed Giardia cysts in their faeces
during the 12 day observation period, nor were cysts or trophozoites observed in
intestinal scrapings collected 12 days post-challenge. The three positive control gerbils
inoculated with a laboratory strain of G. duodenalis (S2) shed cysts on days 5, 7, 9 and
12. Trophozoites were observed in the mucosal scraping collected on day 12, post
inoculation.

The results of this study suggest Giardia cysts isolated from these seal faeces were nonviable and non-infective. This study was plagued however, by sample handling
difficulties. Faeces were collected on the icepack in extreme temperature conditions.
Whilst every effort was made to insulate the specimens from the cold, the long time
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spent in this unregulated environment may have affected cyst viability. This may have
been exacerbated by the inability to effectively regulate the storage temperature of the
samples during transport from Québec to the laboratory in Calgary, Alberta. Upon
arrival in Calgary, I observed the faecal samples were partially frozen. The effect of
freezing on the viability of Giardia cysts is variable. One study demonstrated cysts to
be non-infective in water, cattle faeces, and soil following 1 week of freezing at -4º C
whilst another study showed exposure to -4 °C for up to seven days preserved their
viability and infectivity (El Mansoury et al., 2004). This uncontrolled freezing of the
samples was the most likely reason for the failure of the viability and infectivity assay
performed in this study. In future studies of this type, the inclusion of a viability test,
such as the propidium iodide stain, would be useful to ascertain the status of the cysts.

5.3.4

Genotyping of parasite isolates

Genotyping was undertaken both to determine the identity of the parasite and to provide
clues as to possible sources of infection. Giardia species and genotype was determined
for the 38 positive harp seals by nested PCR and sequencing of a fragment of the SSUrRNA gene. DNA was extracted from the faeces, duodenum, ileum and jejunum of each
positive animal. Giardia species identification was determined in 36 of the 38 animals
by amplification from at least one of the four samples analysed per animal. All of the
amplified fragments were sequenced and identified as Giardia duodenalis Assemblage
A (AF199446).

A representative SSU-rRNA sequence amplified from harp seal

intestinal tissue is shown in Figure 5.1.

As no Giardia cysts were found in the faeces from the ten adult hooded seals examined,
the more sensitive method of PCR was undertaken. DNA was extracted from the
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Assemblage A
Seal DNA

1
1

CATCCGGTCGATCCTGCCGGAGCGCGACGCTCTCCCCAAGGAC-GAAGCC
••••••••••••••••••••••••••••••••••••••••••••••••••

49
49

Assemblage A
Seal DNA

50
50

ATGCATGCCCGCTCACCCGGGACGCGGCGGACGGCTCAGGACAACGGTTG
••••••••••••••••••••••••••••••••••••••••••••••••••

99
99

Assemblage A
Seal DNA

100
100

CACCCCCCGCGGCGGTCCCTGCTAGCCGGACACCGCTGGCAACCCGGCGC
••••••••••••••••••••••••••••••••••••••••••••••••••

149
149

Assemblage A
Seal DNA

150
150

CAAGACGTGCGCGCAAGGGCGGGCGCCCGCGGGCGAGCAGCGTGACGCAG
••••••••••••••••••••••••••••••••••••••••••••••••••

199
199

Assemblage A
Seal DNA

200
200

CGACGGCCCGCCCGGGCTTCCGGGGCATCACCCGGTCGGCGCGGTCGCGG
••••••••••••••••••••••••••••••••••••••••••••••••••

249
249

Assemblage A
Seal DNA

250
250

CGCGCCGAGGGCCCGACGCCTGGCGGAGAATCAGGGTTCGACT
•••••••••••••••••••••••••••••••••••••••••••

292
292

Figure 5.1 - Representative sequence of Giardia duodenalis Assemblage A SSU-rRNA
isolated from harp and hooded seal faeces and/or intestinal tissue and previously
published sequence from GenBank (accession number: AF199446). Matching basepairs are represented by a black dot ().
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intestinal tissue sections (duodenum, jejunum and ileum) and screened for Giardia by
nested PCR. Giardia amplicons were generated from at least one of the intestinal
sections from each of the four females and four adult males. All PCR products were
sequenced and had 100% identity to G. duodenalis Assemblage A (AF199446). DNA
extracted from harp and hooded seal intestinal tissue was screened for Cryptosporidium
by nested PCR utilizing the HSP 70 gene. No amplification products were observed in
any of these samples.

Giardia cysts were not detected in faecal specimens collected from adult hooded seals
but through PCR of tissue from the small intestine, it was demonstrated that 80% (8/10)
of adult hooded seals were actively infected with G. duodenalis. Faecal samples from
these animals may have been negative as a result of intermittent cyst shedding, or cyst
shedding below the detection limit of the technique used in this study. These adult seals
may have had sub-clinical infections. A greater number of hooded seal adults would
need to be sampled to determine if these differences seen between harp and hooded
seals were a result of the detection method or perhaps a difference in host-response to
Giardia infections.

This increase in sensitivity of PCR versus faecal examination by microscopy has been
reported in other studies (Erlandsen et al., 1990). The use of this more sensitive
technique further highlights the underestimation of true prevalence amongst the two
phocid species in this study and with previous studies that have been conducted utilising
microscopic analysis of faecal samples alone.

Genetic analysis of the harp seal and the hooded seal revealed that these phocid species
harbour a single strain of Giardia homologous to Giardia duodenalis Assemblage A.
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Assemblage A is thought to be of the greatest zoonotic risk and is capable of infecting a
wide variety of terrestrial animals including humans, livestock, domestic animals and
wildlife (Thompson, 2004). The finding of this genotype supports the hypothesis that
marine contamination could be of an anthropogenic source; either insufficiently treated
human sewage or agricultural runoff although the finding of similar genotypes is not, by
itself, conclusive evidence that zoonotic transmission is taking place.

5.3.5

Histological Analysis

To confirm that seals are actively infected with the parasite rather than retaining cysts in
the intestinal contents, one must demonstrate the replicating forms of the parasite by
histology. Giardia trophozoites were observed in stained histological sections of the
duodenum, jejunum and ileum from adult harp seals with Giardia cysts in the faeces (n
= 16) and hooded seals positive by PCR (n = 8) thus confirming that the parasite had
excysted and was multiplying within the seal intestines (Representative photographs are
shown in Figure 5.2).

Prior to this study, it had not been demonstrated that seals shedding cysts in faeces had
an active infection with Giardia. Examination of tissue sections taken from harp seals
shedding cysts and from hooded seals where cysts were not detected in the faeces
showed that both species were producing trophozoites in the small intestine.
Trophozoites could be found in the duodenum, jejunum & ileum. It was not determined
from this study if the trophozoites were preferentially colonizing one section of the
small intestine.

The presence of replicating trophozoites in the small intestine also suggests that Giardia
cysts would be viable and infective at time of shedding in the faeces. This provides
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Figure 5.2 – Demonstration of active giardiasis infection through representative
photographs showing Giardia trophozoites in the small intestine tissue of adult hooded
and harp seals. Photograph A taken at 100x magnification shows three trophozoites
adhered to the epithelial cells, photograph B shows a trophozoite at higher
magnification (400x).
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further evidence that the biological assay failed due to improper handling of faecal
samples and warrants further analysis under more controlled conditions.
5.3.6

Serological Analysis

Monitoring of an immune response by ELISA demonstrates either an active infection or
previous exposure to an antigen. Giardia-specific IgG titres in sera from adult female
harp seals (n = 36), adult male harp seals (n = 2), harp seal pups (n = 30), adult female
hooded seals (n = 8), adult male hooded seals (n = 6) and hooded seal pups (n = 6) were
determined by ELISA. Giardia IgG titres were also determined for milk obtained from
nursing harp seal and hooded seal mothers (n = 10 and 6 respectively). Antibody titres
were log2 transformed and plotted for each age group shown in Figure 5.3.

Analysis of serum titres using a two-tailed unpaired t-test with a 99% confidence
interval demonstrated the average anti-Giardia IgG titre in both harp and hooded seal
milk was significantly lower (p < 0.05) than the adult and pup serum titres with the
exception of hooded seal milk when compared to hooded pup serum, where there was
no significant differences between the averages. IgG titre in adult hooded male serum
was significantly higher (p < 0.05) than the hooded seal pups and the milk from nursing
harp seals (Data shown in Table 5.3).

ELISA analysis detects antibodies that react to specific antigens. To confirm that these
data shown above represent a specific response to Giardia antigen exposure and not just
serendipitous cross-reactivity, Western blots of Giardia (isolate S2) trophozoite lysates
were probed with positive seal serum and milk as shown in Figure 5.4. These blots
detected a number of reactive antigen peptides including the diagnostic anti-Giardia
IgG immunodominant bands (32 kDa and 49 kDa) (Yanke et al., 1998).
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Figure 5.3 - Scattergram representation of serum and milk anti-Giardia IgG titres in
naturally infected harp and hooded seals (). Mean titres for each group are shown as a
horizontal line. Antibody in milk and in the serum of pups indicates maternal transfer of
immunity (Pg = harp seal; Cc = hooded seal).
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Table 5.3 – Mean anti-Giardia IgG titres from serum and milk collected from freeliving harp and hooded seal adults and pups (log2 transformed). While the antibody
titres in the milk were significantly lower than the serum, presence of antibodies in the
milk and in the pup serum demonstrate maternal immunity transfer in both seal species.

Sample

Number analysed

Mean (± S.E.M.)

Harp adult

38

7.32 (± 0.13)

Harp pup

31

7.34 (± 0.16)

Harp milk

11

5.36 (± 0.22)

Hooded adult

10

7.32 (± 0.22)

Hooded pup

6

5.57 (± 0.53)

Hooded milk

7

5.39 (± 0.70)

127

Figure 5.4 – Representative Western blot of Giardia (S2) trophozoite lysates probed
with seal sera and milk. Molecular weight marker displayed in kilodaltons (kDa), serum
from adult male harp seal, adult female harp and her nursing pup and milk from this
mother-pup pair (lanes 2-5). Second set represents serum from adult male hooded seal,
adult female hooded and her nursing pup and milk from this mother-pup pair (lanes 69). Diagnostic immunodominant Giardia peptides (49 kDa and 32 kDa) are marked
with arrows.
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To my knowledge, this is the first study examining the passive and acquired humoral
immunity in mammals from the wild. ELISA and Western blot results reveal serum
from both adult seals and from pups have high levels of anti-Giardia antibodies
demonstrating maternal transfer of passive immunity.

As colostrum and milk IgG is derived from the serum of the mother, it is representative
of the systemic immunological history of the nursing female seal. These results indicate
that the nursing female seals were previously exposed to Giardia or are currently
infected with the parasite. These data demonstrate that nursing pups have high antiGiardia IgG titres derived from the nursing milk. Not surprisingly, the antibody levels
were significantly lower in the milk when compared to the serum. In the bovine model,
as mammary secretions change from colostrum to milk, total concentrations of IgG in
the milk can be sixty times less than that in colostrum (Levieux and Ollier, 1999;
O'Handley et al., 2003). Low titres in the milk may also reflect the composition of seal
milk. Harp seal milk is approximately 12 times fattier and 25 times richer in protein
than cows’ milk, which may affect the binding efficiency of the ELISA (Sergeant,
1991). Extraction of lipoproteins with reagents such as freon, for example, may resolve
this issue and could be investigated further (Gurdon and Wickens, 1983).

The similar level of anti-Giardia IgG in pup serum to the levels found in adult seal
serum may help explain why Giardia cysts were not observed in pups of this age. As
hypothesized with calves, innate and acquired immune factors in the mother’s milk may
protect the nursing pups from developing infection. Along with the antibodies
transmitted via breast milk, it is now known that the fatty acids in maternal breast milk
are also key components in protecting a neonate's intestinal tract from bacterial, viral,
fungal and protozoal infections until the infant's immune system reaches competency
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(Reiner et al., 1986). One of the major components of breast milk is the short chain
saturated fatty acid C12:0 or lauric acid (Gillin, 1993). Lauric acid has been shown to be
anti-giardial in vitro, with an efficacy comparable to that of metronidazole, the current
drug of choice for treating giardiasis (Rayan et al., 2005). In normal humans, the
proportion of lauric acid in breast milk lipids ranges from 3% to 7% of the total fatty
acid content (Genzel-Boroviczeny et al., 1997). In marine mammals however, the
proportion of lauric acid in milk and blubber appears to be much lower (0.2% in the
northern fur seal for example), with some evidence suggesting harp seals do not contain
lauric acid at all (Waldorf, 1968; Waldorf et al., 1971; Waldorf and Vedros, 1979).
Despite this, fatty acids and maternal antibodies in the maternal milk may play a role in
the absence of infection seen in the harp seal pups from this study. It may be that
nursing may delay the cyst shedding however, we would need to look at older pups to
confirm this notion.

5.4

CONCLUSION AND FUTURE DIRECTIONS

It is clear from this study, that G. duodenalis Assemblage A is present in adult hooded
seals and adult harp seals in the Gulf of St. Lawrence breeding colony with prevalence
rates of 42% to 80% depending on the method used to identify positive animals. High
prevalence and high anti-Giardia IgG serum titres in all adult seals indicate that these
marine mammals may have chronic giardiasis infections. The high prevalence may also
be a result of the season in which samples were examined. Many mammals are seen to
have periparturient rise in cyst shedding linked to the stresses of birth and lactation
(Castro-Hermida et al., 2005; Xiao and Herd, 1994a; Xiao et al., 1994), which may also
be the case in the harp and hooded seals. Seals with such short lactation periods expend
a great deal of energy on lactation, with nursing harp seals losing more than one quarter
of their body weight by the time the pup is weaned (Lavigne and Kovacs, 1988). The
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stresses related with the birth and the weight loss related to lactation may cause a rise in
cyst shedding thus accounting for the high prevalence in these animals. It would be
interesting therefore, to examine adult seals during the summer months when they have
migrated north. The inherent difficulties in capturing and sampling marine mammals
when not hauled out on land or ice however would make this study problematic.

The Assemblage A genotype of G. duodenalis infecting the St. Lawrence populations of
harp and hooded seals is considered to have zoonotic potential, as it has also been
isolated from humans, livestock, domestic animals and terrestrial wildlife. This strain
has also been detected in filter feeding molluscs and it has been hypothesised that the
source of this marine contamination is the result of human activities such a sewage
disposal or agricultural runoff.

Despite the high level of infection in the adults and the resulting contamination of the
icepack with faeces containing cysts, pups do not appear to be infected with Giardia.
Adult seals defecate both on the ice pack and in the water and were observed to have
faecal material smeared on the fur on their ventral side from sliding along the icepack.
As seal pups nurse, they were often observed to suckle on fur stained with faecal
material. This may be a source of direct infection. Despite the possible routes of
transmission from mother to pup or from the environmental contamination, the seal
pups were negative for infection. This may be a result of the protective immunity pups
have as indicated by the anti-Giardia IgG antibodies in their serum and in the milk. It is
not known at what point maternal immunity diminishes and if this then exposes the
seals to infections with Giardia such as occurs in dairy calves.
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As harp seals are nursed for approximately twelve days, and hooded seals for only four
days, it would be worthy to examine seal pups after they had been weaned to see if they
were more susceptible to infection as the protection from maternal antibodies and fatty
acids in the milk wanes. The study of older seal pups is difficult on the icepack
however, as soon after the pups are weaned, the ice becomes too unstable to safely land
the helicopter to capture and sample the animals.

Whilst this study reveals information on the prevalence, biology and possible routes of
transmission of Giardia in wild seal populations in the St. Lawrence, important
questions remain, most importantly in light of the absence of Cryptosporidium in these
seals, is whether seals are susceptible to infection with terrestrially derived strains of
Cryptosporidium and Giardia. Whilst Cryptosporidium oocysts have been observed in
the California sea lion, dugong, bow-head whale, North Atlantic right whale and ringed
seals, only isolates from the dugong and ringed seals have been genetically
characterised at well recognised loci (Deng et al., 2000; Hill et al., 1997; Hughes-Hanks
et al., 2005; Morgan et al., 2000; Santin et al., 2005). Analyses of these isolates showed
that infection with the terrestrially associated species, C. hominis and C. muris, as well
as two novel seal-specific genotypes of Cryptosporidium were possible. These findings
highlight the importance of genetically characterising isolates detected in the marine
environment to aid in determining the importance of pathogen pollution through human
activities as a potential source of infection. Another question arising from this study of
naturally infected seals is how the infection is transmitted. Seals may become infected
from direct ingestion of infective faecal material, or perhaps indirect transmission via
the ingestion of contaminated water. These questions can be most readily investigated in
a longitudinal study under controlled laboratory conditions.
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6. STUDY OF EXPERIMENTALY INFECTED HARP SEAL PUPS
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6.1

INTRODUCTION

One of the prominent questions driving research in wildlife parasitology is whether or
not a given wildlife population can serve as a reservoir of disease for humans and
domestic livestock. It is equally as important, if not more important in the light of the
extensive pathogen pollution in the environment and the vulnerable status of many
wildlife species, to determine if humans and domestic livestock are reservoirs of disease
for given wildlife populations.

The study presented in Chapter five demonstrates that pinnipeds from the Gulf of St.
Lawrence have the potential to act as indicator species for environmental contamination
with the waterborne parasite Giardia. Adult harp and hooded seals were shown to
naturally harbour the potentially zoonotic genotype of G. duodenalis, Assemblage A.
This genotype is found in a wide range of mammals including humans, domestic
livestock (cattle, sheep, deer and horse), domestic animals (cats and dogs) and terrestrial
wildlife species including rodents (beaver, mice, prairie dog and groundhogs),
carnivores (ferrets, bobcats and rock hyrax) and primates (slow loris and mountain
gorilla) (see Appelbee et al., (2005) and Thompson et al., (2000) for review). The
discovery of this variant in a phocid host supports the hypothesis that environmental
pollution with human and domestic animal faecal material is a potential pathway for
marine wildlife infections.

As both Giardia and Cryptosporidium are transmitted via the faecal oral route and are
ubiquitous in terrestrial mammals including humans and livestock, it was surprising to
find a high prevalence of Giardia (42% harp seals and 80% hooded seals) but no
Cryptosporidium in this study. In fact, Cryptosporidium has not been detected in a wide
range of marine mammals including the pacific harbour seal (Phoca vitulina richardsi),
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northern elephant seal (mirounga angustirostris), bearded seal (Erignathus barabatus),
beluga (Delphinapterus leucas) and northern bottle-nosed whale (Hyperoodon
ampullatus) sampled from waters of the western arctic, the east coast of Canada and the
Californian coast (Deng et al., 2000; Hughes-Hanks et al., 2005; Measures and Olson,
1999; Olson et al., 1997b).

There are, to the best of my knowledge, only three reports Cryptosporidium in marine
mammals from North America. A publication of C. parvum spp. in Californian sea lions
and another, reporting for the first time, Cryptosporidium spp. in bowhead whales and
right whales, as well as ringed seals. These studies suggested anthropogenic activities
are a potential source of marine pollution although detailed genetic analysis at more
informative loci is required to rule-out the possibility that these marine mammals
harboured a host-adapted species not transmitted by humans or livestock (Deng et al.,
2000; Hughes-Hanks et al., 2005). This was demonstrated to be the case in the most
recent publication, whereby ringed seals from the western Canadian arctic were shown
to host to two novel C. parvum genotypes seen only in this species of seal, as well as C.
muris, whose major host is the rodent, but can also been found in bactrin camels, rock
hyrax and humans (Santin et al., 2005; Xiao and Ryan, 2004).

In light of the low prevalence of Cryptosporidium in the seals in the Gulf of St.
Lawrence, and the fact that ringed seals can be naturally infected with a host-adapted
Cryptosporidium species, it is important to establish if terrestrially derived zoonotic
strains of Cryptosporidium, and indeed Giardia, are capable of infecting seals. Should
seals be refractory to infection with these strains, it could be suggested that the risk of
anthropogenic pollution, such as agricultural runoff and insufficiently treated sewage in
the marine environment may be overestimated.
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When examining Giardia and Cryptosporidium in the wildlife host, it is also important
to assess the biological impact that Cryptosporidium and Giardia infections have on the
host itself. In humans and domestic livestock, these parasites cause diarrhoea and other
enteric disorders. Histopathological changes including mucosal damage, villus atrophy
and villus fusion in the small intestine have been observed in terrestrial mammals with
cryptosporidiosis and giardiasis. This tissue damage may contribute to observed
nutritional deficiencies and impaired weight gain (de Graaf et al., 1999; Olson et al.,
1995; Wolfe, 1992). Very little information has been gathered on the clinical effects that
these parasites have on the majority of their wildlife hosts. The pathophysiological
effects, if any, these infections have on marine mammals are unknown. If the intestinal
damage seen in other mammals also occurs in marine mammals, giardiasis and
cryptosporidiosis could impact the overall health of the animals and may increase
susceptibility to secondary disease or infection. This is particularly relevant to many of
the marine mammal species that already have challenged immune systems brought
about by the extensive chemical and toxological pollution in many marine ecosystems.

The unique habitat of marine mammals brings forth many challenges that complicate
the logistics and costs associated with the capture and sampling of aquatic animals. For
these and other reasons, limited numbers of marine animals have been studied and there
is no available information on the biological impact that the parasites, Giardia and
Cryptosporidium, have on marine mammal populations. So, while several parasitic
point prevalence studies in various seal species have been conducted, including the
study presented in the previous chapter, the basic biology of infection with Giardia and
Cryptosporidium in marine mammals including the time course and associated
pathology of infection remains unknown.
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Given the little knowledge we have on Giardia and Cryptosporidium in the marine
mammal host, this study was undertaken to gain a basic understanding of the biology of
infection of seals with these two parasites. The objectives of this study were to expose
harp seal pups to well characterised, terrestrially derived, strains of Giardia and
Cryptosporidium and, over a period of sixty days, document the infection pattern including the duration and intensity of parasitemia, clinical manifestation and the
monitoring of the immune response in the infected seals. The secondary aim of this
study was to assess the likelihood of indirect transmission of these parasites from hostto-host via the seawater.

6.2

EXPERIMENTAL DESIGN

It is important to note that all animals in this study were cared for in accordance with
the principals and guidelines of the Canadian Council on Animal Care under the
appropriate permits issued to the Maurice Lamontagne Institute and the Department of
Fisheries and Oceans, Québec.

6.2.1

Animal care

During the winter of 2003, 20 weanling (≥12 days old) male harp seal pups were
collected from the whelping icepack in the Gulf of St. Lawrence, constrained using net
bags and transported to the Magdalene Islands by helicopter to await shipment. Seals
were removed from their net bags and held in a makeshift pen (10 m x 5 m) overnight in
an unheated airplane hanger. The following day, the seal pups were flown by charter
plane to the Mont-Joli Airport. From there, they were transferred to a closed-in flatbed
truck and transported the remaining distance by road to the Maurice Lamontagne
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Institute (MLI), a research institute of the Canadian Department of Fisheries and
Oceans, Québec.

Upon arrival at the MLI, seals were tagged on the hind flipper (Rototag, Dylon) for
individual identification. Additional identification tags were added once the seals had
completed moulting. A plastic tag, similar to the tag on the hind flipper, was glued with
Loctite® Tak Pak™ Instant Adhesive Bonding Kit (part numbers 42250 & 7452) to the
fur on the head of the seal. This allowed for easy visualization of individual seals, both
in and out of the water, thus reducing the stress associated with animal handling. (See
Figure 6.1 of head and flipper tags).

In the facility at MLI, seals were matched for weight and then were placed in an indoor
compound consisting of two fibreglass tanks (3.71 m x 3.55 m x 1.36 m, capacity of
17,900 L) with haulout platforms (1.82 m x 3.55 m) (Figure 6.2). Water supplied to
these tanks came from the St. Lawrence estuary. The intake for the seawater is located
two kilometres directly offshore from MLI at 15 m of depth at low tide. The seawater
runs through a succession of five filters containing quartz sand of 0.8 – 1.2 mm size,
before entering the tank. The water was monitored daily for temperature and salinity as
these two factors have been shown to influence Giardia cyst and Cryptosporidium
oocyst viability in saline water.

The tanks remained empty of water, however, for the first seventeen days of the study to
allow the seals to complete their moult. During this period, tanks were swept daily to
remove moulted fur, and the seals and tank floor and walls hosed to remove faecal
material. On days seven through 16 inclusive, the tanks were filled with seawater to a
depth of approximately 0.5 m. Tanks were partially filled in this manner for a period of
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Figure 6.1 - Photograph showing method of seal identification using the flipper tag and
head tag. Flipper tags were placed on the seal on day 0 of the study, and the head tags
attached as the seals completed the moult of their head.
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Figure 6.2 - Photograph of one of the two indoor fibreglass tanks used to house the harp
seal pups. In this photo you can see the haul-out platform and the seawater running
down the side of the tank.
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two to four hours each day to allow the seals to practice swimming and become
accustomed to deeper water. At the end of the acclimatization period each day, the tanks
were drained.

After the moult was completed (day 17), the tanks were completely filled with seawater,
and an open-system was established, whereby water was continuously discarded and
replaced at a rate of 20 L/min. At this flow-rate, there was a theoretical turnover of tank
water every 15 hours. From this point until the completion of the study, the tanks
remained filled, but were completely drained once per week to allow for the capture and
sampling of the animals.

Due to the constraints of an unrelated, concurrent study, the seal pups were fasted for
the duration of the 60-day experiment, no accommodation therefore was made for
animal feed. Fasting is a normal phenomenon in the natural life history of harp seals
during the moulting season therefore, the fasting does not unduly stress the animals, as
they are able to sustain themselves on their ample fat reserves (Oftedal et al., 1989).

Personnel at MLI evaluated the seals daily noting and describing such behavioural
characteristics as their alertness to people and/or other seals, activity level, response to
general stimuli and other additional comments were recorded for each individual seal on
a daily basis throughout the duration of the experiment.

6.2.2

Experimental design

Twenty seal pups were matched for weight and divided into three study groups;
challenged seals, non-challenged seals and day zero controls. Challenged seals (n = 8)
were orogastrically inoculated with Giardia cysts and Cryptosporidium oocysts. Non141

challenged seals (n = 8) were orogastrically given a sham inoculum of distilled water.
The housing of challenged seals together with non-challenged seals was undertaken to
detect any indirect parasite transmission of infection from the infected challenged seals
to the non-challenged seals via the seawater. The remaining four seals were euthanitised
the day prior to inoculation, thus representing day zero control samples.

At various points throughout the study, challenged and non-challenged animals were
euthanitised to allow for the collection of gastrointestinal tissue. The allocation of the
seal pups in each of the two tanks and the necropsy dates are shown in Table 6.1. The
time points for necropsy were determined by a concurrent, non-related study and were
based on the mean body mass loss over time. When the mean body mass of the seals
reached 85%, 70%, 63% and 50% of the initial mean body mass, a group of four seal
pups were euthanatised and necropsied.

6.2.3

Preparation of Giardia and Cryptosporidium inoculum

Giardia and Cryptosporidium isolates were originally isolated from terrestrial mammals
and propagated at the University of Calgary. The Giardia duodenalis (Assemblage A)
isolate S2 originates from a sheep in Alberta, Canada and was purchased from the
ATCC® (reference number 203333). The Cryptosporidium parvum (cattle genotype or
genotype II) isolate AZ-1, of human origin, was provided courtesy of Hyperion
Research Ltd. To obtain sufficient parasitic material to challenge the seal pups, the
Giardia and Cryptosporidium isolates were amplified in Mongolian gerbils and
C57BL/6 mice respectively. The methods for animal propagation model were
previously outlined in section 2.9.
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Table 6.1 –Allocation of the harp seal pups into the three study groups and their

Tank 2

Tank 1

dispersal over the two tanks, their inoculum status and corresponding necropsy dates.
Challenge Inoculum

Day of study of
necropsy

Study Group

Seal ID

Day 0 Controls

C1

No inoculum

0

Day 0 Controls

C2

No inoculum

0

Non-challenged

26

Distilled water

10

Non-challenged

27

Distilled water

10

Non-challenged

28

Distilled water

30

Non-challenged

29

Distilled water

30

Challenged

30

Giardia & Cryptosporidium

42

Challenged

31

Giardia & Cryptosporidium

42

Challenged

32

Giardia & Cryptosporidium

42

Challenged

33

Giardia & Cryptosporidium

42

Day 0 Controls

C1

No inoculum

0

Day 0 Controls

C2

No inoculum

0

Challenged

34

Giardia & Cryptosporidium

10

Challenged

35

Giardia & Cryptosporidium

10

Challenged

36

Giardia & Cryptosporidium

30

Challenged

37

Giardia & Cryptosporidium

30

Non-challenged

38

Distilled water

60

Non-challenged

39

Distilled water

60

Non-challenged

40

Distilled water

60

Non-challenged

41

Distilled water

60
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Faeces collected from the infected mice and gerbils were liquefied in PBS and filtered
through a surgical gauze sponge (Nu-Gauze, Johnson & Johnson) to remove large
particles. The strained faeces were stored in 2.5% potassium dichromate at 4°C prior to
shipment to MLI for inoculation into the seals.

On the day of inoculation (day one), the faecal slurry was centrifuged four times and the
pellet rinsed with PBS to remove the potassium dichromate. The mouse and gerbil
faecal slurries were combined and suspended in PBS. A dose of 100 mL of mixed faecal
slurry was orogastrically inoculated via a stomach tube to each of the eight challenged
seals. The mixed challenge dose contained an average of 6.5 x 105 G. duodenalis cysts
and 6.8 x 105 C. parvum oocysts per animal. Eight non-challenged seals received a sham
inoculum of 100 mL distilled water. The four remaining seals received no inoculum,
and were euthanatised, serving as day zero controls.

6.2.4

Sample Collection

To document the biological characteristics of Giardia and Cryptosporidium infections,
samples were collected throughout the study from live-captured seal pups and at
necropsy. To collect from live seals, tanks were drained overnight then seals were
captured and restrained in net bags. Seal weights and faecal specimens were collected
from the live-captured seals at least once per week. Faecal specimens were purified and
parasites enumerated according to the methods outlined in sections 2.3.1 and 2.6.
Parasite counts were log10 transformed and expressed as the geometric mean count per
gram of faeces.

In order to measure the immunological response following challenge with Giardia,
blood samples were collected from the seal pups up to five times during the study, as
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described in section 2.3.2. Serum was stored at -20°C until the anti-Giardia IgG serum
antibody titres were measured by ELISA as previously described (section 2.5.2). Titres
were log2 transformed prior to analysis and were evaluated by analysis of variance
(ANOVA) and compared using the Mann-Whitney Test. This analysis was performed
using the statistical software package Statmate. Values of P > 0.05 were considered
significant.

At necropsy, in addition to faecal and blood specimens, tissue samples from the small
intestine were collected for histological analysis and to be screened by PCR. Methods
for tissue collection and histology are described in sections 2.3.4 and 2.8 respectively.
The methods utilised for DNA extraction and analysis of tissue by PCR is described in
section 2.7.

To monitor the indirect transmission of parasitic infection from challenged to nonchallenged seal pups through the tank water, the incoming St. Lawrence seawater, tank
water and waste water from the two seal tanks were sampled by filtration to detect the
presence of Giardia cysts and Cryptosporidium oocysts. The methods of filtration and
parasite enumeration from filters are described in section 2.3.5.

6.3

RESULTS AND DISCUSSION

Giardia and Cryptosporidium infections were successfully established in the eight
weanling harp seal pups challenged with the mixed G. duodenalis Assemblage A and C.
parvum isolates. There is also evidence for indirect the transmission of Cryptosporidium
through the seawater, as three of the non-challenged seal pups became infected with C.
parvum later during the time course of the experiment. The characteristics of the
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infection in harp pups with Giardia and Cryptosporidium, and the corresponding
response to infection are summarised in Table 6.2 and are discussed in detail below.

6.3.1

Anti-Giardia IgG immune response

To measure and compare the immunological response following challenge with Giardia
or a sham inoculum, blood was collected from the lumbar intravertebral epidural vein of
seals on days 1, 10, 29, 42 and 60 post-challenge and subjected to analysis by ELISA.
The anti-Giardia IgG titres were log2 transformed prior to analysis, with the mean titres
(± S.E.M) of both the challenged and non-challenged seals presented in Figure 6.3. The
mean titres in the non-challenged animals appeared to steadily decline and were
significantly lower on days 30, 42 and 60 (P >0.05) when compared with day zero titres.
The titres for the challenged seals however, remained constant throughout the 42 days
of the study, with no significant difference in mean titre between any of the sampling
points. When the mean anti-Giardia IgG antibody titres were compared between the
two groups of seals, the challenged seals had significantly higher titres (P > 0.05) on
days 42 and 60 compared with the non-challenged seal pups.

To my knowledge, this is the first study to investigate the immune response of seals to a
Giardia infection. In humans and experimentally infected mice, an increase in Giardia
specific serum IgG and IgA has been observed in the early stages of infection in both
serum and the gut mucosa (Daniels and Belosevic, 1994; Soliman et al., 1998). This
increase in IgG and IgA follows an increase in IgM and is normally detected
approximately 17 days after infection (Soliman et al., 1998; Yanke et al., 1998).
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Table 6.2 - Response in harp seal pups to infection with G. duodenalis Assemblage A (isolate S2) and C. parvum (isolate AZ-1). Data
presented as mean ± S.E.M. (NA = not applicable).
G. duodenalis

C. parvum

Challenged

Non-challenged

Challenged Non-challenged

Number of seal pups

8

8

8

8

Seals shedding parasites (%)

100

0

100

37.5

Mean duration of shedding (weeks)

2.17 ± 0.98 a NA

2.75 ± 0.75b 2.5 ± 1.5c

Mean intensity of shedding (log10 parasites/g faeces) 3.62 ± 1.04

0

6.87 ± 0.75

1.57 ± 0.88

Day 30 - Mean antibody titre

8.6 ± 0.3

6.9 ± 0.3

NA

NA

Day 42 - Mean antibody titre

8.3 ± 0.2

6.4 ± 0.3

NA

NA

Duration of shedding was unobtainable from: a (one challenged seal), b (4 challenged seals) and c (1 non-challenged seal) as they were still
shedding at the time of necropsy.

Although all eight seal pups challenged with G. duodenalis developed an infection, the
anti-Giardia IgG titres did not significantly increase in response to infection (Figure
6.3). The mean serum antibody titres of the seals from the challenge group did not differ
significantly at any point over the 42 days of the study although, there was a nonsignificant rise in titre between day 10 and 30 post-challenge. This result suggests that
specific humoral immunity may be slow to develop in infected harp seal pups. Other
studies have shown that, like these seal pups, young animals including mice, cats, dogs
and calves also do not produce an elevated Giardia specific IgG or IgA immune
response (Daniels and Belosevic, 1994; O'Handley et al., 2003; Olson et al., 1996;
Olson et al., 1997a). It has been proposed that some hosts may have difficulty switching
from the IgM class of antibody to IgG (Olson et al., 2000), and the non-invasive,
extracellular location of Giardia within the intestine of the host makes it difficult for the
hosts to recognise the parasite antigens. In some studies, the failure to mount a
significant immune response following Giardia infection is associated with a chronic
infection (O'Handley et al., 2003; Olson et al., 2000; Yanke et al., 1998).

While the seal pups infected with Giardia in this study failed to mount a significant
Giardia specific IgG immune response following infection, giardiasis was not chronic,
with seals clearing the infections within two weeks post-challenge (the data showing
clearance of infection based on microscopic analysis of faecal samples is described in
section 6.3.2). The level of serum antibody in the challenged seal group remained
consistently high throughout the duration of the study, with no significant differences in
titre between day 0 and day 42. This consistently elevated IgG titre may explain why
these seals were able to efficiently clear their Giardia infection.
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Figure 6.3 - Mean serum anti-Giardia IgG antibody titres (± S.E.M.) in seal pups
challenged with G. duodenalis () and a sham water inoculum ( ). Mean titres in the
non-challenged animals on days 30, 42 and 60 were lowered significantly (P >0.05, *)
than the day 0 titres reflecting the waning of maternally derived antibodies. Titres for
the challenged seals remained constant throughout the 42 days of the study. Antibody
titres differed significantly (P >0.05, **) between the two groups on days 30 and 42 of
the study.
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The serum antibody titres in the non-challenged seals were initially the same as the
group of challenged seals but declined over time. The mean titres in the non-challenged
seals were significantly lower than the titres of those challenged animals on days 30 and
42 post-challenge (P = 0.0286 and P = 0.0087). This decrease in titre may reflect the
point at which the maternally derived antibody appears to be waning. While the serum
titre of the non-challenged seals were significantly lower than the starting day 0 titre, on
days 42 (P= 0.0162) and 60 (P = 0.0283) no seal in this group become infected with
Giardia even though they were residing in a highly contaminated environment.

These results suggest that in young weaned seal pups, the maternally derived immunity
as indicated from the study presented in Chapter 5, is sufficient to protect against longterm Giardia infection. It would be interesting to follow the immunity of weaned seals
past 60 days to see if the maternally derived antibodies decrease further resulting in
seals becoming more susceptible to chronic infection with Giardia later in their
development. In dairy calves, this susceptibility to infection correlates with the waning
of maternal antibody at around 2 weeks of age (O'Handley et al., 2003).

6.3.2

Duration and Intensity of Parasitemia

The main biological parameters of the Cryptosporidium and Giardia infections analysed
in this study were the percentage of animals that became infected, the duration of
infection and the intensity of infection expressed as the geometric mean number of
Cryptosporidium oocysts and Giardia cysts released in the faeces. The data are
summarised in Tables 6.3 and 6.4.
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Table 6.3 - Summary of C. parvum oocyst shedding in experimentally challenged and
non-challenged seals. For each week, the number of positive samples/total number
samples is listed. Non-shaded (white) squares indicate oocyst shedding during the 7-day
sample period, light grey indicates no oocyst shedding and dark grey represents the
removal of the animal from the study due to necropsy (nc = no sample collected).

Non-challenged Seal Pups

Challenged Seal Pups

Seal ID

Week of study
1

2

3

4

5

34

0/1

2/2

35

3/3

1/3

36

2/2

37

6

7

8

9

1/3

1/1

1/1

1/1

1/1

4/4

nc

0/1

0/1

30

3/3

1/2

0/1

0/1

0/2

0/3

31

nc

0/2

0/1

1/1

2/2

4/4

32

2/2

3/3

1/1

1/1

1/2

0/4

33

2/2

1/2

0/1

0/1

0/2

0/2

26

nc

0/1

27

nc

0/1

38

nc

0/2

1/1

0/1

0/1

39

nc

nc

0/1

0/1

1/1

29

nc

nc

0/1

0/1

0/2

0/1

0/1

0/3

0/1

28

nc

0/1

0/1

0/1

0/2

nc

0/1

0/1

0/1

40

nc

0/1

0/1

0/1

0/2

0/1

0/1

0/3

0/1

41

nc

1/1

1/1

1/1

2/2

0/1

0/1

0/3

0/1
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Table 6.4 - Summary of G. duodenalis cyst shedding in experimentally challenged and
non-challenged seals. For each week, the number of positive samples/total number
samples is listed. Non-shaded (white) squares indicate cyst shedding during the 7-day
sample period, light grey indicates no cyst shedding and dark grey represents the
removal of the animal from the study due to necropsy (nc = no sample collected)

Non-challenged Seal Pups

Challenged Seal Pups

Seal ID

Week of study
1

2

3

4

5

34

0/1

1/2

35

2/3

1/3

36

2/2

37

6

7

8

9

1/3

0/1

0/1

0/1

1/1

2/4

nc

1/1

0/1

30

1/3

1/2

0/1

0/1

0/2

0/3

31

2/2

3/3

0/1

0/1

0/2

0/4

32

2/2

0/3

0/1

0/1

0/2

0/4

33

2/2

1/2

0/1

0/1

0/2

0/2

26

nc

0/1

27

nc

0/1

38

nc

0/2

0/1

0/1

0/2

39

nc

nc

0/1

0/1

0/1

29

nc

nc

0/1

0/1

0/2

0/1

0/1

0/3

0/1

28

nc

0/1

0/1

0/1

0/2

nc

0/1

0/1

0/1

40

nc

0/1

0/1

0/1

0/2

0/1

0/1

0/3

0/1

41

nc

0/1

0/1

0/1

0/2

0/1

nc

0/3

0/1
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The faecal samples collected on day zero established the base level Cryptosporidium
and Giardia infection status in the twenty seals from this study. All day zero faecal
samples collected were negative for Giardia cysts and Cryptosporidium oocysts.
Analysis of the gastrointestinal tissue by the more sensitive method of nested PCR
confirmed the negative Giardia and Cryptosporidium status of the four, day 0 control
seals (Table 6.3). The negative infection status was expected from these twelve to
fourteen day old weanling pups, as none of the weanling harp seals examined in the by
the previous study (Chapter five) and the study by Measures and Olson (1999) were
found to be naturally infected with Giardia or Cryptosporidium at this young age.

Faecal samples were collected directly from the seal rectum every day or every second
day during the first ten days post challenge then on a weekly basis until the end of the
study and analysed for the presence of oocysts and cysts. All eight seals (100%)
orogastrically challenged with the mixed C. parvum and G. duodenalis (Assemblage A)
inoculum were observed to shed both oocysts and cysts at some point during the study.
Interestingly, three of the non-challenged seals (37.5%) also shed C. parvum oocysts
during the study, although none from this group shed G. duodenalis cysts. To my
knowledge, is the first study demonstrating indirect transmission of C. parvum in
seawater.

In this study, the prepatent period was not able to be determined as cysts and oocysts
were detected in the faeces of the five challenged animals that were successfully
sampled on day 3 post-challenge. The prepatent period in experimentally infected
terrestrial mammals’ ranges from as little as three days, to greater than seven days,
however this is dependant on a number of factors including the immunocompetency of
the host, the size of the parasitic challenge dose and the strain of parasite used for the
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inoculum. A short prepatent period for Giardia and Cryptosporidium infection in the
seal pups in this study was not surprising as the pups were given a large parasitic
challenge dose (6 x 105) with strains of G. duodenalis and C. parvum known to
parasitise a number of host species.

Infected seals shed C. parvum oocysts and G. duodenalis cysts for an average of 2.67 ±
0.62 weeks and 2.17 ± 0.98 weeks respectively before clearing the infection. The
duration of cyst shedding could not be determined for five of the eleven seals shedding
Cryptosporidium oocysts (I.D. numbers: 31, 34, 35, 36 and 37) and three of the eight
seals shedding Giardia cysts (I.D. numbers: 34, 35 and 37), as they were still positive at
the time of necropsy. Animals were considered positive for Giardia infection at
necropsy if oocysts or cysts were observed in the faeces, if small intestinal tissues
contained amplifiable DNA by PCR (Table 6.5) or if trophozoites were observed in the
small intestinal tissue. The seals that were positive at necropsy had been shedding
oocysts or cysts for at least one week and up to five weeks. Intermittent shedding
(defined as a negative faecal sample preceded by, and followed by a positive sample)
was documented in 72.7% of the seals shedding C. parvum oocysts and 62.5% of the
seals shedding G. duodenalis cysts. The duration of infection and the intermittent
shedding pattern is summarized in Tables 6.3 and 6.4. This erratic mode of parasite
excretion is characteristic of these parasites and has been well documented in naturally
and experimentally infected animals (Belosevic et al., 1983; Bouza et al., 2000; Faubert
et al., 1983).

The intensity of infection was expressed as the geometric mean number of oocysts and
cysts released in the faeces and were highly variable both within and between individual
seals. The infection intensity for each individual seal is summarised in Figure 6.4 and
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Table 6.5- Results of PCR analysis of gastrointestinal tissue collected at necropsy. A
seal was considered positive (+) for infection with C. parvum (strain AZ1) or G.
duodenalis (strain S2) if one or more of the small intestine tissues (duodenum, jejunum
or ileum) contained amplifiable DNA.
Seal

Group

I.D.

Non-challenged

Challenged

Control

Study

Day of necropsy

C. parvum

G. duodenalis

C1

0

-

-

C2

0

-

-

C3

0

-

-

C4

0

-

-

30

42

-

-

31†

42

+

-

32

42

-

-

33

42

-

-

34†*

10

+

+

35†*

10

+

+

36†

30

+

-

37

30

-

+

26

10

-

-

27

10

-

-

28

30

-

-

29

30

-

-

38

60

-

-

39†

60

+

-

40

60

-

-

41

60

-

-

† Seals also positive for infection by the detection of C. parvum oocysts in faecal
samples collected at necropsy.
* Seals also positive for infection by the detection of G. duodenalis cysts in faecal
samples collected at necropsy.
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the intensity of shedding over time for the challenged and non-challenged group of seals
is shown in Figure 6.5.

As a trend, the geometric mean number of C. parvum oocysts detected in the faeces of
challenged animals peaked two weeks post challenge then decreased over the following
four weeks as some seals cleared the infection and others were removed from the study
for necropsy. Three of the seals from the non-challenged group shed C. parvum oocysts
in their faeces, however only one seal had more than one positive faecal sample. This
seal (#41) was positive on day ten post-challenge and continued shedding continuously
for 26 days before clearing the infection. Clearance of Cryptosporidium infection was
confirmed at necropsy as PCR of the small intestinal tissue was negative.

Cryptosporidium oocysts were not detected in the faeces of one challenged seal (#31),
until week four of the study. It is possible that this seal may have become infected from
the initial challenge and shed below the detection limit. This may be due, in part, to the
difficulties associated with the enumeration of parasites from the seal faeces (discussed
in more depth below). Alternatively, the seal may not have become infected upon
inoculation but picked up the infection from one of the other shedding seals later in the
study. This possibility seems unlikely given the large number of parasites in the
inoculum dose, and the successful infection of the seven other seals with the relatively
short prepatent period of less than one week.

For the seals positive on day three, it is unlikely that the high parasite counts in the
faeces were the remains of the inoculation as it would likely have passed through the
gastrointestinal tract and been expelled. The average time for gastrointestinal transit in
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A

B

Figure 6.4 – The mean intensity of C. parvum oocyst (A) and G. duodenalis cyst (B)
shedding for each individual seal pup. Challenged seals are shown as a grey bar and
non-challenged seal pups as a white bar. Parasite counts were log10 transformed and
presented as the geometric mean count of oocysts or cysts shed per gram faeces.
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A.

B.

Figure 6.5 – Intensity of C. parvum oocyst (A) and G. duodenalis cyst (B) shedding by
the challenged () and non-challenged seal pups ( ) over the 60 day study. Parasite
counts were log10 transformed and presented as the geometric mean count of oocysts
and cysts per gram faeces shed per week (± S.E.M.).
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juvenile harp seals is 12.3 ± 1.2 hours (Lavigne and Kovacs, 1988). This relatively short
transit time, even less in smaller animals such as the pup, would make it unlikely the
original inoculum was still being passed in the faeces on day three, when the first faecal
samples were collected.

In reference to Giardia, cyst shedding peaked in the first week and decreased to zero
after day ten. Only one seal had detectable cysts in the faeces ten days post-inoculum.
This seal (# 37) had positive faecal samples on days seven, eight and nine, two negative
samples on days ten and 14, and a final positive sample on day 27. At necropsy on day
30, the faecal sample did not contain detectable cysts however PCR analysis of the
gastrointestinal tissue was positive and trophozoites were observed in the histological
sections of the small intestine. This pattern of shedding most likely reflects intermittent
cyst shedding or a chronic infection with very low levels of cyst shedding, undetectable
by the faecal purification and enumeration method used.

The variability in the geometric counts of oocyst and cyst output and the intermittent
positive samples in this study may also have been influenced by the amount and
consistency of the faecal material analysed. A consistent weight of faeces was often
difficult to obtain using the enema method, with an average of 2.7 ± 5.3 g (max 38; min
0.05 g) analysed over the course of the experiment. Although every effort was made to
obtain a rectal faecal sample from every seal at each sampling period, sometimes little,
or no sample could be obtained. The consistency of the faeces may also have affected
the purification and subsequent enumeration of the samples. Many samples consisted
primarily of mucous with very little associated faecal material. Collection could only be
undertaken once per week when the tanks were completely drained in order that the
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animals be restrained. Repeating this experiment with non-fasting seal pups would most
likely eliminate the sampling variability encountered in this study.

Clinical signs including lethargy, anorexia and weight loss and dehydration associated
with diarrhoea can be observed in terrestrial mammals during infection with Giardia
and Cryptosporidium (de Graaf et al., 1999; Enemark et al., 2003; Olson et al., 1995).
Lambs that were experimentally infected with the same strain of G. duodenalis (S2) as
was used in this study had significantly more cases of diarrhoea, a decrease in weight
gain and impairment in feed efficiency when compared to control lambs (Olson et al.,
1995). In this study however, there was no observable diarrhoeal cases associated with
the Giardia and Cryptosporidium infections in the challenged seal pups. The small
animal sample size and infrequent sample collection, however, may have resulted in this
symptom of infection to be overlooked. It was also difficult to monitor the infected
individuals for diarrhoeal episodes as the seal pups were able to freely defecate directly
into the tanks of water and only formed faeces could easily be collected from the rectum
using the method adopted in this study. It is, therefore, still unknown if infections with
these parasites in the marine mammal results in diarrhoea.

When comparing the rate of weight loss of the infected to the non-infected seal pups,
there was no significant difference between the two groups (Figure 6.6). Again, the
small animal sample size and the effect of fasting resulting in the steady decline in
weight may have masked any effects that parasite infections may have had on the
weight gain parameter.
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Figure 6.6 - Graph showing progressive weight loss in harp seal pups challenged with
G. duodenalis and C. parvum (white bars) and the non-challenged seals (grey bars).
Weights were compared with day zero weights and expressed as a percentage (±
S.E.M.).
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6.3.3

Demonstration of indirect transmission of Cryptosporidium via seawater

Three of the eight non-challenged seals were infected with C. parvum, shedding oocysts
for up to four weeks. It was hypothesised that the seals were infected by indirect
transmission through the seawater in the tanks. To confirm the tank water as a potential
vehicle for infection, seawater samples were filtered and analysed for the presence of
viable Giardia cysts and Cryptosporidium oocysts throughout the study. The water
filtration data are summarised in Table 6.6.

It was important to establish that the St. Lawrence seawater supplying the tanks was
negative for both parasites to ensure that the only source of viable cysts and oocysts was
the initial inoculum and the parasites shed in the faecal material. A 298 L sample of
incoming St. Lawrence seawater was filtered and did not contain oocysts or cysts.

Water samples from tanks 1 and 2, and the pooled wastewater from both tanks (the
reservoir wastewater tank and the post-filtered wastewater) showed varying
concentrations of Cryptosporidium oocysts and Giardia cysts throughout the study. In
an open flow system such as the one utilised in this study where seals are shedding
parasites intermittently and at varying concentrations, it was not possible to precisely
quantify the parasite burden in the tank environment. What this filtration data clearly
shows, however, is that there were viable Cryptosporidium oocysts present in the
aquatic environment housing the seals establishing seawater as a potential vehicle for
transmission of infection.

Giardia cysts were also recovered in the tank water, albeit at a lower concentration than
the Cryptosporidium oocysts. Although it appeared that all seals cleared their Giardia
infections after day ten (except for seal #37, which had a positive faecal sample on
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Table 6.6 - Results of water filtration
Day of
Volume
study

Location
Sampled

Giardia/
100L

Viability
Estimate

Crypto/
100L

Viability
Estimate

0

N/A

0

N/A

11

398L

Incoming Sea water

12

150L

Reservoir Tank

220

0

950

30%

15

150L

Tank 1

488

0

61

25%

25

200L

Tank 2

4

0

2262

20%

26

300L

Tank1

0

N/A

1.3

75%

28

240L

Tank 2

0

N/A

5.8

64%

33

330L

Post UV filter

1.2

81.8

0%

35

210L

Tank 1

2.4

9.0

11%

40

304L

Post UV filter

0.7

6.6

0%

0
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day 27), Giardia cysts were still detectable in the water on days 33, 35 and 40 of the
study. It is hypothesised that some seals may have been shedding cysts at low,
undetectable levels after day 10, or the cysts present in the water samples were residual
from weeks one and two of the study when the seals were actively shedding a large
number of cysts.

The Giardia cysts isolated from the water filters were non-viable at the time of analysis.
These viability estimates are not likely to be an accurate reflection of the true infectivity
of the cysts in the tank water at the time of sampling. Due to shipping restrictions, filters
were stored at 4 °C prior to analysis, in all cases, longer than the manufacturers
recommended time of 4 days (EPA, 2001). This storage time could have decreased the
number of viable organisms as they succumb to bacterial degradation.

The measurements for the salinity and temperature of the St. Lawrence seawater used in
this study are shown in Figure 6.7. The mean temperature over the 60-day study was 2.9
± 0.16 °C, and salinity was 28.4 ± 0.022 parts per thousand (ppt). Given that both the
salinity and temperature of the St. Lawrence seawater were consistently within the
range shown experimentally to sustain the viability and infectivity of Giardia cysts and
Cryptosporidium oocysts, the viability estimates for Giardia are likely to be a result of
the filter handling and not the effect of the seawater (El Mansoury et al., 2004; Graczyk
et al., 2006).

This study demonstrated the transmission of Cryptosporidium from the seals given the
C. parvum challenge to three of the non-challenged seals given the sham inoculum. The
most obvious route of transmission would be via the ingestion of water contaminated
with faecal material. While many investigators have concluded that seals derive
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sufficient water from their food to satisfy their water requirements, there is visual and
experimental evidence of seals drinking both fresh and seawater in captivity (Storeheier
and Nordoy, 2001). One study demonstrated that captive juvenile harp seals (average
weight of 45 kg) drank an average of 900 mL of seawater per day that was unrelated to
feeding underwater (Storeheier and Nordoy, 2001). Although no study of this sort has
been carried out on harp seal pups of the age used in this study, it is reasonable to
hypothesise that these fasting seals would also ingest at least some seawater unrelated to
feeding. The pups in this study were often observed to place their heads under water,
often making sucking, or suckling noises in the flowing water. Seals are notoriously
curious and one seal was observed to repeatedly suck in then spit out a piece of faeces
from the floor of the tank. It was also observed that the pups would often wait until the
tank was filled with water before defecating. It is highly probable then, with the mean
Cryptosporidium oocyst shedding in the infected seals to be over 20,000 cysts/g faeces,
some amount of contaminated water would be ingested. The photographs in Figure 6.8
show the discolouration of the water as a result of the faecal matter and a seal defecating
in the water.

It is not clear why the remaining five non-challenged seals did not become infected with
Cryptosporidium. Two of the seals were necropsied on day ten and may not have had
time to establish an infection and begin shedding oocysts. The remaining three seals
were not necropsied until days 30 and 60. These seals, therefore, were in a highly
contaminated environment for more than 50 days. It would be instructive to develop an
anti-Cryptosporidium IgG ELISA to test the serum antibody levels to determine if these
resistant seals had a natural immunity to the parasite.
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Figure 6.7 - Salinity () and temperature () of incoming filtered St. Lawrence sea
water used to house the seals in this study.
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Figure 6.8 – These photographs show the tanks when they were partially filled with
seawater. Notice the yellow-brown discolouration of the water from the seals defecating
in the water.
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6.4

CONCLUSIONS AND FUTURE DIRECTIONS

Given human and domestic livestock populations are the major contributors of pathogen
pollution in the marine environment, and represent a potential disease reservoir for
marine mammal species such as the harp seal, it was important to establish whether
marine mammals can be infected with terrestrially derived isolates of Giardia and
Cryptosporidium. This is of particular importance given Cryptosporidium was not
detected in the harp or hooded seals examined in the study presented in Chapter 5, or
the six additional free-living marine species that have been examined to date (Deng et
al., 2000; Hughes-Hanks et al., 2005; Measures and Olson, 1999; Olson et al., 1997b).

Although this study only examined one strain of each G. duodenalis and C. parvum, it
confirmed that infection of weanling harp seal pups is possible with these terrestrially
derived strains. This finding contributes to the known host range of Cryptosporidium to
include harp seals.

There is no information available on the biological impact of infection with these two
parasites in the marine mammal host. While the relevance of the data collected in this
study to the free-living, naturally infected mammals is difficult to assess, the study does
show that, at least in these weanling pups, giardiasis infection in the majority of cases is
spontaneously resolved within two weeks. Pups infected with Cryptosporidium actively
shed oocysts for more than two weeks. Infection with the two parasites did not cause
measurable weight loss, or behavioural differences between the challenged and nonchallenged group. It would be interesting to repeat this experiment with newly described
marine derived strains of both parasites to see if these host-specific strains have a
different biology of infection. A study including non-fasting seal pups would be more
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reflective a more natural situation. This was precluded owing to concurrent study
limitations.

Interestingly, three of the non-challenged seals became infected with C. parvum. It is
hypothesised that these pups became infected through the ingestion of seawater,
contaminated with faecal material from the experimentally infected seals housed in the
same tank. To my knowledge, this is the first report of indirect transmission of
Cryptosporidium via seawater, demonstrating a potential route of transmission in the
natural environment. Given the massive dilution effect of the marine mammal’s oceanic
environment, however, the significance of this route of transmission in the wild is
unknown. This study, does however, show that anthropogenic pollution of the marine
environment is an important potential source of parasite burden.

It is possible that the infective dose required for marine mammals is very low, thus
taking into account the dilution effect of the ocean. A future study to determine the
minimum infective dose in this species would require a fairly large sample size and is
not reasonable given the size and handling costs of these seals. Another possibility for
infection in the wild is when the seals are present in high densities such as breeding or
at haul-out spots.

The indirect transmission of Giardia from challenged to non-challenged pups was not
observed in this study. Given the demonstration of maternal antibody transfer via the
milk, and the slow waning of this maternally derived immunity, it is hypothesised that
this immunity was sufficient to protect the seal pups from infection when in a
contaminated environment such as seen in this experimental setting, or on the icepack in
the wild where testing was undertaken in the previous chapter.
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It would be of great value in a future study to observe the serum antibody titres for
longer than 60 days to see if the waning of titres observed in this study continues, and
see if this results in the appearance of with natural Giardia infection.

In future studies, the infectivity and viability of the cysts both in the inoculum and in the
faeces of the animals should be determined, particularly in light of the fact that
transmission of giardiasis to non-challenged seals was not observed in this study.
Determining the infectivity and viability of Giardia cysts utilising a biological model
were not undertaken in this study, as the facilities where the seals were housed were not
licensed for rodent work. Trophozoites were detected, however, by histological
examination of the small intestine in a seal at necropsy, which demonstrates, at least in
this one seal, an active Giardia infection was present. Due to the concurrent study
limitations, only one animal was available for sacrifice while actively shedding Giardia
cysts.
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7. GENERAL DISCUSSION AND CONCLUSIONS
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7.1

BACKGROUND

Giardia and Cryptosporidium are protozoan parasites known to cause enteric disease in
terrestrial mammals, reptiles and birds (see Thompson et al., (2005) for review).
Although these parasites have been extensively studied in terrestrial ecosystems, little is
known about either parasite in the marine environment. Important questions remain to
be answered about Cryptosporidium and Giardia in the marine environment in terms of
potential sources of infection, the impact of infection on marine mammal health and the
possible role that marine mammals may play in the transmission of these parasites to
other animals or humans.

The research undertaken in this thesis was aimed at addressing these questions through
a series of studies; analysing the serological prevalence of Cryptosporidium and Giardia
in a variety of marine mammals over a large geographical area; analysing these
parasites in shellfish and marine water samples in the vicinity of harp and hooded seal
whelping grounds; exploring the natural infection of harp and hooded seals off the
Magdalene Islands; and the experimental infection of harp seal pups with G. duodenalis
and C. parvum under controlled conditions.

The first of these studies was undertaken as a step towards understanding the
geographical and host-species distribution of these parasites in the marine ecosystem.
This objective was approached through monitoring the seroprevalence of these parasites
in a wide range of pinniped and cetacean species throughout the Saint Lawrence
Seaway and the Canadian Arctic. The results clearly indicated that the St. Lawrence
ecosystem is contaminated with the both Cryptosporidium and Giardia. The mere
detection of seropositive marine mammals, however, is not sufficient to demonstrate
current infection or the possible impact that these parasites may have on the health of
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marine mammals residing in this system. This issue was addressed in a more detailed
analysis of free-living and captive harp and hooded seals (see below).

The second objective was to explore the use of shellfish as biological indicators of
waterborne pollution with Giardia and Cryptosporidium in an accessible area known to
support large numbers of harp and hooded seals. This study demonstrated that the
population density of the Magdalene Islands is not likely to be of sufficient size for
Giardia and Cryptosporidium levels in the surrounding marine environment to be
overly affected by anthropogenic activities such as sewage treatment and agriculture
operations at the time of sampling.

The third objective was aimed at the determining the prevalence of naturally occurring
Giardia and Cryptosporidium infections in free-living harp and hooded seals and the
genetic characterisation of these isolates to determine if these parasites are specific to
marine species, or originate from non-marine sources such as human waste, agricultural
runoff and terrestrial mammals. Harp and hooded seals provided a unique study
opportunity as they are present in large numbers in the Gulf of St. Lawrence during the
winter and are easily accessible when they haul out on to the icepack to give birth to
their young. These factors made harp and hooded seals ideal animal models to study the
biology of Giardia and Cryptosporidium in free-living marine mammals of the St.
Lawrence system.

The final objective was aimed at achieving a greater understanding of the infection
patterns of Giardia duodenalis and Cryptosporidium parvum in marine mammals and to
demonstrate possible routes of transmission utilising captive harp seal pups housed
under controlled experimental conditions.
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7.2

GIARDIA APPEARS UBIQUITOUS IN MARINE MAMMALS

The research presented in Chapter Three is the first large-scale seroprevalence study of
Giardia and Cryptosporidium undertaken in marine mammals. From this study, the vast
majority of the 12 marine mammals species tested from the Saint Lawrence Seaway and
Canadian arctic were seropositive for Giardia. As discussed in this chapter, it was
difficult, however, to ascertain significant differences in serum titres between all of the
various geographic locations tested and between or within the species included in the
study due to possible confounding factors related to the sample number and quality
obtainable for analysis. A number of the available samples were comprised of whole
blood, not serum, and hence were not ideal for analysis by ELISA and direct
comparison to the serum samples. The serum samples that were analysed were primarily
collected in the field and were of variable quality with a number being contaminated
with lysed blood cells. The health status of sampled animals was unknown, therefore, a
correlation between titre and intensity of infection/exposure could not be verified. This
study was based upon the hypothesis that higher titres reflect a higher level of pathogen
exposure. These studies also would have been assisted with known negative seal serum
in order to validate the ELISA as well as anti-seal IgG secondary antibodies instead of
the less specific reagent, protein A.

The Cryptosporidium ELISA proved problematic in part due to the lack of proper
negative controls and suitable antigen for testing. This method of antigen isolation has
been successfully used for human and animal serum (Lorenzo Lorenzo et al., 1993;
Quilez et al., 1996; Quilez et al., 2002) in this study, however, with the variable sample
quality and lack of negative control, the data were not suited for statistical evaluation.
Recently developed host cell-free parasite culture systems may provide a plentiful
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supply of clean antigens for Cryptosporidium ELISA development (Hijjawi et al., 2001;
Hijjawi et al., 2004). Another possibility would be to utilise the recombinant CP23
peptide as a test antigen for Cryptosporidium exposure (Priest et al., 1999).

The results from the Giardia ELISA analysis suggest that Giardia is ubiquitous in
marine mammals, just as it appears to be ubiquitous in terrestrial mammals (Appelbee et
al., 2005; Savioli et al., 2006; Thompson et al., 2000). As discussed in Chapter 3, it was
difficult to make extensive comparisons between species and geographic locations,
however, comparison of a subset of seal serum samples taken from P.E.I over two
different years was suggestive of a possible contamination event resulting in
significantly higher anti-Giardia IgG titres. Firm conclusions of this type would require
corroborative data enabling the correlation of higher titres with evidence of an increased
parasitic and/or faecal burden in the marine environment. As this was a retrospective
study utilising archived serum samples, such data were unavailable.

The inclusion of corroborative evidence such as monitoring parasite burden in the
marine waters through mechanical water filtration or biological sentinel systems in
future studies would be highly recommended. The monitoring of pathogen pollution
using shellfish as biological filters have been successfully applied in many locations
around the world (Gomez-Bautista et al., 2000; Gomez-Couso et al., 2005; Graczyk et
al., 2001b; Graczyk et al., 1999b; Li et al., 2006; Macrae et al., 2005). These studies
have shown a seasonal association, with levels of contamination being highest during
periods of high rainfall and tributary flow into the marine environment (Fayer et al.,
2002). Monitoring rainfall levels and snow melt events therefore, and correlating these
with an increase in anti-Giardia titre may also help to identify a possible contamination
events.
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The application of shellfish as biological sentinels for Giardia and Cryptosporidium
contamination in the marine waters surrounding the Magdalene Islands was undertaken
in the summer of 2001. The results from this study suggest that anthropogenic activities
in the Magdalene islands were not a significant source of Giardia and Cryptosporidium
contamination in the Gulf of Saint Lawrence during this summer sampling period. It
would have been interesting to examine shellfish during periods of high water runoff,
either through rainfall or spring snow melt as previous reports link periods of high
rainfall with the elevated numbers of pathogen contaminated shellfish (Fayer et al.,
2002). As discussed in Chapter 4, sampling in the Magdalene Islands during the period
of higher rainfall and spring snowmelt was logistically difficult and could not be
undertaken. Seasonal factors should be taken into consideration when designing future
studies of this type.

7.3

BIOLOGY OF GIARDIA AND CRYPTOSPORIDIUM IN HARP AND

HOODED SEALS
The study of free living adult harp and nursing pups and adult hooded seals presented in
Chapter 5 provided a unique assessment of the biology of Giardia and Cryptosporidium
taking advantage of the availability of large numbers of seals as they hauled out onto the
ice pack in the early spring to give birth to their young. In Chapter 6 the infection
patterns of Giardia duodenalis and Cryptosporidium parvum were analysed utilising
captive harp seal pups housed under controlled experimental conditions.

Whilst it is assumed in the current literature that the detection of cysts in the faeces of a
marine mammal indicates that the animal is infected, this was yet to be proven (Deng et
al., 2000; Hughes-Hanks et al., 2005; Measures and Olson, 1999; Olson et al., 1997b;
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Santin et al., 2005). The only true way to demonstrate an active infection is to examine
the intestinal mucosal surface for the presence of actively replicating trophozoites.
Histological examination of the adult harp seals shedding cysts in the faeces, and the
adult hooded seals that were not actively shedding cysts demonstrated for the first time,
that both these phocid species had an active infection of Giardia, and were not simply
passing ingested cysts.

Histological examination of the mucosal surface of the small intestine can show both a
true infection, and when combined with PCR analysis, provides a highly sensitive
diagnosis of Giardia and Cryptosporidium infection. Since cysts and oocysts are often
intermittently shed in the faeces of infected terrestrial mammals (Fayer et al., 1998a;
O'Handley et al., 1999; Ralston et al., 2003; Wolfe, 1992; Xiao and Herd, 1994a),
parasite prevalence is likely underestimated if data are based solely on microscopic
examination of faecal samples.

This variation in assay sensitivity was observed in these studies on marine mammals in
the St. Lawrence. The prevalence of Giardia in the free-living adult harp and hooded
seals was 42% and 0% respectively, based upon microscopic examination of the faeces.
Analysis of small intestine mucosal scrapings by the more sensitive PCR method,
however, showed that 80% of those adult hooded seals were in fact positive for Giardia.
This difference in assay sensitivity is supported by a recent blinded trial which showed
Cryptosporidium and Giardia spp. were detected 22 times more often by PCR than by
conventional microscopic examination of human faecal specimens (Amar et al., 2004).
A similar study in cats also showed PCR to be a more sensitive detection method. In
this study, forty faecal samples negative by microscopy were re-examined by PCR
revealing 80% were, in fact, positive for Giardia and 10% positive for Cryptosporidium
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(McGlade et al., 2003). These results highlight how vital the use of PCR is as a
diagnostic tool for the detection of intermittent or low levels of parasites in faecal
samples. As discussed below, PCR is also vital as genotypic analysis is the only way to
gain insight into possible sources of transmission and contamination.

Natural infections of Cryptosporidium were not observed in the free-living harp and
hooded seals of the Saint Lawrence both in the studies presented here and in previously
published work (Measures and Olson, 1999). This parasite has been detected in other
free living marine mammals, including ringed seals (Hughes-Hanks et al., 2005; Santin
et al., 2005) and sea lions (Deng et al., 2000). The experimental studies described in
Chapter 6, demonstrate that harp seal pups are able to contract a Cryptosporidium
infection when housed in a highly contaminated environment. Additional sampling of
the free-living harp and hooded seals must be undertaken to further explore the natural
prevalence of Cryptosporidium in these two species of marine mammals and to
determine if there are biological reasons behind the discrepancy in prevalence data
between different seal species.

The majority of research on the pelagic harp and hooded seals is carried out in late
winter or early spring during whelping, when they are readily accessible on the ice pack
(Boily et al., 2006; Hellou et al., 1991; Lydersen and Kovacs, 1996; Measures and
Olson, 1999). The stresses related with giving birth and the weight loss related to
lactation have been shown to correlate with a rise in oo/cyst shedding in many terrestrial
mammals (Castro-Hermida et al., 2005; Xiao and Herd, 1994a; Xiao et al., 1994). As
discussed in Chapter 5, there is little doubt that adult harp seals undergo a great deal of
physiological stress during the intensive period of lactation and fasting (Ross et al.,
1993) which may be a contributing factor to the high prevalence of Giardia observed in
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these adult harp and hooded seals. It would be interesting to examine adult seals during
the summer months when they undertake their extensive migration to the North Pole to
determine if seasonality, biological factors, geographic location and proximity to
anthropogenic activities such as intensive farming or large cities would affect the
prevalence rates observed in these marine mammals. The inherent difficulties in the
capturing and sampling of marine mammals when not hauled out on land or ice,
however, would make this study problematic.

The natural prevalence of Giardia and Cryptosporidium was also determined for freeliving nursing harp seal pups between zero and 12 days old. Giardia infected adult seals
defecate both on the ice pack and in the surrounding water and were often observed to
have faecal material smeared on their ventral fur surface from sliding along the
contaminated icepack. As seal pups nurse, they were often observed to suckle on fur
stained with faecal material. This presumably, would represent a direct source of
infection but despite this possible route of transmission from mother to pup, as well as
from environmental contamination on the ice pack, the seal pups were negative for
Giardia and Cryptosporidium infection.

It is possible that sampling of seal pups between zero and 12 days was too early to
detect faecal shedding, even though pups may have contracted an infection. Most
terrestrial mammals have a prepatent period of a week, but this can vary from between
five and 21 days depending on the host species and strain of parasite (Kirkpatrick and
Farrell, 1984; Koudela and Vitovec, 1998; Stachan and Kunstyr, 1983; Taminelli et al.,
1989). Although the prepatent period for both Giardia and Cryptosporidium in marine
mammals is unknown, and was unable to be determined in the experimentally infected
seal pups, it is unlikely that a natural infection would have been detected in seals less
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than 12 days old. As discussed in Chapter 5, sampling of seal pups past this age was not
possible due to the hazardous conditions on the ice floe as the ice begins to break up.
Perhaps the sampling of seal pups less than 1 year of age that do not make the long
annual migration northward with the adults, but rather remain in the St Lawrence
Estuary during the summer months would be interesting.

Maternally derived natural immunity may also play a role in the absence of Giardia
infection in the young harp seal pups. The analysis of free-living harp seals and harp
seal pups housed under controlled experimental conditions suggest that these seal pups
have maternally derived natural immunity, as indicated by the anti-Giardia antibodies
in the serum of newborns and in the milk from their nursing mothers. Neutralising
antibodies in colostrum and milk are believed to reduce infectivity by immobilization of
the parasite, blockage of invasion, inhibition of adhesion to host cells or by direct
cytotoxicity to the Cryptosporidium sporozoites and Giardia trophozoites (Doyle et al.,
1993; Riggs, 1997). Monitoring titres over a 60 day period showed a significant wane
in anti-Giardia IgG titres in those seal pups not infected with Giardia. What biological
relevance this has to susceptibility to natural infection in the wild is not known. In this
study, it appears that despite this drop in antibody titre, the level of immunity may be
sufficient to prevent naturally acquired infections as the captive seals were held in a
highly contaminated environment and did not become infected with Giardia during the
time frame of the study.

Whilst the pups did not become naturally infected with Giardia, it is clear that the
maternally derived immunity did not completely protect them from the experimental
inoculum. The seal pups were given 6.5 x 105 cysts, which is comparable to similar
experimental cross-transmission studies which have used doses of 106 to 107 oo/cysts to
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induce clinical symptoms in piglets and calves (Fayer et al., 1998a; Tzipori et al.,
1981). It is important to note that these experimental doses however, are unlikely to
represent doses for natural infection, thus the conclusions drawn from these types of
studies may be limited (Thompson, 2004). The seals successfully infected with G.
duodenalis did not develop a strong elevation in IgG levels post infection, which, as
discussed in chapter 6, is common in terrestrial mammals and may be associated with
chronic infections (Daniels and Belosevic, 1994; O'Handley et al., 2003; Olson et al.,
1996; Olson et al., 1997a). Such chronic infections may explain the high prevalence
observed in some species of free-living adult seals.

The majority of the harp seal pups cleared their Giardia infection within two weeks and
Cryptosporidium within three weeks with no seal pup displaying any common clinical
signs associated with Giardia and Cryptosporidium infections, including lethargy,
anorexia and weight loss and dehydration (de Graaf et al., 1999; Enemark et al., 2003;
Olson et al., 1995). As discussed in chapter 6, the experimental design of fasting seals
may have masked any observable effect of infection. This study would be interesting to
repeat while having the seal pups on a normal diet. While diarrhoea is a commonly
reported symptom of Giardia and Cryptosporidium infections, there are many studies
showing high levels of asymptomatic infections in humans, domestic animals and
wildlife (see Deng and Cliver, 1999; Fayer et al., 2006; Hellard et al., 2000 for
examples). It was difficult to monitor the infected seal pups for diarrhoeal episodes as
they could freely defecate directly in to the tanks of water, and only formed faeces
could easily be collected from the rectum using the method adopted in this study. It is,
therefore, still unknown if infections with these parasites in the marine mammal results
in diarrhoea.

181

From these studies, it appears Giardia and Cryptosporidium infections do not have
significant detrimental effects on the health of the seals examined. These parasite
infections may be important as contributing factors to overall health, particularly in
relation to marine mammals that are immunosuppressed and potentially more
susceptible to other diseases.

7.4

INSIGHT

INTO

A

POSSIBLE

ROUTE

OF

PARASITE

TRANSMISSION IN MARINE MAMMALS VIA SEAWATER
The point prevalence studies of naturally infected harp and hooded seals, in addition to
the experimental infection of harp seals clearly demonstrated that these seals were
shedding Giardia cysts and Cryptosporidium oocysts into their marine environment. In
order to demonstrate the possibility of animal-to-animal transmission in the parasite
cycle it was important to establish that these parasites were both viable and infective.
Histological examination of seal intestine harvested from the free-living adult harp and
hooded seals and the experimentally infected harp seal pups definitively showed that
these marine mammals were actively infected with Giardia.

Whilst highly likely, it remains to be unequivocally proven that the naturally and
experimentally infected seals were shedding viable and infective Giardia cysts. The
Giardia cysts isolated from the faeces of pups on the ice pack failed to establish an
infection in the gerbil animal model. The cysts and oocysts passed in the faeces of the
seals experimentally infected with Giardia and Cryptosporidium were not tested with
gerbil and mice biological models due to facility constraints. Future studies should
include rigid controls utilising biological animal models.

182

Although the viability of the Giardia cysts and Cryptosporidium oocysts shed by the
experimentally infected seal pups were not tested using a biological animal model, it
was clear the Cryptosporidium oocysts were both viable and infective as the parasite
was transmitted to three of the non-challenged pups. The experimental seal pup study
demonstrated that transmission of Cryptosporidium infection can occur through seawater as three non-challenged pups became infected with Cryptosporidium. It has been
shown that captive juvenile harp seals drink an average of 900 ml water per day,
possibly more if you include what they ingest when feeding under water (Skalstad and
Nordoy, 2000). The ingestion of seawater is important in long-term fasting seal pups to
avoid accumulation of excretory end products. It must be taken into consideration
however, that the contamination levels in the experimental tanks certainly do not reflect
the parasitic burden in the marine environment. The high prevalence rates in the adult
seals suggest that if they are not picking up Giardia routinely from the environment
they perhaps are harbouring chronic infections. Extended longitudinal studies would
help illuminate these issues but are inherently difficult to undertake in the marine
environment.

7.5

HARP AND HOODED SEALS ARE NATURALLY INFECTED WITH A

ZOONOTIC STRAIN OF G. DUODENALIS
Parasites isolated from free-living harp and hooded adult seals from these studies were
genotyped at the SSU-rRNA locus and were and identified as the zoonotic strain of
Giardia duodenalis, Assemblage A, known to be infective to many terrestrial mammals
including humans and livestock (See Thompson (2004) for review). This is the first
reporting of Assemblage A in marine mammals from the St. Lawrence ecosystem. In
future studies it would be worthwhile re-examining these samples with recently
developed more informative loci, affording more discriminatory strain classification
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(Hunter and Thompson, 2005). The use of genes such as the triose-phophate isomerase
and glutamate dehydrogenase genes allows discrimination between genetic substructuring within the major Assemblages A and B. Assemblage A consists of isolates
that can be grouped into two distinct clusters; AI consists of a mixture of closely related
animal and human isolates which are geographically widespread, and most attention
regarding the zoonotic potential of Giardia has focused on this AI subgroup. In contrast,
the second subgroup, AII consists mostly of human isolates. Assemblage B comprises
two subgroups, III and IV, of which the latter also appears to be human-specific
(Thompson, 2004).

Natural infections of Cryptosporidium were not observed in the free-living harp and
hooded seals of the Saint Lawrence both in the studies presented here and in previous
work (Measures and Olson, 1999). Harp seal pups were experimentally infected with a
terrestrially derived zoonotic strain of Cryptosporidium parvum, which suggests that
these marine mammals are at some potential risk from pathogen pollution.

Cryptosporidium has been identified in two whale species (Hughes-Hanks et al., 2005),
a Californian sea lion (Deng et al., 2000) and has been characterised in ringed seals
(Santin et al., 2005) and a dugong (Hill et al., 1997; Morgan et al., 2000).

Three different isolates of Cryptosporidium were identified in this population of ringed
seals; two novel Cryptosporidium genotypes and C. muris. The two novel genotypes
appear to be specific to a marine mammal host, as they have not been detected in any
other animal, but do require further study including the recording of biological
differences such as host specificity in order to classify them as separate
Cryptosporidium species. C. muris is most commonly associated with rodents, it has
been detected in other terrestrial species including the bactrin camel, bilbies, rock hyrax,
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mountain goats and humans (Caccio, 2005; Hurkova et al., 2003; Sulaiman et al., 2000;
Warren et al., 2003; Xiao et al., 2004; Xiao et al., 1999b). The ability of C. muris to
infect immunosuppressed and immunocompetent humans (Caccio, 2005), means the
presence of C. muris in ringed seals should be considered a potential public health risk
to the Inuit population that hunt and consume them.

A dugong from the East coast of Australia was also found to be infected with a strain of
Cryptosporidium infective to humans, but unlike the case of the ringed seals, it appears
the dugong do not play a role in the zoonotic transfer of parasites to humans, rather in
this case it was a case of anthropozoonotic transfer. The dugong isolate genotyped as C.
hominis, a species thought to be infective exclusively to humans, non-human primates
and gnotobiotic pigs (Morgan et al., 2000). It is hypothesized that either C. hominis has
a broader host-range than first thought or that the dugong, having been ill and perhaps
immunocompromised, was more susceptible to infection. If this were the case, the
obvious source of contamination would be spillover from human sewage contaminating
the sea-grass beds grazed by the dugong. These studies highlight important insights in
the transmission dynamics of Cryptosporidium and Giardia that can be attained through
the genetic characterization of wildlife isolates, as well as understanding the zoonotic
potential of free-living wildlife species.

7.6

ANTHROPOGENIC

AND

CLIMATIC

FACTORS

AFFECTING

MARINE MAMMAL DISEASES
Marine mammals are under ever increasing exposure to pathogens from anthropogenic
sources such as improper sewage treatment, intensive agriculture operations located
near waterways or from illegal sewage dumping by ships. In addition, stress caused by
human activity can reduce immunity, increase pathogenicity and could facilitate the
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expression of disease states that might otherwise not have manifested itself. Stress may
be the result of direct human disturbance, food shortage (perhaps caused by fisheries
competing for the same food stocks), exposure to pollutants and possibly, in the longer
term, as a result of climate change.

Changes in climatic conditions beyond the normal range may also result in
environmental stressors such as food shortages, catastrophic natural events, habitat
fragmentation or destruction, environmental contaminants. Direct human disturbance
and other more subtle forms of human interference may also have a potential impact on
the extent and severity of parasitic disease in marine mammal species. Many marine
mammal species are well adapted to survive under conditions that would be extreme to
species that have evolved elsewhere and they exhibit many remarkable features that
enable them to occupy their particular niches. However, their success is at least in part
attributable to the absence of land based mammalian predators or niche competition
from more competitive species. Although tolerant of the natural environment they are
not necessarily immune to environmental stress by particularly severe conditions
particularly those that limit access to food such as unusually extensive, or limited, sea
ice.

While environmental climate change may impact directly upon the marine mammal
host, it may also exert an impact on the parasites themselves. Other disease outbreaks
have been linked directly to climate change. Perhaps with Giardia and
Cryptosporidium, increased water temperatures as a result of global warming may
directly affect the survival of the parasites in the marine environment.
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Giardia and Cryptosporidium were long thought to be exclusively terrestrial parasites,
however the relatively recent analysis of the marine environment has clearly
demonstrated that these parasites are present in the marine ecosystem and are prevalent
among many marine mammal species. It is unknown if Giardia and Cryptosporidium in
marine mammals represent emerging disease states, or are an example of natural marine
adapted diseases, or indeed a combination of the two epidemiologies. This series of
studies on free-living and captive marine mammals adds to the growing body of
evidence that anthropogenic activities add to the overall parasite burden in the marine
environment and are clearly a potential source of contamination for marine mammal
species. The relative risk of terrestrially derived strains vs putative marine mammal
strains of Giardia and Cryptosporidium to the various marine mammals is yet to be
determined.

Our knowledge of infectious and parasitic diseases among marine mammal species is
meager and fragmentary even for species maintained in captivity and for those that have
been extensively studied in the wild. Efficient monitoring of Giardia and
Cryptosporidium in the marine environment and in marine mammals is vital to provide
the important basic information on key disease processes such as those factors that
promote disease emergence and outbreaks, the mechanisms of transmission routes and
general biology of disease. The gathering of this fundamental baseline data will enable
us to more fully understand the effects that direct and indirect anthropogenic activities
have in addition to changing climatic conditions on the prevalence and impact of
Giardia and Cryptosporidium and other diseases on marine mammal wildlife.
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7.7

CONCLUSIONS

Giardia and Cryptosporidium have been isolated from many species of captive and
free-living wildlife, representing most mammalian orders. Wildlife, therefore, are
important contributors to the pool of parasites within the environment along with
humans, domestic animals and livestock. Compared to the abundance of surveys that
have examined Giardia and Cryptosporidium in terrestrial wildlife species, very few
studies on either parasite have been undertaken on marine mammal species. Studies of
shellfish, marine waters and water treatment plants clearly indicate that marine
ecosystems are contaminated with Giardia and Cryptosporidium. The environmentally
robust Giardia cysts and Cryptosporidium oocysts can remain viable and infective for
long periods in these saline conditions. In spite of these data the extent to which these
parasites extend into the marine environment and how they may impact on marine
mammal health remains largely unknown.

As naturally occurring shellfish have been successfully utilised as biological indicators
of pathogen pollution in the marine ecosystem at many different sites worldwide, a
similar method was employed to monitor Giardia and Cryptosporidium contamination
at sites around the Magdalene Islands in the Gulf of St. Lawrence, Québec in Chapter 2.
All samples collected during the summer of 2001 proved negative for detectable levels
of Giardia and Cryptosporidium, including shellfish collected from areas closed to
harvesting owing to previously detected faecal contamination, and water filtration
samples from sewage plant influent and effluent. While this method has been proven to
successfully detect contamination in the past, those studies were likely undertaken in
more heavily contaminated areas than the low population density and low farming
density situation in the Magdalene Islands.
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As a step towards understanding the extent of these parasites in the marine ecosystem, a
large-scale serological survey was undertaken as presented in Chapter 3. The
examination of a large cohort of serum samples clearly show that, as is the case with
terrestrial mammals, Giardia is ubiquitous in the marine environment. Sera positive for
G. duodenalis-specific IgG were detected in almost all cetacean and pinniped species
examined, and from all regions of the St. Lawrence estuary, Gulf of St. Lawrence and
from the Canadian arctic. While this type of serological analysis does not distinguish
between current infections and previous exposure, or shed light on the species of
Giardia that are harboured by these marine mammals, it is a highly effective method to
rapidly screen large populations of mammals covering wide geographic locations. This
is particularly relevant when examining rare or endangered species where difficulties in
obtaining faecal and intestinal tissue samples from sacrificed animals, for example,
prohibit their inclusion in other types of studies.

Harp seals and hooded seals provided a unique opportunity to study the biology of
Giardia and Cryptosporidium in natural seal populations, as they are present in large
numbers in the Gulf of St. Lawrence during the winter and are relatively easily to access
when they haul out onto the icepack to give birth in the spring. As with previously
published studies, the work described in Chapter 5 demonstrated that microscopic
analysis of faecal samples is less sensitive than PCR, and thus may underestimate true
prevalence. Cryptosporidium was not detected in either harp or hooded seals, however,
adults of both species were actively infected with G. duodenalis Assemblage A, a
zoonotic genotype known to infect many terrestrial mammals including humans and
livestock. These novel data extend the known host range of Giardia to include hooded
seals. These findings highlight the potential zoonotic transmission from seals to humans
through the consumption of uncooked intestines and general animal handling during
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research or hunting practices. The identification of this zoonotic strain of Giardia in
seals also demonstrates the potential for anthropogenic activities such as human sewage
treatment and agriculture runoff to be a significant source of contamination for marine
mammals. Although the collection of small intestinal tissue for molecular analysis is not
practical in the majority of the studies involving marine mammals, it should be stressed
that characterising parasites isolated from faecal samples, at the molecular level is
paramount in the refinement of host range, transmission dynamics and zoonotic
potential of known and novel Giardia and Cryptosporidium species and genotypes.

Despite the high prevalence of Giardia amongst the adult seals and the resulting
contamination of the ice pack, harp seal pups were not naturally infected with Giardia
or Cryptosporidium. From the assessment of anti-Giardia IgG levels in the serum from
harp seal mother/pup pairs, and from the mother’s milk, it is hypothesised that
maternally derived immunity is sufficient to prevent infection at this young age. Data
from the experimental infection of harp seal pups discussed in Chapter 6 suggest that
this maternally derived immunity may also contribute to the rapid clearing of Giardia
infections in this age group of seal pups. This study represents the first demonstration of
maternal transfer of Giardia immunity in wildlife (either terrestrial or marine). As a
large majority of adult seals are infected with Giardia, but pups are not infected, it
would be of interest to monitor the serum titres and infection status of seal pups for
longer periods of time to determine if the waning of pup serum antibody levels
correlates with the onset of infection in juvenile seals.

While Cryptosporidium does not appear to be a dominant parasite in either free-living
harp or hooded seals from the Gulf of St. Lawrence, the study described in Chapter 6
proved harp seal pups can be experimentally infected with a terrestrially derived isolate
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of C. parvum, and transmit this infection indirectly to other seals via ingestion of
contaminated water. This is the first report demonstrating one possible route of
transmission of this parasite in a marine environment, highlighting that animal-toanimal transmission, in addition to transmission from anthropogenic sources via
contaminated water is possible.

In summary, work undertaken in this thesis has expanded our limited knowledge of
Giardia and Cryptosporidium in the marine environment and in particular, the harp and
hooded seal populations of the Gulf of St. Lawrence. Like the terrestrial environment,
Giardia is clearly ubiquitous in the marine ecosystem. In the case of harp and hooded
seals, they are actively infected with Assemblage A, a zoonotic strain of G. duodenalis
and represent a previously unrecognised contributor to the overall environmental
parasite burden. The discovery of this variant of Giardia in a phocid host, along with
their susceptibility to infection with terrestrial strains of both Giardia and
Cryptosporidium, supports the hypothesis that anthropogenic activities such as improper
human sewage treatment and run off from domestic livestock operations are a source of
marine wildlife infections.
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Appendix
Table 1 – A selection of worldwide prevalence studies of Giardia spp. in free-living
mammalian wildlife. Prevalence data that included molecular analysis are indicated by
an asterix (*).
Country
Australia

Host species
feral cat (Felis spp.)
quenda (Isoodon obesulus)
house mouse (Mus musculus)

% Positive
(sample size)
21% (39)
1% (77)
25% (129)

Ref.
[1]
[2]
[3]

Brazil

hairy-tailed bolo mouse (Bolomys lasiurus)
water rat (Nectomys squamipes)
black rat (Rattus rattus)

14% (7)
34% (168)
100% (3)

[4]
[4]
[4]

Canada

dall sheep (Ovis dalli)
coyote (Canis latrans)
wolf (Canis occidentalis)
ringed seal (Phoca hispida)
harp seal (Phoca groenlandica)
harbour seal (Phoca vitulina)
grey seal (Halichoerus grypus)
brown bear (Ursus arctos)
beaver (Castor canadensis)
beaver (Castor canadensis)
beaver (Castor canadensis)
beaver (Castor canadensis)
beaver (Castor canadensis)
deer mouse (Peromyscus maniculatus)
wood rat (Neotoma cinerea)
long-tailed vole (Microtus longicaudus)
meadow vole (Microtus pennsylvanicus)
meadow vole (Microtus pennsylvanicus)
red-backed vole (Clethrionomys gapperi)
red-backed vole (Clethrionomys gapperi)
heather vole (Phenacomys intermedius)
muskrat (Ondatra zibethicus)

40% (5)
66% (3)
33% (3)
20% (15)
50% (30)
25% (16)
17% (6)
100% (3)
15% (94)
4% (58)
4% (51)
14% (14)
33% (27)
10% (50)
7% (15)
33% (3)
33% (6)
75% (6)
95% (21)
86% (21)
50% (2)
25% (12)

[5]
[5]
[5]
[6]
[7]
[7]
[7]
[5]
[8]
[9]
[10]
[5]
[11]
[9]
[10]
[9]
[9]
[10]
[9]
[10]
[10]
[5]

Egypt

Brown rat (Rattus norvegicus)

8% (39)

[12]

Germany

muskrat (Ondatra zibethicus)

75% (234)

[13]

Japan

large japanese field mouse (Apodemus speciosus)
japanese field mouse (Apodemus argenteus)
Japanese grass vole (Microtus montebelli)

62% (58)
14% (29)
100% (7)

[14]
[14]
[14]

Norway

beaver (Castor fiber)

0% (241)

[15]

Poland

field mouse (Apodemus flavicollis)
bank vole (Clethrionomys glareolus)
common vole (microtus arvalis)

48% (209)
94% (459)
96% (274)

[16]
[16]
[16]

Rwanda

Mountain gorilla (Gorilla gorilla beringei)

3% (70)

[17]

Saudi Arabia

Hamadryas Baboon (Papio hamadryas)
Hamadryas Baboon (Papio hamadryas)

9% (115)
26% (633)

[18]
[19]
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Thailand

Leopard (Panthera pardus)

2% (54)

[20]

Uganda

Olive babboon (Papio anubis)
Mountain gorilla (Gorilla gorilla beringei)

58% (140)
2% (100)*

[21]
[22,23]

USA

tule elk (Cervus elaphus nannodes)
elk (spp. not reported)
white-tailed deer (Odocoileus virginianus)
white-tailed deer (Odocoileus virginianus)
coyote (Canis latrans)
sea lion (Zalophus californianus)
northern racoon (Procyon lotor)
water shrew (Sorex palustris)
beaver (Castor canadensis)
beaver (Castor canadensis)
beaver (Castor canadensis)
beaver (Castor canadensis)
beaver (Castor canadensis)
pocket gopher (Geomyidae sp.)
water vole (Microtus richardsoni)
water vole (Microtus richardsoni)
long-tailed vole (Microtus longicaudus)
Montane vole (Microtus montanus)
Meadow vole (Microtus pennsylvanicus)
muskrat (Ondatra zibethicus)
muskrat (Ondatra zibethicus)
muskrat (Ondatra zibethicus)
nutria (Myocastor coypus)

4% (82)*
2% (115)
1% (394)
4% (28)*
4% (22)*
33% (6)*
0% (128)
1 (8)
33% (100)
37% (790)
0% (32)
47% (1257)
24% (313)
4 (9)
100% (23)
4 (not reported)
100% (18)
100% (90)
2 (not reported)
96% (219)
83% (6)
82% (189)
73% (30)

[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[25]
[31]
[25]
[31]
[25]
[31]
[31]
[33]
[35]
[36]
[32]
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Table 2 – A selection of worldwide prevalence studies of Cryptosporidium spp. in freeliving mammalian wildlife. Prevalence data that included molecular analysis are
indicated by an asterix (*).
% Positive
(sample size)

Country

Host species

Ref.

Australia

grey kangaroo (Macropus giganteus)

51
reported)*

Canada

beaver (Castor canadensis)

2% (27)

[11]

Denmark

roe deer (Capreolus capreolus)

2% (103)

[38]

Egypt

brown rat (Rattus norvegicus)

43% (172)

[12]

Ethiopia

olive babboon (Papio anubis)
vervet (Chlorocebus aethiops)

12% (59)
29% (41)

[39]
[39]

Finland

bank vole (Clethrionomys glareolus)
field vole (Microtus agrestis)
tundra vole (Microtus oeconomus)

5% (41)
1% (131)
0% (43)

[40]
[40]
[40]

Italy

red-squirrel (Sciurus vulgaris)

32% (85)

[41]

Japan

japanese field mouse (Apodemus argenteus)
brown rat (Rattus norvegicus)
brown rat (Rattus norvegicus)
brown rat (Rattus norvegicus)
brown rat (Rattus norvegicus)
black rat (Rattus rattus)
brown rat (Rattus norvegicus)

8% (25)
16% (61)
8% (61)
27% (141)
45% (47)
10% (175)
4% (48)

[42]
[43]
[43]
[44]
[44]
[45]
[45]

Kenya

olive babboon (Papio anubis)
olive babboon (Papio anubis)
vervet (Chlorocebus aethiops)

28% (60)
28% (59)
71% (58)

[46]
[47]
[47]

Korea

mice (Mus spp.)
brown rat (Rattus norvegicus)

30% (250)
13% (195)

[48]
[48]

Norway

moose (Alces alces)
beaver (Castor canadensis)

0% (72)
0% (182)

[49]
[15]

Poland

common shrew (Sorex araneus)
beaver (Castor canadensis)
yellow-necked mouse (Apodemus flavicollis)
yellow-necked mouse (Apodemus flavicollis)
striped field mouse (Apodemus agrarius)
field mouse (Apodemus spp.)
bank vole (Clethrionomys glareolus)
bank vole (Clethrionomys glareolus)
bank vole (Clethrionomys glareolus)
common vole (Microtus arvalis)
common vole (Microtus arvalis)
muskrat (Ondatra zibethicus)

31% (16)
11% (19)
28% (209)*
15% (39)
1 (not reported)
24% (70)
71% (459)*
23% (102)
20% (275)
73% (274)*
4 (not reported)
55% (9)

[50]
[51]
[16,52]
[50]
[51]
[51]
[16,52]
[51]
[50]
[16,52]
[51]
[51]

Spain

white-toothed shrew (Crocidura russula)

15% (88)

[53]

(not
[37]
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woodmouse (Apodemus sylvaticus)
bank vole (Clethrionomys glareolus)
algerian mouse (Mus spretus)

49% (302)
33% (49)
32% (22)

[53]
[53]
[53]

Tanzania

wildebeests (Connochaetes gnou)
african Buffalo (Syncerus caffer)
zebra (Equus zebra)

27% (26)
22% (36)
28% (25)

[54]
[54]
[54]

Uganda

olive babboon (Papio anubis)
mountain gorilla (Gorilla gorilla beringei )

32% (140)*
11% (100)*

[21]
[23]

9% (58)
9% (23)
15% (26)
25% (4)

[55]
[55]
[55]
[55]

7% (30)
7% (28)
16% (230)
51% (114)
10% (123)
50% (58)
13% (242)
30% (nr)
24% (438)
63% (73)

[55]
[55]
[56]
[57]
[56]
[58]
[56]
[59]
[60]
[61,62]

6% (49)*
20% (40)*
13% (38)*
11% (91)*
5% (360)
9% (34)
3 (not reported)*
8% (76)*
50% (2)*
50% (6)*
13% (100)
20% (5)*
4% (51)*
0% (87)
30% (115)
100% (6)*
8% (237)*
0% (20)
60% (2)*
11% (9)
16% (309)*
60% (5)*

[63]
[24]
[24]
[64]
[26]
[26]
[65]
[66]
[64]
[29]
[67]
[64]
[66]
[66]
[68]
[64]
[66]
[66]
[64]
[69]
[70]
[64]

UK

USA

fallow deer & muntjac deer
(Dama dama & Muntiacus reevesi)
fox (Vulpes vulpes)
badger (Meles meles)
hedehog (Erinaceus europaeus)
common & pygmy shrew
(Sorex araneus & S. minutus)
rabbit (Oryctolagus cuniculus)
woodmouse (Apodemus sylvaticus)
bank vole (Clethrionomys glareolus)
bank vole (Clethrionomys glareolus)
house mouse (Mus musculus)
house mouse (Mus musculus)
wild rodents (Mus spp.)
brown rat (Rattus norvegicus)
brown rat (Rattus norvegicus)
caribou (Rangifer tarandus)
tule elk (Cervus elaphus nannodes)
mule deer (Odocoileus hemionus)
white-tailed deer (Odocoileus virginianus)
white-tailed deer (Odocoileus virginianus)
white-tailed deer (Odocoileus virginianus)
deer (spp. not reported)
fox (spp. not reported)
striped skunk (Mephitis mephitis)
california sea lion (Zalophus californianus)
racoon (Procyon lotor)
racoon (Procyon lotor)
racoon (Procyon lotor)
beaver (Castor canadensis)
house mouse (Mus musculus)
muskrat (Ondatra zibethicus)
muskrat (Ondatra zibethicus)
otter (spp. not reported )
white-foot mouse (Peromyscus leucopus)
cotton rat (Sigmodon hispidus)
ground squirrell (Spermophilus beecheyi)
eastern chipmunk (Tamias striatus)
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