
Cryptosporidium and Giardia:
detection in environmental and faecal samples

Department of Food and Environmental Hygiene
Faculty of Veterinary Medicine

University of Helsinki
Helsinki, Finland

Ruska Rimhanen-Finne

Academic Dissertation

To be publicly discussed with the permission of
the Faculty of Veterinary Medicine in the Small Hall, Fabianinkatu 33, Helsinki

on January 14, 2006, at 10 a.m.



Supervisor

Professor Marja-Liisa Hänninen, DVM, PhD
University of Helsinki
Finland

Supervising professor

Professor Hannu Korkeala, DVM, PhD
University of Helsinki
Finland

Reviewers

Joke van der Giessen, DVM, PhD
National Institute of Public Health and the Environment (RIVM)
The Netherlands

and

Lucy Robertson, PhD
The Norwegian School of Veterinary Science
Norway

Opponent

Docent Antti Oksanen, DVM, PhD
The National Veterinary and Food Research Institute
Finland

ISBN 952-91-9808-6 (paperback)
ISBN 952-10-2867-X (PDF)
Yliopistopaino 2006



To my boys, great and small

Ei hän väistä vaaroja,
ei säiky jalopeuraa,
ei hän käänny takaisin,
ken tähteänsä seuraa.

V.A. Koskenniemi



Rimhanen-Finne

4

TABLE OF CONTENTS

1 Acknowledgements .............................................................................................. 6

2 Abbreviations ...................................................................................................... 8

3 Abstract ............................................................................................................... 9

4 List of original publications ............................................................................... 10

5 Introduction ...................................................................................................... 11

6 Review of the literature ...................................................................................... 12

6.1 Cryptosporidium and cryptosporidiosis .................................................................. 12
6.1.1 Classification and taxonomy ................................................................. 12
6.1.2 Morphology of the oocyst ..................................................................... 13
6.1.3 Life cycle .............................................................................................. 13
6.1.4 Human cryptosporidiosis ...................................................................... 14

6.2 Giardia and giardiasis ........................................................................................ 15
6.2.1 Classification and taxonomy ................................................................. 15
6.2.2 Morphology of the cyst ......................................................................... 16
6.2.3 Life cycle .............................................................................................. 16
6.2.4 Human giardiasis ................................................................................. 17

6.3 Significance of Cryptosporidium and Giardia as environmental pathogens ............. 18
6.3.1 Prevalence of cryptosporidiosis and giardiasis in human populations ..... 18
6.3.2 Prevalence of cryptosporidiosis and giardiasis in calves ......................... 19
6.3.3 Prevalence of cryptosporidiosis and giardiasis in dogs ........................... 20
6.3.4 Occurrence in the environment and factors affecting survival of (oo)cysts ..21
6.3.5 Waterborne outbreaks caused by Cryptosporidium and Giardia ................ 23

6.4 Detection of Cryptosporidium and Giardia in environmental and faecal samples .... 24
6.4.1 Concentration and separation ................................................................ 24
6.4.1.1 Surface water ........................................................................................ 24
6.4.1.2 Sewage sludge ...................................................................................... 26
6.4.1.3 Faeces ................................................................................................... 26
6.4.2 Identification ........................................................................................ 27
6.4.2.1 Immunofluorescence (IF) microscopy .................................................... 27
6.4.2.2 Enzyme-linked immunosorbent assay (ELISA) ...................................... 27
6.4.2.3 Molecular identification techniques ...................................................... 28

7 Aims of the study............................................................................................... 30



5

Detection of Cryptosporidium and Giardia

8 Materials and methods ....................................................................................... 31

8.1 Development of immunocapture (IC)-PCR assays .............................................. 31
8.1.1 Control organisms ................................................................................ 31
8.1.2 Detection limits of IC-PCR assays ........................................................ 31
8.1.3 Concentration and separation of (oo)cysts .............................................. 31
8.1.4 Extraction and purification of DNA ..................................................... 32
8.1.5 PCR amplification ................................................................................ 32
8.1.6 Visualization of amplified products ....................................................... 32

8.2 Detection of Cryptosporidium and Giardia in environmental and faecal samples .... 34
8.2.1 Sampling and treatment of sewage sludge samples ................................ 34
8.2.2 Sampling and treatment of surface water samples ................................. 35
8.2.3 Sampling and treatment of faecal samples ............................................. 35
8.2.4 Identification of Cryptosporidium and Giardia ......................................... 35
8.2.4.1 IF microscopy ....................................................................................... 35
8.2.4.2 ELISA................................................................................................... 36
8.2.4.3 Determining detection limits of IF microscopy and ELISA in canine faeces .36
8.2.4.4 Molecular identification techniques ...................................................... 36

8.3 Indicator parameters .......................................................................................... 36
8.3.1 Treated sludge ...................................................................................... 36
8.3.2 Surface water ........................................................................................ 37

8.4 Statistical analyses .............................................................................................. 37

9 Results ............................................................................................................. 38

9.1 Evaluation of detection techniques ..................................................................... 38
9.1.1 Detection limits of IF microscopy, ELISA and IC-PCR assays ............... 38
9.1.2 Diagnostic accuracy of ELISA ............................................................... 38

9.2 Detection of Cryptosporidium and Giardia in environmental and faecal samples .... 38
9.3 Use of indicators for detection of Cryptosporidium and Giardia

in environmental samples ................................................................................... 41

10 Discussion.......................................................................................................... 42

11 Conclusions ........................................................................................................ 48

12 References .......................................................................................................... 49

13 Original publications ......................................................................................... 57



Rimhanen-Finne

6

1  ACKNOWLEDGEMENTS

This study was performed at the Depart-
ment of Food and Environmental Hygiene,
Faculty of Veterinary Medicine, University
of Helsinki during the period of 1998-2005.
These years have been the most productive
in my life; not only have I become a mother
of two lively sons and renovated an old
house, but also managed to carry on and
finish this challenging project. The project
was supported by the Academy of Finland,
the National Technology Agency, the Min-
istry of Agriculture and Forestry, the Min-
istry of Defence, the Finnish Defence Forces,
Intervet Oy, the Department of Food and
Environmental Hygiene, the Foundation of
Finnish Veterinary Medical Association, the
Walter Ehrström Foundation, the Faculty
of Veterinary Medicine, the Helsinki Uni-
versity Fund, the NOVA mobility grant and
the Helsinki University Grant for Finish-
ing Doctoral Dissertation. I thank profes-
sor Hannu Korkeala, head of the depart-
ment, for providing the working facilities
and for all support during these years. I wish
to thank professor Lars-Axel Lindberg for
organizing my salary from the Academy of
Finland and for the interest he has shown
to my work.

I want to express my gratitude to my
supervisor, professor Marja-Liisa Hänninen
for her braveness to take up this totally
new protozoan project. Together we have
built up cryptosporidial and giardial labo-
ratory diagnostics from the scratch. You
have always encouraged me to grow as an
independent researcher for which I am
truly grateful. I also want to thank you for
the understanding you have shown for my
decision to combine research and family
life.

I owe my gratitude to the reviewers of
this thesis, Joke van der Giessen and Lucy

Robertson, for their precious thoughts and
comments on this work.

I wish to thank all my fellow researchers
and co-authors of the original publications
for successful co-operation. Many warm
thanks to Heidi Enemark for sharing her
valuable time and vast knowledge on pro-
tozoan research, and the warm-hearted hos-
pitality during my stays at the Danish Vet-
erinary Institute. I thank Ari Hörman for
pleasant co-operation with water-related
items and for all practical help considering
the thesis process. Jenni Kolehmainen and
Pialiisa Toropainen are acknowledged for
their enthusiastic help in sampling and
treating the dog samples. The personnel at
the department are acknowledged for the
pleasant working atmosphere. My warmest
thanks go to Urszula Hirvi for guiding me
to the world of PCR and for being a con-
stant sunshine of the laboratory.

My colleagues and friends Päivikki
Perko-Mäkelä, Anu Näreaho and Mari
Nevas are acknowledged for the countless
refreshing and inspiring cola break discus-
sions and for their cheerful company in lei-
sure activities. I also want to address my
sincere thanks to all my valuable friends for
keeping contact during these busy years.
Sharing all my thoughts with my life-long
friends Tiina and Joanna has been mean-
ingful throughout the years.

This work would not have been finished
without the concrete help of my family and
relatives. I owe my devoted thanks to my
parents Pirjo and Esko and to my sister
Karkki for the endless baby-, dog- and
horse-sitting, help in renovating and for all
support during my life. I also want to thank
my gutsy grand mother Ester for loading
me with lots of self-confidence by showing
that hard work can get you anywhere!



7

Detection of Cryptosporidium and Giardia

I want to extend my gratitude to my
parents-in-law Gitta and Ralf, my godpar-
ents Riitta and Eku and my cousin Anne
for keeping an eye on my boys while I have
been working. My tender thanks to
lapphund Naava for patiently forgiving me
the hurries and finnhorse Alinda for chal-
lenging me physically by taking me down
to earth whenever she thought it was nec-
essary.

My husband Patrik deserves all my love
and gratitude for his never ending support
and guiding in scientific matters. You have

taken good care of our family while I have
been away with the work either mentally
or physically. I love you a lot! I also want to
express my love to my little ones, Eedi and
Ebbe, who have given me the joy and pride
of motherhood and who with their exist-
ence have shown me the true meaning of
life. You mean everything to me!

Espoo, December 20, 2005



Rimhanen-Finne

8

2  ABBREVIATIONS

ANOVA, Analysis of variance
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3  ABSTRACT

Cryptosporidium and Giardia are highly in-
fectious protozoan parasites capable of caus-
ing gastrointestinal illness in both animals
and humans. The waterborne transmission
of these parasites has been well documented
worldwide. The significance of Crypto-
sporidium and Giardia as waterborne patho-
gens is based on their generalized presence
in the environment and robustness against
environmental conditions. Low numbers of
(oo)cysts are sufficient for infection. In ad-
dition, infected individuals can excrete
massive amounts of infective (oo)cysts. Fur-
thermore, since low densities of (oo)cysts are
detected in environmental samples, sensi-
tive detection methods are needed.

In the present thesis, molecular meth-
ods for detection of Cryptosporidium and Gia-
rdia were developed and applied in studies
in which the occurrence of Cryptosporidium
and Giardia in sewage sludge and surface
water was determined. Furthermore, the
usefulness of indicator parameters (occur-
rence of Clostridium perfringens, Escherichia
coli, enterococci and water turbidity) to pre-
dict the occurrence of Cryptosporidium and
Giardia in environmental samples was
evaluated. Cryptosporidium and Giardia could
be found both in untreated and treated sew-

age sludge and in surface water. However,
no correlation between indicator parameters
and the occurrence of Cryptosporidium and
Giardia was detected.

The occurrence and zoonotic character of
Cryptosporidium and Giardia in possible res-
ervoirs for human infections was determined
by examining faeces of asymptomatic dogs.
For this purpose, the present detection tech-
niques were evaluated. The Giardia ELISA
technique studied performed well and was
capable of detecting animal-specific geno-
types. The accuracy of the Cryptosporidium
ELISA studied was low and due to high rates
of false-positive results, cannot be recom-
mended for detection of Cryptosporidium in
canine faeces. Cryptosporidium and Giardia
were frequent findings in asymptomatic
dogs, however, since all species and geno-
types found were considered animal-spe-
cific, the zoonotic transmission risk from
these dogs appears restricted.

The findings indicate that Crypto-
sporidium and Giardia are present and cycle
in Finland´s environment.  Furthermore, di-
rect analysis is the best way to confirm the
presence of these protozoans in environmen-
tal samples.
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5  INTRODUCTION

Methods for detecting protozoan parasites
were developed following the first reported
waterborne outbreaks of giardiasis in As-
pen, CO, USA in 1965 and cryptosporid-
iosis in Braun Station, TX, USA in 1984.
In the early 1990s, the American Society of
Testing and Materials (ASTM) proposed a
method for detecting Cryptosporidium oo-
cysts and Giardia cysts in low-turbidity
water. Similarly, the UK Standing Commit-
tee of Analysis developed a preliminary
method for detecting waterborne Crypto-
sporidium and Giardia. The largest reported
waterborne outbreak in Milwaukee, WI,
USA in 1993, caused by Cryptosporidium
parvum, affected over 400 000 individuals
and raised the level of public awareness of
protozoan organisms, leading to increased
levels of detection in laboratories. As a con-
sequence of this enhanced awareness, the
United States Environmental Protection
Agency (USEPA) approved in 1995 an In-
formation Collection Rule (ICR) method for
detecting (oo)cysts in water. These early
methods were based on cartridge filtration,
flotation to separate (oo)cysts from debris
and immunofluorescence (IF) microscopy to
identify and enumerate the (oo)cysts. The
methods, however, were criticized for be-
ing costly and difficult to perform as well
as presenting low recovery efficiencies, lead-
ing to efforts to develop new, innovative
technologies for protozoan analysis.

In 1999, USEPA approved method 1622
for Cryptosporidium detection, and soon af-

ter method 1623 for simultaneous detec-
tion of Cryptosporidium and Giardia in wa-
ter by capsule filtration, immunomagnetic
separation (IMS) and IF microscopy. While
most researchers agree that method 1623
performs better than the ICR method, it
has still been criticized for being too labour-
intensive and time-consuming as well as
demonstrating variable recoveries. As with
previous methods, experience is required to
perform and interpret results of methods
1622 and 1623. The methods are probably
also too expensive to adopt in many coun-
tries. Furthermore, since identification in
methods 1622 and 1623 relies on IF micro-
scopy, which differentiates Cryptosporidium
and Giardia only on genus level, improve-
ments in detection techniques has been pro-
posed.

To increase the quality of Finnish research
in environmental health, the Finnish Re-
search Programme on Environmental
Health (1998-2001) was established by the
Academy of Finland and the National Tech-
nology Agency in Finland. One of the aims
of this program was to develop methods for
detection of Cryptosporidium and Giardia
from environmental samples. No previous
information concerning the occurrence of
Cryptosporidium and Giardia in Finland´s
environment was available. Similarly, meth-
ods for detecting these parasites were lack-
ing. This thesis is partly based on studies
conducted under the Finnish Research
Programme on Environmental Health.
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6  REVIEW OF THE LITERATURE

6.1 Cryptosporidium and
      cryptosporidiosis

6.1.1 Classification and taxonomy

Protozoan parasites of the genus Crypto-
sporidium belong to the phylum Apicom-
plexa and are classified as Coccidea together
with other enteric parasites such as Eime-
ria, Isospora and Toxoplasma (Levine, 1980;
Levine et al., 1980). The taxonomy of the
genus Cryptosporidium is incomplete and
ongoing. A unified species concept and cri-
teria for species definition, characterization
and identification appear to be lacking. Tra-
ditionally, species were named after the host
in which they were found (Levine et al.,
1980; Levine, 1984). Morphological fea-
tures have been used to designate genus and
species, although they cannot be considered
as a reliable tool to distinguish between
Cryptosporidium species (Fall et al., 2003).
Revision of the taxonomy of Cryptosporidium
species was proposed according to the new
molecular data on isolates from various host
animals (Morgan et al., 1999; Xiao et al.,
2000a). Genetic analyses have indicated that
two distinct Cryptosporidium species are re-

sponsible for most human infections. Crypto-
sporidium parvum (formerly C. parvum ”bo-
vine” or ”cattle” genotype; genotype 2 or
C) is considered as a zoonotic, and Crypto-
sporidium hominis (formerly C. parvum ”hu-
man” genotype; genotype 1 or H) as an
anthroponotic species (Peng et al., 1997;
Spano et al., 1998; Sulaiman et al., 1998;
Morgan-Ryan et al., 2002). In this review
of the literature, the names C. parvum and
C. hominis will be used. Infections caused
by C. meleagridis, C. felis and C. canis (also
known as C. dog type or C. dt) in immuno-
competent persons have been reported
(Pedraza-Diaz et al., 2001a; Xiao et al.,
2001).  In cases of immunodeficiency, pa-
tients are also known to be infected by other
Cryptosporidium parasites, including C.
meleagridis, C. felis, C. canis, C. suis (also
known as C. pig genotype), C. baileyi and
C. muris (Ditrich et al., 1991; Xiao et al.,
2000b; Pedraza-Diaz et al., 2001b; Caccio
et al., 2002; Palmer et al., 2003). So far, eight
valid Cryptosporidium species have been re-
ported to be capable of infecting humans
(Table 1). Additionally, new C. parvum geno-
types such as Cryptosporidium cervine geno-

�������	�����������	
	���������������	
��������������������������������

�������

�����	�	��

���������

����	���	
���������	
	�
�����	�
�����	��

����	��

�����	�

�����������������������
��
��� ��!���������������������������"���������������#����������$
��
��� ��!��������������	�%������������"���������������&����������$$
��
��� ��!�������'�������'�������
��
��� ��!�������������������

(��������

)�����*(������������++�
,�--�������+
.������������������
/�'��-�*.��-����������++����0������������++�
/�'��-�*.��-���������++�	��0������������++���&��������������++�
/�'��-�*.��-���������++�	��0������������++�
0������������++�
/�
������������++�

1������
������

��������	����2����3
�������������2���������3
��������������2���� ��3
�������	������������2�� ��3
���	�����	��2���3
���	�����	�	��	��2'��3
�����������
�����	����2���3
�������������2���������3



13

Detection of Cryptosporidium and Giardia

type have been identified in human stools
(Ong et al., 2002). It appears likely that also
other new species or genotypes may cause
occasional zoonotic infections in humans in
the future.

6.1.2 Morphology of the oocyst

The small size of Cryptosporidium oocysts
makes them indistinguishable from each
other based on morphology by light micro-
scopy (Fall et al., 2003; Table 2). The oo-
cysts are spherical or ovoid in appearance,
and contain four parallel sporozoites sur-
rounded by a smooth oocyst wall (Fig. 1).
In the wall, a faint suture can be seen

through which the sporozoites exit during
excystation (Upton et al., 1985; Morgan-
Ryan et al., 2002).

6.1.3 Life cycle

The first detailed description of the Crypto-
sporidium life cycle was published in 1910
(Tyzzer, 1910). The use of differential in-
terference microscopy and electron micro-
scopy in a more recent study confirmed
many of the observations made by Tyzzer
and revealed additional features of the en-
dogenous development of the parasite (Cur-
rent et al., 1986).  The only exogenous stage
of the Cryptosporidium life cycle is the sporu-
lated, thick-walled oocyst, which is excreted
in the faeces of an infected host (Fig. 2).
The endogenous part of the life cycle be-
gins when the infectious oocyst is ingested.
In the gastrointestinal lumen, the oocyst
releases sporozoites, which parasitize the
villous enterocytes. The sporozoites differ-
entiate intracellularly into trophozoites
(uninucleate meronts) that undergo asexual
multiplication by nuclear division leaving
behind type I and type II meronts. The
merozoite stages leave from inside the type
I meront to infect other host cells and de-
velop into uninucleate meronts, producing
more merozoites. Merozoites from type II
meronts initiate sexual multiplication as
they differentiate into either male micro-
gamonts or female macrogamonts. Fertil-
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ized macrogamonts develop into thick-
walled oocysts, which are excreted from the
body, or into thin-walled oocysts respon-
sible for repeated asexual and sexual multi-
plication (autoinfection) within the same
host.

6.1.4 Human cryptosporidiosis

Cryptosporidial infections can be transmit-
ted to a person directly from another per-
son (Baxby et al., 1983; Koch et al., 1985;
McNabb et al., 1985; Addiss et al., 1991b),
an animal (Anderson et al., 1982a; Current
et al., 1983; Tzipori et al., 1983; Rahaman
et al., 1984; Pohjola et al., 1986a; Pohjola
et al., 1986b) or through the environment
via contaminated water (D’Antonio et al.,
1985; Mac Kenzie et al., 1994; Atherton et
al., 1995; Fig. 3). The infection results from
oral ingestion of as low a dose as approxi-
mately 30 infectious oocysts (DuPont et al.,
1995) invading the microvillous border of

epithelial cells in the intestines (Current et
al., 1983; Current et al., 1986). The infec-
tivity, however, is affected by the type of
infecting isolate and the immune status of
the host (Teunis et al., 2002b; Teunis et al.,
2002a). The type I merozoite cycle and ca-
pability for autoinfecting host cells prob-
ably connive in the low infectious dose as
the infective forms multiply inside the host.
The reported incubation periods range from
3 to 22 days, for an average of 1 week
(Jokipii et al., 1983; Jokipii et al., 1985a;
DuPont et al., 1995). Cryptosporidiosis
more often affects children < 3 years of age
and is a cause of death in immunocompe-
tent infants < 2 years of age in the develop-
ing countries (Molbak et al., 1993; Xiao et
al., 2001). However, in immunocompetent
individuals the infection usually results in
a self-limited gastrointestinal illness, with
diarrhoea as the main symptom. Other
major symptoms include abdominal cramps
and nausea. Fever, vomiting, headache and
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growth retardation as well as asymptom-
atic infections have also been reported (Cur-
rent et al., 1983; Jokipii et al., 1983; Jokipii
et al., 1985a; DuPont et al., 1995; Checkley
et al., 1998). The duration of gastrointesti-
nal illness ranges from 1 to 10 days (Cur-
rent et al., 1983; Jokipii et al., 1983). In-
fections caused by C. hominis result in longer
duration of oocyst shedding (mean 13.9 days
vs. 6.4 days) and higher excreted oocyst
quantities compared with infections caused
by C. parvum (McLauchlin et al., 1999; Xiao
et al., 2001). An infected person can excrete
>105 oocysts/g of faeces (McLauchlin et al.,
1999). However, no differences in the clini-
cal pictures between C. hominis and zoonotic
infections were detected (Xiao et al., 2001).
In immunocompromised patients, crypto-
sporidiosis causes chronic, fulminant, tran-
sient or relapsing diarrhoea, which has been
even associated with mortality (Koch et al.,
1985; Manabe et al., 1998). The infection
may spread throughout the alimentary ca-
nal and other mucosal surfaces, including
the stomach and biliary, urinary or respira-
tory tracts (Casemore et al., 1985; Harari et
al., 1986; Ditrich et al., 1991; Clemente et
al., 2000; Megremis et al., 2004). A broad-
spectrum antiparasitic salicylamide deriva-
tive of nitrothiazole, nitazoxanide, reduces
the duration of diarrhoea and oocyst shed-
ding in both immunocompetent and
immunocompromised patients (Rossignol
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et al., 1998; Rossignol et al., 2001; Amadi
et al., 2002). However, higher doses and
longer duration of therapy may be needed
for HIV-positive malnourished children to
benefit from the drug (Amadi et al., 2002).
Before approval of nitazoxanide in Novem-
ber 2002, no drug for treatment of crypto-
sporidiosis had been approved. Antiretro-
viral therapy that improves the patient’s
immune response induces self-cure of
cryptosporidiosis or, in some cases, protects
against it (Manabe et al., 1998; Megremis
et al., 2004).

6.2 Giardia and giardiasis

6.2.1 Classification and taxonomy

The genus Giardia belongs to the phylum
Sarcomastigophora and is classified as
Zoomastigophorea in the order Diplomona-
dida (Levine et al., 1980). Several species of
Giardia have been described, based on host
occurrence. In the 1950s, as doubts over
validity of the host specificity arose, Filice
proposed criteria based mainly on tropho-
zoite morphology to re-evaluate Giardia
species (Filice, 1952). Giardia duodenalis
(also referred to as G. intestinalis or G.
lamblia), which is hosted by mammals is to
date the only species found in humans. The
use of multiple names reflects the current
confusion in the taxonomy. In this review
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of the literature, the name G. duodenalis as
proposed by Filice and Thompson et al. will
be used (Filice, 1952; Thompson et al.,
2000). Molecular analysis has made genetic
characterization of G. duodenalis isolates
possible, showing G. duodenalis as a com-
plex of morphologically indistinguishable
genotypes (assemblages) rather than a uni-
form species (Table 3). To date, the assem-
blages A and B (also called Polish and Bel-
gian types or genetic groups 1/2 and 3) ap-

pear to be responsible for all human infec-
tions (Homan et al., 1998; Monis et al.,
2003a; Read et al., 2004) and can be fur-
ther grouped into distinct clusters, AI-AIV
and BI-BIV, by allozyme analysis (Monis et
al., 2003a). The information available sug-
gests that clusters AI, AII, BIII and BIV
may be zoonotic in character, whereas clus-
ters AIII, AIV, BI and BII have been recov-
ered from various animals so far (Monis et
al., 2003a; Read et al., 2004; Traub et al.,
2004; Traub et al., 2005).

6.2.2 Morphology of the cyst

In 1952, F.P. Filice wrote: “The descriptions
of Giardia in the literature are so varied that
one would almost suspect that every author
discussed a different species.” The most
common stage of cysts seen in the faeces
consists of four nuclei at the narrow end of
the cyst and the thick portions of sucking-
disc fibrils connected with the flagella in
the posterior end. The cyst is surrounded
by a rigid cyst wall (Filice, 1952; Fig. 4).
The cysts have an oval appearance and size
criteria varying from 5 to 20 µm (Jokipii,
1971; Petersen, 1972; Rose et al., 1989;
Jakubowski et al., 1991; LeChevallier et al.,
1991; Payment et al., 1993; Ortega et al.,
1997). Interestingly, in many studies based
on microscopy, the morphologic criteria of
Giardia were not described.

6.2.3 Life cycle

The life cycle of Giardia is noninvasive and
simpler than that of Cryptosporidium. It in-
cludes developmental processes of excysta-
tion and encystation (Fig. 5). Exposure to
gastric acids leads to excystation of the in-
gested cyst. The excyzoite form divides rap-
idly, forming four trophozoites (Bernander
et al., 2001) that infect the small intestine
(Filice, 1952). During the vegetative stage,
the trophozoite genome cycles between tet-
raploidy (4N) and octaploidy (8N) as a re-
sult of division of the cell and nucleus
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(Bernander et al., 2001). On their way
through the intestine, some of the tropho-
zoites encyst. Encysting trophozoites be-
come stiff, rounded and unable to attach to
the intestinal epithelium (Filice, 1952;
Svärd et al., 2003). A repeated DNA repli-
cation without intervening cell division
(endoreplication) occurs resulting in a cyst
with four nuclei covered by the cyst wall.
During episodes of diarrhoea, the tropho-
zoites may be excreted with the intestinal
contents, but the actual exogenous stage is
the cyst that is excreted in the faeces.

6.2.4 Human giardiasis

Person-to-person transmission of Giardia
has been well documented, especially
among children and staff members in day
care centres (Sterner et al., 1971; White et
al., 1989; Addiss et al., 1991a; Tjernström
et al., 1992; Hoque et al., 2001; Linnane et
al., 2001). Giardia can be transmitted to a
person through the environment, mainly via
contaminated water (Moore et al., 1969;
Ljungström et al., 1992; Fraser et al., 2000;
Linnane et al., 2001). Although Giardia has
been considered as a zoonotic parasite for
over 20 years, direct evidence of its zoonotic
potential is lacking (Thompson, 2004).
However, there is some recent evidence of

both human, canine, feline and equine in-
fections with G. duodenalis assemblages A
and B, clusters AI, AII, BIII and BIV (Monis
et al., 2003a; Read et al., 2004; Traub et al.,
2004; Traub et al., 2005) that may support
the zoonotic character of G. duodenalis. Giar-
dia infection may result from ingestion of
10-100 cysts (Rendtorff, 1954). One rea-
son for the low infectious dose may be the
division of one cyst into four trophozoites
capable of colonizing the intestinal wall.
Incubation periods (the time from infection
to symptoms) of 3-20 days (average 1 week)
have been reported (Jokipii et al., 1974;
Jokipii et al., 1977; Jokipii et al., 1985a;
Nash et al., 1987). The prepatent period (the
time from ingesting the cyst to cyst excre-
tion) ranges from 1 to 3 weeks (Rendtorff,
1954; Jokipii et al., 1977; Nash et al., 1987).
An infected individual can excrete nearly
107cysts/g of faeces and approximately
1010cysts/day (Porter, 1916; Rendtorff,
1954; Danciger et al., 1975). The excretion
of cysts can be intermittent (Rendtorff,
1954; Danciger et al., 1975). The clinical
picture of giardiasis varies, ranging from
asymptomatic infection or acute self-lim-
ited diarrhoea to severe, chronic diarrhoea
associated with abdominal pain, nausea,
flatulence, headache, fever, foul-smelling
stools, malabsorption or loss in weight (Por-
ter, 1916; Rendtorff, 1954; Moore et al.,
1969; Jokipii, 1971; Sterner et al., 1971;
Jokipii et al., 1974; Danciger et al., 1975;
Nash et al., 1987; Fraser et al., 2000; Homan
et al., 2001; Read et al., 2002). Giardia in-
fection is common in children younger than
5 years of age living in an environment of
compromised hygiene (Meloni et al., 1993).
In such children, growth retardation and
impaired cognitive function associated with
giardiasis were reported (Fraser et al., 2000;
Berkman et al., 2002). The duration of re-
lapsing gastrointestinal illness can be as
long as 10 months and asymptomatic car-
riers can excrete cysts for years (Jokipii et
al., 1974). There is some evidence of a dif-
ference in clinical symptoms between in-
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fections caused by G. duodenalis assemblage
A and B even though contrasting findings
have been reported. In a study undertaken
in the Netherlands, assemblage A was as-
sociated with mild, intermittent diarrhoea,
whereas assemblage B caused profound di-
arrhoea with weight loss and fatigue
(Homan et al., 2001). A study from Aus-
tralia showed a correlation between asymp-
tomatic cases and assemblage B infection.
Children infected with assemblage A were
more likely to have diarrhoea than those
infected with assemblage B (Read et al.,
2002). Future studies with defined identi-
fication of species and assemblages will
hopefully reveal if differences in symptoms
between assemblages exist. Metronidazole,
the traditional treatment for giardiasis, has
been reported to be ineffective in about one-
third of the cases (Sterner et al., 1971;
Petersen, 1972). Nitazoxanide, however, is
reserved for patients who fail metronidazole
treatment or for small children who do not
adhere to metronidazole due to the length
of the therapy or the bad taste of the medi-
cine (Bailey et al., 2004).

6.3 Significance of Cryptosporidium
and Giardia as environmental
pathogens

Cryptosporidium oocysts and Giardia cysts are
excreted into the environment in the faeces
of infe-cted individuals. Since the number
of excreted (oo)cysts is high and the time of
excretion long, the incidence of crypto-
sporidiosis and giardiasis in human and
animal populations is an important factor
contributing to transmission through the
environment (Fig. 6). Sewage effluent from
wastewater treatment plants (WTPs), pas-
ture runoff or spreading of contaminated
sludge or manure on agricultural land are
the main sources of water system pollution
that may enable the (oo)cysts to circulate
in the ecosystem, leading to threats to hu-
man and animal health.

6.3.1 Prevalence of cryptosporidiosis and
giardiasis in human populations

Cryptosporidium and Giardia share world-
wide distribution as human enteric patho-
gens and are among the most commonly
identified human pathogenic parasites
(Kyrönseppä et al., 1976; Meloni et al.,
1993; O’Donoghue, 1995; Casemore et al.,
1997; de Wit et al., 2001a; de Wit et al.,
2001b; Hoque et al., 2001; Monis et al.,
2003b). In a study conducted in the Neth-
erlands however, Giardia was detected in a
similar percentage (5%) in gastroenteritis
patients and controls (de Wit et al., 2001c).
In studies on faecal occurrence of (oo)cysts
the prevalences vary, reflecting the study
design (e.g. asymptomatic vs. symptomatic
cases) and the socioeconomic conditions in
the societies where surveys have been con-
ducted. Prevalence is also highly dependent
on the diagnostic methods used as well as
the proficiency of the personnel perform-
ing the laboratory analyses. These factors
complicate comparison of the available data,
however, O’Donoghue (1995) collected data
on human Cryptosporidium prevalence based
on coprological surveys. The results indi-
cate that Cryptosporidium infection is less
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prevalent in the industrialized countries
(prevalence 0.1-27.1% in diarrhoeic pa-
tients; 0-2% in asymptomatic individuals)
compared with the developing countries
(0.1-31.5%; 0-9.8%). Using meta-analysis,
the prevalence of Cryptosporidium in asymp-
tomatic individuals was estimated to be 1%
and in symptomatic patients 3% in the
Nordic countries (Hörman et al., 2004),
while Giardia prevalence was estimated to
be 3% in asymptomatic and 6% in symp-
tomatic persons. In the industrialized coun-
tries, Giardia prevalence varies from 2% to
5% and has been reported to range from
20% to 30% in the developing countries
(Sterner et al., 1971; Petersen, 1972;
Marshall et al., 1997; Ortega et al., 1997).
The higher prevalence in the developing
countries is probably associated with the
vicious cycle of poor sanitation and contami-
nated water supplies.

The first study of Giardia incidence in
Finland was carried out during 1925-1928
(Svensson, 1928). Using iodine-eosin and
iron-alum-haematoxylin staining, Giardia
was found in 4.6% (n = 2014) hospital pa-
tients in Finland and Sweden. Forty years
later, Giardia was detected in 19% of 124
patients with diarrhoea and in 11% of
asymptomatic controls (n = 72), as well as
in 8.6% of 139 asymptomatic persons when
formalin-ether concentration and iodine
staining was used (Jokipii, 1971; Jokipii et
al., 1974). Furthermore, Giardia was the
most common pathogenic parasite detected
among asymptomatic persons in an insti-
tution for the mentally retarded, hospital
patients, military servicemen and prisoners
(Kyrönseppä et al., 1976). During the
1980s, the prevalence of Giardia in hospi-
tal patients without gastrointestinal symp-
toms and healthy persons was about 1%
(Kyrönseppä, 1993). In 4545 patients with
gastrointestinal symptoms, the prevalence
of Cryptosporidium was 2.6% and Giardia
2.7% (Jokipii et al., 1985a). However, in
small intestinal biopsy Giardia trophozoi-
tes could not be found from 100 patients

with gastrointestinal symptoms (Björknäs
et al., 1995). Although cryptosporidiosis is
known to be a disease of young children
(Molbak et al., 1993; Checkley et al., 1998;
de Wit et al., 2001c), no oocysts were de-
tected when 423 healthy children < 8 years
of age were studied (Vuorio et al., 1991),
even if most of the children in this study
(322/423) were < 3 years of age. Two
asymptomatic cryptosporidiosis cases were
reported in children < 1 year of age in Fin-
land (Pohjola et al., 1986a; Lähdevirta et al.,
1987). In asymptomatic children < 15 years
of age, Giardia was detected at prevalences
varying around 1-2% (Kyrönseppä et al.,
1976; Kyrönseppä, 1993). The prevalence
studies showed that giardiasis was consid-
ered as an endemic disease in Finland,
whereas cryptosporidiosis was regarded
mainly as an agent of travellers’ diarrhoea
(Jokipii, 1971; Jokipii et al., 1974; Jokipii
et al., 1983; Jokipii et al., 1985a; Jokipii et
al., 1985b).

6.3.2 Prevalence of cryptosporidiosis and
giardiasis in calves

In the 1970s cryptosporidiosis was consid-
ered merely as the cause of neonatal calf di-
arrhoea (Tzipori et al., 1980; Anderson,
1981; Anderson et al., 1982b), but since the
1980s calves have been regarded as a reser-
voir for zoonotic Cryptosporidium (Anderson
et al., 1982a; Current et al., 1983; Rahaman
et al., 1984; Pohjola et al., 1986a; Pohjola
et al., 1986b). In studies conducted in the
Netherlands, Canada and Sweden, Crypto-
sporidium spp. or C. parvum and G. duodenalis
were frequently found in both asymptom-
atic (Cryptosporidium prevalence 5%, Giar-
dia 23-34%) and diarrhoetic (Crypto-
sporidium 11-38%, Giardia 7-29%) veal
(Appelbee et al., 2003) or dairy (Huetink et
al., 2001; Björkman et al., 2003) calves
younger than 5 months of age. In preweaned
dairy calves 1-7 weeks of age, the preva-
lence of G. duodenalis ranged 9-93% (mean
40%) on 14 farms studied in the USA (Trout
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et al., 2004). In Australia, C. parvum was
detected in 48% and Giardia in 89% of
calves < 3 months of age studied on two
dairy farms (Becher et al., 2004). Livestock-
specific assemblage E of G. duodenalis ap-
pears to be the most frequent genotype in
calves (Appelbee et al., 2003; Monis et al.,
2003a; Becher et al., 2004; Berrilli et al.,
2004; Read et al., 2004), but the potentially
zoonotic assemblage A has also been found
(O’Handley et al., 2000; van Keulen et al.,
2002; Trout et al., 2004).

6.3.3 Prevalence of cryptosporidiosis and
giardiasis in dogs

Pets live in close association with humans,
especially small children who come easily
in contact with them or their droppings in
the environment. The first cryptosporidial
infections in dogs were reported in the early
1980s (Tzipori et al., 1981; Wilson et al.,
1983) and already in the late 1980s ques-
tions about the possible zoonotic nature of
canine cryptosporidiosis as well as giardia-
sis arose (Simpson et al., 1988; Sykes et al.,
1989; Winsland et al., 1989; Rahman,
1990). However, to date there is still in-
sufficient information to determine the role
of pets in zoonotic transmission (Monis et
al., 2003b). As is the case in human preva-
lence studies, the variety of study designs
and detection techniques makes the com-
parison of Cryptosporidium and Giardia
prevalence in dogs troublesome. Marked
variation in occurrence of (oo)cysts may
occur in canine faeces.  Thus, Crypto-
sporidium has been detected with a preva-
lence range of up to 45% in dogs (Jokipii
et al., 1985a; Simpson et al., 1988; Bugg et
al., 1999; Fayer et al., 2001; Abe et al.,
2002; Hackett et al., 2003). In three stud-
ies, no oocysts were found in 579 dogs from
Finland, Scotland and Australia (Jokipii et
al., 1985a; Simpson et al., 1988; Bugg et
al., 1999). The prevalence of Giardia in
dogs varies with a range of up to 51%
(Hahn et al., 1988; Haralabidis et al., 1988;

Simpson et al., 1988; Sykes et al., 1989;
Winsland et al., 1989; Castor et al., 1990;
Rahman, 1990; Meloni et al., 1993; Nolan
et al., 1995; Diaz et al., 1996; Bugg et al.,
1999; Jacobs et al., 2001; Oliveira-Sequeira
et al., 2002; Capelli et al., 2003; Hackett
et al., 2003; Traub et al., 2004; Ponce-
Macotela et al., 2005), and the infection
was reported to be more prevalent in dogs
< 1 year of age (Hahn et al., 1988; Sykes et
al., 1989; Castor et al., 1990; Rahman,
1990; Bugg et al., 1999; Jacobs et al.,
2001). No difference in prevalence between
age-groups < 3 years and > 3 years was
detected (Winsland et al., 1989). Although
most of the prevalence studies were con-
ducted with asymptomatic individuals, no
marked difference was seen in the occur-
rence of (oo)cysts in the faeces between
diarrhoetic and healthy dogs (Sykes et al.,
1989; Winsland et al., 1989; Jacobs et al.,
2001; Hackett et al., 2003). Prevalence
studies have shown that Cryptosporidium and
Giardia are common findings in symptom-
free dogs, suggesting that canine crypto-
sporidiosis and giardiasis may be asymp-
tomatic infections rather than frequent
causes of enteric disease. However, more
detailed case-control studies are needed be-
fore any conclusions could be made. Fur-
thermore, since most of the studies on
Cryptosporidium and Giardia in dogs were
conducted before the advent of molecular
tools, thus relying only on microscopic
identification, more information on the
species or genotypes of Cryptosporidium and
Giardia detected in dogs would be needed
as well. Studies in which species or geno-
type was identified show that dogs may
harbour C. parvum and zoonotic assem-
blages of G. duodenalis (assemblages A and
B) in addition to their own species (C. canis)
and assemblages C and D (Fayer et al.,
2001; Ponce-Macotela et al., 2002; van
Keulen et al., 2002; Abe et al., 2003; Monis
et al., 2003a; Berrilli et al., 2004; Hajdusek
et al., 2004; Traub et al., 2004; Eligio-
Garcia et al., 2005).
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6.3.4 Occurrence in the environment and
factors affecting survival of (oo)cysts

Wastewater treatment is a multistage pro-
cess for renovating sewage before it reen-
ters the water system (Fig. 7). Conventional
treatment used in the industrialized coun-
tries has not been focused on the reduction
of pathogens, but on removal of organic
substances needing oxygen for decomposi-
tion (Carr, 2001). During preliminary treat-
ment, large particles are removed from the
incoming wastewater (sewage influent).
Primary treatment separates the suspended
solids and grease from the influent. The
clarified wastewater flows on to the second-
ary treatment, during which phosphorus is
precipitated from the wastewater by add-
ing FeSO

4
 and dissolved organic matter is

removed by micro-organisms. Tertiary treat-
ment would be needed to reduce the level
of pathogens in the outgoing wastewater
(sewage effluent). Thus, effluent could be
treated by filtration, chlorination or by us-
ing ultraviolet (UV) light. The tertiary
treatment adds to the cost of wastewater
treatment process and may therefore be
unsuitable for adoption in many countries
(Carr, 2001).

Variable numbers of (oo)cysts have been
reported both in sewage influent and efflu-
ent probably reflecting the variation in de-
tection techniques used (Madore et al.,
1987; Jakubowski et al., 1991; Robertson
et al., 1995; Bukhari et al., 1997; Chauret
et al., 1999; Robertson et al., 2000; Heitman
et al., 2002). These studies have shown that
Cryptosporidium and Giardia are frequently
detected in sewage. Furthermore, cysts ap-
pear to be a more prevalent finding com-
pared with oocysts (Robertson et al., 1995;
Bukhari et al., 1997; Chauret et al., 1999;
Robertson et al., 2000; Heitman et al.,
2002). For example, more cysts (mean range
2809-16 429/l of influent; 7-8386/l of ef-
fluent) than oocysts (mean range 0-143/l of
influent; 0-343/l of effluent) were detected
in WTPs from Scotland (Robertson et al.,
2000). Similarly, in England 10-170 oocysts
and 10-13 600 cysts/l of influent, and 10-
60 oocysts and 10-720 cysts/l of effluent
were detected (Bukhari et al., 1997). It is
noteworthy that in areas where water sup-
plies are limited, even raw sewage is used
in irrigation of food crops (Amahmid et al.,
1999).

Sewage sludge is a by-product of waste-
water treatment containing a mixture of
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organic and inorganic compounds (Fig. 7).
The primary sludge settles out during pri-
mary treatment, while the secondary sludge
consists of microorganisms from the second-
ary treatment (Carr, 2001). During waste-
water treatment, Cryptosporidium oocysts and
Giardia cysts are sedimented into the raw
sludge, at concentrations of 105-107

(oo)cysts/kg (Straub et al., 1993; Thiriat et
al., 1997; Gale, 2005). The goal of sludge
treatment is to reduce the sludge volume,
odour and level of human, animal and plant
pathogens. After treatment, the sludge can
be spread on fields, returning the organic
matter and nutrients to the soil. Land ap-
plication of sludge may, however, allow the
(oo)cysts to cycle in the ecosystem (Straub
et al., 1993; Gale, 2005; Fig. 6). Models for
risk assessment and risk management have
been developed for pathogens in wastewa-
ter and sewage sludge and applied for iden-
tifying and controlling the risk of Crypto-
sporidium and Giardia (Westrell et al., 2004;
Gale, 2005). The risk of Cryptosporidium and
Giardia infection to humans from consump-
tion of vegetable crops harvested from ag-
ricultural lands on which treated sewage
sludge had been applied was determined by
Gale (2005). Using a computer simulation,
he assessed the risk from vegetable crop
consumption to be 50 Giardia infections per
year and one Cryptosporidium infection ev-
ery second year in the UK (a population of
60 million persons). As Gale stated, “the
problem with quoting quantitative pre-
dicted risks is that the degree of uncertainty
is quickly forgotten” and the experiment
may easily turn into “uncertainty in the
uncertainty”. During extrapolation, any
uncertainty in the experimental data is
multiplied. In the case of Cryptosporidium
and Giardia, there is still not enough un-
derstanding of the source and pathway of
infection, which was needed to be taken into
account in Gale´s study.

Surface water is contaminated by faecal
(oo)cysts mainly through sewage effluents,
manure discharge or pasture runoff (Madore

et al., 1987; LeChevallier et al., 1991;
Richardson et al., 1991; Atherton et al.,
1995; Smith et al., 1995; Hansen et al.,
1998; Robertson et al., 2001; Fig. 6). Wild-
life may also play a role as a source of sur-
face water contamination. Cryptosporidium
and Giardia occur widely in wildlife, but
the wild animals harbour host-specific spe-
cies and genotypes that are not, to date,
considered as a significant risk for human
health (Appelbee et al., 2005; Polley, 2005).

Cryptosporidium oocysts and Giardia cysts
are common findings in surface water in the
USA as well as in Europe (Ongerth et al.,
1987; LeChevallier et al., 1991; Smith et al.,
1995; Hansen et al., 1998; Smith et al.,
1998; Robertson et al., 2001). In 26 surface
water systems from Sweden, Cryptosporidium
was found in 32% (16/50) and Giardia in
26% (13/26) of the samples studied (Hansen
et al., 1998). In Norway, Cryptosporidium was
found in 13.6% (20/147), Giardia in 7.5%
(11/147) and both in 11% (16/147) of the
surface water systems studied (Robertson et
al., 2001). In the USA and UK, occurrences
range between 4% and 100%, depending
on the land-use activities near the system
(Smith et al., 1995; Rose et al., 2002). Like-
wise, association between a large number of
livestock animals near the water system and
the presence of Cryptosporidium and Giardia
was detected in the Norwegian study
(Robertson et al., 2001). Similarly, in agri-
cultural fields to which the cattle had ac-
cess, Cryptosporidium and Giardia were de-
tected more often compared with sites at
which the cattle were not allowed to pas-
ture (Barwick et al., 2003). At peak shed-
ding, calves are known to excrete 109-1010

(oo)cysts/kg of faeces (Xiao et al., 1994; Fayer
et al., 1998; O’Handley et al., 1999), a load
potentially able to contaminate the environ-
ment effectively. Although cattle have of-
ten been implicated as a source of waterborne
cryptosporidiosis outbreaks, recent genotyp-
ing results have in many cases demonstrated
sewage of human origin being the real source
of water pollution (Caccio et al., 2005).
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The concentrations of (oo)cysts in surface
water are usually low, ranging from 1 to 18
(oo)cysts/10 l (Smith et al., 1995; Hansen et
al., 1998; Robertson et al., 2001; Hänninen
et al., 2005). In the Netherlands, higher
concentrations of (oo)cysts in surface water
has been detected. The average concentra-
tion, corrected with the average recovery
efficiency, was 4.5 and 5.4 oocysts/l and 22
and 95 cysts/l in rivers Rhine and Meuse,
respectively (Medema et al., 2001).  In the
USA, concentrations as high as 5 800 oo-
cysts and 241 cysts/l of surface water have
occasionally been reported (Madore et al.,
1987; LeChevallier et al., 1991; Smith et al.,
1995).

The resistance of Cryptosporidium and
Giardia towards environmental conditions
have been well described in several papers
(deRegnier et al., 1989; Robertson et al.,
1992; Whitmore et al., 1995; Robertson et
al., 2004). Thus, Cryptosporidium oocysts can
survive in cattle faeces at temperature of 4oC
and in river water for nearly 6 months
(Robertson et al., 1992), while Giardia cysts
survived for almost 2 months at 0-2 oC in
river water (deRegnier et al., 1989).  When
cyst viability was compared with water
quality parameters such as turbidity, tem-
perature and pH, only temperatures < 10oC
prolonged the survival of Giardia cysts in
surface water (deRegnier et al., 1989). Fur-
thermore, a proportion of oocysts was ca-
pable of surviving for at least 1 month at
-22 oC, although fast-freezing in liquid ni-
trogen killed them effectively (Robertson
et al., 1992). In sewage sludge treated with
mesophilic anaerobic digestion, the oocysts
remained viable for at least 18 days, and in
sludge-treated soil for over a month
(Whitmore et al., 1995). However, under
the environmental conditions encountered
in Norway, the (oo)cysts were not able to
survive over winter in soil (Robertson et al.,
2004). Laboratory studies and the lessons
learned from waterborne outbreaks have
shown that (oo)cysts may survive both
physical and chemical water treatment pro-

cesses (Robertson et al., 1992; Mac Kenzie
et al., 1994; Smith et al., 1995; Nygård et
al., 2004).

6.3.5 Waterborne outbreaks caused by
Cryptosporidium and Giardia

Numerous waterborne outbreaks of crypto-
sporidiosis and giardiasis have caused pub-
lic health concern and economic losses dur-
ing recent years (e.g. (Moore et al., 1969;
D’Antonio et al., 1985; Richardson et al.,
1991; Ljungström et al., 1992; Mac Kenzie
et al., 1994; Atherton et al., 1995; Mac
Kenzie et al., 1995; Rose et al., 2002). Fae-
cal contamination of potable water by sew-
age is a common cause of waterborne out-
breaks (Moore et al., 1969; D’Antonio et al.,
1985; Neringer et al., 1987; Richardson et
al., 1991; Ljungström et al., 1992). Agri-
cultural runoffs, especially after heavy rain-
falls, were also suspected of causing out-
breaks (Mac Kenzie et al., 1994; Atherton
et al., 1995; Goh et al., 2004). In some giar-
diasis outbreaks, infected beavers were
claimed to have been the source of water
system contamination (Isaac-Renton et al.,
1993; McIntyre et al., 2000). Failures or
deficiencies in waterworks management
have also played a role in outbreaks (Shaw
et al., 1977; Neringer et al., 1987; Hayes et
al., 1989; Mac Kenzie et al., 1994; Nygård
et al., 2004).

The largest outbreak of cryptosporidiosis
occurred in Milwaukee, WI, USA in 1993,
affecting over 400 000 people (Mac Kenzie
et al., 1994; MacKenzie et al., 1995). Hu-
man sewage and agricultural runoff after
unusually heavy rains together with failures
in waterworks management were suspected
of causing the outbreak. The total cost of
the Milwaukee outbreak was estimated to
have been nearly 100 million dollars (Corso
et al., 2003). In Nordic countries, the re-
ported waterborne outbreaks of giardiasis
or cryptosporidiosis appear to be rare
(Neringer et al., 1987; Ljungström et al.,
1992; Nygård et al., 2004). However, to-
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gether with campylobacters, Giardia has
been the most commonly identified agent
of waterborne outbreaks in Sweden (Anders-
son et al., 2001). In 1982, an outbreak of
giardiasis affected a small community of 600
inhabitants in Blekinge, Sweden after con-
tamination of municipal water with sew-
age (Neringer et al., 1987). A recent out-
break of giardiasis occurred in Bergen, Nor-
way in autumn 2004 (Nygård et al., 2004).
Samples taken from the water supply con-
firmed the presence of cysts in treated wa-
ter, which together with interviews of in-
fected individuals indicated that the pub-
lic water supply was the source of the out-
break. An efficient procedure for removing
Giardia from the source water was appar-
ently lacking at the waterworks.

Review of the literature

6.4 Detection of Cryptosporidium and
Giardia in environmental and faecal
samples

The detection procedure for Cryptosporidium
and Giardia in environmental samples con-
sists of three stages including concentration
of (oo)cysts, separation of (oo)cysts from
extraneous material and identification of
Cryptosporidium and Giardia. The most pro-
cedures aimed for detection of Crypto-
sporidium and Giardia in surface water are
based on the USEPA approved method
1623 (United States Environmental Protec-
tion Agency, 1999).

6.4.1 Concentration and separation

6.4.1.1 Surface water

In the 1980s and 1990s, large volumes
(100-1000 l) of water were concentrated
with yarn-wound cartridge filtration to re-
cover Cryptosporidium oocysts and Giardia
cysts (Nieminski et al., 1995; Shepherd et
al., 1996). Recovery efficiencies (RE) in
protocols using cartridge filtration were
modest, ranging 8-9% for Cryptosporidium
and 12-28% for Giardia at various (oo)cyst

inoculation levels (Nieminski et al., 1995;
Hsu et al., 2001a).

A wide range of recovery rates for proto-
cols using membrane filtration techniques
have been reported. However, comparison
between the various protocols is difficult due
to differences in water quality as well as the
techniques and inoculation levels chosen by
the authors. For example, recoveries of 30%
for Cryptosporidium and 47% for Giardia at
inoculation levels of 750-850 (oo)cysts/10 l
were reported after filtration, centrifugation,
pellet washes and IF microscopy (Shepherd
et al., 1996). At levels of 100-1000 oocysts/
10 l, recoveries of 54-68% using pleated
membrane and 68-81% using foam disc fil-
tration for concentration and electrochemi-
luminescence assay for identification were
obtained (Lee et al., 2004). The protocols
including IMS are based on the USEPA
Method 1623 (United States Environmental
Protection Agency, 1999). The mean REs
for IMS-based protocols including concen-
tration, separation and identification of
Cryptosporidium and Giardia range from
< 1% to 85% depending on the techniques
and inoculation level used as well as the tur-
bidity of the water sample (Table 4). Thus,
Feng et al. (2003), using pleated membrane
filtration, showed that the highest mean
level of Cryptosporidium recovery (85%) was
obtained at a turbidity of 5 nephelometric
turbidity units (NTUs). In another study,
the mean recoveries at a turbidity level of
99 NTUs were < 1% for Giardia and 36-
37% for Cryptosporidium, when 100 (oo)cysts/
10 l were inoculated (DiGiorgio et al., 2002).
The recoveries were ~ 50% for both Giar-
dia and Cryptosporidium at a turbidity level
of 11 NTUs. These data may suggest that a
moderate level of turbidity enhances the re-
covery. Furthermore, the turbidity of the wa-
ter sample also affects the filtration capac-
ity: at a turbidity of 88 NTUs, pleated mem-
brane devices were sometimes able to filter
a mean of only 1.7 l of water, instead of the
standard 10 l, without clogging (DiGiorgio
et al., 2002).
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To separate (oo)cysts from background
debris, density gradient centrifugation has
been used conventionally (Nieminski et al.,
1995; Hsu et al., 2001a). The method is
based on particle size, making it non-spe-

cific because extraneous material of the same
size will be concentrated simultaneously.
Using flatbed membrane filtration and
Percoll-Percoll gradient centrifugation, oo-
cyst recovery was 9%, whereas cyst recov-
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ery was 49% at an inoculation level of 1000
(oo)cysts/40 l (Nieminski et al., 1995). Re-
coveries were similar (16% for Crypto-
sporidium and 38% for Giardia) when flatbed
membrane filtration and Percoll-sucrose flo-
tation was used (Hsu et al., 2001a). With
Percoll-sucrose flotation and Percoll-Percoll
gradient centrifugation, recoveries of 12%
and 63% from river water were reported on
as high an inoculation level as 7 x 105-106

oocysts/ml (Chesnot et al., 2004). In any
event, this level of contamination in sur-
face water is hardly realistic.

Immunomagnetic separation (IMS)
serves as an (oo)cyst-specific separation
method since the paramagnetic beads are
coated with antibodies against Crypto-
sporidium and Giardia.  Using IMS, (oo)cysts
have successfully been captured from envi-
ronmental water samples (Hsu et al., 2001b;
McCuin et al., 2001; Feng et al., 2003). The
recovery rates of commercial IMS kits vary
to a large extent (Bukhari et al., 1998; Roch-
elle et al., 1999). Recoveries of 62-100% in
high-turbidity (50-11 480 NTU) environ-
mental samples have been reported using
Dynal Company’s (Oslo, Norway) IMS Kit
(Rochelle et al., 1999; Hsu et al., 2001b;
McCuin et al., 2001).

6.4.1.2 Sewage sludge

Formalin-ethyl acetate concentration, com-
monly used to concentrate stool samples
(Weber et al., 1991), was tested on sewage
sludge samples (Chesnot et al., 2004). It,
however, resulted in remarkable oocyst loss,
and cannot be recommended for use on
sewage sludge. To separate (oo)cysts from
sewage sludge, Massanet-Nicolau (2003)
presented a method based on (oo)cyst sedi-
mentation in phosphate-buffered saline
(PBS) and IMS. REs associated with sedi-
mentation (40-60% for both Crypto-
sporidium and Giardia) were higher than
those associated with sucrose flotation
(< 10% for both Cryptosporidium and Giar-
dia) on a mean inoculation level of 140

oocysts and 107 cysts/g. Purification by
flotation or density gradient centrifugation
has given recoveries of ~ 30% for Crypto-
sporidium at inoculation levels of 105-106

oocysts/ml, whereas by filtration mean re-
coveries of 74% were reported (Chesnot et
al., 2004). The flotation and density gra-
dient centrifugation included washing
steps lacking from the filtration technique,
which could have affected the results. Like-
wise, Robertson et al. (2000) stated that
concentration techniques requiring the
least manipulation give the highest REs
for Cryptosporidium and Giardia in sewage.
To purify (oo)cysts from sewage sludge,
IMS has also been used (Massanet-Nicolau,
2003; Iacovski et al., 2004).

6.4.1.3 Faeces

Several techniques for concentrating
(oo)cysts from faecal samples have been de-
scribed, although in many of these the re-
sults are varying and cannot ensure recov-
ery quantification. These techniques are
known to result in considerable losses of
oocysts (Casemore et al., 1985; Weber et al.,
1991; Weber et al., 1992). The concentra-
tion procedure, however, has improved
(oo)cyst detection sensitivity compared with
direct smears (Baughn et al., 1971; Garcia
et al., 1983). In the study of Baughn and
Morales (Baughn et al., 1971) only 31% of
the Giardia-positive samples were detected
when direct smears were studied, compared
with concentration by formalin-ether sedi-
mentation, which increased the detection
to 72%. Poor oocyst concentration was ob-
tained in formalin-ethyl acetate sedimen-
tation (Weber et al., 1991; Weber et al.,
1992), however, no oocysts were detected,
using sugar or zinc sulphate flotation (We-
ber et al., 1992). Recoveries achieved by
Weber et al. (1991) ranged from 2% to 7%
when formalin-ethyl acetate concentration
was used, depending on the number of oo-
cysts inoculated into the formed faeces.
Similarly, formalin-ether sedimentation was
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superior to zinc sulphate flotation or sugar
flotation in concentrating oocysts (Mtambo
et al., 1992). By contrast, compared with
formalin sedimentation, sugar flotation was
a more sensitive technique for concentrat-
ing Cryptosporidium oocysts (Garcia et al.,
1983). McNabb et al. (1985) found that
sugar flotation and formalin-ethyl acetate
sedimentation perform equally well for oo-
cyst concentration. More cysts, however,
were detected with formalin-ethyl acetate
sedimentation. Furthermore, water-ether
concentration recovered up to 75% of
seeded Cryptosporidium oocysts, whereas zinc
sulphate flotation and sugar flotation per-
formed more weakly, with recoveries of 22-
41% and 24-65%, respectively (Bukhari et
al., 1995). To detect Giardia cysts, the effi-
ciencies of centrifugation combined with
zinc sulphate flotation and formalin-ethyl
acetate sedimentation were similar, since 7/
143 and 6/143 samples positive for Giar-
dia were detected, respectively (Oliveira-
Sequeira et al., 2002). Compared with tra-
ditional faecal concentration techniques,
IMS was a more sensitive method for con-
centrating and purifying (oo)cysts from
human and animal stool as detected by vari-
ous identification techniques (Webster et al.,
1996; Pereira et al., 1999; Power et al.,
2003; Souza et al., 2003).

6.4.2 Identification

6.4.2.1 Immunofluorescence (IF) microscopy

Routine identification of environmental
(oo)cysts on the genus level is based on
morphometry and morphology by micro-
scopy.  In IF microscopy, a fluorophore-la-
belled antibody attaches to cell wall anti-
gens of (oo)cysts. Thus, visualization of the
shape and size of (oo)cysts is emphasized
(Rose et al., 1989). Both polyclonal (pAb)
and monoclonal (mAb) antibodies have been
used to identify (oo)cysts in water (Ongerth
et al., 1987; Rose et al., 1989). The mAbs
are believed to improve the sensitivity of

identification technique because they are
generated against a certain epitope of tar-
get organism (Rosoff et al., 1989). Some
anti-Cryptosporidium mAbs, however, cross-
react with background debris of the sample
or algae commonly found in surface waters,
interfering with identification due to non-
specific fluorescence (Rodgers et al., 1995).
Similarly, cross-reactivity of mAbs with fae-
cal yeasts has been reported (Sterling et al.,
1986).

Rose et al. (1989) proposed criteria based
on the degree of fluorescence and the size
and shape of the (oo)cysts to identify water-
borne cryptosporidia and giardia by IF
microscopy (Table 5). The detection limits
for IF microscopy in human or bovine faeces
range 10–50 000 oocysts/g, depending on
the characteristics of the stool specimens and
the concentration techniques used (Anusz
et al., 1990; Weber et al., 1991; Weber et
al., 1992; Webster et al., 1996; Pereira et
al., 1999).
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6.4.2.2 Enzyme-linked immunosorbent assay
(ELISA)

As with IF, the enzyme-linked immunosor-
bent assay (ELISA) relies on binding of an-
tibodies (mAbs or pAbs) to Cryptosporidium
or Giardia antigens in faeces. Several anti-
gens are known to be associated with Giar-
dia infection and it is believed that the pAb-
based ELISA reacts with multiple antigens,
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whereas the mAb-ELISA would not be able
to detect different species of Giardia
(Rosenblatt et al., 1993). The monoclonal
Giardia-specific antigen (GSA)-65 was sug-
gested to be the predominant antigen in the
stools of giardiasis patients (Rosoff et al.,
1989). However, it is not yet precisely
known whether the presence of GSA-65 in
stool is universal to all Giardia species or
whether it is restricted to only the human
specific Giardia species or assemblages
(Addiss et al., 1991a). The ELISA results
are interpreted through use of a colour shift
indicating the presence of soluble antigen.
The colour change is assessed spectropho-
tometrically measuring the optical density
(OD) or by visual examination. When IF
microscopy has been used as a reference
method, sensitivities of 68-99% for Crypto-
sporidium and 89-100% for Giardia together
with specificities of 99-100% for both
Cryptosporidium and Giardia have been re-
ported using commercial ELISA kits de-
signed for human faecal specimens (Garcia
et al., 1997; Aldeen et al., 1998; Johnston
et al., 2003).

6.4.2.3 Molecular identification techniques

In molecular identification, highly pro-
cessed (oo)cysts are needed. Density gradi-
ent centrifugation techniques for purifying
stool samples have been used (Arrowood et
al., 1987; Ortega-Mora et al., 1992; Suresh
et al., 1996; Trout et al., 2004). Numerous
(oo)cyst disruption techniques, e.g. freez-
ing and thawing, shaking with zirconia
beads or incubation with proteinase K, and
DNA purification techniques including
e.g., phenol-chloroform extraction and
binding of DNA to glass milk or activated
silica have been described (Stinear et al.,
1996; Spano et al., 1998; McLauchlin et al.,
1999; Lowery et al., 2000; McLauchlin et
al., 2000; Xiao et al., 2001; Read et al.,
2004). Furthermore, IMS is a method used
to purify oocysts before DNA extraction in
environmental and faecal samples (Stinear

et al., 1996; Webster et al., 1996; Hallier-
Soulier et al., 2000; Lowery et al., 2000;
Xiao et al., 2001; Massanet-Nicolau, 2003;
Jiang et al., 2005). Currently, commercial
kits for purifying DNA directly from faeces
are available and widely used in DNA iso-
lation of Cryptosporidium and Giardia (Caccio
et al., 2002; Enemark et al., 2002; Caccio et
al., 2003; Read et al., 2004; Lalle et al.,
2005a).

The advantage of molecular identifica-
tion techniques is that they are able to de-
tect genus-, species- or genotype-specific
nucleic acid sequences of Cryptosporidium and
Giardia. To date, several molecular tech-
niques for identifying Cryptosporidium or
Giardia are available. According to current
knowledge, at least two genomic loci from
an isolate should be analyzed at the same
time to provide reliable identification. One
of these should target a universal coding
region (highly or moderately conserved cod-
ing regions) and the other should be suit-
able for species identification and subtyping
analyses (Caccio et al., 2005). The coding
regions such as 18S ribosomal ribonucleic
acid (rRNA), structural and housekeeping
genes are analyzed in detection of Crypto-
sporidium and Giardia species and genotypes.
These include genes encoding Crypto-
sporidium oocyst wall protein (COWP), heat
shock protein 70 (Hsp70) and 60 kDa gly-
coprotein (gp60) of Cryptosporidium (Stinear
et al., 1996; Spano et al., 1998; McLauchlin
et al., 1999; Hallier-Soulier et al., 2000;
Lowery et al., 2000; McLauchlin et al., 2000;
Xiao et al., 2000a; Xiao et al., 2001;
Enemark et al., 2002; Heitman et al., 2002;
Chalmers et al., 2005). The highly or mod-
erately conserved gene regions used in the
detection of Giardia include e.g. 18S rRNA,
glutamate dehydrogenase (GDH) and  ß-
giardin genes (Homan et al., 1998; Read et
al., 2002; Caccio et al., 2003; Read et al.,
2004; Traub et al., 2004; Lalle et al., 2005b).

Because of similarity within the Crypto-
sporidium 18S rRNA and COWP genes be-
tween species, various species can be am-
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plified by targeting these genes (Rochelle
et al., 1997(Xiao et al., 2000a). By target-
ing a universal gene region combined with
species and genotype identification by PCR-
restriction fragment length polymorphism
(PCR-RFLP) or sequencing, various species/
genotypes can be differentiated (Spano et al.,
1998; McLauchlin et al., 1999; McLauchlin
et al., 2000; Xiao et al., 2000a; Enemark et
al., 2002; Heitman et al., 2002). For in-
stance, distinct COWP nucleotide se-
quences have been obtained from nine
Cryptosporidium species and eight different
C. parvum genotypes (Xiao et al., 2000a).
Similarly, by sequencing the ß-giardin am-
plification product and using the GDH
gene targeted PCR-RFLP, various assem-
blages of G. duodenalis have been differen-
tiated (Homan et al., 2001; Read et al.,
2004; Lalle et al., 2005b).

Mini- and microsatellites are polymor-
phic sequence repeats in eukaryote genomes
(Caccio et al., 1999; Caccio et al., 2001).
Fingerprinting techniques targeting mini-
and microsatellite loci are available for
Cryptosporidium and can be used to identify
subgenotypes and clonal lineages e.g. in
defining the epidemiology of an infection
(Caccio et al., 2005). For instance, by se-
quencing the amplified mini- or microsatel-
lite product, C. parvum and C. hominis sub-
types can be identified (Caccio et al., 2001;

Enemark et al., 2002; Chalmers et al., 2005).
For Giardia, well-aimed subtyping tools are
still required.

The presence of inhibitors and low
amount of target DNA in environmental
samples are considered as major factors af-
fecting DNA amplification (Stinear et al.,
1996; Lowery et al., 2000; McIntyre et al.,
2000; Caccio et al., 2003; Jiang et al., 2005).
Furthermore, PCR is vulnerable to contami-
nation by non-specific DNA or carryover
from previously amplified DNA leading to
false-positive amplification (Kwok et al.,
1989; Rochelle et al., 1997). Moreover, al-
though PCR amplification would have been
successful in one laboratory, it does not al-
ways succeed in another one (Rochelle et al.,
1997). Despite these facts and with proper
optimization of PCR conditions, PCR is
considered as a repeatable and sensitive
identification technique for faecal and en-
vironmental samples (Johnson et al., 1995;
Stinear et al., 1996; Kostrzynska et al., 1999;
Hallier-Soulier et al., 2000; Lowery et al.,
2000). Using PCR, 1-105 oocysts have been
detected (Johnson et al., 1995; Stinear et al.,
1996; Hallier-Soulier et al., 2000; Lowery
et al., 2000). Compared with IF microscopy,
the PCR has shown to increase detection
sensitivity 10-104-fold in environmental
and faecal samples in some studies (Webster
et al., 1996; Lowery et al., 2000).
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7  AIMS OF THE STUDY

The aim of the thesis was to develop methods for detecting Cryptosporidium and Giardia in
environmental samples and to determine whether Cryptosporidium and Giardia are present
in the environment of Finland. The specific aims were as follows:

1. To develop IMS-based molecular methods for detecting Cryptosporidium and Giardia in
sewage sludge and surface water (I, II).

2. To determine the presence of Cryptosporidium and Giardia in untreated and treated
sewage sludge and surface water (I-III, IV).

3. To evaluate the usefulness of indicator parameters to predict the occurrence of Crypto-
sporidium and Giardia in sewage sludge and surface water (III, IV).

4. To evaluate current techniques for detecting Cryptosporidium and Giardia in canine fae-
cal samples (V).

5. To determine the occurrence and zoonotic character of Cryptosporidium and Giardia
infections in asymptomatic dogs (V).
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8  MATERIALS AND METHODS

8.1 Development of immunocapture
(IC)-PCR assays (I, II)

8.1.1 Control organisms

C. parvum (Iowa isolate) oocysts and G.
duodenalis (H3 isolate) cysts were obtained
from Waterborne Inc. (New Orleans, LA,
USA) as purified suspensions in antibiotic
solution of PBS with penicillin, streptomy-
cin, gentamycin and 0.01% Tween 20 to
prevent the growth of contaminating bac-
teria. The concentration of purified (oo)cysts
was enumerated from five or six stock solu-
tion aliquots in a haemocytometer and the
stock solution was mixed by vortexing prior
to inoculation, which was performed within
a few days to a month from the enumera-
tion. The (oo)cysts were stored at 4oC.

8.1.2 Detection limits of IC-PCR assays

To evaluate the analytic sensitivity of the
IC-PCR assays, sewage sludge and surface
water samples not containing Crypto-
sporidium or Giardia in PCR were inoculated
with dilutions of purified control (oo)cyst
stock (Table 6). The homogeneity of the seed
stock was ensured by vortexing before each
sample was seeded. One unseeded sewage
sludge and one surface water sample were
used as negative controls in each dilution
series.

8.1.3 Concentration and separation
of (oo)cysts

Seeded surface water samples (2 l) were con-
centrated by filtration through a polycar-
bonate flatbed membrane filter (pore size
1.2 mm, diameter 142 mm; Millipore,
Tullagreen, Cork, Ireland). The trapped
(oo)cysts were eluted from the filter with
10 ml of PBS containing 0.05% Tween20
(PBS-Tween20) in a 50-ml polycarbonate
tube by agitation at full speed in a wrist
action shaker for 10 min. The (oo)cysts were
captured from the extraneous material us-
ing IMS (Dynabeads GC-Combo) as recom-
mended by the manufacturer (Dynal, Oslo,
Norway). However, after capture 5 ml of
PBS-Tween20 were added to the tube con-
taining the immunobead-parasite com-
plexes and the tubes were rotated for 5 min.
This step was repeated once with 5 ml and
once with 1 ml of PBS-Tween20. The com-
plexes were then suspended in 50 µl of dis-
tilled water.

Seeded sewage sludge (1 ml) was homog-
enized with 9 ml of distilled water and the
(oo)cysts captured from extraneous material
using IMS (Dynal). At the end of the cap-
ture the immunobead-parasite complexes
were suspended in 100 µl of distilled wa-
ter.
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8.1.4 Extraction and purification of DNA

To remove PCR inhibitors, 25 µl and 50 µl
of 25% Chelex 100 (Bio-Rad, Hercules, CA,
USA) were added to the immunobead-para-
site complex suspension of surface water and
sewage sludge samples, respectively. DNA
from the captured (oo)cysts was released by
five cycles of freezing (30 min at  -70oC)
and thawing (30 min at +70oC) followed
by denaturation (10 min at 100oC). The
suspensions were centrifuged for 1 min at
13 000 rpm and supernatants containing
the extracted DNA were stored at -20oC.

To amplify the PCR products successfully
from the sewage sludge samples, additional
purification was included. A quantity (200
µl) of TE-buffer (0.1 M Tris-HCl, 0.2 M
EDTA), containing 10 M guanidine thio-
cyanate (GES) and 50 µl of activated silica
(Sigma-Aldrich, St. Louis, Missouri, MO,
USA) was added to the supernatant. The
suspension was incubated for 10 min at room
temperature, centrifuged and the pellet
washed with 0.1 M TE containing 10 M
GES, ethanol and acetone as described by
McLauchlin et al. (1999). The purified DNA
was eluted in 150 µl of sterile distilled wa-
ter and stored at -20oC.

8.1.5 PCR amplification

The primers Cry9/Cry15 amplify a 550-bp
fragment specific for Cryptosporidium oocyst
wall protein (COWP) gene (Spano et al.,
1997), and the primers Lax A/LaxB a 194-
bp fragment of an unknown genomic re-
gion of C. parvum (Balatbat et al., 1996).
The primers Gdh1/Gdh4 amplify a 768-bp
fragment specific for the glutamate dehyd-
rogenase (GDH) gene of Giardia spp.
(Homan et al., 1998). The primers were syn-
thesized by a commercial laboratory
(Amersham Pharmacia Biotech Europe
GmbH, Freiburg, Germany). The amplifi-
cation reaction mixture contained 2.5 U

HotStarTaq DNA Polymerase, 1 x PCR
buffer containing 1.5 mmol/l MgCl

2
 and

200 mol/l of each dNTP (HotStarTaq Mas-
ter Mix, Qiagen GmbH, Hilden, Germany),
12.6 pmol of the primers Cry9/Cry15, 50
pmol of the primers LaxA/LaxB and Gdh1/
Gdh4, and 5 µl of the template in a total
volume of 50 µl. Negative and positive con-
trols (approximately 0.2 µg of purified
DNA from the control organisms) were run
simultaneously. The PCR was performed
with optimized PCR cycles (Table 7) in a
thermal cycler (DNA Engine PTC-200, MJ
Research, Waltham, MA, USA).

8.1.6 Visualization of amplified products

A 14-50-µl quantity of amplified product
was visualized after electrophoresis in an
ethidium bromide-stained 2-3% agarose gel
under UV light. Molecular-weight marker
VI (Boehringer Mannheim GmbH, Mann-
heim, Germany) served as a DNA size-
marker. The specificity of the amplified
PCR product was confirmed by southern
hybridization. The products were trans-
ferred to a nylon membrane (MagnaGraph
nylon transfer membrane 0.45 Micron,
Osmonics Inc., Westborough, MA,USA)
and hybridized at 65oC for 16 h with digoxi-
genin labelled probes prepared from the
amplification products of control organisms
according to the manufacturer´s instructions
(DIG DNA Labelling and Detection Kit,
Boehringer Mannheim). Products amplified
by LaxA/LaxB were hybridized at 42oC for
4 h with 3’- end digoxigenin labelled (DIG
Oligonucleotide 3’- End Labelling Kit,
Roche Diagnostics GmbH, Mannheim,
Germany) internal probe, 5’ - TGG CCA
ATG ATG AAT TAA CC - ‘3, selected by
Hallier-Soulier and Guillot (Hallier-Soulier
et al., 1999). The hybridization products
were detected colorimetrically with nitro-
blue tetrazolium and 5-bromo-4-chloro-3-
indolyl phosphate toluidinium salts.
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8.2 Detection of Cryptosporidium and
Giardia in environmental and
faecal samples (I-V)

8.2.1 Sampling and treatment of sewage
sludge samples (I, IV)

Untreated 500-ml sewage sludge samples
were collected on three subsequent days from
12 Finnish municipal WTPs during spring-

summer 2000 (Table 8), whereas treated
sludge samples (1-4 l) were obtained from
22 WTPs after composting or stabilization
by quicklime and peat addition during
2001. The composted samples were stud-
ied after 10 and 30 weeks of hygienization.
In total, 24 WTPs participated in studies I
and IV. The characteristics of the 24 par-
ticipating WTPs are listed in Table 9. Test-
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ing of untreated sludge samples was under-
taken within 2 weeks and treated sludge
samples within 2 months after sampling.
The samples were stored at 4oC until analy-
sis. The untreated sludge samples were
analysed using the IC-PCR assay described
in Materials and methods 8.1.3-, whereas
150 mg of treated sludge were distributed
directly on three microscope slide wells for
IF microscopy.

8.2.2 Sampling and treatment of
surface water samples (II, III)

Grab samples of surface water (10 l) were
taken from seven lakes and 30 rivers in
southern and southwestern Finland from
autumn 2000 to autumn 2001 (Table 8).
Samples were collected on five consecutive
seasons from 15 rivers (III). Capsule samples
of surface water (6-50 l) were obtained dur-
ing winter 2000-2001 from six drinking
water treatment plants located in western
Finland (II). The samples were stored at 4oC
until analysis within 2 days after sampling.
The surface water grab samples were treated
and analysed using the IC-PCR assay de-
scribed in Materials and methods 8.1.3-. The
capsule samples of surface water (II) were
filtered through an Envirochek Sampling
Capsule (Pall Life Sciences Inc., Ann Arbor,
MI, USA) and eluted from the capsule ac-
cording to the manufacturer´s instructions.
The contents were further filtered through
a polycarbonate filter and treated as the sur-
face water grab samples. Additionally, the
immunobead-parasite complex suspension
(50 µl) was divided before addition of Chelex
100, and the 25-ml aliquots were used for
IF microscopy and PCR (III). A sample was
considered as positive if either IF micro-
scopy, PCR or both were positive.

8.2.3 Sampling and treatment
of faecal samples (V)

Canine faecal samples were taken from the
ground during 2003-2004 by dog owners

(Table 8). The samples were placed in small
plastic bags immediately after defecation.
Another sample from the same dog was
taken 5-7 days after the first sample from
133 out of 150 dogs. After arrival in the
laboratory, the samples were divided in two
aliquots: one for IF microscopy and the other
for ELISA and PCR analyses. The samples
intended for IF microscopy were stored at
4oC for no longer than 1 day and then con-
centrated using formalin-ethyl acetate sedi-
mentation as described by Sloss et al. (1994).
Briefly, 1 g of faeces was mixed with 7 ml
of 10% formalin. The mixture was then fil-
tered, mixed with 3 ml of ethyl acetate and
centrifuged for 1 min at 3000 rpm. Finally,
15 ml of the sediment were distributed on
a microscope slide well. The samples in-
tended for ELISA and PCR were frozen at
-70oC. A dog was considered infected if one
or both successive samples were positive for
Cryptosporidium or Giardia. The samples
positive for Cryptosporidium or Giardia by
IF microscopy and/or ELISA were further
analysed with PCR.

8.2.4 Identification of Cryptosporidium
and Giardia

8.2.4.1 IF microscopy (III-V)

The (oo)cysts were detected using a direct
immunofluorescence assay (IFA; Aqua-Glo
G/C Kit and Cyst-a-Glo Kit; Waterborne).
Microscopic examination and enumeration
were carried out with Nikon type 115 (To-
kyo, Japan; III, IV) and Olympus BH2 (To-
kyo, Japan; V) epifluorescence microscopes.
The slides were screened with 200x magni-
fication, and the size and appearance of
apple-green fluorescing particles were com-
pared with the control organisms at a mag-
nification of x400. When the Olympus
BH2 equipped with a ColourView 12 digi-
tal camera (Soft Imaging System, Münster,
Germany) and AnalySIS 3.0 image analysis
software (Soft Imaging System) for measure-
ment of the (oo)cysts was available (V),

Materials and methods
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ovoid or spherical objects with diameters
of 4-6 µm were recorded as Cryptosporidium
and round to oval particles with diameters
of 5-18 µm were recorded as Giardia.

8.2.4.2 ELISA (V)

Commercial ELISAs, ProSpect Crypto-
sporidium Microplate assay (Remel, Lenexa,
KS, USA) and ProSpect Giardia Microplate
assay (Alexon-Trend, Ramsay, MN, USA),
were used to test for Cryptosporidium and
Giardia infection in canine faecal samples
according to the manufacturers’ instruc-
tions. A dog was determined to be infected
if one or both subsequent samples were posi-
tive for Cryptosporidium or Giardia.

8.2.4.3 Determining detection limits of
IF microscopy and ELISA in canine faeces (V)

Canine faeces tested negative for Crypto-
sporidium and Giardia by IF microscopy and
ELISA was inoculated with stock solution
dilutions of approximately 1.0 x 102, 1.0 x
103, 1.0 x 104 and 1.2 x 105 oocysts, as well
as 2.5 x 102, 2.5 x 103, 2.5 x 104 and 3.2 x
105cysts/g. The spike stocks were mixed by
vortexing before each sample was spiked.
One unspiked sample served as negative
control in the dilution series. Sensitivity
testing was repeated three times.

8.2.4.4 Molecular identification
techniques (I-III, V)

The untreated sewage sludge and surface
water samples were analysed using IC-PCR
assays as described in Materials and meth-
ods 8.1.3.- 8.1.6 (I-III); in study III, how-
ever, southern hybridization was not used.
To determine the species and genotypes,
100-200 µl of Cryptosporidium amplification
product were purified with the QIAquick
PCR Purification Kit Protocol according to
he manufacturer´s instructions (Qiagen; I).
Due to the presence of nonspecific amplifi-
cation products, the Giardia fragments were

cut from 0.8% agarose gel and the DNA
was purified by the QIAquick Gel Extrac-
tion Kit Protocol as described by the manu-
facturer (Qiagen). Ten units of the restric-
tion enzyme RsaI (BioLabs Inc., Ipswich,
MA, USA) for Cryptosporidium, and DdeI
(BioLabs) for Giardia, in the relevant di-
gestion buffer, was added to the purified
product. Digestion was allowed in a total
volume of 50 µl for 1 h at 37oC. The diges-
tion products were visualized under UV
light after electrophoresis in an ethidium
bromide-stained 3% agarose gel and the
digestion patterns were compared with pub-
lished patterns (Spano et al., 1997; Homan
et al., 1998) and with patterns from control
(oo)cysts. In study II, primers LaxA/LaxB
were used to identify the zoonotic Crypto-
sporidium species (Balatbat et al., 1996). In
study V, 300 mg of faeces were treated us-
ing QIAamp DNA Stool Mini Kit (Qiagen)
to extract and purify the DNA for PCR
analysis. The primer sequences and PCR
temperature cycles used (I-III, V) are listed
in Table 7. In study V, the amplified PCR
products were further purified with a High
Pure PCR Product Purification Kit (Roche
Molecular Biochemicals, Munich, Ger-
many), sequenced in both directions using
a commercial sequencing service (MWG
Biotech AG, Ebersberg, Germany) and
analysed using a BioEdit Sequence Align-
ment Editor (Ibis Therapeutics, Carlsbad,
CA, USA). Finally, the sequences were com-
pared with those available in GenBank (Na-
tional Institutes of Health, Bethesda, MD,
USA).

8.3 Indicator parameters

8.3.1 Treated sludge (IV)

For analysis of indicator bacteria, 11-g
treated sludge samples were suspended in
99 ml of peptone (0.1%)-saline (0.85%)
solution, homogenized in a rotary shaker
and serially diluted for plating out.
Clostridium perfringens was analysed accord-

Materials and methods
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ing to the International Organization for
Standardization (ISO) method 7937 (1997)
using tryptose sulphite cycloserine (TSC)
agar. Agar plates were incubated under
anaerobic conditions at 37+1oC for 20 h.
Typical colonies were isolated and inocu-
lated onto sheep (7%) blood agar plates
(Oxoid, Basingstoke, Hampshire, UK) and
incubated under anaerobic conditions at
37+1oC for 20 h. Five haemolytic colonies
were then Gram-stained and a single typi-
cal colony was confirmed using an Analyti-
cal Profile Index 20 (API 20 A; (bioMeriéux,
Marcy l’Etoile, France). Escherichia coli was
analysed according to the Nordic Commit-
tee on Food Analysis (NCFA) method 147
(1993). Briefly, Petrifilms (3M Microbiol-
ogy Products, St. Paul, MN, USA) were
incubated for 46-50 h at 37+1oC. Blue colo-
nies were counted and a single typical
colony was confirmed with the API 20 E
test. Enterococci were analyzed according
to the NCFA method 68 (1992) using
Slanetz & Bartley agar (Oxoid). The plates
were incubated at 44+0.5oC for 48 h and
red colonies were counted. Atypical colo-
nies were confirmed by Gram staining, a
catalase test and the API 20 Strep test. The
samples were stored at 4oC until analyses
were performed within 2 days.

8.3.2 Surface water (III)

Escherichia coli counts were analysed from
100 ml of surface water sample using the
Colilert-18/Quanti-Tray 2000 most prob-
able number (MPN) test according to the
manufacturer´s instructions (IDEXX Labo-
ratories Inc., Westbrook, ME, USA).
Clostridium perfringens was analysed from 100
ml of sample according to the ISO 6461-2

(1986) standard, but Shahidi Ferguson agar
(identical with TSC agar) containing D-cy-
closerine was used. Turbidity was measured
using a Eutech Cyberscan WL TB1000
turbimeter (Eutech Instruments, Singapore)
on the day after sampling; the results were
expressed in NTUs. Analyses were initiated
within 24 h of sample arrival in the labora-
tory, the samples were stored at 4oC.

8.4 Statistical analysis

Analysis of variance (ANOVA) was used to
test differences in the most probable num-
ber of E. coli, value of turbidity and preva-
lence of Cryptosporidium, Giardia and C.
perfringens between sampling times and sites
(III). The chi-square test was employed to
assess the correlation between the presence
of Cryptosporidium or Giardia and that of
indicator organisms in treated sludge (IV)
and to compare the proportion of infected
individuals between young and adult dogs
(V). Diagnostic agreement between the de-
tection techniques and between the sample
rounds (V) was assessed using kappa (k) sta-
tistics. k is a measure of the agreement be-
tween detection techniques; a k value of zero
represents an agreement produced by chance
alone. k values above 0.75 represent excel-
lent agreement, values between 0.60 and
0.75 good agreement, values between 0.40
and 0.60 fair agreement, while values lower
than 0.40 indicate poor agreement (Altman,
1991).The p value for a k estimate was used
to determine whether a k value differed sig-
nificantly from zero. In all statistical tests,
two-tailed p values lower than 0.05 were
considered statistically significant. Statis-
tical analyses were performed using SPSS
12.0 for Windows.

Materials and methods
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9.1 Evaluation of detection techniques
(I, II, V)

9.1.1 Detection limits of IF microscopy,
ELISA and IC-PCR assays (I, II, V)

The detection limit of the IC-PCR assay for
sewage sludge was 625 (oo)cysts/ml (Table
6). Using hybridization of the PCR prod-
uct, the sensitivity could be increased to 125
(oo)cysts/ml in one attempt out of five for
C. parvum and in two of five trials for G.
duodenalis (I). The sensitivity of the assay
for surface water was not increased by hy-
bridization (II), remaining at 50 (oo)cysts/
2 l for both Cryptosporidium and Giardia. The
detection limit of IF microscopy was 105

(oo)cysts/g for Cryptosporidium and Giardia
in dog faeces, while 105 oocysts and 104

cysts/g could be detected in ELISA (V).

9.1.2 Diagnostic accuracy of ELISA (V)

The sensitivity of the ProSpect Crypto-
sporidium Microplate assay was 71% (95%
CI 35-91%) and specificity 94% (95% CI
88-97%). The sensitivity of the ProSpect
Giardia Microplate assay was 100% (95%
CI 66-100%) and specificity 96% (95% CI
91-98%). The Cryptosporidium ELISA and IF
microscopy showed fair agreement (k =
0.44, p < 0.001), whereas the Giardia ELISA
and IF microscopy showed good agreement
beyond chance (k = 0.71, p < 0.001).

9  RESULTS

9.2 Detection of Cryptosporidium and
Giardia in environmental and
faecal samples (I-V)

In untreated sewage sludge, Cryptosporidium
was found in 3/12, and Giardia in 8/12
wastewater treatment plants (WTP) stud-
ied (I). Of the total of 44 samples studied,
three (7%) were positive for Cryptosporidium
and nine (20%) for Giardia by IC-PCR
(Table 10). Using PCR-RFLP, all Crypto-
sporidium-positive samples were identified
as C. parvum. Genotyping results were not
obtained from the samples positive for Giar-
dia.

In study IV, Giardia was found in 10/22
and Cryptosporidium in 8/22 WTPs treated
sludge. After various sludge treatment pro-
cesses, Cryptosporidium oocysts were found
by IF microscopy in 37.5% (6/16 samples)
and Giardia cysts in 44% (7/16) of the 10-
week-old compost samples. In sludge end-
products (either composted for 30 weeks or
sanitized by quicklime or peat addition),
Cryptosporidium was detected in 10% (2/21)
and Giardia in 33% (7/21) of the samples
(Table 10). In all positive samples, (oo)cysts
were detected in low numbers; the maxi-
mum number was three (oo)cysts/450 mg
of treated sludge (Table 11).

In surface water, both Cryptosporidium and
Giardia were detected in 4% (5/116) of the
samples studied by IF microscopy (Table 10;
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III). Using IC-PCR, both Cryptosporidium
(13/149) and Giardia (16/179) were found
in 9% of the samples (Table 10; II, III). In
study III, in total 86 and 116 samples were
studied for Cryptosporidium and Giardia, re-
spectively, by both IF microscopy and PCR.
From these, only two Cryptosporidium and
two Giardia samples were positive by both
IF microscopy and PCR (III). Crypto-
sporidium and Giardia were found in surface
water less frequently in winter, than dur-
ing other seasons (p < 0.05; Table 12; III).

In canine faecal samples studied with IF

microscopy, both Cryptosporidium (7/150)
and Giardia (8/150) were detected in 5%
of the dogs (V). Young dogs were infected
with Cryptosporidium (17% vs. 1%) and Gia-
rdia (19% vs. 1%) more often than adults
(p < 0.001). In total, 284 faecal samples
were examined by IF microscopy and ELISA
(Table 10). The samples positive for Crypto-
sporidium or Giardia by IF microscopy and/
or ELISA were studied further by PCR.
From these, 4 samples were positive for
Cryptosporidium and 11 for Giardia by all
three detection techniques (Table 13). The
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species and genotype identification was car-
ried out by sequencing the 18S rRNA gene
region of Cryptosporidium and Giardia. Three
dogs were infected with C. canis, whereas
G. duodenalis assemblages C, D and E were
responsible for the Giardia infections. Only
in two samples the DNA was amplified
sufficiently when the GDH gene region was
targeted. These sequences were identical
with canine Giardia isolates from various
parts of the world, however, no assemblages
were reported in the Genbank. Genotyp-
ing results were not obtained from three
dogs positive by PCR for Cryptosporidium

and from two positive for Giardia when 18S
rRNA gene was targeted.

9.3 Use of indicators for detection of
Cryptosporidium and Giardia in
environmental samples (III, IV)

Occurrence of Cryptosporidium and Giardia,
in surface water or in treated sludge did not
correlate with the faecal indicator bacteria
E. coli, C. perfringens and enterococci or with
water turbidity (p > 0.05; Tables 11 and
12).

Results
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10  DISCUSSION

During the past decade, development of
methods for effective detection of Crypto-
sporidium and Giardia in environmental
samples has been a major area of research
interest. IF microscopy, which still remains
the most commonly used identification
technique for environmental and faecal
samples, has been criticized for being too
time-consuming, having too low a detec-
tion limit and, most importantly, for being
unable to differentiate between the species
and genotypes of Cryptosporidium and Giar-
dia (Clancy et al., 1994; Lowery et al., 2000;
Fall et al., 2003). Molecular methods make
it possible to detect and distinguish between
species and genotypes (Sulaiman et al.,
1998; Morgan-Ryan et al., 2002; Monis et
al., 2003a; Read et al., 2004) and have in-
creased the detection sensitivity compared
with IF microscopy in environmental and
faecal samples (Webster et al., 1996;
Kaucner et al., 1998; Lowery et al., 2000).
In some studies, however, more positive
samples have been found by IF microscopy
than by PCR (Kaucner et al., 1998; Di
Giovanni et al., 1999). Several protocols for
detection of Cryptosporidium from surface
water have been published, but only a few
methods for simultaneous detection of
Cryptosporidium and Giardia have been de-
scribed. In the present thesis, IC-PCR as-
says for simultaneous detection of Crypto-
sporidium and Giardia in sewage sludge and
surface water were developed. To my knowl-
edge, paper I is the first study published
concerning molecular techniques in detec-
tion of Cryptosporidium and Giardia from
sewage sludge. The study design in studies
I and II simulated a real analysis situation,
because the (oo)cysts were inoculated di-
rectly into the sample matrix prior to con-
centration. In most previous studies, the

oocysts were inoculated into filtered water
pellet suspensions (Johnson et al., 1995;
Kostrzynska et al., 1999; Lowery et al.,
2000), thus evaluating only part of the de-
tection procedure. However, losses of
(oo)cysts have been reported during concen-
tration by filtration (LeChevallier et al.,
1995). In many studies, the capacity of the
method has been described by determining
the recovery efficiency (RE) of the method
(Table 4). For detection of Cryptosporidium
and Giardia in surface water, the RE for
IMS- and IF microscopy-based protocols can
range from < 1 % to 85 % (DiGiorgio et
al., 2002; Feng et al.,2003). In studies I and
II, IC-PCR assays developed were not vali-
dated against IF microscopy. Because IC-
PCR assays give no quantitative result, RE
could not be determined. The sensitivities
of the entire procedure including concen-
tration and separation of the (oo)cysts, DNA
purification and PCR amplification were
described in studies I and II, but it is not
known how many (oo)cysts were lost dur-
ing the procedure.

 In study I, the detection limit of 125-
625 (oo)cysts/ml of sewage sludge indicates
that the assay is practicable, since the
(oo)cysts are known to concentrate in sew-
age sludge at a level of 105-107 (oo)cysts/kg
in the wastewater treatment process (Straub
et al., 1993; Thiriat et al., 1997; Gale, 2005).
More recent studies, however, have proved
to detect substantially lower numbers of
(oo)cysts in sewage sludge. With sedimen-
tation combined with IMS and IF micro-
scopy, an estimate of 40-60 (oo)cysts/ml
have been identified by Massanet-Nicolau
(2003) and Iacovski et al. (2004). This in-
dicates that IF microscopy continues to be
an applicable technique in detection of
Cryptosporidium spp. and Giardia spp. in



43

Detection of Cryptosporidium and GiardiaDiscussion

sewage sludge, and further development to
sensitize the PCR techniques are needed.

The detection limit for surface water
samples (50 (oo)cysts/2 l; II) appears high
when considering the low numbers (1-18
(oo)cysts/10 l) of (oo)cysts that have been
detected in Scandinavia’s surface water sys-
tems (Hansen et al., 1998; Robertson et al.,
2001; Hänninen et al., 2005). This could
reflect the fact that the RE of the assay is
low, especially as very low numbers (1-15)
of oocysts have been detected in some other
PCR-based studies (Kaucner et al., 1998;
Hallier-Soulier et al., 2000; Sturbaum et al.,
2002). The stochastic variation in the dis-
tribution of (oo)cysts in seeding experiments
with low numbers of (oo)cysts may also in-
fluence the output of the assay. In addition
to technical and methodological inaccuracy
during sample preparation, amplification
and detection, also the random distribution
of the template molecules affect the sensi-
tivity of PCR (Stenman et al., 2001). How-
ever, at the time of experiments in the study
II, the detection limit was comparable to
that in other PCR-based studies since vari-
able numbers up to 105 oocysts were de-
tected previously (Johnson et al., 1995;
Kostrzynska et al., 1999; Hallier-Soulier et
al., 2000; Lowery et al., 2000).

One possible reason for the high detec-
tion limit may also be the turbidity of the
water samples. The turbidity of surface
water can affect recovery efficiency by re-
ducing the filtration capacity and PCR
amplification (Rochelle et al., 1997;
DiGiorgio et al., 2002; Feng et al., 2003).
The Finnish rivers and lakes typically con-
tain large amounts of humus substances
consisting of decomposing organic sub-
stances which raise the turbidity measures
(Rantakari et al., 2004; Mattsson et al.,
2005). The turbidity of the water may have
reduced the performance of the IC-PCR as-
say because at the lowest only 6 l could be
filtered before clogging the capsule filter
(II). The turbidity of the surface water
samples ranged 9-200 NTUs (II) compared

with 0.2-77 NTUs in a study done in
France, in which a detection limit of 1-5
oocysts was achieved (Hallier-Soulier et al.,
2000).

Environmental samples are known to be
a difficult matrix for PCR analysis because
they contain low numbers of (oo)cysts com-
pared with the massive amounts of other
organisms and compounds that may act as
inhibitory factors for PCR (Stinear et al.,
1996; McIntyre et al., 2000; Jiang et al.,
2005). A potential PCR inhibition can be
assessed by using internal positive controls
in the PCR amplification (Kaucner et al.,
1998). Immunomagnetic capture (IC) was
used to separate and purify the (oo)cysts
from extraneous material, thus reducing the
effect of PCR inhibitors (I-III). Immuno-
magnetic separation (IMS) has proved to be
useful for reducing PCR inhibition both in
environmental and faecal samples (Webster
et al., 1996; Lowery et al., 2000; Jiang et
al., 2005). Using IMS, the recovery rates in
turbid environmental water samples were
raised to 70% compared with < 10% when
the samples were concentrated by conven-
tional sugar flotation technique (Bukhari et
al., 1998). In studies I-III, additional puri-
fication of the DNA released from the
immunobead-parasite complexes was nec-
essary to amplify the PCR products success-
fully. Similarly, IMS combined with Chelex
resin purification prior to DNA extraction
was needed to increase the detection limit
in turbid water samples in another study
(Lowery et al., 2000). The low amount of
DNA together with nonspecific amplifica-
tion may have caused the unsuccessful re-
striction digestion of Giardia-positive
samples (I). Furthermore, low amount and
poor quality of DNA together with freez-
ing of the samples may have been respon-
sible for the failed sequencing results of
some canine faecal samples (V).

ELISA was compared with IF microscopy
in detection of Cryptosporidium and Giardia
from canine faeces (V). IF microscopy for
detection of Cryptosporidium and Giardia,
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and Cryptosporidium ELISA showed equal
analytic sensitivity, with a detection limit
of 105 (oo)cysts/g of faeces; the detection
limit was 10-fold lower for Giardia ELISA.
In other studies, detection limits of 103-104

oocysts/g for IF microscopy (Anusz et al.,
1990; Weber et al., 1991; Weber et al.,
1992; Webster et al., 1996; Pereira et al.,
1999) and 103-105 (oo)cysts/g for ELISA
(Anusz et al., 1990; Johnston et al., 2003)
in human or bovine stool have been re-
ported. Compared with the reported level
of cyst excretion (up to 2 x 103 cysts/g of
canine faeces; (Sykes et al., 1989), the de-
tection limits in study V appear high. How-
ever, the detection technique used (sugar
flotation combined with eosine staining) in
the Sykes study probably affected their low
counts. It would, therefore, be worthwhile
to determine the (oo)cyst excretion rate in
dog faeces using the present detection tech-
niques. In study V, the diagnostic sensitiv-
ity and specificity of Cryptosporidium ELISA
were lower than in previous reports, in
which the test accuracy was determined
with human stool samples (Garcia et al.,
1997; Aldeen et al., 1998; Johnston et al.,
2003). Ten samples positive for Crypto-
sporidium by ELISA could not be confirmed
either by IF microscopy or PCR, while four
IF-positive specimens were negative by
ELISA (V); thus, Cryptosporidium ELISA
showed only fair agreement with IF micro-
scopy. In a previous study, a lower accuracy
in canine compared with human stool
samples was suspected to be a result of dif-
ferent types of Giardia isolates present in
dog faeces (Hopkins et al., 1993). Similarly,
the reduced level of diagnostic sensitivity
in study V may have been due to different
species of Cryptosporidium. The typing re-
sults suggested that all the species identi-
fied in our study were dog-specific C. canis,
which could explain why the kits designed
for human stools did not perform well. On
the other hand, the reduced capacity of
Cryptosporidium ELISA for detecting low
numbers of oocysts as well as presence of

false-positive test results were also reported
for human stools (Doing et al., 1999;
Johnston et al., 2003). Due to the high rate
of false-positive results and the low diag-
nostic sensitivity, the Cryptosporidium ELISA
evaluated (V) cannot be recommended for
detection of Cryptosporidium in canine feces.
In contrast, the Giardia ELISA correlated
well with IF microscopy (V). Furthermore,
the results showed that ELISA antigens,
originally prepared against a human Giar-
dia isolate, are also capable of detecting dog-
and livestock-specific genotypes.

Cryptosporidium and Giardia were fre-
quently found in environmental and faecal
samples (I-V). In raw and treated munici-
pal sewage sludge, Giardia was detected
slightly more often than Cryptosporidium (I,
IV; Table 10). The finding is in line with
previous and later studies, in which more
Giardia than Cryptosporidium in sewage were
detected (Robertson et al., 1995; Bukhari
et al., 1997; Robertson et al., 2000; Heitman
et al., 2002). The finding is also concordant
with the reported infection intensity; about
10 cryptosporidiosis and approximately 300
giardiasis cases are annually reported in Fin-
land (Registry of Infectious Diseases, 2004).
The number of cases reported, however,
must be observed only as an indication of
infection intensity since clearly not all
cryptosporidiosis and giardiasis cases will
be recorded in the National Infectious Dis-
ease Registry (NIDR). The statute of infec-
tious diseases (1383/2003) by the Council
of State in Finland stipulates that Crypto-
sporidium and Giardia belong to a group of
microbial findings, which should be re-
corded in the NIDR by the laboratory. The
true prevalence of giardiasis and crypto-
sporidiosis in a community may be under-
estimated, because the surveys are usually
based on stool examinations from selected
populations (Jakubowski et al., 1991). Due
to the mild nature of most Cryptosporidium
and Giardia infections (Jokipii, 1971;
Jokipii et al., 1974; Jokipii et al., 1983;
Jokipii et al., 1985a) probably not all in-
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fected individuals seek medical aid. Crypto-
sporidium and Giardia were detected both
in the sludge end-products and in samples
taken during various composting processes,
but the level of (oo)cysts remained low (up
to 3 (oo)cysts/450 mg) in all positive
samples (IV). However, variation in the ef-
ficiency of hygienization, as evaluated by
indicator bacteria, was also noted within the
WTPs employing similar treatment pro-
cesses (Table 11).

Similar number of samples positive for
Cryptosporidium (16/179) and Giardia (19/
179) were detected in surface water samples
(II, III). Using PCR, more samples were
found to be positive for both Cryptosporidium
and Giardia than by IF microscopy (Table
10). Only two samples were positive for
Cryptosporidium and Giardia by both IF
microscopy and PCR. The reason for the low
concordance between IF microscopy and
PCR results may be due to a possibly un-
even division of the sample after immuno-
capture into two aliquots for IF microscopy
and PCR (III) and the high detection level
of the methods used. The detection limit
in study II implicates that at least 50
(oo)cysts should be present in a surface wa-
ter sample. Despite the high detection limit,
the proportion of positive samples was simi-
lar to that obtained in the Norwegian preva-
lence study (Robertson et al., 2001). This
can be partly explained by the fact that 47
% of the Giardia-positive, and 14 % of the
Cryptosporidium-positive samples were ob-
tained from two rivers, Kokemäki and Aura
(III), which increased the number of posi-
tive findings. In the Swedish study, (oo)cysts
were detected somewhat more often than
in the Norwegian study and in studies II
and III (Hansen et al., 1998; Robertson et
al., 2001).

In study II, primers LaxA/LaxB were se-
lected to differentiate C. parvum from other
Cryptosporidium spp. (Balatbat et al., 1996).
According to present knowledge, these
primers can, in addition to C. parvum, also
amplify DNA from some other Crypto-

sporidium species such as C. hominis and C.
meleagridis (Guyot et al., 2002). In study II,
four water samples were positive for Crypto-
sporidium by targeting the COWP gene re-
gion. These samples were not amplified
successfully with the primers LaxA/LaxB
suggesting that the water samples studied
had been contaminated with Cryptosporidium
spp. other than aforementioned. However,
since the sensitivity of the IC-PCR assay to
detect C. hominis and C. meleagridis is un-
known, the presence of these species in the
water samples in study II can not be ex-
cluded. The frequent presence of Crypto-
sporidium and Giardia in Finnish surface
water samples detected by the method de-
veloped in study II indicates that more pre-
cise occurrence studies with validated meth-
ods are required in the future.

In study III, Cryptosporidium and Giardia
were found less frequently during winter
than during spring, summer or autumn. In
the case of water system contamination by
agricultural discharges, (oo)cysts are usually
detected after snowmelt, floods or rainfall
during pasture season (Bodley-Tickell et al.,
2002). As a result of ice cover, winter run-
offs to the water systems appear unlikely.
The fact that (oo)cysts are not able to sur-
vive winter in Scandinavia (Robertson et al.,
2004) may also reduce the springtime
(oo)cyst runoffs. Thus, the agricultural run-
offs appear to be more likely during the
summer and autumn months. However, no
consensus regarding the occurrence of
Cryptosporidium and Giardia by season in
surface water exists, although a trend to-
wards more infections in humans and calves
during warm and wet seasons has been sus-
pected (Tzipori et al., 1983; Mata et al.,
1984; Rahaman et al., 1984; Wallis et al.,
1996; Hansen et al., 1998; Robertson et al.,
2001; Bodley-Tickell et al., 2002).

In study V, a possible animal reservoir
for human Cryptosporidium and Giardia in-
fections was examined. Dogs were chosen
since they are common pets and small chil-
dren, also otherwise susceptible to crypto-
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sporidiosis and giardiasis (Meloni et al.,
1993; Molbak et al., 1993; Xiao et al.,
2001), easily come into contact with dogs
or their droppings in the environment. Re-
cent studies have confirmed that dogs may
harbour zoonotic species and genotypes of
Cryptosporidium and Giardia (Fayer et al.,
2001; Ponce-Macotela et al., 2002; van
Keulen et al., 2002; Monis et al., 2003a;
Monis et al., 2003b; Berrilli et al., 2004;
Hajdusek et al., 2004; Traub et al., 2004).

In study V, the presence of Cryptosporidium
and Giardia in dog faeces was reported for
the first time in Finland. Cryptosporidia,
however, were sought for but not found in
55 asymptomatic dogs participating in a
dog show in the 1980s (Jokipii et al.,
1985a). The overall prevalence of 5% for
both Cryptosporidium and Giardia is in line
with previous reports from other countries
(Castor et al., 1990; Nolan et al., 1995; Fayer
et al., 2001; Jacobs et al., 2001; Abe et al.,
2002; Capelli et al., 2003; Hackett et al.,
2003; Traub et al., 2004). We demonstrated
that cryptosporidiosis and giardiasis are
mostly infections of young dogs (V), as was
also found in other studies (Hahn et al.,
1988; Sykes et al., 1989; Castor et al., 1990;
Rahman, 1990; Jacobs et al., 2001).

All Cryptosporidium and Giardia isolates
found in study V were animal-specific. Dog-
specific C. canis and G. duodenalis assem-
blages C and D were found and, interest-
ingly, livestock-specific G. duodenalis assem-
blage E was also found in one dog. Accord-
ing to the owner, the dog had not had close
contact with cattle (unpublished data). In
previous studies G. duodenalis assemblages
A-D have been isolated from canine faeces
(Ponce-Macotela et al., 2002; Berrilli et al.,
2004; Traub et al., 2004). The fact that all
species and genotypes found were animal-
specific indicates a restricted risk for
zoonotic infection (V). Cryptosporidium canis
infections, however, have been suspected of
causing diarrhoeal illness in young, immu-
nocompetent children (Pedraza-Diaz et al.,
2001a; Xiao et al., 2001; Learmonth et al.,

2004), in addition to immunocompromised
patients (Pieniazek et al., 1999; Gatei et al.,
2002; Cama et al., 2003). Therefore, fur-
ther studies determining the species and as-
semblages of human infections would be
needed to obtain a brighter insight into the
transmission epidemiology of Crypto-
sporidium and Giardia.

Land application of sewage sludge has
increased for economic and environmental
reasons. The aim of the European Commis-
sion Directive 86/278/EEC and the statute
on amending sewage sludge on agricultural
land (282/1994) by the Council of State in
Finland is to protect the environment from
pathogens present in sludge. The hygienic
quality of water and sludge hygienization
processes have traditionally been evaluated
by analysis of indicator microorganisms
(deBertoldi et al., 1988; Tillett et al., 2001).
Escherichia coli, enterococci and C. perfringens
are bacteria used as indicator organisms for
microbial water hygiene worldwide and are
present in raw sludge in large numbers (Pay-
ment et al., 1993; Shaban, 1999; Scott et
al., 2002). Furthermore, the Drinking Wa-
ter Directive 98/83/EEC proposes C.
perfringens to be used as an indicator organ-
ism for the presence of Cryptosporidium
(Briancesco et al., 2005).

The most important characteristic of
suitable indicator organisms for Crypto-
sporidium and Giardia is to show similar or
greater resistance to various environmental
or treatment conditions than the (oo)cysts
do. This is a tough criterion, since Crypto-
sporidium and Giardia are known to be en-
vironmentally resistant (deRegnier et al.,
1989; Robertson et al., 1992; Whitmore et
al., 1995). In studies III and IV, the occur-
rence of Cryptosporidium or Giardia in sur-
face water or in treated sewage sludge did
not correlate with any of the faecal indica-
tor organisms, E. coli, enterococci or C.
perfringens, or the turbidity of the water
samples. Similarly, in a recent study,
Harwood et al. (2005) found that faecal in-
dicators could not predict the presence of

Discussion
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Cryptosporidium and Giardia in reclaimed
wastewater. In an Italian study, no correla-
tion between Cryptosporidium and Giardia
compared to the presence of E.coli or C.
perfringens could be detected in sewage and
surface water, whereas the presence of cysts
and oocysts correlated with each other and
with enterococci (Briancesco et al., 2005).
The absence of correlation between the in-
dicators and (oo)cysts in study IV may re-
flect the occasional appearance of Crypto-
sporidium and Giardia in surface waters and
in treated sludge or the different survival,
density and recovery rates of the (oo)cysts
compared with indicator organisms. In fact,
very low numbers of (oo)cysts were detected
in treated sludge compared with the counts
of indicator organisms in study IV (Table
11). Furthermore, anaerobic conditions in
the digestion phase may have enhanced the
proliferation of C. perfringens at the WTPs
using mesophilic anaerobic digestion.
Whatever the reason for the absence of cor-
relation between Cryptosporidium or Giardia

and indicator parameters in surface water
or in treated sludge may be, the finding in-
dicates that direct analysis is the most reli-
able way to confirm the presence of (oo)cysts
in both surface water and sewage sludge.

Cryptosporidium and Giardia are signifi-
cant waterborne pathogens in both the de-
veloped and developing countries, because
the infections are endemic in many parts of
the world and the parasites are highly in-
fectious. Furthermore, the densities of
(oo)cysts excreted by the infected individu-
als are sufficient to contaminate the envi-
ronment effectively. The quality of surface
water used for drinking water production,
irrigation or recreation is a significant fac-
tor for human and animal health and well-
being worldwide. Unfortunately, consider-
ing the environmental cycle of Crypto-
sporidium and Giardia, breaking the cycle
of transmission remains a huge challenge
especially in the developing countries, due
to the lack of clean water, limited hygienic
conditions and high transmission pressure.

Discussion
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11  CONCLUSIONS

1. IC-PCR assays for detecting Cryptosporidium and Giardia in sewage sludge and in sur-
face water were developed. The assays were applied in studies in which the occurrence of
Cryptosporidium and Giardia in Finland’s environment were determined.

2. Cryptosporidium and Giardia could be found both in untreated and treated sewage sludge
and in surface water, indicating that these protozoans cycle in the Finland’s environment.

3. No statistically significant correlation between indicator parameters (occurrence of C.
perfringens, E. coli, enterococci and water turbidity) and occurrence of Cryptosporidium and
Giardia was detected, indicating that direct analysis is the best way to confirm the pres-
ence of Cryptosporidium and Giardia in sewage sludge and surface water.

4. To detect Cryptosporidium and Giardia in canine faecal samples, the Giardia ELISA
performed well (sensitivity 100%, specificity 96%) and was capable of detecting dog- and
livestock-specific genotypes. The accuracy of the Cryptosporidium ELISA was low (sensitiv-
ity 71%, specificity 94%), and due to a high rate of false-positive results and low diagnos-
tic sensitivity, it cannot be recommended for detection of Cryptosporidium in canine faeces.

5. Cryptosporidium and Giardia were frequent findings in asymptomatic dogs. Since all
species and genotypes found are considered animal-specific, the zoonotic transmission
risk from these dogs appears restricted. However, since C. canis is known to cause human
infections occasionally, much is still to be learned of the transmission epidemiology of
Cryptosporidium and Giardia.
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