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Cryptosporidium is a waterborne protozoan pathogen which has been gaining increasing
attention as a causative agent of gastro-intestinal illnesses in humans. Its ability to survive
extended periods of time in the water and its resistance to chemical disinfection has made
it a difficult organism to deal with in terms of water treatment. The objective of this
thesis was to determine concentrations of Cryptosporidium in Ontario surface waters,
look for the impact of particle attachment on Cryptosporidium, and determine the
efficacy of UV disinfection on oocysts. The raw water intakes of eight drinking water
treatment plants across Ontario were surveyed for two years to determine the bacterial
and oocyst levels. USEPA Method 1623 was used to analyze the samples for the presence
of Cryptosporidium oocysts. A total of 81 samples were taken, 60% of which were
positive for oocysts, with an average of 2.7±4.8 oocysts per 100 L across all eight plants.
A significant (p<0.01) correlation between rainfall and oocyst’s presence was found.
Particle association tests were then performed on stool-isolated oocysts. Cryptosporidium
parvum oocysts were found to have more affinity for inorganic sediment species versus
organic types. Natural sediment samples from around Ontario showed a similar trend,
where a significant (p<0.01) negative correlation was found between oocyst adsorption

and organic content. Cryptosporidium parvum oocysts were found to be protected from
UV irradiation by wastewater particles. Consequently when the particles were reduced in
size by kaolin, the UV irradiation process regained its efficiency. The knowledge gained
in this study has helped to fill a few gaps in the information present on Cryptosporidium
and allowed us to postulate a model of oocyst transmission in the environment.
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Chapter 1: General Introduction
1.1

Emergence of Cryptosporidium and Cryptosporidiosis

It has been just over 100 years since the initial discovery of Cryptosporidium by Ernest
Tyzzer. He first characterized the organism as an extracellular coccidian in mice, later to
be named as Cryptosporidium muris. Since then a number of different species which fall
under the genus Cryptosporidium have been identified, each causative agents of the
disease cryptosporidiosis in different hosts (Table 1) (Sunnotel et al. 2006). The first
human case of cryptosporidiosis was reported in 1976, however little attention was given
to the organism until they were discovered to be the cause of a life-threatening infection
in acquired immune deficiency syndrome (AIDS) patients (Casemore et al. 1985). The
disease, cryptosporidiosis, is a self-limiting gastrointestinal disease characterized by
diarrhea, cramps, and/or fever in susceptible healthy humans. These symptoms occur
between two to fourteen days after the ingestion of the oocysts and can persist for up to
two weeks. The major causative species of cryptosporidiosis in humans have been found
to be C. hominis and C. parvum. While a disease of inconvenience, it is rarely fatal unless
the individual is immunocompromised. In such cases, the loss of fluids causes severe
dehydration in the host and is the leading factor causing death. A baseline incidence of
cryptosporidiosis is present in North America associated with both recreational and
drinking water. Recreational waters such as lakes, swimming pools or water parks can
easily become tainted with oocysts via fecal contamination and can remain so for
extended periods if no action is taken as the chlorination and sand filtration practices at
these facilities have little impact on the resistant oocysts of Cryptosporidium (Bell et al.
1993; McAnulty et al. 1994; Kramer et al. 1998). This type of outbreak affects a
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relatively small sampling of any given population as its transmission relies on direct
travel to and ingestion at the contaminated site. Incidents involving contaminated
drinking water supplies on the other hand have the potential to affect a large percentage
of a population. In 1993, the largest waterborne outbreak in recent history occurred when
a failure at the drinking water treatment plant in Milwaukee caused an estimated 403,000
cases of cryptosporidiosis with 54 fatalities (Mackenzie et al. 1994; Hoxie et al. 1997).
This led to an estimated $32 million in medical costs and $64 million in productivity
losses (Corso et al. 2003).

Cryptosporidium is endemic across Canada and, as of 2004, had 1.85 cases per 100,000
people across the country (PHAC 2004). As mentioned previously, the outbreaks have
been linked to either contaminated recreational water, and less commonly, drinking water
(Wallis et al. 1996; Craun et al. 2005). The largest Canadian outbreak took place in North
Battleford Saskatchewan in 2001 where as many as 7100 individuals were affected by
cryptosporidiosis (Laing 2002). The source of the North Battleford outbreak was
determined to be a failure in the solids processing cycle and the proximity of an upstream
sewage treatment plant outflow to the drinking water intake. Consequently, the reported
rate of cryptosporidiosis in Canada spiked in 2001 to 7.47 per 100,000, almost three
times the incidence rate compared to the previous year. It seems on average, the yearly
rate of reported Cryptosporidium infections falls between 2-3 cases per 100,000 (PHAC
2004).

2

The North Battleford outbreak in Saskatchewan taught Canadian water regulators a
valuable lesson, and led to stricter guidelines regarding plant operations and the locations
of sewage outflows and raw water intakes for drinking water plants. However, more often
than not the sources of contamination in waterborne outbreaks are not identified
(Willocks et al. 1998). The Milwaukee outbreak stands as a case-in-point as there have
been theories hypothesized in hindsight as to the source of contamination, but none was
identified during the crisis. Factors such as extreme precipitation and animal proximity to
watersheds were cited as possible causes for the high number of oocysts in the city’s raw
water supply that year (Rose et al. 2002). As an intracellular pathogen, Cryptosporidium
oocysts ultimately originate from an animal host; however, it is the route of travel in the
environment which is important for understanding how and why they can enter our water
supply and what we can do about it.

Cases of cryptosporidiosis are found globally but are intrinsically hard to track due to the
large majority of the infected opting not to visit a physician when experiencing the
symptoms (Mead et al. 1999). Even when gastrointestinal symptoms are presented to the
physician, testing stool samples for parasites is not part of the normal routine for
Canadian doctors and the pathogen can go unrecognized. Worldwide, Cryptosporidium is
considered the causative agent in the majority of parasitic gastrointestinal infections.
Statistics indicate that infections by C. parvum in the United States alone can be as high
as 300,000 people annually (Mead et al. 1999). Combined with Giardia, it is known to be
involved in over 58 million cases of childhood protozoal diarrhea globally per annum
(Savioli et al. 2006). The high costs of managing the parasite around the world and the
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seeming lack of preventative research has led the World Health Organization to list
Cryptosporidium on its Neglected Diseases Initiative as of September of 2004.

Table 1.1

List of Cryptosporidium species and their corresponding hosts in which
they have been found to cause disease (Adapted from Sunnotel 2006).
Cryptosporidium Species
C. andersoni
C. baileyi
C. canis
C. felis
C. galli
C. hominis
C. meleagridis
C. molnari
C. muris
C. parvum
C. saurophilum
C. serpentis
C. suis
C. wrairi
C. bovis
C. scophithalmi

1.2

Host
Bovines
Birds
Canids, human
Felids, human
Birds
Human
Birds, Human
Fish
Rodents, Human
Ruminants, Human
Lizard, Snake
Snake, Lizard
Pig, Human
Guinea pig
Ruminants
Fish

Cryptosporidium Lifecycle

Cryptosporidium is an intracellular parasite, meaning it must be within a host in order to
reproduce. The stage at which the organism is shed from the body is known as the oocyst,
and is an extremely environmentally resistant form. This form, once present in the
environment, starts the life cycle entering a susceptible host through the fecal-oral route,
either through contaminated food, recreational water, or tainted drinking water (Wallis et
al. 1996; Rose and Slifko 1999; Slifko et al. 2000; Craun et al. 2005). In humans, C.
parvum was found to have an infectious dose, depending on the individual, between 101000 oocysts (DuPont et al. 1995; Kothary and Babu 2001). Each oocyst can excyst to
form four sporozoites after ingestion and upon encountering digestive enzymes, bile salts,
4

and/or pH shifts (Current and Blagburn 1990; Fayer et al. 1997). These sporozoites, once
released, are then free to penetrate the epithelial cells of the host at which point they
develop into trophozoites intracellularly. The next forms, merozoites, are created through
asexual division of the trophozoites. Merozoites then have two options for differentiation,
they may penetrate adjacent cells and produce a type 1 meront and perpetuating the
asexual cycle, or they can differentiate into type II meronts and begin the sexual cycle of
Cryptosporidium. These type II meronts produce merozoites which can enter the host
cells and form into either a microgamonts or macrogamonts. Microgametes produced
from the microgamont fertilize the macrogamont creating a zygote. A few of these
zygotes produce thin-walled oocysts which then repeat the lifecycle within the host, but a
majority of the oocysts formed have the thick, environmentally resistant cell walls. These
are then released into the environment in the fecal matter of the host where they will stay
until they lose viability or enter another host to start the cycle anew.

1.3

Cryptosporidium transport and survival in the environment

Cryptosporidium oocysts are quite resistant to environmental stresses due to its thick cell
wall and reduced metabolic activity. These characteristics allow for prolonged survival of
the oocyst in water supplies around the world, able to remain viable after a year of
incubation in sea water (Tamburrini and Pozio 1999). Moisture is an important factor in
oocyst survival and dessication has been shown to be an effective method of disinfection.
Drying oocysts on slides at 19± 1°C were found to kill off 100% of the C. parvum
oocysts in just four hours(Robertson et al. 1992).Studies have shown that holding C.
parvum oocysts at temperatures above 20°C can lead to 3-4 log reductions in their
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infectivity (King et al. 2005; Pokorny et al. 2009). The ideal temperature for storage
occurs between 8-10°C in order to maintain the maximum viable lifespan of the oocysts
(Tamburrini and Pozio 1999; King and Monis 2006; Pokorny et al. 2009). General
findings have placed the survival of oocysts in water at approximately twelve weeks if
temperatures are below 15°C (Tamburrini and Pozio 1999; King et al. 2005; King and
Monis 2006; Peng et al. 2008). While there is some contradictory evidence, it has been
shown that some C. parvum oocysts remain viable at temperatures as low was -20°C for
periods of 8 hours or less (Fayer and Nerad 1996). This, however, is not a survival
adaptation for over wintering as extended periods of time at freezing temperatures lead to
non-viable oocysts (Fayer and Nerad 1996; Kato et al. 2002; Pokorny et al. 2009). It is
important to note that a Cryptosporidium oocyst is still metabolically active, unlike the
spore form of a bacterial cell which is considered metabolically dormant. Thus, the
increased temperature is thought to affect C. parvum oocysts by stimulating their
metabolic activity and depleting reserves of amylopectin (Walker et al. 2001; King et al.
2005; Peng et al. 2008). Since water temperatures in the environment rarely reach above
25°C (Walker et al. 1997), Cryptosporidium is able to persist in the environment for
extended periods as it travels to a new host. This ability makes it a problematic pathogen,
as theoretically, any body of water can act as a reservoir for sustaining Cryptosporidium.

Source tracking of pathogens in the environment is an important undertaking.
Determining the source of the pathogen, and how they enter and move within the
watershed is an important piece of the puzzle in order to establish preventative measures
and treatment protocols. Each watershed is unique, and thus, individual studies at each
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site must be done in order to fully elucidate the pathogen sources. Local wild-life and
wastewater treatment plants are the identified vectors in most of the studies done to date
(Ruecker et al. 2007; Yang et al. 2008; Jellison et al. 2009). Studies by Searcy et al.
(2005; 2006b) have shown that C. parvum oocysts have the ability to attach to
particulates and can settle out of suspension quicker when doing so. This leads to the
possibility of sediment beds being possible reservoirs of Cryptosporidium oocysts.
Outbreak events are often correlated with periods of heavy precipitation, such as the
Milwaukee outbreak, which not only wash fecal matter into the watershed, but also resuspend the settled sediment (Mackenzie et al. 1994; Atherton et al. 1995).

1.4

Pathogen-Particle Association

The water turbidity of samples has been an issue with the sampling of Cryptosporidium
oocysts as some cases have found higher recovery (85±5.2%) (Feng et al. 2003) with
particulates present while others have found a positive correlation between
Cryptosporidium oocyst densities and turbidity (LeChevallier et al. 1991). Rainfall events
were found to affect water quality as well as re-suspended fecal coliforms which had
previously associated with sediments in water (Mahler et al. 2000). The dispersion of
these pathogen particles is dependent on the movement of the surface water. Systems
which have a riverine raw water input are impacted by the downstream flow of material.
Lake sources of water however are largely moved through wind-driven currents which
affect the uppermost layers of the water and cause an upwelling of settled material from
the lake bottom (Rao and Murty 1970; Simons and Schertzer 1987). Oocysts that have
settled in bodies of water can pose a potential problem as the lower temperatures (under
<15°C) prolong the infectivity two- to three-fold when compared to temperatures above
7

20°C (Fayer and Nerad 1996; King et al. 2005). The settling of any particle is affected by
its size and density as noted by Stokes law. The attachment of an oocyst to any
particulate was previously found to follow this equation with associated oocysts settling
quicker than unassociated ones by a factor of 10-70, depending on the particle it
associated with (Searcy et al. 2005). Studies looking at coliforms and E. coli noted that
the bacteria had the strongest correlation with inorganic particles between 3.2 and 4.5 µm
in size (Hipsey et al. 2006). Re-suspension models for bacteria present in the sediment
indicate that bacterial re-suspension occurs in conjunction with the sediment (Bai and
Lung 2005). This leads to higher levels of fecal organisms after a storm event due to
higher levels of runoff as well as resuspended particles (Fries et al. 2006).

1.5

Water Treatment Practices and Testing

Conventional water treatment practices often employ chlorine as a means for microbial
disinfection, however, this chemical is known to be relatively ineffective against
Cryptosporidium unless used at high concentrations. The water industry has turned to
other means incorporating multiple treatment options including ozone pretreatment
before chlorination or UV irradiation (Driedger et al. 2000; Le Goff et al. 2010). Ozone
and chlorine dioxide are some of the more effective chemical treatments on
Cryptosporidium. A list of commonly used chemicals and their effectiveness on
Cryptosporidium oocysts

is

listed

in

Table 1.2.

Sequential

inactivation

of

Cryptosporidium oocysts by ozone followed by chlorine or monochloramine created a
synergistic effect increasing the secondary treatment inactivation rates more than twofold (Driedger et al. 2000; Li et al. 2001a). Temperature plays a highly variable role in
chemical disinfection with a compound such as ozone requiring 8.0 - 8.3 mg · min/L at
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22 ± 1°C for a 3-log inactivation versus a dose of 76.4-76.7 mg · min/L at 1 ± 0.5°C
(Driedger et al. 2001; Li et al. 2001b). Currently one of the most effective means of
inactivating C. parvum oocysts is through UV irradiation which can reduce the infectivity
of oocysts by 99% with a dose between 1-10 mJ/cm2 based on cell-culture infectivity
assays (Craik et al. 2001; Morita et al. 2002).

Current Ontario regulations stipulate that drinking water treatment processes must
achieve, at minimum, a 2-log reduction or inactivation of Cryptosporidium oocysts
before the water first reaches the consumer (MoE 2006). While this regulation is in place,
there seems to be no rules which ascribe any regular detection of Cryptosporidium for
water treatment plants(Health Canada 2009). With the possibility of outbreaks occurring,
it would be prudent to look at establishing regular practices for water monitoring. Current
methods which utilize indicator organisms, while theoretically sound as Cryptosporidium
can share its source with a number of coliform bacteria, is in practice not an effective
way to determine pathogen concentrations (Harwood et al. 2005). The widespread use of
E. coli as an indicator organism can lead to dangerous assumptions on the safety of a
water source as studies have shown its use with Cryptosporidium counts to be
inconsistent at best (Hörman et al. 2004; Harwood et al. 2005; Wilkes et al. 2009).

One of the main issues brought up when considering regulations for Cryptosporidium
testing is the inconsistency of the current sampling methods. Standard methods for
detection in North America were established by the United States Environmental
Protection Agency (USEPA). The USEPA protocol 1623 (previously 1622) for
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enumerating Cryptosporidium utilizes the Filta-Max or Envirochek cartridge filters for
capture of the protozoan from the water, immunomagnetic separation for purification,
and fluorescence microscopy for identification and enumeration (USEPA 2005). This
method relies on size exclusion filtration of the pathogens from the water and
immunological reactions for both the concentration and staining of the oocyst. While
prevalent, this enumeration method is not without its flaws. The techniques and
equipment used in the procedure require highly trained personnel and can be costly.
Accredited labs must run rigorous tests and double-checks against all personnel running
method 1623 to ensure that results remain accurate and counts remain within the outlined
limits. Even with the controls in place, this recovery and enumeration strategy has been
shown to be inaccurate and inconsistent with turbidity levels as little as 0.46
Nephelometric Turbidity Units (NTU) capable of interfering in the recovery of the
pathogens (Hsu et al. 2001; DiGiorgio et al. 2002; USEPA 2005; Hsu and Huang 2007).
In an effort to confront some of the inconsistencies in the method, an automated version
of the elution protocol was developed by IDEXX but has yet to be tested for effectiveness
in the literature. Currently, Envirochek capsules manufactured by Pall are the most
effective at isolating Cryptosporidium oocysts from water (Wohlsen et al. 2004; Karim et
al. 2010). Other limitations often associated with USEPA Method 1623 include the
inability to determine viable from non-viable oocysts and the inability to differentiate
human pathogenic versus non-pathogenic Cryptosporidium species. To overcome these
issues, many laboratories have turned to molecular based methods of detection.
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Molecular based methods of detection have been developed but the techniques used are
varied ranging from nested-PCR assays for accuracy, incorporated cell cultures for
infectivity testing, or real-time PCR for quick results (Johnson et al. 1995; Monis and
Saint 2001; Fontaine and Guillot 2003; LeChevallier et al. 2003; Ochiai et al. 2005;
Carey et al. 2006; Anceno et al. 2007). Methods such as reverse-transcriptase PCR have
been used to target the hsp70 mRNA of the oocysts allowing for both enumeration and
viability determination in one test giving this technique a marked advantage over USEPA
Method 1623 (Garcés-Sanchez et al. 2009).While many labs have investigated PCR
based detection methods, no standardized methods exist which address the shortcomings
of USEPA Method 1623.With the complete genomes of C. parvum and C. hominis
available, the possibilities of finding target sequences for environmental identification are
more optimistic (Abrahamsen et al. 2004; Xu et al. 2004).

One of the hardest barriers to conducting this type of research on Cryptosporidium is
finding an ample supply of the protozoan to perform testing on. While some labs offer
oocysts for sale, they are often prohibitively expensive and available inconsistently.
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Table 1.2

Removal and chemical methods for disinfecting Cryptosporidium parvum
oocysts. Superscript a denotes contact time values derived from equations
determined from experimentation.
Temp
Initial
Water
Contact
(°C)
oocyst
Type
Reduction
Time
Treatment
Reference
dose
(Log)
(mg ·
Method
(oocyst/
min/litre)
L)
Coagulation,
Raw
NL
50,000
Not
(Keegan et
Flocculation,
oocysts/
1-2
Applicable
al. 2008a)
Sedimentation
L
CDF
~1000022 ± 1
(Shields et
Chlorine
3
15000
al. 2008)
(Korich et
CDF
25
4.0 x 108
1
Monochloramine
7200
al. 1990)
CDF
25
4.0 x 108
(Korich et
78
1
al. 1990)
Chlorine Dioxide
ddH2O
21 ± 1
(Chauret et
1000
2
al. 2001)
8
CDF
25
4.0 x 10
(Korich et
5
1
al. 1990)
Ozone

6.25 x
106
PBS
7.73a
20
6.25 x
106
CDF – Chlorine demand-free PBS – Phosphate Buffer Solution

1.6

PBS

5.39a

20

2
3

(Rennecker
et al. 1999)

Research Objectives

In order to establish a guideline for drinking water treatment, the baseline levels of the
different pathogenic organisms must be established. A Canada-wide survey of 72
municipalities identified 4.5% of 1173 raw water samples were positive for
Cryptosporidium oocysts and a majority of the positive results were fewer than 0.5
oocysts per 100 litres (Wallis et al. 1996). However, this study used Percoll-sucrose
density gradient purification as opposed to the now standardized immunomagnetic
separation method which boasts recovery efficiencies almost double that of the old
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methodology (Nieminski et al. 1995; Hsu and Huang 2000). Chapter two describes a
survey of southern Ontario raw surface water intakes from eight different plants. The raw
water from each plant was sampled over a two year period and the prevalence of oocysts
at each plant was correlated to the various water quality parameters at each plant. These
counts were correlated to identify any relationships between the water quality and
microbial content, as well as the effect of precipitation on oocyst presence in Ontario’s
source waters. Establishing the endemic levels of Cryptosporidium oocysts in the
watersheds of Ontario is an important step in creating surveillance methods for the
pathogen.

Chapter 3 addresses the association between Cryptosporidium oocysts and various
different particle types, including clays, organics, and natural sediment samples. Samples
were mixed in tubes in order to determine how quickly associations took place and how it
affected settling of the oocysts into the bottom of the tube. Understanding how oocysts
travel through environmental water systems can help us to establish barriers to their
entry, or better control the intake of our source waters to prevent future outbreaks from
occurring. Sampling techniques could be altered in order to take into consideration the
different types of sediment which might be present in an environment and to alter
treatment factors accordingly when the risk level reaches a certain level.

Chapter 4 examines the disinfection capabilities of UV radiation when faced with
particulate interference by wastewater flocs. By looking at the amount of oocysts which
are inactivated by the UV radiation with and without the presence of the flocs we can
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determine any effect these particles might have in shielding the organisms from the
disinfection process. If there is an attenuation of the UV strength, would the disruption of
the flocs by the addition of kaolin restore some of the inactivating strength of the UV?

Chapter 5 attempts to explain the dissemination of Cryptosporidium oocysts and how
they can move from the host animal into the water supply by tying together the
information garnered through experimentation in Chapters 2, 3 and 4.

14

Chapter 2: A Survey of Eight Southern Ontario Drinking
Water Plants for Cryptosporidium
2.1

Abstract

Eight drinking water treatment plants across southern Ontario took part in a two year
study enumerating Cryptosporidium oocysts in raw water samples. The Cryptosporidium
oocyst counts were analyzed by looking at their relationship to water quality parameters
and microbial indicators. 100 L of water were sampled from each plant and analyzed
using the USEPA Method 1623 utilizing an Envirochek HV filter cartridge,
immunomagnetic separation and concentration, and immunofluorescent labeling and
microscopy for identification. A total of 60% of 81 raw water samples were found to be
positive for Cryptosporidium oocysts with an average of 2.7 ± 4.8 oocysts per 100 L.
With the exception of pH, no significant correlations were found between oocyst counts
and water quality parameters or microbes. However, a significant (p<0.01) correlation
between rainfall and oocyst presence in the raw water intake of the plants was found with
an average increase of ~3 oocysts per 100 L for every 10 mm of precipitation. This
mirrors other studies done worldwide which implicate heavy rainfall as one of the factors
in contributing cryptosporidiosis outbreaks. Further investigation is required into the role
that agricultural runoff plays in oocyst loading of surface waters in Ontario.
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2.2

Introduction

Cryptosporidium parvum and C. hominis are the causative organisms of cryptosporidiosis
in humans and have been identified as a pathogen since 1976 (Casemore et al. 1985). In
Ontario, the highest endemic risk group associated with the disease are children under
five years of age with the incidence rate at approximately 14 cases per 100,000 people in
1996-1997 (Majowicz et al. 2001). In 2004 there were 298 cases of cryptosporidiosis
reported in Ontario, which comprised over half the cases in all of Canada (PHAC 2004).
While low, this is generally believed to be an underestimate of actual cases as physician
surveillance of stool samples for the protozoan are not standard. Cryptosporidium has
been identified by many as an emerging threat in recent years, and C. parvum responsible
for the largest waterborne outbreak in history in 1993 when over 400,000 people fell ill in
Milwaukee (Mackenzie et al. 1994; Guerrant 1997; Matukaitis 1997; Daszak et al. 2000).
Routine monitoring of protozoa is currently done on a purely voluntary basis by
individual water treatment plants in Ontario. There are no regulations which dictate the
frequency at which testing should take place (MoE 2006). This situation is likely due to a
number of reasons surrounding sampling. First and foremost, the standard method set by
the USEPA is expensive and requires time and skilled personnel in order to process
samples. This makes routine testing difficult as it must be shipped away to accredited
labs with specialized equipment in order to enumerate any samples. By the time the
results would have been made available, it would be too late to adjust any treatment
options if a higher pathogen load was present in the water. Secondly, there is a lack of
baseline data from which to establish any regulations. This data can not only be used to
set a standard across the province, but to help tailor individual guidelines for each plant
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focused on the worst case scenarios which are observed at each location. Thirdly, there
has been little pressure by any governing body to develop any guidelines as the last major
outbreaks are out of sight and out of mind. Recent developments in microbial
management policies focus instead on influenza due to the recent pandemic. Instead of
direct monitoring, some water treatment operators still use organisms such as Escherichia
coli are used as an indicator organism for the presence of Cryptosporidium as it is an easy
organism to identify and enumerate. This practice however may not be accurate in
estimating the parasite load in the water (Hörman et al. 2004; Harwood et al. 2005).

In an effort to determine Cryptosporidium counts in the surface waters of Ontario,
sampling at eight different locations was carried out over a period of two years starting in
the summer of 2009. Locations used in the study were not random and were based on the
willingness of the various municipalities to commit personnel to sampling and shipping
the water samples. Each location is listed as Plant A-H to preserve their anonymity. The
water source type for each plant is outlined in Table 2.1. The plants are a mix of
conventional drinking water treatment plants with A and B utilizing ozonation as an
additional barrier to microorganisms. Conventional treatment involves chlorination,
filtration, and some method of coagulation, flocculation, and settling. This method of
treatment is credited by the Ministry of the Environment (MoE) as having a 2-log
removal or inactivation of Cryptosporidium oocysts (MoE 2006). Ozone treatment adds
an additional credit between 0.5-3.0 depending on the contact time and temperature of the
water being treated, with longer contact times or higher temperatures leading to a higher
log credit. Methods for sampling were based on the USEPA Method 1623 using the
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Envirochek™ HV filter capsule, immunomagnetic separation, and immunofluorescent
microscopy (USEPA 2005). E. coli was also enumerated, and water quality parameters
including temperature, turbidity, and pH were recorded for each sampling.

Table 2.1
Plant

List of water treatment plants A-G and their water source, and their
treatment practices
Water Source
Treatment Regime

A

Lake

Sedimentation + Ozone + Filtration

B

Lake

Sedimentation + Ozone + Filtration

C

River

Sedimentation + Filtration + Chlorination

D

Lake

Microfiltration + Granular Activated Carbon + Chlorination

E

Lake

Sedimentation + Filtration + Chlorination

F

Lake

Sedimentation + Filtration + Chlorination

G

River

Flocculation + Filtration + Chlorination

H

Lake

Sedimentation + Filtration + Chlorination
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2.3

Hypothesis

It was hypothesized that Cryptosporidium counts in water would not correlate well with
E. coli in Ontario raw water sources. Water quality measurements such as pH and
temperature will not have an effect on pathogen counts, but turbidity will have a negative
correlation with protozoan numbers. Precipitation levels will have a positive effect on the
oocyst counts in the raw water at all plants.
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2.4

Materials and Methods
2.4.1

Water Sampling Apparatus

Cryptosporidium water sampling at each plant was done using the Envirochek HV
capsule apparatus similar to the one outlined in the USEPA Method 1623 (See Figure
2.1). Braided hose and plumbing parts were purchased from Home Depot (Guelph).Each
water treatment plant attached a valved ½” female outlet tap to their raw water line in
order to take a sample. The inlet tubing was screwed into the outlet tap and was
connected to the sampling apparatus via a stainless steel quick-connect (Swagelok, Ohio).
A ½ gallon per minute (GPM) flow control valve (Plast-O-Matic Valves, New Jersey)
preceded the Envirocheck HV Capsule (Pall, New York), in order to restrict the flow rate
of the water to approximately two litres per minutes (LPM). A turbine meter (Omega
Engineering, Quebec) was attached to the outlet of the filter capsule to record the water
volume sampled by each operator. The outlet hose then connected to the volume totalizer
via another quick-connect and emptied the effluent into an appropriate area. Water for
bacterial samples were collected in four sterile 500 mL bottles, provided by the
Laboratory Service Division (LSD) at the University of Guelph, with 0.005% (w/v)
sodium thiosulfate added to neutralize any possible chlorine in the water.
2.4.2

Sample Collection

Sampling times during the year were selected based on plant specific historical data
looking at extremes of precipitation and turbidity. If no precipitation or turbidity trend
was present for a plant, sampling was scheduled into the gaps in the calendar left by the
other water treatment plants. Before sampling occurred at each plant, the operator tested
the water using a Vario Chlorine Test sensitive down to 3.5 mg/L Cl2 (Sigma-Aldrich,
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Germany) to ensure that no chlorination was occurring to the raw water being sampled.
Coolers were shipped to each individual plant the week prior to when sampling was to
begin and contained all the sampling equipment necessary. The sampling apparatus with
Envirochek HV capsule was attached to the raw water outlet, and allowed to run for
approximately 50min at 2 LPM, or until 100 litres (L) had passed through the filter. Once
sufficient amount of water had passed through the filter, the flow was stopped, and the
filter was capped and stored in the cooler on ice. The water for bacterial samples were
then collected up to the shoulder of each bottle and added to the cooler. Samples were
ground shipped back to the University of Guelph (UofG) lab within 24 hours of
collection. Water sample pH, turbidity and temperature were recorded from the water
treatment plant’s instrumentation onto a data sheet which was shipped back in every
cooler in a Ziploc bag.
2.4.3

Bacterial Water Processing

Bacterial water samples were taken to LSD for analysis to enumerate total heterotrophic
bacteria and E. coli present in the water. The heterotrophic plate count (HPC) was
conducted on Plate Count Agar (PCA: Oxoid, England) in duplicate. Water samples were
rapidly mixed via mechanical shaker for 15 s and serially diluted so that each plate would
contain between 25-250 colonies. An appropriate volume of sample (between 0.1 to 0.5
mL) of water was pipette onto the surface of the Petri dish near the centre. A glass
spreader was flamed three times and cooled before spreading the inoculum over the
surface of the PCA. Samples were allowed time to be absorbed into the agar and then
incubated at 35°C ± 0.5°C for 48 h ± 3 h. Plates were then counted and the results
reported in CFU/ 100 mL of sample. E. coli enumeration took place using membrane
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filtration onto DC-BCIG agar (BD, New Jersey). 10 mL of sample were diluted with 2030 mL of sterile distilled water through a sterile 0.45 µm filter and placed onto the DCBCIG agar. Samples were then incubated at 35°C ± 0.5°C for 48 h ± 3 h and enumerated.
E. coli numbers were reported as CFU/100 mL of sample.

Protozoa Sampling (100 L)
Inlet tubing
attached to
source

Braided Hose
Flow control
valve

Envirochek
HV Capsule

Volume Totalizer

Outlet Hose

Water Collection for Bacterial Testing (2 L)
Inlet tubing
attached to
source

Figure 2.1

2.4.4

Four 500 mL
containers

Cryptosporidium sampling apparatus used for filtering water at water
treatment plants around Ontario

Cryptosporidium Envirochek Filter Processing

Processing of the filter was based on the USEPA Method 1623 (USEPA 2005). Filter
capsules were drained of any excess water at 2 LPM upon receipt using a peristaltic
pump to draw the water out. Elution buffer (10 mL 10% Laureth-12, 2 mL 0.5 M EDTA,
10 mL 1.0M TRIS, 150 µL Antifoam, 978 mL ddH2O) was added to each Envirochek
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HV filter until the pleated white membrane was covered. The filter was then attached in
an upright position to the side-arm of a wrist-action shaker (Burrell, Pennsylvania)and
agitated for 10 min. The elution buffer was drained from the filter cartridge into 50 mL
conical centrifuge tubes (Fisher Science, Ottawa). Elution buffer was again added to the
filter covering the membrane and attached to the shaker pointing at the 4’oclock position
and agitated for 10 min. The filter was repositioned to the 8’oclock position and shaken
for an additional 10 min. The elution buffer was then emptied into additional 50 mL
centrifuge tubes. The tubes containing the elution buffer were spun at 2000 x g at 4°C for
20 min on a swinging bucket benchtop centrifuge (Eppendorf, Germany). The
supernatant was removed using a pipette leaving approximately 1 mL in each tube. The
pellet was resuspended using a micropipette and transferred to flat-sided 15 mL test tubes
(Invitrogen,

California).

A Dynabeads®

anti-Cryptosporidium Kit (Invitrogen,

California) was used to concentrate the sample following the manufacturer’s instructions.
In brief, Buffer A and B from the kit as well as the anti-Cryptosporidium Dynabeads
were added to the sample test tube. The sample was incubated for one hour at 22 ± 1°C
rotating at approximately 20 revolutions per minute (RPM). Cryptosporidium oocysts
attached to the Dynabeads were then concentrated on the side of the tube using a
magnetic particle concentrator (MPC: Invitrogen, California) and the supernatant
discarded. The concentrate was added to a 1.5 mL Eppendorf (Germany) tube and again
concentrated using an MPC. 0.5 M HCl was added to the sample and allowed to incubate
at 22 ± 1°C for 10 minutes to dissociate the oocysts from the Dynabeads. The sample was
then added to Dynal Spot-On slides and the processes of acid dissociation repeated once
more. Slides were allowed to dry over night.
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2.4.5

Staining and Microscopic Analysis

Staining of the slides was done using the Merifluor® Cryptosporidium and Giardia Kit
(Meridian Life Science, Ohio). One drop of fluorescein isothiocyanate (FITC) conjugated
antibodies were dropped onto the slide as well as 1 µL of 4’,6-diamidino-2-phenylindole
(1 µg/mL: Invitrogen, Ohio) and incubated in a humidified chamber for 30 minutes as per
the manufacturer’s instructions. Coverslips (VWR, Mississauga) were then placed over
the sample and sealed with clear nail polish. Samples were analyzed on an Olympus BH2
upright

microscope

equipped

with

ultraviolet

(UV)

and

blue

filter

cubes.

Cryptosporidium oocysts were identified based on physical characteristics and staining,
with an oocyst being identified as having a bold apple-green outline, with a diameter
between 4-6 µm (see Figure 2.2). Oocysts in each plant were enumerated and expressed
as number of oocysts / 100 L.

Figure 2.2

Cryptosporidium as seen under a fluorescent microscope at 400x
magnification. The picture on the left shows the oocyst stained by the
FITC antibody as viewed under the blue filter cube, while the picture on
the right shows the oocysts stained by DAPI and viewed under the UV
filter cube. White scale bar represents 10 µm on both pictures.
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2.4.6

Recovery Testing

Initial recovery testing to determine optimal recovery rates for the Envirochek HV filter
were performed using EasySeed™ (BTF, Australia) to spike tap water and raw water
from Plant B. Each EasySeed™ vial contained 100 Cryptosporidium oocysts stained with
Texas Red dye. A volume of 100 L was pulled through an Envirochek HV filter using a
peristaltic pump at 2 LPM. Filters were eluted and analyzed using the methods from 2.4.4
and 2.4.5. Oocyst recovery for both the tap water and Plant B raw water was recorded.

2.4.7

Precipitation Data

Precipitation data from the closest monitoring stations to the plants were obtained for the
two days preceding and the day of sampling from Environment Canada’s National
Climate Data and Information Archive and combined to give total precipitation over the
three days preceding a sampling event (EC 2010).

2.4.8

Data Analysis

Pearson correlation was performed between Cryptosporidium oocyst counts and the
measured variables including: temperature, turbidity, pH, heterotrophic plate count, E.
coli, and precipitation. Averages and standard deviations for the individual plants were
calculated. One-way ANOVA was performed on the average counts between each of the
Plants A-H.
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2.5

Results

Results for the water sampling are listed in Table 2.2. Recovery testing gave an average
recovery of 40 ± 2% which was used to adjust the counts for each of the plants. With the
exception of pH, statistical analysis using a Pearson two-tailed test for correlation showed
no relationship between the number of oocysts present in the raw water and the physicochemical properties or the HPC and E. coli counts (see Table 2.2). A total of 81 raw
water samples were analyzed for Cryptosporidium oocyst, HPC and E. coli counts with
approximately 10 samples from each plant collected year-round over the period of the
study. Of the 81 samples, 48 (60%) were positive for Cryptosporidium oocysts. An
average of 2.7 ± 4.8 oocysts per 100 L was found across the eight plants after adjustment
for the 40% recovery. Sample counts ranged from 0 to 29 oocysts per 100 L with no clear
seasonal pattern appearing. Table 2.3 summarizes the findings at each of the plants. Oneway ANOVA of the Plant averages showed that Plant G had significantly (p < 0.05)
higher counts than all the other plants. Oocyst counts at Plants A-F and H were not
significantly (p > 0.05) different from each other. There were no significant differences
between the mean oocysts counted in lake or river sourced raw water as analyzed using
ANOVA. The precipitation data from Environment Canada was compared with oocyst
recovery in raw water and is summarized in Figure 2.3. Statistical analysis using a
Pearson two-tailed test showed that rainfall and oocyst presence in raw water were
significantly correlated (p<0.01). This indicates a possible relationship between amount
of precipitation in an area and the oocyst loading in raw water. Water sampling volumes
were inconsistent between the different plants (average 94 L ± 63) and depended heavily
on careful monitoring of the flow and total volume by the operators, which was not
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always possible. A majority of the plants collected the correct amount for their sampling,
however, some such as Plant E had issues with particulates clogging and slowing the
filters leading to small amounts being collected (<10 L).

Table 2.2
Statistical calculations of correlation between Cryptosporidium oocyst
counts and the various measured values. The correlation coefficient (r) and probability of
the results being a random occurrence (P) were calculated based on a two-tailed Pearson
correlation test between Cryptosporidium and measured values
Cryptosporidium correlated to
Temperature
Turbidity
pH
Heterotrophic Plate Count
E. coli
Precipitation
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r
-0.16
-0.08
-0.40
-0.05
0.02
0.52

P
0.6447
0.4806
0.0002
0.6596
0.8602
<0.0001
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15
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5
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0
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Figure 2.3

Plot of precipitation(♢) and oocyst count (grey bars) over the course of the
study (B) Oocyst count versus precipitation at all eight drinking water
treatment plants showed a significant (P<0.0001) correlation between the
two variables indicating a possible relationship
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Table 2.3

Summary of Cryptosporidium oocyst count data from the 8 drinking water
plant locations across Southern Ontario. Plant G counts were found to be
significantly (p < 0.05) different from all the other Plants.

Plant Sample Samples
Size
Positive for
Oocysts
(%)
A
11
73
B
10
70
C
11
73
D
11
55
E
11
18
F
11
55
G
11
82
H
5
60

Highest
Average
Number of
Count Sample Count
Samples with
(oocysts/100L) (oocysts/100L) <100 ± 10 L
Filtered
19.0
2.7 ± 5.5
1
5.8
1.9 ± 2.0
3
9.8
2.5 ± 3.0
4
6.7
2.0 ± 2.4
0
1.6
0.2 ± 0.5
10*
6.9
1.9 ± 2.4
4
25.0
8.3 ± 9.1
7**
4.0
1.2 ± 1.7
1

*

Additional water samples for Plant E were analyzed to ensure that counts were accurate
given the low volumes filtered
**
After the first four samples, Plant G changed their sampling to filter 40 ± 10 L based
on their previous findings and recovery rates

2.5

Discussion

The quick dissemination of a pathogenic organism through the water system can affect a
large population in a very short period of time. The financial impact alone is tremendous
with the Walkerton and Milwaukee outbreaks costing an estimated $64.5 million CAD
and $96 million USD respectively (Corso et al. 2003; Vicente and Christoffersen 2006).
There is a serious gap in water testing regulations here in Ontario regarding protozoan
pathogens such as Cryptosporidium or Giardia however recent steps have been taken by
Health Canada to remedy the situation (HC 2011). Part of the issue lies in the lack of
reliable and cost effective testing method. The developments in the past few years
regarding PCR detection of Cryptosporidium oocysts in water samples is paving the way
for a rapid, quantifiable method for water surveillance however they must be validated
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and standardized to be of any use in regulation (Johnson et al. 1995; Rochelle et al. 1997;
Guy et al. 2003; Carey et al. 2006; Anceno et al. 2007; Haque et al. 2007).

The connection between rainfall events and surface water pathogen contamination is not
a novel subject. A study looking at waterborne outbreaks in the United States between
1948-1994 found a strong correlation between heavy rainfall and reported waterborne
disease outbreaks (Curriero et al. 2001). Controlled experiments demonstrated the ability
of rainfall to disperse Cryptosporidium oocysts from livestock fecal matter into nearby
watersheds, confirmed by in situ observations (Hansen and Ongerth 1991; Davies et al.
2004). Precipitation likely plays a role in the dissemination of the pathogen as a strong
correlation (p<0.01) between precipitation to the amount of Cryptosporidium oocysts in
the surface water samples was found. The precipitation versus oocyst count data yielded
in Figure 2.3B gave a linear fit curve defined by y = 0.204x + 1.085 where y is
precipitation and x is oocyst count. By substituting 10 mm of precipitation into the linear
curve equation, we determined that the average oocyst count increased by 3.1 per 100 L
for every 10 mm of precipitation. The impact of rainwater runoff from livestock farms or
manure covered fields has not yet been determined in Ontario but has been indicated as a
possible source of contamination in previous studies (Sischo et al. 2000; Tate et al. 2000;
Davies et al. 2003; Davies et al. 2004). Investigations looking into farms upstream from
river sourced water treatment plants would help to identify if agricultural runoff was
causing increased presence of oocysts in the raw water supply.
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The use of indicator organisms as a replacement for direct detection of Cryptosporidium
is not a recommended course of action, as there was no relationship observed with either
HPC or E. coli. The correlation between pH and oocyst count is due to the skew in counts
from the lower pH river waters from Plant C and G. Plant G oocyst levels were
significantly (p<0.001) higher than the average with almost a 4-fold difference between
the other plants. Water quality management guidelines laid out by Health Canada still
utilize E. coli and total coliforms as an indicator of microbiological drinking water
quality. The information in this study, along with numerous previous studies (Hörman et
al. 2004; Harwood et al. 2005; Wilkes et al. 2009), has shown that E. coli is not an
appropriate indicator organism for protozoa. This highlights a need for direct monitoring
of Cryptosporidium counts in surface water. Turbidity levels have been related to the
presence of oocysts in a water supply, however high suspended solids can also alter
recovery of the organism (Feng et al. 2003; Francy et al. 2004; Carmena et al. 2007; Lee
et al. 2007). The ability of Cryptosporidium oocysts to attach to these suspended solids
and how this association can affect transport in water will be examined in Chapter 3.
2.5.1

Future Work

The surveillance data and water quality parameters are part of a larger Quantitative
Microbial Risk Assessment survey of southern Ontario that is currently in progress, with
a projected finish date of December 2011. The role of this study is to provide preliminary
data for crafting guidelines in Ontario regarding Cryptosporidium, Giardia, and other
waterborne pathogens. The organism counts in the raw water are then converted into a
metric outlining the risk level to a person consuming it in disability-adjusted life years
(DALYs) after factoring in the treatment processes at each plant. The threshold target as
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suggested by the WHO is 10-6 DALYs per person per year, which translates to an
approximate 1/1000 cases annually. As of May 2010, each plant was operating within the
WHO guidelines in regards to Cryptosporidium (Carole Baxter, University of Toronto,
personal communication).

It is important when establishing surveillance regulations to identify the endemic level of
the pathogen in the water supply. Each of the plants has shown the presence of
Cryptosporidium in at least one of their raw water samples with an average across the
plants of 2.7 ± 4.8 oocysts per 100 L raw water. The variability in pathogen counts
emphasizes the need for constant monitoring and individualized scenarios for each water
treatment plant. Monitoring rainfall in an area and correlating that data with the oocysts
present in the water is important in areas where the watershed can be impacted through
agricultural practices. Setting up additional barriers in the water treatment process, such
as UV irradiation, at plants where high levels of contamination are common would be a
prudent measure. The volume of rainfall in a given area could be used as a trigger for
implementing these additional barriers in the drinking water treatment process. As an
example, an area which has received more than 30 mm of precipitation in 72 hours could
include UV treatment to alleviate any risks from higher pathogen levels in the raw water.
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Chapter 3: Particle association of Cryptosporidium oocysts and
their fate in the environment
3.1

Abstract

Cryptosporidium parvum oocysts were isolated from infected calf feces and incubated
with different suspended particulates in order to determine any association that might
occur between the pathogen and particle. All inorganic sediments including clays and an
oxide showed some affinity for associating with Cryptosporidium oocysts while pure
organic sediment types, alginate (carbohydrate) and bovine serum albumin (protein), did
not. Natural sediment samples isolated from surface water lakes around southern Ontario
were characterized according to their organic content and showed a significant (p < 0.01)
negative correlation with oocyst adsorption to the suspended particles. The ζ-potential of
the various particulates had no correlation to the adsorption of the oocysts indicating
electrostatic interactions were not a significant factor in association dynamics. We
believe the association between free floating oocysts and water particulates plays a role in
the movement of the pathogen through the water supply.
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3.2

Introduction

Cryptosporidium spp. Are obligate intracellular pathogens found in bodies of water
around the world (Sunnotel et al. 2006). They have a hardy oocyst form which is able to
resist many of the conventional forms of disinfection used today such as chlorine and
bleach (Driedger et al. 2000; MoE 2006; Keegan et al. 2008b). This makes it an organism
of interest within the drinking water industry as chlorination is the most common form of
disinfection, but is relatively ineffective against an oocyst. Since its first identification as
a human pathogen in 1976, a number of different species within Cryptosporidium have
been indicated as human pathogens including C. parvum, C. hominis, C.muris, and C.
meleagridis (Casemore et al. 1985; Sunnotel et al. 2006). The disease, cryptosporidiosis,
is characterized by severe diarrhea, cramps, and fever which can persist for up to two
weeks. Dehydration from the loss of fluids is the largest concern when treating the
disease but is rarely fatal unless the individual is immunocompromised, such as in AIDS
patients (Casemore et al. 1985).

The significance of Cryptosporidium in the water industry has been emphasized over the
years by a number of outbreaks caused by the pathogen. Water associated outbreaks of
cryptosporidiosis can be related either to recreational or drinking water sources. An
outbreak occurred in Kitchener, Ontario in 1993 when 200 people fell ill due to high
pathogen loads in the Grand River and improper removal of the contaminants by the
water treatment plant (Welker et al. 1994). Another notable Canadian outbreak was in
North Battleford, Saskachewan where approximately 5800-7100 cases were reported and
was caused by a failure in the treatment system and a possible overlap between a sewage
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effluent discharge and the drinking water intake (Laing 2002). The most notable
occurrence of cryptosporidiosis occurred in Milwaukee, Wisconsin in the spring of 1993.
Over 400,000 cases of cryptosporidiosis were estimated to have originated from this
outbreak making it the largest known waterborne outbreak in recent history(Mackenzie et
al. 1994). The associated costs with this outbreak were estimated to be over $96 million
USD and 54 fatalities were attributed to the cryptosporidiosis (Hoxie et al. 1997; Corso et
al. 2003). It was this outbreak which stimulated an interest in Cryptosporidium research
and water treatment in the subsequent years. One common thread between many of the
outbreaks which have occurred over the years has been the association between high
levels of turbidity with higher levels of the pathogen in the water.

Adsorption of bacteria to water particles is a well known phenomenon and is a matter of
concern to public health officials as it can influence the transport and fate of the
organisms (Schillinger and Gannon 1985; Liss et al. 1996; Droppo et al. 2009). In a
similar fashion, understanding the transport and fate of Cryptosporidium oocysts through
watersheds is critical when developing strategies for source water monitoring. Identifying
the point of entry of the pathogen is paramount, but determining how it moves from the
point of entry to reach a water intake is just as critical when determining what
preventative measures should be taken. Cryptosporidium parvum oocysts have been
shown to adsorb to a few inorganic particles, such as kaolinite, illite, and iron oxide,
which can affect their sedimentation rate (Searcy et al. 2005). Both organic and inorganic
particles are ubiquitous in nature and the attachment of an oocyst to any of these would
alter its settling velocity and transport behavior through the water. Planktonic oocysts
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have been shown to sediment at a rate guided by Stokes law, however, association with a
particle causes the sedimentation rate to increase dependent on the size (Medema et al.
1998; Dai and Boll 2003; Feng et al. 2003; Searcy et al. 2005). Oocyst settling is
especially important in the wastewater treatment process where the association between
an oocyst and a secondary treatment particulate is a major factor in the removal of
Cryptosporidium oocysts from the wastewater stream (Chauret et al. 1999). Levels of
Cryptosporidium oocysts in raw and treated wastewater have been found to be as high as
10 000 oocysts/L and 1000 oocysts/L, respectively (Medema et al. 2003). Determination
of particle association dynamics could help to improve the removal process of oocysts in
wastewater treatment and minimize the release of the pathogen back into the
environment.

To test the adsorption of oocysts to particles, a number of bench scale experiments were
conducted using various particulates ranging from inorganic clays to organic proteins. C.
parvum oocysts were introduced into tubes along with particulates and the association
and settling dynamic of each experiment was observed by direct fluorescent microscopy.
These results were compared to the ζ-potential and organic content of each sample
analyzed to determine any correlations between charge or sediment organic content to
particle association.
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3.3

Hypothesis

Cryptosporidium parvum oocysts are known to attach to certain types of particles in the
environment. It was hypothesized that the oocysts would attach to different types of clay
particles based on charge differences as measured through ζ-potential. Sediments
obtained from surface water lakes will have a range of organic contents. The organic
content of the sediments will positively correlate to the amount of C. parvum oocysts
which associate with those sediment samples.
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3.5

Materials and Methods
3.5.1

Discontinuous Sucrose Gradient Purification of Oocysts

Cryptosporidium parvum oocysts were purified using the method as described in
Arrowood and Sterling (1987) with modifications. Calf stool samples with oocysts
identified as C. parvum were generously provided by Mary Lake from the Parasitology
Lab of Guelph Lab Services division. Samples upon receipt were stored at 4°C for a
maximum of 48 hours before purification. Fecal samples were diluted with 0.1 M
phosphate buffered saline (PBS) and shaken by hand for 30 seconds. Samples were then
sieved through a set of stainless steel screens to a final mesh size of 230 (63 µm pore
sizes). Sieved samples were then added to 50 mL conical centrifuge tubes (Fisher
Science, Ottawa) and centrifuged at 1100 x g for 15 minutes at 4°C on a swinging bucket
bench-top centrifuge (Eppendorf, Germany) in order to concentrate the suspended solids
into a pellet. The supernatant was poured off and disposed of and the pellet was
resuspended in 25 mL of PBS through vortexing. The volume of the sample was then
brought up to 50 mL with PBS and thoroughly mixed into a homogenous solution.
Sheather’s solution was prepared using 320 mL of ddH2O, 500 g sucrose (EMD
Chemicals Inc, Germany), and 9 ml of 85% (w/v) phenol (Fisher Science, Ottawa).
Dilutions of 1:4 and 1:2 (v/v) of Sheather’s solution to PBS were prepared for the
discontinuous sucrose gradient. 10 mL of the 1:2 dilution were layered under 15 mL of
1:4 dilution using a 12-gauge syringe to form the gradient and 25 mL of the sample were
carefully added on top of the gradient (See Figure 3.1a). The sample was then centrifuged
down at 1100 x g for 20 minutes at 4°C with no deceleration braking. The oocyst layer
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from the gradient (as noted by arrows in Figure 3.1b) was then removed and washed with
PBS twice with spinning down at 1100 x g for 10 minutes each. Washed oocysts were
then added to another sucrose gradient of 1:2 and 1:4 (v/v) Sheather’s solution and spun
down as previously described. The resulting tube was then evaluated and if the bottom of
tube was relatively clear of fecal debris, the oocyst layer (as seen in Figure 3.1c) was
pipetted into a new tube and stored with 100 U of penicillin G (BioBasicInc, Markham)
and a concentration of 100 µg/mL of streptomycin sulfate (BiobasicInc, Markham). The
antibiotics prevented bacterial growth while the oocysts were stored at 4°C. If the bottom
of the tube was not clear, an additional gradient purification was performed repeating the
washing and gradient steps.

a.

b.

c.



Figure 3.1

Discontinuous sucrose gradient purification a) Sieved fecal sample layered
on top of 1:2 and 1:4 (v/v) sucrose gradient b) Tube a. after centrifugation
c) Oocysts after two rounds of purification
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3.5.2

Counting Oocysts in Stock Solution

The C. parvum oocyst stock solution as prepared in 3.5.1 were enumerated on a
hematocytometer (Hausser Scientific, Pennsylvania). 25 µL of oocyst stock were mixed
with 25 µL of Crypt-a-Glo™ (Waterborne Inc, Louisiana), a fluorescein-labeled
monoclonal anti-Cryptosporidium antibody stain, in a tube and incubated in the dark at
22 ±1°C for 30 minutes. 10 µL of the stained oocysts were added to the hematocytometer
and counted under 200x magnification on an Olympus BH2 microscope equipped with a
mercury lamp and blue filter cube. Stock numbers were then calculated as per the
hematocytometer manufacturer’s instructions.

3.5.3

Particulate Preparation

The testing of oocyst interaction with inorganic sediment types used the particulates
kaolinite, montmorillonite, illite, bentonite and ferric oxide. Kaolinite (Wards Natural
Science, New York), montmorillonite (Wards Natural Science, New York), Bentonite
(Acros Organics, New Jersey) and the ferric oxide (J.T. Baker, New Jersey) were
purchased in powdered form. Illite (Wards Natural Science, New York) came in large
pieces and was ground down using a mortar and pestle and sieved through a 230 mesh
screen to be used for the experiments. Each of the inorganic sediments were used to
create a stock solution at a concentration of 10 mg/mL and autoclaved for 20 minutes. To
ensure sterility, the stock solutions were spread on nutrient agar plates and incubated at
35°C ± 2°C for 48 hours to verify that no growth occurred (BD, New Jersey).
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Each of the above particulates was then mixed with a 2% sodium alginate (SAFC Supply
Solutions, Missouri) solution creating a solution of 10 mg particulate per 1 mL of 2%
sodium alginate (w/v). The particulate-alginate mixture was slowly dripped into a 0.5 M
CaCl2 (EMD Chemicals, Germany) using a 12-gauge syringe held approximately 10
centimeters above the surface of the liquid. The 0.5 M CaCl2solution was mixed
continuously by magnetic stirring while dropping the particulate-alginate mixture. The
resulting beads which formed were allowed to mix in the CaCl2 solution for 30 minutes
before the water was strained and the beads were allowed to dry overnight in an oven at
60°C (See Figure 3.2). The beads were then ground into powder with a mortar and pestle
and passed through 230 mesh sieves to create a fine homogeneous powder with particle
size of 60 µm or less.

A bovine serum albumin (BSA: Sigma-Aldrich, Missouri) stock solution of 5% (w/v)
was measured out and stored in a 50 mL conical tube. Carboxylate Modified Latex
(CML) beads 16 µm in diameter were obtained from Invitrogen (Oregon). The CML
bead solution was added to the BSA stock solution at a 1:2 (v/v) ratio in 1.5 mL tubes
(Eppendorf, Germany) and incubated for 30 minutes at 22 ± 1°C allowing time for the
protein to adsorb to the surface of the beads. After 30 minutes, the tubes contents were
spun down in a microcentrifuge for 10 seconds and the supernatant discarded. The pellet
was resuspended in an additional 1 mL of BSA stock and again allowed to incubate for
30 minutes at 22 ± 1°C after which it was spun down and the pellet resuspended in 1 mL
of PBS. The adsorption of the protein to the surface of the CML bead was confirmed
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through fluorescent microscopy and staining with a SYPRO® Orange (1 mg/mL:
Molecular Probes Inc, Oregon).

Natural sediment samples provided by Sandra Tirado (University of Guelph) were
collected from the epilimnion from five different locations in Ontario: Sunnyside Beach
(SB) in Toronto, Moose Lake (MN) mining site, Cold Spring Lake (CL) Algonquin Park,
Agricultural runoff (AG) Elora, and a Combined Sewer Overflow (CS) Burlington.
Sediment samples were measured for organic content as measured through dry weight
loss after combustion at 550°C in excess air for two hours. Each sediment type was
weighed out to create a stock solution of 10 mg/mL in ddH2O.

Figure 3.2

Alginate beads clockwise from top left: Calcium Alginate, Kaolinite, Illite,
Bentonite, Montmorillonite, and Ferric Oxide beads after drying in 60°C
oven overnight
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3.5.4

Oocyst Association Experiments and Direct Observation of
Attachment

Each association analysis experiment was done in 1.5 mL tubes (Eppendorf, Germany)
testing the affinity of the C. parvum oocysts for a different particle type. Each experiment
consisted of a time course over thirty minutes with samples taken after 0, 10, and 30
minutes. To each tube was added: 100 µL of sediment stock, 1x104oocysts/mL, and the
remaining volume up to 1 mL of PBS (pH 7.0). A control test using oocysts and PBS was
performed as well. Tubes were vortexed vigorously for 10 seconds and 5 µL samples
were taken from the top (1 cm from the surface) and the bottom (0-1 cm from bottom)
and pipetted onto a frosted microscope slide (Fisher Science, Ottawa) for time 0. Samples
were allowed to sit on the benchtop at 22 ± 1°C for 10 minutes and another sample was
removed from the top and bottom. Finally, after 30 minutes, the third sample was taken.
Each experiment was repeated five times for every sediment type. To each of the 5 µL of
sample were added 5 µL of Crypt-a-Glo™ (Waterborne Inc, Louisiana) and incubated in
a humidified chamber for 30 minutes in the dark. The samples were then covered with a
glass coverslip (VWR International, Mississauga) and sealed with clear nail polish. Slides
were analyzed under an Olympus BH2 microscope with a blue filter cube and camera
attachment. Oocysts were counted based on contact with sediment particles and vertical
location in the tube. C. parvum oocysts found in contact with sediment particles were
compared with the total number counted in each measurement and a percentage given for
oocysts attached (i.e. 68 ± 4 % of the oocysts were found associated at time 0 for
kaolinite particles). Total counts of the oocysts at the top and bottom of the tubes were
again calculated based on the total counted in the sample time point and a percentage
calculated (i.e. 51±2% of the oocysts were found at the bottom of the tube at time 0 when
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testing kaolinite particles).Results were analyzed using Student’s t-test to examine if
association between different particles varied. Correlation analysis between organic
content and oocyst association was performed to ascertain any relationship between the
two variables.
3.5.5

ζ-Potential measurements

ζ-Potential measurements of the individual particulates were performed on a ZetaSizer
Nano-Z (Malvern Instruments Ltd, United Kingdom) as per manufacturer’s instructions.
Overall three sample measurements were performed, with each result a represented
average of thirty subsequent measurements at 25°C. Correlation analysis was done to
determine if ζ-potential of a particle was related to oocyst association.

3.5.6

Data Analysis

Oocyst associated and oocysts settled were calculated by the following calculations:
% Oocyst associated =

% Oocyst settled

=

# Oocyst observed in contact with particulate
Total oocysts counted in sample @ time point

Number of oocysts counted from bottom of column
Total oocysts counted in sample @ time point

Pearson correlation analysis was done between the percentage of oocysts associated and
percentage of oocysts settled. Student t-tests were done comparing the control versus
each of the different particulates tested. Pearson correlation analysis was also performed
between the percentage of oocysts associated and organic content of the natural
sediments.
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3.6

Results
3.6.1

Oocyst Association and Settling

Oocyst association and settling results are summarized in Table 3.1. Montmorillonite (M)
and bentonite (B) samples, both with and without alginate (A), had significantly less (p<
0.05)oocysts settled over 30 minutes (M: 10 ± 4.2%, B: 7 ± 5.0%, A/M: 7 ± 4.2%, A/B:
16 ± 7.6% less oocyst settled) than the control (Ctrl: 63 ± 3%). Ferric oxide (FO), again
with and without alginate (A), had more oocyst settled than the control with 27 ± 5.0%
and 23 ± 4.2% for with and without alginate respectively. The association between
oocysts and particulate dropped significantly upon the addition of alginate with kaolinite
(0 min: P < 0.0001; 10 min: P = 0.0004;30 min P < 0.0001) and ferric oxide (0 min: P =
0.0001; 10 min: P = 0.009; 30 min: P = 0.004) over the various sampling times.
Statistical analysis of the percentage of oocysts settled after 30 minutes versus association
of oocysts showed a significant correlation (r = 0.41; P = 0.0017). Direct observation
images under a combination of light and fluorescence microscopy can be seen in Figure
3.3. There was a significant (p < 0.001) negative correlation (R= -0.92) found between
organic content (see Table 3.3) and the percentage of oocysts associated after the 30
minute incubation (See Figure 3.5).
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Table 3.1

Oocyst settling and association results. ‘Oocysts associated’ shows the
average percentages of oocysts which were found to be directly in contact
with a particulate at each of the time points of 0, 10, and 30 minutes.
‘Oocysts settled’ shows the percentage of oocysts which were located at
the bottom of the tube versus the top.

Ctrl
K
I
M
B
FO
CML
CML/BSA
A
A/K
A/I
A/M
A/B
A/FO
CL Mid
CL Top
SB Mid
SB Top
MN Mid
MN Top
AG Mid
AG Top
CS Top

Percent of Oocysts Associated
at Time
0 min
10 min
30 min
0
0
0
68 ± 4
65 ± 6
74 ± 6
41 ± 8
40 ± 6
18 ± 8
43 ± 5
41 ± 7
24 ± 2
23 ± 4
26 ± 6
42 ± 7
98 ± 3
96 ± 4
92 ± 8
0
0
0
0
0
0
19 ± 4
16 ± 5
17 ± 5
44 ± 4
33 ± 11
31 ± 9
38 ± 12
34 ± 9
31 ± 7
42 ± 7
41 ± 4
32 ± 3
39 ± 5
35 ± 10
30 ± 8
68 ± 9
58 ± 16
54 ± 12
26 ± 8
28 ± 4
25 ± 5
7±2
9±2
9±2
25 ± 5
25 ± 4
23 ± 4
27 ± 5
26 ± 6
26 ± 2
13 ± 4
17 ± 4
16 ± 4
13 ± 4
18 ± 5
14 ± 4
22 ± 1
22 ± 3
22 ± 3
15 ± 2
13 ± 3
15 ± 2
27 ± 9
27 ± 4
24 ± 4

Percent of Oocysts Settled at
Time
0 min
10 min
30 min
43 ± 3
56 ± 1
63 ± 3
51 ± 2
58 ± 2
67 ± 6
50 ± 8
46 ± 8
59 ± 7
52 ± 6
49 ± 3
53 ± 3
50 ± 1
44 ± 7
56 ± 4
51 ± 2
81 ± 4
90 ± 4
50 ± 1
44 ± 7
56 ± 4
54 ± 3
59 ± 6
61 ± 7
55 ± 2
50 ± 2
52 ± 4
53 ± 5
56 ± 12 58 ± 10
51 ± 11
54 ± 8
59 ± 10
53 ± 4
48 ± 7
56 ± 3
49 ± 2
48 ± 5
47 ± 7
53 ± 5
74 ± 4
86 ± 3
51 ± 7
46 ± 3
60 ± 10
50 ± 4
58 ± 4
61 ± 4
53 ± 4
56 ± 4
62 ± 5
50 ± 3
57 ± 2
64 ± 7
53 ± 3
56 ± 4
65 ± 4
51 ± 7
52 ± 3
62 ± 6
54 ± 5
54 ± 2
59 ± 4
51 ± 3
54 ± 3
56 ± 2
50 ± 9
45 ± 2
59 ± 10

A: Alginate AG: Agricultural Runoff B: Bentonite BSA: Bovine Serum Albumin
CL: Cold Spring Lake CS: Combined Sewer Overflow Ctrl: Control
FO: Ferric Oxide I: Illite K: Kaolinite CML: Carboxylate Modified Latex
M: Montmorillonite MN: Mining Site SB: Sunnyside Beach Mid: Middle core
sample Top: Top sediment sample
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Table 3.2

P-values for settling of oocysts versus control using the Student’s t-test.
Bolded values were considered significantly different from the control (p
<0.05)
P-values of Oocysts Settled Over
Time
0 min

10 min

30 min

K
I
M
B
FO

0.001
0.1043
0.0171
0.0011
0.0011

0.0805
0.0242
0.0011
0.0053
<0.0001

0.3226
0.3604
0.0211
0.0618
<0.0001

CML
CML,BSA
A
A,K
A,I
A,M
A,B
A,FO
CL Top
CL Mid
SB Top
SB Mid
MN Top
MN Mid
AG Top
AG Mid
CS Top

0.0011
0.0004
<0.0001
0.005
0.1553
0.0021
0.0059
0.005
0.0352
0.0786
0.021
0.0111
0.0786
0.0062
0.0135
0.0135
0.1743

0.0053
0.3022
0.0003
1
0.5943
0.0353
0.008
<0.0001
0.3391
0.0021
0.3739
1
0.0474
1
0.2302
0.1161
0.0004

0.0618
0.6406
0.0092
0.3658
0.4651
0.0479
0.0047
<0.0001
0.5687
0.5959
0.8203
0.7889
0.8052
0.5687
0.0686
0.2826
0.4859

A: Alginate AG: Agricultural Runoff B: Bentonite BSA: Bovine Serum Albumin
CL: Cold Spring Lake CS: Combined Sewer Overflow FO: Ferric Oxide I: Illite
K: Kaolinite CML: Carboxylate Modified Latex M: Montmorillonite MN: Mining
Site SB: Sunnyside Beach Mid: Middle core sample Top: Top sediment sample
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Kaolinite

Ferric Oxide

Illite

Montmorillonite

Latex Bead

Alginate

Bentonite

Alginate + Kaolinite

Figure 3.3

Images of Cryptosporidium oocysts attached to particles using
fluorescence microscopy and phase contrast (top row) or dark field
microscopy (bottom row). Scale bars indicate 10 µm.

Table 3.3

Organic content of natural sediment samples
Sample
CL Mid
CL Top
SB Mid
SB Top
MN Mid
MN Top
AG Mid
AG Top
CS Top

Organic Content (%)
1.22 ± 0.27
21.8 ± 0.07
0.31 ± 0.06
0.77 ± 0.11
9.92 ± 0.26
8.79 ± 4.41
6.08 ± 3.85
13.4 ± 3.18
6.15 ± 3.38

AG: Agricultural Runoff CL: Cold Spring Lake CS:: Combined Sewer Overflow
MN: Mining Site SB:: Sunnyside Beach Mid: Middle core sample Top:: Top
sediment sample
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Table 3.4

List of ζ-Potential Measurements of Particulates
Particulate
Cryptosporidium oocysts
K
I
M
B
FO
L
L,BSA
A
A,K
A,I
A,M
A,B
A,FO
CL Top
CL Mid
SB Top
SB Mid
MN Top
MN Mid
AG Top
AG Mid
CS Top

Zeta Potential
-14.27 ± 0.81
-24.60 ± 0.60
-21.33 ± 0.25
-34.43 ± 0.68
-17.73 ± 0.40
10.49 ± 0.25
-19.70 ± 0.60
-40.03 ± 4.24
-3.36 ± 0.33
-1.69 ± 0.58
-4.52 ± 0.39
-11.20 ± 0.68
-5.35 ± 0.81
-9.64 ± 0.97
-21.6 ± 0.925
-20.0 ± 0.986
-15.8 ± 0.106
-15.2 ± 0.965
-1.61 ± 0.190
-5.72 ± 0.382
-13.2 ± 0.286
-12.7 ± 1.14
-15.0 ± 0.265

A: Alginate AG: Agricultural Runoff B: Bentonite BSA: Bovine Serum Albumin
CL: Cold Spring Lake CS: Combined Sewage Ctrl: Control FO: Ferric Oxide
I: Illite K: Kaolinite L: Carboxylate Modified Latex M: Montmorillonite
MN: Mining Site SB: Sunnyside Beach Mid: Middle core sample Top: Top
sediment sample
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Figure 3.4

Scatter plots showing relationships between A) Oocysts associated with
particles and oocysts settled (r=0.40) B) ζ-potential and association of
oocysts (r = 0.39). Results were not significant (p > 0.05).
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Figure 3.5

Scatter plot showing relationship between the organic content of the
sediment and the percentage of total oocysts which were found associated
with the particulates

51

3.6.2

Zeta Potential Measurements

ζ-potential measurements of the different particulates are listed in Table 3.4. Analysis of
the results between ζ-potential and oocyst association showed some correlation (r = 0.39)
with association increasing as ζ-potential increases although results were not statistically
significant (P = 0.07).

3.7

Discussion

The occurrence of pathogen-particle interactions can be viewed in both a positive and
negative light when referring to the water industry. Take for example conventional
treatment practices where pathogen-particle interactions are fostered to form floc. The
coagulation and flocculation reactions are the basis for biological and chemical treatment
methods of both industrial and municipal water and are important in the settling out and
consequent removal of harmful organisms such as Cryptosporidium parvum (Liao et al.
2001; Payment et al. 2001; Betancourt and Rose 2004; Amuda and Amoo 2007).On the
other hand, that same association can interfere with disinfection processes such as UV
irradiation (Mamane and Linden 2006). By ascertaining the types of particles to which
Cryptosporidium oocysts can attach, it is possible to develop methods to improve
pathogen removal during treatment regimes. This association can also play a role in the
transportation of viable Cryptosporidium oocysts through water from its source into a
public water supply (Searcy et al. 2006b).

Direct observation of the oocysts showed that they are able to interact and associate with
a wide variety of sediment types with varying affinities for each. The settling experiments
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involving the oocysts and the inorganic sediments yielded interesting results. Adsorption
of oocysts to the ferric oxide seemed to occur rapidly and in large numbers (>90%) and
consequently the oocysts settled out quicker than the planktonic control as seen in Table
3.1. The positive charge of the ferric oxide as indicated by the ζ-potential at the neutral
pH of the experiment likely played a role in the association as the oocysts were found to
have a negative charge under the same conditions. The addition of the negatively charged
polysaccharide alginate caused a reduction in charge, settling, and total oocysts
associated with the hybrid particle in comparison to the ferric oxide alone. This agreed
with previous information regarding the settling out of C. parvum oocysts when in
solution with iron oxide (Searcy et al. 2005). The comparison between the four different
clays showed a difference when comparing the expansive versus non-expansive types.
The non-expansive clay kaolinite showed the highest fraction of oocysts associated (74%
± 6%) however this did not translate into significantly faster settling of the oocysts. The
highly expansive smectite clays (montmorillonite and bentonite) showed a significant
(p<0.05) difference to the control in the settling experiment. This indicated that a larger
proportion of the Cryptosporidium oocysts remained in suspension in comparison to the
control after thirty minutes of settling. The negative ζ-potentials of the oocysts and clay
particles lead to the initial assumption that association would be unlikely. The layer
charge of a clay material is determined through mathematical calculation of the clay’s
constituents. Kaolinite has a layer charge of <0.01,smectite clays range between 0.4 –
1.2, and illite is 1.4 - 2.0 (Sposito 2004). This pattern of layer charge seems inversely
proportional to the percentage of oocysts associated observed at the 30 minute time point.
Looking at Figure 3.4, we can see that the percentage of oocysts associated were weakly
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correlated with both ζ-potential (r = 0.42) and oocyst settling (r = 0.40) however not
significantly so (p > 0.05). The oocysts themselves with a ζ-potential of -17.26 ± 0.54
mV at neutral pH were negatively charged and were able to attach to a number of
particles of like-charge. This would suggest that electrostatic interactions are not the
dominant force by which oocysts attach to sediments in water systems. Instead,
interactions between oocyst cell wall proteins or surface polymers might dictate the
attachment of C. parvum oocysts (Kuznar and Elimelech 2006).

Analysis of the natural sediments showed a strong negative correlation (p < 0.01)
between the amount of organic matter present and oocyst association. The BSA coated
latex beads seemed to repel the oocysts completely as no oocysts were found in
association with them during the study. The alginate however seemed to act similarly to
the bentonite and montmorillonite by keeping the oocysts in suspension and not allowing
them to settle after thirty minutes had elapsed. Experiments involving the retention of
Cryptosporidium parvum oocysts in a flow cell biofilm showed that alginateoverproducing Pseudomonas aeruginosa retained fewer oocysts in its biofilm than the
wild-type strain, although the difference was not statistically significant (Searcy et al.
2006a).

Organic content in waters change with the season and is based on degradation and input
from the environment. Maximum organic content in water samples around Ontario have
previously occurred in the summer months, coinciding with the periods of heightened
biomass production (Ongley and Bynoe 1982). Epidemiological studies done in Canada
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and the United States revealed a higher prevalence of cryptosporidiosis in the population
during the summer and early fall months (Montessori and Bischoff 1985; Skeels et al.
1990; Majowicz et al. 2001). The higher organic load in the water could decrease the
amount of Cryptosporidium oocysts settled out through particle association during these
months resulting in a larger number of the oocysts being carried in source waters. A study
done at the University of Ottawa showed Cryptosporidium levels in the St. Lawrence
river peaked during April - May and October - November (Nolan 1997). While not valid
for the dates of study, an older investigation into the seasonal variations of organic
carbon in the St. Lawrence showed its highest levels occurred during March to May, and
October to December (Pocklington and Tan 1987). Although not definitive evidence, it
raises questions as to the relationship between organic content in water and oocyst
transportation.

Conversely, higher levels of inorganic particulates such as kaolinite or iron oxide in the
water can cause settling out of the oocysts through association and settling of the larger
particles. During the colder months when inorganic particulates are dominant in the
water, the oocysts can settle out and remain viable in the sediment due to the colder
temperatures of the water (King et al. 2005; Peng et al. 2008). Theoretically, this could
bring new complications in the spring when periods of heavy precipitation can resuspend
any settled sediments causing a spike in turbidity as well as oocyst levels in the water.
Bodies of water high in smectite clays can be problematic as the ability of these
expansive clays to keep the oocysts buoyant in the water would lengthen the distance
they travel before settling and increase the likelihood of the pathogen reaching a public
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water supply. The movement of Cryptosporidium oocysts through water has not been a
well studied topic, and gaps still exist for its transmission path through the environment.
Our findings indicate that different types of associations can greatly affect the travel of
the pathogen through water and should be taken into consideration when determining the
routes of entry the protozoan can take into the water supply.
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Chapter 4: UV disinfection of Cryptosporidium parvum oocysts
in wastewater
4.1

Abstract

Ultraviolet (UV) radiation is a highly effective form of inactivation on the chemically
resistant oocysts of Cryptosporidium. Both drinking water and wastewater treatment
plants in North America have utilized this method to supplement their normal means of
removal and disinfection. The presence of floc in water samples causes the effectiveness
of UV disinfection to decrease by an average of 20.8 ± 14%, and can even negate the
reduction of viability completely at lower doses (7 mJ/cm2was used in this study). The
use of kaolin to break up the floc temporarily seemed to be an effective means to increase
UV effectiveness when in the presence of wastewater particulates.
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4.2

Introduction

The water treatment industry is a constantly changing environment which seeks to adapt
to increasingly polluted influents and newly emerging contaminants. Cryptosporidium is
one such biological contaminant which has become more prominent in recent years.
Traditional methods for wastewater treatment rely on the biological treatment process to
remove the pathogens from the wastewater stream and studies done in Canada note the
removal efficiencies range from between 27% (Payment et al. 2001) to almost 99.9%
(Chauret et al. 1999). Part of the problem with tracking the removal efficiencies, as noted
by Payment et al. (2001), is the inherent difficulty in isolating and enumerating the
protozoan itself making accurate data difficult to find. The presence of C. parvum, C.
hominis, C. andersoni and C. muris oocysts in wastewater effluents have been confirmed
in studies worldwide with concentrations ranging from 1 to 400 oocysts per litre
(Payment et al. 2001; Gennaccaro et al. 2003; Zhou et al. 2003; Castro-Hermida et al.
2008; Cheng et al. 2009).

One of the more viable options for inactivation of the oocysts in wastewater effluents is
through ultraviolet (UV) radiation. Studies have shown that doses as low as 1-10mJ/cm2
have been effective in reducing the infectivity of Cryptosporidium parvum by 99% based
on cell-culture infectivity assays (Craik et al. 2001; Morita et al. 2002). The same
researchers found that viability assays, including excystation and dye penetration of C.
parvum oocysts, show that much higher doses (230 mJ/cm2 and above) were necessary to
reduce the viability of the pathogen by the same amount. Both monochromatic and
polychromatic UV radiation was found to be equally effective in disabling the oocysts as
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well as pulsed UV irradiation (Linden et al. 2000; Craik et al. 2001).DNA repair systems
such as dark repair or photo reactivation were found not to be a factor in UV inactivation
of Cryptosporidium parvum as no resurgence in infectivity was found after incubation of
the irradiated oocysts in both light and dark conditions (Oguma et al. 2001; Zimmer et al.
2003; Rochelle et al. 2005). The low dose necessary and the efficiency in which UV
inactivates oocysts make it an attractive choice when additional barriers must be placed
in wastewater treatment operations.

The bacterial-particle association in wastewater treatment is known to be a hindrance to
disinfection processes, including UV (Qualls et al. 1983; Blume and Neis 2004). Li et al.
(2009) hypothesized that Cryptosporidium oocysts were of such a size that wastewater
particulates would not interfere in UV irradiation. This study however was based on
Bacillus subtilis spores and did not directly test any Cryptosporidium sp.
oocysts.Suspended solids remaining in secondary filtered effluent have negatively
affected UV disinfection of coliform bacteria when the particle sizes are 7µm and larger
(Jolis et al. 2001). Maintaining the efficiency of UV irradiation is important for the
disinfection of oocysts, and if particle associated oocysts are protected by the floc
particles present they must be broken up or dissociated in some way. The presence of
turbidity increases the UV dosing time in order to compensate for the interference of the
particulates. Preliminary experimentation in our lab showed that kaolin seemed to reduce
the size of floc when observed under the light microscope. It was thought that kaolin
might make an economical solution to breaking larger floc structures. Traditionally,
coagulation and flocculation experimentation has used kaolin to simulate high turbidity in
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a sample (Peng and Di 1994; Rossini et al. 1999; Chen et al. 2007; Ho et al. 2010).
Kaolin’s ability to breakup floc has been unreported and is a novel use for the
inexpensive material. Therefore, we evaluated the use of low-pressure UV radiation to
decrease the viability of Cryptosporidium parvum oocysts measured using a dye
penetration assay in the presence of wastewater floc and the ability of kaolin to reduce
particle size and increase UV effectiveness.
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4.3

Hypothesis

UV irradiation is known to decrease the viability of Cryptosporidium parvum oocysts.
The introduction of floc with oocysts is hypothesized to reduce the effectiveness of UV
irradiation at decreasing viability. It is expected that kaolin will decrease floc size and
have a positive impact on the effectiveness of UV irradiation on oocyst viability.
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4.4

Materials and Methods
4.4.1

Discontinuous Sucrose Gradient Purification of Oocysts

Cryptosporidium parvum oocysts were purified using the method as described in
Arrowood and Sterling (1987) with modifications. Calf stool samples with oocysts
identified as C. parvum were generously provided by Mary Lake from the Parasitology
Lab of Guelph Lab Services division. Samples upon receipt were stored at 4°C for a
maximum of 48 hours before purification. Fecal samples were diluted with 0.1 M
phosphate buffered saline (PBS) and shaken by hand for 30 seconds. Samples were then
sieved through a set of stainless steel screens to a final mesh size of 230 (63 µm pore
sizes). Sieved samples were then added to 50 mL conical centrifuge tubes (Fisher
Science, Ottawa) and centrifuged at 1100 x g for 15 minutes at 4°C on a swinging bucket
bench-top centrifuge (Eppendorf, Germany) in order to concentrate the suspended solids
into a pellet. The supernatant was poured off and disposed of and the pellet was
resuspended in 25 mL of PBS through vortexing. The volume of the sample was then
brought up to 50 mL with PBS and thoroughly mixed into a homogenous solution.
Sheather’s solution was prepared using 320 mL of ddH2O, 500 g sucrose (EMD
Chemicals Inc, Germany), and 9 ml of 85% (w/v) phenol (Fisher Science, Ottawa).
Dilutions of 1:4 and 1:2 (v/v) of Sheather’s solution to PBS were prepared for the
discontinuous sucrose gradient. 10 mL of the 1:2 dilution were layered under 15 mL of
1:4 dilution using a 12-gauge syringe to form the gradient and 25 mL of the sample were
carefully added on top of the gradient (See Figure 3.1a). The sample was then centrifuged
down at 1100 x g for 20 minutes at 4°C with no deceleration braking. The oocyst layer
from the gradient (as noted by arrows in Figure 3.1b) was then removed and washed with
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PBS twice with spinning down at 1100 x g for 10 minutes each. Washed oocysts were
then added to another sucrose gradient of 1:2 and 1:4 (v/v) Sheather’s solution and spun
down as previously described. The resulting tube was then evaluated and if the bottom of
tube was relatively clear of fecal debris, the oocyst layer (as seen in Figure 3.1c) was
pipetted into a new tube and stored with 100 U of penicillin G (BioBasicInc, Markham)
and a concentration of 100 µg/mL of streptomycin sulfate (BiobasicInc, Markham). The
antibiotics prevented bacterial growth while the oocysts were stored at 4°C. If the bottom
of the tube was not clear, an additional gradient purification was performed repeating the
washing and gradient steps.
4.4.2

Counting Oocysts in Stock Solution

Cryptosporidium parvum oocysts stored from section 4.4.1 were enumerated on a
hematocytometer (Hausser Scientific, Pennsylvania). Staining procedures followed
(Campbell et al. 1992) 100 µL of the oocyst stock were mixed with 10 µL of propidium
iodide (PI: 2 mg/mL) and 10 µL of 4’,6-diamidino-2-phenylindole (DAPI: 1 mg/mL) for
1 hour at 37°C in the dark. 5 µL of this solution was then incubated in a humidified
chamber for 30 minutes at 22 ± 1°C with 5 µL of Crypt-a-Glo™ (Waterborne Inc,
Louisiana), a fluorescein-labeled monoclonal anti-Cryptosporidium antibody stain. The
proportion of Cryptosporidium oocysts which were PI negative and DAPI positive and PI
positive and DAPI positive were observed under fluorescence microscopy using an
Olympus BH2 microscope. Solution containing C. parvum is hereafter referred to as
oocyst stock solutions
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4.4.3

Effect of Kaolin on Floc Size

Wastewater flocs were obtained from the Guelph Waste Water Treatment Plant (WWTP)
and diluted 1:1 with ddH2O. Floc samples were then divided into 50 mL conical tubes
and kaolin (K.T. Clay Company) was added at concentrations of 0, 25, 50, 75, and 100
mg/L and vortexed for 10 seconds. The samples were allowed to sit for 10 minutes, 30
minutes, 120 minutes, and 24 hours. A 5µL sample was taken from each concentration,
placed under a cover slip, and the entire sample slide was measured for floc size under
light microscope using the QCapture Pro software.
4.4.4

UV Irradiation of Oocysts

Floc from the Guelph WWTP was diluted 1:1 with ddH2O and 99 mL aliquots were
placed in conical centrifuge tubes. Kaolin was added at 50 mg/L to half the tubes (KF)
while the others were left with just the floc particles (F). 1 mL of the stock solution was
added to each sample. A control (C) of 99 mL of ddH2O and 1 mL of oocyst stock was
done in parallel. Each C, F, and KF sample was analyzed in a UV spectrophotometer
(Hach, Loveland Colorado) and its UV transmission percentage at 254 nm noted. UV
dosage levels were then calculated using the protocol described in Bolton (2003). Each
sample of C, F, and KF were irradiated with a low pressure UV source (Trojan UV Max)
in duplicate at 0, 7, 14 and 21 mW/cm2 using a collimated beam apparatus. Each sample
was then analyzed in duplicate under fluorescence microscopy after being incubated with
PI, DAPI, and Crypt-a-Glo as in section 4.4.2.
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4.4.5

Data Analysis

One-way ANOVA was performed for each time period for floc size analysis to determine
the significant differences between the kaolin concentrations. One-way ANOVA was also
performed on the UV irradiation results to determine significant differences between the
three dosing groups.

65

4.5

Results
4.5.1

Effect of Kaolin on Floc Size

Each slide counted had a minimum of 30 floc measured within the 5 µL sample from
each concentration. Within the time groups 10 min, 2 hours, and 24 hours, size
differences analyzed using ANOVA showed significant differences (p<0.05) between the
concentrations of kaolin ≥50 mg/L and those concentrations <50 mg/L. Figure 4.1
summarizes the trend of decreasing floc size with increasing kaolin concentrations and
the significant differences between the groups are listed. After a 10 minute incubation,
floc size decreased 10.8 ± 4.3µm with each 25 mg/L increase in kaolin concentration.
The 30 min time point illustrated a relatively large 17.8 ± 14.5 µm drop in mean floc size
between the 50 to 75 mg/L kaolin concentrations. By the 2 hour time point, a statistical
grouping between the 0-25 mg/L and the 50-100mg/L concentrations developed. After 24
hours, the situation in the 2 hour time point seemed to have reversed with the higher
kaolin concentrations having a larger mean size in relation to the 0-25 mg/L kaolin
concentrations.
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Figure 4.1

10 Min

30 Min

2 Hrs

24 Hrs

A comparison of floc size versus kaolin concentration after 10 min, 30
min, 2 hrs and 24 hr incubation. Error bars indicate standard deviation of
samples. Significance (p<0.05) is denoted within each incubation time by
a, b, and c. Note the downward trend at time points 10 min, 30 min and 2
hrs showing significant decreases in floc size. Initial floc size at 0 min was
112.8 ±33.6 µm.
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4.4.2

UV Irradiation of Oocysts

The 50 mg/L kaolin concentration was chosen as it was the minimum amount needed to
significantly change the floc size after 10 minutes and was representative of the
timeframe used for the irradiation study. The stock solution had a mean of 31.4 ± 6 %
non-viable oocysts as indicated by PI+ DAPI+ staining. Sample slides had an average
count of 2405 ± 684 oocysts when calculating the percent viable versus non-viable. The
results are summarized in Figure 4.2. Analysis of the data using one-way ANOVA
showed significant (p<0.05) differences between the floc and oocyst (F) samples versus
the control C. parvum oocysts (C) and kaolin, floc and oocyst (KF) at each of the UV
doses of 7, 14 and 21 mJ/cm2(see Fig. 4.2). At dosages of 14 and 21 mJ/cm2 no
significant difference was found between the C and KF samples. The irradiated CF
samples had increased viability percentages of 37 ± 6.5%, 13 ± 3.6% and 13 ± 1.9% for
the 7, 14, and 21 mJ/cm2 doses respectively when compared with the C samples. At the 7
mJ/cm2dosing, the KF group showed a difference of 16 ± 7.2% and 21 ± 3% with C and
CF respectively.
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Figure 4.2

UV dose versus the viability of the oocysts as indicated by dye penetration
of PI and DAPI. Error bars represent standard deviation of samples.
Significance is denoted by a, b and c above the bars within each dosage
level. (Crypto – C. parvum oocysts)
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4.5

Discussion

UV irradiation is a popular choice for secondary and tertiary effluent disinfection and is
widely used by the wastewater industry (Lazarova et al. 1999; USEPA 1999). Currently
in North America over 20% of wastewater treatment plants utilize this technology as a
means to disinfect their wastewater. The increasing focus on outbreak type organisms
such as Cryptosporidium has forced both regulators and operators to find the means to
erect additional barriers of disinfection to the wastewater effluents. UV irradiation is a
cost effective solution to this issue.

Kaolin is often used with polymers to create floc for coagulation and flocculation studies;
however, its ability to disrupt already formed floc has not been previously reported.
While the floc size naturally decreased over time, the addition of kaolin in excess of 50
mg/L appeared to speed up this process after incubation times of up to 2 hours. After 24
hours this trend was reversed and the floc within the ≥ 50 mg/L kaolin concentrations had
on average larger sized floc than the < 50 mg/L solutions. Kaolin clays can be a very
diverse group of minerals and different deposits can have differing properties depending
on their composition (Haydn 2000). In general, this group of clays have a minimal layer
charge and low absorption capacity. Thus, the addition of kaolin likely caused a
dispersion of the polymeric substances which hold the floc together through both charge
interaction as well as physical disruption. The transient nature of the size reduction would
seem to confirm this as over time the system can stabilize and reform the polymeric
bridges necessary to create the larger floc.
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The UV irradiation of Cryptosporidium oocysts in the presence of floc showed that the
presence of the wastewater particulates reduced the effectiveness of the dose by 37 ±
6.5%, 13 ± 3.6% and 13 ± 1.9% for the 7, 14 and 21 mJ/cm2 doses, respectively. At lower
doses, 7mJ/cm2 in our study, the presence of the floc appeared to prevent any loss of
viability of the oocysts when compared to a non-irradiated control sample. High turbidity
in water decreases the UV transmission and leads to longer dosing times in order to
deliver the same effective dosing as a low turbidity sample. This method could have
potential use as a cost-reducing measure for UV disinfection; however, more research
needs to be conducted in bench scale experimentations to determine actual viability for
commercial use. The large dosing differential between decreasing viability versus
infectivity suggests that kaolin would be an effective additive to effluents if samples were
to undergo UV treatment in the presence of larger particles. Previous analysis of the floc
used for this study characterized hydrophobicity to be 74.5%, total suspended solids at
2875 mg/L, zeta-potential to be -1.26 mV and sludge volume index to be 60 mL/g
(Mahendran Basuvaraj, University of Guelph, Personal Communication). The
hydrophobic nature of the floc could lend itself well to association between C. pavum
oocysts as it has been previously been characterized as hydrophobic in nature (Hsu and
Huang 2002). If this association occurs, the high settlability of the floc, as indicated by
the sludge volume index, could cause the Cryptosporidium oocysts to settle to a depth
where the UV treatment was not effective in a practical setting. Future work should focus
on oocyst association with floc, the exact mechanism by which kaolin disrupts the floc
structure, determining if the effect occurs with bacterial cells as well, and to verify if the
decreased viability of the oocysts correlates with decreased infectivity.
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Chapter 5: Distribution of Cryptosporidium oocysts through
Ontario source waters
Conclusions
5.1

Cryptosporidium Presence in the Ontario Water Supply

Cryptosporidium oocysts were found to be present at every plant in at least one water
sample taken over the course of the study. Forty-eight of eighty-one samples came back
positive (60%) for oocysts with an average of 2.7 ± 4.8oocysts per 100 L of raw water
(Table 2.2). These findings indicate that an endemic level of Cryptosporidium exists for
the province and should be taken into account when crafting water regulations.
Transmission of cryptosporidiosis tends to occur through water, either drinking or
recreational, although cases stemming from direct contact with livestock are also possible
(Atherton et al. 1995; Kramer et al. 1998; Hunter and Thompson 2005; Feng et al. 2007).
A study reported on waterborne outbreaks across North America and Europe indicated
Cryptosporidium parvum as the causative agent in 50.8% of the 325 outbreaks recorded
(Karanis et al. 2007).

Our lack of knowledge, resources and skill in Ontario to detect and identify
Cryptosporidium spp. in water is a concern which should be addressed in the near future.
The absence of a simple reliable means for testing is a detriment to establishing regular
protocols or regulations for pathogen detection. Molecular detection techniques offer the
incentive of identifying the species being detected. This would allow focus on human
pathogenic strains, notably C. parvum and C. hominis. However, the literature, as well as
the USEPA or the Ministry of the Environment, have not established a universally
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standardized protocol for these procedures similar to the USEPA Method 1623.
Investments should be made into developing these protocols and setting up these facilities
when compared to the potential consequences and overall impact a widespread outbreak
such as Milwaukee could cause in an urban centre (Mackenzie et al. 1994; Corso et al.
2003). It is unfortunate that it took an event such as the Walkerton E. coli outbreak to
increase the public awareness of waterborne illnesses and how they can affect a large
population in a short amount of time. The effect of precipitation on pathogen numbers in
the water is notable and the significant (p < 0.01) correlation between rainfall and oocyst
counts in raw water should guide preventative measures or disinfection strategies at the
water treatment plants. Use of fecal coliforms or heterotrophic plate counts as indicator
organisms for Cryptosporidium is not advised as no correlation between any of the
bacteria and the protozoa were found. Turbidity is a factor in recovery of oocysts in water
and may mask the actual number of organisms present (Hsu et al. 2001; DiGiorgio et al.
2002; Feng et al. 2003; Hsu and Huang 2007). High water turbidities would be another
good trigger for additional barriers in water treatment practices to ensure the proper
reduction or elimination of Cryptosporidium oocysts in the drinking water treatment
process. Given the presence and the distribution of the protozoa in our water supply, it
would be prudent to establish regulated guidelines for the monitoring and detection of
Cryptosporidium oocysts in the Ontario water supply. Each water treatment plant is
mandated to a 2-log reduction by the Ministry of the Environment. However, without
regulator monitoring, we will not know if each plant is achieving this benchmark (MoE
2006). It is important to note that the plants currently tested in this study are within their
guidelines for treating for Cryptosporidium and a 2-log reduction of any of the samples
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would likely eliminate the pathogen from the water. The danger in this situation however
is from a potential large influx of the pathogen into the water system as reflected by the
situation which occurred in Milwaukee of North Battleford. The USEPA has taken steps
in recent years to address this by implementing the Long Term 2 (LT2) enhanced surface
water treatment rule in 2006 (USEPA 2006a). Its goal is to impose additional
Cryptosporidium treatment requirements in areas which the risk was deemed too high and
to reduce the risks at other facilities before the public can be exposed. This increased
monitoring regimen is estimated to reduce the cases of cryptosporidiosis by 89,000 to
1,459,000 cases per year. A retrospective review into the efficacy of this process is now
underway and preliminary results are expected to be released by the end of 2011 (USEPA
2011). If the results of these studies come out positive, it is likely that Ontario will adopt
a similar process. Many of the water treatment plants in the US which have been targeted
by the LT2 rules have used UV disinfection to raise their treatment ratings to meet the
new standards as recommended by the agency (USEPA 2006b).

5.2

Particle Association and Settling Dynamics of Cryptosporidium Oocysts

Free-floating Cryptosporidium oocysts, given enough time, will settle into the sediment
layers of any water system they inhabit. The association of these oocysts with the
particulates in the water can either speed up or slow down the rate at which they
accumulate in the sediment layers. Non-expansive clays such as kaolinite show the ability
to associate with Cryptosporidium oocysts and particles such as ferric oxide can
significantly speed up the settling rate of the particles. The relationship between the ζpotential measurements of the particulates and oocysts with association were not
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significant indicating electrostatic interactions were not a strong component in the
association dynamics of oocysts (Figure 3.4). The organic content of naturally occurring
sediments was important when comparing the adsorption of oocysts to the particulate
type. A significant (p < 0.01) negative correlation was found between organic content and
oocyst particle adsorption; however, it did not affect the settling dynamics of the oocyst
either positively or negatively. While this study did not conclusively show any significant
relationship between association and settling, a previous study demonstrated quicker
oocyst sedimentation with C. parvum when the protozoa were associated with particulate
matter (Searcy et al. 2005). The presence of a high concentration of organic matter in
water supplies could be a factor in oocyst transport as the pathogen would remain freely
suspended in the water. Larger amounts of expansive clays or a high organic content
could cause a prolonged suspension of the oocysts through water and allow eventual
transport into the drinking water supply.
.
5.3

UV Inactivation of Cryptosporidium Oocysts

Ultraviolet radiation is an effective form of water treatment in regards to
Cryptosporidium (Linden et al. 2000; Craik et al. 2001; Oguma et al. 2001; Morita et al.
2002). Using the guidelines issued by the USEPA, water treatment plants in North
America have reached a 20% adoption rate of the technology so far, and the number is
increasing. The use of a low-pressure UV lamp in this study showed its effectiveness at
reducing the viability of the oocysts after relatively low doses. While wastewater
particles were found to reduce the effectiveness of UV treatment, the addition of kaolin
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particles to temporarily disrupt the floc structure allowed a partial restoration of the
disinfection capabilities.

UV inactivation is not only applicable in an engineered environment as the natural
disinfection capability of sunlight has been studied and found to reduce the infectivity of
a culture to under 10% after a twelve hour exposure (Mendez-Hermida et al. 2005;
McGuigan et al. 2006). Increased levels of dissolved organic carbon in the water can
partially diffuse this effect by inhibiting UV penetration into the water column (Morris et
al. 1995; King et al. 2008). During summertime UV exposures, a UV index of 10 can
inactivate C. parvum oocysts by 1-log in anywhere between 1-6.5 hours(King et al.
2009). Table 5.1 lists a general guideline as to how different daily UV indices can impact
the inactivation of Cryptosporidium in the environment.

Table 5.1

Inactivation of C. parvum oocysts in tap water based on UV index
UV
Time for 1-Log
Index
reduction (h)
1
6.4
3
3.7
4
1.8
4
1.7
7
2.6
10
0.9
11
1.0
12
0.4
Abridged from (King et al. 2009)

5.4

General Conclusions and Future Direction

In this thesis, an increased level of Cryptosporidium oocysts were found in the raw water
intakes of plants across Ontario correlated with an increased level of precipitation. An
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interesting dynamic between organic content of sediments and oocyst attachment was
observed with higher organic content sediments leading to fewer attached oocysts.
Particle attachment or presence in water can also lead to shielding of the oocyst from the
natural disinfecting capability of solar radiation. The lower the depths of water, the more
issues there are with solar penetration and the lower the UV dosage. As with any natural
system, there is a complex interplay of factors which govern the transport and
dissemination of an oocyst through our waterways. Figure 5.1 summarizes our current
understanding of Cryptosporidium dissemination through the environment. While our
current knowledge of oocyst transport has allowed us to form a generalized model for the
transport of Cryptosporidium in the environment, the initial contamination of any source
waters is a question which must be addressed on a case-by-case basis.

This relationship of organic versus inorganic particulates in the transport of pathogens
through the water system is a question which must be addressed in the future. Whether or
not the organic content of the water would be an accurate indicator of possible
Cryptosporidium contamination is something which would depend on the upstream
sources of the pathogen and the types of particulates present. The presence of organics
might decrease settling, but also shields the oocysts from any UV irradiation which might
normally occur in the sunlit layers of the shallower waters. Particle association also
creates quicker settling which can remove the oocysts from the upper layers of the water
again protecting the oocysts from any solar radiation. The size of the particles creating
the turbidity would also play a role in how solar disinfection can occur, as the smaller
particles do not hinder the disinfection process when compared to larger sized particles.
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Figure 5.2 attempts to summarize this information. Knowing that particulates in the water
shield oocysts from ultraviolet light is also highly relevant to the water treatment
industry. While normally easily deactivated by UV doses, high levels of suspended solids
could cause insufficient inactivation of the Cryptosporidium oocysts leading to higher
amounts of viable oocysts exiting the treatment plant.

A few genotyping and tracking studies of Cryptosporidium have been undertaken in the
United States, nothing as yet has been done in Ontario (Yang et al. 2008; Jellison et al.
2009). These other systems may give a clue as to where to look for our initial
contamination, however, location specific studies are necessary to determine the route of
entry of the pathogen for each watershed. Determining the source of the Cryptosporidium
and its movement through the environment is absolutely critical knowledge in helping to
protect our water supply from potential outbreaks. While precipitation appears to play a
role in raising levels of Cryptosporidium oocysts in the Ontario water supply, the
reasoning, whether through runoff, sediment re-suspension, or some other unknown
effect, remains an unknown. A study enumerating Cryptosporidium found in a water
system’s sediment, suspended particulates, and any upstream agricultural lands would
prove highly valuable in tracking where potential sources of oocysts might be found in
the environment and how much risk settled or unsettled oocysts might actually pose.
Monitoring this same system during levels of high and low precipitation would be ideal,
as this would also help us to understand what the exact relationship between precipitation
and oocyst presence might be.
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Figure 5.1

Diagram outlining the progression of Cryptosporidium from introduction into the watershed and into our
drinking water supply
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Figure 5.2

Oocyst cycling in a body of water. Organic particulates can keep oocysts
in the suspended phase of the water allowing further transport as well as
blocking UV radiation from the oocysts. Cryptosporidium oocysts which
settle into the sediment can be resuspended by precipitation events or
normal water currents which occur.
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Appendix
Bacterial Analysis*

Location

Date
Sampled

Protozoan
Analysis*

Heterotrophic
Spread Plate,
CFU/mL

Escherichia
coli,
CFU/100
mL

Cryptosporidium,
(OO)CYSTS/100
L

Temp. (°C)
Total
Volume
Filtered
(L)*

Turbidity
(NTU)

pH

Start

End

Start

End

Start

End

Precipitation
(mm)

A

28/07/2009

200

<1

19

223

NR

NR

1.0

NR

NR

NR

47.5

B

24/06/2009

610

<1

3.6

98

NR

NR

NR

0.74

NR

8.64

9

C

19/08/2009

100

30

9.8

89

16.2

16.2

4.0

3.8

7.8

7.8

24.5

D

10/08/2009

160

1

6.7

204

24.5

NR

0.7

NR

7.4

NR

16.75

E

24/08/2009

260

<1

0

37

19.5

19.2

8.00

7.86

8.03

8.03

0

F

24/08/2009

210

6

6.9

102

22.4

22.2

2.33

1.70

8.26

8.28

17.25

G

15/09/2009

15

75

2.1

96

20.4

20.4

2.24

2.25

7.49

7.49

5.25

A

21/09/2009

3200

<1

3

102

20.0

20.0

0.78

0.85

8.41

8.40

7.5

B

10/11/2009

20

<1

0

242

8.4

8.4

0.70

0.80

8.37

8.39

0

C

21/10/2009

100

3

1.3

155

2.0

10.5

0.55

0.55

7.36

7.38

3.25

95

D

20/10/2009

10

1

0

117

12.3

13.5

0.31

0.32

8.20

8.22

0

E

27/10/2009

50

4

0

49

14.1

14.2

51.00

32.35

8.15

8.27

0

F

27/10/2009

60

1

0

95

12.1

12.0

2.07

2.10

8.15

8.15

0

G

17/11/2009

35

36

2

73

9.1

9.1

4.41

3.92

7.50

7.50

5

A

19/01/2010

10

-

1

102

4.0

4.0

0.44

0.44

8.20

8.20

2.5

B

12/01/2010

10

<1

1

144

6.1

6.8

0.90

1.20

8.17

8.14

2.5

C

14/12/2009

15

1

4

25

0.7

0.7

0.75

0.75

7.43

7.45

10

D

14/12/2009

30

<1

0

223

6.4

6.0

0.46

0.41

8.07

8.06

0

E

23/11/2009

10300

11

0

45

9.7

9.4

29.51

230.10

8.18

8.16

0

F

25/11/2009

40

5

0.5

227

9.8

9.2

1.32

19.80

8.18

8.17

1.25

G

26/01/2010

90

4

25

96

2.4

2.4

3.14

3.20

7.32

7.32

62.5

A

05/04/2010

10

<1

0

95

7.0

7.0

1.14

1.03

8.20

8.19

0

B

06/04/2010

40

<1

1.25

79

10.3

12.1

1.40

1.30

7.97

7.90

3.125

C

08/02/2010

10

<1

0

136

1.0

1.0

0.28

0.27

7.41

7.42

0

D

08/02/2010

10

<1

2

98

13.9

14.4

0.30

0.30

7.64

7.49

5

E

19/04/2010

110

<1

1.6

64

7.5

NR

9.33

NR

8.76

NR

4

96

F

19/04/2010

15

<1

2.8

36

9.1

9.1

2.21

3.79

8.12

8.12

7

G

29/03/2010

90

41

1

98

4.8

4.8

6.81

5.36

7.34

7.34

2.5

A

14/06/2010

3400

<1

0

91

14.7

14.6

0.31

1.00

8.22

8.25

0

B

14/06/2010

30

<1

0

98

16.6

17.0

0.40

0.30

8.09

8.09

0

C

26/04/2010

0

144

13.5

14.0

0.55

0.66

D

24/04/2010

25

<1

6

98

8.6

8.8

0.55

0.51

7.89

7.88

15

E

23/06/2010

800

1

0

34

14.2

14.3

16.30

17.80

7.95

7.95

0

F

22/06/2010

770

1

0

341

17.4

17.5

1.92

1.35

8.47

8.49

0

G

11/05/2010

10

7

8

51

11.3

11.3

4.85

4.66

7.59

7.59

0

A

20/09/2010

<10

0

3

98

16.5

16.5

0.72

0.72

8.26

8.26

0

B

Cancelled

C

19/07/2010

790

111

1

91

25.4

25.5

1.25

1.23

7.65

7.68

28

D

19/07/2010

90

<1

0

95

16.6

17.0

1.18

0.81

7.57

7.58

25

E

18/10/2010

<10

3

0

45

13.6

13.6

7.18

6.90

8.34

8.32

0

F

26/10/2010

<10

0

3

98

13.1

13.0

2.18

2.12

7.98

7.97

4

G

23/08/2010

200

76

0

40

21.5

21.5

9.60

9.86

7.35

7.35

28

A

08/11/2010

10

19

0.9

114

6.5

6.4

0.43

0.43

8.24

8.24

0

B

15/11/2010

330

0

5.8

68

C

04/10/2010

30

4

5

79

14.5

14.5

1.40

1.20

7.68

7.69

0

D

04/10/2010

10

<1

0

95

16.2

16.1

0.44

0.61

7.97

8.00

0

ND: Samples received after 48 hrs, could not be processed by LSD

0

97

0

Data Not Recorded

3

E

01/11/2010

50

3

0

1

10.5

10.5

30.78

29.79

8.27

8.27

0

F

15/11/2010

860

0

0

98

8.9

8.9

1.74

1.60

7.99

8.01

4

G

25/10/2010

80

24

21.6

38

9.0

9.0

3.77

2.80

7.43

7.43

26

H

13/12/2010

10

0

0

95

5.5

5.5

0.84

0.84

8.18

8.18

11

A

24/01/2011

10

1

1.1

174

1.6

1.6

0.27

0.29

8.32

8.32

5

B

24/01/2011

10

3

1

95

NR

NR

NR

NR

NR

NR

5

C

07/12/2010

30

4

3.6

57

2.2

2.2

0.63

0.62

7.68

7.67

0

D

06/12/2010

10

<1

3

95

8.2

8.1

0.30

0.40

7.75

7.76

10

E

11/01/2011

1570

9

0

8

-0.7

-0.7

10.92

10.95

7.92

7.92

8

F

29/11/2010

40

<1

0

68

5.6

5.6

4.50

4.40

7.95

7.95

12

G

17/01/2011

40

3

16

54

0.0

0.0

4.22

4.12

7.27

7.27

6

17/01/2011

10

0

1.6

129

3.3

3.4

0.11

0.10

8.31

8.30

3

H
A

07/03/2011

30

11

0

72

2.9

2.9

5.29

4.55

8.10

8.10

24

B

07/03/2011

890

10

4.4

23

5.0

5.0

25.00

18.00

7.97

7.98

24

C

14/02/2011

<1

0

2

102

0.4

0.4

0.30

0.29

7.30

7.32

0

D

14/02/2011

<1

0

2

98

6.5

6.5

0.18

0.18

7.89

7.92

2

4

17.9

15.7

1.50

1.50

8.29

8.29

0

3

E

21/03/2011

360

<1

26.4

F

29/03/2011

30

<1

2.6

38

2.2

2.2

5.03

4.87

7.94

7.97

0

G

21/03/2011

610

8

13

37

0.8

0.8

6.45

6.57

7.37

7.37

7

H

28/03/2011

<1

0

4

25

4.4

4.1

0.36

0.36

8.13

8.14

0

A

04/04/2011

20

<1

0.88

114

3.4

3.4

3.49

4.04

8.15

8.17

20

B

04/04/2011

140

4

2

98

7.0

7.0

1.69

1.71

7.87

7.89

20

C

16/05/2011

60

9

0

72

14.3

14.4

0.70

0.69

7.64

7.63

41

98

7.3

7.8

0.19

0.19

8.10

8.10

31

4

4.3

4.3

134.09

129.79

8.19

8.19

0

76

4.1

4.1

3.72

3.08

7.66

7.85

2

D

16/05/2011

<1

<1

0

E

18/04/2011

330

1

0

F

11/04/2011

4080

<1

5.3

4

98

G

09/05/2011

50

7

0

26

9.1

9.1

4.56

4.09

7.34

7.34

0

H

09/05/2011

10

<1

0

250

5.7

5.8

0.29

0.28

8.04

8.03

0

A

04/07/2011

190

<1

1.2

167

7.9

7.7

0.59

0.59

8.16

8.16

4

B

04/07/2011

<1

<1

0.0

102

7.3

7.3

0.30

0.37

7.42

7.42

4

C

13/06/2011

260

8

1.0

102

20.0

20.0

0.57

0.56

7.69

7.69

5

D

21/06/2011

<1

<1

1.9

106

14.6

14.7

0.50

0.50

7.47

7.54

0

E

09/08/2011

15

2

0.0

19

23.4

23.3

9.85

10.41

8.60

8.62

33

F

16/08/2011

100

4

0.0

95

24.5

25.1

4.27

6.04

7.93

7.98

2

G

11/07/2011

370

7

2.8

35

23.5

23.5

2.63

2.63

7.20

7.20

1

H

11/07/2011

<1

<1

0.5

220

8.2

8.4

0.97

0.94

8.33

8.32

0

99

Methodology for Spiking and Control Analysis Indepth: (Section 2.4.6)
100 L of tap water were collected into 5 x 20 L carboys. EasySeed™ (BTF, Australia)
was added to a 1 L container of ddH2O as per manufacturer’s instructions. The 1 L
containing EasySeed™ was divided between four carboys, with a final rinse of the 1 L
container with ddH2O going into the final carboy. The water in the 5 x 20 L carboys was
then pulled through an EnvirochekHV capsule via a peristaltic pump at 2 LPM while the
carboy was kept on a stir plate. Water was continuously poured into the carboy attached
to the filter in order to keep a constant flow of water through the capsule. Spiking tests
were done on volumes of 10, 20, 40, 60, 80, 100, and 200 L to determine recovery rates
at these volumes. For each volume, a vial of EasySeed was used and divided equally
among the carboys used.
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