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Abstract

Shiga toxin-producing Escherichia coli (STEC) are important enteric
pathogens that cause significant morbidity and mortality worldwide, as well as in
Canada. Drinking water is a key exposure pathway for STEC infection and the
occurrence of these pathogens in drinking water sources represents an important
knowledge gap in the epidemiological understanding of STEC-associated illness,
particularly with regards to non-O157 STEC serogroups as well as unregulated wellsourced drinking water systems. The purpose of this study was to investigate the
frequency and spatiotemporal patterns of STEC occurrence in non-municipal wellsourced drinking water in the southern region of the province of Alberta, Canada.
Using Shiga toxin gene quantitative polymerase chain reaction analysis (stx qPCR)
as a proxy, STEC were found in 8.0% of E. coli positive drinking water samples and
0.2% of all drinking water samples from across southern Alberta submitted to the
Alberta Provincial Laboratory for Public Health (ProvLab) between 2004-2016. A
statistically significant seasonal pattern of STEC occurrence that peaked in the
summer months was detected, which coincides with well-established seasonal
increases of reported STEC cases in both Alberta and Canada. Significantly greater
annual STEC occurrence corresponded with years where extreme precipitation
events occurred across this region and a STEC contamination event in an area of
southern Alberta was detected in the early summer of 2005 using Kulldorff scan
statistics. Twenty-one distinct STEC serotypes, including 6 of the 7 most clinically
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relevant serotypes in Alberta, were recovered from stx positive drinking water
samples using a STEC-specific chromogenic growth media. Taken together, these
findings demonstrate that STEC was consistently found in non-municipal wellsourced drinking water across southern Alberta and represents a public health risk
to Canadians that rely on groundwater wells for their drinking water supplies.
Furthermore, the seasonal alignment of increased STEC occurrence in nonmunicipal drinking water sources with patterns of increased STEC-associated illness
highlights both the possibility of contaminated well water contributing to the
seasonality of STEC infections in Canada, as well as the potential contribution of this
exposure pathway to the overall burden of enteric disease.
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CHAPTER 1: Introduction

1.1 Background
Escherichia coli is a rod-shaped, gram-negative bacterium from the
Enterobacteriaceae family that is largely a commensal resident in the
gastrointestinal tract of warm-blooded animals 1. Through the loss and gain of
various genes, commensal E. coli can become pathogenic. Human pathogenic E. coli
have been assigned to six major diarrheagenic pathotypes: enteropathogenic E. coli
(EPEC), Shigella/enteroinvasive E. coli (EIEC), enteroaggregative E. coli (EAEC),
diffusely adherent E. coli (DAEC), enterotoxigenic E. coli (ETEC), and Shiga toxinproducing E. coli (STEC), which includes the enterohemorhaggic E. coli (EHEC)
subset. Strains within each pathotype are genetically diverse and are often
identified though the Kauffman classification scheme of serotyping somatic O
polysaccharides (i.e., O157) and flagellar H antigens (i.e., H7) 2,3.
STEC are defined by the presence of Shiga toxin type 1 (stx1) genes, Shiga
toxin type 2 (stx2) genes, or both, within an isolate1. Shiga toxins are a family of
genetically and functionally related cytotoxins and are the definitive virulence
factors for the STEC pathogroup 4. Both the stx1 and stx2 genes originate from
lamboid prophages that can be integrated into the E. coli chromosome 5,6. While
both stx1 and stx2 can cause disease, stx2 carrying strains are generally associated
1

with more serious disease, particularly with the development of hemolytic uremic
syndrome (HUS), the most serious sequelae associated with STEC infection that is
characterized by renal failure, hemolytic anemia, and thrombocytopenia in infected
patients 1,7–9. Within each Shiga toxin type there are also multiple allelic subtypes
(1a, 1c, 1d, 2a, 2b, 2c, 2d, 2e, 2f, 2g) that have varying pathogenic potentials 1,10–12.
Importantly, since stx genes are encoded on lysogenic bacteriophages, these genes
can undergo horizontal gene transfer to E. coli strains (or other bacteria) not
previously associated with stx genes and potentially give rise to new unexpected
STEC strains 6,13,14. The highly pathogenic E. coli O104:H4 strain responsible for a
2011 German STEC outbreak that caused nearly 4000 cases of illness, was able to
acquire the virulence factors of both an EAEC (the ability to form an aggregative
adherence pattern) as well as an STEC (Shiga toxin type 2) through horizontal gene
transfer and serves as an example of the pathogenic potential associated with the
uptake of stx genes by other E. coli 15–17. There are a number of other important
virulence factors that STEC serotypes often incorporate into their genome in
addition to the Shiga toxins, of which two particularly notable factors include: i) the
locus of enterocyte effacement (LEE) that encodes a variety of genes involved in
attachment and delivery of toxic effects, and ii) EHEC-hemolysin (hlxA), a poreforming toxin 1,18. The virulence gene eae, which codes for the adhesion protein
intimin and is located on the LEE pathogenicity island, and hlxA are often
investigated alongside the stx genes when determining pathogenicity of an E. coli
strain. The myriad of virulence factor combinations found in STEC strains play a
defining role in determining the pathogenicity of each specific strain, the more
2

pathogenic of which can have very low infectious doses compared to other E. coli
pathotypes (<10 – 100 cells), with an estimated ID50 (the dose at which 50% of the
exposed population become ill) of 100-1000 organisms 19–22.
Pathogenic E. coli are a significant cause of disease and mortality worldwide
and recent estimates attribute over 2.8 million annual acute illnesses to STEC
infections, with close to 4000 annual cases of HUS 23. From 2006-2015 there was
approximately 730 annual reported STEC cases in Canada, however, for every
reported Canadian case of STEC there is an estimated 10-47 unreported cases each
year, suggesting a true incidence upwards of 7300 annual cases 24,25. Alberta has
been known to have one of the highest rates of E. coli O157 infection in Canada and
from 2006 – 2016 there were 1526 reported cases of STEC in Alberta, an average of
139 reported cases per year 26,27. STEC infections can cause uncomplicated diarrhea,
bloody diarrhea, hemorrhagic colitis, HUS, and potentially death 11. From a Canadian
context, the most well-known STEC outbreak is probably the 2000 Walkerton,
Ontario outbreak where over 2300 people became ill, 65 were hospitalized and 7
died due to the contamination of a municipal drinking water supply with E. coli
O157:H7/Campylobacter jejuni 28. In addition to the associated morbidity and
mortality of this outbreak, there was an estimated tangible economic impact of over
$64.5 million 29. Due to the seriousness of the associated health outcomes, STEC are
one of the more costly causes of waterborne gastroenteritis outbreaks 30.
The pathogenic E. coli O157 serotype has been the major focus of STEC
research due to its association with multiple large-scale outbreaks and a higher risk
of HUS development, however the importance of non-O157 STEC serotypes is
3

becoming increasingly accepted 19,31,32. The previously mentioned 2011 outbreak of
STEC O104:H4 in Germany, which caused 3816 cases of infection, 845 cases of HUS,
and 54 deaths over a three month period, is one well known example that highlights
the potential pathogenicity of non-O157 E. coli and the need to further investigate
these ‘under-rated’ pathogens 15,32,33. Non-O157 cases have likely been
underreported historically, and recent increases in routine stx testing have resulted
in substantial increases in the detection of these bacteria and their related illnesses
19,34–37.

Over 380 non-O157 serotypes have been isolated from humans, but the most

commonly reported non-O157 STEC serotypes in North America belong to the ‘big
six’ serogroups O26, O45, O103, O111, O121 and O145 19,37–39. The most common
serotypes presenting clinically in Alberta are: O157:H7, O26:H11/O26:H-nonmotile(HNM), O111:HNM/O111:H-nontypable(HNT) /O111:H8, and O121:H19 40.
Different serogroups have been associated with varying degrees of virulence and it
has also been suggested that the risk factors associated with STEC infection can
differ across serotypes 1,41,42. Across North America, and particularly within Alberta,
studies have shown non-O157 E. coli are responsible for over 50% of the reported
STEC cases 34,36,43–45.
Drinking water is an important, although perhaps overlooked, potential
source of STEC infection and has been the root of a number of serious outbreaks,
such as the aforementioned Walkerton outbreak 11,28,29,31,34,46–54. A recently compiled
review of North American E. coli O157 waterborne outbreaks has been provided by
Saxena et al. 55, along with a corresponding table of relevant references. Waterborne
disease in general, and more specifically enteric diseases such as STEC infections,
4

are largely under-reported for a variety of reasons such as self-treatment, lack of
laboratory diagnosis during treatment, and short, self-limiting duration, all of which
contribute to an estimated 300 enteric illnesses occurring in communities for every
laboratory confirmed case 56–58. The association between enteric disease and
drinking water is further complicated due to issues such as constant exposure to
drinking water from multiple sources, regional variations in diagnostic water
testing and reportable infections, lack of proper sampling, low levels of target
organisms, and misattributing or failing to fully determine the source of infection
52,58–61.

Despite this, from 1971-2006 there were 833 reported outbreaks associated

with drinking water in the United States and from 1974-2001 there were 288
reported outbreaks linked to drinking water in Canada 58,62. Importantly, these
figures do not include any non-outbreak/sporadic waterborne disease and
therefore likely underestimate the overall enteric disease burden associated with
drinking water. Although sporadic cases of waterborne illness are often not well
documented, they have accounted for 79% of reported STEC O157 cases in Alberta,
and a recent study from British Columbia found that 100% of reported cases of
drinking water associated enteric disease over a 10 year period were sporadic in
nature 59,63,64. Notably, due to the low infectious dose of STEC, only a single exposure
to STEC-contaminated drinking water is required for a consumer to potentially
become infected and experience related symptoms 65.
The importance of individual water systems to the overall burden of disease
attributed to drinking water has been increasing in recent decades and the role of
private wells and ground water has been specifically identified as an important
5

knowledge gap with regards to STEC-related illness 58,61,62,66. Over 20% of
waterborne illness outbreaks in Canada from 1974-2002 were attributed to private
water systems and approximately 36% of drinking water outbreaks in the United
Kingdom were also associated with private systems 67,68. A recent Canadian study
found that over 10-years, the risk of enteric illness was 5.2 times higher for
residents that were served by private wells, and another Canadian study estimates
that over 100,000 annual cases of acute gastrointestinal illness can be attributed to
the consumption of water from private well and small water systems 59,69. When
estimating the relative role of different water sources in the transmission of
waterborne enteric illness in Canada, Butler et al. 70 found that private well water
was most frequently implicated for both bacterial and viral infections and Murphy et
al. 69 estimated that close to 650 annual symptomatic cases of E. coli O157 infections
are associated with consuming drinking water form private wells or small water
systems.
In Canada over 4 million people (~13% of the population) rely on private
water systems, with the majority relying on groundwater wells to supply their
drinking water, and in Alberta approximately 450,000 - 600,000 people rely on
private wells 67,71,72. The Government of Canada recommends a multi-barrier
approach to ensure drinking water quality in private sources, which includes source
water protection, adequate treatment including disinfection, and a well-maintained
distribution system 73. Within Canada, as is common worldwide, total coliforms and
E. coli are used as indicators of bacteriological water quality denoting vulnerability
to contamination and fecal contamination respectively 73–75. Despite similar
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recommendations, in the United States during 2011 and 2012 untreated
groundwater was found to be the second most common deficiency in drinking water
outbreaks, and from 1971-2006 approximately 83% of private system outbreaks
were due to contaminated untreated groundwater 61,62. From 1971-2008 an
estimated 67% of all reported groundwater outbreaks in the United States were
attributed to improper design, maintenance and location of private wells and septic
systems, and across Canada studies have found that approximately 25-35% of wells
are contaminated with fecal indicator coliforms such as E. coli at levels that exceed
government standards for safe drinking water 50,76–79. Although the Government of
Alberta suggests that well-owners submit well water for bacteriological analysis 2-4
times a year (depending on well-depth), the 2010 Alberta Well Water Survey found
that less than 11% of respondents tested the quality of their well water on a yearly
basis 67,71,80. A survey of Alberta farms found that 59% of respondents had not tested
their wells in the past 5 years or had never tested their wells, and only 40% of
respondents used water treatment systems 67. There is clearly a potential risk to
public health in Alberta from STEC contamination of non-municipal drinking water
supplies and a better understanding of the frequency and spatiotemporal patterns
of occurrence of this pathogen can help inform public policy and prevention efforts
to reduce the burden of enteric illness associated with this exposure pathway.

1.2 STEC in well water
For a groundwater well to become contaminated by STEC many contributing
factors must converge in time and space 81,82. First there must be a source of STEC in
the external environment, and as naturally occurring enteric bacteria, this source is
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likely through the fecal input of a primary or secondary STEC reservoir such as
livestock or human sewage. The STEC must then be able to survive in this external
environment for the duration of its transport into the freshwater environment and
then further into groundwater, a process influenced by a myriad of pathogenspecific, environmental, and hydrogeological factors. These pathogens then need to
survive in the groundwater source in high enough concentrations to be taken into
the drinking water system, where they must persist through any existing water
treatment, before exiting the tap where they can be detected or ingested.
Within North America cattle are generally recognized as the primary reservoir
for STEC, although many secondary reservoirs or carriers such as sheep, goats,
horses, pigs, alpaca, chickens, turkeys, deer, elk, coyote, and humans have been
identified 47,65,83–85. An extensive list of known STEC hosts can be found in the recent
review of animal STEC reservoirs by Persad and Lejeune 86. The exact reservoir
structure of zoonotic STEC is still undetermined however and may be more complex
than simply chains of infection within the cattle population 87. Other animal
populations and environmental niches that interact with cattle, such as local wildlife
or water troughs, may play important roles in the maintenance of STEC within cattle
and together may represent the true maintenance structure of the STEC reservoir in
North America. Across the globe many animal populations have been identified as
significant sources or even the primary reservoirs of STEC, and within North
America cattle are likely only one of multiple important sources of STEC into the
environment 86.
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While the natural environment for most E. coli strains is within the
gastrointestinal tract of warm-blooded hosts, these bacteria are able to survive, and
in some cases grow, in the external environment 88,89. STEC enter this environment
through host defecation and numerous serotypes have been shown to survive
within feces for up to 126 days at 15° C 90. A field study carried out in alpine
pastures of France found that these pathogens are able to survive in cow pats for the
full duration that this feces exists on the landscape, despite large fluctuations in
temperature and heavy rainfall 89. STEC can also survive for long periods in soil. For
example, an epidemiological investigation of an E. coli O157 outbreak in Scotland
caused by sheep grazing in a field later used as a scout camp, recovered viable STEC
from the soil up to 15 weeks after the exposure to sheep feces 91. An in-vitro study
using two types of soil sampled from Ireland, reported survival times of 14 nonO157 STEC serotypes at 10° C, for which survival ranged from 49-76 days
depending on the soil type and, to a lesser degree, the serotype inoculated 92.
Numerous biotic and abiotic characteristics of soil can affect the survival of STEC in
this environment, such as temperature, moisture, pH, soil composition, as well as
competition and predation from the surrounding microflora 88,93,94.
Water is able to mobilize STEC present in soil or fecal matter during rainfall or
snowmelt and transport these bacteria both vertically and/or horizontally into
surface and ground water 88,95–98. Once in a freshwater environment, STEC is still
able to survive for extended periods of time. In vitro studies of O157 and non-O157
STEC in untreated well water found survival times from 15 days to greater than 56
days, depending on the water temperature and background predation 99,100. In a
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laboratory experiment investigating E. coli O157 survival in a variety of drinking
and surface waters, viable STEC was still recovered from waters at lower
temperatures (8° C) after 13 weeks 101. Numerous results suggest that cool
temperatures and low levels of background flora promote survival of STEC in
freshwater 100–102. Transport of STEC from the external environment into surface
water and groundwater is largely determined by the local hydrology and
hydrogeology of the area; characteristics such as aquifer type, subsoil type, strata
thickness, preferential water flows, overland water flow, and in some cases even
specific hydrogeological formations have been linked with groundwater outbreaks
50,66,103–105.

Within Alberta, it has been suggested that microbial contamination of

well water may be more driven by sub-surface run-off processes influenced by
shallow soil and topographic characteristics rather than deeper hydrogeological
formations 106. A well itself can also act as a transport pathway for STEC into
groundwater due to improper design, construction or maintenance and this
pathway has been specifically linked to numerous cases of waterborne illness and
STEC infection 28,50,62,66. There are many other localized situational risk factors that
can influence well water contamination such as, well type (i.e., bored, drilled, etc.),
well-depth, age of the well, proximity to livestock/animals and their density on the
landscape, and the type of septic system and its location relative to a well on a
property 50,60,77,107–109.
While the occurrence of STEC in well water is supported by a number of
outbreaks worldwide, few studies have investigated the occurrence of these
pathogens in well water supplies or even drinking water supplies in general
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52,55,102,110.

Table 1 outlines a list of studies deemed relevant for comparison to the

current project and includes any study investigating STEC occurrence in drinking
water that was not related to a specific outbreak scenario and any Canadian study
investigating the occurrence of STEC in surface water. Canadian surface water
studies were included due to both the absence of any STEC specific drinking water
studies from Canada as well as the absence of any North American drinking water
studies investigating the non-O157 STEC serogroups. Bacterial targets, location,
type of water source, frequency of STEC occurrence, and methods of detection are
outlined for ease of comparison to results in Chapter 3.
Three studies investigating STEC in drinking water were not included in the
table - two due to the use of methods that prevented the calculation of the frequency
of STEC occurrence per water sample tested, and a third because the study failed to
confirm the presence of stx genes in the presumed STEC isolates. The first was a
study from Brazil that recovered 12 STEC from both untreated and treated drinking
water sources in both rural and urban areas across the Paraná State 111. The second
was a study from Uttar Pradesh, India, where 18 STEC were recovered from a
number of separate sampling sites all served by the main treated and piped drinking
water source for the city of Lucknow 112. The third study investigated rural drinking
water from various sources (ground water, surface water, piped supplies) in Uttar
Pradesh, India and recovered STEC from 5/188 (2.7%) water samples tested 113.
These researchers used culture-based methods to isolate E. coli and subsequently
identified STEC based on the serotype of the isolate. Any E. coli isolate belonging to
O-groups commonly associated with STEC serotypes was considered to be an STEC.
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However, serotype does not determine pathogenicity or resulting pathogroup
classification and therefore, the results of this study should be interpreted with a
degree of caution as these isolates may not be true STEC. For example, E. coli which
belong to serogroups commonly associated with STEC are often found without the
stx genes required for STEC classification 114–116.
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Table 1 – Research papers investigating STEC in drinking water or
Canadian surface water
E. coli
Target

STEC

Occurrence (per
water sample)

Water Source and Location

1/2633 water
samples (0.04%)

Rural drinking water (groundwater
wells and springs), Upper Austria,
Austria

Private drinking water (groundwater
wells), Ohio, United States

7/180 (3.9%)

O157:H7

Private drinking water (groundwater
wells), Netherlands

4/147 (2.7%)

Surface Water, Southwestern B.C. (
a) Serpentine
b) Sumas
c) Nicomekl River
d) Lower Fraser watersheds)

a) 19/82 (23.2%)
b) 21/97 (21.6%)
c) 19/86 (19.5%)
d) 6/65 (9.2%)

Surface Water, Southwestern Ontario,
Canada (Grand River watershed)

a) 9/893 (2.1%)

a) O157:H7

Halabi et al. (2008)114

1/280 (0.4%) E.
coli positive water
samples

O157:H7

STEC

Reference

b) STEC

Won, Gill, and LeJeune
(2013) 117
Schets et al. (2005) 108

Nadya et al. (2016) 118

Johnson et al. (2014) 51

b) 75/236 (31.8%)

O157:H7

Surface Water, Southern Alberta,
Canada (Oldman river watershed,
2000-2001)

27/1608 (1.7%)

O157:H7

Surface Water, Southern Alberta,
Canada (Oldman river
watershed,1999-2000)

0.9% ± 0.2%
(13/1483)

O157:H7

Surface Water,
Canada (Sumas, Oldman River, South
Nation River, Bras d’Henri and
Fourchette watersheds)

27/902 (3.0%)

O157:H7

Surface Water, Southern Alberta,
Canada (Oldman river watershed,
2002-2004)

12/406 (3.0%)

O157:H7

Surface Water, Southern Alberta,
Canada (Oldman river watershed,
2005-2007)

8/342 (2.3%)

O157:H7

Surface Water, Eastern Ontario,
Canada (South Nation river watershed)

15/1186 (1.3%)

O157:H7

Surface Water, Eastern Ontario,
Canada (South Nation river watershed)

5/823 (0.6%)

O157:H7

Surface Water, Southwestern B.C.,
Canada (Salmon River watershed)

5/186 (2.7%)
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Gannon et al. (2004) 119

Johnson et al. (2003)120

Edge et al. (2012) 121

Walters, Gannon, and
Field (2007) 122

Jokinen et al. (2011) 124

Wilkes et al. (2011) 125
Wilkes et al. (2009) 126
Jokinen et al. (2010) 127

1.3 Seasonality
Seasonality in infectious disease occurrence refers to the regular recurring
patterns of disease incidence that align with a particular season and that alternate
with lower background levels of incidence 128,129. These seasonal patterns represent
relationships between intrinsic host attributes, pathogen physiology, environmental
processes, and social behaviours, all of which are context dependent in both time
and space. Seasonality is a global phenomenon and in Canada the major enteric
pathogens such as Cryptosporidium spp., Giardia spp., Campylobacter spp.,
Salmonella spp., and E. coli all exhibit seasonal occurrence patterns 128,130–133. Each
pathogen has a respective pattern, but in Canada’s temperate climate they generally
peak during the warm months of the year and are lowest during the cold winter
months. Important environmental effects on pathogen occurrence, transmission
pathways, as well as social behaviours, are believed to be strong drivers of
seasonality in enteric disease 128,131,134.
STEC cases in North America generally occur in the period from early spring
to early fall, and usually peak during the summer months 34,37,39,135,136. A study in
Ontario found marked seasonal patterns in E. coli O157 infection that peaked in July
of each year over a period of six years 130. A more recent Canadian study found that
E. coli O157 incidence in the province of New Brunswick followed a seasonal pattern
with large summer peaks over a 9-year study period 131. Five temporal clusters of E.
coli O157 cases were also identified in this study, all of which occurred within the
late spring or summer of the calendar year. An Alberta based study investigating the
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clustering of E. coli O157 outbreak cases found that all of the temporal clusters
occurred within the late spring to early autumn period 137. Another study from
Alberta found the largest number of cases of E. coli O157 reported over 9 years
occurred in July, with 62% of total reported cases having occurred over the summer
months and 82% having occurred between May and September 138. Enteric
outbreaks associated with drinking water in Canada tend to follow a similar
seasonal pattern 58. For instance Thomas et al. 81 found that while Canadian
outbreaks of waterborne disease were reported in all 12 months of the year, the
greatest proportion of these outbreaks (56%) occurred from March to July.
Currently there are no known investigations into the seasonal occurrence of
waterborne STEC infections attributed to drinking water or well water more
specifically. A 2017 study from Alberta reported a statistically significant summer
peak (peak date: July 24) in E. coli contamination in drinking water wells from 20042012, although they did not specifically determine the presence of any enteric
pathogens 74.

1.3.1 Seasonality in STEC shedding
Seasonal patterns in the shedding of STEC bacteria from cattle have been
found in numerous studies. Hancock et al. 139 detected seasonal patterns of E. coli
O157 shedding in numerous cattle herds in the northwestern United States and
found the highest prevalence of E. coli O157 excretion by herds was in June and the
lowest was in December, with an overall pattern that suggested short periods of
relatively high prevalence separated by longer periods of reduced shedding. A
number of other studies, including a study from southern Alberta, have supported
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this seasonal pattern, each finding seasonal patterns of E. coli O157 shedding in
feces that peak in the summer (with some peaks extended into autumn) and that are
lowest in the winter 140–143. Ogden et al. 144 found the reverse of this pattern
however, with E. coli O157 peaking in the winter in Scotland, although this study
seems to be an anomaly and other studies have suggested that this alternate pattern
can be attributed to cattle management practices of the study location (i.e., high
density housing and the presence of super-shedders in the population) 93,144,145.
Studies investigating non-O157 STEC serotypes have found varying seasonal
shedding patterns that are often serotype dependent, some of which do not
necessarily peak in the summer, and some having no seasonal pattern at all
116,140,143,146.

Pearce et al. 146 and Dewsbury et al. 143 found that serotypes O26, O45,

O111, O130, and O145 did follow similar seasonal patterns as O157 with prevalence
highest during in the summer (and sometimes autumn) and lowest during the
winter. Alternatively, Barkocy-Gallagher et al. 140 reported seasonal peaks in nonO157 recovery (serotypes were not identified) in the spring and fall. Recently a
study by Stanford et al. 116 in southern Alberta found a wide variety of patterns
within non-O157 STEC. Polymerase chain reaction (PCR)-based tests, supplemented
with culture confirmation, indicated that prevalence of: i) serotypes O26 and O121
followed a pattern similar to O157; ii) serotypes O111 and O145 unexpectedly
peaked in the winter and were lower in the summer; iii) O45 serotypes stayed
constant from spring to fall and then dipped in the winter, and iv) O103 serotypes
stayed constant the whole year. In general, most studies do show an increase in
STEC shedding from cattle during the warmer months of the year however.
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While the vast majority of research investigating seasonal patterns of STEC
shedding has focused on cattle, there have been select studies that have investigated
other hosts such as sheep, goats, swine and deer 147–154. Low STEC positivity rates
prevented the determination of seasonal patterns of STEC shedding in many of these
studies, although a number of ovine studies have reported seasonal patterns of
STEC shedding in warmer months of the year. Further investigation into the
shedding of STEC from hosts other than cattle remains an important knowledge gap
in understanding the sources of STEC into the environment.

1.3.2 Seasonality and weather
Meteorological conditions, primarily precipitation and temperature, are
major determinants of overall seasonal change and are important factors in
determining seasonal patterns of waterborne enteric illness 128,155. Specifically for
the climate of southern Alberta, above freezing temperatures, vernal melt, and
vernal rainfall events can input concentrated pathogen-rich runoff into the
freshwater environment during the spring, and periods of hot, dry conditions,
separated by intense sporadic rainfall events in the summer, can also mobilize
pathogens into the freshwater environment 58,82,156. Numerous studies have found
associations between rainfall, particularly extreme precipitation events, and cases
or outbreaks of waterborne disease 155,157. Extreme precipitation events generally
refer to periods with notably higher than average rates of precipitation, whether
that be a certain amount of rainfall within a specified time period, a precipitation
rate above a specified threshold (i.e., the 90th percentile of average precipitation
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across a study period) or similar measures, although a single working definition of
this term has not yet been agreed upon in the literature 82,155,158.
Curriero et al. 158 retrospectively investigated reported waterborne disease
outbreaks in the United States from 1948-1994 and found that 68% of outbreaks
were preceded by precipitation events above the 80th percentile of average
precipitation across this study period and 51% of outbreaks were preceded by
precipitation events above the 90th percentile. Similarly, a Canadian study
quantitatively analyzed associations between waterborne outbreaks and weather
conditions and found that the probability of a waterborne outbreak increases by a
factor of 2.28 for precipitation events above the 93rd percentile of average
precipitation across the study period (1974-2001) 81. Relationships between
extreme precipitation events and STEC specifically in drinking water have not yet
been investigated within a North American context, although associations between
rainfall and STEC in surface water have been reported. Nadya et al. 118 reported
significant correlation between temperature and average precipitation 3 days
before recovering STEC positive surface water samples from the Lower Mainland of
British Colombia, Canada. Likewise, a study from southern Alberta reported that the
majority of E. coli O157 isolates were recovered from surface water after at least
8.9mm of rain fell during the 3 days previous to, and including, the day of sampling
123.

Within well water, Valeo et al. 106 reported a spatiotemporal cluster region in

southern Alberta where drinking water wells were prone to E. coli contamination
during extreme weather events, although E. coli pathotypes were not investigated
specifically. A recent study from Ireland investigated weather events and
18

waterborne STEC illness and found that heavy rainfall events (a 24 hour period with
greater than 33mm of rainfall), cumulative rainfall, and temperature, all had
statistically significant associations with the occurrence of waterborne STEC
outbreaks over a period of 8 years 82. They determined that the relative odds of a
waterborne STEC outbreak is 22.89 times greater if there is a heavy rainfall event in
the preceding 7 days and that in terms of cumulative rainfall, the relative odds of a
waterborne STEC outbreak increases by a factor of 1.05 for every additional 1mm of
rainfall recorded.
Positive associations between temperature and the incidence of pathogenic
E. coli infections are commonly reported by studies across the globe and while
positive associations have also been reported between temperature and the
incidence of waterborne disease, this relationship seems to be less straightforward
134,155.

Within Canada, Thomas et al. 81 found that with air temperatures above 0° C

for a four week period before a waterborne outbreak, single degree (° C) increases
in maximum ambient air temperature would result in the relative odds of an
outbreak to increase by a factor of 1.007, meaning that a 5° C increase in maximum
air temperature during this four week period would result in greater than a 4-fold
increase in the relative probability of a waterborne outbreak. Fleury et al. 132
described a strong non-linear association between reported enteric E. coli infections
and ambient temperature in Alberta for the six respective weeks prior to an
infection, and found that the log relative risk of reported E. coli weekly case counts
increased by 6% for every degree increase in weekly mean temperature 132. Another
study from Alberta found that mean temperature was a significant predictor of
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monthly incidence rates of E. coli O157 in the province 159. As for investigations
specifically into relationships between temperature and waterborne STEC, the
previously mentioned Irish study by O’Dwyer et al. 82, found that the relative odds of
a waterborne STEC infection increases by a factor of 1.37 for every one degree (° C)
increase in mean monthly temperature.

1.4 Research rationale and objectives
Even though waterborne enteric illnesses are a well-documented burden of
disease across the globe, as well as in Canada, there remain important knowledge
gaps in understanding the epidemiology of these diseases. One important gap is
concerning endemic waterborne disease associated with groundwater and private
water systems 59. As mentioned previously, these water systems are important
infection pathways for enteric disease in North America, and their contribution to
the overall burden of enteric disease has been increasing. Currently there is a lack of
information surrounding the prevalence of enteric pathogens within groundwater
systems, particularly for enteric bacteria 66. In order to improve exposure
assessment and provide more accurate endemic risk estimates than currently
afforded by the use of fecal indicator organisms as pathogen surrogates, direct
pathogen detection within groundwater sources is required. Targeted ecological
studies at the regional level that focus on area-specific temporal and spatial
elements have been suggested in order to better inform local public-health policy
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and decision-making 66,128,160. The identification of disease-specific spatiotemporal
occurrence patterns are necessary for the improvement of surveillance and
prevention strategies, as well as increasing our understanding of the many
interrelationships and interactions involved in the etiology of waterborne diseases.
STEC in particular have been underrepresented within the literature thus far, and
this shortage of information is exacerbated by the lack of studies that include both
non-O157 and O157 serotypes in their investigations.

1.4.1 Objective 1: Determine the frequency of occurrence of STEC in nonmunicipal drinking water sources across southern Alberta
The presence of stx genes in submitted E. coli positive non-municipal
drinking water samples was used as a proxy for the occurrence of STEC in these
water sources. The hypothesis was that STEC would be consistently found within
drinking water samples at a relatively low frequency of occurrence, similar to
previously reported rates of STEC occurrence in private drinking water sources
108,114.

1.4.2 Objective 2: Evaluate STEC serotype occurrence in non-municipal drinking
water samples across southern Alberta
It was hypothesized that a diverse range of STEC serotypes would be found
within non-municipal drinking water sources consisting of both the most clinically
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relevant serogroups in Alberta as well as serogroups not commonly recovered from
clinical patients. The recovery of multiple genetically distinct STEC clones from the
same stx positive drinking water sample was also expected in some, but not all,
cases.

1.4.3 Objective 3: Investigate spatiotemporal patterns of occurrence of STEC in
non-municipal drinking water samples across southern Alberta

It was hypothesized that statistically significant patterns in the occurrence of
STEC in non-municipal drinking water samples in time, space, and space-time would
be identified, including seasonal occurrence with a peak during the summer months,
spatial clustering associated with stable geographic risk factors, and clustering in
space-time with extreme precipitation events that occurred during the study period.

1.5 Thesis organization
The work presented in this thesis will address each of the aforementioned
objectives in the following manner:
-

Chapter 2 describes the methodologies used throughout the thesis;

-

Chapter 3 presents and discusses both the findings of stx gene occurrence in
submitted non-municipal drinking water samples as well as trends within
these results;
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-

Chapter 4 includes a discussion of the methodologies used to recover STEC
isolates from environmentally sourced drinking water samples, as well as
presents and discusses the results from the STEC recovery protocol, the
determination of clonality among recovered isolates, and the serotyping of
genetically unique STEC isolates;

-

Chapter 5 presents and discusses the results of statistical models testing
patterns of STEC occurrence in time, space, and space-time; and

-

Chapter 6 highlights key findings of the thesis, provides a general discussion
for the results of the three previous chapters as well as some of the research
limitations, and provides recommendations for future research.
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CHAPTER 2: Research Methods

2.1 Non-municipal well-sourced drinking water samples
The groundwater well samples included in the analysis were all voluntarily
submitted from non-municipal drinking water samples processed by the Provincial
Laboratory for Public Health in Calgary, Alberta, Canada (ProvLab Calgary) for
routine microbial contamination (i.e., E. coli and total coliforms) from March 2004 –
July 2016. The catchment area for ProvLab Calgary included the southern third of
the province of Alberta, the area south of the municipality of Red Deer. For this
study, non-municipal drinking water samples included any well-sourced drinking
water sample that were either submitted by a private landowner or from a water
system that was not regulated by the Ministry of Environment and Parks in Alberta
161.

These samples were collected and submitted by the well-overseer who was also

responsible for providing all the associated requisition information such as name,
address, and location details. Each sample (250ml bottle) was transported on ice to
the ProvLab within 24 hours of sampling in order for the sample to be accepted for
routine processing. Requisition information was hand-written by the submitter at
the time of collection and subsequently entered manually into the laboratory
information system by the receiving ProvLab staff. The ProvLab is an ISO 17025
accredited laboratory for analysis of microbiological water quality. For the purposes
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of this thesis, these passively acquired well-water samples were considered to be
generalizable to the greater population of non-municipal drinking water sources
across the catchment area of southern Alberta.
Due to the large variety of waterborne pathogens that may be present within
drinking water sources, testing for each potential pathogen individually is not
feasible for a public health laboratory and therefore indicator organisms are
commonly used as surrogate markers for the risk of pathogenic contamination 162.
Since the majority of waterborne pathogens are associated with fecal sources of
contamination, enteric coliform bacteria, such as E. coli, are often used as indicator
organisms of fecal contamination. In Alberta, the ProvLab tests for both total
coliforms and E. coli as indicators of microbial water quality. For this study, all
submitted non-municipal drinking water samples were processed using the
Colilert® presence/absence defined substrate method (IDEXX Laboratories Inc.,
Westbrook, ME, USA) to simultaneously detect the presence of total coliforms and E.
coli according to the manufacturer’s protocol. In diagnostic terms, when E. coli is
present in a water sample, the media will change from a clear solution to a yellow
colour (β-galactisidase activity) and will also fluoresces under UV light (βglucaronidase activity), whereupon it is considered a positive result. Since this
study focused strictly on STEC bacteria, Colilert® results were used to screen-out E.
coli negative drinking water samples that would not likely contain STEC.
From March 2004-May 2015 any E. coli positive Colilert® enriched drinking
water samples were archived for further analysis by adding 500 μl of the Colilert®
sample/substrate solution to 500 μl of 2x Skim Milk and frozen at -70° C. These
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samples were considered retrospective drinking water samples and operationally
defined as those culture samples frozen and stored for a designated period of time.
From June 2015 to July 2016, two 1ml aliquots of the sample/substrate solution of
E. coli positive Colilert® enriched drinking water samples from ProvLab Calgary
were sent to the University of Alberta (U of A, Edmonton, AB, Canada), one of which
was immediately processed for stx occurrence. These E. coli positive Colilert®
enriched drinking water samples received from June 2015 to July 2016 were
considered prospective drinking water samples and operationally defined as culture
samples not having being subjected to freezing or storage conditions before
analysis.

2.2 Determining stx positivity of non-municipal well-sourced drinking water
samples
Quantitative polymerase chain reaction (qPCR) analysis enables specific and
sensitive detection of microorganisms in water matrices, and virulence factors are
ideal qPCR gene targets since they are generally in low-copy numbers within a
genome and often indicative of a specific species or pathotype 163–165. qPCR analysis
of the stx1 and stx2 genes was used as a proxy screen to determine the potential
presence or absence of STEC in retrospective and prospective E. coli positive
Colilert® drinking water samples processed from non-municipal well-sourced
systems. The following section outlines the screening process.
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2.2.1 Retrospective drinking water samples
Retrospective E. coli positive drinking water samples, which contained 500 μl
E. coli positive Colilert® drinking water and 500 μl 2x skim milk, were thawed and a
1ml aliquot was transferred to 9ml of Tryptic Soy Broth (TSB). This culture was
incubated at 35° C for 16-18 hours to aid in the resuscitation of the cryo-preserved
bacteria 101. After incubation the TSB enrichment was split two ways: 100 μl was
transferred to a specified well in a 96-well Greiner plate (Greiner Bio One
International, Monroe, NC, USA) for stx1/stx2 qPCR analysis, and 500 μl was
transferred to a screw-cap cryovial containing 500 μl of 2x skim milk for re-archival
at -70° C.

2.2.2 Prospective drinking water samples
Upon receiving samples at the U of A, 1 mL aliquots of prospective E. coli
positive Colilert® enriched drinking water were centrifuged at 13 000 x g for 5
minutes. Following centrifugation, the supernatant was removed and the bacterial
pellet was stored at -70° C until processed for molecular testing. Five-hundred
microliters (500μl) from the second 1 mL prospective aliquot was transferred to a
screw-cap cryovial containing 500μl of 2x skim milk and kept at -70° C for further
processing. Frozen sample pellets were subsequently re-suspended in 200 μl of
clinical laboratory reagent water (CLRW) and 100μl of this solution was transferred
to a specified well in a 96-well Greiner plate for stx1/ stx2 qPCR analysis.
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The prospective data set was included in the analysis in order to determine if
cryopreservation and subsequent resuscitation had any effect on the rates of STEC
recovery from Colilert® drinking water samples.

2.2.3 PCR control strains
Two E. coli strains were used as controls for the stx1/stx2 qPCR analysis: i)
the positive control strain ATCC 35150 that harbors both stx1 and stx2 genes; and ii)
the negative control strain ATCC 35218 that does not harbor stx1 or stx2 genes.
Control strains were grown in TSB broth at 35° C for 16 hours and aliquots of 1 ml
were centrifuged at 13 000 x g for 5 minutes. Following centrifugation, the
supernatant was removed and the bacterial pellet was stored at -70° C until needed.
Pellets were re-suspended in 1mL of CLRW, and 100μl of this solution was
transferred to a specified well in a 96-well Greiner plate for use in stx1/stx2 qPCR
analysis.

2.2.4 stx1/stx2 qPCR analysis
Ninety-six-well Greiner plates containing processed TSB samples were
stored at -20° C until thawed for stx1/stx2 qPCR analysis. Thawed plates were boiled
at 95° C for 10 minutes using an Eppendorf Mastercyler Thermal Cycler (Eppendorf
Canada, Mississauga, ON, Canada) in order to lyse cells and release DNA. Five
microliters (5μl) of each sample was transferred from the 96-well Greiner plate to a
corresponding well on an ABI Fast 96-well Real-Time PCR plate (Thermo Fisher
Scientific, Waltham, MA, USA) containing the corresponding stx1 or stx2 PCR
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reagents (Table 2). Afterwards the Greiner plates containing processed TSB samples
were resealed and stored at -20° C for archival and subsequent analysis (i.e., GTG(5)
rep-PCR [see below]). Five microliters (5μl) of a pIDTsmart-internal amplification
control (IAC) [20 copies/μl] (Integrated DNA Technologies, Inc., Coralville, IA, USA)
was also added to each well for the stx1/IAC multiplex reaction. At minimum, three
‘no template control’ (NTC) wells containing only stx Master Mix solution and PCR
water were included on each PCR plate, and acted as negative molecular controls.
Each of the PCR control strains were also included in a respective well for each PCR
plate. Each PCR plate included five 1:10 dilutions of plasmid DNA containing the stx
gene under investigation (pCR2.1- stx1; pCR2.1- stx2) ranging from 5-50,000 gene
copies per reaction in order to construct a standard quantification curve and
determine the Ct value for the presence/absence cut off of each qPCR run.
After set-up, each PCR plate was centrifuged at 12000 rpm for 2 minutes
before being loaded into an ABI 7500 Fast Real-time PCR System (Thermo Fisher
Scientific, Waltham, MA, USA). Reaction conditions were as follows: a holding stage
at 50° C for 2 minutes; a secondary holding stage at 95° C for 30 seconds; followed
by a minimum of 40 cycles of 95° C for 3 seconds & 60° C for 30 seconds.
The stx1/stx2 primers and probes (Table 3) and TaqMan™ assay that were
used had been previously validated (sensitivity: 100%; specificity: 100%) for the
most common clinical stx subtypes (all known stx subtypes except stx2f) 166, and the
limit of detection with 95% confidence (LoD95) was previously determined to be 5
gene copies per reaction. The 5 gene copy LoD95 of this qPCR assay was used as the
presence/absence cut off for the qPCR assay. This absolute cut off was calculated for
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each qPCR run using the Ct value corresponding to 5 gene copies per reaction as
determined by the standard quantification curve of each individual plate being
analyzed.

Table 2 - stx1/stx2 qPCR reagents
Solution

Reagents

stx1/IAC Master Mix

1 μl PCR water (Thermo Fisher Scientific, Waltham,

(per reaction)

MA, USA), 12.5 μl 2x TaqMan™ Fast Advanced Master
Mix or TaqPath™ qPCR Master Mix (Thermo Fisher
Scientific, Waltham, MA, USA), 0.5 μl 10mg/mL BSA
(Merck KGaA, Darmstadt, Germany), 1 μl 25x stx1
Primer/Probe mix

stx2 Master Mix

3.6 μl PCR water, 10 μl 2x TaqMan™ Fast Advanced

(per reaction)

Master Mix or TaqPath™ qPCR Master Mix, 0.4 μl
10mg/ml BSA, 1.0 μl 20x stx2 Primer/Probe mix

stx1 Primer/Probe Mix

0.450 μM stx1-F primer (Thermo Fisher Scientific,
Waltham, MA, USA), 0.450 μM stx1-R primer (Thermo
Fisher Scientific, Waltham, MA, USA), 0.125 μM stx1
Probe (Thermo Fisher Scientific, Waltham, MA, USA),
0.450 μM IAC-F primer (Thermo Fisher Scientific,
Waltham, MA, USA), 0.450 μM IAC-R primer (Thermo
Fisher Scientific, Waltham, MA, USA), 0.125 μM IAC
Probe (Thermo Fisher Scientific, Waltham, MA, USA)

stx2 Primer/Probe Mix

0.450 μM stx2-F primer (Thermo Fisher Scientific,
Waltham, MA, USA), 0.450 μM stx2-R primer (Thermo
Fisher Scientific, Waltham, MA, USA), 0.125 μM stx2
probe (Thermo Fisher Scientific, Waltham, MA, USA)
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Table 3 – stx PCR primers and probesa,b
Primer/Probe Sequence
stx1 Forward

5’-CATCGCGAGTTGCCAGAAT-3’

stx1 Reverse

5’-GCGTAATCCCACGGACTCTTC-3’

stx1 Probe

5’-[FAM]-CTGCCGGACACATAGAAGGAAACTCATCA[TAMRA]-3’

IAC Forward

5’ -CTAACCTTCGTGATGAGCAATCG-3’

IAC Reverse

5’-GATCAGCTACGTGAGGTCCTAC-3’

IAC Probe

5’-[VIC]-AGCTAGTCGATGCACTCCAGTCCTCCT-[MGBNFQ]-3’

stx2 Forward

5’-CCGGAATGCAAATCAGTC-3’

stx2 Reverse

5’-CAGTGACAAAACGCAGAACT-3’

stx2 Probe

5’-[FAM]-ACTGAACTCCATTAACGCCAGATATGA-[TAMRA]-3’

a
b

Primer and probe sequences based on Chui et al. 166
All primers and probes were HPLC purified

2.3 Temporal analysis of stx positivity rates in non-municipal well-sourced
drinking water supplies
Due to substantial differences in the number of voluntarily submitted drinking
water samples over the study period, and particularly during certain periods of time
compared to others, the frequency of occurrence of stx in non-municipal drinking
water sources was investigated using positivity rates per sample. The term
“positivity”, when used in this thesis, is representative of frequency of occurrence
rather than prevalence, since the denominator represents all of the wells tested by
ProvLab Calgary and not all of the wells at risk across southern Alberta. Two distinct
stx positivity rates were calculated: i) positivity rates per submitted non-municipal
drinking water samples, and ii) positivity rates per E. coli-contaminated non31

municipal drinking water samples. The number of samples used in the denominator
of each positivity rate was chosen for ease of understanding and comparison. Each
rate was aggregated into annual and monthly time series for analysis. Graphs and
tables for this thesis were created with Microsoft Excel Version 14.7.2 (Microsoft
Corporation, 2010, Redmond, WA, USA). Flowcharts were created using the Drawing
feature on Google Drive (Alphabet Inc., Mountain View, CA, USA).

2.3.1 Investigating the relationship of stx positivity rates and time
Poisson and negative binomial regression were used to model the stx
positivity rates. Regression was performed using STATA 13.1 software (StataCorp.
2013, College Station, TX, USA). When using STATA, the ‘exposure’ model option
was implemented in order to analyze rates of events and the ‘irr’ reporting option
was implemented to report incidence rate ratios 167,168. Time-aggregated totals of
either submitted non-municipal drinking water samples or E. coli positive nonmunicipal drinking water samples were used as the exposure variable depending on
the rate under investigation. The predictor variable of time was modeled as an
indicator variable by year (2004 – 2016) or month (1 – 12). Poisson model fit was
evaluated by deviance goodness-of-fit tests (P-value < 0.05). Poisson models with
poor fit were subsequently modeled using negative binomial regression and overdispersion was determined by likelihood-ratio chi-squared tests of the dispersion
parameter alpha, testing if alpha was equal to zero (P-value < 0.05). Negative
binomial model fit was assessed with deviance chi-squared tests (P-value < 0.05)
and Anscombe residual plots were used to identify outliers and influential
observation. Likelihood-ratio tests were used to evaluate the overall contribution of
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the predictor variable (P-value < 0.05) and Wald tests were used to evaluate the
contribution of individual indicator variables compared to the referent (P-value <
0.05).

2.4 Recovery of viable STEC from non-municipal well-sourced drinking water
supplies
STEC lack a single, consistent, and determinable phenotypic trait that would
allow simple differentiation and detection from background flora on growth media,
and as a result differentiating between STEC and other E. coli can be difficult
118,169,170.

A number of laboratory and commercially developed selective agars are

available to specifically aid in the recovery of STEC from mixed microbiological
samples, however CHROMagar™ STEC agar [CA-STEC] (CHROMagar Microbiology
Inc., Paris, France) has been singled out as a preferred option for STEC isolation 170–
175.

For this study, CA-STEC was used as a selective growth media to aid in the

recovery of viable STEC from within the population of background flora found in
non-municipal well-sourced drinking water supplies.
The overgrowth of non-STEC background flora on CA-STEC during an initial
STEC recovery protocol consistently prevented the successful isolation of
presumptive STEC colonies [discussed extensively in Chapter 4]. A revised protocol
for the recovery of STEC from drinking water samples using CA-STEC was
developed to combat this overgrowth of non-STEC bacteria by including both a
selective enrichment step and multiple incubation temperatures, into this

33

procedure. The revised protocol is described below and the initial protocol is
described in the following section of this chapter.

2.4.1 Revised CHROMagar™ STEC isolation protocol
If a drinking water sample was determined to be stx positive by qPCR
analysis, 100μl from the archived TSB/Skim Milk solution preserved at -70° C was
added to 3ml tubes of MAC broth and incubated for 4 hours at 35° C to both
resuscitate the bacteria and select for gram-negative, lactose-fermenting bacilli,
such as E. coli.
After resuscitation, 100μl of the MAC enrichment was spread onto a CA-STEC
plate and incubated in the dark at 44° C for 18-24 hours, with the remaining MAC
enrichment kept at 4° C for the duration of the isolation protocol. Once incubation
was complete, each plate was observed under a UV-light to assess the fluorescence
of the colonies. As per the manufacturer’s instructions, STEC should grow as mauve
colonies on CA-STEC, with the majority of non-O157 STEC also fluorescing under UV
light 176. Non-pathogenic bacteria and other background flora should be inhibited or
grow as blue or colourless colonies. Isolated mauve coloured colonies were picked
at random from the incubated plate, added to 5ml tubes of TSB and incubated for 4
hours at 35° C while being shaken at 200rpm. This further enrichment step was
done to increase the number of cells for successful cryopreservation and archival of
each isolated colony.
If there was a shortage of isolated mauve colonies, non-isolated mauve
colonies were picked and re-streaked to a CA-STEC plate and again incubated in the
dark at 44° C for 18-24 hours. Plates were again assessed under UV-light and any
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resulting isolated mauve colonies on the re-streaked plates were processed as
above. If there were no, or very few mauve colonies present, a second 100μl aliquot
was removed from the MAC enrichment being kept at 4° C, isolation spread onto a
CA-STEC plate and incubated in the dark at 37° C. CA-STEC plates and mauve
colonies were assessed and processed as above, with any re-streaked plates
incubated at 37° C.
The TSB enriched culture sample from each mauve isolate was split two
ways: 500μl of the enriched solution was transferred to a screw-cap cryovial
containing 500μl of 2x skim milk and kept at -70° C for archival, and 100μl was
transferred to a specified well in a 96-well Greiner plate for stx1/stx2 qPCR analysis.
The same stx1/stx2 qPCR analysis protocol as described above was used to
determine if mauve isolates were in fact STEC. A flowchart of this revised
CHROMagar™ STEC isolation protocol is presented in Figure 1.
A select number of non-mauve coloured colonies were isolated and
processed using the protocol outlined above in order to verify that environmental
STEC strains behave similarly to clinical STEC strain and only form mauve coloured
colonies on CA-STEC agar.
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Figure 1 – Recovery of STEC isolates from non-municipal drinking water
samples using CHROMagar™ STEC agar (revised protocol).

2.4.2 Initial CHROMagar™ STEC isolation protocol
Two portions of the initial CA-STEC isolation protocol differed from the
revised version: i) the first enrichment step, and ii) the primary incubation
temperature. The first enrichment step was as follows: If a drinking water sample
was determined to be stx positive by qPCR analysis, 100μl from the archived
TSB/Skim Milk solution preserved at -70° C was added to 5ml tubes of TSB and
incubated for overnight at 35° C to resuscitate the bacteria. Subsequent incubation
of CA-STEC plates was carried out at strictly 37° C for this initial protocol and
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therefore re-plating only occurred when there was a lack of isolated mauve colonies
and not a lack of mauve colonies generally. The remainder of the protocol was
identical to the revised methods described previously.

2.5 Assessing genetic diversity of STEC in drinking water samples
Due to the possibility of multiple STEC strains being present in a single
drinking water sample, the genetic similarity of each isolated strain from a
respective water sample was investigated for clonality using a repetitive sequencebased PCR (rep-PCR) comparison analysis. rep-PCR analysis can be used as a genetic
screen to determine relative relatedness of STEC strains and reduce the number of
potential isolates that require more comprehensive typing methods 177. A Canadian
study comparing the efficacy of five commonly used rep-PCR primers to
differentiate environmentally-derived aquatic E. coli strains found that the (GTG)5
primers had the highest discriminatory power and were the most suitable for
identifying genetic differences in these bacteria 178. A small subset of stx positive
mauve isolates were tested using the two most discriminatory rep-PCR methods
outlined in this study [(GTG)5 and BOX A1R (Table 4)] and similarly found that the
(GTG)5 primer resulted in a greater number of bands per E. coli fingerprint. As a
result, (GTG)5 rep-PCR was determined to be the most appropriate method for the
purposes of this analysis. Genetically unique isolates, as determined by (GTG)5 repPCR were subsequently serotyped to enable comparison to previously identified
STEC in the literature.
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2.5.1 (GTG)5 rep-PCR
Archived 96-well Greiner plates containing processed CHROMagar™ isolates
were thawed and 5μl from wells containing stx positive isolates were diluted 1:10
into RNA free water before being transferred to an ABI Fast 96-well Real-Time PCR
plate containing 15μl of the (GTG)5 primer and Master Mix reagents (Table 5). A
2720 Thermal Cycler (Thermo Fisher Scientific, Waltham, MA, USA) was used for the
PCR reaction under the following cycling conditions and as described by Mohapatra
& Mazumder 178: 95°C for 4 minutes, then 30 cycles of [94°C for 3 seconds; 92°C for
30 seconds; 40°C for 1 minute; 65°C for 8 minutes], with a final extension at 65°C for
8 minutes.

Table 4 - rep-PCR primers
(GTG)5a

5’-GTGGTGGTGGTGGTG-3’

BOX A1Ra

5’-CTACGGCAAGGCGACGCTGACG-3’

a

Based on Versalovic et al. 179

Table 5 – (GTG)5 rep-PCR reagents
Solution

Reagents

(GTG)5 Master Mix

2.5 μl PCR Water, 10.0 μl 2x Maxima Hot Start Master

(per reaction)

Mix, 0.5 μl 10mg/ml BSA, 2.0 μl 100 μM (GTG)5 Primer
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2.5.2 Comparison of (GTG)5 DNA-fragment fingerprints
A QIAxcel® Advanced (QIAGEN®, Montreal, QC, Canada) system and QIAxcel®
DNA High-Resolution Kit (QIAGEN®, Montreal, QC, Canada) was used for highresolution capillary electrophoresis DNA-fragment analysis to compare DNAfragment fingerprints of the (GTG)5 PCR products from each isolate. One microliter
(1 μl) of (GTG)5 rep-PCR product was diluted in 9 μl of QX DNA Dilution Buffer
(QIAGEN®, Montreal, QC, Canada) and analyzed using the OM1200 preinstalled highresolution method (QIAxcel ScreenGel v1.4.0, 2010-2014, QIAGEN®, Montreal, QC,
Canada) with a 20ng/μl concentration of QX Size Marker 250bp – 8kb v2.0
(QIAGEN®, Montreal, QC, Canada).

2.6 Identification and typing of recovered STEC
2.6.1 Bacterial isolate species identification
In order to confirm that the stx positive mauve isolates determined to be
genetically unique by (GTG)5 rep-PCR were E. coli and therefore true STEC, bacterial
species identification was required. The archived TSB/CA-STEC isolate enrichments
of genetically unique stx positive isolates were streaked to blood agar plates and
incubated overnight (18-20 hours) at 37°C. Isolated colonies were picked and
analyzed using a Vitek® Automated Bacterial Identification System (bioMerieux,
Marcy-l'Étoile, France) per the manufacturer’s instructions 180. To confirm these
bacteria still carried the stx genes, each identified strain was again analyzed via
stx1/stx2 qPCR.
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2.6.2 Serotyping
All clonally unique, Vitek® confirmed, E. coli isolates were streaked onto TSA
slants. Slants were incubated overnight (18-20 hours) at 37° C, sealed, and shipped
to the Escherichia coli Reference Laboratory of the Public Health Agency of Canada’s
National Microbiology Laboratory at Guelph, Ontario to undergo serotyping. All
isolates were serotyped by standard serum agglutination tests with antisera to all E.
coli O antigens (O1-O188) and H antigens (H1-H56) 181.

2.7 Spatiotemporal Analysis
2.7.1 Seasonal Analysis of STEC occurrence
The Edwards’s test is a commonly used statistical test of seasonality within
epidemiological data that tests the null hypothesis of independent events uniformly
distributed over twelve intervals against the alternate hypothesis of a simple
harmonic trend with a peak and nadir six intervals apart 182,183. Edwards’ tests were
performed using WINPEPI software (version 11.65, J.H. Abramson 2016) to identify
any significant seasonal patterns in stx positivity during the study period, and the
significance tests used Roger’s modified procedure to help account for potentially
small sample sizes 184–186. Data was aggregated by month and both the number of
monthly samples and the length of the month were adjusted for in the analysis.
Edwards’ tests were performed for the positivity rates of both submitted nonmunicipal drinking water samples and E. coli-contaminated non-municipal drinking
water samples.
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2.7.2 Cluster Analysis
Spatial scan statistics are used to detect statistically significant clusters of
events that cannot be explained by the null hypothesis of spatial randomness 187.
The space-time scan statistic is a special case of the spatial scan statistic where a
three-dimensional area defined by both space and time is scanned for the clustering
of events. Clusters are detected by progressively scanning a window across space
and/or time, noting the number of observed and expected events within the
scanning window at each location, which are then compared to null hypothesis as
defined by the underlying probability model being applied 188. The clustering of stx
positive drinking water samples in time, space and space-time was investigated
using SaTScan™ software (version 9.4.2, M. Kulldorff and Information Management
Services Inc., 2015, Boston, USA) to conduct sequential cluster detection tests 189. To
investigate purely temporal clustering, all E. coli positive drinking water samples
with associated dates of collection (n=1910 E. coli positive drinking water samples
of which 143 were stx positive from 2004/03/09 – 2016/07/31) were analyzed
with Bernoulli model Kulldorff temporal scan tests 190. This purely temporal statistic
had a maximum cluster size of 50% of the study period, used 9999 model
replications and had a P-value significance cut point of 0.05. All scan statistics used
in this thesis which included temporal data, used the day as the base temporal unit
and a 7-day temporal aggregation to account for known daily differences in ProvLab
submission rates 191. Purely spatial clustering was investigated with Bernoulli model
Kulldorff spatial scan tests of all E. coli positive drinking water samples with
accurate associated spatial data (n=1607 E. coli positive drinking water samples at
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1120 locations of which 128 were stx positive) 190. This statistic had a maximum
cluster size of 50% of the population at risk, used 9999 model replications, used a
circular scanning window and had a P-value significance cut point of 0.05. Spatial
data associated with these drinking water samples was converted from the original
Alberta Township Survey System (ATS) format outputted by the Data Integration
for Alberta Laboratories (DIAL) tool to latitudinal and longitudinal coordinates of
the centroid of the quarter section using Microsoft Excel templates created, and
graciously provided by Jesse Invik 191,192. ATS data allows for a location to be
georeferenced to a resolution of 1 quarter section (~ 800m x 800m or 0.65km2).
Space-time clusters were investigated with space-time permutation model Kulldorff
spatial scan tests of all E. coli positive drinking water samples with both associated
spatial and temporal data (n=1580 water samples at 1109 locations of which 125
were stx positive) 193. This space-time statistic had a maximum cluster size of 50%
of the population at risk, used 999 model replications, used a circular scanning
window and had a P-value significance cut point of 0.05. A maximum temporal
window of 90-days was set for the space-time permutation model Kulldorff spatial
scan tests to reduce computing time while still allowing for potential seasonal
clusters to be detected. Space-time tests allowed for the spatial overlap of secondary
clusters so long as they did not contain the centroid of a more likely cluster.
Corresponding geospatial maps were created using ArcMap software (version 10.5,
ESRI 2016, Redlands, CA, USA). Alberta and municipal base layer data was provided
by the government of Alberta and used under an open government licence provided
by Alberta Data Partnerships Ltd., through its partner AltaLIS Ltd 194.
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CHAPTER 3: The Occurrence of stx Genes and Shiga Toxin-producing
Escherichia coli (STEC) in Non-municipal Well-sourced Drinking Water
Samples from Southern Alberta

3.1 Introduction
In Canada, some estimates place the number of STEC-related illnesses at
nearly 22 000 cases per year, with only 1 in 10 cases being reported 24. The province
of Alberta has historically had E. coli O157:H7 disease rates more than double the
national average and rates in southern Alberta are often among the highest in
Canada 26,137. The O157:H7 serotype makes up less than 50% of reported STEC
infections in Alberta however, with non-O157 serotypes making the largest
contribution to the burden of illness associated with these pathogens 43,45.
Although classically thought of as a foodborne pathogen, the importance of
other routes of STEC infection are becoming better understood 195,196. The outbreak
of E. coli O157:H7/Campylobacter jejuni in Walkerton, Ontario that caused over
2300 illnesses and 7 deaths provides an unfortunate example of the importance of
drinking water as a potential source of STEC infection in Canada 28. Due to
significant historical precedents such as the Walkerton outbreak, the O157:H7
serotype has dominated the focus of STEC research, however the importance of nonO157 STEC is increasingly appreciated within the field 19,32. There have been over
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380 non-O157 serotypes associated with human illness globally, but the most wellknown belong to the ‘big six’ most clinically relevant serogroups in North America:
O26, O45, O103, O111, O121, and O145 19,37–39.
Despite the growing understanding of the importance of STEC related illness
in Canada and across the globe, including the importance of drinking water as a
potential pathway to disease, there has been very few studies investigating the
occurrence and characteristics of these pathogenic bacteria in drinking water. The
purpose of this portion of the project was to investigate the presence of stx1 and
stx2 genes in submitted, Colilert® screened, E. coli positive, well water samples, as a
proxy for STEC occurrence in non-municipal well-sourced drinking water systems
across southern Alberta.

3.2 Results
3.2.1 stx1 and stx2 qPCR Analysis
During the study period, 95 675 non-municipal drinking water samples were
submitted to ProvLab Calgary. Of these submitted samples, 2565 (2.7%) were
determined to be E. coli positive via Colilert®, a positivity rate of 268.10 per 10 000
submitted non-municipal drinking water samples. Two thousand one hundred and
ninety (2190) of these E. coli positive Colilert® enriched drinking water samples
(85%) were archived and subsequently tested for stx1 and stx2 by qPCR analysis. Of
these qPCR-tested samples, 1899 samples were included in the study (87% of
archived samples and 74% of total E. coli positive Colilert® enriched drinking water
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samples). Samples that were tested but not included in the study were removed as
they were unable to be successfully linked to their ProvLab submission information.
Seven percent (7%) of the E. coli positive Colilert® enriched drinking water samples
(141/1899) were considered prospective samples having been submitted after May
21, 2015 and were processed accordingly. One-hundred and fifty-two (152) of the E.
coli positive Colilert® enriched drinking water samples included in the study were
qPCR positive for stx1, stx2, or both genes (Figure 2), resulting in an overall stx
occurrence of 8% within included E. coli positive Colilert® enriched drinking water
samples (152/1899) and an estimated stx positivity of 0.2% within voluntarily
submitted non-municipal drinking water samples (152/95,675).

Figure 2 – Flow chart outlining the results obtained from drinking water samples
submitted to ProvLab Calgary from March 2004 – July 2016 via the screening
and identification of stx positive drinking water samples.

Of the 152 stx positive Colilert® enriched drinking water samples, 54 were
stx1 positive (35.5%), 53 were stx2 positive (34.9%), and 45 were both stx1 and stx2
positive (29.6%) (Figure 3).
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Figure 3 - stx positive Colilert® enriched drinking water samples separated by
their respective stx positivity as determined by stx1/stx2 qPCR.

3.2.2 Aggregated time-series analyses of stx positivity rates
Aggregated time-series of three distinct positivity rates were compared and
analyzed across all years of the study period as well as within each individual month
of the year in order to better understand temporal patterns of contamination of
non-municipal drinking water with STEC.

3.2.2.1 stx positivity rates per submitted non-municipal drinking water samples
Shiga toxin gene (stx) positivity rates per 10 000 submitted non-municipal
drinking water samples were calculated as a proxy for STEC occurrence rates within
non-municipal drinking water sources in southern Alberta. Nine of the stx positive
Colilert® enriched drinking water samples could not be linked to specific dates of
collection, leaving 143 stx positive samples available for temporal analysis. Negative
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binomial regression was used to test the relationship between time and annual stx
positivity rates in submitted non-municipal drinking water samples (Table 6 and
Table 7). As per convention, the first model uses the year 2010 as a referent
as this is the year with the lowest number of positive samples 197. Years without
complete submission data (2004 and 2016) were not considered as referents.

Table 6 – Annual stx positivity rates per 10 000 submitted drinking water
samples and negative binomial regression model of annual stx positivity
rates in all non-municipal drinking water samples submitted to ProvLab
Calgary compared to reference year 2010, March 2004 – July 2016

Yearc
2004a
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016a

stx
Submitted
Positive
Samples
Samples
5
70
10
8
9
4
3
9
4
10
5
4
2

8548
14211
9915
9355
7583
7199
6896
6590
6055
6370
5026
5014
2913

stx
Positivity
IRR
Rate
(per 10 000)
5.85a
b
49.26
8.39*
10.09
2.30
8.55
2.00
11.87
2.78
5.56
1.31
4.35
Referent
13.66
3.20
6.61
1.63
15.70
3.48
9.95
2.39
7.98
1.91
a
6.87
-

a

Submission data incomplete for the full year

b

Significant outlier ( > upper fence of corresponding boxplot)

c

Likelihood ratio Chi-squared (12) = 22.13 ; P-value = 0.036

Wald
Test
p-value

95% CI

0.00
0.27
0.37
0.18
0.75
0.13
0.57
0.10
0.29
0.45
-

2.12 - 33.1
0.52 - 10.18
0.44 - 9.16
0.62 - 12.47
0.25 - 6.95
0.71 - 14.39
0.31 - 8.69
0.78 - 15.45
0.48 - 12.00
0.36 - 10.12
-

* Indicates statistical significance, P-value < 0.05

The highest annual positivity rate per 10 000 submitted drinking water samples
was in 2005 (49.3) and the lowest annual positivity rate for a full year of submitted
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samples was 2010 (4.4). The statistical significance of the likelihood-ratio chisquared test (75.9; P-value < 0.001) of the dispersion parameter alpha (0.81)
suggests that the response variable is over-dispersed and is best described by a
negative binomial distribution rather than a Poisson distribution. The likelihood
ratio test for this model suggests that year had an effect on stx positivity in
submitted drinking water samples and accounts for more variation in positivity
than chance alone (P-value < 0.05). The year 2005 had a significantly higher stx
positivity rate within submitted drinking water samples than the reference year of
2010, with the 2005 stx positivity rate in submitted drinking water samples 8.1
times the annual stx positivity rate in 2010 (P-value < 0.05). Model fit was poor
when the June 2005 observation was included in the model (P-value < 0.05).
Residual plots indicated that this observation was highly influential to the model.
The model fit improved drastically when this observation was removed, however
due to the biological significance of this observation the negative binomial model
with June 2005 was reported.
In addition, when examining the annual stx positivity rates per 10 000 submitted
drinking water samples using a box plot (Appendix A, Figure A 1), 2005 fell welloutside the upper fence and was determined to be a significant outlier. The 2005 stx
positivity rate was over 5 times greater than the average rate of all other annual
rates and over 2 times greater than the overall stx positivity rate per 10 000
submitted drinking water samples across the aggregate dataset.
The second annual stx positivity rate model used the year 2005 as a referent to
investigate any statistically significant effects in the annual stx positivity rates in
48

submitted water samples when compared to the year with the highest number of stx
positive samples (2005).

Table 7 – Annual stx positivity rates per 10 000 submitted drinking water
samples and negative binomial regression model of annual stx positivity
rates in all non-municipal drinking water samples submitted to ProvLab
Calgary compared to reference year 2005, March 2004 – July 2016

Yearc
2004a
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016a

stx
Submitted
Positive
Samples
Samples
5
70
10
8
9
4
3
9
4
10
5
4
2

8548
14211
9915
9355
7583
7199
6896
6590
6055
6370
5026
5014
2913

stx
Wald
Positivity
IRR
Test
Rate
p-value
(per 10 000)
5.85a
b
49.26
Referent
10.09
0.27*
0.01
8.55
0.24*
0.01
11.87
0.33*
0.03
5.56
0.16*
0.00
4.35
0.12*
0.00
13.66
0.38
0.06
6.61
0.19*
0.01
15.70
0.41
0.08
9.95
0.29*
0.03
7.98
0.23*
0.02
a
6.87
-

a

Submission data incomplete for the full year

b

Significant outlier ( > upper fence of corresponding boxplot)

c

Likelihood ratio Chi-squared (12) = 22.13 ; P-value = 0.036

95% CI
0.10 - 0.74
0.08 - 0.68
0.12 - 0.91
0.04 - 0.54
0.03 - 0.47
0.14 - 1.05
0.06 - 0.68
0.15 - 1.12
0.09 - 0.92
0.07 - 0.79
-

* Indicates statistical significance, P-value < 0.05

Only 2011 and 2013 were found to not have significantly different (P-value <
0.05) annual stx positivity rates in submitted drinking water samples when
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compared to 2005. The frequencies of stx occurrence for all other years were
between 88% (2010) to 67% (2008) lower than that of 2005 (P-value < 0.05).
Negative binomial regression was also used to test the relationship between
time and monthly stx positivity rates in submitted non-municipal drinking water
samples (Table 8 and Table 9). Similar to the regression models testing annual stx
positivity rates in submitted non-municipal drinking water samples, the time
periods with both the lowest (November) and highest (June) monthly occurrence of
stx positive samples were used as referents in respective negative binomial models.
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Table 8 – Monthly stx positivity rates per 10 000 submitted drinking water
samples and negative binomial regression model of monthly stx positivity
rates in all non-municipal drinking water samples submitted to ProvLab
Calgary compared to reference month of November, March 2004 – July
2016
stx
Submitted
Monthc Positive
Samples
Samples
Jan
Feb
Mar
Apr
May
Jun
July
Aug
Sept
Oct
Nov
Dec
c

2
0
7
5
6
64
29
13
9
4
1
3

5319
4862
6439
6833
9503
11685
12767
10881
8869
7446
6385
4686

stx
Wald
Positivity
IRR
Test
95% CI
Rate
p-value
(per 10 000)
3.76
2.96
0.50
0.19 - 28.03
0.00
< 0.01
0.99
0.00 - ∞
10.87
7.75
0.08
0.78 - 61.92
7.32
5.20
0.19
0.49 - 42.68
6.31
4.47
0.22
0.43 - 36.18
54.77
27.07*
0.00
3.20 - 203.81
22.71
12.81*
0.02
1.47 - 97.46
11.95
8.10
0.07
0.87 - 63.05
10.15
6.31
0.12
0.65 - 49.89
5.37
3.91
0.30
0.34 - 32.92
1.57
Referent
6.40
4.93
0.24
0.39 - 43.20

Likelihood ratio Chi-squared (11) = 45.68 ; P-value < 0.000

* Indicates statistical significance, P-value < 0.05

The lowest monthly positivity rate per 10 000 submitted drinking water
samples was February (0.0), without a single stx positive sample from the over 4000
submitted drinking water samples from that month. Negative binomial and Poisson
regression models struggle to calculate accurate IRRs for values equal to zero,
therefore statistical significance could not be ascribed to the February IRR for
monthly analyses and this month was disregarded for comparisons. The statistical
significance of the likelihood-ratio chi-squared test (68.9 ; P-value < 0.001) of the
dispersion parameter alpha (0.61) suggests that the response variable is overdispersed and is best described by a negative binomial distribution rather than a
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Poisson distribution. The likelihood ratio test for this model suggests that month
had an effect on stx positivity for submitted drinking water samples and accounts
for more variation in positivity than chance alone (P-value < 0.05). The months of
June and July had significantly higher stx positivity rates within submitted drinking
water samples than the reference month of November (P-value < 0.05). The June stx
positivity rate in submitted drinking water samples was 27.1 times the monthly stx
positivity rate in November and the July stx positivity rate in submitted drinking
water samples was 12.8 times the monthly stx positivity rate in November. An
apparent peak in the monthly frequency of stx occurrence was observed in the early
summer (June/July). Again, model fit was poor when the June 2005 observation was
included in the model (P-value < 0.05), however due to the biological significance of
this observation the negative binomial model with June 2005 was reported.
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Table 9 – Monthly stx positivity rates per 10 000 submitted drinking water
samples and negative binomial regression model of monthly stx positivity
rates in all non-municipal drinking water samples submitted to ProvLab
Calgary compared to reference month of June, March 2004 – July 2016
stx
Submitted
Monthc Positive
Samples
Samples
Jan
Feb
Mar
Apr
May
Jun
July
Aug
Sept
Oct
Nov
Dec
c

2
0
7
5
6
64
29
13
9
4
1
3

5319
4862
6439
6833
9503
11685
12767
10881
8869
7446
6385
4686

stx
Wald
Positivity
IRR
Test
Rate
p-value
(per 10 000)
3.76
0.09*
0.00
0.00
< 0.01
0.98
10.87
0.27*
0.01
7.32
0.18*
0.00
6.31
0.16*
0.00
54.77
Referent
22.71
0.47
0.05
11.95
0.29*
0.01
10.15
0.22*
0.00
5.37
0.13*
0.00
1.57
0.04*
0.00
6.40
0.16*
0.01

95% CI
0.20 - 0.43
0.00 - ∞
0.10 - 0.73
0.06 - 0.53
0.05 - 0.44
0.22 - 1.01
0.12 - 0.70
0.09 - 0.58
0.04 - 0.43
0.00 - 0.31
0.42 - 0.60

Likelihood ratio Chi-squared (11) = 45.68; P-value < 0.000

* Indicates statistical significance, P-value < 0.05

When the month of June was used as a referent only July was found to not
have significantly different (P-value < 0.05) monthly stx positivity rates in submitted
drinking water samples. The frequencies of stx occurrence for all other months were
found to be between 96% (November) to 71% (August) lower than that of June (Pvalue < 0.05).
Since the 2005 stx positivity rate per 10 000 submitted drinking water samples
could be considered statistical outlier (Appendix A, Figure A 1), there was the
possibility that this outlying year could bias results of the monthly time-series.
Therefore, a time-series of monthly stx positivity rates per 10 000 voluntarily
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submitted non-municipal drinking water samples and Poisson regression models
testing monthly stx positivity rates in submitted drinking water samples, both with
the 2005 sample data omitted, were calculated in order to investigate any potential
changes to the overall pattern of monthly stx occurrence (Table 10 and Table 11).
The time periods with both the lowest (November) and highest (June) monthly
occurrence of stx positive samples were used as referents in respective Poisson
models.

Table 10 – Monthly stx positivity rates per 10 000 submitted drinking water
samples and Poisson regression model of monthly stx positivity rates in all
non-municipal drinking water samples submitted to ProvLab Calgary
compared to reference month of November, March 2004 – July 2016 (2005
data omitted)
stx
Submitted
Monthc Positive
Samples
Samples
Jan
Feb
Mar
Apr
May
Jun
July
Aug
Sept
Oct
Nov
Dec
c

1
0
7
5
5
20
15
9
3
4
1
3

4823
4298
5821
6203
8469
9666
10122
8814
7468
6371
5345
4064

stx
Wald
Positivity
IRR
Test
Rate
p-value
(per 10 000)
1.11
0.94
2.07
0.00
0.99
0.00
6.43
0.08
12.03
4.31
0.18
8.06
3.16
0.29
5.90
11.06*
0.02
20.69
7.92*
0.05
14.82
5.46
0.11
10.21
2.15
0.51
4.02
3.36
0.28
6.28
Referent
1.87
3.95
0.24
7.38

Likelihood ratio Chi-squared (11) = 34.92 ; P-value < 0.000

* Indicates statistical significance, P-value < 0.05
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95% CI
0.07 - 17.72
0.00 - ∞
0.79 - 52.24
0.50 - 36.88
0.37 - 27.01
1.48 - 82.41
1.05 - 59.97
0.69 - 43.08
0.22 - 20.64
0.38 - 30.02
0.41- 37.93

In general, the pattern of stx positivity rates when the 2005 results were
omitted and when the 2005 results were included are similar with both series
showing a summer peak, although this peak was notably reduced when the 2005
results were omitted (Figure 4). The lowest positivity rate per 10 000 submitted
drinking water samples was still February (0.00) and the highest rate was again
June (20.7). June, July and September did experience notable rate changes upon the
omission of 2005 data, with the June stx positivity rate dropping from 54.8 to 20.7,
the July rate dropping from 22.7 to 14.8 and the September rate dropping from 10.2
to 4.0. A deviance goodness-of-fit test for this model (102.1; Chi-squared (125) Pvalue = 0.77) suggests that a Poisson model is appropriate for this regression. The
likelihood ratio test for this Poisson model suggests (P-value < 0.05) that month had
an effect on stx positivity for submitted drinking water samples with 2005 data
omitted. The months of June and July again had significantly higher stx positivity
rates within submitted drinking water samples than the reference month of
November, with the June stx positivity rate in submitted drinking water samples
11.1 times the monthly stx positivity rate in November and the July stx positivity
rate in submitted drinking water samples 7.9 times the monthly stx positivity rate in
November (P-value < 0.05). An apparent peak in the monthly frequency of stx
occurrence was still observed in the early summer (June/July) with the 2005 data
omitted.
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Table 11 – Monthly stx positivity rates per 10 000 submitted drinking water
samples and Poisson regression model of monthly stx positivity rates in all
non-municipal drinking water samples submitted to ProvLab Calgary
compared to reference month of June, March 2004 – July 2016 (2005 data
omitted)
stx
Submitted
Monthc Positive
Samples
Samples
Jan
Feb
Mar
Apr
May
Jun
July
Aug
Sept
Oct
Nov
Dec
c

1
0
7
5
5
20
15
9
3
4
1
3

4823
4298
5821
6203
8469
9666
10122
8814
7468
6371
5345
4064

stx
Wald
Positivity
IRR
Test
Rate
p-value
(per 10 000)
0.10*
0.03
2.07
0.00
0.99
0.00
0.58
0.22
12.03
0.39
0.06
8.06
0.29*
0.01
5.90
Referent
20.69
0.72
0.33
14.82
0.49
0.08
10.21
0.19*
0.01
4.02
0.30*
0.03
6.28
0.09*
0.02
1.87
0.36
0.10
7.38

95% CI
0.01 - 0.75
0.00 - ∞
0.25 - 1.37
0.15 - 1.04
0.11 - 0.76
0.37 - 1.40
0.22 - 1.08
0.06 - 0.65
0.10 - 0.89
0.01 - 0.67
0.11 - 1.20

Likelihood ratio Chi-squared (11) = 34.92 ; P-value < 0.000

* Indicates statistical significance, P-value < 0.05

The months of January, May, September, October, and November were all
found to have significantly different (P-value < 0.05) monthly stx positivity rates in
submitted drinking water samples when June was the referent and the 2005 data
was omitted. The frequencies of stx occurrence for these five months were found to
be between 91% (November) to 70% (October) lower than that of June (P-value <
0.05).
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Figure 4 - Comparison of monthly stx positivity rates per 10 000 submitted
drinking water samples aggregated from the complete data set, and the data set
with the data from 2005 omitted.

3.2.2.2 stx positivity rates per E. coli-contaminated non-municipal drinking
water samples

Shiga toxin gene (stx) positivity rates were also analyzed according to the
number of E. coli-contaminated wells within the dataset (stx positivity rate per 1000
E. coli positive Colilert® enriched drinking water samples). In contrast to the timeseries’ described above for all non-municipal drinking water samples, this analysis
was done to provide information on the risk of STEC within samples known to be
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fecally contaminated and therefore already deemed to be at risk of causing enteric
illness. The dominant factors affecting patterns of STEC occurrence in a well may be
partially independent from the factors driving general fecal contamination of the
well. For example, it could be argued that some water systems may be subject to
routine, repetitive contamination with feces, but STEC occurrence within these fecal
sources may be temporally-driven by other factors (i.e., increased seasonal periods
of STEC shedding from animal hosts). For purposes of this thesis, it was
hypothesized that similar patterns should be observed in respective stx positivity
rates when grouped by month and year due to the generally accepted surrogate
relationship between fecal indicators and enteric pathogens such as STEC. In
addition, the stx positivity rates of E. coli positive drinking water samples provide a
direct representation of the results of the stx1/stx2 qPCR analysis of this project.
In this analysis, eighty-nine (89) of the stx negative E. coli positive Colilert®
enriched drinking water samples could not be linked to specific dates of collection,
leaving 1658 of these samples for temporal analysis. Importantly, due to the
relatively rare occurrence of stx positive samples, as well as the relatively small
sample sizes of E. coli positive Colilert® enriched drinking water samples, these
results should be treated with a degree of caution.
Aggregated time-series of annual stx positivity rates per 1000 E. coli positive
Colilert® enriched drinking water samples as well as Poisson regression models are
outlined in Table 12 and Table 13. The time periods with both the lowest (2010)
and highest (2005) annual occurrence of stx positive samples were used as referents
in respective Poisson models.
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Table 12 – Annual stx positivity rates per 1000 E. coli positive Colilert®
enriched drinking water samples and Poisson model of annual stx
positivity rates in all E. coli positive drinking water samples submitted to
ProvLab Calgary compared to reference year 2010, March 2004 – July 2016

Yearc

stx
Positive
Samples

E. coli
Positive
Samples

2004a
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016a

5
70
10
8
9
4
3
9
4
10
5
4
2

166
564
125
130
100
69
68
76
61
149
100
81
59

stx
Positivity
Rate (per
1000)
30.12a
124.11
80.00
61.54
90.00
57.97
44.12
118.42
65.57
67.11
50.00
49.38
33.90a

IRR

Wald
Test
p-value

95% CI

2.61
1.74
1.34
1.94
1.25
Referent
2.48
1.43
1.51
1.09
1.05
-

0.10
0.40
0.66
0.32
0.77
0.17
0.64
0.53
0.91
0.95
-

0.82 - 8.29
0.4 - 6.32
0.36 - 5.06
0.52 - 7.15
0.28 - 5.57
0.67 - 9.15
0.32 - 6.41
0.41 - 5.48
0.26 - 4.54
0.24 - 4.70
-

a

Submission data incomplete for the full year

c

Likelihood ratio Chi-squared (12) = 23.98 ; P-value = 0.021

* Indicates statistical significance, P-value < 0.05

The highest annual positivity rate per 1000 E. coli positive Colilert® enriched
drinking water samples was in 2005 (124.1) and the lowest annual positivity rate
for a full year of submitted samples was 2010 (44.2). The results of this time-series
suggest that STEC occurrence in contaminating fecal sources may be variable from
year-to-year. Similar to the annual stx positivity rates per 10 000 submitted
drinking water samples, 2005 had the highest annual stx positivity rate per 1000 E.
coli positive Colilert® enriched drinking water samples. There were some notable
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and unexpected differences from the annual stx positivity rates per 10 000
submitted drinking water samples, such as the relatively high 2011 stx positivity
rate per 1000 E. coli positive Colilert® enriched drinking water samples and the
relatively low 2013 stx positivity rate per 1000 E. coli positive Colilert® enriched
drinking water samples. A deviance goodness-of-fit test for this model (116.7; Chisquared (129) P-value = 0.77) suggests that a Poisson model is appropriate for this
regression. The likelihood ratio test for this Poisson model suggests that year has an
effect on stx positivity for E. coli positive Colilert® enriched drinking water samples
and accounts for more variation in positivity than chance alone (P-value < 0.05).
However, there were no years where annual stx positivity rates were determined to
be statistically different (P-value < 0.05) when compared to 2010.
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Table 13 – Annual stx positivity rates per 1000 E. coli positive Colilert®
enriched drinking water samples and Poisson model of annual stx
positivity rates in all E. coli positive drinking water samples submitted to
ProvLab Calgary compared to reference year 2005, March 2004 – July 2016

Yearc

stx
Positive
Samples

E. coli
Positive
Samples

2004a
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016a

5
70
10
8
9
4
3
9
4
10
5
4
2

166
564
125
130
100
69
68
76
61
149
100
81
59

stx
Positivity
Rate (per
1000)
30.12a
124.11
80.00
61.54
90.00
57.97
44.12
118.42
65.57
67.11
50.00
49.38
33.90a

IRR

Wald
Test
p-value

95% CI

Referent
0.67
0.51
0.74
0.48
0.38
0.95
0.55
0.58
0.42
0.40
-

0.23
0.08
0.40
0.15
0.10
0.88
0.25
0.11
0.06
0.08
-

0.34 - 1.29
0.25 - 1.07
0.37 - 1.49
0.17 - 1.31
0.12 - 1.22
0.47 - 1.90
0.20 - 1.51
0.30 - 1.12
0.17 - 1.03
0.15 - 1.10
-

a

Submission data incomplete for the full year

c

Likelihood ratio Chi-squared (12) = 23.98 ; P-value = 0.021

* Indicates statistical significance, P-value < 0.05

When 2005 was used a referent there were still no years where annual stx
positivity rates were determined to be statistically different (P-value < 0.05).
One important consideration in this time-series analysis was also the
comparison of prospective samples (not cryopreserved) versus retrospective
samples (cryopreserved for up to 14 years) to identify any effect cryopreservation
had on rates of STEC recovery in cultured Colilert® enriched drinking water
samples. A comparative analysis revealed no appreciable difference between
retrospective and prospective samples in terms of stx positivity rates per 1000 E.
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coli positive Colilert® enriched drinking water samples. For prospective samples
(the 13 months spanning June 2015 and July 2016) a stx positivity rate of 42.6 per
1000 E. coli positive Colilert® enriched drinking water samples was observed, which
fell within the range of annual retrospective sample rates (42.3 [2010] – 110.4
[2005]) and was not significantly different from the mean annual rate of 67.9 for
retrospective samples. Furthermore, there was no discernable pattern among
annual stx positivity rates to suggest that time spent frozen had any influence on the
recovery of STEC and detection of stx genes via qPCR analysis.
Poisson regression was also used to test monthly stx positivity rates in E. coli
positive Colilert® enriched drinking water samples (Table 14 and Table 15). The
time periods with both the lowest (November) and highest (June) monthly
occurrence of stx positive samples were used as referents in respective Poisson
models.
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Table 14 – Monthly stx positivity rates per 1000 E. coli positive Colilert®
enriched drinking water samples and Poisson regression model of monthly
stx positivity rates in all E. coli positive drinking water samples submitted
to ProvLab Calgary compared to reference month of November, March 2004
– July 2016
stx
Monthc Positive
Samples
Jan
Feb
Mar
Apr
May
Jun
July
Aug
Sept
Oct
Nov
Dec
c

2
0
7
5
6
64
29
13
9
4
1
3

E. coli
Positive
Samples
21
22
51
54
107
428
428
272
181
104
46
34

stx
Positivity
Rate (per
1000)
95.24
0.00
137.25
92.59
56.07
149.53
67.76
47.79
49.72
38.46
21.74
88.24

IRR

Wald
Test
p-value

95% CI

4.00
0.00
5.33
4.07
2.46
5.79
2.94
2.50
2.35
1.86
Referent
4.11

0.26
0.99
0.12
0.20
0.40
0.08
0.29
0.38
0.42
0.58
0.22

0.36 - 44.12
0.00 - ∞
0.66 - 43.35
0.48 - 34.82
0.30 - 20.45
0.80 - 41.71
0.40 - 21.56
0.33 - 19.08
0.30 - 18.53
0.21 - 16.68
0.43 - 39.56

Likelihood ratio Chi-squared (11) = 27.75 ; P-value = 0.004

* Indicates statistical significance, P-value < 0.05

The lowest monthly stx positivity rate per 1000 E. coli positive Colilert®
enriched drinking water samples was February (0.0) and the highest positivity rates
were June (149.5) and March (137.3). The results of this time-series suggest that
STEC occurrence in contaminating fecal sources may be variable from month-tomonth. A deviance goodness-of-fit test for this model (112.9; Chi-squared (130) Pvalue = 0.86) suggests that a Poisson model is appropriate for this regression. The
likelihood ratio test for this Poisson model suggests (P-value < 0.05) that month has
an effect on stx positivity for E. coli positive Colilert® enriched drinking water
samples. However, there were no months where monthly stx positivity rates were
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determined to be statistically different (P-value < 0.05) when compared to
November.

Table 15 – Monthly stx positivity rates per 1000 E. coli positive Colilert®
enriched drinking water samples and Poisson regression model of monthly
stx positivity rates in all E. coli positive drinking water samples submitted
to ProvLab Calgary compared to reference month of June, March 2004 –
July 2016
stx
c
Month Positive
Samples
Jan
Feb
Mar
Apr
May
Jun
July
Aug
Sept
Oct
Nov
Dec
c

2
0
7
5
6
64
29
13
9
4
1
3

E. coli
Positive
Samples
21
22
51
54
107
428
428
272
181
104
46
34

stx
Positivity
Rate (per
1000)
95.24
0.00
137.25
92.59
56.07
149.53
67.76
47.79
49.72
38.46
21.74
88.24

IRR

Wald
Test
p-value

95% CI

0.69
0.00
0.92
0.70
0.43*
Referent
0.51*
0.43*
0.41*
0.32*
0.17
0.71

0.61
0.99
0.84
0.45
0.05
0.002
0.01
0.01
0.03
0.08
0.56

0.17 - 2.82
0.00 - ∞
0.42 - 2.01
0.28 - 1.75
0.18 - 0.98
0.33 - 0.79
0.24 - 0.78
0.20 - 0.82
0.12 - 0.88
0.02 - 1.25
0.22 - 2.26

Likelihood ratio Chi-squared (11) = 27.75 ; P-value = 0.004

* Indicates statistical significance, P-value < 0.05

The months of May, July, August, September, and October were found to have
significantly lower stx positivity rates for E. coli positive Colilert® enriched drinking
water samples than the reference month of June, with the frequencies of stx
occurrence for these five months between 68% (October) to 49% (July) lower than
that of June (P-value < 0.05).
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Similar to the monthly stx positivity rates per 10 000 submitted drinking
water samples, there was an apparent early summer peak in positivity rates per
1000 E. coli positive Colilert® enriched drinking water samples. However, the
general pattern of monthly the stx positivity rates per 1000 E. coli positive Colilert®
enriched drinking water samples unexpectedly differed from the pattern of monthly
stx positivity rates per 10 000 submitted drinking water samples, with various
months having higher than average positivity rates such as January, and a potential
spring peak in March and April. This finding suggests that the early spring
(March/April) and early summer (June) are potentially important seasonal periods
of increased risk of waterborne STEC infection due to the fecal sources impacting
water quality in non-municipal drinking water systems having increased STEC
positivity.
Again, the degree to which the 2005 stx positivity rate per 1000 E. coli
positive Colilert® enriched drinking water samples deviated from the other yearly
rates, as well as the corresponding boxplot, which had the 2005 positivity rate
positioned at the edge of the upper fence (Appendix A, Figure A 2), suggested that
this year could bias results of the monthly time-series. Accordingly, monthly stx
positivity rates per 1000 E. coli positive Colilert® enriched drinking water samples
as well as Poisson regression models testing monthly stx positivity rates per 1000 E.
coli positive Colilert® enriched drinking water samples were calculated with the
2005 sample data omitted (Table 16 and Table 17). Again, both November and June
were used as referents in respective Poisson models.
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Table 16 – Monthly stx positivity rates per 1000 E. coli positive Colilert®
enriched drinking water samples and Poisson regression model of monthly
stx positivity rates in all E. coli positive drinking water samples submitted
to ProvLab Calgary compared to reference month of November, March 2004
– July 2016 (2005 data omitted)
stx
Monthc Positive
Samples
Jan
Feb
Mar
Apr
May
Jun
July
Aug
Sept
Oct
Nov
Dec
c

1
0
7
5
5
20
15
9
3
4
1
3

E. coli
Positive
Samples
20
17
49
53
95
197
270
226
112
80
35
30

stx
Positivity
Rate (per
1000)
50.00
0.00
142.86
94.34
52.63
101.52
55.56
39.82
26.79
50.00
28.57
100.00

IRR

Wald
Test
p-value

95% CI

1.68
0.00
4.25
3.19
1.78
2.89
1.84
1.67
1.02
1.87
Referent
3.58

0.71
0.99
0.18
0.29
0.60
0.30
0.55
0.63
0.99
0.57
0.27

0.11 - 26.89
0.00 - ∞
0.52 - 34.51
0.37 - 27.30
0.21 - 15.23
0.39 - 21.54
0.24 - 13.96
0.21 - 13.14
0.11 - 9.79
0.21 - 16.76
0.37 - 34.43

Likelihood ratio Chi-squared (11) = 11.82 ; P-value = 0.377

* Indicates statistical significance, P-value < 0.05

There were some notable changes in the monthly stx positivity rates per
1000 E. coli positive Colilert® enriched drinking water samples when 2005 data was
omitted from the time-series (Figure 5). Without the 2005 data, the apparent
summer peak in positivity rates was reduced and the apparent spring peak became
more pronounced. As a result of this change, the month of March became the time
period with the greatest stx positivity rate per 1000 E. coli positive Colilert®
enriched drinking water samples (142.9). January also experienced a notable rate
change upon the omission of 2005 data, falling from a stx positivity rate per 1000 E.
coli positive Colilert® enriched drinking water samples of 95.3 to 50.0. As mentioned
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previously, due to limited sample sizes, the calculated rates per 1000 E. coli positive
Colilert® enriched drinking water samples should be treated with a degree of
caution, and in particular, the stx positivity rates of the winter months (November February). These months all had less than 50 E. coli positive samples over the study
period and rates could be easily inflated by single stx positive samples. For example,
the difference between January rates when 2005 data was omitted represents the
omission of a single E. coli positive sample that was also stx positive.
A deviance goodness-of-fit test for this model (93.8; Chi-squared (118) Pvalue = 0.95) suggests that a Poisson model is appropriate for this regression. The
likelihood ratio test for this Poisson model (P-value = 0.38) does not reject the null
hypothesis (P-value < 0.05) that month has no effect on stx positivity in E. coli
positive drinking water samples with 2005 data omitted. When 2005 data was
omitted, there were no significant differences (P-value < 0.05) between monthly stx
positivity rates in E. coli positive Colilert® enriched drinking water samples when
November was used as a referent.
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Table 17 – Monthly stx positivity rates per 1000 E. coli positive Colilert®
enriched drinking water samples and Poisson regression model of monthly
stx positivity rates in all E. coli positive drinking water samples submitted
to ProvLab Calgary compared to reference month of June, March 2004 –
July 2016 (2005 data omitted)
stx
Monthc Positive
Samples
Jan
Feb
Mar
Apr
May
Jun
July
Aug
Sept
Oct
Nov
Dec
c

1
0
7
5
5
20
15
9
3
4
1
3

E. coli
Positive
Samples
20
17
49
53
95
197
270
226
112
80
35
30

stx
Positivity
Rate (per
1000)
50.00
0.00
142.86
94.34
52.63
101.52
55.56
39.82
26.79
50.00
28.57
100.00

IRR

Wald
Test
p-value

95% CI

0.58
0.00
1.47
1.10
0.62
Referent
0.64
0.58
0.35
0.65
0.35
1.24

0.60
0.99
0.38
0.84
0.33
0.19
0.17
0.09
0.43
0.30
0.73

0.08 - 4.34
0.00 - ∞
0.62 - 3.47
0.41 - 2.94
0.23 - 1.64
0.33 - 1.25
0.26 - 1.26
0.10 - 1.19
0.22 - 1.90
0.05 - 2.58
0.37 - 4.17

Likelihood ratio Chi-squared (11) = 11.82 ; P-value = 0.377

* Indicates statistical significance, P-value < 0.05

With June as the referent and 2005 data omitted, there were again no
significantly different stx positivity rates between months (P-value < 0.05).
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Figure 5 - Comparison of monthly stx positivity rates per 1000 E. coli positive
Colilert® enriched drinking water samples aggregated from a) the complete data
set and b) the data set with 2005 data omitted

3.2.2.3 Comparing stx positivity rates with overall E. coli positivity rates in
groundwater wells
While the focus of this project was not assessing E. coli contamination of nonmunicipal well-sourced drinking water (a subject that has been previously
investigated by Invik 191), the E. coli positivity rate per 1000 submitted drinking
water samples was calculated to better understand the factors influencing the stx
positivity rates of submitted drinking water samples during the study period. The
calculated annual and monthly stx positivity rates of submitted drinking water
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samples were equally dependent on the E. coli positivity rate of submitted drinking
water samples and the stx positivity rate of E. coli positive Colilert® enriched
drinking water samples, as only E. coli positive drinking water samples were tested
for stx genes via qPCR and therefore stx positive samples were necessarily E. coli
positive as well. To better understand the unexpected differences in the patterns of
annual and monthly stx positivity rates of submitted drinking water samples and E.
coli positive Colilert® enriched drinking water samples, the E. coli positivity rate per
1000 submitted drinking water samples was included in the comparisons due to it’s
direct relationship to both of these calculated stx positivity rates (Table 18 and
Table 19). For E. coli positivity rates per 1000 submitted drinking water samples,
deviations from the mean suggests months/years of lower or higher amounts of
general fecal contamination in well-water sources, and for stx positivity rates per
1000 of E. coli positive Colilert® enriched drinking water samples, deviation
suggests months/years of lower or higher amounts of STEC occurrence within E.
coli-contaminated well-water sources.
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Table 18 – Mean and annual stx and E. coli positivity rates for drinking
water samples, 2005 – 2015

Yeara
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
Mean

stx Positivity
Rate per 1000
Submitted
Samplesb
4.93
1.01
0.86
1.19
0.56
0.44
1.37
0.66
1.57
0.99
0.80
1.31

E. coli Positivity
Rate per 1000
Submitted
Samples
44.61
13.62
14.75
14.37
10.14
10.30
12.90
10.73
24.96
20.89
16.95
17.66

stx Positivity Rate
per 1000 E. coli
Positive Samples

a

Years without complete data sets (2004, 2016) were omitted

b

Positivity rate was converted to 1000 submitted samples for comparison

124.11
80.00
61.54
90.00
57.97
44.12
118.42
65.57
67.11
50.00
49.38
73.48

Annual E. coli positivity rates per 1000 submitted drinking water samples
were relatively consistent during the study period, with three years above average
(2005, 2013, 2014) and 2005 markedly so. For some years both the E. coli positivity
rates per 1000 submitted drinking water samples and stx positivity rates per 1000
E. coli positive Colilert® enriched drinking water samples mirrored one another,
such as 2005, where both general E. coli contamination and STEC occurrence within
E. coli-contaminated wells were above average, or 2010, where both general E. coli
contamination and STEC occurrence within E. coli-contaminated wells were below
average. Some years that experienced increased annual stx positivity per 1000
submitted drinking water samples were driven more by a single contributing
positivity rate, such as 2013 with above average general E. coli contamination or
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2011 with above average STEC occurrence within E. coli-contaminated wells.
Conversely, some years that experienced decreased annual stx positivity per 1000
submitted drinking water samples were driven more by below average general E.
coli contamination (2006) or by below average STEC occurrence within E. colicontaminated wells (2015).

Table 19 - Mean and monthly stx and E. coli positivity rates for drinking
water samples, 2004 – 2016

Month
Jan
Feb
Mar
Apr
May
June
July
Aug
Sept
Oct
Nov
Dec
Mean
a Positivity

stx Positivity
Rate per 1000
Submitted
Samplesa
0.38
0.00
1.09
0.73
0.63
5.48
2.27
1.20
1.02
0.54
0.16
0.64
1.18

E. coli Positivity
Rate per 1000
Submitted
Samples
4.32
4.52
9.01
8.63
11.89
42.11
35.80
26.19
21.42
14.50
7.36
7.90
16.13

stx Positivity Rate
per 1000 E. coli
Positive Samples
95.24
0.00
137.25
92.59
56.07
149.53
67.76
47.79
49.72
38.46
21.74
88.24
70.37

rate was converted to 1000 submitted samples for comparison

As expected, and similar to the statistically significant seasonality reported
by Invik et al. 74, E. coli positivity rates per 1000 submitted drinking water samples
demonstrated a smooth seasonal pattern with rates that peaked in the summer
months. This comparison suggests that the previously highlighted rate differences
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between the stx positivity rates of submitted drinking water samples and stx
positivity rates of E. coli positive Colilert® enriched drinking water samples seen in
January were offset by a below average E. coli positivity rates per 1000 submitted
drinking water samples. In other words, the higher than average STEC occurrence
within E. coli-contaminated well-water sources was offset by below average general
E. coli contamination in well-water sources. For March, the greater than average
STEC occurrence within E. coli-contaminated well-water sources were offset by
overall below average general E. coli contamination in well-water sources during
this month. This helps to explain that although the stx positivity rates per 1000 E.
coli positive drinking water samples of both March and June are similarly high, the
corresponding stx positivity rates of submitted drinking water samples for March
and June are dissimilar. Notably, the summer months of June and July had high rates
of both general E. coli contamination in well-water sources as well as STEC
occurrence within E. coli-contaminated well-water sources, which corresponds to
the increased stx positivity rates per 1000 submitted drinking water samples during
the summer. The late summer and early fall (August and September) had above
average general E. coli contamination in well-water sources that were offset by
below average STEC occurrence within E. coli-contaminated well-water sources.

3.3 Discussion
This portion of the project set out to investigate the occurrence of STEC in
non-municipal well-sourced drinking water systems in southern Alberta by
determining the presence of the stx1 and stx2 STEC virulence genes in submitted
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drinking water samples using a Colilert® screen to determine E. coli positivity and
qPCR analysis to determine stx positivity.
It is useful to examine how the stx positivity results in well water from
southern Alberta relate to the larger body of knowledge surrounding waterborne
STEC. The results presented by Halabi et al. 114 are particularly notable due to
similarities between this study and the current project. Similarities included: i)
investigating non-municipal drinking water from mostly groundwater sources in
areas with substantial agricultural activity; ii) investigating the occurrence of
diverse STEC strains by using stx1/stx2 PCR; and iii) determining distinct
frequencies of occurrence for drinking water samples overall, as well as for E. coli
positive drinking water samples. Shiga toxin gene (stx) positivity in well water was
shown to be greater in southern Alberta than was found by Halabi et al. 114 in Upper
Austria. The present study found stx positivity to be 0.2% within voluntarily
submitted non-municipal drinking water samples as compared to 0.04% within all
collected drinking water samples as determined by Halabi et al. 114. In addition, the
stx positivity within E. coli positive Colilert® enriched drinking water samples from
the present study were determined to be 8.0% as compared to the 0.4% within
collected E. coli positive drinking water samples from Upper Austria. Three other
previous studies have investigated STEC in drinking water supplies. Ramteke and
Tewari 113 examined STEC in rural drinking water in India, although the culturebased methods of detection used in this study prevent any accurate comparisons to
the results of the present project. Both Won et al. 117 and Schets et al. 108 investigated
STEC in private drinking water, however they only focused on E. coli O157:H7. In
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rural Ohio, U.S.A., Won et al. 117 found E. coli O157:H7 in 3.9% of drinking water
samples and Schets et al. 108 found E. coli O157:H7 in 2.7% of drinking water
samples in the Netherlands. The STEC positivity of both studies were higher than
the stx positivity of 0.2% from the present study and notably these occurrence rates
did not include any non-O157 STEC present in the drinking water samples, which
would likely have increased the rates even further. In summation, the positivity of
stx in non-municipal drinking water sources in southern Alberta fell within the
range of STEC occurrence defined by previous studies. Due to historical precedents
of STEC-related disease and the availability of known risk factors (i.e., high
agricultural density) in southern Alberta, relatively high rates of STEC occurrence
were expected, and although stx positivity in this region was higher than the study
by Halabi et al. 114, it was notably lower than the other studies specifically
investigating drinking water. Methodological differences, such as the volume of
water being investigated or the STEC being targeted, may explain some of the
variability between these studies. In addition, the geographical location of each
study area likely plays an important role in determining the STEC occurrence due to
the importance of local risk factors in groundwater contamination.
Other relevant studies have investigated surface water rather than drinking
water, but importantly, were either Canadian studies or had sampling locations
from southern Alberta (Table 1). The frequency of occurrence of STEC in surface
waters can still relate to the drinking water samples tested in the current study
since contaminated runoff and surface water are potentially significant sources of
contamination for groundwater wells 96,98,123,159. STEC positivity in surface water is
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likely to be greater than in groundwater, but the degree to which they differ will
depend largely on the local hydrogeology of the area and specific traits of the
pathogens present. For example, the type of soil in an area can have a substantial
impact on the degree in which surface water, and any pathogens therein, can reach
the groundwater table 95,98. For pathogens, traits that aid the bacteria in surviving
difficult environmental conditions and predation will play a considerable role in
their ability to persist in surface and groundwater 88. These Canadian studies found
STEC positivity in surface waters to be quite high (9.2-31.8%) in comparison to the
stx positivity results of the current study in groundwater (0.2%). As expected,
studies investigating strictly E. coli O157:H7 had lower positivity (0.6-3.0%) than
those investigating all STEC, yet the E. coli O157:H7 positivity in surface water was
still notably higher than the stx positivity results in groundwater of the present
study.
The extended duration of the study period reflected in this thesis enabled the
aggregation of annual time-series to investigate yearly variation within stx
occurrence, as well as monthly time-series to investigate seasonal variations within
stx occurrence. Positivity rates were used in order to take into account any
differences in the number of samples submitted during certain months or certain
years, and were considered a proxy for STEC occurrence rates. Shiga toxin gene (stx)
positivity rates of submitted drinking water samples provide evidence for assessing
the risk of STEC contamination in non-municipal well-sourced drinking water more
generally, while the stx positivity rates of E. coli positive Colilert® enriched drinking
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water samples provide evidence for assessing the risk of STEC contamination within
well-water considered to be fecally contaminated.
The two highest stx positivity rates per 10 000 submitted drinking water
samples were in 2005 and 2013, which is notable due to the extreme precipitation
events that occurred in southern Alberta during these two years, and that extreme
weather is an associated risk factor for waterborne illness 81,158. In June 2005, three
major storms slowly made their way across southern Alberta causing substantial
flooding in the region 198. Areas in the southwestern portion of the province
recorded close to 400mm of monthly precipitation, approximately four times the
normal June average 106. In June 2013, a shorter duration event occurred over 48
hours with intense precipitation rates across southwestern Alberta and upwards of
200-300mm of rain falling in the mountains and foothills, which along with warm
temperatures, helped to melt an above-average snowpack, and together caused
massive flash flooding across southern Alberta 199. Two previous studies
demonstrated that there were statistically significant increases in E. coli
contamination rates of non-municipal groundwater systems across southern
Alberta in 2005 and noted that this increase appeared to be the result of the
extreme precipitation events that occurred in June of that year 74,106. In line with
these studies, it appears that increases in stx positivity rates within non-municipal
groundwater systems across southern Alberta may also be associated with extreme
precipitation events in this region, both in 2005 and 2013. Not only does it appear
that these extreme precipitation events contributed to increased stx positivity rates
during each respective year, but the large difference in rates between these two
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years may be due to differences between the extreme precipitation events
themselves. For instance, the event in 2005 was preceded by a dry spring across the
south of the province and a snow pack that was the smallest in 40 years 198. This
precipitation event caused a steady influx of water, over an extended period of time,
across a large geographical area, and into a very dry landscape, which engorged
rivers and caused reservoirs to overflow. Previous research has suggested that
protracted dry periods followed by heavy precipitation, similar to the
environmental conditions experienced in 2005, may lead to increased overland
movement of pathogens, substantial groundwater recharge, and higher pathogen
loads in water sources 200–202. Alternatively, the 2013 event was preceded by a wet
spring and warm weather that had begun to melt an exceptionally large snowpack,
both of which had contributed to higher than average groundwater levels 199. This
precipitation event caused a large, localized influx of water, over a short period of
time, and into an already saturated landscape, which caused violent and
geographically limited flash flooding in affected flood plains. Previous research has
also suggested that heavy rainfall onto saturated landscapes, similar to the
environmental conditions experienced in 2013, may increase the movement of
pathogens into water sources 200,203,204. The differences in how STEC were mobilized
and transported from the landscape into groundwater during these two events may
have played a role in determining stx contamination rates and suggests that the
environmental conditions surrounding extreme precipitation events could influence
the degree to which these events can impact the risk of stx contamination within
groundwater sources.
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The highest annual stx positivity rate per 1000 E. coli positive Colilert®
enriched drinking water samples was in 2005, which was not unexpected. In line
with the generally held assumption of a positive association between fecal
contamination and waterborne pathogen occurrence, the previously mentioned
increase reported in E. coli contamination of groundwater systems in southern
Alberta corresponding to the June 2005 extreme precipitation event indicated that
there would likely be an increase in STEC occurrence. However, the unexpected
differences between relative increases of stx positivity rates between E. coli positive
Colilert® enriched drinking water samples and submitted drinking water samples in
2013 and 2011 challenge this assumption. It was hypothesized that the increased
stx positivity rate per 10 000 submitted drinking water samples seen in 2013 would
be mirrored by an increased stx positivity rate per 1000 E. coli positive Colilert®
enriched drinking water samples in the same year, yet this was not the case.
Likewise, with the increased rate of stx positivity per 1000 E. coli positive Colilert®
enriched drinking water samples in 2011, an increased rate of stx positivity per 10
000 submitted drinking water samples was expected, which again was not
observed. This suggests that STEC occurrence in feces may be temporally variable
from year to year and may exhibit patterns of seasonality (spring/summer peaks).
This temporal variability in STEC occurrence is further complexed by the general
increase in fecal-contamination of wells over the summer 74.
Due to nature of the Colilert® screen used for this study, only E. coli positive
samples were tested for stx genes and therefore stx positive samples were
necessarily E. coli positive samples, which ensured an equal contribution of both E.
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coli positivity rates of submitted drinking water samples and stx positivity rates of E.
coli positive Colilert® enriched drinking water samples when calculating stx
positivity rates of submitted drinking water samples. Including the E. coli positivity
rates of submitted drinking water samples in time-series comparisons allowed for
greater understanding of which contributing rate (E. coli positivity of drinking water
samples or stx positivity of E. coli positive drinking water samples) was driving any
increases or decreases in the overall stx positivity rate of submitted drinking water
samples. For example, in 2013 the increased stx positivity rate of submitted drinking
water samples was driven by an above average number of samples contaminated
with E. coli but with an average rate of STEC occurrence within these E. coli positive
samples. Alternatively, in 2011 the above average rate of STEC occurrence within E.
coli positive samples did not visibly influence the stx positivity rate of submitted
drinking water samples because 2011 had a below average rate of E. coli
contamination within groundwater sources that offset the increased STEC numbers.
In 2005, it was both the above average rates of E. coli contamination and STEC
occurrence within the E. coli-contaminated groundwater sources that contributed to
the drastically higher stx positivity rate of submitted drinking water samples.
Seasonality is a well-established characteristic of human zoonotic enteric
diseases and waterborne enteric illnesses in particular are influenced by ecological
and climactic factors that will change throughout a calendar year, especially in
temperate climates 128,160,205. Monthly aggregated time-series of stx positivity rates
helped to elucidate any notable patterns and variations between seasons or months
of the year. The strong summer peak apparent in the monthly stx positivity rates per
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10 000 submitted drinking water samples, as demonstrated by the significantly
greater stx positivity rates of June and July outlined in negative binomial regression
models, suggests a seasonal pattern of stx occurrence in non-municipal well-sourced
drinking water sources and was in agreement with previous studies investigating
STEC O157:H7 occurrence in surface waters of southern Alberta 119. A similar
summer peak in stx contamination within of E. coli positive Colilert® enriched
drinking water samples also suggests a seasonal pattern of stx occurrence within
fecally contaminated well water supplies, although the seasonal pattern within E.
coli-contaminated water samples also contained a pulse of occurrence during the
early spring (March-April). These multiple peaks imply a seasonal pattern of STEC
contamination within fecally contaminated well water that is distinct from the
seasonal pattern of general STEC contamination across non-municipal well-sourced
drinking water.
Similar to the annual stx positivity rates comparison, monthly E. coli
positivity rates of submitted drinking water samples were calculated to further
explore the differences between monthly stx positivity of submitted drinking water
samples and monthly stx positivity of E. coli positive Colilert® enriched drinking
water samples. The distinct spring peak of STEC occurrence within the fecally
contaminated groundwater sources is only marginally represented in STEC
positivity within submitted drinking water samples, as this increased severity of
STEC contamination in E. coli positive drinking water samples is offset by below
average rates of E. coli contamination within groundwater sources. The statistically
significant increase in the June and July rates of stx occurrence in submitted
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drinking water samples was aided by the alignment of both above average STEC
positivity within E. coli-contaminated groundwater sources and above average E.
coli contamination of groundwater sources, highlighting a period where nonmunicipal drinking water sources would be at particular risk of STEC
contamination.
Seasonal patterns of STEC occurrence remained visible upon omission of the
outlying 2005 data despite the substantial influence this data had on stx positivity
rates, suggesting that these seasonal patterns are endemic. For instance, the June stx
positivity rate per submitted drinking water samples remained statistically greater
than the majority of other monthly positivity rates even when 2005 data was
omitted. Within stx positivity rates per E. coli positive Colilert® enriched drinking
water samples the omission of the 2005 data had an even more notable influence on
the seasonal patterns of STEC occurrence as March became the month with the
highest stx positivity rate per 1000 E. coli positive Colilert® enriched drinking water
samples due to the decrease in June stx positivity. The corresponding seasonal peak
in the early spring became the more prominent of the two seasonal pulses of stx
occurrence, further highlighting the distinct seasonal patterns of STEC within fecally
contaminated drinking water samples and STEC within all submitted drinking water
samples.
The results of this chapter provide some very important and noteworthy
insights. Firstly, the peak summer pattern of stx occurrence in non-municipal
drinking water supplies matches the seasonal pattern of reported STEC-related
illness in Canada 58,128,130. This finding brings into question whether contaminated
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non-municipal drinking water sources may play an important role in STEC-related
illness in Canada, an association not previously described. Additionally, while both
the risk factors that influence the input of STEC into environmental water sources as
well as the risk factors that influence the susceptibility of well-water systems to E.
coli contamination are important to overall STEC occurrence within groundwater
sources, these results suggest that the degree to which each of these risk factors
contribute to the overall risk of STEC contamination at any one time not only varies,
but follow seasonal patterns distinct from one another. This apparent seasonality in
stx positivity outlined by the time-series analysis in this chapter necessitated more
detailed analysis and further discussion - the topic of which is described in-depth in
Chapter 5 of this thesis.
One of the main difficulties of studying pathogens in water is the often rare
and sporadic pattern of their occurrence and consequently, having a large enough
sample size to capture a meaningful amount of cases for analysis 59,206. Centralized
water testing at the Alberta ProvLab provided the capacity to access a very large
number of water samples from across a vast geographic area in order to address
this challenge. During the almost 14 years of sample collection, 95 675 drinking
water samples were submitted and screened for the presence of E. coli by the
ProvLab in southern Alberta, and from this screen 1899 E. coli positive samples
were analyzed for STEC occurrence through the detection of stx virulence genes.
Sample sizes of this magnitude are rare in the relevant literature (Table 1). For
instance, the largest sample set from the relevant studies outlined previously was
2633 total water samples with 280 being E. coli positive 114. The length of the study
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period was another unique aspect of this sample set and was considerably longer
than any study periods found in the related literature. The extended duration of the
study period allowed for more robust examination of both seasonal patterns of stx
occurrence, as well as annual frequencies of stx occurrence. However, even with
such a large sample size, the ability to statistically evaluate the occurrence of STEC
in groundwater over time was still limited. For the Poisson-based regression models
used in this analysis, the smaller the number of positive samples, the larger the
sample size of aggregate submitted or E. coli positive samples were needed to
achieve adequate statistical power 168,207. The regression models investigating stx
positivity rates in E. coli positive drinking water samples likely did not have large
enough sample sizes for the low rates of positivity, thereby preventing meaningful
statistical comparisons between indicators. For example, the Poisson regression
model of monthly stx positivity rates in all E. coli positive drinking water samples
submitted to ProvLab Calgary with the reference month of June found that the
positivity rate of October (68% lower than June, 4 stx positive samples and 104 E.
coli positive samples) was statistically different, while the month of November,
which had a lower positivity rate than October, (83% lower than June, 1 stx positive
sample and 46 E. coli positive samples) was not determined to be statistically
different (P-value <0.05).
The stx qPCR methods employed were highly sensitive and specific for the
detection of both the stx1 and stx2 genes. The sensitivity of this method as a screen
for STEC in drinking water allowed for the detection of low levels of STEC in large
and diverse background populations of environmental microbes, within which STEC
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may be missed using strictly culture-based detection methods. The specificity of this
method lends a significant amount of confidence that a positive result is a true
positive and that only the stx gene targets are being amplified. The stx qPCR assay
distinguished between stx1 and stx2 genes, which thereby provided additional
information about the characteristics and potential pathogenicity of the
presumptive STEC within the drinking water samples. Clinical studies have shown
that stx2 is more commonly associated with human illness and more severe health
outcomes, such as the development of HUS, than stx1 7–9. The results of the current
study show that a significant portion of the stx contaminated drinking water
samples contain virulence gene profiles associated with increased pathogenicity,
with 64.5% harboring the stx2 gene. Shiga toxin 1 (stx1) genes still pose a serious
risk of causing enteric illness and HUS however, and STEC harboring strictly stx1
should not be disregarded 1,7. Although these toxins play a key role in the
development of STEC related illness, it is important to note that there are many
other virulence factors that can significantly affect the pathogenicity of an STEC.
Another advantage of using stx qPCR for screening water samples for the
presence of STEC is that this method is able to capture all STEC serotypes, not only
E. coli O157:H7 and the other the ‘big six’ non-O157 STEC serogroups. The majority
of waterborne STEC studies, and notably the studies done in Canada, have only
investigated E. coli O157:H7 (Table 1). This restricted focus is a serious shortcoming
in the field, particularly due to the increased understanding of the clinical
importance of non-O157 STEC in both Alberta and Canada 118,208. Quantitative PCR
(qPCR) analysis is also able to detect STEC within drinking water samples that have
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entered a viable but non-culturable (VBNC) state – a physiological state in which the
organism may not be detected using culture-based methods, yet is still able to cause
infection in a host 209. Overnight TSB enrichments, such as the resuscitation step of
the qPCR protocol, have been shown to revert waterborne VBNC STEC back into a
culturable state, however if any pathogens had stayed in a VBNC state the low LOD95
of this assay would help ensure that these cells would still be detected despite any
lack of growth during the protocol 101.
One important consideration with regards to the non-municipal drinking
water samples used in this study was that they were not randomly selected and
instead, were submitted voluntarily by those responsible for the quality of water
being tested. Because of this passive sampling approach there is a possibility of
volunteer bias and in this case, the volunteer bias could skew the results in multiple
ways. For example, it could skew results towards the over-representation of
problem drinking water systems as well overseers may be more likely to send in
samples if there is a history of poor water quality or if there is a current water
quality issue they are trying to address. Conversely, the volunteer bias could skew
results towards the over-representation of well-maintained and low-risk drinking
water systems, where overseers who routinely test water quality as part of a
comprehensive maintenance program are submitting water samples more
frequently. Voluntary sampling may also lead to certain geographic areas being
more frequently sampled from then others. For instance, if drinking water samples
from higher or lower-risk areas are submitted more consistently than other regions
across southern Alberta, results could be skewed in the direction of the risk profile
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of these areas. Inherent in these issues presented by the voluntary submission of
water samples, is that samples from the same water source can be submitted
multiple times over the study period. There was no definitive way to ascertain how
many of the submitted samples were from the same water system using the
information provided with the sample however. Multiple submissions may
exacerbate the potential biases mentioned previously. While passive surveillance
does have fundamental limitations, it is an effective and economical way to increase
the power of a study, particularly when investigating baseline occurrence rates of
rare pathogens or disease, or investigating temporal trends over extended study
periods 74,206.
Due to the extremely large number of total samples submitted during the
study period, Colilert® was used as a screen to reduce the total amount of water
samples that needed to be analyzed via stx qPCR. As such, only E. coli positive
Colilert® samples were analyzed by stx qPCR, having assumed that STEC would only
be found in E. coli positive samples. Although most E. coli and STEC strains possess
the -galactosidase and -glucuronidase activity needed to induce an E. coli positive
Colilert® result, some STEC strains, such as E. coli O157, do not typically possess glucuronidase. For instance, a pure culture of E. coli O157 would cause Colilert®
media to turn yellow but the media would not fluoresce, leading to a false negative
result for the presence of E. coli. However, this Type II error is likely rare as the
probability that a single strain of E. coli would be responsible for the color change
and fluorescence in Colilert® when testing microbial water quality is low, and it is
equally unlikely that only -glucuronidase negative E. coli strains would be present
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in a fecally contaminated water sample 210. This E. coli screening process is widely
accepted and is part of the certified water testing protocol developed and
implemented by the ProvLab to ensure safe drinking water across Alberta 211.
Several qualifications exist when interpreting stx screening as a proxy for
STEC occurrence in drinking water. First, since qPCR analysis can detect DNA from
viable and non-viable microbes, stx positivity may indicate the presence of a cell
unable to infect a host. However, due to enrichment steps during the E. coli and stx
screening protocols the detection of non-viable cells was minimized, and even if
non-viable cells were being detected, these cells are still representative of a public
health risk since these non-viable cells were likely viable at some point within the
water source. Alternatively, it is possible that the stx genes being amplified in the
Colilert® sample are from free stx-encoding bacteriophages or from background
host cells infected during stx phage replication, rather than actual STEC itself. If this
were the case, there still exists a risk of infection, as these phages can interact with
other E. coli in the water samples or in the gut, and through phage-mediated
transduction of the stx genes, potentially give rise to viable STEC. The deadly 2011
outbreak STEC O104:H4 strain that caused almost 4000 illnesses in Germany
provides an example of the potential consequences of other E. coli pathotypes
integrating environmentally persistent stx-encoding bacteriophages 15. Finally, the
stx1/stx2 qPCR assay used for this project, like many stx-specific PCR assays, was
unable to detect the stx2f subtype 212–215. Although historically stx2f has been rarely
associated with human cases of STEC-related illness, STEC encoding this subtype are
believed to be an emerging pathogen 214–217. Thus far, the primary reservoir of stx2f88

encoding STEC are pigeons, and therefore the impact of including this subtype when
analyzing rural groundwater in Alberta may be limited, however using a qPCR assay
able to detect this subtype in the future would allow for a more complete estimation
of STEC contamination in non-municipal drinking water sources 212,218.
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CHAPTER 4: The Isolation and Recovery of Shiga Toxin-producing
Escherichia coli (STEC) from Non-municipal Well-sourced Drinking Water
Samples Using CHROMagar™ STEC Agar
4.1 Introduction
Although E. coli O157 has dominated much of the STEC-related research
activities over the last several decades, the growing understanding of the
importance of non-O157 STEC has led to the development of methods specifically
targeted for the identification these bacteria 169,208,219,220. While genetic tests have a
number of advantageous characteristics, culture-based methods remain the gold
standard for microbial identification due the capacity to isolate bacteria for further
characterization, and as such, there are a number of selective agars for STEC 172,208.
However, there is currently no best-method for the detection and isolation of all
STEC serotypes due to the well-recognized difficulties of differentiating between
STEC and other E. coli 170. These difficulties stem from the lack of a single, consistent,
and determinable phenotypic trait that is specific to this E. coli pathotype 118,169.
Little is known about the performance of clinically validated agars for the detection
and isolation of waterborne STEC, a group of pathogens that is likely to include a
diverse repertoire of STEC strains from animals as well as humans. Furthermore,
the background microflora in environmental samples is far different than clinical
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samples (i.e., feces) and little is known about how these microbes may grow on
selective agars developed for clinical samples.
STEC antigen typing (i.e., serotyping) is done to determine the genetic
relatedness between known pathogens, which helps to increase our understanding
of STEC epidemiology, allows for more effective public health interventions, and is
an essential aspect of STEC surveillance 208. As mentioned previously, certain STEC
serotypes have been more commonly linked with serious human illness, such as
O157:H7 and the ‘big six’ non-O157 serogroups. In Canada, the six most common
clinical non-O157 serogroups are O26, O103, O111, O117, O121, and O145, slightly
different from the ‘big six’ of the United States, with O117 included rather than O45
221.

These six serogroups accounted for over 50% of the non-O157 STEC clinical

isolates reported to the Public Health Agency of Canada from 1998-2012. Within
Alberta, the most common clinically reported serogroups are O157, O26, O111, and
O121 40.
The purpose of this portion of the study was to isolate STEC from E. coli
positive private well water that had screened positive for stx1 and/or stx2 genes by
qPCR (Chapter 3). This was done in order to provide the most accurate
representation possible of STEC occurrence in non-municipal drinking water
sources across southern Alberta. As a result of this analysis, the performance of a
STEC-specific clinically validated media (CHROMagar™ STEC agar) to selectively
isolate waterborne STEC was also evaluated.
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4.2 Results
4.2.1 STEC Isolation
Each of the 152 stx positive Colilert® enriched drinking water samples
described in Chapter 3 were plated onto CHROMagar™ STEC agar (CA-STEC) and
mauve-coloured isolates were collected as presumptive STEC colonies. Mauve
colony colour is the morphological characteristic specified by the manufacturer to
indicate a colony of STEC and the majority of non-O157 STEC are expected to
fluoresce when exposed to UV light. Additionally, a selection of non-typical isolates
(i.e., non-mauve) were also collected in order to verify that environmentally-derived
strains of STEC would only appear as mauve colonies on CA-STEC plates.
In an original screening protocol, CA-STEC plates were incubated at 37°C
after enrichment in TSB broth. However, after a preliminary evaluation of this
protocol (29 samples), two notable challenges of this method were revealed: a)
there was often significant bacterial background growth that prevented the isolation
of colonies; and b) despite qPCR screening having identified these samples as stx
positive, in many cases isolated mauve colonies were determined to be stx negative
or were not present at all. Upon further investigation, an increase in the incubation
temperature to 44°C reduced background growth and led to greater isolation of
distinct mauve colonies on CA-STEC plates for some samples. This increase in
incubation temperature also repeatedly improved the likelihood of mauve colonies
forming on the plate (Figure 6). However, in some cases the opposite effect
occurred, where a 44°C incubation resulted in few or no mauve colonies but re-
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plating samples at 37°C resulted in greater growth of mauve colonies (Figure 7). It
was also observed on occasion that culturing samples at 37°C resulted in the growth
of only stx negative mauve colonies, but when incubated at 44°C, stx positive mauve
colonies were isolated from these same samples. These results suggested that
different environmental isolates of STEC might have distinct optimal growth
temperatures.
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B

Figure 6 – An example of the effect that increased incubation temperature had
on improving the isolation of waterborne STEC on CHROMagar™ STEC agar.
Pictures depict overnight growth of 100μl of MAC enriched stx positive Colilert®
drinking water samples on CHROMagar™ STEC agar (sample #1918),
incubated at 44° C (A) or 37° C (B). In panel A, four mauve colonies (circled)
were selected and confirmed as stx positive colonies via stx1/stx2 qPCR.
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B

Figure 7 - An example of the effect that decreased incubation temperature had on
improving isolation of waterborne STEC on CHROMagar™ STEC agar. Pictures
depict overnight growth of 100μl of MAC enriched stx positive Colilert® drinking
water samples on CHROMagar™ STEC agar (sample #445), incubated at 44° C
(A) or 37° C (B). A single mauve coloured colony (circled) from the plate
represented in Panel A was isolated and subsequently confirmed as stx negative
via stx1/stx2 qPCR. Two mauve coloured colonies (circled) from the plate
depicted in Panel B were isolated and subsequently confirmed as stx positive
colonies via stx1/stx2 qPCR.
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Samples with high amounts of background flora often inhibited the detection
of viable STEC. For example, in sample #1072 (Figure 8), no mauve colonies were
visible amongst the background flora due to overgrowth and the STEC present
would have been undetected if it weren’t for spots of fluorescence under UV light.
Picks were taken from the areas of fluorescence and re-plated, resulting in isolated
mauve colonies that were confirmed stx positive. In many instances however, the
entire ‘lawn’ of background flora would fluoresce, preventing identification in this
fashion (Figure 9 B). For some samples, the background growth produced ‘lawns’ of
only mauve colonies, yet none of the colonies picked from these plates were
confirmed as stx positive (Figure 9 A). It is possible that viable STEC may have
existed in these samples where background flora was phenotypically similar to
STEC on CA-STEC agar (mauve and/or fluorescent colonies), but the STEC were
unable to be detected due to overgrowth of the non-STEC bacteria.
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D

Figure 8 – An example of background growth inhibiting the detection of STEC on
CHROMagar™ STEC agar. Pictures depict overnight growth of 100μl of MAC
enriched stx positive Colilert® drinking water samples on CHROMagar™ STEC
agar (sample #1072), incubated at 44° C (A) or 37° C (B,C,D). A single mauve
coloured colony (circled) from the plate represented in Panel A was isolated and
subsequently confirmed as stx negative via stx1/stx2 qPCR, therefore the
isolation procedure was attempted again at 37° C (Panel B). Only grey colonies
were present upon visual inspection of the plate represented in Panel B, however
there were three spots (circled) of UV fluorescence which were labeled, picked
and re-plated for isolation at 37° C. The plate represented in Panel C is the replated pick 1R from Panel B from which two mauve colonies (circled) were
isolated and subsequently confirmed as stx positive via stx1/stx2 qPCR. The
plate represented in Panel D is the re-plated pick 2B from Panel B from which
three mauve colonies (circled) were isolated and subsequently confirmed as stx
positive via stx1/stx2 qPCR. The re-plate of pick 3R from Panel B did not result in
the growth of any mauve colonies and is not pictured.
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B

Figure 9 – Examples of background growth inhibiting the detection of STEC on
CHROMagar™ STEC agar. Pictures depict overnight growth of 100μl of MAC
enriched stx positive Colilert® drinking water samples on CHROMagar™ STEC
agar (sample #245 and #342), incubated at 44° C. Five mauve coloured colonies
(circled) from the plate represented in Panel A were isolated and subsequently
confirmed as stx negative via stx1/stx2 qPCR. No mauve coloured colonies were
present upon visual inspection of the plate represented in Panel B and all visible
colonies were UV fluorescent.
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Bacterial competition also had potential effects on STEC growth during the
enrichment phase of the protocol, which was observed during the process of
troubleshooting the original CA-STEC isolation protocol. Aliquots of TSB culture
broth removed at 2 hours and 18 hours of enrichment were analyzed by qPCR to
monitor changes in stx concentrations over time and ensure that stx genes were still
present in enrichment solutions prior to plating. As an example, sample #346,
considered to have low level growth of presumptive STEC (i.e., 130 stx gene
copies/5 ul of enriched TSB sample from the qPCR screening protocol), was seeded
into TSB and after 2 hours of enrichment only 5 stx gene copies/5 ul was detected.
After 18 hours of enrichment only 8 stx gene copies/5 ul was detected,
demonstrating negligible growth of the STEC during enrichment. Due to the small
number of potential STEC bacteria in the enrichment media, the low number of
mauve colonies detected upon plating was not surprising (Figure 10 A). The four
mauve colonies that could be seen in the lawn of background flora were
subsequently picked and re-plated. From these four re-plated mauve picks, a single
stx positive mauve colony was isolated (Figure 10 B). While sample #346 is an
example where, despite poor growth during enrichment, the viable STEC present in
the drinking water sample could still be recovered on CA-STEC, it is possible that
increased competition from background flora prevented viable STEC in other
samples from being detected on CA-STEC.
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Figure 10 – An example of STEC recovery despite inhibited growth due to
background competition during the enrichment phase of the CA-STEC isolation
protocol. Pictures depict overnight growth of 100μl of MAC enriched stx positive
Colilert® drinking water samples on CHROMagar™ STEC agar (sample #346),
incubated at 37° C. Four non-isolated mauve coloured colonies were present
upon visual inspection of the plate represented in Panel A and were picked and
re-plated for isolation at 37° C (picks are not marked in the photo). The plate
represented in Panel B has both the re-plated non-isolated mauve coloured
colonies #3 (left side of the plate, marked C) and #4 (right side of the plate,
marked D) from Panel A. A single mauve coloured colony was isolated from the
right side of the plate represented in Panel B and subsequently confirmed as stx
positive via stx1/stx2 qPCR. No mauve colonies were detected in the re-plates of
pick #1 (not pictured), pick #2 (not pictured), or pick #3 from in Panel A.
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Overall these data demonstrated that temperature and enrichment were key
variables for STEC isolation from CA-STEC plates, largely due to: i) variations in
STEC optimal growth temperatures, and ii) competitive background growth. To try
and address these challenges, the original protocol for STEC isolation was
subsequently revised to include enrichment in a selective broth (MacConkey [MAC])
to reduce competitive growth during the enrichment phase, followed by plating on
CA-STEC and incubation at 44oC. Forty-four degrees centigrade (44°C) was adopted
as the initial CA-STEC incubation temperature in order to reduce background
growth and enhance the selective isolation of mauve colonies. In samples where
few or no mauve colonies were observed at 44°C, the sample was subsequently replated and incubated at 37°C to identify any STEC isolates favoring growth at lower
temperatures.
Using the revised protocol, 850 presumptive mauve STEC isolates and an
additional 55 non-mauve isolates were archived. These 905 isolates were tested for
the presence of stx1 and stx2 by colony qPCR to confirm the presence or absence of
STEC-related toxin genes in the isolates. Two hundred and fifty-three (253) of the
mauve/non-mauve isolates were positive for stx via qPCR. These 253 isolates
originated from 59 of the 152 (38.8%) stx positive Colilert® drinking water samples.
Surprisingly, none of the mauve isolates represented in the other 93 stx positive
Colilert® drinking water samples were found to be stx positive, even though some
samples were found to have high stx copy numbers per qPCR reaction during
screening (i.e., >800,000 copies/5 μl), suggesting that a proportion of
environmentally-derived STEC may not grow well on CA-STEC plates. Four (4) of
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the 55 non-mauve isolates were initially found to be stx positive. However, upon a
second round of colony isolation and selection on CA-STEC and stx qPCR analysis,
these non-mauve isolates were found to be stx negative. Accordingly, 249 of the
original 850 mauve colonies tested positive for stx via qPCR analysis, with 176
isolates stx1 positive (176/249 [70.7%]), 57 isolates stx2 positive (59/249 [23.7]),
and 14 isolates stx1 and stx2 positive (14/249 [5.6%]) (Figure 11).

Figure 11 – stx positive mauve coloured CHROMagar™ isolates separated by
their respective stx positivity as determined by stx1/stx2 qPCR.

These 249 stx positive mauve isolates represented 57 STEC positive drinking
water samples, with 36 of these samples positive for stx1 (36/57 [64.9%]), 16 for
stx2 (16/57 [29.8%]), and 5 for stx1 and stx2 (5/57 [8.8%]) (Figure 12). If multiple
E. coli isolates from one sample were stx positive via qPCR, stx positivity from each
respective isolate was aggregated and attributed to its corresponding sample.
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Figure 12 - STEC positive Colilert® Samples separated by their respective stx
positivity as determined by stx1/stx2 qPCR of all mauve colonies recovered from
each sample.

One hundred and forty-three (143) of the 152 stx positive drinking water
samples (94.1%) yielded mauve colonies: 28 samples yielded only stx positive
mauve colonies, 29 samples yielded both stx positive mauve colonies and stx
negative mauve colonies, and 86 samples yielded only stx negative mauve colonies.
Nine (9) of the 152 stx positive water samples (5.9%) did not yield any mauve
colonies.
Since CA-STEC was used as an isolation screen rather than a confirmatory
test for STEC determination, the ability to construct a contingency table and
calculate simple statistical performance measures such as sensitivity or specificity
for the isolation protocol was limited. As only stx positive samples were plated to
CA-STEC, no true negatives or false positives could be included in performance
calculations of STEC recovery on CA-STEC. With regards to performance
calculations of STEC recovery from mauve isolates, since non-mauve isolates were
not consistently tested by qPCR, no true negatives or false negatives could be
103

accurately included in calculations. Due to this lack of data, sensitivity, specificity,
positive predictive value, negative predictive value, and other statistical
performance measures were not used in order to avoid misinterpretation of
comparisons between this and other studies.
Upon visual comparison of the stx gene distribution of isolated STEC from stx
positive Colilert® enriched drinking water samples (Figure 12) and the stx gene
distribution of the stx positive Colilert® enriched drinking water samples
themselves (Figure 3), there was a notable difference. The proportion of STEC
isolated using CA-STEC that were stx2 positive was much lower than in stx positive
Colilert® enriched drinking water samples. This divergence in stx distributions was
found to be significant when tested with the Pearson’s chi-squared test (Chisquared: 15.45, P-value: <0.0001) and suggests that the CA-STEC isolation protocol
disproportionately failed to recover the potentially more pathogenic stx2-harboring
STEC from environmental water samples.
However, for stx positive Colilert® drinking water samples that were both
stx1 and stx2 positive, this reduced recovery of stx2 positive STEC may have been a
product of the proportion of total bacteria in the sample that were stx2 positive. In
many of the cases where both stx1 and stx2 were present in the enriched Colilert®
sample, the copy numbers per qPCR reaction of stx2 genes were noticeably lower
than the copy numbers per qPCR reaction of stx1 genes. For example, in sample
#1709 there were 35,000 stx1 gene copies/5 μl compared to approximately 200 stx2
gene copies/5 μl, an approximate 175:1 ratio of stx1: stx2. A discrepancy in the
proportion of stx genes in a drinking water sample was not unexpected since
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samples that were stx1 and stx2 positive could be representative of an STEC
carrying both genes, multiple STEC strains carrying each stx gene, or a combination
of these two possibilities. It is also important to note that due to the ability of STEC
to incorporate multiple stx genes into their genomes, a single STEC could potentially
harbour multiple stx1 and stx2 genes, and therefore stx copy numbers do not
necessarily represent the bacteria that harbour them in a 1:1 ratio 5. Consequently,
the stx1/stx2 ratio of sample #1709 is not an exact representation of STEC
organisms in the drinking water sample. Nevertheless, the magnitude of the
difference still does suggest that stx1-harbouring STEC strains were much more
abundant than stx2-harbouring STEC strains when the enrichment broth was plated
to CA-STEC. Therefore, for samples where copy numbers of stx2 were noticeably
lower than stx1, it is reasonable to presume that stx2 positive STEC strains would be
more difficult to isolate simply due to the fact that there were less of these bacteria
plated to the media, and as a result, they would be less likely to be randomly picked
off the CA-STEC plates. The reverse situation was less common yet had similar
results; thus when stx2 had noticeably higher copy numbers per qPCR reaction than
stx1, stx2 and not stx1 positive STEC were usually recovered from the sample.
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4.2.2 Assessing Genetic Diversity of STEC in Drinking Water Samples by (GTG)5
rep-PCR
The results obtained from the CA-STEC isolation revealed that in some
drinking water samples multiple STEC isolates were present, raising the possibility
that more than one STEC strain might also be present in the same water sample.
Consequently, (GTG)5 rep-PCR analysis was performed on the STEC isolates to: i)
characterize genetic diversity of isolated strains within each of the water samples;
and ii) identify the repertoire of unique STEC strains observed in private well water
samples so as to minimize clonal representation of isolates sent to the Canadian
National Microbiology Laboratory for serotyping.
Of the 249 stx positive mauve isolates collected, 231 isolates underwent
(GTG)5 rep-PCR and were subsequently ‘fingerprinted’ by high-resolution capillary
electrophoresis DNA-fragment analysis using the QIAxcel® Advanced system. Six stx
positive water samples, from which 18 STEC colonies were isolated, were not
included in the (GTG)5 PCR analysis due to a laboratory error. Upon comparison of
(GTG)5 fingerprints between all isolates from each respective stx positive water
sample, 65 isolates were determined to be unique, representing 51 stx positive
water samples. Some water sources contained only a single identifiable STEC clone
even though multiple colonies were isolated from the sample (Solid selection –
Figure 13), whereas other water samples were shown to be contaminated with
multiple genetically unique strains of STEC (Dashed selection – Figure 13). For
those water samples which contained multiple unique isolates, a comparison of the
(GTG)5 fingerprints of each unique isolate can be found in Appendix B.
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Figure 13 – An example of a virtual gel image of the high-resolution capillary
electrophoresis DNA-fragment analysis (QIAxcel® Advanced system) of (GTG)5
PCR products from 12 mauve CHROMagar™ STEC colonies isolated from 4 stx
positive Colilert® enriched drinking water samples. The dashed selection
highlights the DNA-fragment fingerprints of six stx positive mauve colonies
isolated from Sample #9100. Three unique (GTG)5 fingerprints (strains) are
represented within these six isolates and are labeled (A,B,C) respectively. The
solid selection highlights the DNA-fragment fingerprints of four stx positive mauve
colonies isolated from Sample #189. All four isolates share the same (GTG)5
fingerprint and represent a single STEC strain.
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Each of the 65 unique genetic isolates were then tested via a Vitek®
Automated Bacterial Identification System (bioMerieux, Marcy-l'Étoile, France) to
confirm that the bacterial isolates were truly E. coli. Interestingly, one isolate
(#981-6) had three distinct colony morphologies when plated onto blood agar
during Vitek® analysis, and subsequently one isolate representing each of these
respective morphologies was included in the serotype analysis (total of 67 isolates).
Sixty-five (65) of the 67 isolates were biochemically confirmed as E. coli via Vitek®,
and of those isolates not confirmed as E. coli, one isolate was identified as
Plesiomonas shigelloides, and one isolate was identified as Klebsiella pneumoniae ssp
pneumonia. All 67 isolates ran by Vitek® were also analyzed via stx qPCR. The
presence of stx genes were confirmed for all isolates except for the two isolates
explicitly identified as non-E. coli bacteria. The 65 E. coli isolates confirmed to
contain stx genes were then sent for serotyping.

4.2.3 Serotyping
All 65 STEC isolates were sent to the National Microbiology Laboratory in
Guelph, Ontario, Canada, for serotype analysis according to their respective O and H
surface antigens. Twenty-one (21) STEC serotypes were identified, the frequencies
of which are outlined in Table 20. Five drinking water samples were shown to be
contaminated with multiple serotypes (Table 21). Four of the ‘big-six’ non-O157
serotypes [O26, O103, O121, and O145,] (Table 20) were the most frequently
detected serotypes in water, detected in 21 of the 51 STEC positive water samples
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(41%), with one sample containing both O26 and O145 serotypes (Sample #1677,
Table 21).

Table 20 – The frequency of STEC serotypes recovered from drinking water
samples.
Serotype
O145:NMa
O168:H8
O26:H11a
O121:H19a
O5:NM
O84:NM
O109:NM
O156:H25
O177:NM
O103:H25 a
O126:H8
O157:H7b
O26:NM a
O10:NM
O136:H12
O146:H21
O182 (O109):H25c
O182:H25
O183:H18
O46:H38
O8:H19

Number of
Samples
6
6
6
5
4
4
3
3
3
2
2
2
2
1
1
1
1
1
1
1
1

a

Number of
Strains
7
7
7
5
4
4
3
4
4
2
4
2
2
1
1
1
1
1
1
1
1

Serotypes belonging to the non-O157 ‘big-six’ clinical serotypes.
Serotype commonly associated with clinically-relevant EHEC.
c
A reaction with the O182 antisera, and a weak reaction with the O109 antisera.
The most clinically relevant serotypes in North America are bolded.
b
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Table 21 – Drinking water samples that contained multiple STEC serotypes
and the corresponding STEC serotypes recovered
Sample ID
241
284
332
1072
1677

Serotypes
O84:NM ; O177:NM
O145:NM ; O109:NM
O26:H11 ; O5:NM
O8:H19 ; O126:H8
O26:NM ; O145:NM

Based on a concurrent MSc. project that investigated antimicrobial resistance
(AMR) in private well waters, it was determined that 9 of the 65 serotyped isolates
were from drinking water samples that had also contained antimicrobial resistant E.
coli 210. To determine if any of these 9 drinking water samples contained antibiotic
resistant STEC, the STEC isolates from these specific samples were screened for
resistance against a panel of 16 different antibiotics based on the National
Antimicrobial Resistance Monitoring System (NARMS) as described by Meyer 210.
The AMR profiles of these 9 isolates are represented in Table 22. Interestingly, one
of the water samples (#1785) had two STEC strains of the same serotype
(O26:H11), but with different resistance patterns. One strain was susceptible to all
antibiotics in the panel, whereas the other was resistant to tetracycline and
sulfisoxazole. In addition to the differences in (GTG)5 rep-PCR fingerprints, the
differences in the antibiograms of these two isolates further confirmed that there
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were multiple strains of O26:H11 STEC that had contaminated this drinking water
sample.

Table 22 - Antimicrobial resistance profiles of serotyped E. coli isolates
recovered from AMR-E. coli positive drinking water samples
Sample ID
981
1397
1752
1778
1785
1867
1918

Isolate ID

Serotype

981-6
1397-B-4
1752-3
1752-4
1778-6M-1
1785-2
1785-3L
1867-2
1918-3

O121:H19
O156:H25
O156:H25
O156:H25
O177:NM
O26:H11
O26:H11
O168:H8
O168:H8

AMR Profile
Susceptible to all
Susceptible to all
Susceptible to all
Susceptible to all
Susceptible to all
Susceptible to all
Tetracycline, Sulfisoxazole
Tetracycline, Sulfisoxazole
Susceptible to all

4.3 Discussion
The objectives of this portion of the thesis were to: i) isolate viable STEC from
drinking water samples that screened positive for stx genes; ii) evaluate the genetic
relatedness between STEC strains recovered from drinking water samples; and iii)
serotype genetically unique STEC isolates recovered from drinking water samples.
This study recovered 63 genetically unique STEC strains from well-sourced
non-municipal drinking water systems in southern Alberta and to the best of our
knowledge, is the first study to recover viable STEC from well-sourced drinking
water samples in Canada and one of the only studies to do so globally. The relatively
low culturable STEC recovery rate (37.5%) from drinking water samples that
screened positive for stx1 and/or stx2 genes both highlights, and provides insight
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into, the difficulties of studying environmental microbial pathogens. These
pathogens are often difficult to detect and recover due to their low numbers in the
environment when compared to the surrounding non-pathogenic flora, as well as
the phenotypic similarity they often share with the non-pathogenic background
bacteria 14,169. In addition, and unlike clinical samples that strictly represent STEC
diversity within human carriers, STEC found in groundwater reflects the potential
genetic diversity of STEC strains infecting humans, agricultural animals, as well as
wildlife.
Due to the phenotypic similarity of STEC to other environmentally occurring
bacteria, and particularly non-pathogenic E. coli, a selective agar was used to aid in
the isolation of these pathogens from drinking water samples. CA-STEC was chosen
because this agar has consistently been suggested as the best option for the isolation
of a wide variety of STEC serotypes, particularly for samples that contain significant
amounts of background flora, and is ideally suited for protocols that require the
recovery of STEC from samples that have already tested positive for the presence of
these pathogens 170–175.
An initial protocol for STEC isolation struggled to consistently isolate mauve
colonies due to overgrowth of background flora in the stx positive drinking water
samples. Consequently, a revised isolation protocol was implemented in order to
better prevent non-STEC flora from interfering with the growth of presumptive
STEC colonies (i.e., mauve colonies). Tzschoppe et al. 219 had similar issues with the
overgrowth of background environmental flora inhibiting the ability to isolate single
mauve colonies on CA-STEC, for which they developed an optimized protocol for
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pathogen growth. This optimized protocol involved enriching samples using a
growth media selective for gram-negative bacteria, reducing the incubation time of
the enrichment, and increasing the incubation temperature for the CA-STEC plates
from 37° C to 44° C. Tzschoppe et al. 219 found that using the selective growth
media: i) resulted in a 50% reduction in natural background flora without
decreasing the number of detectable EHEC on the CA-STEC plates; ii) that incubation
periods greater than 6 hours were disadvantageous for samples with low levels of
pathogen; and iii) that the growth of background flora was strongly inhibited on CASTEC plates at 44° C. Gill et al. 220, although using different selective agar, again
highlighted the importance and difficulties of limiting environmental background
flora when attempting to isolate STEC and a recent study by Morris et al. 169 used
CA-STEC to isolate STEC from water samples and similarly experienced issues with
identifying and selecting mauve colonies due to high microbial background growth.
These two studies also found that increasing incubation temperatures to 42° C
helped reduce the amount of background growth. Taking this previous research into
consideration, in the revised protocol MAC broth was used during a 4-hour
enrichment to inhibit the growth of gram-positive bacteria present in the Colilert®
positive drinking water samples and to help prevent the overgrowth of natural
background flora prior to plating the samples to CA-STEC. In addition to reducing
background growth, enrichment using MAC broth has also been reported to reduce
non-specific fluorescence in background flora plated to CA-STEC 170. To further
inhibit the growth of non-STEC background flora in the revised protocol, the
overnight CA-STEC incubations were carried out at 44° C. Since coliform bacteria
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such as E. coli are able to ferment lactose up to temperatures of 44.5 °C, this
increased incubation temperature specifically inhibits background growth of
environmental bacteria unable to properly function at these higher temperatures
222.

Tzschoppe et al. 219 did however report one strain that grew only at 37° C and

not 44° C. To ensure that STEC unable to grow at increased temperatures were not
missed, samples with few or no mauve colonies incubated at 44° C were
subsequently re-plated and incubated at 37° C.
Results from Gouali et al. 171, which investigated optimal enrichment time for
samples being plated to CA-STEC agar, conflicted with those from Tzschoppe et al.
219,

and suggested that longer enrichment times (7 hours as opposed to 3-4 hours)

aided in the recovery of STEC from frozen stool samples. However, a notable
difference between these methodological examinations was the type of sample
plated to CA-STEC, with Gouali et al. 171 plating stool samples and Tzschoppe et al.
219

plating pathogen-spiked store bought vegetable samples. Arguably, the

environmental flora of drinking water would be more similar to the environmental
flora experienced by STEC on vegetables, rather than STEC from the human gut.
Because of this, a reduction in incubation time was implemented for the enrichment
phase in the present study, as suggested by Tzschoppe et al. 219. Supporting this
previous assumption about environmental conditions was the observation that
studies investigating fecal samples generally did not report issues of background
growth, instead reporting that CA-STEC was often successful at reducing the effects
of non-STEC during the isolation process, whereas studies investigating non-fecal
samples often did report such issues 169–171,173,219,220,223,224. This observation, along
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with the results of the current study, suggest that background flora from
environmental sources are better able to grow on CA-STEC than background flora
from clinical/direct fecal sources, and this growth can inhibit the proper detection
of STEC on this media.
To the best of our knowledge, there are no other studies that used CA-STEC
to recover STEC from drinking water samples for direct comparison to the present
study and only one other study has used CA-STEC to examine STEC in water 169.
Morris et al. 169 recovered STEC from 50% (1/2) of stx positive river water samples
using a method that paired the filtration of large quantities (20-33L) of river water,
PCR, and CA-STEC. The majority of CA-STEC studies have used STEC from archived
strain collections, stool samples, or food samples to investigate the effectiveness of
this growth media 171,173,174,219,223,224.
Studies that plated STEC strains from archived clinical collections had STEC
recovery rates on CA-STEC ranging from 51%-100% and a collective rate of 77.0%
170,172–175,219,224,225.

Verhaegen et al. 175 also plated 8 non-clinical STEC strains

isolated from cattle carcass swabs (n=6) and cow milk (n=2) with each strain
growing as typical mauve colonies on CA-STEC. Studies that used CA-STEC to
investigate STEC in human stool samples had STEC recovery rates ranging from
50%-86% and a collective rate of 80.5% 170,171,173,223. Kase et al. 174 spiked foodstuffs
(baby spinach, cilantro, alfalfa sprouts, raw cow milk) with a variety of STEC
serotypes and 38/105 (36.2%) spiked portions grew stx positive mauve colonies on
CA-STEC, a recovery rate similar to that of the present study (37.5%).
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This similarity is notable since, as mentioned previously, foodstuffs are
arguably a more accurate representation of environmental conditions for drinking
water samples than stools. These results again suggest that interaction between
background flora and STEC during isolation protocols, either during enrichment or
on CA-STEC agar, may notably affect the ability of this agar to recover STEC. STEC
strains from environmental samples may behave differently than clinically-derived
strains on CA-STEC agar, which might explain some of the discrepancy between
recovery rates between the present study and those that used clinical STEC strains.
The developmental focus of CA-STEC has primarily been on the most clinically
relevant STEC (the ‘big six’ non-O157 and O157), which are not necessarily the most
relevant environmental STEC and therefore a difference in recovery was not
unexpected 176. A number of these investigations into the efficacy of CA-STEC for the
isolation of a broad range of STEC serotypes have shown that STEC which have
different phenotypic characteristics than the most clinically relevant serotypes are
more difficult to isolate 170–173,223. Genetic characteristics such as tellurite resistance
(i.e., presence of ter gene cluster), the ability to ferment sorbitol, and the presence of
the intimin virulence factor (eae), rather than serotypes specifically, have been
commonly associated with a lack of, or reduced, growth on CA-STEC agar
173,174,219,224–226.

The genetic profiles of STEC commonly found in well-sourced

drinking water samples in southern Alberta are unknown and likely highly variable.
As a result, any significant differences in the phenotypes of these STEC and the
phenotypes of the most clinical relevant STEC may have a substantial impact on the
ability of CA-STEC to isolate these environmental pathogens. Another possibility
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that may explain why STEC was not recovered from all stx positive drinking water
samples is that some STEC may not have presented as mauve colonies on CA-STEC
and therefore were not picked for stx qPCR analysis. Three studies have reported
STEC that formed non-mauve colonies on CA-STEC, with white, grey, and blue-grey
colonies being subsequently confirmed as STEC 170,172,225. In addition, the serotypes
of the two STEC strains of Canadian origin which produced non-mauve colonies
(O121:H19 and O145:NM) match serotypes recovered from water samples of the
current study, showing geographical precedence for this behaviour. Finally, despite
a drinking water sample testing positive for stx via qPCR, this does not necessarily
mean that there were viable STEC in the sample, an issue that was explored in the
previous chapter. If the stx amplified in a water sample by qPCR were from nonviable STEC, STEC in a VBNC state, or due to the presence of stx encoding
bacteriophages, STEC growth and the resulting stx positive mauve colonies would
not be expected on CA-STEC.
Although the manufacturer of CA-STEC suggests mauve coloured colonies
can be interpreted as STEC, this interpretation would have been incorrect for the
majority of mauve colonies isolated from stx positive Colilert® enriched drinking
water samples. The growth of stx negative E. coli strains as typical mauve colonies
has also been reported by other studies, with a range from 0%-36% of non-STEC
strains presenting as presumptive STEC colonies 170,171,173–175,224,225. Interestingly,
strains of other E. coli pathotypes (ETEC, EIEC, EPEC, EAEC, and EHEC-like) were
commonly found to grow as stx negative mauve colonies on CA-STEC 170,171,173–
175,219,224,225.

From the perspective of this current project, the results of Cernela et al.
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225,

which found 83.3% (10/12) of eae positive, stx negative (i.e., EHEC-like) E. coli

from cattle fecal sources grew as typical mauve colonies on CA-STEC, are
particularly notable. A recent study of STEC in cattle feces collected in western
Canada found that 21% (215/1035) of the top seven clinically important STEC
serotypes recovered did not harbor stx genes, and accordingly these stx negative
mauve colonies may be E. coli of common STEC serotypes without stx genes 116.
Importantly, only 5% of recovered STEC serotypes from this study investigating
cattle feces lacked any of the four important STEC virulence factors tested (stx1,
stx2, eae, and ehxA). Strains of most other bacterial species tested for growth on CASTEC were not found to grow as mauve colonies, although Kase et al. 174 did report a
Staphylococcus aureus that grew as a mauve colony 170,175. Both the Plesiomonas
shigelloides and the Klebsiella pneumoniae ssp pneumoniae isolated from CA-STEC
during the current study formed mauve colonies on CA-STEC however. Relevant
studies have found that 4%-16% (12.4% collectively) of stx negative stool samples
also resulted in the growth of stx negative mauve colonies on this selective agar
170,171,173,223.

In the present study only stx positive samples were screened for STEC

isolates using CA-STEC, and therefore direct comparisons of the number of stx
negative samples forming mauve colonies cannot be made with the relevant studies
mentioned above. Kase et al. 174 was the only study to specifically report the
percentage of mauve colonies that were stx negative (27/319, 8.5%), which was
appreciably lower than the percentage of mauve colonies that were stx negative in
the current study (601/850, 70.7%). Morris et al. 169 reported that a “large number”
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of mauve colonies were negative for stx genes when investigating river water, but
did not provide specific counts.
The results of the current study as well as Morris et al. 169 suggest that
recovering STEC from environmental waters using CA-STEC may be particularly
difficult due to increased levels of stx negative mauve colonies, and reiterates the
suggestion that bacteria isolated from environmental samples likely behave
differently than bacteria isolated from human feces on CA-STEC. The frequency of
other pathotypes of E. coli to grow as typical mauve colonies begs the question of
whether these drinking water samples contain multiple E. coli pathogens. If so, this
could have important public health implications due to the potential development of
co-infections or the potential development of new strains of STEC through lateral stx
gene transfer, both of which could increase the severity of illness associated with
exposure to this contaminated water source. These stx negative mauve colonies may
also be non-pathogenic E. coli or other bacterial species, such as the aforementioned
Plesiomonas shigelloides and Klebsiella pneumoniae ssp pneumonia, and further study
into the identification of these abnormal colonies is warranted. An alternate
possibility that may explain the increased amounts of stx negative mauve colonies
found in this study, is that the original stx genes detected via qPCR were excised
from the STEC genome during enrichment or while growing on the CA-STEC agar.
The loss of stx genes during enrichment, subcultivation, as well as during human
infection, has been well documented yet is poorly understood 227–231. Shiga toxin
gene (stx) loss is particularly common for stx positive bacteria that are not E. coli 231–
235.

Interestingly, this loss of stx genes may explain the negative stx qPCR results of
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the 4 subcultured non-mauve isolates and the 2 subcultured non-E. coli mauve
isolates that originally tested positive for stx genes.
Twelve of the twenty-one (12/21) serotypes that were recovered from the
water samples of this current study (57.1%) have been previously isolated using
CA-STEC 170–175,219,224,225. To the best of our knowledge, STEC serotypes O10:NM,
O109:NM, O126:H8, O136:H12, O168:H8, O182 (O109):H25, and O183:H18, have
not been examined for their CA-STEC growth efficiency and this is the first time they
have been isolated using this media. There have been previous attempts to isolate
STEC serotypes O8:H19 and O146:H21 without success, and to the best of our
knowledge this is the first time these serotypes have been successfully recovered
from CA-STEC 172,173,224. The recovery of serotype O146:H21 was particularly
notable as two previous studies attempted to grow 4 different O146:H21 isolates on
CA-STEC at 35-37° C with no growth reported 172,224. In the present study, when the
drinking water sample that was subsequently determined to carry O146:H21 was
incubated on CA-STEC at 37° C mauve colonies did grow, although none of the 10
mauve colonies picked were positive for stx genes upon qPCR analysis. However,
when incubated at 44° C one of the four mauve isolates picked at this temperature
was confirmed to be stx positive and this isolate was subsequently characterized as
O146:H21. This result further suggests that incubation temperature may play an
important role in the ability for STEC to be recovered from this agar and that
multiple incubation temperatures could be important to incorporate in CA-STEC
isolation protocols.
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The data collected also suggests that the CA-STEC isolation protocol
recovered disproportionately less stx2-harboring STEC from environmental water
samples, although the reasoning behind the apparent selection against this genetic
variant of STEC is unknown. At least a portion of the difference in stx gene recovery
was likely due to disparities in the amount of each STEC strain present in the
aliquots plated to CA-STEC. As noted in the results, strains harbouring stx2 were
often found in lower quantities in samples that likely contained multiple STEC
strains, and therefore were less likely to be recovered. It is possible however, that
one or more of the genetic factors influencing growth on CA-STEC are correlated
with stx2 for waterborne STEC in southern Alberta, but without a better
understanding of both the genetic profiles of these STEC and the factors influencing
STEC growth on CA-STEC, it is difficult to provide any potential hypotheses. Any bias
towards non-stx2 STEC by this protocol may prevent an accurate estimation of the
STEC population in non-municipal drinking water in southern Alberta. Of particular
concern is that the more pathogenic stx2 carrying STEC were less likely to be
isolated using this protocol, which could lead to an overly conservative risk estimate
with regards to STEC in non-municipal drinking water in this region.
As outlined previously, there has been a limited amount of research
investigating STEC in environmental waters, which makes the comparison of
recovered STEC serotypes more challenging. Halabi et al. 114 is one of the few studies
that has done so, and recovered 10 different EHEC serotypes from rural drinking
water in Austria, although only one serotype (O167:H16) carried stx genes. One of
the serotypes recovered in Austria, O26:H11, was also recovered from the drinking
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water samples in the current study. Ramteke and Tewari 113 investigated drinking
water sources in India and recovered three different STEC serogroups, two of which
(O103 and O157) were also recovered in the current study 113. It should be noted
however that Ramteke and Tewari 113 did not confirm the presence of stx genes in
these presumptive STEC. Schets et al. 108 recovered STEC O157:H7 from 4 private
water supplies in the Netherlands and Won et al. 117 recovered STEC O157:H7 from
7 private water supplies in Ohio, U.S.A.. Notably, these two studies did not attempt
to recover non-O157 STEC and focused solely on O157:H7 108,117. While the
occurrence of STEC serotypes may not be uniform across all these study areas, these
results still demonstrate precedence for these two specific serotypes (O157:H7,
O26:H11) and three serogroups (O26, O103, O157) being recovered from drinking
water sources.
STEC drinking water outbreaks have also provided information on not only
the serotypes present in drinking water sources, but also the potential pathogenicity
of waterborne STEC. While the majority of these outbreaks have been attributed to
STEC O157:H7, including those in Canada, O26:H11 has also been the cause of
drinking water outbreaks and both of these serotypes were recovered from the
drinking water samples of the current study 14,55,236–239. When considering historical
occurrences of STEC serotypes, being mindful of potential bias toward the ‘big six’
and especially O157:H7 serotypes due to the available detection, isolation, and
reporting protocols at the time of investigation, is important.
To the best of our knowledge this is the first study to report non-O157 STEC
serotypes in drinking water sources in Canada, and as a result, the most similar
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Canadian serotype comparisons available are with surface water studies. Both
Nadya et al. 118 and Johnson et al. 51 reported non-O157 STEC serotypes in surface
water from Ontario and BC respectively. Twelve (12) of the 21 serotypes recovered
from the current study (57.1%) had been previously isolated from Canadian surface
water sources: O5:NM, O8:H19, O26:NM, O26:H11, O103:H25, O109:NM, O121:H19,
O145:NM, O157:H7, O177:NM, and O168:H8. The STEC O157:H7 serotype was
recovered most frequently from surface water sources, unlike the well water
sources of the current study. The second most frequent serotype found in surface
waters was O26:H11, which was the most frequently recovered serotype from the
current study, alongside both O145:NM and O168:H8. This difference in the
recovery of O157:H7 and O26:H11 STEC in drinking water sources, despite the
relative abundance of both serotypes in surface water, suggests that O26:H11 STEC
may be better able to survive transport from surface water into groundwater than
O157:H7 STEC. It is reasonable to predict that the STEC that are best able to survive
in low nutrient environments, such as water, will be those that are most likely found
in drinking water samples.
The majority of the serotypes recovered in this study (17/21; 81.0%) have
been previously determined to be clinically relevant, and all 19 serogroups (100%)
which were recovered from the drinking water samples have also been previously
associated with human illness 32,37,170,172,173,175,224,240–243. The four serotypes
(O10:NM, O109:NM, O136:H12, O168:H8) that have not been specifically linked with
human illness, have been previously recovered from bovine fecal samples 244–247. Of
the 51 drinking water samples from which viable STEC was recovered, 40 (78.4%)
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contained clinically relevant STEC serotypes and 22/51 samples (43.1%) contained
one or more of the most clinically relevant serotypes (the ‘big six’ or O157
serotypes). These results exemplify the potential of these STEC-contaminated
drinking water samples to cause serious human illness and highlight the need to
consider drinking water as a potential source of infection when sporadic and
outbreak cases of STEC-related illness are being investigated. The remaining 29/51
drinking water samples (56.9%) contained exclusively ‘rare’ STEC serotypes. The
common occurrence of these ‘rare’ STEC serotypes is important to note due to
current diagnostic practices and reporting protocols being primarily focused on
only the most clinically relevant serotypes. Even the isolation protocol used for this
current study was likely biased towards the recovery of these more well-known
STEC serotypes through the use of CA-STEC, which was developed for and is most
effective when, isolating O157 and the ‘big six’ STEC. The potential of missing or
underrepresenting these ‘rare’ STEC during surveillance and epidemiological
investigation due to methodological limitations should be concerning, especially
considering the frequency of which they were recovered from these water samples.
These results provide further evidence that without procedures in place to truly
investigate all STEC serotypes our understanding of the epidemiology of this
pathogroup will be incomplete, and the risk associated with STEC-disease will likely
be underestimated.
Clinical relevance of STEC serotypes is not uniform across the globe however,
and therefore it is useful to compare the results of this study to serotypes that have
been recovered in Canada and Alberta 221. Twenty-two out of fifty-one (22/51,
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43.1%) drinking water samples from which viable STEC was recovered contained
the Canadian top six serogroups or O157 STEC, and 14/19 (73.7%) of serogroups
recovered from the drinking water samples in this study have been previously
associated with STEC related illness in Canada 221. When comparing the serotypes
recovered from drinking water samples to those of clinical importance within
Alberta, seven recovered serotypes (O5:NM, O26:NM, O26:H11, O103:H25,
O121:H19, O145:NM and O157:H7) are regularly found within clinical cases in the
province, and represent three out of the four most common serogroups (O26, O121,
and O157) in clinical cases 35,40,43–45,241,248. In addition, four out of the top five most
abundant serotypes recovered from drinking water samples (O145:NM, O26:H11,
O121:H19, O5:NM) are regularly found within clinical cases in Alberta. As the third
most common serogroup recovered from STEC patients in Alberta, O111 is
unexpectedly absent from the results of this study. As one of the ‘big six’ it is
unlikely that the isolation protocol would have prevented this serogroup from being
recovered. However this serogroup has not been commonly recovered from cow
feces in western Canada, and therefore there may be lower inputs of these specific
STEC into the environment in southern Alberta 116,146,249. It is also possible that this
serogroup is ill adapted to survive in the conditions required for these STEC to be
transported to, and survive in, the groundwater sources that these drinking water
samples were drawn from. Interestingly serogroup O145 has also rarely been
recovered from cattle feces in western Canada and yet it was the second most
commonly isolated STEC serogroup from non-municipal drinking water samples
(along with O168) 116,249. This serogroup may be well adapted for environmental
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survival or cattle may not be the most important reservoir/source of this serogroup
in Alberta. Nonetheless, these results show that the most common and clinically
important STEC serotypes in the study region are frequently found within nonmunicipal drinking water supplies and groundwater consumption may be an
overlooked potential source of STEC infection.
The samples that would have the greatest risk of causing STEC related illness
are those in which contain particularly virulent STEC, such as O157:H7, or those
samples which contain multiple STEC strains and therefore the possibility of coinfection. There were 5 samples in which multiple STEC serotypes were recovered
and 7 samples containing multiple strains of the same serotype, suggesting the
possibility of STEC co-infection from these drinking water sources. Of the five
drinking water samples with multiple serotypes, four also contained at least one of
the most common clinical serotypes in Alberta, and one of these four samples
contained two of the most clinically relevant serotypes (O26:NM and O145:NM).
There were 7 serotypes that had multiple strains within a single drinking water
sample, two of which belonged to the most common clinical serotypes in Alberta
(O26:H11 and O145:NM). From a public health perspective, these six samples would
be of especially high concern due to not only the presence of highly virulent STEC
serotypes but also the risk of co-infection.
Another group of samples that were determined to be of particular concern
from a public health perspective are those which contained STEC that were antimicrobial resistant (AMR). Although anti-microbial resistance was not the focus of
this thesis, the opportunity to further characterize a limited number of isolates was
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taken. Two of the nine samples from which STEC isolates were recovered from and
were separately determined to contain AMR bacteria, contained AMR STEC. Both
AMR positive isolates were also multi-drug resistant, which again, is concerning
from a public health perspective 250. One of the two AMR serotypes represented in
these samples (O26:H11) is the second most frequent serotype associated with
clinical cases in Canada, has been the causative pathogen of waterborne STEC
outbreaks and is clearly a risk to human health 221,251. This AMR O26:H11 STEC was
one of two O26:H11 STEC serotype strains recovered from a single drinking water
sample, a result that highlights the potential genetic diversity of environmental
STEC even when recovered from the same water sample and belonging to the same
serotype.
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CHAPTER 5: Seasonality and Spatiotemporal Clustering of Shiga Toxinproducing Escherichia coli (STEC) in Non-municipal Well-sourced Drinking
Water Samples from Southern Alberta

5.1 Introduction
Understanding temporal and spatial patterns of disease incidence is an
important part of determining the etiology of a disease 131. Studying the
relationship between exposure variables and disease distribution in space, time, and
space-time, can help determine key risk factors of the disease in question 130,131. For
waterborne disease, and in particular the transmission of disease through nonmunicipal drinking water sources, identifying patterns of spatiotemporal variability
in water contamination can help develop informed management practices and
public health programs to help prevent future illness 106,252.
GIS technologies are a valuable tool for investigating spatial patterns of
disease, and are commonly used to help identify non-random spatial distributions,
or clusters, of disease 253. Scan statistics are statistical tests that use a flexible
scanning window to gradually move through time, space, or space-time settings, and
can identify significant clusters of cases in a data set 188. The ability of these tools to
aid in assessing significant clustering effects in space-time is particularly important
for the identification of disease outbreaks.
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Temporal patterns (i.e., seasonal occurrence) in the incidence of waterborne
disease outbreaks, drinking water contamination, and STEC related illness have
been previously identified and there are a number of statistical tests to investigate
seasonality of disease occurrence 58,74,128,254. For example, the Edwards’ test for
seasonality tests the null hypothesis against a harmonic curve with a twelve month
period and upon modification, is able to test small and medium sample sizes as well
as adjust for months that have notable differences in the number of events being
tested 185,186,254.
Many of the risk factors associated with waterborne illness are local to the
drinking water source with respect to both space and time, such as the proximity to
human septic systems and animal agriculture, or the incidence of an extreme
precipitation event 50,60,77,109. Therefore, determining where and when these
pathogens are found in drinking water can aid in the understanding of areas and
time-periods at increased risk of contamination. The purpose of this portion of the
study was to statistically investigate temporal, spatial and spatiotemporal patterns
of stx gene and STEC serotype occurrence in non-municipal drinking water samples
from southern Alberta and to provide visual representations of the spatial
distribution and clustering of these STEC positive drinking water samples. This was
done in order to identify any potentially high-risk areas or time-periods of STEC
contamination in non-municipal drinking water sources across southern Alberta.
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5.2 Results
5.2.1 Edwards’ test seasonality analysis
The aggregated time-series of stx positivity rates presented in Chapter 3
displayed apparent seasonal patterns of stx occurrence in both submitted drinking
water samples and E. coli positive Colilert® enriched drinking water samples. To
determine any statistical significance of these temporal patterns, each monthly
time-series presented in Chapter 3 was analyzed by the Edwards’ test to detect
seasonality within the aggregated data.
Within the monthly time-series of stx positivity per 10 000 submitted
drinking water samples a statistically significant seasonal pattern was detected by
the Edwards’ test (Chi-squared = 86.98 [DF = 2]; P-value < 0.001) with the seasonal
harmonic curve peaking in early July (Amplitude = 113.4% of peak frequency; Peak
angle = 182.8°).
In the early summer of 2005 there was an appreciably higher than average
amount of precipitation, and based on the data presented in Chapter 3, a
significantly greater occurrence of stx in non-municipal drinking water samples was
also observed during this year. When 2005 data was treated as an outlier and
removed from the seasonality analysis of the monthly time-series of stx positivity
per 10 000 submitted drinking water samples a statistically significant seasonal
pattern was still detected by the Edwards’ test (Chi-squared = 19.79 [DF = 2] Pvalue < 0.001), again with the seasonal harmonic curve peaking in early July
(Amplitude = 96.6% of peak frequency; Peak angle = 179.2°). When 2005 data was
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removed the significant seasonal harmonic pattern of stx occurrence had a reduced
peak-amplitude and therefore, the inclusion of the outlying 2005 data within the
seasonality analysis for stx positivity of submitted drinking water samples
effectively increased the strength of the summer peak of stx positivity.
Potentially distinct seasonal patterns of stx occurrence within submitted
drinking water samples and within fecally contaminated drinking water samples
were highlighted in Chapter 3 and in lieu of these apparent differences, seasonal
analyses of stx positivity per 1000 E. coli positive Colilert® enriched drinking water
samples were also conducted. Within the monthly time-series of stx positivity per
1000 E. coli positive Colilert® drinking water samples a statistically significant
seasonal pattern was detected by the Edwards’ test (Chi-squared = 12.10 [DF = 2] Pvalue = 0.002) with the seasonal harmonic curve peaking in late May (Amplitude =
66.0% of peak frequency; Peak angle = 142.9°).
Again from data presented in Chapter 3, 2005 was determined to be an
outlier within the monthly time-series of stx positivity per 1000 E. coli positive
Colilert® drinking water samples. Upon omission of the outlying 2005 data, a
statistically significant seasonal pattern of monthly stx positivity per 1000 E. coli
positive Colilert® drinking water samples was not detected by the Edwards’ test
(Chi-squared = 5.82 [DF = 2] P-value = 0.055). The p-value of this test falls just
outside the set significance level of 0.05 however, and caution should be taken when
rejecting the presence of a seasonal pattern within this time-series. The seasonal
harmonic curve of this Edwards’ test peaked in mid-May (Amplitude = 55.6% of
peak frequency; Peak angle = 131.9°). The inclusion of the outlying 2005 data within
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the seasonality analysis for stx positivity of E. coli positive Colilert® drinking water
samples increased the strength of the seasonal peak to where it became a
statistically significant harmonic pattern and also pushed this peak closer towards
the summer months by approximately 11 days.

5.2.2 Bernoulli model Kulldorff temporal scan
Building on this temporal investigation of seasonality, stx occurrence was
then analyzed via a Bernoulli temporal scan statistic in order to determine if there
were any time intervals of potentially increased risk of stx contamination during the
study period. The most likely temporal cluster throughout the entire dataset
occurred from May 30 to July 3 of 2005, and as expected, fell within the seasonal
peak determined by the Edwards’ tests. This time period also corresponded to the
June 2005 extreme precipitation event outlined in previous chapters. This temporal
cluster included 280 water samples of which 45 were stx positive. The relative risk
within this cluster was 2.67 with an expected number of cases of 20.96. The log
likelihood ratio was 14.22 with a P-value of 0.0003.

5.2.3 Spatial location of stx positive water samples and associated STEC
serotypes
The geographic locations of the 1607 submitted E. coli positive Colilert®
drinking water samples that were accompanied by complete ATS information, along
with their respective stx positivity as determined by stx1/stx2 qPCR analysis, are
represented in Figure 14. The geographic location of each of the non-municipal
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drinking water samples for which viable STEC was recovered from is provided in
Figure 15, along with the corresponding serotype of each STEC.

Figure 14 – The geographic location of the corresponding water source for all E
coli positive drinking water samples having complete ATS information during the
study period. Light coloured dots represent E. coli positive, stx negative, drinking
water samples and dark coloured dots represent E. coli positive, stx positive,
drinking water samples.
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Figure 15 – The geographic location of the water source for each serotyped
STEC recovered from drinking water samples and having complete ATS
information and the corresponding serotype(s).
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5.2.4 Bernoulli model Kulldorff spatial scan
To investigate clustering in space and identify any geographic regions of
potentially increased risk of stx contamination of groundwater wells in southern
Alberta, stx occurrence was analyzed via a Bernoulli spatial scan statistic. This test
identified a purely spatial cluster in the western portion of southern Alberta
(northwest of Calgary, Alberta) when all data was included in the analysis, with no
other significant clusters detected (Figure 16).

Figure 16 – The geographic location of the most likely spatial cluster of stx
positive water samples using a Bernoulli model Kulldorff scan for the total study
period (circle representing ‘All Data’) and for a study period with 2005 data
removed ( circle representing ‘No 2005 Data’).
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The most likely cluster from this test included six total drinking water
samples with a radius of 6.58 km. The cluster contained 5 observed stx positives
compared to an expected 0.48 stx positives and had a relative risk of 10.85, a log
likelihood ratio of 10.12 and a P-value of 0.047. The STEC serotypes identified in
this cluster included O145:NM (3 isolates), and O121:H19.

5.2.5 Space-time permutation model Kulldorff scan
Kulldorff scan statistics are often used as tools to investigate disease
outbreaks due to their ability to identify spatiotemporal clustering, which is
particularly important when investigating outbreaks due to the potential of
important exposures that may only exist over short periods of time or space time
137.

Due to the previously identified clusters in both space and time, a space-time

permutation model Kulldorff scan statistic was used instead of a Bernoulli spacetime Kulldorff scan statistic since the space-time permutation model automatically
adjusts for both purely spatial and purely temporal clusters in the data being
scanned 188,193. The most likely cluster from this test included 160 samples with a
radius of 34.53 km during the time frame of 2005/6/20 – 2005/7/3 (Figure 17).
The cluster contained 19 observed stx positives compared to an expected 4.78 stx
positives and had a Test statistic of 12.86 and a P-value of 0.0000045. The
serotypes observed in this cluster included O10:NM, 026:H11, O46:H38, O109:NM,
O103:H25, O121:H19, O145:NM (3 isolates), O156:H25, and O168:H8. The most
likely space-time cluster determined by the space-time permutation model
encompassed both the purely spatial and purely temporal clusters determined by
Bernoulli scan analysis.
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Figure 17 – The geographic location and time frame of the most likely spacetime cluster of stx positive water samples using a space-time permutation model
Kulldorff scan.

5.2.6 Kulldorff scan statistics without 2005 data
The spatiotemporal clustering seen in the results presented suggest that the
inclusion of the 2005 data in our analyses may bias results which have assumed
independence among cases 137. Both Bernoulli model temporal and spatial Kulldorff
scan statistics, which assume independence among cases, were used again to
analyze the adjusted data set with the 2005 data removed. The Bernoulli model
Kulldorff temporal scan statistic that was performed on this data set did not identify
any statistically significant temporal clusters. The Bernoulli model Kulldorff spatial
scan statistic, run without the 2005 data included, did result in a statistically
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significant spatial cluster being identified near the eastern edge of southern Alberta
(Figure 16). The most likely cluster from this test included sixteen total drinking
water samples with a radius of 19.55 km. This cluster of drinking water samples
contained 7 observed stx positives compared to an expected 1.02 stx positives, and
had relative risk of 7.59, a log likelihood ratio of 9.22 and a P-value of 0.044. The
STEC serotypes identified in this cluster were O26:H11 and O156:H25.

5.3 Discussion
The purpose of this section of the project was to determine if the seasonal
patterns of stx occurrence in drinking water samples identified in Chapter 3
displayed statistically relevant temporal trends, as well as investigate
spatiotemporal clustering of stx positive water samples during the study period. The
extended duration of the study period, as well as the geographical information that
was provided with the majority of water samples, allowed for the investigation into
patterns of stx occurrence in well-sourced non-municipal drinking water samples
over space, time, and space-time.
As discussed in Chapter 3, there appeared to be relatively strong seasonal
peaks of stx positivity in the early summer throughout the study period. Both the
monthly stx positivity time-series of submitted drinking water samples and of E. coli
positive Colilert® enriched drinking water samples had statistically significant
seasonal trends as determined by the modified Edwards’ test, confirming the
significance of what was observed in this previous chapter. Since 2005 could be
considered an outlier in study period, seasonality tests were carried out on time138

series where the 2005 samples were omitted. These additional Edwards’ tests were
done to investigate the extent to which 2005 influenced the seasonal trend in stx
positivity and particularly if the seasonal trend would remain statistical significant if
this outlier year was not included. The Edwards’ test of the monthly time-series of
stx positivity in submitted drinking water samples was still statistically significant
when the 2005 data was omitted and the persistence of this significant seasonal
trend despite the omission of the 2005 data suggests that the underlying endemic
stx positivity in non-municipal water supplies peaks during the summer months in
southern Alberta. The inclusion of the 2005 data both increased the fit of the model
and increased the amplitude of the seasonal trend, suggesting that the extreme
precipitation event in June 2005 further reinforced the significant seasonality of stx
positivity in well-water sources.
The interpretations of the results testing for statistically significant seasonal
patterns of stx positivity within fecally contaminated well-water sources were less
straightforward. The abnormally high levels of stx positivity in E. coli positive
Colilert® enriched drinking water samples during 2005 again reinforced the
summer peak of stx positivity, increasing the amplitude of the harmonic curve, as
well as shifting the peak of the temporal pattern towards the summer months when
compared to the results without 2005 data included. This lead to a statistically
significant seasonal pattern of stx positivity in E. coli positive Colilert® enriched
drinking water samples during the study period, however the Edwards’ test result of
the monthly time-series of stx positivity in E. coli positive Colilert® enriched
drinking water samples with 2005 data omitted was not statistically significant. The
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p-value of this test was only slightly above the set 0.05 significance level however,
and there are some notable limitations of the modified Edwards’ test used for the
analysis of this data. Firstly, the Edwards’ family of seasonality tests can struggle to
identify significant seasonal patterns within data sets with smaller sample sizes,
such as this time-series 254. In addition, although this family of tests is suggested for
use with more erratic data sets such as the monthly time-series under discussion,
data presented in Chapter 3 suggests that there may be a second peak of occurrence
in the early spring. Due to the 12-month period of the sinusoidal wave tested by this
statistic, the Edwards’ test can struggle to identify seasonal patterns that have
multiple peaks within the data 183,255. Both the reduced power of this test with small
sample sizes and the potential interference of a secondary peak should be taken into
account when evaluating the results of this test and caution is warranted when
rejecting the existence of a seasonal trend within this data set. Further statistical
testing that can handle both the relatively small sample size of this data set and the
potential for multiple peaks in a calendar year, while still being able to adjust for the
differences in the amount of events that occur from month to month, is needed to
definitively determine if there are statistically significant seasonal patterns in the
underlying endemic stx positivity of E. coli-contaminated water supplies.
Nevertheless, the significant differences in monthly IRRs outlined in Chapter 3, the
significant seasonal trend identified when all the data is included, and the nearly
significant p-value of 0.055, all support the validity of the apparent seasonal
patterns of monthly stx positivity in E. coli positive Colilert® enriched drinking
water samples.
140

Similar to the comparisons done in Chapter 3, there are some notable
differences in the statistical patterns of seasonality between stx occurrence in
submitted drinking water samples and E. coli positive Colilert® enriched drinking
water samples. For example, the amplitudes of the seasonal harmonic curves were
much higher for the Edwards’ tests of stx positivity in submitted drinking water
samples than those for the Edwards’ tests of stx positivity in E. coli positive Colilert®
enriched drinking water samples. Additionally, the seasonal peaks of stx positivity in
submitted drinking water samples were both in the summer (July), while the
seasonal peaks of stx positivity in E. coli positive Colilert® enriched drinking water
samples were both in the spring (May). These differences again suggest that the
seasonal pattern of stx positivity in submitted drinking water samples is distinct
from the seasonal pattern of fecally-contaminated drinking water samples.
Accordingly, the drivers influencing the contamination of the environment with
STEC and the drivers influencing the contamination of well-sourced drinking water
with STEC, likely act with at least a certain degree of independence from one
another.
These findings of statistically significant seasonal peaks in STEC occurrence
were not unexpected, as seasonality is a commonly found pattern when
investigating waterborne enteric illness, STEC related illness, as well as
environmental drinking water contamination and outbreaks 119,126,128–130,134. Most
importantly, and as mentioned in Chapter 3, the summer peaks of STEC detected in
non-municipal well-sourced drinking water in this study matched the seasonal
pattern of reported STEC-related illness in Canada and Alberta 44,58,128,130. In
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addition, these spring and summer peaks of stx contamination happen to coincide
with increased incidence of both STEC shedding from zoonotic reservoirs, STEC
occurrence in surface waters, as well as enteric drinking water outbreaks across
Canada 51,58,141,143. This synchronicity between seasonal patterns of environmental
STEC contamination and seasonal patterns of STEC infection in Canada outlines a
potential pathway linking STEC-contaminated drinking water to STEC-related
waterborne illness.
Several factors may play a role in establishing this seasonal occurrence of
STEC in groundwater. First, the amount of STEC entering the environment in early
spring may increase due to the mobilization of fecal wastes (animal feces or human
septic discharge) accrued on the frozen landscape 81,156,160,200. Later-on, during the
summer, well-described seasonal patterns of STEC shedding in zoonotic reservoirs
peak, again causing a potential influx of pathogens into the environment 139–143,256.
In the spring and early summer, environmental conditions, such as increased
temperatures, spring runoff, ground thaw, groundwater recharge, and periods of
rainfall, aid the survival of STEC within water and help transport these pathogens
both horizontally and vertically through the surrounding landscape 88,96,98,129. Aided
by these favourable conditions STEC can leach into groundwater and, as
demonstrated by the present study, result in the increased summer occurrence of
STEC in well water. Consumption of contaminated well water during these high-risk
periods provides a direct route for disease transmission, and offers a potentially
important explanation for the observed seasonal increases of clinically reported
STEC- related illness. To the best of our knowledge, this is the first study to
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demonstrate a seasonal pattern of STEC contamination of groundwater that aligns
with seasonal pattern of STEC disease in humans.
Clustering can result from both the exposure to stable or transient physical,
biological, and social risk factors 137. Stable risk factors would contribute to
clustering over the whole duration of the study period, while transient risk factors
would act over a much shorter period of time, such as in the case of an outbreak
scenario. The space-time cluster found within this data set suggests that there was a
stx contamination event during the summer of 2005 in the specific region of
southwestern Alberta identified in Figure 17. The overlap of the space-time cluster
with both the purely temporal and purely spatial clusters suggests that all three of
these clusters were related to a single contamination event. The previously
mentioned extreme precipitation event that occurred during this time frame (June
2005), and in the region of the identified space-time cluster, is likely an important
contributor to the increased frequency of stx occurrence detected by the scan
statistics. Further investigating the geographic region identified by the space-time
cluster may help reveal stable geographic/hydrogeologic characteristics that
increase the susceptibility of this area’s drinking water supplies to stx
contamination during extreme precipitation events (i.e., soil type, land use, etc.).
Since the increase in stx positivity during 2005 can be largely attributed to a
stx contamination event, bias is potentially introduced for the temporal and spatial
Bernoulli model Kulldorff scan statistics since they do not account for clustering
during analysis. In lieu of this potential bias, purely temporal and spatial Bernoulli
model Kulldorff scan statistics analyzing the data set without the 2005 data were
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conducted. Tests of this adjusted data set would be more representative of sporadic
stx positivity within non-municipal drinking water supplies in southern Alberta than
if the outlying 2005 data were included. The resulting lack of statistically significant
temporal clustering suggests that a consistently stable pattern of underlying stx
positivity occurred during the study period. The change in location of the most likely
spatial cluster after the removal of the 2005 data supports the assumption that the
contamination event appreciably influenced the original spatial scan statistic. This
additional spatial cluster is more likely representative of an area of increased risk
for sporadic stx contamination than the previously identified most likely spatial
cluster that included 2005 data. Any stable characteristics in the geographic region
represented by this additional spatial cluster may provide insight into spatial risk
factors for sporadic stx contamination of non-municipal water supplies and would
merit further study. A spatial cluster geographically identical to this additional
‘sporadic’ cluster was identified by the original spatial scan of the full data set, but
was not found to be statistically significant (data not shown). The inclusion of an
additional two negative samples within the scanning window contributed to this
cluster’s decreased statistical significance during the original analysis. It is unlikely
however, that the 2005 contamination event, which was geographically separated
from this non-event cluster, would have had any influence on the independence the
two negative samples excluded from this second ‘sporadic’ Bernoulli scan (without
2005 data). In light of this consideration, by excluding the 2005 data from this
secondary analysis, other bias may have been introduced and the statistical
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significance of this additional ‘sporadic’ spatial cluster should be interpreted with a
degree of caution.
Although there are no directly comparable studies using scan statistics to look
at clustering of waterborne STEC, Pearl et al. 137 did use scan statistics to investigate
clustering of reported cases of E. coli O157 across Alberta from 2000-2002. All of
the purely temporal clusters from this study occurred during the late spring to early
autumn, which coincides with the seasonal peak of stx occurrence seen in our
results and occurs at a similar time of year as the purely temporal cluster identified
in the current project. The purely spatial clusters from Pearl et al. 137 were all
located in southern Alberta but do not overlap with the purely spatial contamination
event cluster identified in the present study. However, there are some clusters
identified in the Pearl et al. 137study that do overlap with the ‘sporadic’ spatial
cluster, most notably a 2001 cluster of strictly sporadic O157 cases. The two
geolocated water samples from which O157:H7 serotypes were recovered from
(Figure 15) were located within overlapping spatial clusters of reported cases of E.
coli O157 from Pearl et al. 137, suggesting that these water samples are from areas in
Alberta that may be at a higher risk of E. coli O157 infection. So et al. 257 conducted a
similar study to Pearl et al. 137 except there was a focus on clusters of a common E.
coli O157 molecular subtype. Two space-time clusters from this study
geographically overlapped with the 2005 space-time cluster from the current study:
a year 2000 cluster identified using a space-time permutation scan statistic and a
2001 cluster identified using a Bernoulli spatial scan statistic. It is difficult to draw
any meaningful conclusions from these comparisons due to the substantial
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differences between these two studies and the current project, however there is
seasonal and geographic overlap between reported cases of E. coli 0157 illness in
southern Alberta and areas of increased stx occurrence in non-municipal drinking
water samples. Further investigation into spatial and temporal overlap of reported
STEC-related illness and the results of this current study is warranted in order to
examine any epidemiological links between STEC-contaminated drinking water and
clinical STEC cases.
A recently published study by Valeo et al. 106 investigated E. coli and total
coliform contamination of well water in Alberta during a time period captured by
the study period of this thesis project. They found that contamination rates peaked
in the summer months and were significantly higher during June and July of 2005,
similar to the results for stx contamination seen in the current study. A purely
spatial Bernoulli scan of their June and July 2005 results identified a statistically
significant cluster in the southwest of the province that was focused around certain
elevations within the Red Deer River and Bow River basins. Similar to the current
study, Valeo et al. 106 also noted that these 2005 results occurred during, and just
after, a period of extreme rainfall in the Red Deer and Bow River Basins, which likely
played a role in the increased contamination rates. The most likely space-time
permutation cluster from the present study, as well as three statistically significant
clusters identified by a space-time permutation scan statistic of strictly 2005 data
(results not shown), overlap with the northern most section of the cluster identified
by Valeo et al. 106. This overlap suggests that there is an area within the cluster of
increased fecal contamination identified by Valeo et al. 106 that also had increased
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stx contamination within their drinking water supplies during the same time period.
Investigating stable geographic differences within these clusters may help to
identify specific characteristics that are present in the STEC cluster, which are not
present in the remaining area of the cluster identified by Valeo et al. 106, and may
contribute to the increased risk of STEC contamination, rather than simply fecal
contamination, during extreme precipitation events in this area.
There are some potential sampling limitations that should be taken into
account when evaluating these scanning results. Firstly, and as mentioned in
previous chapters, the volunteer sampling paradigm used for the collection of
samples for this project may bias the results in a variety of ways. For example, when
viewing Figure 14, it is apparent that the water sample distribution is not uniform
across the study area. This non-random distribution may bias results depending on
which areas in southern Alberta are more or less represented by the submitted
samples.
An important consideration is that a notable number of the water samples
were missing or had incomplete submission information, such as the date of sample
collection, corresponding ATS information, or both. Ninety-six percent (96.0%) of
samples were available for purely temporal scans, 81% were available for purely
spatial scans and 79% were available for space-time scans. There were 9 stx positive
samples that were excluded from the temporal analyses, 24 from the spatial
analyses, and 27 from the space-time analyses. It is unknown how the results would
have been affected if the full complement of samples could have been included in
these scans. Incomplete data submissions are one of the potential shortfalls of
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passive surveillance, yet satisfactory sensitivity can still be achieved for lowprevalence diseases with large enough sample sizes 74,206. As a descriptive project,
the ability of these results to provide an estimate of stx occurrence in space, time
and space-time in non-municipal water sources across southern Alberta over an
extended study period still provides useful information for future public health
research and decision-making, despite a potentially lower sensitivity in the results
of these statistical scan analyses.
Another notable characteristic of the data set with regards to the results of
these scan statistics, were single ATS locations that had multiple submitted water
samples associated with them. There are a number of challenges in determining the
impact of having multiple water samples from the same geographical coordinates.
First, it may be that the samples were collected on the same day from the same
location. This may represent multiple samples from a single source or single
samples from multiple sources located on the same property. Having two samples
submitted from a single source on the same day is not ideal, but because of the
varying occurrence of pathogens in drinking water and the limited sample volume
tested, even samples taken back to back can be considered relatively unique. The
effect of this back-to-back sampling would be to essentially increase the volume of
water being analyzed from that location when compared to others in the sample set,
which could potentially introduce bias towards those specific locations for that day
of the study period. Which way this could potentially skew results would depend on
the characteristics of the specific source being sampled, if it is at a particularly high
or low risk of stx contamination. If the multiple samples were from different sources
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on the same plot of land, this data would still be important and valid within the
scope of the study. The effect of this sampling situation would be to essentially
increase the amount of samples from one geographic area compared to the rest of
southern Alberta, which again could potentially skew results if the sampling area is
at particular risk of stx contamination or vice versa. A similar bias, where results are
skewed towards the static risk factors of a single location, could be introduced when
multiple samples are analyzed from a single location but over a more extended
period of time. For example, some of the locations that were associated with
multiple samples had samples that were taken years apart from one another. In this
case, due to the continuously changing microbiology of the water source, each
sample could still provide important information, particularly due to the influence
of temporally dependent risk factors such as precipitation or temperature.
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CHAPTER 6: General Discussion

6.1 Key findings
The overall purpose of this project was to determine the occurrence of STEC in
non-municipal well-sourced drinking water in southern Alberta and to investigate
any spatiotemporal patterns of STEC occurrence. Perhaps the most important
finding of this project was that a statistically significant summer peak in STEC
occurrence within voluntarily submitted drinking water samples was detected, and
that this seasonal pattern aligns with well-established seasonal increases in the
reported number of clinical STEC cases, raising the proposition that drinking well
water may be an important risk factor for STEC disease in Alberta and Canada.
Statistically significant seasonality of STEC occurrence in the early summer
was also detected in E. coli positive drinking water samples, with two distinct
seasonal peaks in the early spring and early summer. In general, STEC was regularly
found in non-municipal drinking water sources throughout the study period. The
occurrence of stx genes, used as a proxy for STEC occurrence, was determined to be
0.2% (152/ 95,675) in all voluntarily submitted drinking water samples and 8.0%
(152/1899) in E. coli positive drinking water samples. The 2005 calendar year had a
significantly greater stx positivity rate in non-municipal well-sourced drinking
water samples, and the notably increased stx positivity rates in non-municipal wellsourced drinking water samples in 2005 and 2013 may be related to extreme
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precipitation events that occurred in southern Alberta. The occurrence of viable
STEC in drinking water wells was also confirmed. Sixty-five genetically unique STEC
representing 21 different STEC serotypes, including 6 of the 7 most clinically
relevant serotypes in Alberta, were successfully recovered from stx positive
Colilert® enriched drinking water samples. Multiple STEC isolates were recovered
from five stx positive Colilert® enriched drinking water samples. Statistically
significant spatiotemporal clusters of STEC occurrence in non-municipal drinking
water wells were identified. Most notably was a STEC contamination event
northwest of the city of Calgary during the month of June 2005 that coincided in
time and space with an extreme precipitation event.

6.2 Overall interpretation and discussion
6.2.1 The occurrence of STEC in non-municipal well-sourced drinking water
The results of this study demonstrate that STEC was regularly found within
non-municipal well-sourced drinking water supplies in southern Alberta. The rate of
reported cases of STEC infection from 2011-2015 in Canada was 1.9 per 100,000
population, and a conservative estimate of the average rate of all cases of STEC
infection in Canada (reported and non-reported) was 100 per 100,000 population
24,25.

The rate of reported cases of STEC infection from 2011-2016 in Alberta was

3.2 per 100,000 population 27. By comparison, the stx positivity rate of submitted
drinking water samples during the study period (March 2004 – July 2016) was 200
per 100,000 drinking water samples. According to the Guidelines for Canadian
Drinking Water Quality, if any E. coli bacteria, let alone STEC, are detected in 100ml
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of water it is deemed unfit for consumption and the Microbial Guidelines for Readyto-Eat Foods states that if any STEC is detected food it is unfit for consumption 75,258.
Clearly, any STEC positive drinking water sample should be considered a serious
threat to the health of the consumer. Furthermore, a notable portion of the STECcontaminated drinking water samples tested for this study were found to contain
STEC bacteria that are more commonly associated with serious human illness,
whether that be stx2-harbouring STEC, or STEC serotypes belonging to the ‘big six’
non-O157 and O157 serogroups. The majority of cases of STEC infection go
unreported in Canada however, and therefore the impact of the “rare” STEC
serotypes recovered from these drinking water samples may still play a meaningful
role in the overall burden of disease attributed to this pathotype 24,69. The consistent
occurrence of these notifiable human pathogens in groundwater wells, a water
source for which 450,000-600,000 Albertans rely on for drinking water, suggests
that non-municipal drinking water may be an important source of STEC-related
illness that may be overlooked in the province and potentially across the country
69,71,72.

6.2.2 Spatiotemporal patterns of occurrence of STEC in non-municipal wellsourced drinking water
Another indication that groundwater may be an underrated source of STEC
infections is the coordinated seasonal patterns of both STEC occurrence in nonmunicipal drinking water sources and of STEC related illness in both Canada and the
province of Alberta 44,130,138. Summer increases in cases of STEC are well established
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in temperate climates and while potentially seasonal risk factors such as the use of
recreational waters and travel to rural areas have been associated with STEC
infections, this seasonality has been commonly attributed to poor outdoor cooking
practices, particularly the undercooking of ground beef 93,119,128,131,134,195,196,259–262.
There has been a very limited amount of research directly investigating this
plausible hypothesis however, likely due to the difficulties of attributing a portion of
STEC cases specifically to poor outdoor cooking practices and subsequently
determining any seasonal patterns associated with this individual risk factor 259.
Williams et al. 259 did investigate this hypothesis and found nearly proportional
relationships between seasonal trends in E. coli O157:H7 in live cattle, raw ground
beef, and humans, which described a logical pathway to human illness. Through
comparison however, Williams et al. 259 were able to determine that the probability
of illness from consumption of a serving of contaminated ground beef remained
roughly constant throughout the year, suggesting that seasonal outdoor food
practices are not the main driver of the summer peak of O157:H7 infection. Instead,
it was the seasonal change in the probability of exposure to a contaminated serving
of ground beef that was the driver of this seasonality, which in turn, was likely
driven by the seasonal increase in E. coli O157:H7 found in live cattle. This
proportional relationship between seasonal patterns of E. coli O157:H7 occurrence
described by Williams et al. 259 is similar to the relationship described in this current
study between seasonal patterns of STEC occurrence in non-municipal drinking
water sources and reported STEC infection in Alberta and Canada, with both
relationships highlighting a logical pathway to human illness. Seasonal increases of
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STEC shedding and subsequently STEC in the environment, align with seasonal
increases in STEC occurrence in groundwater wells that would increase the
probability of exposure to a contaminated serving of drinking water, which could
very well act as a driver of the seasonal pattern of STEC-related human illness. It is
important to note however, that like the Williams et al. 259 study, these correlations
strictly outline a potential pathway to infection and cannot support direct causality.
While untreated drinking water sources and private well systems have been
previously identified as risk factors of enteric waterborne disease 61,66,69, to the best
of our knowledge this is the first study to suggest a seasonal link between the
occurrence of STEC infections and the occurrence of STEC in non-municipal wellsourced drinking water.
It is unknown to what degree increased exposure to contaminated nonmunicipal drinking water may contribute to the seasonal pattern of STEC-related
illness in Alberta. However, the importance of environmental pathways to the
development of STEC and enteric infection, particularly in comparison to foodborne
pathways, is becoming increasingly apparent 195,196,260,263–265. For example, recent
case-control studies by Denno et al. 195 and Jaros et al. 196 have found that
environmental exposures were equally or more important to the development of
sporadic enteric illness in specific populations, and studies from Scotland found that
the risk of E. coli O157 infection from visiting ruminant pastures is approximately
equal to eating undercooked ground beef, and is 100 times higher than eating
hamburgers in general 48,264. Rotariu et al. 48 used both regression and quantitative
microbial risk assessment (QMRA) models to determine the relative importance of
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foodborne and environmental transmission pathways for E. coli O157 infection in
northeastern Scotland. Environmental pathways were separated into direct
environmental exposure (i.e., a day visiting a ruminant pasture) and waterborne
exposure (i.e., drinking a glass of water from a private water source), and for each
model waterborne exposures were found to be less important than both direct
environmental exposures and foodborne exposures. It is important to note however,
that the Rotariu et al. 48 study did not account for non-O157 STEC infections and
occurrence, which are the STEC serotypes responsible for the majority of reported
STEC cases in Alberta and accounted for 97% of the STEC isolates recovered from
the drinking water samples of this current study 43,45. Although literature comparing
transmission pathways for both O157 and non-O157 is limited, non-O157 STEC
seem to be more generally associated with environmental pathways (i.e., animal
contact) and less so with foodborne pathways, while O157 STEC show the opposite
associations 42,263,266–269. Geographical differences in common risk factors of STEC
infection have been previously reported and the prevalence of non-O157 associated
illness in Alberta may indicate that environmental infection pathways are
particularly important in this region 263,270.
In addition to potentially greater risk of STEC infection due to the summer
increase of STEC contamination in non-municipal drinking water sources, the
exposure to this potential source of infection likely increases during the summer as
well, due to seasonal activities such as the use of campgrounds and vacation
properties that rely on this type of drinking water source. Furthermore, while the
risk associated with visiting farms or rural areas has thus far been primarily linked
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to direct exposure to animal carriers and/or their excrement, part of this increased
risk may be due to the consumption of contaminated drinking water 93,196,260,271.
Rural visitors and new rural residents, particularly those who are coming from an
urban environment, may be at greater risk of illness if exposed to STECcontaminated drinking water due to a lack of protective immunity that is often
developed among long-term rural residents 47,76,271–273. This may be one reason that
the most frequently identified settings of enteric outbreaks associated with
groundwater in the USA are camps, cabins, or recreational areas; rural areas often
visited by urban residents 50. While the nature of protective STEC immunity is not
well understood, this phenomenon is well documented across the globe and
commonly occurs in environments at a higher risk of STEC exposure, such as rural
settings and areas relying on non-municipal groundwater systems 47,65,273–279. The
hypothesized conditions for the development of protective STEC immunity are lowdose long-term STEC exposures, potentially to less virulent STEC strains, which
causes repeated antigenic stimulation and the resulting production of STEC-specific
antigens 270,275,277. The apparent clustering of STEC-antigen seropositivity within
families suggests that common exposures (i.e., drinking water source), common
practices, or person-to-person transmission, may be important in the development
of this immunity 271. For example, Karmali et al. 280 described a Canadian outbreak of
STEC O111:NM illness that caused HUS in a 9-month old and uncomplicated
diarrhea in the 2-year old sibling and both parents, all of whom tested negative for
immune antibodies specific to Shiga toxins. The epidemiological investigation
concluded that this outbreak was likely caused by the consumption of
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unpasteurized milk while visiting rural family members. None of the rural family
members, who regularly consume unpasteurized milk and consumed the same milk
that caused the outbreak, became ill. Seven out of the eight rural family members
tested positive for anti-STEC antibodies and STEC O111:NM was even recovered
from one of these asymptomatic individuals. Licence et al. 65 described a waterborne
outbreak of six STEC O157 cases in tourists visiting a campsite in Scotland over
seven weeks that were linked to a private water supply in an agricultural area. STEC
O157 of the same phage type and with identical pulsed field gel electrophoresis
profiles were isolated from the cases, the campsite drinking water, sheep feces from
around the water source, and drinking water from one of five houses in the area that
relied on the same water supply. Despite consuming the water from the same
contaminated source as the campsite over a much longer exposure period, none of
the local residents of these five houses experienced any gastrointestinal symptoms
during this outbreak (testing for STEC-specific antibodies was not done in this
study). As exemplified above, a well water purveyor could unknowingly expose
immunologically-naïve individuals to poor-quality drinking water because their
own protective immunity to STEC would prevent them from developing symptoms
and subsequently determining that the drinking water is contaminated. This
potential exposure route highlights the importance of regular water testing even in
the absence of symptoms indicating poor water quality, particularly during the
spring and summer months. In addition, residents who have developed a protective
immunity and are regularly exposed to STEC through their drinking water could
also become asymptomatic carriers, a state that is repeatedly associated with STEC
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outbreaks and sporadic cases, and unknowingly infect others though person to
person transmission 1,26,263,281.
Interestingly, the results of the present study not only describe a seasonal
pattern in the frequency of occurrence of STEC in well-sourced drinking water, but
also suggest that there is a seasonal pattern in the risk profile of general fecal
contamination with respect to STEC. This is demonstrated by differences in the
seasonal stx positivity rates of submitted drinking water samples and seasonal stx
positivity rates in the subset of fecally-contaminated drinking water samples (i.e., E.
coli positive). Unlike the single statistically significant summer pulse of STEC
occurrence in submitted drinking water samples, fecally-contaminated drinking
water samples had two seasonal pulses, one in the early spring and the other in the
early summer. Surprisingly, the spring pulse was the more prominent contributor,
particularly when outlying data (2005 data) was omitted from the analysis. These
seasonal pulses signify increases in the amount of total STEC occurring within fecal
inputs to the environment during the early spring and summer, however the
statistical significance of these two pulses in E. coli positive drinking water samples
could not be adequately determined due to limited sample sizes. One possible
explanation for this increase in the early spring is the potential mobilization of
accrued fecal bacteria during the spring thaw, known as the first flush effect 282.
Southern Alberta is a snowmelt-dominated hydroclimatic regime where peak
streamflow and groundwater recharge are primarily controlled by meltingsnowpack and glaciers and therefore, peak flow and recharge occur in the spring
and early summer 160,283. While E. coli is not expected to grow or thrive during the
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winter months in Alberta, E. coli have been shown to survive in frozen soils over
winter and Baker-Ismali 282 found that in the Canadian prairies, fecal coliforms
exhibited a first flush effect with approximately 38-66% of the bacterial load
transported in the first 30% of snowmelt runoff volume 106,284,285. This spring runoff
concentrated with fecal bacteria (STEC included) usually occurs during March and
April and, either through leaching into groundwater during spring recharge or
directly contaminating improperly sealed wells, could explain the greater stx
positivity rates in fecally-contaminated well water samples during these same
months. From a public health perspective this spring increase of STEC in E. coli
positive drinking water is important because it would suggest that although the
early spring may not be the period where general fecal contamination of wells is
occurring most frequently, it is a time period where fecally-contaminated wells
could be at particular risk of harboring STEC and causing infection. The second
seasonal pulse in the summer may be representative of well-established seasonal
increases of STEC shedding in live cattle during the summer, and the greater
number of STEC entering the landscape would likely also increase the number of
fecally-contaminated drinking water samples that would contain STEC
116,139,140,143,145,146,259.

The nadir in stx positivity in E. coli positive samples that

consistently occurred in May could be representative of the period between the
STEC loading from the first flush effect and STEC loading from the summer peak of
STEC shedding in cattle. It is important to note however that many of the climactic
factors that may influence the survival and transport of STEC within the external
and aquatic environment have been associated with lag periods between their
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influence in the environment and the occurrence of associated enteric illness
158,160,286,287.

For example, Galway et al. 200 found that increased streamflow was

positively associated with laboratory-confirmed cases of acute gastro-intestinal
illness with a one-month lag period for a community within a snowmelt-dominated
hydroclimatic regime in British Columbia, Canada. While the existence of lagperiods in the seasonal occurrence of enteric disease is generally accepted, the
determining factors influencing the length of these periods are not well understood,
and therefore it is difficult to hypothesize the degree to which the occurrence of
STEC contamination of well-water in southern Alberta would lag behind the
mobilization of these pathogens in the external environment 155.
Similar to two other studies investigating E. coli contamination in well water
sources in Alberta, the results of this study also indicated the potential of extreme
precipitation events to be catalysts for periods of increased stx contamination in
well-sourced drinking water 74,106. The periods both during, and following, these
events would also likely be times of increased risk of STEC exposure and infection
for these drinking water sources. Differences in positivity rates between years with
extreme precipitation events suggest that event-specific characteristics, likely
associated with the ways in which STEC are mobilized and transported into
groundwater, impact the severity of the risk associated with consuming nonmunicipal drinking water. In 2013 for instance, the potential impact of the extreme
precipitation event did not increase the stx positivity rate per E. coli positive
samples, but instead it was the increase in general fecal contamination (i.e., E. coli
positivity) within submitted drinking water samples that likely drove the overall
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increase in stx positivity in submitted drinking water samples. Conversely, the
potential impact of the extreme precipitation event of 2005 increased both stx
positivity in fecally-contaminated drinking water samples as well as general fecal
contamination of submitted drinking water samples. Together this contamination
contributed to a statistically significant increase in STEC occurrence in submitted
drinking water samples and likely a corresponding increase in the associated risk of
infection.
From a purely spatial perspective there was evidence of geographic areas in
the southern part of the province that were at a potentially higher risk of sporadic
STEC contamination. Methodological bias may have influenced the statistical
significance of this spatial cluster however, and accordingly, this result should be
interpreted with a degree of caution. Previous research has identified a number of
localized, smaller-scale, spatial risk factors related to the contamination of
groundwater wells with fecal pathogens, such as the separation distance between
the well and animal yards, the use of septic systems for household waste disposal,
and the immediate surrounding hydrogeological conditions of the well 66,77,103,252.
The scarcity of statistically significant purely spatial clusters identified by the
Kulldorff models suggest that the geographic risk factors of sporadic STEC
contamination are too localized around individual wells to be properly identified at
the resolution of these spatial scan statistics, which supports previous findings that
well-specific contamination mechanisms are the most influential for bacterial
contamination of well-water 66,109. Following this reasoning, investigating stable
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geographic risk factors of sporadic STEC contamination for individual STEC positive
wells may be a useful focus of future spatial investigations.
It is extremely important to note that while the present study focused
specifically on STEC, these findings warrant a more thorough investigation into the
seasonal patterns of other waterborne pathogens in non-municipal well-sourced
drinking water. The time, space, and space-time observations from this study, the
plausible environmental transport model outlined previously, along with the
supporting spatiotemporal evidence of enteric disease prevalence in southern
Alberta, together suggest that non-municipal groundwater systems may be an
important risk factor not only for STEC, but for a variety of fecal-orally transmitted
waterborne diseases. Cryptosporidium spp., Giardia spp., and Campylobacter spp. are
pathogens that are commonly found in groundwater, and other pathotypes of E. coli
such as ETEC and EPEC have also been associated with waterborne disease
1,69,70,126,128,131.

While these other waterborne pathogens may not be associated with

the same risk of serious illness as STEC, many are considerably more prevalent in
Canada, and accordingly, their occurrence in non-municipal drinking water sources
may be greater as well 24,69.
These results highlight the incredible complexity of risk analysis for pathogens
within well-sourced drinking water. Taken together, the information provided by
these results can help to educate well purveyors about risks associated with nonmunicipal drinking water and promote proper well management, encouraging not
only regular water testing but also water testing during periods of increased risk of
STEC contamination and infection.
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6.2.3 Recovery of viable STEC
This research has also served to highlight some of the challenges associated
with the investigation of environmental pathogens, particularly the difficulties of
applying methods and technologies that have been developed and evaluated for
clinical use to the study of environmental samples. Samples from environmental
settings may contain microbiota that react appreciably different to laboratory
methods and conditions when compared to the microbiota of their clinical
counterparts. It is important to continue to build upon the limited amount of current
research investigating all STEC serotypes in drinking water. Doing so will allow for
more meaningful comparisons between studies and the further refinement of
specific methods for environmental strains of this E. coli pathotype. The present
study determined that the use of multiple incubation temperatures during recovery
protocols helped to improve isolation and growth of environmental STEC strains on
selective agar and more specifically, that the use of an incubation temperature near
the upper metabolic limit of these bacteria helped to both reduce ubiquitous growth
of background flora and provide growth conditions better suited to certain
environmental STEC strains. It is suggested that these methodological
considerations be incorporated into future recovery protocols for environmentally
sourced STEC.

6.3 Study strengths and limitations
The main strengths of this study included: i) the large sample size of
voluntarily submitted drinking water samples that helped to increase the power of
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analysis when studying relatively rare pathogens; ii) the extended duration of the
study period that allowed investigation of aggregated time-series, iii) the archival of
viable environmental samples that allowed the recovery and subsequent
characterization of live pathogens; and iv) the ability to geographically locate
submitted samples for geospatial analysis and mapping.
There were a number of notable limitations to the study that have been
outlined in previous chapters, but briefly: the relatively rare occurrence of stx
positive samples coupled with smaller sample sizes of E. coli positive drinking water
samples limited the power of some Poisson-based regression models investigating
the relationship of stx positivity rates and time, the use of convenience sampling
(i.e., voluntarily submitted samples) may introduce bias into the sample set, using a
molecular screen for detecting bacteria does not necessarily denote the presence of
viable bacteria, and not all submitted samples had corresponding temporal and
spatial data available for analysis. While these limitations are important to consider,
they should not detract from the importance of the general findings of this project,
particularly since the overall effect of these limitations would likely be to provide a
more conservative estimate of STEC occurrence in drinking water wells across
southern Alberta.

6.4 Future directions
There are a number of avenues of future research related to this thesis that
would be worthwhile to investigate. Conducting a more comprehensive examination
of other STEC virulence factors (i.e., eae, hlyA, etc.) in both archived stx positive
drinking water samples and recovered STEC isolates would be useful. The
164

identification of detailed virulence profiles would allow for a more thorough
assessment of the risk associated with exposures to STEC-contaminated well water
in general, as well as each recovered STEC strain specifically. Each STEC isolate
could be whole genome sequenced, which would not only provide the complete
virulence profile for each strain, but would also allow for the potential identification
of genes associated with environmental survival in groundwater or previously
identified source tracking markers. As mentioned above, further investigation into
the occurrence of additional waterborne pathogens (i.e., additional E. coli
pathotypes) in the archived Colilert® positive drinking water samples collected for
this study would help to better characterize the total risk associated the
consumption of non-municipal well-sourced drinking water in southern Alberta. As
well, attempting to isolate STEC from archived stx positive Colilert® enrichments
using alternate recovery methods, such as the STEC-immnoblot method or a
labelled-probe analysis, could increase the recovery rate of viable STEC from these
samples and provide a more accurate estimation of the STEC population found
within the voluntarily submitted drinking water samples 51,288.
One of the most surprising results of this study was the number of stx negative
mauve coloured colonies that grew on the CA-STEC agar. Identifying these archived
stx negative mauve CA-STEC isolates would help to increase our understanding of
the selective mechanisms of CA-STEC, further refine this STEC isolation protocol,
and potentially identify other enteric pathogens (i.e., other E. coli pathotypes)
occurring in these well-sourced drinking water samples.
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Kulldorff scanning statistics are just one of many investigative models and
techniques possible using GIS software, and additional analysis, such as the
development of a relative risk map of STEC occurrence in non-municipal water
sources in southern Alberta, could be completed to better inform future water
quality surveillance and management efforts. In addition and as discussed above,
the examination of stable spatial characteristics within identified clusters of STECpositive drinking water samples could also help identify important spatial risk
factors associated with increased contamination of non-municipal drinking water
supplies. The occurrence of recovered STEC strains in space and time could also be
compared to similar cases of reported STEC infection in the province to examine any
serotype or virulence profile similarities and investigate potential epidemiological
linkages to this infection pathway.

6.5 Conclusions
This project successfully investigated the frequency of STEC occurrence, the
spatiotemporal patterns of STEC occurrence, and the characteristics of recovered
STEC strains in non-municipal well-sourced drinking water from southern Alberta.
As a descriptive study, it fills an important knowledge gap surrounding not only
STEC in groundwater and in drinking water wells, but also waterborne enteric
pathogens more generally. STEC was found to be a relatively common contaminant
in voluntarily submitted non-municipal well-sourced drinking water samples from
southern Alberta and represents an important public health risk to the hundreds of
thousands of Albertans, and potentially the millions of Canadians, that rely on
groundwater wells for their drinking water supplies. This project provided evidence
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to support the seasonal influence that contaminated non-municipal drinking water
sources may have on patterns of STEC infection in the province and outlined the
potential of these drinking water sources to act as an important infection pathway
for waterborne enteric pathogens, particularly in the summer months. Both the
time-periods and geographical areas that were identified as having potentially
increased risk of STEC contamination in well-sourced drinking water can be
leveraged to improve individual management and public health surveillance of nonmunicipal drinking water sources. This study also provides a starting point for many
areas of future investigation within the fields of environmental microbiology and
waterborne enteric illness.
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Appendix A

Figure A 1 – A box plot of annual stx positivity rates per 10 000 submitted
drinking water samples. Outlying values (those outside of the upper or lower
fences of the box plot) are labeled and represented by a black dot.
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Figure A 2 – A box plot of annual stx positivity rates per 1000 E. coli positive
Colilert® enriched drinking water samples. The dashed reference line represents
the value of the 2005 annual stx positivity rate, which fell just within the upper
fence of the box plot.
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Appendix B

Figure B 1 – A virtual gel image of the high-resolution capillary electrophoresis
DNA-fragment analysis (QIAxcel® Advanced system) of (GTG)5 PCR products
from the three unique STEC strains recovered from sample # 9100.
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Figure B 2 – An electropherogram of the high-resolution capillary electrophoresis
DNA-fragment analysis (QIAxcel® Advanced system) of (GTG)5 PCR products
from the three unique STEC strains recovered from sample # 9100.
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Figure B 3 – A virtual gel image of the high-resolution capillary electrophoresis
DNA-fragment analysis (QIAxcel® Advanced system) of (GTG)5 PCR products
from the three unique STEC strains recovered from sample # 241.
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Figure B 4 – An electropherogram of the high-resolution capillary electrophoresis
DNA-fragment analysis (QIAxcel® Advanced system) of (GTG)5 PCR products
from the three unique STEC strains recovered from sample # 241.
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Figure B 5 – A virtual gel image of the high-resolution capillary electrophoresis
DNA-fragment analysis (QIAxcel® Advanced system) of (GTG)5 PCR products
from the three unique STEC strains recovered from sample # 284.
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Figure B 6 – An electropherogram of the high-resolution capillary electrophoresis
DNA-fragment analysis (QIAxcel® Advanced system) of (GTG)5 PCR products
from the three unique STEC strains recovered from sample # 284.
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Figure B 7 – A virtual gel image of the high-resolution capillary electrophoresis
DNA-fragment analysis (QIAxcel® Advanced system) of (GTG)5 PCR products
from the two unique STEC strains recovered from sample # 332.

203

Figure B 8 – An electropherogram of the high-resolution capillary electrophoresis
DNA-fragment analysis (QIAxcel® Advanced system) of (GTG)5 PCR products
from the two unique STEC strains recovered from sample # 332.
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Figure B 9 – A virtual gel image of the high-resolution capillary electrophoresis
DNA-fragment analysis (QIAxcel® Advanced system) of (GTG)5 PCR products
from the three unique STEC strains recovered from sample # 346.
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Figure B 10 – An electropherogram of the high-resolution capillary
electrophoresis DNA-fragment analysis (QIAxcel® Advanced system) of (GTG)5
PCR products from the three unique STEC strains recovered from sample # 346.
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Figure B 11 – A virtual gel image of the high-resolution capillary electrophoresis
DNA-fragment analysis (QIAxcel® Advanced system) of (GTG)5 PCR products
from the two unique STEC strains recovered from sample # 636.
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Figure B 12 – An electropherogram of the high-resolution capillary
electrophoresis DNA-fragment analysis (QIAxcel® Advanced system) of (GTG)5
PCR products from the two unique STEC strains recovered from sample # 636.
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Figure B 13 – A virtual gel image of the high-resolution capillary electrophoresis
DNA-fragment analysis (QIAxcel® Advanced system) of (GTG)5 PCR products
from the three unique STEC strains recovered from sample # 1072.
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Figure B 14 – An electropherogram of the high-resolution capillary
electrophoresis DNA-fragment analysis (QIAxcel® Advanced system) of (GTG)5
PCR products from the three unique STEC strains recovered from sample #
1072.

210

Figure B 15 – A virtual gel image of the high-resolution capillary electrophoresis
DNA-fragment analysis (QIAxcel® Advanced system) of (GTG)5 PCR products
from the two unique STEC strains recovered from sample # 1677.
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Figure B 16 – An electropherogram of the high-resolution capillary
electrophoresis DNA-fragment analysis (QIAxcel® Advanced system) of (GTG)5
PCR products from the two unique STEC strains recovered from sample # 1677.
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Figure B 17 – A virtual gel image of the high-resolution capillary electrophoresis
DNA-fragment analysis (QIAxcel® Advanced system) of (GTG)5 PCR products
from the two unique STEC strains recovered from sample # 1785.
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Figure B 18 – An electropherogram of the high-resolution capillary
electrophoresis DNA-fragment analysis (QIAxcel® Advanced system) of (GTG)5
PCR products from the two unique STEC strains recovered from sample # 1785.
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