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ABSTRACT
In several regions of Canada, including Saskatchewan, surface water such as
streams and rivers are utilized as primary sources of irrigation water for fresh produce.
Surface water can be exposed to faecal pollution from various sources such as storm
water runoff, failing septic systems, and agricultural waste runoff. The use of faecally
contaminated water in irrigating fresh produce may lead to food-borne outbreaks when
enteric pathogens are present in the faeces. The ability to predict the presence of faecalderived pathogens is therefore important in assessing the human health risks associated
with the use of open source irrigation water. Escherichia coli has long been used as an
indicator of recent faecal pollution and pathogen presence. However, the long term
survival and possible growth of E. coli in the environment suggests it may have
limitations as a faecal indicator bacteria (FIB). To date, the mechanisms underlying the
persistence of E. coli in the environment are not well understood. Therefore, this study
was conducted to investigate its limitations as a faecal indicator bacteria including its
prevalence, and a possible mechanism of persistence in the environment and compare its
suitability as an indicator bacteria with the recently proposed indicator Bacteroidales in
relation to enteric pathogens. Laboratory-based microcosms were designed to study the
persistence of E. coli and identify the biofilm candidates in wastewater influent spiked
with pig and cow manure. Microcosm experiments identified B1 as a dominant genotype
along with subgenotype A0. Biofilm formation was recognized as a possible mechanism
of E. coli persistence in the environment. DNA fingerprinting analysis of the two
dominant genotypes and their subsequent biofilm formation tests demonstrated that the
strains capable of producing substantial biofilms are genetically more diverse. A
i

subsequent field study was carried out at sampling sites along the Qu’Appelle River and
Wascana Creek, which are two key sources of irrigation water for several vegetable
producers in Southern Saskatchewan. High levels of E. coli

that exceed the

recommended limit for irrigation water (≥ 100 MPN per 100 mL) in Canada have been
frequently detected near three irrigation water pumping sites. A sudden increase in E.
coli counts in all three sites was observed preceding storm and rainfall events.
Phylogenetic analysis of E. coli genotypes over two irrigation seasons also identified B1
as the prevalent genotype regardless of sampling sites and season. A significant
association of E. coli genotypes with their sites of isolation was also observed. The
enteric pathogens Salmonella and Campylobacter were also detected in irrigation water
but their presence does not correlate with the levels of E. coli. The decreasing
concentrations of E. coli in a binary logistic regression was found to have significant
predictive value for samples that were positive for the pathogens analysed. These
findings highlight that exclusive use of E. coli concentrations is not an adequate method
to predict pathogen presence. The use of host-associated Bacteroidales markers as
alternative faecal indicators and their association with E. coli was also investigated.
There was a significant positive correlation observed between the increasing
concentrations of ruminant specific Bacteroidales marker (BacR) and the presence of
Campylobacter spp. in the samples analyzed. A significant correlation between the BacR
marker to E. coli subgenotypes B23 and D1 was observed, which indicates that these
genotypes may be associated with ruminant faecal contamination.
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CHAPTER 1 — LITERATURE REVIEW
1.1 Food-borne diseases
Food-borne disease has emerged as an important and growing public health and
economic concern around the world (Flint et al., 2005; Newell et al., 2010). A food-borne
disease outbreak is defined as the incidence when two or more people experience a
similar illness resulting from the ingestion of a common food (Centers for Disease
Control and Prevention, CDC, 2013b). Bacteria, viruses and protozoan parasites are the
common cause of pathogen-specific food-borne illnesses. Analysis of food-borne
outbreak data which estimated the proportion of human cases of specific enteric diseases,
reported 4093 outbreaks occurred globally between 1988- 2007, of which almost 70%
were attributable to Salmonella, Norovirus and E. coli (46.9, 13.5 and 9.5% respectively)
(Greig and Ravel, 2009). The most frequently reported food categories associated with
the outbreaks were multi-ingredient foods (17%), eggs (14.3), produce (12.2%) and beef
(12.2%). An association between beef and E. coli related to food-borne outbreaks is
observed at a higher incidence in Canada compared to European Union and the United
States. An estimated 1,527 food-borne disease outbreaks (675 in 2009 and 852 in 2010)
were reported in United States during 2009 - 2010 which caused 29,444 cases of illness,
1,184 hospitalizations, and 23 deaths (CDC, 2013a). It is estimated that only 31 known
pathogens cause 9.4 million food-borne illnesses annually in the United States (CDC,
2012).

Norovirus,

nontyphoidal

Salmonella

spp.,

Clostridium

perfringens,

Campylobacter spp., and Staphylococcus aureus are the 5 leading pathogens contributing
91% of pathogen-specific total food-borne illnesses (CDC, 2011) in the United States.
Nontyphoidal Salmonella spp. was the most common cause of death, accounting for 28%
1

of the domestically acquired food-borne illnesses, followed by protozoan parasites,
Toxoplasma gondii; causing 24% of the domestically acquired food-borne illnesses
resulting in death. In Canada, approximately one in eight people (or four million people)
annually contract a domestically acquired food-borne illnesses. Top 4 pathogens such as
Norovirus, Clostridium perfringens, Campylobacter spp., and nontyphoidal Salmonella
spp. are known to cause approximately 90% of the pathogen-specific total illnesses in
Canada (Thomas et al., 2013).
1.2 Implications of irrigation water in spread of food-borne diseases
Contaminated irrigation water represents a potential source of pathogens in foodborne outbreaks. In recent years, an increasing number of food-borne outbreaks linked to
fresh fruits and vegetables have been reported worldwide including Canada (Heaton and
Jones, 2008; Lynch et al., 2009; Berger et al., 2010; Kozak et al., 2013). Contamination
of produce with pathogens in the pre-harvest environment may occur through
contaminated irrigation water, compost, soil, and faecal deposition from wild and
domestic animals (Beuchat, 2002). A study conducted in Morocco reported that
contaminated irrigation water might be the major sources of pathogenic bacteria on fruits
and vegetables (Ibenyassine et al., 2006). Increased incidence of disease linked to E. coli
O157:H7 contamination of lettuce were found to be implicated in areas practicing
wastewater irrigation with little or no wastewater treatment (Steele and Odumeru, 2004).
Several laboratory and field based studies have demonstrated the transmission of enteric
bacteria from contaminated irrigation water to fresh produce (Solomon et al., 2002;
Wachtel et al., 2002a, b; Steele and Odumeru, 2004). A few large outbreaks linked to
produce in the USA have been associated with contaminated surface water in the vicinity
2

of produce (Mandrell, 2011) and the use of contaminated irrigation water, (Greene et al.,
2008; U.S. FDA and California Food Emergency Response Team, 2008). A large E. coli
O157:H7 outbreak in Sweden was associated with locally produced lettuce that was
irrigated by water from a small stream. The water samples were positive for the toxin
gene stx 2 and identical verotoxigentic E. coli strains were identified both from the
patients and in cattle at a farm upstream from the irrigation point (Soderstrom et al.,
2008).
Food-borne outbreaks related to produce are common in Canada. Most of the
outbreaks in Canada during 2001 to 2009 were associated with produce where the
bacterial pathogen Salmonella was the most frequently associated agent (50% of
outbreaks) followed by E. coli (33%) and Shigella (17%) (Kozak et al., 2013). The
produce most frequently associated with the outbreaks were leafy greens and herbs (26%
of outbreaks), followed by seed sprouts (11%). One important outbreak with more than
700 infected persons occurred in Ontario during May 2002 due to consumption of Greek
pasta salad contaminated with Shigella sonnei (Public Health Agency of Canada, 2002).
Food-borne illness outbreaks caused by different pathogens associated with fruits and
vegetables, reported in Canada during 2001 to 2013 are summarized in Table 1.1.
Produce associated disease outbreaks are also prevalent in United States. In 2007, a total
of 1106 cases were reported from 53 outbreaks associated with produce (Kozak et al.,
2013). A surveillance on food-borne disease outbreaks conducted during 1998 to 2008 in
the United States observed a substantial increase in the percentage of outbreaks
associated with leafy vegetables and dairy during 2006-2008 compared to the first 2
years of the study (1998-1999) (Gould LH, 2013). In 2011, tomatoes and papayas were

3

Table 1.1 Possible produce-related outbreaks caused by different pathogens reported in
Canada during 2001 to 2013.
Implicated pathogen

Year

Province

Number of
infections

Vehicle

Salmonella spp.

2001 Feb.–
Mar.

AB, BC, SK

84

Mung bean
sprouts(suspect)

2002 Oct.

ON

34

Fruit (fruit trays)

2002 Mar.–
May

ON

2

Cantaloupe

2004 July

ON

7

Roma tomatoes
(suspect)

2005

AB

8

Mung bean
sprouts

2004

BC

12

Cucumber

2006 June–
Dec.

ON

2

Fruit salad

2008 Jan.–
Apr.

BC, AB, MB, ON,
NB

9

Cantaloupe

2009 July

AB, BC, NS, ON

2012 JulyAug

AB, BC

23

Mango

2001 May–
July

BC

31

Spinach

2002 May

ON

Estimated 700+

Greek pasta salad

2007 Aug.

AB

4

Carrots(suspect)

2002 Oct.–
Nov.

PEI

17

Salad and/or
sandwiches

2006 Aug.–
Sep.

ON

1

Spinach

2006 Sep.

ON

7

Lettuce (suspect)

2008 Oct.–
Nov.

ON

29

Lettuce (romaine)

Shigella spp.

E. coli O157:H7

Onion sprouts

4

Table 1.1 continued
Implicated pathogen

Year

Province

Number of
infections

Vehicle

E. coli O157:H7

2008 Oct.–
Nov.

ON

235

Spanish onions
(suspect)

2008 Oct.

ON

3

Iceberg lettuce

2013 Jan

On, NB, NS

30

Lettuce

2001 May

BC

17

Basil

2003 July

BC

11

Cilantro (suspect)

2004

BC

17

Mango or basil
(suspect)

2004 May–
June

BC

8

Cilantro

2005 July

QC

200

Basil

2005 Apr.

ON

44

Basil (suspect)

2006 June–
July

BC

28

Basil or garlic

2002 Aug.

ON

3

Multiple produce

2005 May–
June

ON

16

RTE leafy greens
(suspect)

Cyclospora
cayetanensis

Hepatitis A

* BC, British Columbia; AB, Alberta; SK, Saskatchewan; ON, Ontario; PEI, Prince Edward
Island; QC, Quebec; MB, Manitoba; NB, New Brunswick; NS, Nova Scotia. Table was
constructed based on information presented in Kozak et al. (2013) and public health notices
published on the Public Health Agency of Canada website, http://www.phac-aspc.gc.ca/fs-sa/phnasp/index-eng.php.
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implicated in two large multi-state outbreaks of Salmonella enterica infection within
three months apart in the United States which caused 270 illness. The same year
strawberries were found to be associated with a lethal E. coli O157:H7 outbreak in
Oregon state (CDC, Food-borne Outbreak Online Database, http://wwwn.cdc.gov/foodborneoutbreaks/Default.aspx). The factors that have been shown to contribute to fresh
produce becoming a source of food-borne illness include changes in the production
practices in the fresh produce industry, changes in consumer habits (increased
consumption), increased size of the at-risk population (elderly, immuno-compromised),
enhanced epidemiological surveillance, improved methods to identify and track
pathogens and emerging pathogens with low infectious dose (Brandl, 2006).
The ability of pathogens to survive for extended periods in irrigation water may
increase the potential for transmission of pathogens onto irrigated produce. Wang and
Doyle (1998) observed that E. coli O157:H7 can survive up to 91 days in water at 8°C
and 49-84 days at 25°C, therefore, increasing the possibility of this strain to be
transmitted by the irrigation water due to the long survival period. In another study,
Ibenyassine et al. (2006) observed that the pathogenic bacteria from contaminated
irrigation water persists in the soil for a long period of time and can subsequently
contaminate the vegetables. Moreover, several outbreaks involving Campylobacter spp.
in water related environments indicated the ability of this microbe to survive in aquatic
environment for extended periods in a viable but non-culturable state (Rollins and
Colwell, 1986).
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1.3 Microbiological quality of irrigation water
Sources of irrigation water are frequently exposed to faecal pollution from a
variety of point and non-point sources of contamination such as diverse agricultural,
wildlife, and human inputs including: runoff from land-applied manure and pasture
lands, direct faecal deposition from cattle, overflow from manure lagoons and storage
sites, faecal deposition from wildlife, discharge from leaky sewer lines, and subsurface
flow from septic drainage fields (Pachepsky and Shelton, 2011). All of these inputs affect
the microbiological quality of irrigation waters. Moreover, microbial reservoirs such as
bottom sediment, periphyton, algae, and soil further influence the microbial
concentration of irrigation water.
The microbiological quality of irrigation water depends on the degree of
contamination of irrigation sources such as groundwater, surface water and reclaimed
water (Steele and Odumeru, 2004). Microbial contamination of groundwater is expected
to be less than surface water due to the filtering action of soil and other physical
characteristics overlying the water source. The increasing need for alternative irrigation
water sources due to scarcity of freshwater has increased the use of reclaimed water in
irrigation. According to the World Health Organization (2009), 10% of the world
population consumes food that is irrigated with reclaimed water (treated effluent). The
use of reclaimed water for agriculture is a well established practice in western Canada
specially in the prairie region (Hogg et al., 1997). In the Prairie provinces, approximately
65 projects irrigating a total of 5700 ha (Alberta - 3050 ha; Saskatchewan - 2620 ha;
Manitoba - 53 ha) are using reclaimed water (Hogg et al., 1997). In British Colombia, a 7
km long reservoir is used to store treated waste water from the City of Vernon, which is
7

subsequently used to irrigate 970 hectares of agricultural and recreational lands
(Nicholson and Vespa, 2010). However, the use of reclaimed water can pose health risks
from associated human pathogens. Therefore, health guidelines for irrigation with
reclaimed water have been developed by Shuval et al. (1986), and adopted by most of the
international agencies, whereby reclaimed water was considered relatively safe to use if
it contained less than 1 helminth egg/L and less than 1000 faecal coliforms/100 ml (Hogg
et al., 1997). However, the United States Environmental Protection Agency (USEPA)
developed a very strict and conservative standard for irrigation of food crops, which
suggests using the same coliform count of reclaimed water to drinking water (no
detectable FC/100mL) (Crook and Surampalli, 1996). The quality of reclaimed water
depends on the reclamation processes and the chemical and physical properties of the
reclaimed water. The risk of illness linked to consumption of vegetables irrigated with
reclaimed water may be reduced to a negligibly small probability through the use of
advanced techniques such as activated carbon, reverse osmosis, membrane filtration,
chlorination, ozonation, and UV irradiation (Asano, 1998). However, the implementation
of high-technology tertiary treatments and disinfection systems are often expensive,
specially for developing countries, where only about 10% of wastewater undergoes
treatment of any kind (Homsi, 2000).
1.4 The use of faecal indicator bacteria
Since a variety of pathogens are present in natural environments at low
concentrations, direct testing for pathogens is very expensive and impractical. Therefore,
indicator organisms are used to identify faecal pollution and predict the presence of these
hard-to-detect pathogens. These indicator organisms which reside in the gastrointestinal
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tracts of humans and animals are used to evaluate the quality of drinking, irrigation and
recreational water, and to assess the health risks associated with faecal pollution. An ideal
faecal indicator should satisfy the following specific criteria (Thomann and Mueller,
1987; Sloat and Ziel, 1992; Mara and Horan, 2003): (a) should originate from the same
faecal source as the pathogen it is representing; (b) always correlate with the presence of
pathogens; (c) be excreted in high concentration; (d) should not survive for extended
periods of time in the environment; (e) inexpensive and easy to detect using simple
laboratory procedures; and (f) should not be pathogenic.
Several

organisms,

including

total

coliform

(Escherichia,

Klebsiella,

Enterobacter and Citrobacter), thermotolerant coliform, E. coli, Faecal Enterococci or
Streptococci, Clostridium perfringens, Bifidobacteria, Bacteriophages (Phages) and
Coliphages have been proposed to monitor the quality of water based on the above
criteria (Clark et al., 1996). Of them the most frequently used indicator organism is E.
coli (Edberg et al., 2000), due to its simple, and low-cost detection methods. Moreover,
E. coli has been considered a more specific indicator of faecal contamination which has a
life span on the same order of magnitude as those of other enteric bacterial pathogens
(Cabelli, 1977). However, recently, Bacteroidales species have been proposed as
alternative faecal indicator bacteria to measure faecal pollution and predict the risk
associated with pathogens in aquatic environment. The following sections provide insight
into the advantages and disadvantages of these two indicator bacteria, in terms of their
reliability for predicting faecal pollution and pathogen presence.
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1.4.1 E. coli as a faecal pollution indicator
E coli is a rod-shaped, Gram-negative, facultative anaerobe belonging to the
Enterobacteriaceae family. E. coli is a member of the coliform group of bacteria that
naturally inhabits the lower intestinal tract of humans and other warm-blooded animals
and is shed into the feces (Leclerc et al., 2001). Since E. coli normally resides in the
mammalian intestinal tract, it is assumed that this species is a transient member of the
extra-intestinal environment which acts as a secondary habitat for them. Most E. coli
isolates are harmless, but some are pathogenic, causing acute gastroenteritis, haemolytic
uremic syndrome, and urinary tract infections.
E. coli bacteria are excreted in high numbers in human (107 to 109 CFU per gram)
and animal (104 to 106 CFU per gram) faeces (Tenaillon et al., 2010), making detection
possible even when greatly diluted and therefore, the presence of E. coli in the
environment is used as an indication of faecal contamination. The open environment
outside of the host can serve as a secondary habitat but it could be a highly challenging
and variable ecosystem for E. coli as it encounters limited nutrient availability, osmotic
stress, large variations in temperature and pH, and pressure from predation (Marshall,
1980; Savageau, 1983; Rozen and Belkin, 2001). Under controlled environmental
conditions that included natural stressors such as ultraviolet (UV) radiation, temperature
and predation, populations of E. coli decrease rapidly (Sinton et al., 2002; Arana et al.,
2003). Other studies also found that when excreted into the environment, some strains do
not persist and die off at a rapid rate with half-lives of approximately 1 day in water
(Faust et al., 1975), 1.5 days in sediment (Gerba and McLeod, 1976), and 3 days in soil
(Temple et al., 1980). Therefore, E. coli has been routinely used as an indicator of recent
10

faecal contamination in drinking, irrigation and recreational water based on the
assumption that this organism can only originate from faecal sources and cannot survive
in the environment for an extended period (Leclerc et al., 2001). Also, E. coli is widely
accepted as a faecal indicator due to the fact that it can be isolated and identified in a
cost-effective manner, minimal training is needed for E. coli enumeration, and the
suggestion that its presence correlates with the presence of pathogens.
A number of government regulatory agencies use E. coli concentrations to
regulate water quality for different uses such as drinking, recreational, or irrigation water.
There are significant concerns about the quality of irrigation water use to irrigate fruit
and vegetable crops. However, the criteria of irrigation water quality varies depending on
the regulatory agencies. The Canadian Water Quality Guidelines for the Protection of
Agricultural Water Uses, published by the Canadian Council of Ministers of the
Environment (CCME) recommends a maximum acceptable count of 1000 CFU of
coliforms and no more than 100 CFU of faecal coliforms per 100 ml of irrigation water
(CCME, 1999). In contrast, the USEPA recommends a more lenient guideline and
suggests a limit of 1000 CFU faecal coliforms per 100 ml of surface water for irrigation
(USEPA, 1992). Even within Canada, these guidelines vary widely across the provinces.
For example, Alberta Environment recommends a limit of <1000 CFU/100 ml for total
coliforms and <100 CFU/100 ml faecal coliforms for surface water intented for irrigation
use (Alberta Environment, 1999). Whereas, BC Ministry of Environment and Health
Canada specifies ≤1,000 CFU/100 ml for total coliforms and <77 CFU/100 ml for E. coli
(Water quality criteria for microbiological indicators: overview report, 1988). On the
other hand, Manitoba Conservation sets a limit of <200 CFU of E. coli and <200 CFU of
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faecal coliforms per 100 ml of irrigation water (Williamson, 2001). However, the
province Saskatchewan water quality standards contain 1000 total coliforms per 100 mL
and 100 faecal coliforms per 100 mL (Saskatchewan Environment and Resource
Management, 1997).
Although E. coli is the most frequently used faecal indicator, there are growing
concerns in using this bacterium to assess faecal pollution and health risk. This is mainly
due to several recent reports on its prolonged survival and even re-growth in water
(Carrillo et al., 1985; Solo-Gabriele et al., 2000) and soils ((Byappanahalli and Fujioka,
1998; Desmarais et al., 2002) in tropical and subtropical environments. Some studies
have also shown that E. coli correlates poorly with the presence of pathogenic
microorganisms such as Salmonella and Campylobacter spp. (Lund, 1996; Lemarchand
and Lebaron, 2003; Horman et al., 2004a; Fremaux et al., 2009a).
1.4.2 Bacteroidales as faecal indicator bacteria
Bacteroidales are rod-shaped gram negative obligate anaerobes, which are
naturally found in the intestinal tract of animals. Certain species of this order
Bacteroidales have been suggested as alternative indicators to the faecal coliform group
to monitor human faecal pollution in the environment (Fiksdal et al., 1985). Due to their
anaerobic nature, these bacteria are unlikely to survive outside of the host intestinal tract
for an extended period thereby making these bacteria highly sensitive indicators of recent
faecal pollution (Allsop and Stickler, 1985). Moreover, they are more abundant in human
and animal faces (109 to 1011 bacteria per gram) than E. coli (Holdeman et al., 1976;
Fiksdal et al., 1985; Wexler, 2007) and can be detected using culture-independent

12

methods such as conventional or real-time quantitative PCR (Fremaux et al., 2009b;
Tambalo et al., 2012). The considerable advantage of these assays is their possible use to
detect universal Bacteroidales markers which target a large proportion of Bacteroidales
spp. as well as to identify highly host-associated Bacteroidales 16S rRNA gene markers
for the simultaneous identification of specific sources of faecal contamination (Fremaux
et al., 2009a). Host-associated PCR based assay targeting Bacteroidales genetic markers
have been developed for humans, domestic animals including chickens, ruminants,
horses, pigs, and dogs, as well as wild animals including Canadian geese, and muskrat
(Dick et al., 2005; Lu et al., 2007; Okabe et al., 2007; Shanks et al., 2008; Fremaux et al.,
2010; Shanks et al., 2010; Marti et al., 2011). The sensitivity and specificity of detecting
the host-specific Bacteroidales genetic markers in target samples are quite high.
Approximately 88 to 96% sensitivity and ≥99% host specificity have been reported in
detecting Bacteroidales spp. that are associated with faeces from humans, ruminants,
bovines, and horses (Tambalo et al., 2012). This study also observed a shorter persistence
(99% decay in <8 days) of host-associated Bacteroidales markers (human, ruminants and
cow) in an in situ experiment in Wascana Creek during July and August of 2010 in
Saskatchewan, Canada, compared with the conventional E. coli marker (99% decay in
>15 days), suggesting they are effective at detecting recent faecal contamination events.
However, some other studies revealed a different result, indicating longer persistence of
the 16S rRNA genetic markers of Bacteroidales spp. in colder water temperatures.
Kreader et. al (1998) detected Bacteroidales with a species-specific PCR in freshwater
microcosms up to 1 day at 28°C, and up to 5 days at 14°C. Other studies indicated that
human-specific 16S rRNA Bacteroidales markers survived up to 24 days at 4°C and
12°C and 8 days at 28°C (Seurinck et al., 2005). Moreover, they do not serve well as
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indicators for the presence of pathogenic viruses (Savichtcheva et al., 2005) and the
processing costs associated with detection are more expensive than the enumeration of E.
coli.
1.5 Relationship of indicator bacteria with enteric pathogens
Water-related microbial diseases remain a threat to public health globally. In
Canada, gastroenteritis that is associated with Shiga toxin-producing E. coli, Salmonella,
and Campylobacter are estimated to occur as high as 3.3, 6.9, and 19.3 per 1000
population, respectively, as reported in the Canadian National Notifiable Disease registry
in 2000 and 2001 (Thomas et al., 2006). Waterborne outbreaks that are linked to these
enteric pathogens occur occasionally and are normally associated with faecal
contamination of the water source from storm water runoff, failing septic systems or
agricultural waste run-off (Jones and Roworth, 1996; Bopp et al., 2003). To assess the
human health risk associated with exposure to contaminated water, it is important to
accurately predict the presence of faecal-derived pathogens. Microbial indicators of
faecal contamination such as E. coli have routinely been used to predict the presence of
faecal pollution and presence of potential pathogens. To reduce diseases associated with
faecal pathogens, Canada and the United States generally monitor and enforce standards
for shellfish farming, recreation, or drinking water quality using bacterial indicators of
faecal pollution and pathogen presence.
To assess human health risk, the presence of a microbial faecal indicator should
correlate well with the presence of enteric pathogens and a microbial indicator should
display a survival rate in the environment that mimics pathogen survival. However,

14

recent findings indicate that E. coli in water is not well-correlated with the presence of
enteric pathogens (Lund, 1996; Lemarchand and Lebaron, 2003; Horman et al., 2004a)
and sometimes pathogens such as Salmonella survive longer than E. coli (Mezrioui et al.,
1995). Furthermore, E. coli may persist in the environment in a viable but nonculturable
(VBNC) state and resuscitates when growth conditions become favorable (Whitman et
al., 2003), whereas some pathogens may not. Therefore, it becomes increasingly
important to understand the linkages between the indicator E. coli and the presence of
enteric pathogens.
Contrarily, several studies have reported a positive correlation of the faecalderived Bacteroidales markers with pathogen presence (Savichtcheva et al., 2007;
Walters et al., 2007). Walters et. al (2007) reported a positive relationship between
detection of a Bacteroidales universal faecal marker and presence of enteric pathogens.
Furthermore, in their study, they reported a significant increase in the likelihood of
detecting Salmonella and Campylobacter spp., when ruminant and human markers were
present. Prevalence of a ruminant marker was also correlated with the occurrence of E.
coli O157: H7. Important positive associations were observed between Bacteroidales
markers and pathogens in a study conducted in South Nation River basin at multiple
watershed monitoring sites in Ontario, Canada. A general Bacteroidales marker was
positively associated with Cryptosporidium and Giardia, while ruminant and muskart
markers showed positive association with Salmonella enterica, and Campylobacter spp.
respectively (Marti et al., 2013).
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1.6 Prevalence and persistence of indicator bacteria and enteric pathogens in
irrigation water
In recent years, several researches have reported the presence of faecal indicator
bacteria and enteric pathogens in irrigation water. Elevated levels of E. coli in surface
water has been reported throughout Canada (Edge and Hill, 2007; Fremaux et al., 2009b;
Lyautey et al., 2010). Fremaux et al (2009b) observed E. coli concentrations that exceed
the recommended limit of irrigation water in 85% of irrigation water samples collected
from one of the irrigation water pumping site in Qu'Appelle River watershed,
Saskatchewan, Canada. Another study on same watershed observed levels of E. coli
above 100 MPN per 100 mL frequently in 3 irrigation water intake sites (Tambalo et al.,
2012). The authors observed a significant positive association between E. coli and a
Bacteroidales associated ruminant marker, indicating the increased E. coli concentrations
in the sites was likely due to a nearby cattle ranch. Another study conducted along the
irrigation systems in Central California coast between May 27th, 2008 and October 26th,
2010 observed average concentrations of E. coli, 7.1 × 102 MPN/100 mL in water
(Benjamin et al., 2013). They also observed 10- to 1000-fold higher E. coli
concentrations in sediment (CFU/100 g) than the overlying water (MPN/100 mL) for
these irrigation systems.
To date, there has been little investigation of the prevalence of enteric pathogens
occurring in irrigation water around the world including Canada. Most of the studies
measure indicator bacteria rather than actual pathogens. This is mainly due to the
expensive costs involved in detecting pathogens. Duffy et al.(2005) detected Salmonella
in 9% of irrigation waters in Texas. A study conducted in northern Nigeria identified
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pathogenic E. coli O157: H7 in 2% of river water samples used for large-scale irrigation
(Chigor et al., 2010). The prevalence of E. coli O157:H7 and Salmonella were 1% and
6%, respectively in Oldman River watershed in southern Alberta, Canada which is
known as an extensively irrigated region (Johnson et al., 2003). In another study from the
same region of Southern Alberta, E. coli O157:H7 was identified in 2% of 1608 surface
water samples (Gannon et al., 2004). A study conducted over 3 years to investigate
Campylobacter occurrence in a watershed located in southern Ontario observed high
prevalence but at low concentrations (<130 cells per 100 ml) in 57-79% of samples taken
from five locations (Van Dyke et al., 2010).
Enteric bacteria have been shown to have differential persistence in water. Greene
et al. (2008) investigated a multi-state Salmonella outbreak in the USA caused by one
rare strain (Salmonella Newport), and identified that strain by pulsed-field gel
electrophoresis in irrigation ponds 2 years apart, suggesting persistent contamination of
tomato fields with the particular Salmonella strain. Feachem et al., (1983) observed
persistence of enteric bacteria including Salmonella spp. and Shigella spp. up to 30 days
in water. In a laboratory based experiment with river water incubated at 18°C with E. coli
O157:H7, it has been reported that the organism declined from 106 CFU per ml to < 200
CFU per ml in 27 days (Maule, 2000). In another study, survival of E. coli O157: H7
was found to be better in lake and puddle waters than in river or drinking trough waters
in a microcosm experiment. E. coli O157: H7 was detected in 45% of samples even after
2 months (Avery et al., 2008). Studies have shown that environmental stressors such as
temperature, nutrient limitation, solar radiation, and salinity all inversely contribute to the
survival of enteric bacteria in aquatic environment (Thomas et al., 1999; Hughes, 2003).
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Moreover, under stressful conditions, some enteric bacteria such as Salmonella spp.,
Enterococcus faecalis, Campylobacter spp. can enter a VBNC state whereby they persist
without growing in the environment (Winfield and Groisman, 2003; Baffone et al., 2006;
Halliday and Gast, 2011).
1.7 Survival of E. coli in the environment
Once shed from the human host, E. coli usually enters the sewage treatment plant
and is subsequently killed during treatment processes. However, dissemination of the
bacterium into the environment such as soil, ground water, and surface water may arise
from semi-treated sewage, run-off from animal grazing fields, and untreated livestock
wastewater effluent, where it may persist for several months and even years. Some
studies suggested that long-term agricultural activity may alter the soil environment to
the point that some enteric microorganisms are able to survive, and possibly grow (Topp
et al., 2003; Unc et al., 2006). Therefore, the growth of E. coli within soils can act as a
reservoir for further contamination of ground water, and surface water that is used for
recreation and irrigation purposes (Sjogren, 1995; Solo-Gabriele et al., 2000; Ishii et al.,
2006), thereby complicating its use as an indicator of recent faecal pollution.
E. coli has been frequently isolated from a temperate, coastal forest soil in the
Great Lakes watershed which is unlikely influenced by any known contamination
sources (Byappanahalli et al., 2006). Even in a recent study on long term persistence in
temperate maritime soils, continuous low level leaching of viable E. coli for more than 9
years was detected (Brennan et al., 2010). Several studies also showed that E. coli not
only survived for extended periods of time in the environment but also replicated in
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water, on algae and in soil in tropical (Carrillo et al., 1985; Byappanahalli and Fujioka,
1998; Byappanahalli et al., 2006), subtropical (Solo-Gabriele et al., 2000; Desmarais et
al., 2002) and in temperate environments (Ishii et al., 2006). Indeed, mounting evidence
indicates that genetically distinct E. coli strains can be isolated from the same sites over
multiple seasons, suggesting that these bacteria may have increased environmental
fitness over time to facilitate persistence and became naturalized (Ishii et al., 2006). A
multilocus sequence typing experiment on environmental E. coli strains retrieved from
New Zealand streams observed a fundamental genetic difference between environmental
and commensal E. coli strains (Perchec-Merien and Lewis, 2013). Byappanahalli et al.
(2006) observed a distinct phylogenetic group of soil-borne E. coli populations using
repetitive extragenic palindromic polymerase chain reaction (Rep-PCR) in comparison to
a set of faecal strains with which they were compared. However, there is limited
information concerning the survival strategies of this indicator organism in the
agricultural environment (Sherer, 1992; Bogosian et al., 1996; Topp et al., 2003;
Anderson et al., 2005), and their genetic distribution, relative abundance and persistence
over time have not been fully investigated. As such, there is a need to better understand
the ecological characteristics that affect the survival of E. coli in the agricultural
environment to help reassess it as an indicator organism.
1.8 Role of biofilms on persistence of E. coli
Biofilms have been shown to assist in the persistence of bacteria in the
environment (Buswell et al., 1998; Cooper, 2010). Biofilms can be defined as complex,
highly organized communities of bacteria growing on a solid surface encapsulated in a
self-produced extracellular polymeric matrix (Donlan and Costerton, 2002). The
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extracellular nature of a biofilm is primarily composed of polysaccharides, proteins and
nucleic acids, which are secreted by the cell itself. Formation of the three dimensional
biofilm is a multistep process involving at least five developmental stages: (i) initial
reversible attachment to a solid surface, (ii) a transfer from reversible to irreversible
attachment mostly facilitated by the production of exopolysaccharide matrix, (iii)
formation of microcolonies, (iv) development of mature biofilm and finally (v)
detachment of the cells from the biofilm surface, which provides a mean of dispersal,
enabling the spread of bacteria to other environments suitable for colonization.
Biofilm communities present the indwelling cells with several unique advantages
over their planktonic counterparts, including increased tolerance to desiccation
(Costerton et al., 1987), increased resistance to antibiotics (Nickel et al., 1985), and
chemical biocides such as detergents and chlorine (Costerton et al., 1987; Lisle et al.,
1998), and persistence during periods of nutrient deprivation (Cooper, 2010). Recent
research has suggested that by forming biofilms, E. coli may survive and persist in the
environment, therefore confounding routine microbial risk assessment studies. Molecular
typing analysis revealed that E. coli is capable of surviving for several months within
epilithic periphyton (biological community of bacteria, diatoms, green and blue-green
algae, protozoa, and fungi, often found as biofilms and are attached to most natural or
artificial submerged surfaces) and becomes naturalized to periphyton communities and
develops self sustaining population (Ksoll et al., 2007). Recently Moreira et al. (2011)
revealed periphytic E. coli populations that were continuously present in three temperate
freshwater lakes, as superior biofilm formers. The periphytic E. coli formed, on average,
2.5 times as much biofilm as E. coli isolated from humans, 4.5 times as much biofilm as
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shiga-like toxin-producing E. coli, and 7.5 times as much biofilm as bovine E. coli
isolates. Most research studies have characterized biofilm potential using E. coli
laboratory isolates such as derivatives of the K-12 strain, originally isolated from the
feces of a convalescent diphtheria patient in Palo Alto in 1922 (Bachmann, 2004), or the
pathogenic E. coli O157:H7. However, these two species are far from representing the
diversity of environmental isolates. Therefore, there is a need to study the diversity of
biofilm potential E. coli isolates that can persist outside the host environment.
1.9 Temporal variation of E. coli in environment
Research on E. coli densities and genetic diversity in environments external to the
host has been reported with contrasting results. The faecal coliforms densities examined
on epilithic periphyton in Lake Superior for two consecutive years, increased from 100fold in early summer to 10,000-fold in late summer (late July) within seven weeks and
subsequently declined towards winter. However, faecal coliform concentrations increased
4 orders of magnitude during the same period in the overlying water. The E. coli
concentration was approximately 40% of the total faecal coliforms isolated from the
periphyton (Ksoll et al., 2007). Another study conducted in the Yeongsan River, South
Korea found no seasonal variation in E. coli cell densities (on average greater than 200
CFU per 100 ml in all seasons). However, temporal changes in the distribution of
phylogenetic groups were observed in the same study. A higher prevalence of the
phylogroup B1 was observed in November 2007 and May 2008. In contrast, strains of A
phylogroup were dominating in February 2008 and August 2008 samples (Unno et al.,
2009). It is important to note that, phylogenetic typing method, triplex PCR assigns E.
coli into four phylogroups: A, B1, B2, and D (Clermont et al., 2000) and seven
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subgroups A0, A1, B1, B22, B23, D1, and D2, based on the combination of three genetic
markers (chuA, yjaA, and TspE4.C2) (Escobar-Paramo et al., 2006). Recently, a revised
version of triplex PCR, a quadruplex PCR has been developed to improve the specificity
and reclassify the E. coli phylogroups (Clermont et al., 2012). In this quadruplex PCR, an
additional gene target, arpA, was added to the previous three gene targets of triplex PCR.
Addition of arpA serves as an internal control for DNA quality and improves the
discriminatory power between E. coli and cryptic clades of Escherichia, that are
genetically distinct but phenotypically indistinguishable from E. coli. In another study, a
significant temporal difference in E. coli genotypes was observed between stream-water
samples taken after a wet and a dry event from the same locations. A prevalence of D
genotype was observed in isolates from the wet weather event, whereas in a dry weather
event, the most dominant genotype in stream-water samples was B1 (Cook et al., 2011).
Ratajczak et al (2010) observed similar results in a water creek in a rural watershed in
France, where B1 was the dominant genotype during the dry period and genotype A was
dominating during the wet period.
1.10 Factors affecting survival and density of E. coli in irrigation water
Understanding factors affecting survival of E. coli in irrigation water are
important if E. coli is to be used as an indicator of pathogen presence. After exposure to
an open environment, the survival and density of E. coli could be affected by a variety of
environmental parameters including temperature, light intensity, salinity, rainfall, nutrient
limitation, and predation. Among these factors, temperature plays an important role in E.
coli die-off in natural water. Studies on the effect of temperature on E. coli survival in
water have frequently yielded conflicting results. Whitman and Nevers (2003) showed a
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significant positive correlation between air and water temperatures and E. coli
concentrations in a Lake Michigan beach. In contrast, Anderson et al. (1983) found an
inverse relationship between temperature and E. coli cell densities in estuarine waters
during in situ exposure in diffusion chambers. The most pronounced reduction was
observed in the presence of the autochthonous microbiota at temperature more than
15°C. In another study, the survival of an environmental E. coli isolate in lake water
microcosms were observed at 4, 10, 14, or 25°C for up to 36 days. However, E. coli
densities were found to decrease at all temperatures over the duration of the experiment
where the highest decline was observed at 14°C and slowest at 4°C (Sampson et al.,
2006).
Based on a large number of studies, visible light is believed to have a significant
negative effect on survival of E. coli in freshwater (Fujioka et al., 1981; McCambridge
and McMeekin, 1981; Barcina et al., 1986; Barcina et al., 1989). This is mainly due to its
solar radiation particularly UV-B, which results in the accumulation of peroxides or toxic
substances from photooxidation of organic matter and causes sub-lethal injury to the cell
(Kapuscinski and Mitchell, 1981). A decrease in E. coli count by 3.5 logs was observed
under direct sunlight in waters of the Cochin estuary (Chandran and Mohamed Hatha,
2005). E. coli inactivation rates in secondary wastewater was higher under direct sunlight
than in darkness (Maiga et al., 2009).
Rainfall has a great effect on the density of E. coli in the aquatic environment.
Rainfall events inevitably increase concentrations of E. coli due to release of bacteria
from bottom sediments caused by increased flow and from non-point source loading
caused by runoff from the pastures and leaching of soils (Whitman et al., 2006; Ratajczak
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et al., 2010; Pachepsky and Shelton, 2011). During a rainfall event, Ratajczak et al.
(2010) observed E. coli density (4.0 104 CFU/100 ml) in the stream water that is two
orders of magnitude higher than that measured for a wet and dry periods in February and
May, 2007, respectively. Kleinheinz et al. (2009) examined eight beaches located in
Wisconsin, on Lake Michigan to determine the impact of rainfall on E. coli density in
beach water and found a significant association between rainfall and elevated beach
water E. coli concentrations for six of the eight beaches. The impact of rainfall on beach
water E. coli concentrations lasted up to 12 hours.
Other leading factors in determining survival of E. coli in water are pH (McFeters
and Stuart, 1972), availability of nutrients (Flint, 1987) and predation by protozoa. Very
low and very high pH substantially decrease survival of E. coli though a range between
5.5 to 8 does not affect survival (McFeters and Stuart, 1972). Variation in E. coli
inactivation rates observed in river water taken above and below sewage outfall,
probably because of the differences in the nutrient content (Flint, 1987). Survival of E.
coli in water can be affected by indigenous protozoan populations as well. Protozoa
primarily function as a predator of bacteria in the environment but under some
circumstances may also provide a protective environment (Brown and Barker, 1999). A
decrease in E. coli numbers was observed with an increase in the number of protozoa
(Enzinger and Cooper, 1976). However, E. coli have been reported to survive protozoal
grazing due to the inability of the protozoa to digest the engulfed E. coli cells (King et
al., 1988; Barker et al., 1999). In a plating assay, E. coli strains belonging to phylogroup
B2 (carryng virulence genes such as iroN, irp2, fyuA involved in iron uptake), were
found to be resistant to the grazing from Dictyostelium discoideum (Adiba et al., 2010).
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1.11 Research objectives
The first objective was to use laboratory based microcosms to measure
persistence of E. coli in waste water influent spiked with cow and pig manure at two
different temperatures and to examine biofilm development of dominant genotype (s) to
address a potential persistence mechanism of E. coli in the environment.
The second objective of this thesis was to genotypically characterize E. coli to
observe prevalence, persistence and genetic diversity of E. coli in irrigation water and
produce and to compare the suitability of E. coli as an indicator bacteria with the recently
proposed indicator Bacteroidales in relation to enteric pathogens as well as to observe
pre-harvest contamination of in-field vegetables by E. coli.
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CHAPTER 2 — INVESTIGATING BIOFILM FORMATION AS A POTENTIAL
PERSISTENCE MECHANISM OF ESCHERICHIA COLI IN THE ENVIRONMENT

2.1 Introduction
To assess the human health risks associated with exposure to contaminated water,
it is important to accurately predict the presence of faecal derived pathogens. Generic
Escherichia coli has long been used as an indicator for recent faecal pollution events and
the presence of potential pathogens in drinking, irrigation and recreational water. This is
based on the assumption that E. coli can only originate from faecal sources and cannot
survive for extended periods of time in the environment (Leclerc et al., 2001).
Mounting evidence indicates that E. coli may survive in the open environment for
an extended period of time and may even replicate in water, on algae and in soil in
tropical (Carrillo et al., 1985; Byappanahalli and Fujioka, 1998; Byappanahalli et al.,
2006), subtropical (Solo-Gabriele et al., 2000; Desmarais et al., 2002) and temperate
environments (Brennan et al., 2010). Recent research also suggests that by forming
biofilms E. coli may survive and persist in the environment (Moreira et al., 2011; Meric
et al., 2013). E. coli has been detected in biofilms communities of drinking water
distribution systems (Juhna et al., 2007; Lehtola et al., 2007). Though the samples were
negative for E. coli in culture-based and enzymatic methods, both fluorescence in situ
hybridization (FISH) and PCR techniques confirmed the presence of E. coli in
distribution systems (Juhna et al., 2007). Recently, Moreira et. al. (2011) examined the
biofilm-forming ability of periphytic E. coli from three temperate freshwater lakes in
Canada, using a crystal violet biofilm assay. They found periphytic E. coli isolates as
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superior biofilm formers compared with human, bovine and shiga-like toxin-producing
E. coli. Molecular typing analysis revealed that E. coli is capable of surviving for several
months within epilithic periphyton and can become naturalized to periphyton
communities (Ksoll et al., 2007). The survival of E. coli in the environment would
compromise its use as an indicator of recent faecal contamination.
Factors that are known to contribute to the formation of E. coli biofilms are
several surface proteins such as conjugative pili, type-1 fimbriae, curli and cellulose
(Cookson et al., 2002; Van Houdt and Michiels, 2005; Matthysse et al., 2008). Both
cellulose and curli are involved in biofilm formation through bacteria-bacteria
interactions and adhesion to biotic and abiotic surfaces (Gerstel and Romling, 2001;
Zogaj et al., 2001; Jonas et al., 2007; Gualdi et al., 2008). Saldana et al. (2009) suggested
that both curli and cellulose work together to favour host colonization, biofilm formation
and survival of E. coli in different environments. Similarly, Merci et al. (2013) and
Matthysse et al. (2008) suggested cellulose as an important factor in plant colonization
for E. coli. However, Uhlich et al. (2006) has shown that E. coli O157:H7 can form
biofilms in the absence of cellulose production. Therefore, the role of cellulose in biofilm
formation in environmental stains of E. coli needs to be investigated in light of
prior conflicting reports.
In the laboratory, several microtiter plate-based methods have been adopted for
the study of bacterial biofilms. The microtiter plate assay has been effective primarily for
studying the early stages in biofilm formation, though to some extent it can assess some
properties of mature biofilms, such as antibiotic tolerance and resistance to immune
system effectors (O'Toole, 2011). These methods are designed to quantify either the
biofilm biomass including both living and dead cells or viable cells through various
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staining and viability assays (Peeters et al., 2008). The crystal violet staining is a semiquantitative microtiter plate-based method which quantify the biofilm biomass of
bacteria (Stepanovic et al., 2000). This method is most commonly used in the laboratory
for the quantification of biofilms because it is a cheap, fast, and straightforward
approach. However, this method is less sensitive to quantify biofilm biomass since
crystal violet stains EPS and cannot differentiate between live and dead cells (Peeters et
al., 2008).
The Calgary Biofilm Device (MBEC, minimal biofilm eradication concentration),
initially described by Cerri et al. (1999), has been designed for rapid determination of
antibiotic susceptibilities of bacterial biofilms. This device consists of a polystyrene lid
with 96-pegs that can be fit into a 96-well microtiter plate, that can serve initial inoculum
for a biofilm assay. The surface attached biofilm cells can be recovered from the pegs by
using low frequency sonication. A key advantage of the peg lid over crystal violet is its
reproducibility and the ability to detach the peg to observe the biofilm formation using a
confocal laser scanning microscope.
E. coli populations in faecal material and host guts are genetically diverse and the
relative abundance of each genotype depends on geographic conditions, host diet, lifehistory characteristics, host body mass, use of antibiotics, host genetic factors, climate
and types of disease they are capable of causing in humans (Duriez and Fruchart, 1999;
Gordon and Cowling, 2003; Escobar-Paramo et al., 2004). However, in the open
environment, factors that frequently affect the structure of E. coli populations are
hydrological conditions, current use of the watershed land, and the origin and intensity of
contamination by faecal bacteria (Ratajczak et al., 2010). Also, previous studies have
demonstrated the prevalence and persistence of certain E. coli genotypes in the
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environment, indicating the adaptability of specific genotypes to that environment.
Recently, a study conducted on environmental strains isolated from six freshwater
beaches along Lake Huron and the St. Clair River in Michigan observed that the
persistent, naturalized E. coli strains belonged to the B1 genotype (Walk et al., 2007).
Another study recovered E. coli from the water of a creek on a rural watershed, where the
isolates from persistent genotype were also B1 (Ratajczak et al., 2010). Although these
studies showed the ability of certain E. coli strains to persist outside of a host, little is
known about the factors contributing to their persistence.
Hence, this study was conducted to investigate the biofilm forming ability of
persistent E. coli genotypes. I hypothesized that the survival and persistence of E. coli in
aquatic ecosystems is positively correlated with their biofilm forming ability. The
objectives of this study were to (i) use laboratory microcosms to examine the survival of
E. coli in wastewater influent under different temperatures, (ii) genotypically characterize
E. coli from wastewater influent by triplex-PCR to elucidate the dominant E. coli
genotypes, (iii) to determine biofilm-forming ability of persistent genotypes, and (iv) use
repetitive element PCR technique using BOX-A1R primer to compare the genetic
diversity of biofilm-forming E. coli with the genetic diversity of non- or poor-biofilm
formers.

2.2 Methods
2.2.1 Microcosm design and inoculum preparation
Pig slurry and cow manure were collected from a local livestock producer in
Regina. Ten grams each of pig slurry and cow manure were added to 800 ml of treated
and 200 ml of untreated waste water influents which were collected from the Regina
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Wastewater Treatment Plant (RWWTP). The resulting suspension was homogenized and
the debris was allowed to settle for 10 minutes and the supernatant was used for the
microcosm experiment. A series of microcosms were prepared using Spectra/Por 7
membrane dialysis tubing (molecular weight cut-off [MWCO], 100; Spectrum
Laboratories, Inc., Rancho Dominguez, CA) with 150 ml of the faecal slurry added to the
tubing to allow sampling at various time intervals. The dialysis tubes were placed inside
5-gallon aquariums, which were filled with autoclaved final effluent from RWWTP. The
aquariums were lined with aluminium foil to reflect light and an aquarium air pump was
used to maintain oxygenation and to ensure mixing of the water. One aquarium was
placed inside a refrigerator to maintain the temperature at 4°C for the duration of the
experimental period and another was held at 22°C using a standard aquarium heater.
Sampling was performed every day for the first 5 days and then once per week until E.
coli was undetectable.
2.2.2 Enumeration of E. coli
After sample collection, duplicate samples from two separate dialysis tubings
were serially diluted in sterile water and 100 mL of diluted samples were added to the
Colilert-18 reagent and poured into a 97-well Quanti-Tray, sealed and incubated at 37°C
for 22 h. Dilution was performed as needed and E. coli isolates from the highest dilution
were used in subsequent characterization. E. coli was detected and enumerated by
counting the number of fluorescent wells under UV light according to the manufacturer’s
instructions (IDEXX). The most probable number (MPN) was estimated from a chart
provided by the manufacturer.
2.2.3 Isolation and characterization of E. coli
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Approximately 20 μL of E coli positive sample from each Colilert well was
streaked onto mFC-BCIG agar, made with mFC (media for faecal coliform) basal agar
and 5 mg of 5-bromo-4-chloro-3-indolyl β-d-glucuronide cyclohexyl ammonium salt
(Inverness Medical, Ottawa, ON) per liter. If needed, presumptive E. coli isolates were
re-streaked onto mFC-BCIG agar plate. E. coli were isolated from each of the duplicate
Colilert tray from their initial and final day of isolation at both temperatures. From each
mFC-BCIG plate, three typical E. coli colonies (i.e., blue pinpoint colonies) were
streaked onto Luria Bertani (LB) agar and subjected for biochemical tests (DMACA
Indole & oxidase; Difco Laboratories, Sparks, MD). Isolates were considered as E. coli if
they grew at 44.5°C, have β-glucuronidase enzyme (blue colonies on mFC-BCIG agar
plate), produced indole, and were negative for cytochrome oxidase.
2.2.4 Calculation of E. coli Decay Rate
The E. coli Decay rates (k) at each temperature were calculated based on classical
first order decay model. This model was first proposed by Chick in 1908 who applied the
theory of first order chemical reactions to the thermal destruction of microorganisms
(Chick, 1908). The decay rates were estimated as the slope of the regression line using
the equation Log

10

(Ct/C0) = -kt; where Ct and C0 are the number of E. coli present at

time t and zero in MPN per 100 mL, t is the time in day and k is the decay constant or
rate in day-1 (Chick, 1908; Crane and Moore, 1986). The decay rates were calculated until
day 9 and 23 at 22°C and 4°C respectively, when E. coli concentration was below the
detection. The length of time (expressed in days) needed to obtain a 99% reduction (t99)
in initial E. coli number was calculated using the decay constant in the following
equation, t99 = - 2/k. In a few cases (described in the section 2.3.2), the full time scale of
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data collected did not fit the first-order decay model; hence, regression lines were drawn
between time points that were approximately linear.
2.2.5 Extraction of DNA from E. coli isolates
Extraction of genomic DNA was performed using a Colony Fast-Screen (PCR
Screen)TM kit (InterScience, Canada). A small portion of a colony growing on a LB plate
was suspended in 50 µL PCR-lysis solution in a 0.5 ml tube. The tube was vortexed
vigorously until the colony was completely resuspended. The tube was incubated at 99°C
for 5 minutes in a heating block (Fisher Scientific, Canada). After incubation, each tube
was vortexed and chilled on ice for 2 minutes. The extracted DNA was used directly as a
template for the PCR or was stored at - 20°C until used.
2.2.6 Phylogenetic typing of E. coli isolates
A triplex PCR method developed by Clermont et al. (2000) and modified by
Higgins et al. (2007) was used to genotype E. coli. This method assigns E. coli into four
major genotypes; B2, D, B1, and A, based on the presence or absence of two genes (chuA
and yjaA), and an intergenic DNA fragment (TSPE4.C2). To increase strain
discrimination, the main four genotypes were further subdivided into seven subgenotypes
(based on the following genetic patterns), such as subgenotype A0 (genotype A), chuA-,
yjaA-, TspE4.C2-; subgenotype A1 (genotype A), chuA-, yjaA+ TspE4.C2-; genotype B1,
chuA-, yjaA-, TspE4.C2+; subgenotype B22 (genotype B2), chuA+, yjaA+, TspE4.C2-;
subgenotype B23 (genotype B2), chuA+, yjaA+, TspE4.C2+; subgenotype D1 (genotype
D), chuA+, yjaA-, TspE4.C2- and subgenotype D2 (genotype D), chuA+, yjA-, TspE4.C2+
(Escobar-Paramo et al., 2006) (Figure 2.2.1). E. coli ATCC 25922, which produce three
amplicons as subgenotype B23, was used as a positive control and was run on each gel
along with the samples. The gDNA (genomic DNA) for each isolate was used in a 25 μl
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chuA
yjaA
TSPE4

Figure 2.2.1 Triplex PCR profiles specific for E. coli phylogenetic groups. Each
combination of chuA and yjaA gene and DNA fragment TSPE4.C2 amplification allowed
phylogenetic group determination of a strain. Lanes 1 and 2, subgenotype A0 and A1;
lane 3, genotype B1; lanes 4 and 5, subgenotype D1 and D2; lanes 6 and 7, subgenotype
B22 and B23. Lane M represents 50 bp markers (Clermont et al., 2000).
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reaction containing 2.5 µl of 10X PCR buffer (Bio Basic Inc., Canada), 1 µl template
DNA, 2 mM MgSO4 (UBI Life Sciences, Canada), 0.2 mM each of deoxynucleoside
triphosphate (dNTP), 0.25 µM each of the chuA primers (chuA.1 5'-GACGAACCAACG
GTCAGGAT-3'; chuA-R.2 5'-TGCCGCCAGTACCAA A GACA-3'), 1µ M each of the
yjaA primers (yjaA.1 5'- TGAAGTGTCAGGAGACGCT G-3'; yja.2 5'- ATGGAGAATG
CGTTCCTCAAC-3'), 0.5 µM each of the TSPE4.C2 primers (TSPE4.C2.1 5'-GAGTAA
TGTCGGGGCATTCA-3'; TSPE4.C2.2 5'-CGCGCCAACAAAGTATTACG-3') and 0.6
U of Taq polymerase (Bio Basic Inc., Canada). PCR amplification was conducted using a
MyCycler thermal cycler (BioRad, Canada) with an initial denaturation at 94°C for 3
min, 35 cycles of 15s at 94°C, annealing for 30 s at 60°C, and 45 s at 72°C, followed by
a final extension at 72°C for 5 min. The sizes of the amplified fragments were 279 bp,
211 bp, and 152 bp for chuA, yjaA, and TSPE4.C2, respectively.
2.2.7 Confirmation of subgenotype A0 as E. coli by uidA PCR
Isolates lacking any of the three amplicons represent subgenotype A0 and were
confirmed as E. coli by PCR amplification using E. coli specific uidA primers targeting
the uidA gene, that encodes for the β-D-glucuronidase enzyme present in E. coli (Heijnen
and Medema, 2006). A 25-µL reaction mix designed for the amplification of 187 bp
fragment is as follows: 2.5 µl of 10X PCR buffer (Bio Basic Inc., Canada), 2 mM
MgSO4 (UBI Life Sciences, Canada), 0.2 mM each deoxynucleoside triphosphate
(dNTP), 0.5 µM each of the uidA primers (UAL1939b 5'-ATGGAATTTCGCCGATTTT
GC-3'; UAL2105b 5'-ATTGTTTGCCTCCCTGCTGC-3'), 0.3 µl of 10 µg/mL bovine
serum albumin (BSA) (Promega, USA), 0.6 U of Taq polymerase (Bio Basic Inc.,
Canada) and 1 µl template. PCR amplification conditions included an initial denaturation
at 95°C for 3 min, 30 cycles of 30 s at 95°C, 30 s at 60°C, and 30 s at 72°C, followed by
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a final extension at 72°C for 5 min. PCR was conducted on a MyCycler thermal cycler
(Biorad, Canada). E. coli ATCC 25922 was used as a positive control.
2.2.8 Confirmation of subgenotype A0 as E. coli by quadruplex PCR
All the isolates of subgenotype A0 were further confirmed using quadruplex PCR
method (Clermont et al., 2012), which amplifies all three previous genes of triplex PCR
in addition to a new target, arpA of 400 bp. New primer sequences were used to amplify
previous three target genes with similar PCR product fragment sizes. New primer
sequences were used to avoid polymorphysm and amplification of TspE4.C2 and chuA in
strains belonging to Escherichia cryptic clades. PCR was conducted under standard
conditions in 20 µl reaction volumes, containing 2.0 µl of 10X PCR buffer (Bio Basic
Inc., Canada), 2 µl template, 2.5 mM MgSO4 (UBI Life Sciences, Canada), 0.2 mM each
deoxynucleoside triphosphate (dNTP), 1 µM each of the yjaA (yjaA.1b 5'-C
AAACGTGAAGTGTCAGGAG-3';

yjaA.2b

5'-AATGCGTTCCTCAACCTGTG-3'),

TSPE4.C2 (TspE4C2.1b 5'-CACTATTCGTAAGGTCATCC-3'; TspE4C2.2b 5'-AGTTT
ATCGCT GCGGGTCGC-3') and chuA (chuA.1b 5'-ATGGTACCGGACGAACCAA C3'; chuA.2 5'-TGCCGCCAGTACCAAAGACA-3') primers, 2 µM each of the arpA
(AceK.f 5'-AACGCTATTCGCCAGCTTGC-3'; ArpA1.r 5'-TCTCCCCATACCGTAC
GCTA-3') primers and 2 U of Taq polymerase (Bio Basic Inc., Canada). For multiplex
reactions, PCR amplification conditions included an initial denaturation at 94°C for 4
min, 30 cycles of 5 s at 94°C and annealing at 59°C for 20 s, followed by a final
extension at 72°C for 5 min. PCR was conducted on a MyCycler thermal cycler (BioRad,
Canada).
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2.2.9 Genomic fingerprinting of E. coli
Genetic diversity of E. coli isolates recovered from the microcosms was
determined using BOX-A1R-based repetitive extragenic palindromic-PCR (BOX-PCR).
To avoid problems related with reproducibility of banding patterns (Stoeckel and
Harwood 2007), optimization of the BOX-PCR reaction was performed initially to
generate clear, well-defined DNA fingerprints. Each PCR reaction was carried out using
a 50-µL reaction containing 1X PCR buffer (Bio Basic Inc., Canada), 2 mM MgSO4, 5 µl
of 40% DMSO (dimethyl sulfoxide), 2 µl of 0.3 µg/µl BOX-A1R primer (5'-CTACGGC
AAGGCGACGCT GACG-3'), 0.6 mM each deoxynucleotide triphosphate (Invitrogen,
Burlington, ON, CA), 400 ng/µl BSA (bovine serum albumin), 0.4 µl of 5 U Taq
polymerase (Bio Basic Inc., Canada) and 2 µl DNA template. Amplification was
performed in a MyCycler thermal cycler (BioRad, Canada) with cycling conditions as
follows: 95°C for 2 minutes, followed by 35 cycles consisting of 94°C for 3 seconds,
92°C for 30 seconds, 50°C for 1 minute and 65°C for 8 minutes, with a final extension
step at 65°C for 8 minutes (Rademaker et al., 1998). A four percent polyacrylamide gel
was used for separation of the amplicons. Eighteen microliters loading dye was added to
50 µl of the PCR product and total 68 µl of this mixture was loaded into each well fitted
to an 6 mm by 1mm comb tooth size. GeneRulerTM 1kb DNA size Ladder (250-10,000
bp Fermentas, Burlington ON, Canada) was used to define the band sizes of the DNA
fingerprints and was loaded into each terminal well for individual gel. The DNA
fragments were separated by electrophoresis at 120 V for 285 min using a DCode system
(Bio-Rad, Hercules, CA, USA). Gel was stained with 3 µL of 10,000X SYBR Safe DNA
Gel Stain (Invitrogen) in 10 mL 1X TAE buffer for 15 min., analyzed under UV light and
image was captured using the GelDoc-It TS 300 Imaging System (California, USA).
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2.2.10 Computer-assisted analysis of genetic fingerprints
Genetic fingerprint analysis was performed using the GelCompar II software
(Applied Maths, Belgium). Band positions were normalized using a 1 kb DNA Ladder as
an external reference standard. Three to six bands with high, middle, and low molecular
weights which were common to most of the isolates on each gel were also used as
internal reference standards. Initially, bands were assigned automatically using computerassisted analysis and then manually to ensure the detection of all possible bands. Bands
greater than 3000 bp and less than 1000 bp were excluded from the cluster analysis since
they were consistently faint and blurry. The genetic similarity of the E. coli isolates was
calculated by Dice coefficient which counts the number of matching bands between two
fingerprints. The cluster analysis of similarity matrices was performed by unweighted
pair group method with arithmetic mean (UPGMA) using 1% optimization and a position
tolerance of 1%. E. coli isolates were classified as genetically identical strains if all the
isolates from each cluster demonstrated ≥ 90% similarity.
2.2.11 Bacterial culture medium selection for biofilm screening
Biofilm production was measured in three different growth media; Minimal Salt
Medium supplemented with 0.04% glucose (MSM-glu), 1 X Trypticase Soya Broth
(TSB) and Luria Bertani Broth (LB) at 28°C to establish an optimum set of conditions.
MSM-glu was recommended as an appropriate medium for culture of E. coli biofilms by
Dewanti and Wong (1995) and TSB (Koreňová, 2008) and LBB (Biscola et al., 2011)
were selected as comparatively rich laboratory media. The MSM-glu was selected further
as biofilm developed faster in this medium.
2.2.11.1 Crystal violet biofilm assay and quantification
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Each representative strain from all clonal groups from DNA fingerprinting were
analyzed for their abilities to form biofilms using a 96-well microtiter plate based
method, as previously described with some modifications (Peeters et al., 2008). Inocula
for the biofilm assay were prepared by inoculating frozen cells in 5ml of LB broth and
incubating overnight at 30°C with 50 r.p.m. on a rotary shaker (Fisher Scientific,
Canada). The culture was transferred into a 50 ml falcon tube and centrifuged at 8,000 g
for 5 min followed by washing with phosphate buffer saline (pH 7.4). The wash step was
repeated twice and the pellet was resuspended in MSM to an absorbance of 0.05 at 570
nm that correspond to 107 CFU per ml. For each biofilm experiment, each well of a flatbottomed transparent polystyrene 96-well microtiter plate (Corning, Life Sciences) was
inoculated with 150 μl of the inoculum and incubated for 48 hours at 28°C on a gyratory
incubator shaker (Fisher Scientific, Canada) at 100 r.p.m. After incubation, the
supernatant was discarded and the wells were rinsed twice with 250 μl of sterile distilled
water. E. coli DH5α and sterile medium were used as the positive and blank control
respectively. All assays were repeated at least six times per strain.
Following incubation, the plate was rinsed twice with sterile double distilled
water. For fixation of the biofilm, the plate was incubated with 160 μl of 99% methanol
for 15 min. After fixation, 200 μl of 0.4% crystal violet solution was added and incubated
for 15 min. The wells were rinsed thoroughly under running tap water and allowed to
dry. The stain was subsequently re-solubilised by adding 200 μl of 20% acetone and 80%
ethanol solution for 15 min. One hundred and fifty microliters of released CV solution
was then transferred to a fresh microtiter plate and the absorbance was measured at 570
nm. It was assumed that the measured absorbance was directly proportional to the
amount of cells and EPS that adhered to the microtiter plate surface.
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2.2.11.2 Calgary biofilm device (MBEC) assay and quantification
The E. coli biofilm was allowed to grow on a Calgary Biofilm Device (MBEC) as
previously described by Ceri et al. (1999) with a slight modification. The MBEC device
consists of a lid with 96 pegs, which was designed to fit into a 96 well microtiter plate.
Inocula containing 107 CFU per ml were prepared following the steps described above in
the CV assay. One hundred fifty microliters of each strain was grown in three replicates
in the MBEC device. The assembled MBEC plate was then incubated for 48 hrs at 28°C
on a gyratory incubator shaker (Fisher Scientific, Canada) at 100 rpm. Following
incubation, the planktonic cells were washed off the peg lid after placing the lid into a
fresh 96-well plate containing 200 µL of PBS. Then the lid was inserted into another new
microtiter plate containing 200 µL of PBS and the biofilms were disrupted from the peg
surface using an Aquasonic 250HT ultrasonic cleaner (Branson Ultrasonics Corporation,
Danbury, USA) set at 60 Hz for 5 min. The biofilm cells were enumerated by viable cell
counting method carried out by serial dilution in PBS and then by plating onto the LB
agar plate. The absorbance of planktonic cells at 570 nm was also taken from the
microtiter plate where the peg lid was incubated.
2.2.12 Calcofour binding assay
To detect the presence of cellulose, E. coli strains were grown on LB plates
without salt containing 200 mg/L calcofluor (Uhlich et al., 2006) and incubated at 28°C
for 24 h. The presence of cellulose was determined visually using Salmonella
Livingstone CKY S4 as a positive control, as cellulose-producing colonies fluoresce
under ultraviolet (UV) light. The extent of cellulose production was scored as +/-.
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2.2.13 Statistical analyses
Data analyses were conducted using GraphPad Prism 6.0 for Windows and R
statistical language and environment 3.0.2. The Shapiro-Wilk test was initially conducted
to verify the normal distribution of each data set. Nonparametric tests were chosen for
the analysis when required. The Wilcoxon matched-pairs signed rank test was used to
compare E. coli count and distribution of subgenotypes retrieved from two experimental
replicates. Moreover, Wilcoxon matched-pairs signed rank test was also used to compare
temporal distribution of subgenotypes. Biofilm formation observed in intra group strains
using the CV assay were compared by one way ANOVA. Biofilm formation was also
compared within the strains between two subgenotypes using Mann-Whitney U test
followed by Vargha-Delaney A measure for both CV and MBEC assays. Only VarghaDelaney A measure was performed using R statistical language and environment. VarghaDelaney A measure was used to measure how much one group outperforms the other.
The A measure indicates how often, on average, strains from one subgenotype will form
higher biofilm than those from the other subgenotype. The A measure is a value between
0 and 1. When the A is above 0.5, the first group outperforms the second one. When the
A value is 0.5, the two groups form equal amounts of biofilm. When A is less than 0.5,
the first group is worse. Isolates of B1 genotype were used as first group. Biofilm
formation observed within the isolates from the same cluster using the MBEC assay were
compared by the Kruskal-Wallis test. The Kruskal-Wallis test was also performed to
compare the absorbance of planktonic cells in strains belonging to the same cluster. For
all calculations the p-value for statistical significance was set at <0.05.
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2.3 Results
2.3.Isolation and enumeration of planktonic E. coli from microcosm studies
To study the survival of E. coli outside of an animal host, microcosms containing
Regina sewage treatment plant waste water influent spiked with cow and pig feces were
incubated at 4oC and 22oC. Planktonic E. coli cells were isolated until day 9 and day 23
for the 22°C and the 4°C microcosms, respectively. The persistence curves of E. coli in
the microcosms are illustrated in Figure 2.3.1. A 2-log reduction in E. coli cell density
was observed on day 23 and on day 9, when incubated at 4°C and 22°C, respectively. E.
coli cells were undetectable on day 16, when incubated at 22oC (limit of detection is 1
MPN per 100 mL). In the 4°C microcosm, there were little fluctuations in the planktonic
E. coli population until day 9 and a rapid decline was observed on day 23, and became
undetectable (detection limit, 1 MPN per 100 ml) on day 30. On the other hand, E. coli
cell density slightly increased (1-log) on day 1 and then gradually decreased until day 5
at 22°C. A sharp decline was observed after that and E. coli cells were undetected on day
16.
A total of 503 E. coli isolates were recovered from the two microcosm
experiments incubated over a 3-week period. All E. coli isolates were confirmed based
on fluorescence on Colilert-18 and selective media as well as biochemical tests as
described in section 2.2.3. There was no significant difference observed between the
numbers of E. coli isolates retrieved from two replicates for either temperature (P> 0.05).
The minimum and maximum differences in E. coli counts observed between two
replicates were 12 (at 22°C on day 0 and 9) and 24 (at 4°C on day 0) CFU (colony
forming unit), respectively. A greater number of culturable E. coli (n= 141) was retrieved
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Figure 2.3.1 Mean levels of E. coli recovered from microcosm experiments incubated at
22°C and 4°C. E. coli number was enumerated until it became undetectable (detection
limit, 1 MPN per 100 ml). Values are the average of two replicates.
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at 4°C on day 23 and the least number of E. coli (n= 30) was isolated at 22°C on day 9.
2.3.2 Calculation of E. coli decay rate
The E. coli counts at 22°C exhibited linear to near-linear reduction over the
course of persistence experiments. However, a non-linear reduction observed at 4°C
between day 0 and 4. Since the 99% reduction (2-log reduction) was observed within the
near-linear area in most of the cases, the decay constants and t99 values were calculated
within the near-linear area of the decay curve for both temperatures. E. coli at 22°C
exhibited faster decay rate (0.38 day-1; R2 = 0.96) compared to E. coli at 4°C (0.12 day-1;
R2 = 0.92) (Appendix A). The times required to achieve 99% reduction are also
comparable between two temperatures, a higher t99 value (16.7 days) observed at 4°C
compare to that at 22°C (5.3 days) (Figure 2.3.2).
2.3.3 Genotyping of E. coli isolates from microcosm studies
The E. coli isolates that were cultured from the Colilert-18 assays were genotyped
using the multiplex PCR-based method described by Clermont et al. (2000). Genotyping
was conducted for 140, 141, 192, and 30 E. coli isolates which were obtained from day 0
(4°C), day 23 (4°C), day 0 (22°C) and day 9 (22°C), respectively. The E. coli isolates
were assigned into four major genotypes (i.e. A, B1, B2, and D) and seven subgenotypes
(i.e. A0, A1, B1, B22, B23, D1 and D2) based on the presence or absence of the chuA,
yjaA and TspE4.C2 genetic markers. The subgenotype A0 was confirmed as E. coli using
the revised quadruplex PCR method and E. coli specific uidA PCR. The distribution of
subgenotypes between two replicates was different, although the differences were not
statistically significant (P > 0.05) (Figure 2.3.3). Subgenotype B22, B23, D1, D2 and A1
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Figure 2.3.2 Average decay curve of E. coli recovered from microcosm experiments
incubated at 22°C and 4°C. Each time point is the average of 2 replicates. Time points
omitted for calculation of decay constants are day 0 at 22°C and day 0 to 3 at 4°C.
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Figure 2.3.3 Percentage of E. coli subgenotypes recovered from two replicates at (A) day
0 (4°C), (B) day 23 (4°C ), (C) day 0 (22°C) and (D) day 9 (22°C) in microcosm
experiments. No significant difference was observed between the number of E. coli
isolates retrieved from two replicates for either temperature (P > 0.05).
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as well as B22 and D2 were absent in both replicates at 22°C on day 9 and at 4°C on day
23 respectively.
2.3.4 Temporal distributions of E. coli subgenotypes
The detection frequency of the seven sub-genotypes on the initial and final day of
isolation is shown in Figure 2.3.4. The isolates that were found on day 0 in both
temperatures were distributed among all seven subgenotypes. Contrarily, isolates that
were found in the final day of isolation were not distributed among all seven
subgenotypes. The subgenotype B22 and D2 at day 23 as well as subgenotypes A1, B22,
B23, D1 and D2 at day 9 were absent in their final day of isolation. Among 197 isolates
(39%) recovered from both temperatures belonging to the A genotype, 32 (16%) and 165
(84%) isolates were subgenotyped as A1 and A0 respectively. Overall A0 was the most
predominant at both temperatures followed by B1, B23, D1, and A1. Although the
temporal distribution (between initial and final days of isolation) of subgenotypes are
different for both temperatures, a significant difference was only observed at 22°C
(P=0.0156) (Figure 2.3.4). It is interesting that only A0 (80%) and B1 (20%) were the
prevalent subgenotypes at 22°C and none of the other subgenotypes were isolated on the
final sampling day. On the other hand, most of the subgenotypes, i.e., A0 (38%), B1
(30%), B23 (18%), D1 (10%), and A1 (4%) were present on the final sampling day at
4°C. However, the overall percentage of culturable E. coli increased to 16% and 12% for
B1 genotype and A0 subgenotype, respectively on the final sampling day, when
incubated at 4°C. Additionally, the percentage of E. coli isolates belonging to
subgenotype D1 slightly increased (2%) on the final sampling day. Although the B23
subgenotype was isolated on both sampling days at 4°C, the number of B23 decreased
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Figure 2.3.4 Subgenotype distribution of E. coli isolates recovered from microcosms
incubated at 4°C and 22°C. The percentage of isolates retrieved is provided in parenthesis
for each pie. A significant difference was observed in the temporal distribution (between
initial and final days of isolation) of E. coli subgenotypes at 22°C (P=0.0156).
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from 53 (38%) to 25 (18%). A similar trend was observed for the A1 subgenotype; the E.
coli number decreased to 6 (4%) from 17 (12%) (Figure 2.3.4).
2.3.5 Genomic diversity of E. coli strains obtained from microcosms
To compare genomic diversity within E. coli isolates, rep-PCR was used which
targets evolutionary conserved repetitive non-coding DNA sequences such as BOX
elements. The DNA fingerprinting analyses of the two dominant E. coli genotypes, A0
and B1, identified 42 and 24 clusters out of 165 and 105 isolates, respectively. Cluster
analysis of individual genotypes indicated that E. coli strains of the A0 subgenotype were
relatively more diverse than those from the B1 genotype. Relative similarity values
among strains with the 24 groups of B1 and 42 groups of A0 E. coli genotypes ranged
from 67.9 to 89.7 % (Figure 2.3.5) and 44.6 to 89.7 %, respectively (Figure 2.3.6). Three
B1 clusters (Cluster no. 04, 12 and 15) representing 22% of E. coli isolates were found at
both 4°C and 22°C on their initial day of isolation (Figure 2.3.5). On the other hand, five
A0 clusters; cluster no. 01 (at 4 on day 23 and 22°C on day 0), 11 (at 4 and 22°C on day
0 and at 22°C on day 9), 25 (at 4 and 22°C on day 0), 29 (at 4 on day 23 and 22°C on day
0), and 31 (at 4 and 22°C on day 23 and 9 respectively) were detected in 28% of E. coli
isolates at both temperatures (Figure 2.3.6). Strains of cluster 14 were present at both
initial and final day at 4°C and cluster 11 was recovered at multiple times at both
temperatures.
With both subgenotypes A0 and B1, the population comprised a very few clusters
containing more than 6 isolates, the majority of the clusters contained between 3 and 6
isolates and a number of clusters had fewer than 3 isolates. Within subgenotype A0, 18 %
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Figure 2.3.5 Genetic similarity among 24 B1 E. coli representative strains isolated from
microcosm experiments incubated at 4°C and 22°C. Strain SH280 (cluster no. 04), SH98
(cluster no. 12), SH188 (cluster no. 15) were present at both temperatures.
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Figure 2.3.6 Genetic similarity among 42 A0 E. coli representative strains isolated from
microcosm experiments incubated at 4°C and 22°C. Strain SH398 (Cluster no. 01),
SH159 (Cluster no. 11), SH458 (Cluster no. 29), SH183 (Cluster no. 25) and SH525
(Cluster no. 31) were present at both temperatures.
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Figure 2.3.7 Rank abundance curves for unique strains in (A) subgenotype A0 and (B)
genotype B1 detected by rep-PCR using the BOX-A1R primer.
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isolates clustered into 2 clonal groups (Cluster no. 01 and 11) (Figure 2.3.7A) and in
genotype B1, a large number of isolates (42% of total isolates) clustered into 4 clonal
groups (Cluster no. 02, 05, 08 and 15) (Figure 2.3.7B).
2.3.6 Quantification of biofilm using a crystal violet assay
The ability to grow as a biofilm on a polystyrene surface was tested for 24 and 41
representative isolates of genotype B1 and subgenotype A0, respectively. Biofilm
formation was measured using a crystal violet (CV) assay. In general, the reproducibility
of this assay was poor as large variations were observed between the average results of
six replicates of a single isolate (coefficient of variation, >30% for some isolates) (Figure
2.3.8). The biofilm-forming ability of the strains was compared within each subgenotype
and between the two subgenotypes. There was a significant difference in biofilm
formation observed within strains of B1 and A0 subgenotypes (ordinary one way
ANOVA; B1 F [23, 120] = 271.8, P < 0.05; A0 F [41, 210] = 214.7, P < 0.0001) (Figure
2.3.8). Moreover, a significant difference was observed in biofilm formation among the
strains between the two subgenotypes (Mann-Whitney U test; P = 0.0225) (Figure
2.3.9A). A Vargha-Delaney A measure test demonstrated that 81% of the time, strains of
B1 produced more biofilm than A0 (A measure = 0.81).
2.3.7 Quantification of MBEC biofilm and comparison of biofilm-forming abilities
with CV assay
A total of 30 isolates, 17 of B1 and 13 of A0 genotypes were selected for an
MBEC assay. Isolates were randomly selected from 7 clusters (cluster # 2, 5, 6, 7, 8, 10
and 15) of B1 and 5 clusters (cluster # 10, 11, 15, 27 and 29) of A0 genotypes. Clusters
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Figure 2.3.8 Comparison of biofilm formation within isolates belonging to subgenotype
A0 (ordinary one way ANOVA; F [41, 210] = 214.7, P < 0.0001) (A) and genotype B1
(ordinary one way ANOVA; B1 F [23, 120] = 271.8, P < 0.05) (B) after 48 h incubation
at 28°C as quantified by CV assay (nB1 = 24; nA0 = 41). Cluster 4 of A0 did not test for
biofilm formation.
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Figure 2.3.9 Comparison of biofilm formation within strains of subgenotype A0 and
genotype B1 after 48 h incubation at 28°C as quantified by (A) CV assay (nB1 = 24; nA0 =
41) (Mann-Whitney U test; P = 0.0225) and (B) MBEC assay (nB1 = 17; nA0 = 13)
(Mann-Whitney U test; P = 0.0004).
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were chosen based on the number of their respective isolates. The majority of the clusters
contained isolates more that 4 (8 out of 12 clusters). Biofilm formation of the test isolates
was compared with E. coli DH5α. Minor variations (CV < 10%) within the three
replicates of the same isolate were observed except for 2 isolates, indicating a high
precision of the MBEC assay. A statistically significant difference was observed between
isolates of B1 and A0 subgenotypes according to Mann-Whitney U test (P = 0.0004)
(Figure 2.3.9B). The results from Vargha-Delaney A measure demonstrated that 90% of
the time, strains of A0 produced more biofilm than B1 (A measure = 0.1). On average,
the A0 isolates formed 1.2 times more biofilm per peg compared with the B1 isolates.
Intra-cluster comparison of viable cell counts were also performed in 4 clusters
(cluster no. 02, 05, 08 and 15) of B1 and 2 clusters (cluster no. 11 and 29) of A0
subgenotypes, to determine whether there is a significant difference in biofilm forming
potential within the isolates from the same cluster. Isolates were picked randomly from
each cluster. Although, all the isolates within the clusters showed ≥ 90% fingerprinting
similarity, a significant difference in their biofilm forming ability was observed (KruskalWallis test; P < 0.05). Biofilm forming ability was significantly different within isolates
from clusters 2, 5, and 15 of genotype B1 (Figure 2.3.10) and cluster 11 of subgenotype
A0 (Figure 2.3.11). The amount of biofilm formed varied from 1 to 2 log10 CFU per peg.
Moreover, the planktonic cells within the same cluster obtained from fingerprinting
analysis were significantly different (P < 0.05) (Appendix B). Some isolates produced
more biofilm than the control E. coli DH5α (4.2 ± 0.16 log10 CFU per peg).
The results obtained from the two assays (CV and MBEC) were also compared.
Some isolates produced almost zero absorbance in the CV assay while demonstrating a
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Figure 2.3.10 Comparison of biofilm formation among isolates from cluster 8 (P > 0.05)
(A), 2 (P < 0.05) (B), 5 (P < 0.05) (C) and 15 (P < 0.05) (D) in genotype B1. Dunn's
multiple comparison test identified a significant difference between strain SH512 and
SH473 (cluster 2) (B), SH286 and SH226 (cluster 5) (C) and between SH49 and SH314
(cluster 15) (D). Significant values are shown as asterisks.
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Figure 2.3.11 Comparison of biofilm formation among the isolates from cluster 11 (P <
0.05) (A) and 29 (P > 0.05) (B) of subgenotype A0. Dunn's multiple comparison test
indentified a significant difference between strain SH7 vs. SH159 and SH362 vs. SH7
(cluster 11) (A).
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Figure 2.3.12 Comparison of results from the MBEC assay (average CFU per peg of 3
replicates) and the CV assay (average absorbance of 6 replicates) for 17 B1 (A) and 13
A0 (B) isolates at 28°C. Error bars indicate standard deviations of three (MBEC) and six
(CV) experiments respectively. E. coli DH5 is used a positive control.
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Table 2.3.1 Biofilm formation and cellulose production of selected E. coli strains.
Strains

Subgenotype

Cellulose production† (at
28°C)

Biofilm formation (log10
CFU per peg)

SH330

B1

++++

4.44 ± 0.12

SH25

A0

+++

4.1 ± 0.09

SH342

B1

+++

3.86 ± 0.11

SH473

B1

++

4.88 ± 0.02

SH188

B1

++

3.78 ± 0.2

SH510

B1

++

3.82 ± 0.09

SH233

A0

+

2.43 ± 0.96

SH283

B1

+

2.9 ± 0.21

SH410

B1

+

4.81 ± 0.23

SH446

A0

-

5.14 ± 0.28

SH159

A0

-

5.84 ± 0.08

†Cellulose production was measured by binding to a fluorescent calcofluor: ++++, very strong
fluorescence (comparable to S. Typhimurium); +++, strong fluorescence; ++, medium
fluorescence; +, poor fluorescence; -, no fluorescence.
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high concentration of cells (eg. strain SH464; 5.88 log10 CFU per peg) in their biofilm in
the MBEC assay (Figure 2.3.12), indicating that the results from the two assays are
incomparable. The discrepancy is also evident by the conflicting results where MBEC
assay concludes strains of A0 form substantial biofilms while the CV assay concludes the
opposite.
2.3.8 Comparison of biofilm formation with cellulose production of selected isolates
Cellulose has been found to be a component of extracellular polysaccharides
(EPS) in bacteria that provides structural support for the formation of biofilm
communities. To investigate a possible relationship between cellulose production and
biofilm formation in the collection of E. coli isolates, a calcoflour binding assay was
performed using 11 isolates, with varying biofilm formation potential (based on the
MBEC results). The results demonstrated that isolates with low and high biofilm-forming
ability can produce comparable amounts of cellulose (Table 2.3.1). Interestingly,
cellulose production was not detected in the highest biofilm former (> 5 log10 CFU per
peg). These results suggest that the biofilm-forming potential of those E. coli isolates are
independent of cellulose production.

2.4 Discussion
A growing number of studies have reported the ability of E. coli to grow and
persist as naturalized populations in the environment (Ishii et al., 2006; Ksoll et al., 2007;
Brennan et al., 2010; Perchec-Merien and Lewis, 2013). These studies suggest that E.
coli might have developed special traits that allow them to survive and even reproduce
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outside of an animal host. As a result, the use of E. coli as an indicator of recent faecal
contamination has been questioned in recent years. Biofilm formation has been suggested
to facilitate the survival and persistence of E. coli in the aquatic environment (Banning et
al., 2003; Ksoll et al., 2007; Moreira et al., 2011). There are limited data available
regarding the genetic factors affecting the ability of environmental E. coli to form
biofilms. Physico-chemical parameters, which include temperature, light intensity, pH,
availability of nutrient have also been shown to directly affect E. coli die-off (McFeters
and Stuart, 1972; Faust et al., 1975; Fujioka et al., 1981; Anderson et al., 1983; Craig et
al., 2004; van Elsas et al., 2011). Therefore, studies are required to better understand the
environmental conditions that affect their survival. Thus, the present study was
conducted to investigate the prevalence and persistence of different E. coli genotypes in
microcosm experiments at two incubation temperatures; 22°C and 4°C. The biofilmforming potential and the diversity of the persistent genotypes were further investigated.
The effect of temperature on the survival of E. coli was apparent in this study (Figure
2.3.1). At 22oC, an increase in E. coli number was observed one day after incubation, and
gradually decreased later on. The initial increase in cell number could be due to
utilization of nutrients that may be present in the waste water influent and the faecal
samples. Overall, a rapid decline in E. coli count and a faster decay rate of E. coli (0.38
day-1) were observed at the warmer temperature. This is in line with the findings
observed in in situ mesocosm experiments conducted in Wascana Creek, SK, Canada,
during July 2010, where a similar decay rate (0.33 day-1) was observed for E. coli
(Tambalo et al., 2012). In contrast, in August 2010, the authors observed comparatively
slower decay rate for E. coli, though the temperature range (from 20 to 25 °C) was
similar at both months. Authors concluded that in spite of similar temperature range, the
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decay rate might have varied due to a faster predation rate or higher incidences of UV
due to more light intensity in July. Non-autoclaved waste water influent was used in this
study hence the faster decay rate could be attributed to the competition with indigenous
microflora and higher predation rate by protozoa. Several other studies also demonstrated
that increased temperature results in E. coli decline (Anderson et al., 1983;
Himathongkham et al., 2000; Jiang et al., 2002; Guan and Holley, 2003; Jiang et al.,
2003). E. coli die-off rate was faster in non-sterile river water at higher temperature
(35°C) when the nutrient levels were low possibly due to nutrient limitations as a result
of rapid growth rate at optimum temperature (van Blommestein, 2012). Contrarily, Flint
(1987) observed a prolonged survival (> 260 days) of E. coli at 25°C in autoclaved and
filtered river water. The prolonged survival may be attributed to the absence of predation
in the sterile environment. At 4oC, a slow decline from the very beginning until day 3,
and then a rapid decline with minor fluctuations, was observed. Moreover, the decay rate
of E. coli observed at 4°C (0.12 day-1) was slower than that at 22°C (0.38 day-1). These
results are in agreement with a previous study that reported enhanced E. coli survival in
recreational coastal water at 10°C as compared to the water incubated at 20°C and 30°C
(Craig et al., 2004). Increased survival at colder temperature is expected as lower
temperature decreases metabolic activity and nutrient requirements (Easton et al., 2005).
Recent research obtained with an soil borne E. coli isolate showed that the ability to
utilize different substrates generally increased relative to the reference E. coli K12 strain
under lower temperature (15 °C), though a similar amount of substrates could be utilized
by each strain at 37°C, suggesting that higher metabolic adaptability at colder
temperature may enhance their capacity to survive and become naturalized in the soil
environment (Brennan et al., 2013). A similar study observed that environmental isolates
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have a higher abundance of proteins involved in stress response to colder temperature. A
cold shock response resultes in an expression of cold shock protein involved in nucleic
acid binding was observed in a laboratory grown E. coli when the growth temperature
shifted from 37°C to 10°C (Jones et al., 1987). Taken together, the results from the
present study indicate that seasonal temperature fluctuations may induce a cold shock
response which influence the survival of E. coli in the environment particularly in
Canada where the average water temperatures during the ice free season fluctuates
between 4°C to 22°C. It would be interesting to study E. coli persistence in in situ
experiments that are subjected to fluctuating temperatures, as opposed to the steady-state
temperature used in this study.
The prevalent and persistent E. coli genotypes in the microcosm experiments
were identified by triplex PCR using the three genetic markers, chuA, yjaA and DNA
fragment TspE4.C2 (Clermont et al., 2000). On the initial day, the E. coli isolates were
distributed among all seven subgenotypes. A temporal variation of E. coli subgenotypes
between the initial and final days of isolation was apparent at both experimental
temperatures, although a significant difference was observed only at 22°C. Genotype B1
and subgenotype A0 were prevalent on the final day of isolation at both temperatures.
The results suggest that environmental adaptability of E. coli may vary among the
phylogenetic groups, with isolates from subgenotype A0 and genotype B1 surviving
better at higher environmental temperatures. These findings corroborate other studies
(Walk et al., 2007; Ratajczak et al., 2010) which also demonstrated persistent populations
of E. coli B1 genotype in aquatic environments. The study conducted by Walk et al.
(2007) observed B1 genotype as dominant in 5 out of 6 sampling sites along Lake Huron
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and the St. Clair River of Michigan. However, in one site they observed more strains
belonging to genotype A than B1, but the difference was not significant. Another study
observed persistence of subgenotype A1 strain over 9 years in an Irish soil after the last
addition of any faecal material (Brennan et al., 2013). It is not surprising that A0 was
found as a dominating genotype, in addition to B1, in this microcosm experiment. The
structure of E. coli populations is not stable in water and depends on various factors
including their origin and intensity of contamination by faecal bacteria (Ratajczak et al.,
2010). Moreover, isolates from A and B1 genotypes belong to commensal enteric strains
which are considered as host generalists as they have been recovered from a wide variety
of hosts (i.e. human, cow, chicken, pig, sheep, goat) (Carlos et al., 2010; White et al.,
2011). Therefore, strains of the A and B1 genotypes may have high adaptability potential
to their host and possibly in the environment.
Box-A1R fingerprinting of strains belonging to the two dominant genotypes
demonstrated high diversity within each genotype, with the isolates from A0 genotypes
being more genetically diverse than that of the B1genotype. The relative similarity values
of E. coli isolates from B1 and A0 subgenotypes ranged from 67.9 to 89.7% and 44.6 to
89.7%, respectively. The results also demonstrated that identical E. coli strains (cluster #
31) (similarity values of ≥ 90%) could be isolated from both temperatures on their final
day of isolation, i. e. on day 9 at 22°C and day 23 at 4°C. As fitness of the same strain
varied two weeks between temperatures, temperature may have an effect on the
adaptability of E. coli in the environment.
Several research groups have reported that E. coli can persist in the environment
as naturalized populations (Ishii et al., 2006; Perchec-Merien and Lewis, 2013) but their
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mechanism of persistence is not well understood. Biofilm formation has been shown to
be an important determinant in the persistence of E. coli in aquatic environment (Moreira
et al., 2011). Thus, this study further investigated whether isolates from the predominant
genotypes have the potential to form biofilms in vitro. Two biofilm quantification
methods, CV and MBEC, were evaluated to determine their applicability on the
quantification of biofilm formed by E. coli isolates. Large variation was observed
between the two assays. The absorbance signals obtained for some isolates were near
zero in the CV assay while in the MBEC assay for those isolates produced a substaintial
amount of biofilm cells (e.g. strain SH464; 5.88 ± 0.08 log10 CFU per peg). The possible
reason is that the strains that produced higher biofilms in the MBEC assay might have
good attachment but low levels of EPS production, underestimating the number of
adherent cells on CV assay. On the other hand, the absorbance signals obtained for some
isolates were comparatively higher while in the MBEC assay those isolates produce
small amount of biofilm cells (e.g. strain SH49; 2.8 ± 0.1 log10 CFU per peg and
absorbance 1.3 ± 0.09). A possible reason is that those isolates that had higher
absorbance may produce a lot of EPS but may not attach well and grow fast hence fewer
biofilm cells on the MBEC assay. The MBEC assay directly enumerates the viable cells
in the biofilm (as CFU per peg) while the CV assay stains not only the biofilm cells, but
also essentially any material adhering to the surface of the plate (e.g., matrix
components). Therefore, the CV staining might have overestimated the cells that were
present on the biofilms attached to the microtiter plate (Burton et al., 2007; Merritt et al.,
2011). The MBEC assay has already been used as a high throughput assay in biofilm
studies and was shown to have reproducible results (Ceri et al., 1999). Although the CV
assay is cheaper, simple, and is still commonly used in biofilm quantifications, the
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reproducibility of the CV assay has been questioned not only due to large variation
within, but also between experiments (Peeters et al., 2008). Thus the MBEC assay was
used to study and quantify the biofilm forming ability of selected E. coli isolates.
The biofilm assay demonstrated that isolates from both dominating genotypes A0
and B1 have the potential to form a biofilm. These results support that biofilm formation
may play a role in E. coli persistence in extra-intestinal environments. Interestingly, plant
associated E. coli isolates (recovered from the aerial parts of leafy vegetables), the
majority of which belonged to B1 genotype (47.8%) were also reported to form
significantly more biofilm and extracellular matrix than mammalian-associated strains
(72 strains of the ECOR collection) (Meric et al., 2013). It is also noteworthy that strains
belonging to A0 subgenotype, which are genetically more diverse, produced significantly
more biofilm than B1 (on average 1.5 log more) based on the MBEC assay. Meric et al.
(2013) also found a wide range of diversity in DNA fingerprint in plant associated E. coli
strains that produced significantly higher biofilm than the strains from ECOR collection.
The amount of biofilm produced by isolates from the same clonal group in this study was
also compared using 4 and 2 clusters for B1 and A0 subgenotypes, respectively. The
amount of biofilm formation was significantly different (1 to 2 log CFU per peg) for
some clusters (clusters # 2, 5, and 15 of genotype B1 and cluster # 11 of subgenotype A0)
suggesting that although the strains have similar fingerprinting type (≥ 90%
fingerprinting similarity), the genetic factors involved in biofilm formation might be
different or the variation could be due to the inherent variability in biofilm phenotype.
Cellulose production was previously reported to be an important factor for
biofilm production and persistence of plant associated E. coli in the environment (Meric
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et al., 2013). Plant associated biofilm forming E. coli were found more likely to display a
rdar (red, dry and rough) morphotype which results from the production of both curli and
cellulose. However, the results from the present study partially contradict this since some
strains were found to be good biofilm formers while cellulose production was not
detected in those strains. The ability to form biofilm in the absence of cellulose in some
strains indicates that cellulose may not be essential for biofilm formation in certain E.
coli isolates used in this study. Similarly, Uhlich et al. (2006) observed a lack of cellulose
production in biofilm forming E. coli O157:H7. Gualdi et al. (2008) suggested that
cellulose might be related to resistance to environmental stresses rather than to biofilm
formation as they observed increased tolerance to desiccation in laboratory strain of E.
coli due to cellulose production. Therefore, other factors such as curli and other
extracellular polymeric substances as well as the global regulator RpoS may be involved
with biofilm formation and merits further investigation.
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CHAPTER 3 — INVESTIGATING PREVALENCE, PERSISTENCE AND GENETIC
DIVERSITY OF ESCHERICHIA COLI IN IRRIGATION WATER AND IN-FIELD
FRESH VEGETABLES RECOVERED FROM THE QU'APPELLE VALLEY
WATERSHED IN SASKATCHEWAN, CANADA.

3.1 Introduction
Several studies have shown that E. coli can survive for extended period of time in
the environment and may replicate in water, on algae and in soil in tropical (Carrillo et
al., 1985; Byappanahalli and Fujioka, 1998; Byappanahalli et al., 2006) and subtropical
environments (Solo-Gabriele et al., 2000; Desmarais et al., 2002). High E. coli levels in
surface water has also been reported throughout Canada (Edge and Hill, 2007; Fremaux
et al., 2009b; Lyautey et al., 2010). Besides genetic factors, surrounding environmental
conditions may further affect the density and survival of E. coli in their extra-intestinal
environment (van Elsas et al., 2011). The fate of E. coli populations in surface water
intended for irrigation can be affected by a number of physicochemical parameters, such
as rainfall, storm event, water flow rate, availability of nutrients, light intensity,
temperature, and indigenous protozoan predation (Enzinger and Cooper, 1976; Fujioka et
al., 1981; Whitman and Nevers, 2003; Sinclair et al., 2009; Ratajczak et al., 2010).
Surface runoff due to rainfall and storm events can contain E. coli including pathogens
due to the direct contact between surface runoff water and animal faeces on the ground.
Sinclair et al (2009) found that a single major storm event can cause a substantial
increase of faecal indicator bacteria in the Thomas Brook watershed in Canada. A strong
association was also observed between E. coli load and rainfall events and the associated
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increase of river-flows in the Qu'Appelle River and Wascana Creek, Saskatchewan,
Canada (Fremaux et al., 2009b). Understanding the effect of physical factors (rainfall and
storm event, for example) that influence E. coli loads in irrigation water is necessary for
better irrigation management practices. Temperature can also influence the survival and
growth of E. coli in the environment. Colder temperature may increase the survival rate
by inducing cold shock response (Brennan et al., 2013), whereas warmer temperature
may affect both growth and death rate (Sampson et al., 2006). Warmer temperature
induce rapid growth rate which results in rapid die-off as well due to depletion of
available nutrients (van Blommestein, 2012) and accumulation of harmful waste
products. Fluctuating temperature in an open environment compared with stable
temperatures may have greater impact on bacterial survival. It has been shown that, a
shift of temperature from 37°C to 10°C triggers the production of cold shock protein that
binds to nucleic acids (Jones et al., 1987). Furthermore, light intensity can affect E. coli
levels in the environment as the solar UV radiation from the sun induces mutations such
as frameshifts, base substitutions, deletions, recombination and other types of genetic
rearrangements (Schaaper et al., 1987), and sub-lethal injury to cells due to the
accumulation of toxic chemicals (Kapuscinski and Mitchell, 1981).
In Saskatchewan, water is considered acceptable for irrigation of fresh produce if
it does not exceed the generic E. coli level of 100 MPN per 100 ml of the CCME
recommended guideline (Surface water quality objectives, 2006). However, the long term
survival and possible growth of E. coli in the environment highlights its limitations as a
faecal indicator bacteria (Carrillo et al., 1985; Solo-Gabriele et al., 2000). To date, very
few studies have been conducted to measure the level of E. coli and their ability to
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indicate pathogen presence in irrigation water in a Saskatchewan context (Fremaux et al.,
2009a; Tambalo et al., 2012). Preliminary studies in agriculturally influenced irrigation
water in Saskatchewan demonstrated elevated levels of E. coli that exceed the CCME
guideline (Fremaux et al., 2009b). However, the genotype distribution, relative
abundance and persistence of particular E. coli genotypes over time in this environment
have never been explored. Furthermore, it is valuable to investigate the use of other
indicator bacteria such as host associated Bacteroides spp. as an alternate surrogate for
the presence of potential enteric pathogens. Moreover, there is no data available
regarding the microbiological quality of fresh produce grown in Saskatchewan. Research
has shown that some E. coli strains from contaminated irrigation water can attach to and
colonize plants such as radish and lettuce (Itoh et al., 1998; Solomon et al., 2002).
Therefore, it is desirable to evaluate the prevalence and persistence of E. coli and their
genotypes in Saskatchewan grown produce.
Therefore, this study was conducted to identify indicator bacteria ( E. coli,
general and host associated Bacteroidales) and enteric pathogens (Campylobacter spp.,
Salmonella spp., and E. coli O157:H7) in water samples obtained over a two-year-period
from surface water intended for irrigation purposes. The specific objectives were to: (i)
investigate the microbiological quality of irrigation water and fresh produce; (ii)
genotype E. coli to identify dominant genotype (s); (iii) examine spatial and temporal
distribution of E. coli genotypes in irrigation water during growing season over a period
of two years; (iv) identify environmental factors affecting the density and survival of E.
coli and Bacteroidales markers ; (v) examine the correlation of E. coli genotypes to
specific host associated faecal marker (ruminant); (vi) investigate association of
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particular E. coli genotypes with different fresh produce; and (vi) investigate the
correlation of E. coli and Bacteroidales markers as surrogates for enteric pathogens.

3.2 Methodology
3.2.1. Site description
The Qu'Appelle River watershed is located in Southwestern Saskatchewan,
Canada. The total area of the river basin is approximately 52,000 km2 (50°00'– 51°30' N,
101°30'–107°10' W) (Leavitt et al., 2006). The Qu'Appelle River spans over 400 km east
from the Qu'Appelle Valley Dam on Lake Diefenbaker to join the Assiniboine River near
St. Lazare, Manitoba. Land use in the Qu'Appelle River Valley includes urban
development and agriculture. Over 75% of the land use in the drainage area is farming,
consisting primarily of grazing pastures (especially cattle and swine) and agricultural
fields (wheat, barley, and canola) (Hall and Leavitt, 1999; Leavitt et al., 2006). The town
of Lumsden which has census populations of 1,523 (Statistics Canada 2007) is the main
source of human waste input in sampling sites located on this region of the Qu'Appelle
River. The Qu'Appelle River watershed may also be influenced by cattle grazing
operations and by wild animals such as deer, geese, duck, and gulls. Wascana Creek,
which is located downstream of the City of Regina Wastewater Treatment Plant
(RWWTP) (50°28'15"N 104°44'40"W) is the major tributary of the Qu'Appelle River.
The point source of contamination in Wascana Creek is treated effluent coming from
RWWTP.

71

Figure 3.2.1 Map of the Qu'Appelle River watershed in Saskatchewan, Canada. Aerial
view of the different sampling sites (irrigation pump 1, IP1 to IP3, site C) along the
Wascana Creek and Qu'Appelle River. The arrows indicate the direction of water flow.
Potential anthropogenic inputs including cattle, wastewater treatment plant etc. are
indicated in the figure. Climate and hydrologic stations are also shown in the figure. The
City of Regina wastewater treatment plant (RWWTP) is located upstream of the site IP1.
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3.2.2 Sampling of irrigation water
Surface water samples were collected from three sites that are close to irrigation
pumps, IP1, IP2, and IP3 as well as a control site (Site C). Weekly to bi-weekly sampling
was conducted during the irrigation seasons (June to September) of 2012 and 2013.
Samples were also collected during precipitation events. IP1 (50°38'17.24"N 104°54' 26.
85"W) is located in Wascana Creek while IP2 (50°39'6.62"N 104°51'29.44"W) and IP3
(50°39'47.23"N 104°50'11.93"W) are located in the Qu'Appelle River, downstream of
Lumsden. Site C (50°37'6.47"N 104°54'15.24"W) is on Qu'Appelle River, and is located
before the confluence with Wascana Creek, hence used as a reference site. Figure 3.2.1
provides a map of the sampling sites as well as climate and hydrologic stations.
For each sampling time, two water samples of approximately 300 mL were
collected in 500 mL sterile bottles. All samples were stored in refrigerated coolers
containing ice packs during transport and processed within 3 h of collection. Samples
were not collected from the IP3 site during July12, 2012 due to a significant rainfall .
Similarly, samples were not collected from site C during June 19, 2012 . Water samples
were also collected before and after irrigation in the same manner outlined above at each
irrigation event from pump intake and sprinkler outlet in both years.
3.2.3 Sampling and processing of fresh produce from the irrigation sites
Fresh produce, which include leafy green lettuce, romaine lettuce, red lettuce,
green onions, parsley, basil, tomato, cucumber, banana pepper, basil, cauliflower, and
broccoli were aseptically collected before and after irrigation. Approximately 200 g of
each produce was placed aseptically in a ziplock bag and transported back to the
laboratory on ice for microbial analysis. All samples were processed within 24 hours of
collection.
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Approximately 30 g of produce was aseptically transferred to 300 ml of 1%
buffered peptone water (w/v) in a stomacher bag and agitated for 3 min at a speed of 9
strokes/sec (Bagmixer, Interscience). One hundred fifty millilitres of homogenate was
centrifuged for 3 min at 3000 rpm, later 100 mL supernatant was filtered through a 0.45
µm membrane filter with a filter funnel and vacuum system (Millipore Inc.,USA) and
used for DNA extraction using PowerSoil DNA isolation kit to identify Bacteroidales
markers. For enumeration of E. coli, up to 50 ml of supernatant was filtered through a
0.45 µm membrane filter (Millipore Inc., USA) and the filter was placed on mFC-BCIG
(Beckton Dickinson, Canada) agar plates. All colonies were counted after 24 h incubation
at 44.5 °C. Presumptive E. coli isolates were streaked onto Luria Bertani (LB) agar plates
and confirmed by biochemical test (DMACA Indole & oxidase; Difco Laboratories,
Sparks, MD). E. coli isolates were further genotyped by triplex PCR as described by
Clermont et al. (2000).
3.2.4 Sampling of fresh produce from CSIDC
Cabbage, cauliflower and lettuce were grown at the Canada-Saskatchewan
Irrigation Diversification Centre (CSIDC) in Outlook, Saskatchewan. The study site
consists of a 9-hectare tile-drained field. The tile-drain system was installed in 1994 and
is well-equilibrated. At the harvest stage, the vegetables were watered to simulate an
irrigation event with source water from the Qu'Appelle River, spiked at a concentration
of 106 CFU per 100 ml with 4 equal concentrations of E. coli genotypes B1, B23, A1 and
D1. These environmental strains were previously isolated from water samples collected
from the Qu'Appelle River. Approximately 200 g of fresh produce (cabbage, cauliflower
and lettuce) were collected and processed as described in section 3.2.3 at day 8 after the
irrigation event. E. coli isolates (n= 86) recovered on day 8 were genotyped by triplex
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PCR. This experiment was conducted in collaboration with Agriculture and Agri-Food
Canada.
3.2.5 Total precipitation, light intensity, river-flow rates, river water level and air
temperatures
Real time data for five environmental variables were obtained from June to
September in 2012 and 2013 to determine their impact on E. coli and other indicator
bacteria concentrations (general and ruminant specific Bacteroidales markers) in source
water. In situ water temperature and light intensity were measured at 6 h intervals using a
data logger (Onset, HOBO). Total daily precipitation (mm) in Regina was obtained from
Environment Canada climate station, Regina Gilmour Saskatchewan (50°34'0.00"N
104°49'60.00"W) (http://climate.weather.gc.ca/index_e.html), located near IP1 site. The
average rainfall on the sampling day and the cumulative rainfall in one, two or three days
preceding the sampling day were also obtained from the same sampling station. Daily
average flow rate and water level of the Wascana Creek and the Qu'Appelle River were
collected from Environment Canada gauging stations located, near the Wascana Creek
(50° 38' 08'' N 104° 54' 35'' W) and near the Qu'Appelle River in Lumsden (50° 39' 01'' N
104° 52' 00'' W) (http://www.wateroffice.ec.gc.ca/ index _e. html). Cumulative average
of three days (sampling day and two days preceding of that day) temperature, light
intensity, river water flow and water level were used for analyses.
3.2.6 Enumeration and characterization of E. coli
Presumptive E. coli from irrigation water and fresh produce were enumerated and
characterized using the methods described in section 2.2.2 to 2.2.3 and 2.2.5 to 2.2.7.
3.2.7 Extraction of DNA for Bacteroidales and pathogens identification
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The DNA was extracted to identify Bacteroidales markers from undiluted
Qu'Appelle River water and produce samples using the PowerSoil DNA kit according to
the manufacturer’s instructions. Briefly, 100 to 200 mL water samples were filtered using
a 0.45 mm pore size membrane with a filter funnel and vacuum system (Millipore Inc.,
USA). The filter was resuspended in a sterile 15 mL falcon tube (Fisher Scientific,
Ottawa, ON, Canada) containing 5 mL of sterile distilled water and vortexed vigorously.
Two mililiters of this solution was later centrifuged at 11,000 x g for 3 min and the pellet
was resuspended in 200 ml of sterile distilled water and subsequently used for DNA
extraction.
To extract DNA from pathogens, 200 ml of water sample was filtered through a
0.45 mm pore size membrane (Millipore). The filter was then mixed manually with 125
ml of buffered peptone water (BPW) (Sigma, Steinheim, Germany) in a stomacher bag
and incubated overnight at 37°C. To increase the likelihood of detecting E. coli O157:H7,
1 mL of BPW was mixed with 9 ml of modified trypticase soy broth (TSB) (Oxoid,
Basingstoke, England) containing 20 mg/ml novobiocin (Sigma) and incubated at 42°C
for 6±2 h (Johnson et al., 2003; Walters et al., 2007). The enriched TSB was used for
PCR amplification to detect the single base-pair mutation of uidA (located in position
þ92) in E. coli O157:H7 (Cebula et al., 1995). To identify Salmonella spp., 100 µl of
cultured BPW was selectively enriched in 10 ml of Rappaport-Vassiliadis soya peptone
broth (RVB) (Oxoid) followed by incubation at 42±1°C for 24 h. For Campylobacter
spp. identification, 200 ml of the water sample was filtered as described above and the
membrane filter was incubated in 40 ml of Bolton enrichment broth (BB) (Oxoid) with
selective supplement (Oxoid SR183E) plus 5% (v/v) laked horse blood (Oxoid) under
microaerophilic conditions at 42°C for 48 h. After incubation, 0.5 mL of each enrichment
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broth (BPW, TSB, RVB and BB) was mixed together (final volume 2 mL) and
centrifuged at 11,000 x g for 5 min. The pellet was resuspended in 250 ml of sterile
distilled water and used for DNA extraction using the PowerSoil DNA kit (MoBio
Laboratories, Inc.).
3.2.8 Real-time PCR for detection of pathogens and Bacteroidales
All real-time PCR data for pathogen and Bacteroidales markers were obtained as
a part of another study (Tambalo et al., unpublished). Quantitative real time PCR assay
was conducted to identify general and ruminant-specific Bacteroidales 16S rRNA genetic
markers from water samples using primer pairs as designed in Fremaux et al. (2009a).
Individual real-time PCR assays were conducted to identify the uidA gene of E. coli
O157:H7 (Cebula et al., 1995), invA gene of Salmonella spp. (Chiu and Ou, 1996), and
the species-specific genes encoding the 16S-23S rDNA internal transcribed spacer region
of thermotolerant Campylobacter spp.
3.2.9 Statistical analyses
Data analyses were conducted using the Statistical Package for Social Sciences
11.5 for Windows (SPSS Inc., Chicago, IL, USA) and GraphPad Prism 6.0 for Windows.
The Shapiro-Wilk test was initially conducted to verify the normal distribution of E. coli
counts during the sampling periods. Nonparametric tests were chosen for the analysis.
The Kruskal-Wallis test was used to compare E. coli and Bacteroidales marker levels
between sites. The Mann-Whitney test was used to compare E. coli and Bacteroidales
marker levels between years for each site. The comparisons of E. coli phylogenetic group
distribution according to their sites of isolation were done using the two-way ANOVA
followed by post-hoc multiple comparison tests using GraphPad Prism 6.0. Seasonal
variation in phylogenetic group distribution was also determined using the two-way
77

ANOVA followed by Sidak’s multiple comparison test. Chi-square analyses were
conducted to observe the association of particular subgenotypes with site or day of
isolation. Chi-square test was also done to reveal the association of subgenotypes with a
particular produce type. A Spearman rank order correlation coefficient (rs) matrix was
calculated to observe the relationship among E. coli, AllBac, BacR, rainfall, flow rate,
water level, light intensity and air temperature, for water samples collected from different
sites during irrigation season. A Fisher's exact test was also performed to compute the
association between different indicator bacterial levels and pathogen presence.
Additionally, a nonparametric Spearman rank order correlation was computed to observe
correlation between E. coli subgenotypes and BacR marker. Finally, a binary logistic
regression analysis was conducted to obtain association between different indicator
bacteria and the pathogens (SPSS Inc., Chicago, IL, USA). The presence or absence of
pathogens, both or either of the Salmonella spp. and Campylobacter spp., was considered
as two dependent variables and different indicator bacteria were treated as independent
variables. The predictive value of the dependent variable was considered significant
when the model chi-square and the confidence interval of the odd ratio were significant
at the 0.05 level. The confidence interval for the odd ratio is assumed to be significant
when it does not contain 1.0. For all calculations the p-value for statistical significance
was set at <0.05.

3.3 Results
3.3.1 E. coli levels in the Qu'Appelle River Watershed
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E. coli levels were measured in 62 water samples that were collected from three
irrigation sites (IP1 to IP3) and a control site (Site C) from mid-June to early September
in 2012 and 2013 (Figure 3.3.1A and 3.3.1B). The E. coli counts ranged from 2 to >2,419
MPN per 100 ml of water sample. The sampling sites differed consistently in E. coli
levels, regardless of the sampling year. The Canadian Minster for the Environment
(CCME) recommends a limit of 100 E. coli MPN per 100 ml of irrigation water for fresh
produce. The control site (site C) consistently exhibited counts below this limit, except
one case, and the counts were temporally consistent (P = 0.3319), i.e. no significant
difference observed in 2012 compared with the samples in 2013. The IP1 site which is
located on Wascana Creek consistently contained E. coli counts

above the CCME

recommended limit. IP1 also had higher E. coli levels compared with IP3 in 2012
(Kruskal-Wallis H = 6.4, P = 0.04) and IP2 and IP3 in 2013 (Kruskal-Wallis H = 13.83, P
= 0.001). The Wascana site had higher levels of E. coli (average of 591 and 319 MPN per
100 ml in 2012 and 2013, respectively) compared to IP2 (average of 255 and 102 MPN
per 100 ml in 2012 and 2013, respectively) and IP3 (average of 198 and 89 MPN per 100
ml in 2012 and 2013, respectively) (Table 3.3.1). Up to 50% of the water samples
collected from IP2 in both years had E. coli counts above the irrigation water limit. Site
IP3 had E. coli counts over the irrigation water limit in 28.5% and 50% of the water
samples in 2012 and 2013, respectively. The temporal levels of E. coli in the sampling
sites for 2012 and 2013 are summarized in Figure 3.3.2A and 3.3.2B. In both years, the
three irrigation sites experienced a sudden large spike in mid- July followed by another
spike in IP1 site in early September. The largest spike in 2012 was observed in all four
sites, including Site C, and had >2,419 MPN per 100 mL in IP1 and around 1,000 MPN
per 100 ml in IP2 and IP3. A storm event was observed 5 days preceding the largest spike
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A

B

Figure 3.3.1 E. coli levels at each sampling site along the Wascana Creek and the
Qu'Appelle River in 2012 (A) and 2013 (B) during the irrigation season (June–
September). The horizontal line across the graph represents 100 MPN per 100 ml, the
recommended CCME cut-off for irrigation of fresh produce. Box plots show the median,
25th and 75th percentiles, upper and lower fences, and outliers.
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Table 3.3.1 Levels of E. coli recovered from the different sampling sites during
irrigation seasons (late June to early September) in 2012 and 2013.
2012

2013

Sites

MinMax†

Mean¥

Sample
No.

E. coli ≥100
MPN/100 ml *

MinMax†

Mean¥

Sample
No.

E. coli ≥
100 MPN/
100 ml *

Site
C

2- 235

71

7

14.3 %

5- 64

27

8

0%

IP1

116- 2420

591

8

100 %

138- 518

319

8

100 %

IP2

28- 1210

255

8

50 %

22- 159

102

8

50 %

IP3

19- 993

198

7

28.5 %

14- 144

89

8

50%

*

Percentage of water samples exceeding E. coli level of 100 MPN per 100 ml.

†

Level are expressed as MPN per 100 ml, max value refers to the largest spike in E. coli counts.

¥

Average counts of E. coli from each site recovered throughout the irrigation season.
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Figure 3.3.2 Temporal levels of E. coli detected weekly and biweekly in 2012 (A) and
2013 (B) from the site C, IP1, IP2 and IP3 during the irrigation season (June–
September). Values are the means of two samples. A large spike in E. coli counts
occurred during both years in the month of July. The day just after a storm event
observed is marked with an asterisk.
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in 2012 (Figure 3.3.2A).
3.3.2 Levels of Bacteroidales markers in the Qu'Appelle River watershed
The levels of a general (AllBac) and a ruminant-associated (BacR) Bacteroidales
16s rRNA markers in the 62 water samples was also quantified by real-time quantitative
PCR (Table 3.3.2 and 3.3.3, respectively). The ruminant marker was selected due to the
beef cattle feed lots in the region. The levels ranged from 0 to 6.3 log10 marker copy
number per 100 ml and 0 to 5.1 log10 marker copy number per 100 ml for the AllBac and
BacR markers, respectively. In both years, the BacR marker was detected more
frequently in IP1 compared to the other sites, though the mean rank differences between
sites were not statistically significant (Kruskal-Wallis test; P > 0.5). Similarly, the levels
of the AllBac marker between the sampling sites were not statistically different in both
years (Kruskal-Wallis test; P > 0.5). However, a temporal variation was observed for the
AllBac marker levels in all 4 sites, i.e. higher levels were detected in all 4 sites in 2012
compared with the samples in 2013 (Mann-Whitney test; P<0.05). Likewise, the levels of
the BacR marker in Site C and IP1 were significantly higher in 2012 than in 2013
(Mann-Whitney test; one-tailed P < 0.05); there was no significant temporal difference
observed in the BacR levels for the rest of the sites (Mann-Whitney test; one-tailed P >
0.5).
3.3.3 Factors affecting levels of faecal indicator bacteria/markers in the Qu'Appelle
River watershed
Climate and hydrologic variables such as rainfall, river flow rate, water level,
light intensity, and air temperature were evaluated as possible factors affecting indicator
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Table 3.3.2 Levels of AllBac marker recovered from the different sampling sites during
irrigation season (late June to early September) in 2012-13.

Sites

2012
MinMax†

No. of
water
samples

Detection
Frequency

2013
MinMax†

Mean

Site C

5.2-5.9

5.5

7

100%

0-4.4

3.5

8

87.5%

IP1

3.6-6.3

5.4

8

100%

3.6-4.6

4.2

8

100%

IP2

4.9-6.2

5.7

8

100%

3.9-4.6

4.3

8

100%

IP3

4.9-6.0

5.5

7

100%

3.9-4.4

4.1

8

100%

¥

Mean¥

No. of
water
samples

Detection
Frequency

†

Level are expressed as Log10 marker copy number per 100 ml, max value refers to the largest
spike in Bacteroidales counts.
¥

Average of AllBac from each site recovered throughout the irrigation season.
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Table 3.3.3 Levels of BacR marker recovered from the different sampling sites during
irrigation season (late June to early September) in 2012-13.

Sites

2012
MinMax†

No. of
water
samples

Detection
Frequency

2013
MinMax†

Mean

Site C

0-4.4

2.1

7

57%

0-0

0

8

0%

IP1

0-4.9

3.5

8

87.5%

0-3.3

1.6

8

50%

IP2

0-5.1

1.5

8

37.5%

0-3.5

0.43

8

12.5%

IP3

0-4.6

1.2

7

28.6%

0-3.4

0.43

8

12.5%

†

¥

Mean¥

No. of
water
samples

Detection F
Fequency

Level are expressed as Log10 marker copy no per 100 ml, max value refers to the largest spike
in BacR counts.
¥

Average counts of BacR from each site recovered throughout the irrigation season.
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bacterial/marker levels for both sampling years, as a whole and separately when required.
Cumulative average of three days (sampling day and two days preceding of that day)
temperature, light intensity, river water flow, rainfall and water level were used for
analyses. Sampling occurred early in the morning during the sampling day, therefore the
indicator counts would be affected by the preceding days' environmental parameters.
These parameters were analysed separately for the Qu'Appelle River sampling sites (IP2
and IP3) and the Wascana Creek sampling site (IP1). The IP1 site is downstream of
Wascana Creek hydrologic and climate stations while IP2 and IP3 are downstream of the
Qu'Appelle River near Lumsden hydrologic station (Figure 3.2.1). The association of the
climate and hydrologic variables with the levels of the faecal indicators at IP1 as well as
IP2 and IP3 sites are shown in Table 3.3.4 and Table 3.3.5 respectively. Only the level of
BacR marker was significantly correlated with the air temperature (rs = 0.69; P= 0.004)
at the IP1 site and the correlation was also close for the AllBac marker at that site (rs =
0.42; P= 0.104). There was no correlation observed between the indicator levels and
river flow rate for any site analyzed (Figure 3.3.3). The BacR marker was significantly
inversely correlated with the water level (rs = -0.5; P= 0.046) and the correlations were
also close for E. coli (rs = - 0.32; P = 0.22) and AllBac (rs = - 0.41; P = 0.12) at the IP1
site. There was no such correlation observed for the Qu'Appelle River sites. The 2d total
rainfall was significantly positively correlated with the BacR for IP1(rs = 0.62; P = 0.01)
and IP3 (rs= 0.55; P = 0.04) and the AllBac (rs = 0.53 - 0.66; P = 0.04 - 0.01) markers for
all sites. Only E. coli (rs = 0.54; P = 0.03) at IP2 site was significantly correlated with 3d
total rainfall. Therefore, the E. coli samples were analysed against everyday rainfall and
cumulative rainfall for individual year. There was no strong correlation observed between
the cumulative rainfall and E. coli levels other than IP2 site in 2013 (rs = 0.74; P= 0.05)
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Table 3.3.4 Spearman rank order correlation coefficient (rs) matrix among E. coli, AllBac, BacR, cumulative rainfall (Cum
rainfall), flow rate, water level, light intensity and air temperature (Air temp) for water samples collected from the IP1 site
during irrigation season (late June to early September) in 2012 and 2013.

E. coli

BacR

AllBac

Cum
rainfall
1d

Cum
rainfall
2d

Cum
rainfall
3d

Cum
rainfall
4d

Flow
rate

Water
level

Light
intensity

E. coli

1.00

BacR

0.30

1.00

AllBac

0.03

0.66

1.00

Cum rainfall 1d

-0.15

0.31

0.54

1.00

Cum rainfall 2d

0.02

0.62

0.66

0.80

1.00

Cum rainfall 3d

0.13

0.38

0.60

0.72

0.71

1.00

Cum rainfall 4d

0.11

0.38

0.58

0.64

0.67

0.98

1.00

Flow rate

-0.32

-0.16

0.00

-0.10

-0.07

0.20

0.28

1.00

Water level

-0.32

-0.49

-0.41

-0.31

-0.43

-0.05

0.05

0.82

1.00

Light intensity

-0.35

0.35

0.33

0.36

0.38

0.41

0.41

0.01

0.01

1.00

Air temp

0.14

0.69

0.42

0.17

0.34

0.09

0.01

-0.08

-0.45

0.50

Air
temp

1.00

Significant results (α < 0.05) are bolded. Daily average flow rate and water level of the Wascana Creek were collected from Environment
Canada gauging stations located, near the Wascana Creek ((50° 38' 08'' N 104° 54' 35'' W). Total daily precipitation (mm) in Regina was
obtained from the Environment Canada climate station, Regina Gilmour Saskatchewan (50°34'0.00"N 104°49'60.00"W), located near IP1
site.

87

Table 3.3.5 Spearman rank order correlation coefficient (rs) matrix among E. coli, AllBac, BacR, Cumulative rainfall (Cum
rainfall), flow rate, water level, light intensity and air temperature (Air temp) for water samples collected from IP2 and IP3
sites during irrigation season (late June to early September) in 2012 and 2013.
E. coli
IP2

E. coli
IP3

BacR
IP2

BacR
IP3

AllBac
IP2

AllBac
IP3

Cum
rainfall
1d

Cum
rainfall
2d

Cum
rainfall
3d

Cum
rainfall
4d

Flow
rate

Water
level

Light
intensity

E. coli IP2

1.00

E. coli IP3

0.85

1.00

BacR IP2

0.03

0.06

1.00

BacR IP3

0.12

0.21

0.81

1.00

AllBac IP2

0.22

0.09

0.24

0.24

1.00

AllBac IP3

-0.11

-0.02

0.36

0.32

0.80

1.00

Cum rainfall 1d

0.08

0.07

0.20

0.15

0.54

0.66

1.00

Cum rainfall 2d

0.14

0.08

0.44

0.55

0.53

0.57

0.80

1.00

Cum rainfall 3d

0.54

0.35

0.21

0.35

0.62

0.42

0.72

0.71

1.00

Cum rainfall 4d

0.54

0.35

0.26

0.41

0.59

0.40

0.64

0.67

0.98

1.00

Flow rate

-0.26

-0.31

0.18

0.32

-0.03

0.07

0.19

0.18

0.33

0.40

1.00

Water level

-0.31

-0.17

-0.07

0.18

-0.36

-0.12

-0.06

-0.13

0.02

0.09

0.84

1.00

Light intensity

-0.50

-0.47

-0.39

-0.47

-0.42

0.00

0.31

0.05

-0.19

-0.19

0.15

0.37

1.00

Air temp

-0.02

-0.32

0.01

0.04

0.18

0.03

0.07

0.21

-0.06

-0.14

-0.17

-0.43

0.11

Air
temp

1.00

Significant results (α < 0.05) are bolded. Daily average flow rate and water level of the Qu'Appelle River were collected from
Environment Canada gauging stations located near the Qu'Appelle River in Lumsden (50° 39' 01'' N 104° 52' 00'' W). Total daily
precipitation (mm) in Regina was obtained from the Environment Canada climate station, Regina Gilmour Saskatchewan (50°34'0.00"N
104°49'60.00"W), located near the IP1 site.

88

(Figure 3.3.3). However, major spikes in E. coli count, one on July 17 in 2012 and
another on July 15 in 2013 were strongly associated with two concurrent rainfall events
and the association was observed in all three sites (Figure 3.3.3A and B). A significant
inverse correlation was observed between the BacR marker levels recorded in both
Qu'Appelle River sites and the light intensity (rs = -0.39 to -0.47; P = 0.01-0.00). A close
association was also observed between the light intensity and E. coli levels in both IP2 (rs
= - 0.5; P = 0.098) and IP3 (rs = - 0.47; P = 0.15) sites and AllBac marker levels in IP2
site (rs = - 0.42; P = 0.18). Similar to rainfall, the E. coli levels were analyzed against
light intensity for individual year. A strong negative association was observed between
the E. coli level and the light intensity in IP1 (rs = - 0.82; P = 0.034) and IP2 (rs = -0.75;
P = 0.066) sites during year 2012. A non-significant strong association was also observed
in 2013 between E. coli level in IP1 site (rs = -0.9; P = 0.08) and the light intensity.
However, the relationship between indicator counts obtained from IP1, IP2, and
IP3 sites were also examined (Table 3.3.6). There was a strong positive correlation
observed between IP1 and IP2 sites in E. coli (rs = 0.48; P = 0.06), BacR (rs = 0.6; P =
0.016) and AllBac counts (rs = 0.61; P = 0.014). The indicator bacterial counts were also
significantly correlated between IP2 and IP3 sites, E. coli (rs = 0.85; P = 0.00), BacR (rs =
0.81; P = 0.01) and AllBac counts (rs = 0.8; P = 0.00). Moreover, there was a strong
correlation observed between BacR and AllBac markers level in IP1 site (rs = 0.66; P =
0.007).
3.3.4 Genotyping of E. coli isolates from the Qu'Appelle River watershed
To study the prevalence of different E. coli genotypes, a total of 2,219 E. coli

89

E. coli (MPN/100mL)
E. coli (MPN/100mL)

D

10

IP1

IP2

IP3
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Figure 3.3.3 Impact of daily rainfall and flow rate on E. coli levels at each sampling site
along the Wascana Creek and the Qu'Appelle River in 2012 (A, B) and 2013 (C, D)
during the irrigation season (June–September). The daily average rainfall and flow rate
during the sampling season are shown in the figures. Correlations were analyzed between
the cumulative rainfall of 3 days and E. coli levels for each data point.
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Table 3.3.6 Spearman rank order correlation coefficient (rs) matrix among E. coli,
AllBac, and BacR, collected from IP1, IP2 and IP3 sites during irrigation season (late
June to early September) in 2012 and 2013.

E. coli
IP1

E. coli
IP2

E. coli
IP3

BacR
IP1

BacR
IP2

BacR
IP3

AllBac
IP1

AllBac
IP2

E. coli IP1

1.00

E. coli IP2

0.48

1.00

E. coli IP3

0.39

0.85

1.00

BacR IP1

0.30

0.08

-0.27

1.00

BacR IP2

0.11

0.03

0.06

0.60

1.00

BacR IP3

0.36

0.12

0.21

0.58

0.81

1.00

AllBac IP1

0.03

0.22

-0.05

0.66

0.33

0.35

1.00

AllBac IP2

0.18

0.22

0.09

0.45

0.24

0.24

0.61

1.00

AllBac IP3

-0.20

-0.11

-0.02

0.28

0.36

0.32

0.53

0.8

AllBac
IP3

1.00

Significant results (α < 0.05) are bolded.
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isolates were obtained weekly to bi-weekly from 47 water samples taken from IP1 to IP3
in 2012 and 2013. Phylotyping by triplex PCR (Clermont et. al., 2000) was conducted for
515, 321 and 248 E. coli isolates in 2012, and 498, 350 and 287 in 2013, for IP1, IP2,
and IP3, respectively. Phylotyping classifies E. coli into four major phylogenetic groups
(i.e. A, B1, B2, and D) and seven subgroups (i.e. A0, A1, B1, B22, B23, D1 and D2). The
number of isolates genotyped per water sample ranged from 8 to 88 (mean ± SD, 47 ±
21) in 2012 and from 11 to 74 (mean ± SD, 47 ± 16.5) in 2013 (Table 3.3.7). The water
samples that were collected from the Wascana Creek site (IP1) located downstream of
RWWTP had higher E. coli counts compared to the less cattle impacted area (i.e. IP2 and
IP3), thus higher number of isolates was also genotyped.
3.3.5 Spatial variation of E. coli subgenotypes
The E. coli isolates taken from the 3 irrigation sites in 2012 (1084 isolates) and in
2013 (1135 isolates) were analysed by triplex PCR and then grouped into seven subgenotypes based on the presence or absence of chuA, yjaA and TspE4.C2 markers.
Interestingly, two (0.2%) rare isolates in 2012, one from IP2 and another from IP3 in the
first and second half of July, respectively, demonstrated a pattern (chuA-, yjaA+,
TspE4.C2+ genotype) that is not included in the present classification. It is important to
mention here that the two isolates were excluded from further statistical analysis due to
low detection frequency.
The distribution of the seven sub-genotypes within the three sampling sites in
2012 and their detection frequency are shown in Figure 3.3.4A. The isolates that were
found in all three sampling sites were distributed among all seven subgenotypes. Of 134
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Table 3.3.7 Number of E. coli isolates subgenotyped for each sampling site in 2012 and
2013.

Sites

2012
MinMax†

2013
No. of water
samples

Mean ±
SD¥

IP1

44 -88

64 ± 15

No. of
isolates
genotyped
515

MinMax†

Mean ±
SD¥

8

49 - 74

IP2

9- 76

40 ± 19.5

321

7

IP3

8- 69

35 ± 18.3

248

Total

8-88

47 ± 21

1084

62 ± 9.32

No. of
isolates
genotyped
498

No. of
water
samples
8

17 - 57

44 ± 13.32

350

8

8

11 - 51

36 ± 14.39

287

8

23

11 - 74

47 ± 16.5

1135

24

†

Level are expressed as MPN per 100 ml.

¥

Average counts of E. coli isolates genotyped from each site.
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isolates (12.4%) that belong to genotype A; 88 isolates (66%) were sub-genotyped as A1
and 46 isolates (34%) as A0 based on uidA PCR. The E. coli isolates belonging to
phylogenetic group B1 (above 50%) were prevalent regardless of the sampling sites,
followed by B23 (around 15%) (Figure 3.3.4A). There was no difference in the
distribution of the major phylogenetic groups among the different sites (two-way
ANOVA with Tukey's multiple comparisons post-hoc test; F [12, 140] = 0.7081, p =
0.7416 and Tukey p > 0.05) (Figure 3.3.5A). However, there was a significant association
observed between the sampling site and the subgenotypes (χ2 = 23.034, df 12, P =
0.027). Specifically, the A1 subgenotype was associated with IP1, while A0 was
associated with IP3 (Table 3.3.8).
The distribution and detection frequency of E. coli subgenotypes isolated in 2013
from 3 different sites are shown in Figure 3.3.4B. Similar to the previous year, all seven
subgenotypes were found within the three sampling sites. Subgenotyping of 86 isolates
(7.6%) belonging to genotype A demonstrated 62 A1 isolates (72.1%) and 24 A0 isolates
(27.9%) based on uidA PCR. The E. coli isolates belonging to genotype B1 (57 to 62 %)
were the most prevalent, regardless of their sites of isolation, followed by B23 (9 to
15%). However, there was no significant mean difference observed in the distribution of
the subgenotypes within their sampling sites [two-way ANOVA with Tukey's multiple
comparisons post-hoc test; F (12, 147) = 1.057, P = 0.4 and and Tukey p > 0.05] (Figure
3.3.5B). A significant association of E. coli subgenotypes between sites of isolation was
observed (χ2 = 30.196, df 12, P = 0.003). The phylogroup D1 was associated with IP1,
while B22 and B23 subgenotypes were associated with IP3 (Table 3.3.8).
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IP2 (n = 320)
9%
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10%
13%

15%

57%

2%
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8%
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IP3 (n = 287)
6%

2% 6%

3%

15%

14%
5%

58%

9%

54%

11%

57%

Figure 3.3.4 Spatial distribution of E. coli subgenotypes among the three irrigation sites
in 2012 (A) and 2013 (B). Genotyping was performed using triplex PCR.
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A

B

Figure 3.3.5 Spatial variation of E. coli phylogenetic groups according to isolation sites
in 2012 (A) and 2013 (B). The average percentages of E. coli subgenotypes were not
significantly different between their sites of isolation. Error bars indicate mean ± SD. P >
0.05, two-way ANOVA and Tukey's multiple comparison test (GraphPad Prism 6.0 for
Windows).
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Table 3.3.8 Observed counts, expected counts and adjusted residuals from chi-square
analysis showing positive association between E. coli subgenotypes and their sites of
isolation during 2012 (χ2 = 23.034, df 12, p = 0.027) and 2013 (χ2 = 30.196, df 12, p =
0.003). A significant ( p < 0.05) value for adjusted residual statistic is ± 1.96.

Year

Site

Subgenotype

Observed
Counts

Expected
Counts

Adjusted
Residual

2012

IP1

A1

52

41.9

2.3

IP3

A0

19

10.5

3.1

IP1

D1

70

54.4

3.0

IP3

B22

31

23

2.0

B23

44

34.1

2.1

2013
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3.3.6 Temporal variation of E. coli subgenotypes
Overall temporal distribution of E. coli genotypes throughout the irrigation
season in 2012 and 2013 are shown in Figure 3.3.6A (2012) and 3.3.6B (2013). Although
the distribution of the E. coli genotypes in 2012 within the days of isolation was not
consistent, the majority of the isolates belong to the prevalent B1 genotype, representing
54.6% isolates within the total collection (Figure 3.3.6A). Temporal distribution of
different genotypes by site was also analysed (Figure 3.3.7). In all three sites, genotype
B1 was consistently retrieved and dominating throughout the irrigation season. A chi
square test was conducted to predict temporal association of genotype (s) with their
period of isolation (Table 3.3.9). In IP1, the abundance of B1 on June 19, A1 on July 3,
A0 and B23 on July 17 and B22 on August 14 and September 11 caused the statistically
significant association (χ2 = 115.3, df 42, p < 0.001). However, a non-significant
association of D1 with the day after storm (July 12) was also observed (observed value
10, expected value 6.7 and adjusted residual 1.5) in this site. In IP2 , B1, A1, D1 and B23
genotypes exhibited association with the following sampling dates, respectively: June 19,
July 3, July 12, and July 17(χ2 = 56.78, df 42, p = 0.064). In IP3, B22, D1 and B1 and A1
from July 10, July 17 and July 25, respectively exhibited significant associations (χ2=
52.03, df 36, p = 0.041).
Similar to the 2012 data, the E. coli population in 2013 was characterized by a
high proportion of genotype B1 (59.1% across on average of 8 data points), followed by
subgenotype B23 (on average 12%) (Figure 3.3.6B). Interestingly, subgenotype D2 was
not detected in all three sampling sites at the end of irrigation season. Temporal
distribution of different genotypes by site was also analysed (Figure 3.3.8). Similar to
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Figure 3.3.6 Overall temporal distribution of E. coli subgenotypes recovered from IP1,
IP2 and IP3 sites during the irrigation period in 2012 (A) and 2013 (B).
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Figure 3.3.7 Temporal distribution of E. coli subgenotypes recovered from (A) IP1, (B)
IP2, and (C) IP3 sites during the irrigation period in 2012. Samples were not collected
from IP3 site during July 12 due to a significant rainfall storm.
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Table 3.3.9 Observed counts, expected counts and adjusted residuals from chi-square
analysis showing positive association between E. coli subgenotypes and their days of
isolation recovered from IP1 (χ2 = 115.3, df 42, p < 0.001), IP2 (χ2 = 56.78, df 42, p =
0.064), and IP3 (χ2 = 52.03, df 36, p = 0.041) sites during 2012. A significant (p < 0.05)
value for adjusted residual statistic is ± 1.96.

Site

Day

Subgenotype

Observed
Counts

Expected
Counts

Adjusted
Residual

IP1

June 19

B1

43

31.9

3.0

July 03

A1

13

5.9

3.3

July 17

A0

5

2.2

2.1

B23

32

14.7

5.4

August 14

B22

6

2.4

2.5

September 11

B22

8

2.1

4.3

June 19

B1

28

21

2.5

July 03

A1

8

3.3

2.9

July 12

D1

5

2.3

2.0

July 17

B23

18

11.6

2.3

July 10

B22

2

0.4

2.7

July 17

D1

11

5.6

2.8

July 25

B1

24

18.6

2.0

IP2

IP3
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Figure 3.3.8 Temporal distribution of E. coli subgenotypes recovered from (A) IP1, (B)
IP2, and (C) IP3 sites during the irrigation period in 2013.
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Table 3.3.10 Observed counts, expected counts and adjusted residuals from chi-square
analysis showing positive association between E. coli subgenotypes and their days of
isolation recovered from IP1 (χ2 = 82.044, df 42, p < 0.001), IP2 (χ2 = 110.957, df 42, p
< 0.001), and IP3 (χ2 = 84.065, df 42, p < 0.001) sites during 2013. A significant (p <
0.05) value for adjusted residual statistic is ± 1.96.

Site

Day

Subgenotype

Observed
Counts

Expected
Counts

Adjusted
Residual

IP1

June 17

A0

2.0

0.5

2.2

B1

41

32.1

2.7

B23

9

4.5

2.3

D1

12

6.9

2.2

August 07

B23

11

5.3

2.8

August 26

B22

8

4.1

2.2

B23

12

6.5

2.5

B1

52

43.8

2.2

B22

8

4.1

2.1

June 17

B1

41

31.2

2.9

July 02

D2

2.0

0.3

2.9

July 15

A1

10

2.8

4.8

August 12

B23

12

5.1

3.4

September 09

B22

13

3.8

5.3

June 17

B1

33

25.4

2.5

July 15

B1

35

28.2

2.1

August 07

B22

10

5.5

2.2

August 12

B23

10

4.9

2.7

August 26

B23

15

5.4

4.8

September 09

A0

4

1.3

2.5

July 29

September 09

IP2

IP3
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A

B

C

Figure 3.3.9 Inter-annual comparison of E. coli phylogenetic groups between IP1 (A),
IP2 (B) and IP3 (C) sites. The average percentages of E. coli subgenotypes were not
significantly different between the two irrigation seasons (2012 and 2013). Error bars
indicate mean ± SD. p > 0.05, two-way ANOVA and Sidak’s multiple comparison test
(GraphPad Prism 6.0 for Windows).
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year 2012, genotype B1 was consistently retrieved and dominating throughout the
irrigation season in all three sites. The chi square test was conducted to predict temporal
association of genotype (s) with their period of isolation (Table 3.3.10). In IP1, subtype
B23 was associated with 3 sampling days in total, while B22 and B1 were associated with
two sampling days each (χ2 = 82.044, df 42, p < 0.001). On the other hand, B1, D2, A1,
B23 and B22 had significantly higher counts in IP2 on June 17, July 2, July 15, August 12
and September 9 (χ2 = 110.957, df 42, p < 0.001). For IP3, a significant chi square
statistic (χ2 = 84.065, df 42, p < 0.001) was derived as well and genotype B1 (June 17
and July 15), subtype B22 (August 7), B23 (August 12 and 26), and A0 (September 9)
were found to be linked with the association.
3.3.7 Seasonal variation of E. coli subgenotypes
In addition to the intra-year comparison, the phylogenetic distribution of E. coli
isolates recovered from the Qu'Appelle River Watershed was also compared between the
two irrigation seasons. The overall distribution of the E. coli subgenotypes within the
three sampling sites was found to be similar between two irrigation seasons. There was
no significant difference observed between the means of each subgenotype (Two way
ANOVA with Sidak’s multiple comparison test, p > 0.05). The inter-annual distributions
of E. coli subgenotypes were further compared between each site using two-way ANOVA
with Sidak's multiple comparisons post-hoc test. However, the population structure of E.
coli subgenotypes was similar for all 3 sites between years (p > 0.05) (Figure 3.3.9).
3.3.8 Association of E. coli subgenotypes with BacR marker
Based on the observed land use in the study area, site IP1 is most likely to be
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Figure 3.3.10 Correlation of BacR marker to E. coli subgenotypes B23 and D1 recovered
from IP1 site during the irrigation period in 2012.
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impacted by cattle. Correspondingly, the BacR marker was detected in most of the
samples (87.5%) in 2012. A significant positive correlation was observed between
ruminant marker and E. coli sub-genotypes B23 and D1 at the 0.05 level ( rs = 0.81, P =
0.022 and rs = 0.83, 0.015, respectively) (Figure 3.3.10).
3.3.9 Relationship between indicator bacteria and enteric pathogens
Campylobacter was only detected in 1 of 30 samples in 2012. Therefore, water
samples from 2012 were excluded from further analysis to deduce the relationship
between faecal indicators and the presence of enteric pathogens. E. coli O157:H7 was not
detected in any of the samples analysed. To facilitate the analysis, 12 additional water
samples were included with the 32 water samples used in the data presented earlier for
2013. Out of 12 additional water samples, 4 water samples were collected during May
and June (May 6, 21, 29, and June 3) from Site C and 8 water samples were collected
during September 23 and October 7 from all 4 sites. Mean levels (calculated from the
two samples taken from each location on each sampling date) of E. coli/ markers were
used for analysis. A total of 13 of 44 water samples (29.5%) were positive for at least one
of the pathogens analyzed (Salmonella spp. or Campylobacter spp.) during 2013. Of the
13 samples, only two samples (15%) were concurrently positive for both pathogens, and
11 samples (85%) were positive for either pathogen. A total of 6 (13.6%) water samples
were positive for Salmonella spp. and 9 (20.5%) for Campylobacter spp. The detection
frequency of Campylobacter spp. was higher in the early summer of 2013 while there
was no clear temporal trend for Salmonella detection (Figure 3.3.11). It is interesting that
pathogen detection was more frequent (5 of 10 samples; 50.0%) in IP3 than the other
sampling sites (Figure 3.3.12). There was no significant association of the presence of
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Figure 3.3.11 Frequency of detection for Campylobacter (A) and Salmonella (B) in Site
C, IP1, IP2, and IP3 as a function of month.
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Figure 3.3.12 Frequency of detection for Salmonella or Campylobacter (both or either)
in irrigation water samples according to their site of isolation in 2013.
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Pathogens detection frequency
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Figure 3.3.13 Association between the levels of Bacteroidales markers and E. coli with
the presence of Campylobacter or Salmonella (both or either) during the 2013 irrigation
season. The AllBac levels were divided into two groups based on the concentration of the
copy numbers present in the samples. The E. coli counts were divided into 2 levels based
on the recommended guidelines for irrigation water. *Log10 marker copy no per 100 ml.
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pathogen in a sample containing either an E. coli level above 100 MPN per 100 mL (P =
0.3210, OR 0.42, 95% CI 0.1056 to 1.644), AllBac marker level above 4 Log10 copy no
per 100 ml (P = 1, OR 0.97, 95% CI 0.2082 to 4.540) or BacR marker per 100 ml (P =
0.4, OR 2.025, 95% CI 0.3835 to 10.69) (Figure 3.3.13). Among the water samples that
tested positive for Campylobacter and/or Salmonella spp., only 4 out of 13 (31%)
contained an E. coli level above the 100 MPN per 100 ml limit.
3.3.10 Application of faecal indicators to predict pathogen presence
The probability of the presence of pathogens in relation to indicator bacteria in
irrigation water was calculated using binary logistic regression. The binary logistic
regression analysis results are presented in Table 3.3.11. Two models were constructed,
the dependent variable in mode 1 was presence/absence of both or either of the
Salmonella spp. and Campylobacter spp. and the dependent variable in model 2 was
presence/absence of Campylobacter spp. only. Both models included similar independent
variables such as densities of E. coli and AllBac as well as presence/absence of BacR. No
model was constructed for Salmonella spp. as they were detected less frequently.
The model 1 was constructed to predict the presence of both or either of the
Salmonella spp. and Campylobacter spp. in irrigation water in relation to indicator
bacteria. The results from model 1 demonstrate that the overall model was statistically
significant at the 0.05 level (χ2 = 8.300 [df = 3] and P = 0.04) and the model predicted
77.3% of the outcomes correctly. There was no significant increased probability of
detecting both or either of the pathogens in water samples with one unit increase of
density of either of the general and ruminant Bacteroidales markers (Odd ratios [ORs],
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Table 3.3.11 Correlation between enteric pathogen detection and faecal indicators using
binary logistic regression analysis with pathogen detection as dependent variable.
Model 1

Model 2

Independent
Variables

B†

Exp (B)
(95%
confidence
interval)

SE for B P

B†

Exp (B)
(95%
confidence
interval)

SE for B P

Constant

1.513

4.541

1.925

0.432

-3.985

0.019

4.177

0.340

E. coli

-0.010

0.990
0.005
(0.981-0.999)

0.032*

-0.019

0.981
(0.964-0.998)

0.009

0.031*

BacR

0.876

2.401
0.453
(0.988 -5.838)

0.053

1.639

5.151
0.776
(1.125-23.588)

0.035*

0.650
0.446
(0.271-1.560)

0.335

0.799

2.224
0.950
(0.346-14.304)

0.400

Bacteroidales -0.430

Model Chi8.300 (3, 0.04*)
Square (df, p)

14.640 (3, 0.002**)

% of Correct 77.3%
Predictions

86.4%

*

Association is significant at the 0.05 level (2-tailed).

**
†

Association is significant at the 0.01 level (2-tailed).

Logistic regression coefficient or log-odd.
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0.650 and 2.401 respectively). However, a significant association at the 0.05 level was
observed between E. coli densities and the pathogens detection. The presence of both or
either of the pathogens in water is less likely associated with the increasing concentration
of E. coli (OR, 0.990).
Model 2 was constructed to predict the presence of Campylobacter spp. in
irrigation water in relation to indicator bacteria. Model 2 included only Campylobacter
spp. detection as the dependent variable and the independent variables were similar to
Model 1. Model 2 was superior to Model 1 in terms of overall model fit. The overall
model chi-square statistic was significant at the 0.01 level (χ2 = 14.640 [df = 3] and P =
0.002]) and the percentage of correct predictions increased to 84.1%. In this model, each
one unit increase of BacR marker density significantly increased the odds of detecting
Campylobacter spp. in a water sample by a factor of 5.151 (P = 0.035). However, there
was significant negative relationship for E. coli (B = -0.019), indicating that the higher
the densities of E. coli, the less the likelihood of a sample being positive for
Campylobacter spp. (OR, 0.981). There was no significant association observed between
the densities of the AllBac marker and the presence of Campylobacter spp. (OR, 2.224
and P = 0.400) (Table 3.3.11).
3.3.11 E. coli and Bacteroidales marker detection from irrigation overhead sprinkler
and intake pump
The irrigation events and the levels of E. coli and Bacteroidales marker found in
irrigation water collected from the sprinkler and intake pump in 2012 and 2013 are
summarized in Table 3.3.12. Three irrigation events were conducted in 2012, one in
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Table 3.3.12 Levels of E. coli and AllBac recovered from water collected during
irrigation events from the intake pump and sprinkler head in 2012 and 2013.
Pre- Irrigationϒ

Post- Irrigationϯ

Year

Day of
irrigation

Site and
location

AllBac€

E. coli‡

AllBac€

E. coli‡

2012

August 13

IP2- Intake†

4.23

411

4.38

270

IP2- Sprinkler¥

4.54

548*

4.17

430

IP3- Intake†

4.45

26

4.08

49

IP3- Sprinkler¥

4.37

23

4.03

110

IP1- Intake†

4.58

130

4.08

80

IP1- Sprinkler¥

4.37

280*

4.03

220

IP3- Intake†

4.74

122

4.92

179

IP3- Sprinkler¥

4.65

102

4.85

133

IP1- Intake†

4.36

461.1

4.17

435.2

IP1- Sprinkler¥

4.74

579.4*

4.26

410.6

September 14

September 16

2013

August 26

‡

Levels are expressed as MPN per 100 ml; € Levels are expressed as log copy number per 100
ml; † Samples were collected immediately adjacent to the pump; ¥ Samples were taken from
water leaving the sprinkler head; ϒ Samples were taken immediately at the start of irrigation;
ϯ
Samples were taken at the end of irrigation. Significant higher counts during pre-irrigation at the
sprinkler head relative to the intake pump are shown as asterisks. The length of irrigation time
varied from several hours to over-night.
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August and two in September. In August, IP2 and IP3 sites were irrigated on the same
day, and in September IP1 and IP3 sites were irrigated on two different days. However,
only one irrigation event was conducted in 2013 at IP1 site. The E. coli levels in the
irrigation water during the start of irrigation (based on sprinkler count) ranged from 23 to
580 MPN per 100 ml (mean ± SD ; 306.5 ± 238). In general, E. coli counts were higher
during pre-irrigation at the sprinkler head relative to the intake pump for 60% of the
samples (n = 5). Both IP2 and IP1 sites had higher levels of E. coli at the sprinkler head
during irrigation events. The IP3 site had E. coli counts that are almost similar at the
sprinkler head and intake pump for both irrigation events. Furthermore, there was no
correlation between the levels of the AllBac marker and E. coli for both sprinkler (p =
0.06) and intake pump (p = 0.06). The ruminant marker was not detected in the irrigation
water collected from sprinkler and intake pump in both years.
3.3.12 Indicator bacteria and pathogen detection from produce
The persistence of E. coli on fresh produce after irrigation was monitored for up
to 4 days in 2012 and in 2013 (Table 3.3.13). E. coli was not detected in all pre-irrigated
fresh produce samples. In 2012, E. coli was recovered from leafy vegetables on day 1
during the first round of irrigation in IP2 site, with counts ranging from 1 to 2 CFU per
gram of leaf tissue. However, E. coli was absent in produce (broccoli and lettuce) from
IP1 site during the second round of irrigation. The same site (IP3) was irrigated during
the third round of irrigation, where E. coli was detected in basil and parsley up to day 3,
ranging from 1 to 2 CFU per gram of fresh produce though E. coli was undetectable
during the first round of irrigation in those produce. During the first round of irrigation in
IP3 site, the E. coli count was below the CCME guideline where as at the second time,
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Table 3.3.13 Persistence of E. coli in vegetable produce observed in 2012-13.

Year

Day and site
of irrigation

Produce

PreIrrigation

2012

August 13,
IP2

Leafy green
lettuce
Romaine
Lettuce
Red Lettuce

Nd†

E. coli (MPN per gram of produce)
PostDay
Day
Day
Day
irrigation
1
2
3
4
(D0)
1
Nd†
Nd†
Nd†
Nd†

Nd†

Nd†

2

Nd†

Nd†

Nd†

Nd†

Nd†

2

Nd†

Nd†

Nd†

Parsley

Nd†

2

1

Nd†

2

Nd†

Basil

Nd†

1

Nd†

Nd†

Nd†

Nd†

Cucumber

Nd†

Nd†

Nd†

Nd†

Nd*

Nd†

Broccoli

Nd†

Nd†

1.7

4.2

Nd*

12.6

Coliflower

Nd†

Nd†

4.6

Nd†

Nd*

0.06

September
16, IP3
2013

*

August 26,
IP1

†

Not done; Not detected
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the E. coli count was above the cut-off. The AllBac marker was not detected in all the
sampled fresh produce, except on the third irrigation event. For parsley and basil, 3.75
and 3.21 log10 AllBac copy number per gram of produce, respectively were detected on
day 0, i.e. 3 h after the irrigation. The BacR marker and enteric pathogens were also
absent in all the produce analysed during 2012 and 2013.
In 2013, E. coli was recovered from all fresh produce, except cucumber. There
was a wider range of E. coli count observed on fresh produce, ranging from 1.7 to 12.6
CFU per gram for broccoli and 0.06 to 4.6 CFU per gram for cauliflower up to day 4
(Table 3.3.13). E. coli was not detected in all pre- and post-irrigated (3 hours after
irrigation) produce. For broccoli, the E. coli count increased by 42.4% on day 2 and by
88% on day 4, whereas for cauliflower, the E. coli count decreased by 1.3% on day 4.
The AllBac marker was not detected in all fresh produce during pre- and post-irrigation
events.
3.3.13 Phylogenetic analysis of E. coli from in-field produce
During the irrigation events in 2012 and 2013, E. coli isolates were collected
from the irrigated fresh produce and were genotyped by triplex PCR. A total of 68 E. coli
isolates were recovered from 5 fresh in-field vegetable samples, of them 9% (n= 6) were
recovered in 2012 and 91% (n=62) in 2013. The majority of E. coli isolates recovered in
both years belong to phylogenetic group B1 followed by D1 (Table 3.3.14). In 2012, all
E. coli genotypes retrived upto day 1 and isolates recovered from fresh produce belong to
phylogenetic group B1 (66.7%), D1 (16.7%), and A1 (16.7%); phylogenetic group B2,
subgenotype A0 and D2 were not detected. For the isolates belonging to E. coli B1
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Table 3.3.14 Distribution of E. coli subgenotypes in different vegetable produce that
were processed in 2012-13.

Year of
Sample
Collection Produce
2012
Lettuce

Total

A1
1 (25.0%)

B1
3 (75.0.0%)

B23
0 (0.0%)

D1
0 (0.0%)

4 (100%)

Basil

0 (0.0%)

0 (0.0%)

0 (0.0%)

1 (100%)

1 (100%

Parsley

0 (0.0%)

.
1 (100%)

0 (0.0%)

0 (0.0%)

1 (100%)

1 (16.7%)

4 (66.7%)

0 (0.0%)

1 (16.7%)

6 (100.0%)

Broccoli

9 (22.5%)

21 (52.5%)

2 (5.0%)

8 (20.0%)

40 (100%)

Cauliflower

0 (0.0%)

4 (18.2%)

3 (13.6%)

15 (68.2%)

22 (100%)

9 (14.5%)

25 (40.3%)

5 (8.1%)

23 (37.1%)

62 (100.0%)

Total
2013

E. coli subgenotype

Total
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genotype, 75% (n=3) were recovered from lettuce and 25% (n=1) from parsley. The B1
genotype was not detected in basil.
Phylotyping of E. coli isolates recovered from produce in 2013 identified 40% B1
genotype and 37% D1, 15% A1 and 8% B23 (not detected in 2012) subgenotypes. Similar
to year 2012, A0, B22 and D2 were not detected. Of the B1 strains, 84% (n=21) and 16%
(n =4) were isolated from broccoli and cauliflower, respectively. For the D1 strains, 35%
(n=8) was recovered from broccoli and 65% (n=15) from cauliflower (Table 3.3.14). On
day 1, all the E. coli isolates recovered from broccoli belong to B1 (n=3; 43%) and D1
(n=4, 57%) (Table 3.3.15). B1 increased to 81% (n=17) at day 2 and subsequently
decreased to 8% ( n=1) on day 4, whereas D1 subgenotype decreased to 17% (n=2) on
day 4. Interestingly, a new subtype B23 (9.5%; n=2) was detected on day 2 and another
subtype, A1 (75%; n=9) on day 4. For cauliflower, the majority of the isolates belong to
B1 (21%; n=4) and D1 (79%, n=15), which were undetected on days 2 and 4. Similar to
broccoli, a new subtype B23 (100%, n=3) was detected on day 4.
3.3.14 Phylogenetic analysis of E. coli from CSIDC produce
To further investigate the survival of the different E. coli genotypes on fresh
produce, river water that was spiked with a cocktail of E. coli (106 cells per 100 mL)
consisting of 4 subgenotypes (B1, B23, A1 and D1) was used as irrigation water. Fresh
produce grown at the Canada-Irrigation Diversification Center (CSIDC) in Outlook, SK
were irrigated and E. coli isolates were recovered from the produce on day 8 for
genotyping. A total of 84 E. coli isolates were recovered from lettuce (49%), cabbage
(38%), and cauliflower (13%). Genotype B1 (34%) and subgenotype D2 (25%) were
more prevalent in cabbage, whereas, B23 was prevalent in the cauliflower samples (82%).
Furthermore, D1 (42%) was the prevalent subgenotype in lettuce. A0 was not detected in
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Table 3.3.15 Persistence of E. coli subgenotypes in vegetable produce that were
processed in 2013.

E. coli subgenotype
Produce

Broccoli

Cauliflower

Day

A1

B1

B23

D1

0

0

0

0

0

1

0

3

0

4

2

0

17

2

2

4

9

1

0

2

0

0

0

0

0

1

0

4

0

15

4

0

0

3

0
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Cauliflower (n = 11)

Cabbage (n = 32)

25%

18%

13%

6%

34%
82%

22%

Lettuce (n = 41)
5% 10%
24%

42%

A1

B1

B2 2

B2 3

D1

D2

2%
17%

Figure 3.3.14 Distribution of E. coli subgenotypes recovered on day 8 from CSIDC infield leafy vegetables irrigated with source water spiked with E. coli.

121

Table 3.3.16 Observed counts, expected counts and adjusted residuals from chi-square
analysis showing positive association (χ2 = 78.8, df 15, P < 0.001) between E. coli
subgenotypes and fresh produce on their final day of isolation recovered from IP1 in
2013 and from CSIDC. A significant ( p < 0.05) value for adjusted residual statistic is
±1.96.

Produce

Subgenotype

Observed
Counts

Expected
Counts

Adjusted
Residuals

Cabbage

D2

8

3.2

4.6

B1

11

7.1

2.0

Broccoli

A1

9

2.3

5.2

Cauliflower

B23

12

3.7

5.5

Lettuce

D1

17

8.7

4.1
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any irrigated produce (Figure 3.3.14).
3.3.15 Association of E. coli subgenotypes with produce
The data for all produce (from the Qu'Appelle River watershed and CSIDC) were
pooled together to analyze possible association of E. coli genotypes with a particular
produce on their final day of isolation (day 4 and 8). A significant association was
observed between E. coli subgenotypes and produce i.e subgenotype D2 and B1 as well
as D1 were associated with cabbage and lettuce, respectively (χ2 = 78.8, df 15, p
<0.001), while subgenotypes B23 and A1 were associated with cauliflower and broccoli,
respectively (Table 3.3.16).

3.4 Discussion
The Qu'Appelle River watershed is a mixed-land-use catchment characterized by
cattle operations, agricultural crop activity, sewage lagoons and septic systems, wildlife
populations and residential acreages. Therefore, the watershed is frequently exposed to
faecal contamination from a variety of point and non-point sources. The dominant landuse within this area is crop production systems (75%). Water is typically withdrawn from
the Qu'Appelle River watershed during the growing season and used directly to cultivate
crops, mainly vegetable produce. Increasing number of recent food-borne outbreaks
linked to consumption of ready to eat vegetables raises concern regarding effective
monitoring of microbial quality of irrigation water. The ability to predict the presence of
faecal-derived pathogens is therefore important in assessing the human health risks
associated with the exposure to contaminated irrigation water.
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3.4.1 Abundance of environmental E. coli/ Bacteroidales markers
The present study was conducted to observe the prevalence and persistence of E.
coli and Bacteroidales markers in surface water in the Qu'Appelle River watershed in
southern Saskatchewan, Canada, over a 2-year period, while focusing on the months
associated with the growing season. The Qu'Appelle River sites had relatively less
densities of E. coli than Wascana Creek, presumably due to dilution in larger
watercourses and a reduced number of cattle impacting the surrounding sites. Previous
studies conducted in this region also observed higher levels of E. coli above the
recommended guideline in the Wascana Creek and the Qu'Appelle River (Fremaux et al.,
2009b; Tambalo et al., 2012). A possible explanation for the high E. coli levels in the
Wascana Creek site (IP1) may be due to its close proximity to cattle operations and waste
effluent from Regina Wastewater Treatment Plant (RWWTP). Higher E. coli levels were
also observed in the sites near or proximal to livestock production system in previous
studies conducted in South Nation River basin in eastern Ontario, Canada (Lyautey et al.,
2010) and in the Thomas Brook Watershed, Nova Scotia, Canada (Sinclair et al., 2009).
Possible inputs of higher E. coli in the Qu'Appelle River sites (IP2 and IP3) could be the
result of surface runoff containing manure applied to agricultural lands, leakage of septic
tanks from Lumsden, sewage overflow from lagoons and the upstream flows from the
Wascana Creek. The treatment facility of the Town of Lumsden includes a wastewater
treatment lagoon, where the impoundments are situated near Qu'Appelle River. The
seasonal flooding and seepage from the impoundments eventually enter into the
Qu'Appelle River and may affect the water quality (Town of Lumsden Wastewater
Treatment Facility Conceptual Design Report, July 2011). Increasing waterfowl activity
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could also provide substantial E. coli input into the Wascana Creek as a large number of
ducks and geese were observed frequently in this site. Studies have shown that the daily
average number of E. coli excreted from ten ducks was equivalent to one cow (Zeckoski
et al., 2005). Another possible factor could be storm water runoff which is directly fed
into the Wascana Creek without being treated at the RWWTP. Thus storm water runoff
can further influence the microbial quality as it may contain faecal bacteria from birds
and animals (State of the Environmental Report, 2002, Regina Urban Environment
Advisory Council). The RWWTP processes about 71 million liters of sewage daily,
mainly coming from the City of Regina's sewage system and drains treated effluent at a
rate of 0.9 m3/s (State of the Environmental Report, 2002; Nelson et al., 2013). From
April to September, the treated effluent is diluted by a maximum of only 9.4 times by the
natural flow of Wascana creek (Yergeau et al., 2010) and constitutes a large portion of
creek’s flow and may further influence the downstream water quality. Effluent from the
sewage treatment plant may contain naturally occurring faecal coliform bacteria and
nutrients such as carbon, nitrogen or phosphorus which may further support the growth
of bacteria. Evidence of higher amount of nitrogen and phosphorus have been detected in
Qu'Appelle River watershed (Leavitt et al., 2006).
A seasonal spike of E. coli was observed both years in the middle of July in all
three sites followed by another spike in the early fall in the Wascana site. Rainfall was
found to be associated with the spike in July. As the second spike was only observed in
the Wascana site, the possible reasons of that spike could be local events such as either
intensive cattle activities near the watercourse, or treatment failure from RWWTP. The
Wascana site was found to be more associated with ruminant faecal pollution during both
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years compared to other sites. This is because ruminant (BacR) specific Bacteroidales
marker was detected more frequently in this site. The association of the BacR marker to
the Wascana site was possibly due to its close proximity to cattle operation (Tambalo et
al., 2012). The general (AllBac) Bacteroidales marker was also tested in order to observe
the degree of faecal pollution in irrigation water. All sites including the control site were
found to be positive for AllBac marker indicating the frequent exposure of both Wascana
Creek and Qu'Appelle River to faecal pollution. A seasonal variation was observed in
AllBac marker levels. The water samples from 2012 significantly contained more AllBac
marker levels than that of 2013 suggesting that all sampling sites in 2012 experienced
more faecal pollution than 2013. Similar seasonal variation was also observed for BacR
marker levels in the site C and IP1 indicating that these two sites experienced
significantly more ruminant faecal pollution during 2012. However, no such seasonal
difference was observed for E. coli counts between years. Previous studies have shown
that general Bacteroidales spp. could be detected by PCR in a 25- to 125-fold-higher than
E. coli. This is because the primer detects multiple Bacteroidales species that could be
present in faecal pollution at a much higher abundance than E. coli (Kreader, 1995; Wang
et al., 1996; Bernhard and Field, 2000; Bower et al., 2005). Therefore, the seasonal
difference was apparent in Bacteroidales markers, while the difference in E. coli
remained insignificant between years. Although, the average rainfall during the sampling
period in both years was almost similar ( 137.1 mm in 2012 and 136.7 mm in 2013),
more Bacteroidales markers were detected in 2012. It was assumed that in most of the
cases in 2013, rainfall occurred following the sampling day, while in 2012, rainfall
observed preceding to the sampling day, leading to the variation in marker levels between
years. In addition to rainfall, other factors such as intensive livestock operations,
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treatment failures of sewage treatment plant and use of animal fertilizer or untreated
effluent for land application could have contributed to the extensive faecal pollution in
2012.
3.4.2 Factors affecting density and survival of indicator bacteria in environment
Surface runoff due to heavy rainfall may contribute to the spike of faecal
indicator bacteria to adjacent catchment through the introduction of urban runoff,
agricultural runoff and sewage overflow. Both AllBac and BacR markers were found to
have significant positive correlations with 2d total rainfall other than BacR from IP2,
which was also close (p = 0.09). However, only E. coli from IP2 had significant
association with 3d and 4d total rainfall. When E. coli levels were analyzed against
everyday rainfall in individual year, some major E. coli spikes were found to be
associated with rainfall, though in some cases the E. coli levels did not correlate with
rainfall. It was assumed that at least two concurrent rainfall events were necessary to
have a spike in E. coli count. A possible explanation is that during the first rainfall the
precipitation infiltrated into the soil increasing the degree of saturation. The subsequent
rainfall therefore increased the level of E. coli as a result of surface runoff and leakage
from soil. A large spike was observed in July 2012 which exceeded the E. coli count
above 2400 MPN per 100 ml in IP1 site along with other sites. A total of 49.4 mm
rainfall was observed over seven days before that spike along with a storm event, which
may account for the detection of higher E. coli levels in the watershed. Though a small E.
coli spike was observed just after the storm event on July 12, a substantial increase in E.
coli number was observed 4 days after. These suggest that both the heavy rainfall and
storm events together increased the E. coli levels substantially in all sites as a result of
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both surface runoff and bottom sediment resuspension. Similarly, Wilkes et al. (2009)
observed an increase in E. coli densities which was significantly correlated with a rainfall
event. Rainfall was also found to be associated with higherE. coli concentrations in other
studies (Fremaux et al., 2009b; Sinclair et al., 2009; Lyautey et al., 2010). Storm events
may further influence the level of E. coli in watercourse by releasing pre-existing
bacteria already present in the sediment (Jamieson et al., 2005). An increase in sediment
E. coli concentrations was observed in stormflow compare to baseflow in a study
conducted in Thomas Brook Watershed, Nova Scotia, Canada (Piorkowski et al., 2014).
Another study conducted in Boise and Snake River systems located in southwestern
Idaho observed 2 to 760 times greater E. coli concentrations in bottom sediments than the
overlying water suggesting bottom sediment as a reservoir of faecal bacteria available to
overlying surface water via resuspension following disturbance simulation and a
rainstorm event (Stephenson and Rychert, 1982).
A significant inverse correlation between BacR and light intensity was observed
in both Qu'Appelle sites (IP2 and IP3), though no such association was observed for E.
coli. Sample size might have influenced the outcome as limited light intensity data was
available in 2013. Natural sunlight may influence the survival of ruminant marker in the
environment, since a fresh water microcosm experiment observed shorter persistence (3
day) of ruminant-specific faecal Bacteroidales marker under exposure to natural sunlight
(Walters and Field, 2009). A significant association was observed with natural sunlight,
when E. coli concentration was measured in relation to light intensity for an individual
year. A significant negative association was observed between E. coli level and light
intensity for IP1 site and the association was also close for IP2 (0.06) in 2012. Previous
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studies also found sunlight as an important contributor to E. coli decay in natural water
(Kapuscinski and Mitchell, 1981; Davies and Evison, 1991; Sinton et al., 2002)
suggesting that the solar radiation may induce photooxidative damage on E. coli due to
accumulation of toxic molecules. Solar radiation can also cause mutations in E. coli cells
(Schaaper et al., 1987).
Temperature was also found to be significantly associated with the BacR marker
in the IP1 site, while no such association was observed for E. coli from the Qu'Appelle
River sites. The Wascana site behaves differently, perhaps due to its high water turbidity
which poses a barrier to sunlight penetration, reduced flow rate and low water level. The
average water temperature throughout the sampling period in all sites was similar, though
the temperatures between morning and evening at each of these three sites were found to
differ between 10 to 20°C. In future, it would be interesting to see how the temperature
fluctuation within a day affects the overall survival of indicator bacteria in the watershed.
3.4.3 Association of ruminant marker with E. coli subgenotypes
As a watershed receives mixed species faecal pollution from different sources, it
is critical to identify the sources of non-point source of contamination of water in order
to prevent future occurrence and also to understand the human health risk associated with
each faecal contamination source. Previous studies examined the source of faecal
contamination in relation to E. coli phylogenetic groups and suggested that genotype B23
could be a good indicator of human faecal pollution in Brazil (Carlos et al., 2010).
Therefore, the present study was conducted to assess the potential application of E. coli
genotypes to identify the major source of faecal contamination in agriculturally

129

influenced irrigation water. It is interesting to note that the isolates from B23 and D1
subgenotypes were found to be significantly correlated with the BacR marker. This
finding is contradictory to the results of Carlos et al (2010), where they identified B23
only in human and could not detect B23 in cow, chicken, pig, goat and ship. Their results
suggest that ecological niches, host diet, host genetic factors, and climate may have
contributed different phylogenetc structures in the Saskatchewan ruminants analyzed in
this study (Duriez et al., 2001; Gordon and Cowling, 2003; Escobar-Paramo et al., 2004).
In future, it will be interesting to study the distribution of E. coli phylogenetic groups
within animals of Saskatchewan origin.
3.4.4 Prevalence and persistence of E. coli subgenotypes in irrigation water
The E. coli strains belonging to phylogroup B1 and to a lesser extent B23, were
found to be dominating in water samples regardless of sampling sites and year. All seven
subgenotypes were distributed within 3 sites with a prevalence of B1 (50- 62%). Walk et
al. (2007) also identified strains that are able to survive and become naturalized in the
freshwater environment belong to phylogroup B1. They also suggested that natural
selection may be favouring the environmental adaptation to this genotype. In agreement
with these findings, White et al. (2011) demonstrated a higher prevalence of stress
resistance σS (RpoS) activity and the rdar (red, dry and rough) morphotype (phenotypes
associated with environmental survival) within isolates of the B1 genotype. Moreover,
strains of B1 genotype are considered as host generalist, as they were found in the most
of the hosts analysed. White et al. (2011) observed a relatively even distribution of
isolates from the B1 genotype in different non-human (bovine, birds, gulls, Canada
geese, dogs, cats chicken, pigs and water) and human hosts collected from the Alberta
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Provincial Laboratory for Public Health (Prov-Lab), Alberta, Canada. They observed a
prevalence of B1 (56%) genotype among the hosts analyzed followed by B2 genotype,
suggesting that a similar prevalence and distribution of those genotypes would be
expected among hosts of Saskatchewan origin. Therefore, the prevalence of those
genotypes in different non-human and human hosts was associated with the abundance of
B1 and to a lesser extent B23 in the irrigation water of this study. The present findings
seem to be consistent with other research which demonstrated strains of B1 as a
persistent genotype in estuary water in France (Berthe et al., 2013).
Interestingly, two rare isolates with the yjaA/ TspE4.C2 profile, which account
0.2% of the total population, were isolated in 2012. Higgins et. al (2007) also reported
this kind of profile earlier, one from a goose and the other from surface water. Mendonca
et al. (2013) also observed this rare profile in an uropathogenic E. coli strain and
proposed to assign this profile into the B2 phylogroup, based on the sequence similarity
to the B2 reference E. coli strain (ST127) by multi-locus sequence typing (MLST),
pathogenicity-associated islands and susceptibility to quinolone. Later, a similar profile
has been recovered from 4 E. coli isolates, one from a pig, one from broiler chicken
meat, and two paired isolates from same patient with the urinary tract infection (SkjotRasmussen et al., 2013). The two human isolates were found to be resistant to 5
antibiotics

(Ampicillin,

chloramphenicol,

spectinomycin,

streptomycin,

sulfamethoxazole), harboured many virulence associated genes and belonged to ST127, a
recently identified emerging uropathogenic clone associated with the B2 phylogroup
(Gibreel et al., 2012). Identification of this rare genotype in both human and veterinary
origin with virulence genes and multidrug resistant profiles suggested their pathogenic
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potential and merits further investigation on two rare isolates identified in this study.
3.4.5 Temporal variation of E. coli subgenotypes
The prevalence of genotype B1 varied greatly between different sampling days,
ranging from a high of 75.7% in IP2 site to a low of 33.3% in IP3 during 2012 and a high
of 78.8% in IP1 site to a low of 25.7% in IP3 during 2013, while maintaining a constant
levels regardless of exogenous faecal input. Temporal stability of this genotype suggested
that possibly a subset of B1 is surviving in the environment. Unlike B1, the isolates of
other genotypes did not show temporal stability over time as most of the genotypes
sometimes reached to undetectable level, indicating a lack of environmental adaptability
among those genotypes.
A significant association between the D1 genotype and a storm event was
observed in the IP2 site, while a non-significat association was observed for the IP1 site,
where the observed count was higher than the expected count. Additionally, the large
spike in E. coli counts was significantly associated with B23 in the IP1 and IP2, and with
D1 in the IP3 site. Higher BacR marker levels were also detected in all three sites (4.9,
5.1 and 4.6 Log10 marker copy no. per 100 ml in IP1, IP2 and IP3, respectively) during
that spike day. A 49.4 mm rain was observed over 7 days, started before the storm event
and ended during the spike day. This observation perhaps reflecting the significance of
precipitation and storm runoff induced transport of ruminant pollution from the adjacent
agricultural land and pastures as the ruminant marker was significantly correlated with
those B23 and D1 genotypes in this study.
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3.4.6 Association of indicator bacteria with enteric pathogens
In 2013, the detection frequency of Campylobacter spp was higher (20.5%)
compared to Salmonella spp (13.6%). A similar pattern of pathogen detection frequency
was observed in other studies conducted in the Qu'Appelle River watershed in
Saskatchewan (Tambalo et al., 2012) and other provinces such as Alberta (Walters et al.,
2007) and Ontario, Canada (Wilkes et al., 2011). Notably, pathogens were detected
relatively less frequently at site (IP1) which is highly impacted by E. coli levels above
the recommended cut-off. In contrast, pathogens were detected more frequently at site
(IP3) where 50% of the time, the E. coli levels were below the recommended cut-off.
Overall, a lack of correlation observed between the presence of pathogens and level of E.
coli above the recommended cut-off. Correlation of enteric bacteria such as Salmonella
spp. and Campylobacter spp. with levels of E. coli counts were also analyzed by Tambalo
et al. (2012) and they also failed to establish any correlation. This finding highlights the
limitation of E. coli as an indicator for predicting the presence of enteric pathogens,
particularly Salmonella spp. and Campylobacter. There was a temporal trend observed in
Campylobacter spp. detection, where the frequency of Campylobacter spp. detection was
highest in the months of May and June. The similar temporal trend has also been reported
in previous studies conducted in this region (Tambalo et al., 2012). Low temperature is
known to influence prolonged survival of Campylobacter spp in water (Korhonen and
Martikainen, 1991; Buswell et al., 1998). This could be the reason why Campylobacter
spp. are mostly associated with May and June in the present study, as during these
months, average water temperature remains low compared to July and August.
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A binary logistic regression was performed to observe the probability of presence
of pathogens in relation to indicator bacteria in irrigation water. None of the pathogens
were correlated with the levels of the AllBac marker. However, the detection of BacR
marker in irrigation water had significant predictive value for a sample being positive for
Campylobacter spp. Previous studies have also reported such correlation of ruminant
specific Bacteroidales marker with the presence of Campylobacter spp. (Frey et al.,
2013).This may be due to that fact that Campylobacter spp. are the frequent colonisers of
the intestines of ruminant such as cattle (Stanley and Jones, 2003; Hakkinen, 2010; Rapp
et al., 2012).
In model 1, the only significant correlation was between E. coli and enteric
pathogens, where the presence of both or either of the pathogens in water was less likely
associated with the increasing concentration of E. coli. Similarly in model 2, the presence
of Campylobacter spp. was also less likely associated with the increasing concentration
of E. coli. Since the presence of pathogens in water ideally should be correlated with the
higher concentration of E. coli, such relationship observed in this study suggests that the
exclusive use of E. coli concentrations may not be an adequate indicator to predict
potential health risk due to the presence of both Campylobacter spp and/ or Salmonella
spp. The presence of pathogens in water with less E. coli concentration also highlights
the different rate of recovery and survival of enteric pathogens than E. coli. Similar
findings have been reported in a study conducted in Grand Teton National Park, where
they detected Campylobacter in samples containing faecal coliform counts < 10 per 100
ml and Campylobacter was absent when the faecal coliform densities were higher
(Taylor et al., 1983). Many studies also reported poor or lack of correlation between E.
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coli and enteric pathogens (Lund, 1996; Lemarchand and Lebaron, 2003; Horman et al.,
2004b; Tambalo et al., 2012). The results from these studies indicate that microbial
monitoring of water quality by using traditional faecal indicator E. coli is not sufficient
for assessing the risk of pathogen presence.
3.4.7 Transmission of E. coli from irrigation water to fresh produce
A high Bacteroidales counts observed in this study indicates the potential for the
presence of pathogens in irrigated produce. The E. coli counts were always above the
CCME recommended guideline of 100 MPN per 100 ml for irrigating the fresh produce
other than one irrigation event. The carry-over contamination of E. coli to fresh produce
was observed when irrigation water contained E. coli level above the CCME cut-off of
100 MPN per 100 mL. A high E. coli count was observed at the sprinkler head before
irrigation relative to the intake pump, indicating the potential growth of E. coli as
biofilms on pipe walls. Pachepsky et al. (2012) also observed greater E. coli
concentrations in the sprinkler water than in the intake creek water. In their study, they
analysed surface-associated cells and potential biofilms from the inner surface of the pipe
for E. coli concentrations as well as total heterotrophic bacteria counts. They observed
higher numbers of E. coli cells in inner surface of pipe biofilms than the water in pipe
during irrigation. The E. coli densities in the pipe surface were also correlated with the
total heterotrophic bacteria count from pipe surfaces, suggesting E. coli was interacting
with the heterotrophic microbial communities.
The prevalence and persistence of E. coli and their subgenotypes were
investigated in produce following irrigation. E. coli was undetectable in most of the
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produce after 3 hours of irrigation on day 0, but increased in numbers on subsequent
days. The probable reason is that, the number of immigrant E. coli on produce was
undetectable on the initial day. Moreover, on arrival on the surface of in-field produce,
the immigrant bacteria cope with a range of adverse environmental stressors such as
exposure to ultraviolet (UV) radiation, fluctuating temperature and predation, limited
water availability, nutrient deprivation, which create challenge to the overall fitness of
the bacteria (Lindow and Leveau, 2002; Lindow and Brandl, 2003; Aruscavage, 2006;
Brandl, 2006). Studies have shown that enteric bacteria are able to grow and persist on
plant after a period of adaptation, during this period their levels are decreased as a result
of desiccation stress (Brandl and Mandrell, 2002; Brandl, 2006; Harapas et al., 2010). In
the present study the number of E. coli decreased to 1.3% on day 4 in cauliflower, while
in broccoli, the E. coli counts increased by 88% on day 4, highlighting the growth and
survival of E. coli on broccoli. A higher prevalence of E. coli and enteric bacteria was
observed on broccoli compared to cauliflower, which suggested that the surface
characteristics of these two produce may have affected the pathogen attachment and
survival (Ukuku, 2005; Fonseca, 2006; Ijabadeniyi et al., 2011).
The phylogenetic analysis observed a prevalence of genotype B1 and
subgenotype D1 on in-field produce recovered from irrigation sites. Meric et al. (2013)
also observed a higher prevalence of genotype B1 on plant associated E. coli and
suggested that B1 genotype was more likely to harbour traits associated with plant
colonization. Wood (2011) also observed a prevalence of genotype B1 in 64 E. coli
isolates recovered from 27 leafy vegetable samples grown in BC. In contrast, isolates of
E. coli genotype D were not detected in any produce. In agreement, the present study also
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observed a significant association of genotype B1 with leafy vegetables (cabbage).
However, during the persistence experiments, a higher prevalence of genotype B1 (n =
17) was observed in broccoli on day 2, which further decreased to 1 isolate on day 4.
This finding suggests that isolates of genotype B1 may not survive longer on broccoli
though initially succeeded to attach to the surface. Interestingly, isolates of subgenotypes
A1 were found to be dominating on day 4 samples, though they were absent on previous
days. This finding suggests that their initial adaptation period could be longer than other
genotypes. Another reason could be that the subgenotype A1 occurred as a post-irrigation
contamination event. In cauliflower isolated from the irrigation site, the only surviving
isolates on day 4 belonged to subgenotype B23. Interestingly subgenotype B23 was also
found to be dominating in CSIDC cauliflower samples on day 8. Since the subgenotype
B23 was found to be significantly associated with the cauliflower in both sampling sites,
the interaction between this genotype and cauliflower merits further investigation.
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CHAPTER 4 — GENERAL SUMMARY AND FUTURE DIRECTIONS
4.1 General summary
Gastrointestinal illness linked to food- and water-borne pathogens remain a major
health concern in Canada, and can have a detrimental impact on the economy. In Canada,
approximately one in eight people (or four million people) annually contract a
domestically acquired food-borne illnesses (Thomas et al., 2013), which costs the
healthcare system and the food industry billions of dollars every year. Fresh fruits and
vegetables can be significant sources of outbreaks of food-borne illnesses. Irrigation with
poor-quality water can transfer enteric pathogens into fruits and vegetables. In
Saskatchewan, open source water supplies such as streams and rivers have been used to
irrigate crop mainly fresh vegetables. However, open source water can be exposed to a
variety of point- and non-point sources of faecal contamination. Therefore, it is desirable
to reduce faecally contaminated pathogens in irrigation water by efficiently monitoring
the indicator organism and identifying the source of faecal contamination.
Due to the significant concerns about the role of E. coli as an indicator organism,
the current study was conducted to identify and validate E. coli as an indicator of recent
faecal contamination and better predict the health risk associated with enteric pathogen
contamination in an agriculturally influenced watershed. Initially, a microcosm study was
conducted in an effort to assess the prevalence and persistence of different E. coli
genotypes in a controlled environment under different temperatures (4°C and 22°C). The
first phase of this study identified strains of B1 and A0 as dominating and persisting
genotypes in waste water influent spiked with cow and pig manure. It was also found that
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the decay rate of E. coli was shorter at warmer temperature compare to colder
temperature. This finding indicates that low temperature would influence the survival of
E. coli in the irrigation water during early summer when the average water temperature
in Qu'Appelle River remains below 15°C. Biofilm formation of strains from persistent
genotypes were also investigated to identify a possible persistence mechanism of E. coli
in the environment. The detection of strains from persistent genotypes as biofilm formers
in the microcosm experiments suggested that if E. coli form biofilm in river sediment, its
presence in overlying water would confound the detection of recent faecal contamination
through releasing of cells from the biofilm. Thus, a study aimed at identifying biofilm
associated cells in river sediment should be undertaken.
In the second phase of this study a watershed scale study was conducted over a
two-year-period focusing on growing season to observe how the findings from
microcosm studies translate to a field study. Genotyping of E. coli was conducted on
temporal and special scales to identify whether particular genotypes are more able to
survive within the agricultural environment. The recovery of high levels of E. coli above
the CCME recommended guideline and prevalence as well as temporal stability of a
particular genotype (B1) in irrigation water suggests that the microbiological quality of
Qu'Appelle River did not meet the irrigation water quality standards. Detection of enteric
pathogens in irrigation water also highlights potential health risk associated with poor
quality irrigation water. Moreover, the prevalence and persistence of different potential
enteropathogenic E. coli genotypes on in-field vegetable samples suggest that the
Saskatchewan grown fresh vegetables are susceptible to the threat of pathogen
contamination. The prevalence of similar genotypes (B1 and B23) in water near irrigation
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pump sites and in-field vegetables demonstrated that irrigation water may serve as
reservoir for the dissemination of enteric bacteria of concern to in-field fresh vegetables.
A prevalence of genotype B1 followed by B23 was observed in irrigation water, which
was partially supported by the results of microcosm studies. In microcosm studies,
strains of subgenotype A0 and genotype B1 were found to be dominating. Human
wastewater influent was spiked with the cow and pig manure, thus the E. coli in
microcosm represented mainly those three sources. While in the watershed study, the
major source of livestock contamination was from cattle, and there were no reported
piggery operations in the area (Tambalo et al., 2012). Furthermore, the effluent of
RWWTP might have less influence due to the far distance from the sampling sites and
dilution effect into the larger watercourse of the Qu'Appelle River. Therefore, the
observed persistent type was different in microcosm experiments than the watershed
likely due to the difference in potential sources. Which highlights a prevalence of A0
subgenotype in pig and human in Saskatchewan, which merits further investigation.
While the microcosm experiments observed the survival of subgenotype A0 under stable
temperature, it did not examine the effect of other environmental factors such as
fluctuating temperatures, light intensity, predation rate, pH, salinity, nutrient availability
etc that are present in an open environment and therefore, might have influenced the
survival of A0 in the watershed.
Simultaneous detection and enumeration of the three target enteric pathogens
such as Salmonella, Campylobacter, and E. coli O157:H7 and the indicator organisms
such as generic E. coli as well as general and host specific Bacteroidales markers within
the open source water of the Qu'Appelle River were conducted at the aim of
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understanding if any correlation exists among them. A lack of correlation between the
concentration of E. coli above certain level (100 MPN per 100 mL) and concomitant
presence of enteric pathogens highlights its limitation as an ideal indicator of recent
faecal contamination. A lack of correlation was possibly due to survival of E. coli in the
river water, hence the pathogen was absent even at higher E. coli levels. A significant
association of lower E. coli concentrations with pathogen presence suggests that the
recommended E. coli level is not an ideal indication of potential risk to human health,
therefore, we may need to change the recommended cut-off. Of the indicator bacteria
examined here, the increasing concentrations of ruminant specific marker (BacR) was
found to be significantly correlated with the presence of Campylobacter, suggesting a
strong linkage between the cattle pollution and the poor microbiological water quality in
this region. The correlation analysis of BacR marker with E. coli genotypes identified a
significant positive association of ruminant marker to subgenotypes B23 and D1. The
findings of this study also suggests that the use of single indicator is not entirely
sufficient to predict the risk of all potential pathogens and therefore, monitoring of water
quality should be performed using more than one indicator organism.
4.2 Limitations and future directions
One of the limitations in this study was that the biofilm formation of E. coli
strains isolated from the river water was not investigated. In future studies, the detection
of biofilm forming ability of the persistent E. coli genotypes is recommended to better
understand their survival and growth in non-host environments. Moreover, the specific
genetic traits that influence the biofilm phenotype in the river ecosystem should also be
investigated.
141

Another limitation was small sampling volume of water utilized for pathogen
identification. Failure of pathogen detection in year 2012 could be the result of small
sample volume (200 mL), as pathogens become diluted after exposure to a large
watercourse and therefore, making detection challenging due to their low concentrations.
In future, a large volume of water sample should be processed to eliminate the possibility
of the presence of pathogens.
Another limitation was small water quality data set and their corresponding
physicochemical indices (that express rainfall, temperature, flow rate and light intensity).
It is possible that due to the small sample size, the statistical analysis in this study could
not predict the exact scenario. Moreover, data were analyzed independently and the
combined effect of those physicochemical indices on the level of indicator bacteria and
presence or absence of pathogens was not carried out. Future studies should include a
large data set from multiple years to develop a model that would predict the occurrence
and density of enteric pathogens and faecal indicator bacteria in surface water in
agriculturally influenced watershed.
Another limitation was that during the persistent studies single produce sample
was collected everyday, which was not statistically sound. In a future study, replicate
produce samples should be included.
Preliminary analysis identified a significant association of E. coli genotypes and
ruminant faecal pollution which is a novel finding. Therefore, it is recommended to
conduct a comprehensive study to observe the prevalence of those genotypes in ruminant
faeces. If the relationship can be established in broader scale, this association may help to
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identify and mitigate future ruminant faecal pollution in this region. Future studies
should also include screening of clinically relevant antibiotic resistant strains that may
present in irrigation water and subsequently in produce, and therefore may pose a threat
to produce safety.
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Appendix A Decay curves of E. coli using microcosms at 22°C and 4°C.
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Appendix D Average absorbance and standard deviation of biofilm formed, average
number and standard deviation of cells per peg and average absorbance and standard
deviation of planktonic cells obtained from CV and MBEC assays.
SL #

Cluster
no#

Subgenotype

Strains
ID

CV

MBEC

Planktonic
(OD)

CV
STDV

MBEC
STDV

Planktonic
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CL# 02

B1

SH473
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0.23

0.06

0.02

0.02

2

CL# 02

B1

SH455
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4.25

0.13

0.10

0.09

0.01
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CL# 02

B1

SH512
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SH283
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0.67

4.73
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0.06

0.01

16

CL# 15

B1

SH49

1.26

2.82

0.19

0.09

0.10

0.00

17

CL# 15

B1

SH294

0.61

3.02

0.17

0.05

0.31

0.01

18

CL# 11

A0

SH159

0.33

5.84

0.24

0.03

0.08

0.01

19

CL# 11

A0

SH311

0.42

5.46

0.07

0.03

0.05

0.00

20

CL# 11

A0

SH7

0.19

4.69

0.08

0.04

0.12

0.01

21

CL# 11

A0

SH346

0.32

5.40

0.08

0.03

0.04

0.00

22

CL# 11

A0

SH67

0.45

4.83

0.18

0.08

0.13

0.01

23

CL# 11

A0

SH349

0.30

5.39

0.10

0.06

0.15

0.00

24

CL# 11

A0

SH362

0.02

5.78

0.19

0.01

0.17

0.01

25

CL# 15

A0

SH446

0.67

5.14

0.21

0.13

0.28

0.01

26

CL# 29

A0

SH458

0.34

5.54

0.23

0.04

0.25

0.01

27

CL# 29

A0

SH464

0.04

5.88

0.27

0.01

0.08

0.00

28

CL# 29

A0

SH195

0.43

5.41

0.21

0.05

0.13

0.00

29

CL# 27

A0

SH25

0.91

4.10

0.31

0.06

0.09

0.01

30

CL# 10

A0

SH233

0.52

2.43

0.16

0.06

0.96

0.00
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