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Abstract  

 Water remains a predominant vector for human enteric pathogens not just for developing countries 

but also developed nations, where numerous infectious disease outbreaks, linked to the contamination of 

drinking water have been documented. Private drinking water wells are a source of drinking water that is 

largely unstudied even though a significant percentage of the population in Ontario relies on wells as their 

primary water source. As there exists little to no systematic surveillance for enteric infections or outbreaks 

related to well water sources, these individuals may be at higher risk of waterborne infectious diseases. 

The relationships between various fecal indicators in the water of private drinking water wells, including 

E. coli, Total Coliforms (TC) and Bacteroides, and enteric pathogens, including Campylobacter jejuni, 

Salmonella spp., and Shiga toxin producing E. coli, were studied. Convenience private well water samples 

collected from various regions of interest during the summer of 2014 underwent membrane filtration and 

culture to determine quantities of E. coli and TC colony forming units. 289 E. coli positive and 230 TC-

only waters were successfully analyzed by individual qPCR assays for the aforementioned enteric 

pathogens. Microbial source tracking methods targeted to specific Bacteroides were used to determine the 

source of fecal contamination as either human or bovine. The source of fecal contamination varied by 

geographic region and is thought to be due to such things as differences in septic tank density and 

underlying geology, among others. Fecal indicators, E. coli and Bacteroides, were significantly correlated. 

E. coli as measured by qPCR was more strongly correlated to both total and human-specific Bacteroides 

genetic markers than culturable E. coli. Lastly, 1.9% of samples showed molecular evidence of 

contamination with enteric pathogens. Although low, this finding is significant given the limited volume 

of water available for testing, and suggests a potential health risk to consumers. Knowing the extent of 

contamination, as well as the biologic source, can better inform risk assessment and the development of 

potential intervention strategies for private well water in specific regions of Ontario.   
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Chapter	  1	  	  

	  
Introduction	  

	  
 Drinking water safety is often taken for granted by those residing in developed nations. Water 

consumption, without fear of illness, is a defining characteristic of developed nations (Hrudey et al. 2006). 

Although the magnitude of drinking-water related illness in developed countries is lower than in 

developing regions, waterborne disease outbreaks remain a significant cause of acute gastrointestinal (GI) 

illness and constitute a risk that could be better managed and prevented overall (Murphy et al. 2016). For 

example, in the United States of America (USA) between 1971-2002, there were 764 documented 

waterborne outbreaks associated with drinking water, resulting in nearly 600,000 cases of illness and 79 

deaths (Reynolds et al. 2008). In Canada, acute GI illness accounts for approximately 20.5 million cases 

annually, of which an estimated 4 million are food borne and the remaining are attributed to water, animal 

contact and person-to-person transmission (Murphy et al. 2016), many of which are not reported. In 

Ontario, it was found that for every instance of enteric illness reported, the estimated number of patients 

actually affected ranged from 105-1389 (Majowicz et al. 2005). Under reporting is often the result of 

individuals not seeking medical attention due to symptoms being mild and/or resolving within a few days, 

or living in remote communities where medical attention is not necessarily within close reach (Thomas et 

al. 2013). Illness acquired through consumption of contaminated water also results in a substantial 

economic burden for developed nations. The estimated annual cost associated with acute GI illness due to 

contaminated food, water and person-to-person contact in British Columbia (BC) has been estimated at 

514 million Canadian dollars (Krentz et al. 2013).  

Of particular interest to this study is waterborne disease attributable to private drinking water 

wells that provide water to a single household. These supplies are largely unstudied and subject to little or 

no systematic surveillance even though they serve a significant proportion of people in developed nations. 

This study aimed to investigate the relationship between E. coli and Total Coliform and contamination of 
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private well waters, using culture and molecular methods for these bacterial indicators (TC and E. coli) as 

wells as Bacteroides, and the detection of human pathogens, including Shiga toxin producing E. coli 

(STEC), Campylobacter jejuni and Salmonella species. The private well waters analyzed were those from 

regions in Ontario previously determined to be at an increased relative risk of E. coli contamination as 

well as a region of high cattle density (Statistics Canada 2011; Krolik et al. 2013).  
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Chapter 2  
 

Literature Review 
 

2.1 The risk to private drinking water wells in developed nations 

In general, private water supplies serve a significant proportion of people in developed nations, 

yet little or no systematic surveillance for enteric infections or outbreaks related to these sources exists. In 

the USA, approximately 45 million people obtain drinking water from private wells (Hynds et al. 2014). 

In Canada, an estimated 4.1 million (~12%) individuals rely on private supplies, most of which are rural 

groundwater sources (Murphy et al. 2016). For the most part, owners are responsible for the regular 

monitoring of private wells for contamination (Ritter et al., 2002; Maier et al., 2013). As a result, enteric 

pathogens in private wells, and their subsequent associated infections, may go largely unnoted, potentially 

leaving a significant proportion of the population vulnerable to waterborne infectious diseases. Oversight 

is lacking when it comes to ensuring that regulatory standards for private water systems are of the same 

quality as those for public systems (Charrois 2010). 

It appears there is an unfounded perception that private ground water systems in rural areas 

provide higher quality water than that of municipal sources. A study in Hamilton, Ontario, using postal 

survey of residents with private water supplies, found that most rated their water supplies as being of high 

quality (Jones et al. 2006). These beliefs were based on previous acceptable water tests, no evident health 

problems as well as no recent changes to water supply. However, few households reported testing 

regularly, with only 8% meeting the provincial recommendation at the time, of three tests a year. 

Approximately 21% never tested their water, and 40% tested every two years or less. In a similar survey, 

65% of Canadian households using non-municipal water supplies had not had their water tested by a 

laboratory within the last year (Statistics Canada 2007). In 2011, only 27% of Canadian households on 

private supplies had their water tested (Murphy et al. 2016). Lastly, Maier et al. (2014) found that in 

Ontario, only 11-12% of owners that submitted water samples for testing over five years (2008-2012) met 

the guidelines of three tests a year in any given year, and only 0.3% met them every single year. The 
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nature of private water supplies can vary greatly over time and one test per year or less is likely to be 

insufficient in depicting the true nature of water quality. In contrast, municipal water is tested daily for a 

number of parameters. Inconvenience and lack of time were reported as barriers to routine sampling of 

private wells (Jones et al. 2006). Given the lack of concern and routine testing reported among private 

well owners, it is clear that education of well owners regarding potential threats related to their drinking 

water and engaging them in the responsibility of maintaining their wells as well as treating and routinely 

testing their drinking water, is necessary. Increased awareness of these issues is a shared responsibility 

between the government and well owners (Murphy et al. 2016). 

Sources of enteric pathogens that have the potential to contaminate private drinking wells and lead 

to illness include septic tank leachate, municipal wastewater treatment, feces from wildlife and grazing 

animals, and land application of livestock and poultry manure. Pathways for pollution may be provided 

via poor well integrity such as age deterioration, design defects, or poor wellhead hygiene (Hynds et al. 

2014). However, bedrock fracturing, faulting, unconsolidated bedrock materials and thin or absent 

overlying subsoil layers may also provide the pathway for pollution (Hynds et al. 2014). Certain soil and 

geological conditions significantly increase the vulnerability of ground water resources to contamination. 

For example, wells within areas of karst topography, which is characterized by fractured limestone, 

sinkholes and underground caverns, are particularly vulnerable (O’Reily et al. 2007). Wallender et al. 

(2014) reported that 26.2% of waterborne outbreaks from 1971 to 2008 were associated with areas of karst 

limestone bedrock.  

Outbreak and research studies show that although private ground water supplies are perceived as 

safe to drink by owners, in many cases they often exceed the minimal acceptable standards for microbial 

and chemical contamination for safe drinking water. As a result they can become contaminated with 

enteric pathogens and lead to illness. It is estimated that 45% of all waterborne disease outbreaks in 

Canada involve non-municipal systems, largely in rural or remote areas, with the remaining 55% 

involving municipal systems only (Corkal et al. 2004). A review in Canada of 288 outbreaks of infectious 

disease related to sources of drinking water, over a 27-year period, demonstrated that two thirds were 
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related to semi-private or private systems (Schuster et al. 2005). Murphy et al. (2016) used a quantitative 

microbial risk assessment (QMRA) model and estimated a total of 78,073 cases of illness/year resulting 

from the consumption of water containing one or more of Giardia, Cryptosporidium, Campylobacter, E. 

coli O157 or norovirus from untreated private wells in Canada. Private water systems in European 

countries are similarly susceptible to outbreaks of waterborne disease. For instance, in England, Rutter et 

al. (2000) found that 33% of water supplies tested over a 2-year period failed current regulations for E. 

coli on at least one occasion. In comparison, 0.1% of samples taken in public water supply zones were 

positive for E. coli. Further, the incidence of waterborne outbreaks among consumers of private supplies 

was up to 35 times greater than among consumers of public supplies in England and Wales from 1992-

2003 (Smith et al. 2006).  

Evidence of enteric pathogens within private drinking supplies has also been discovered as the 

result of scientific studies. Won et al. (2013) examined the presence of fecal indicators, and enteric 

pathogens in private wells proximal to bovine operations in northeastern Ohio. Approximately 4% of 

wells were E. coli O157 positive, a serious concern that points to contamination due to presence of grazing 

animals and livestock. Similarly, a study by Borchardt et al. (2003), sampled private ground water 

drinking wells near septage land application sites and in rural subdivisions served by septic tanks in 

Wisconsin where 8% of wells were positive for various enteric viruses, including hepatitis A virus, 

rotavirus and norovirus. Uhlmann et al. (2009) and Galanis et al. (2014) showed that risk of sporadic 

enteric disease caused by five pathogens (Campylobacter, Salmonella, Shiga toxin producing E. coli 

(STEC), Giardia, and Cryptosporidium) in BC differed by the drinking water source regularly consumed: 

rates were highest among those supplied by private ground water wells. This provides evidence that 

individuals who rely on private wells may be at higher risk of enteric diseases. 

Although all individuals who rely on private wells may be at risk of illness, there is evidence of 

waterborne disease from private drinking water wells more frequently affecting immune-compromised 

individuals and rural visitors than permanent residents. A study in Alpine Wyoming identified an E. coli 

O157 well water outbreak in which attack rates were significantly lower for residents than visitors of a 
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large family reunion the weekend of the outbreak with 27% and 50% becoming ill, respectively (Olsen, et 

al., 2002). Another study showed that an outbreak of E. coli O157 infection in the Highland Region of 

Scotland was traced to an untreated private water supply, and all cases identified arose from visitors to the 

area while permanent residents were unaffected (Licence et al. 2001). Lastly, Belongia et al. (2003) found 

that in the rural Wisconsin population, 59% of children had C. jejuni antibodies and 14% had E. coli O157 

antibodies. Prevalence of both increased with age and was higher among farm resident children compared 

to non-farm children for every age group. Overall numerous studies indicate that rural residents have 

frequent exposure to enteric pathogens, some which may be via water. However, surveillance and 

treatment of drinking water from private wells are still important for all consumers, including rural visitors 

and immune-compromised individuals (Public Health Agency of Canada 2014). 

 

2.2 Pathogens implicated in waterborne outbreaks 
 

This review will focus on three classes of pathogens; bacteria, viruses and protozoa. Some of the 

specific pathogens in each group will be discussed in detail. However, it should be noted that this 

discussion is not comprehensive and the numbers and types of organisms responsible for waterborne 

illness is beyond the scope of this review.  

2.2.1 Bacteria 

 Humans are continuously subject to bacteria, but only a relatively small number cause disease 

with a great many being part of our natural flora. Bacteria are somewhat easier to remove from water than 

viruses, and they are generally susceptible to chlorine based disinfection processes (Hrudey & Hrudey 

2004). Three types of pathogenic bacteria of particular interest in terms of waterborne infectious disease 

include Campylobacter spp., Salmonella spp., and Shiga toxin producing E. coli (STEC) given they cause 

a significant number of infections, accounting for over 100,000 infections reported annually in the USA, 

making them the most common reportable enteric infections caused by bacteria (Denno et al. 2009).  
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Campylobacter species 
 
 C. jejuni and C. coli are the Campylobacter species that most commonly cause acute enteritis in 

humans with C. jejuni specifically accounting for 80-85% of all Campylobacter spp. infections (Khanzadi 

et al. 2010).  C. jejuni and C. coli are small, spiral, Gram negative bacteria (Skirrow 1994). After 

colonization of the GI tract, this microbe translocates across the epithelial layer of the intestine to invade 

host cells and disrupts the intestinal mucosa by producing a cytolethal distending toxin that leads to 

symptoms including diarrhea, which may be bloody, severe abdominal pain, fever, malaise, nausea, and 

vomiting (Greenwood et al. 2012). It typically has an incubation period of 2-5 days and symptoms resolve 

within a few days; prolonged infection mainly affects immunocompromised populations. It has been 

reported that ingestion of as little as 500 cells is enough to establish infection (Public Health Agency of 

Canada 2012). In rare cases, Guillain-Barre syndrome, a severe neurological disease, can develop as a 

consequence of infection (Moore et al., 2005). However, in most cases the illness is self-limiting and does 

not require any treatment beyond fluid and electrolyte replacement. Antimicrobial therapy is reserved for 

patients with severe or complicated infections (Greenwood et al. 2012).  

 Campylobacteriosis is the most frequently reported food-related illness in Canada, with a total 

estimated rate of 447 cases per 100,000 individuals (Thomas et al. 2013). Campylobacter spp. have a wide 

range of animal hosts (cattle, swine, sheep, pets, etc.) but birds (i.e. poultry), are the major source of 

human infection. Undercooked poultry, meat, raw milk and untreated water are all common sources of 

Campylobacter infection (WHO 2004). There is continual shedding of the organism from birds and wild 

animals into surface water of lakes, rivers and streams in which the organism can survive for an extended 

period of time at low temperatures (Haddad et al. 2009). A study by Schuster et al. (2005) found that, in 

infectious disease outbreaks related to drinking water in Canada between 1974-2001, Campylobacter spp. 

was the second most common cause.   
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Salmonella species 
 
 All Salmonella spp. are Gram negative rods and members of the Enterobacteriaceae family, a 

large group of bacteria widely found in the environment with some being normal residents of the GI tract. 

Ingestion of approximately 1000 Salmonella bacteria is considered sufficient to establish a non-typhoidal 

infection (Ryan & Ray, 2004). Once a sufficient number of Salmonella enter the small intestine, they 

compete with gut flora for adhesion to mucous with subsequent degeneration of microvilli, resulting in 

breaches in the cell membrane through which Salmonella can enter intestinal epithelial cells (Greenwood 

et al. 2012). Clinical symptoms are evident after entry due to inflammation of the mucosa resulting in 

efflux of water and electrolytes.  

 There are four main syndromes causes by Salmonella infection including enteric fever and 

bacteremia (generally from S. typhi or paratyphi types), gastroenteritis, and asymptomatic carrier status 

(Greenwood et al. 2012). Gastroenteritis is typically self-limiting and characterized by vomiting, 

abdominal pain, fever, nausea, malaise and diarrhea. The incubation period is typically 8-24 hours with 

abrupt onset and the clinical course is 2-5 days, with immunocompromised populations at greater risk of 

severe illness. Management of illness includes fluid and electrolyte replacement with antibiotics only in 

cases where individuals are at risk of bacteremia. 

Salmonellosis is reported to be the second most frequent cause of food-related illness in Canada, 

with an estimated 269 cases per 100,000 individuals (Thomas et al. 2013). The most common sources of 

Salmonella include meat, poultry, eggs, milk and contaminated water. S. typhi which causes Typhoid 

fever, was once one of the most common forms of waterborne disease in developed nations. Today, 

drinking water transmission of S. typhi has been virtually eliminated from developed nations, but 

outbreaks of gastroenteritis due to other Salmonella strains still occur (Hrudey & Hrudey 2004). The 

mortality rate due to non-typhoidal Salmonella species is lower than 1% in developed countries; it can be 

as high as 24% in developing nations (Chimalizeni et al. 2010).  
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Escherichia coli and Shiga toxin producing E. coli 

 Strains of E. coli are quite common within the GI tract and fecal matter of humans and animals, a 

feature that is utilized to detect fecal pollution in water as described in section 2.4.2. Generally, 

commensal E. coli strains do not cause harm to the host, but there are a number of pathogenic strains that 

can cause potentially serious diseases in humans. Strains that may cause GI disease fall into at least five 

groups, each with a specific serotype and pathogenic mechanism (Table 2-1). The Enterotoxigenic E. coli  

(ETEC) and Shiga toxin producing E. coli (STEC) groups have been identified as causative agents for a 

number of waterborne disease outbreaks (Chin 2000). The human GI tract is the main reservoir for most 

pathogenic strains, except for STEC, the primary reservoir of which is the GI tract of cattle. 

  
 Of particular interest are the STEC species, also classified as Enterohemorrhagic E. coli (EHEC), 

given the high prevalence of infections and outbreaks with this organism in Canada. The Shiga toxins 

produced by these E. coli strains are very similar to those produced by strains of Shigella dysenteriae. 

There are two distinct forms, Stx1 and Stx2, encoded by the stx1 and stx2 genes, respectively (Greenwood 

et al. 2012). The symptoms of an STEC infection include watery or bloody diarrhea, abdominal cramps, 

vomiting, acidosis, exhaustion and fever. Hemolytic uremic syndrome (HUS), which is characterized by 

acute renal failure, microangiopathic hemolytic anemia and thrombocytopenia may develop in 5-10% of 

cases with diarrhea typically in children and the immunocompromised (Public Health Agency of Canada 

2014). Incubation time is 3-4 days, with illness lasting about a week. The infective dose for these strains is 

much lower than for other toxic E. coli; it has been predicted that as few as 100 organisms are enough to 

establish an infection (Tortora et al. 2010) Fluid replacement serves as the main treatment; antibiotics and 

anti-diarrheals are not recommended as certain ones have been shown to increase expression of Shiga 

toxins, and lead to more severe disease (Greenwood et al. 2012). 

 In Canada, the estimated rate of STEC cases is 39 per 100,000 individuals (Thomas et al., 2013). 

The most common STEC serotype reported in North America is E. coli O157:H7, but this may be due to 

laboratories biasing their diagnostic tests towards this serotype (not testing for other serotypes) due to 
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historically relevant outbreaks (Public Health Agency of Canada 2014). STEC species, particularly E. coli 

O157, have been known to cause a number of fatal waterborne disease outbreaks within developed nations 

as seen in Table 2-2. One of the best known is that of the spring 2000 E. coli O157:H7 outbreak in 

Walkerton, Ontario.  

 
2.2.2 Viruses  
 
 There are a number of viruses that have been implicated in waterborne outbreaks, including 

adenovirus, astrovirus, eneteroviruses (poliovirus, coxsackievirus A, B, and echovirus), hepatitis A virus, 

polyomavirus, norovirus and rotaviruses (Bosch 1998; Botes et al. 2013). Two of the more commonly 

implicated viruses are norovirus and rotavirus. Humans are considered the only known reservoir for 

norovirus and infection is most often spread via fecal-oral transmission following contamination of water 

or food. In a CDC report from 1996-2000, analyzing 348 outbreaks attributed to norovirus, 39% were 

related to ingestion of food, 12% to person-person contact and 3% to water ingestion (CDC 2001). 

Norovirus typically causes symptoms that are mild to moderate and include nausea, vomiting, diarrhea, 

abdominal cramps, headache, fever and chills. Incubation period is 12-48 hours and as little as 18 virus 

particles are necessary for infection (Hall 2012). Some examples of norovirus implicated in waterborne 

outbreaks can be seen in Table 2-2.  

Rotavirus produces a seasonal illness, which can be severe in infants and young children and 

includes symptoms of vomiting, abdominal pain, fever, and watery diarrhea that have the potential to lead 

to severe dehydration and even death. The incubation period is typically less than 48 hours and the 

duration of illness is from 4-8 days. It is highly contagious, with a small infectious dose of <100 virus 

particles (American Academy of Pediatrics 2003).  It is responsible for an estimated 3.5 million cases of 

diarrhea and 125 deaths in the USA and an estimated 600,000-870,000 annual deaths worldwide (Chin 

2000). Rotavirus has been implicated in at least nine waterborne outbreaks, some which are detailed in 

Table 2-2. Additionally, a USA study of groundwater contamination by viruses found that approximately 



	  
	  

11	   	  

14% of sites tested positive for rotavirus whereas only 1% of sites tested positive for norovirus 

(Abbaszadegan et al. 2003).  

 

2.2.3 Protozoa  

 Protozoa are unicellular organisms that are more complex than both bacteria and viruses. Many of 

them are harmless in nature, but a small number have adapted to live off of an infected host. Some 

protozoa are able to form cysts (containing a single parasite) or oocysts (multiple parasites) when faced 

with a stressful external environment. These cysts or oocysts can be excreted through feces of infected 

individuals and be transported in water. Reproduction occurs only when they are able to find a suitable 

environment such as within the GI tract of a host. They can then emerge from these cysts or oocycts and 

develop through various active living stages. Their size makes them more easily removable by water 

filtration than either bacteria or viruses but they tend to be much more resistant to chemical disinfection.  

Two types of protozoa that are often implicated in waterborne outbreaks in surface and 

groundwater of developed nations include Giardia lamblia and Cryptosporidium parvum (Quintero-

Betancourt et al. 2002). Giardia is an obligate parasite that can exist in two different life forms, as a cyst 

that can survive for months outside of the host particularly in cold water, and, once within a suitable host 

release trophozoites that attaches to the host gut wall and reproduces. There are a wide range of hosts for 

Giardia, from domestic pets and livestock, to wildlife and humans. In humans, Giardia infection can lead 

to symptoms including diarrhea (which can be bloody), bloating, flatulence, vomiting, fatigue, and fever. 

The incubation time is generally 7-10 days, and the infective dose has been found to be as little as 10 cysts 

(Vesy & Peterson 1999; Furness et al. 2000). Giardia was the most commonly identified pathogen in 

waterborne outbreaks in the USA from 1971-1996 with 115 drinking water outbreaks causing 28,000 

cases (Craun & Calderon 1999). Additionally, Schuster et al. (2005) determined that in infectious disease 

outbreaks related to drinking water in Canada between 1974-2001, Giardia was the most commonly 

reported causative agent. Some specific examples can be seen in Table 2-2. 
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 Cryptosporidium parvum has the ability to survive in the environment for months, especially in 

cold and moist conditions, as an oocyst containing four sporozites. Once ingested, the sporozites are 

released into the small intestine where they invade and eventually form oocysts that can be released back 

into the environment via the feces (Quintero-Betancourt et al. 2002). The normal reservoirs include 

humans, cattle and other domestic animals, birds, and reptiles. When infecting humans, the incubation 

period is about 7 days with symptoms generally lasting less than a month. As little as 10 oocysts have 

shown to precipitate disease (Girones et al. 2010). The symptoms include profuse watery diarrhea, 

abdominal pain, nausea, vomiting, fever and fatigue. Prolonged and potentially fatal infections are most 

often seen in those with immunodeficiency conditions. Cryptosporidium spp. are quite resistant to 

chlorine, which is otherwise effective against many microorganisms, so chlorine used under conditions in 

water treatment facilities has little to no impact on oocyst viability (Fayer 2004). C. parvum was not 

recognized as a waterborne disease until after a 1984 outbreak in Braun Station, Texas as seen in Table 2-

2. Now, Cryptosporidium has been detected in multiple private and public water supplies and is 

considered an important waterborne contaminant (Girones et al. 2010).  In the Canadian study by Schuster 

et al. (2005), C. parvum was the third most commonly reported causative agent between 1974-2001. In the 

spring of 1993, Milwaukee, Wisconsin suffered a massive outbreak of GI disease, in which an estimated 

400,000 cases occurred, 285 were laboratory confirmed as C. parvum, and 50 deaths occurred as a result 

of infection (MacKenzie et al. 1994). C. parvum oocysts breached treatment and reached a municipal 

distribution system. The chemical disinfection practices at the municipal wastewater treatment plants 

would have provided little or no protection against a serious C. parvum challenge. It is suggested that the 

source of oocysts was intake of human sewage, which combined with insufficient chemical disinfection 

and suboptimal filtration performance lead to the outbreak.  

 

2.3 Evidence of waterborne outbreaks in developed nations  
 
 There are a number of studies and reviews that demonstrate overwhelming evidence that 

waterborne disease outbreaks are not just an issue for developing countries but also developed nations. 
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Hrudey and Hrudey (2004) reviewed in detail 70 infectious disease outbreaks in developed nations caused 

by a variety of contaminated drinking water sources from the 1970s until the early 20th century. In 

addition to this, the CDC and the US Environmental Protection Agency (EPA) periodically review 

outbreak reports from USA states and report on characteristics of these outbreaks. From 1971-2008, this 

information has been published by the CDC in Morbidity and Mortality Weekly Report (MMWR) 

Surveillance summaries, and from 2009 onward in MMWR weekly (CDC 2015). A selection of the 

outbreaks accumulated from both resources of which a number of the aforementioned pathogens were 

implicated can be found in Table 2-2.  

 One of the most notorious waterborne outbreaks in Canadian history is that of the Walkerton, 

Ontario, outbreak that occurred in 2000. The cause of this particular outbreak was attributed to the 

municipal shallow groundwater supply contaminated by a number of bacterial pathogens in cattle manure 

from a local farm. A few days before the outbreak an unusually heavy rainfall had occurred which caused 

the movement of pathogens from the nearby farm into the water supply (Auld et al. 2004). This was 

further precipitated by the fact that the water supply had not been sufficiently chlorinated during the time 

of contamination. In total, over 2300 individuals were estimated to have suffered from GI illness, 65 

people were hospitalized, 27 developed HUS and seven eventually died. E. coli O157:H7 and C. jejuni 

were the pathogens identified as being primarily responsible for this outbreak, although it is possible that 

other enteric pathogens may have also been present (Hrudey et al. 2002). Considering the small size of the 

community, approximately 5000 at the time, an outbreak of this magnitude was both devastating and 

shocking for a country with high standards of living.  

In developed nations, outbreaks of waterborne disease can be associated with a number of causes 

including weather events, improper application and disposal of manure, sewage sludge or waste water, 

leaking septic tanks, sewers and landfills, and failure of or inadequate water treatment systems (Charrois 

2010). Rizak and Hrudey (2008) found that when reviewing historical drinking-water outbreaks, a 

frequent risk factor was change in environmental conditions, usually heavy rainfall or runoff from heavy 

snow melting. In a study of waterborne disease outbreaks in the USA, from 1948 through 1994 it was 
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found that over half were associated with rainfall events and that 68% of these were preceded by 

precipitation events at the 80th percentile of intensity. For surface water outbreaks, the association was 

most significant for extreme precipitation during the month of the outbreak while for groundwater 

supplies the association was strongest two months prior to the outbreak. This can be explained by the 

more immediate effects of contaminated runoff on surface water as opposed to the slower complex routes 

by which surface water contaminants may reach underground groundwater supplies (Curriero et al. 2001). 

Climate related changes, such as increases in temperature, precipitation and intensity of rainfall and 

runoff, have the potential to intensify these issues in future (Whitmee et al. 2015). In addition to the effect 

of the environment on the condition of drinking water, any changes in the condition of the normal 

operation of a water treatment system can also pose a significant risk. Review of a number of waterborne 

outbreaks has revealed that contamination frequently occurred during periods of maintenance or 

construction of facilities and during times of inadequate treatment processes (Rizak & Hrudey 2008). 

 

2.4 Microbial organisms used as indicators of fecal contamination in water  
 

In the 1890s, it was determined that monitoring the potability of drinking water for indicators of fecal 

pollution was much more effective and feasible than monitoring for a whole spectrum of waterborne 

pathogens known to cause human disease (Edberg et al. 2000). Monitoring for specific pathogens has 

multiple limitations including; there are too many known and unknown waterborne pathogens that are 

often present in very small quantities, the viability of a pathogen when in a natural environment may be 

reduced so that detection by traditional methods is difficult, there are long lag times between water 

collection and testing and the availability of test results delaying appropriate follow up or effective action, 

and higher costs may be associated with monitoring for individual pathogens since this usually requires 

more advanced technology (Leclerc et al. 2001; Figueras & Borrego 2010). A number of different 

organisms have been identified as potential indicators of fecal pollution based on their specific 

characteristics (Leclerc et al. 2001; Yates et al. 2007):  

1) Universal presence in the feces of humans and other animals  



	  
	  

15	   	  

2) Present in feces when fecal pathogens are also present, but in far greater amounts  

3)  A higher resistance to disinfectants and other adverse conditions of aqueous environments than 

pathogens  

4) Readily detectable by fast, simple and inexpensive methods  

5) Unable to multiply or propagate outside of the GI tract (i.e. in the environment)  

 
 
2.4.1 Total and Fecal Coliforms  
 

In 1914, the USA began using Total Coliforms (TC) as a standard surrogate for fecal 

contamination in drinking water (Edberg et al. 2000). TC are Gram negative organisms within the 

Enterobacteriaceae family that are able to ferment lactose with gas production at 35 to 37 oC, after 48 

hours, in a medium with bile salts and detergents (Cabral 2010). TC include many common intestinal 

organisms such as Escherichia, Enterobacter, Klebsiella, Citobacter, Kluyvera, Leclercia and some 

Serratia species (Figueras & Borrego 2010). However, TC as a surrogate for fecal contamination was 

criticized because the group encompassed many species of bacteria that were not entirely specific to fecal 

contamination. In a worldwide survey, 23 laboratories isolated 1000 strains of TC from a wide variety of 

water sources and found that 61% were non-fecal in origin (Tallon et al. 2005). However, because the test 

was so easy and convenient to perform it was thought at the time that this made up for the lack of 

specificity. 

 TC testing is still performed in Ontario, as an indicator of environmental contamination or of 

integrity of a water distribution system or a decline of water quality, possibly due to bacterial re-growth 

problems or contamination after treatment (WHO 2011). TC are also prominent within natural 

environments such as soil, plants, and water, which limits their use as indicator organisms since they have 

the ability to survive and multiply in these environments.  

By the 1970s it was evident that most TC identified from water were not E. coli. However, the 

means to identify E. coli were still inefficient and complex (Edberg et al. 2000). In the 1970s, testing 

evolved beyond TC detection to include fecal coliforms (FC) as a surrogate of E. coli. FC or 
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thermotolerant coliforms, consists of coliforms that are able to grow and ferment lactose with the 

production of acid and gas at 44.5 oC in the presence of bile salts (Cabral 2010). This includes Klebsiella, 

Enterobacter, Citrobacter, and Escherichia (Tallon et al. 2005). These bacteria have been found to have a 

positive correlation with fecal contamination from warm-blooded animals. However, other than 

Escherichia, organisms belonging to this group are widely found in environments in the absence of fecal 

contamination and therefore are not necessarily associated with fecal contamination nor confer a health 

risk (Toranzos et al. 2007; Figueras & Borrego 2010). Furthermore, although many of these FC have been 

consistently isolated from human fecal samples, they are in much smaller concentrations than that of other 

fecally associated organisms. It has been shown that E. coli represents over 94% of the FC isolated 

directly from human feces while the other FC range from 3.2-7.4% (Tallon et al. 2005). It should also be 

noted that FC are not very useful in predicting the presence of other pathogenic organisms, such as viruses 

and protozoa.  

 
2.4.2 Commensal E. coli   
 
 E. coli was first discovered as a part of the normal flora of mammals and proposed as the primary 

indicator of fecal contamination in 1893 (Tallon et al. 2005). At this time, there was no specific test for E. 

coli and the TC and FC tests were developed as surrogates. By the late 1970s, it was established that E. 

coli was the only member of the FC group that was specific and abundant in human and animal feces at an 

average of 109 cells/g of feces (Edberg et al. 2000). It had been detected in sewage, treated effluent, and 

all natural waters and soils subjected to mammalian fecal contamination. As such, its presence in water or 

food indicates a potential public health threat.  

 Originally, it was difficult to specifically identify E. coli because the methods at the time were 

available only in specialized laboratories, costly, laborious, and required a high level of technical 

expertise. In the 1980s, a number of studies reported the use of a new technology to directly detect E. coli 

from drinking water; The Defined Substrate Technology (DST) contained 4-methyl-umbellfieryl-B-D-

glucuronide (MUG) which can be metabolized by the β-glucuronidase enzyme system highly specific to 
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E. coli, found to be present in greater than 90% of E. coli isolates (Rice et al. 1990; Shadix and Rice 

1991). This method allowed for the inexpensive and direct detection and enumeration of as low as one 

colony forming unit (CFU) of E. coli and simultaneously TC, from a 100 mL water sample. Subsequently 

β-glucuronidase substrates have been incorporated into a variety of media to enumerate E. coli and are 

frequently used today.  

 At present, E. coli is the indicator of choice for the detection of recent fecal contamination in 

drinking water and may indicate the potential presence of enteric pathogens. This is because of the 

prevalence and specificity of E. coli in the GI tract of warm-blooded animals and also given aquatic 

environments lack the ability to support E. coli survival and growth. A number of studies demonstrate the 

suitability of E. coli as an indicator of enteric pathogens (Vereen et al. 2007; Wilkes et al. 2009; Jokinen 

et al. 2010). Wilkes et al. (2009) collected surface water from the South Nation River basin in eastern 

Ontario and tested for the presence of a number of fecal indicators (E. coli, Clostridium perfringens, 

Enterococci, TC and FC) and enteric pathogens (Listeria monocytogenes, E. coli O157:H7, Salmonella 

spp., Campylobacter spp., Giardia spp., and Cryptosporidium spp.). Overall, E. coli densities were the 

most useful indicators of parasite or bacterial pathogen presence and absence, followed by FC, and to a 

lesser extent Enterococci and TC.  

 However, more recent studies indicate that there are many populations of E. coli that have the 

ability to survive and reproduce in natural environments often referred to as naturalized E. coli. These 

naturalized E. coli have been found in soil, sand, sediment and water and are populations that have 

evolved to survive in the environment without host contact for a sufficiently long time (Perchec-Merien 

and Lewis 2012). This raises concerns of the underlying assumption of using E. coli as a fecal indicator 

organism. Fortunately, there are molecular tools to help distinguish between naturalized and fecally 

associated E. coli, such as multilocus sequence typing (MLST), multilocus enzyme electrophoresis 

(MLEE) and so on. Clermont et al. (2013) used PCR based methods to distinguish between E. coli isolates 

based on phylogroup (A, B1, B2, C, D, E, F, and Cryptic Clades), which informs the source of E. coli as a 

specific animal host or naturalized. Ishii et al. (2006) demonstrated naturalized E. coli in northern 
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temperate soils associated with Lake Superior watersheds exposed to extreme environmental conditions 

such as repetitive freeze-thaw cycles. Walk et al. (2007) quantified the population genetic structure of 

E.coli populations from a collection of environmental strains isolated from freshwater beaches along Lake 

Huron and the St. Clair River in Michigan. MLEE revealed extensive genetic diversity among the E. coli 

isolates, and a PCR-based phylogrouping technique showed that persistent, naturalized E. coli belonged to 

a clade known as the B1 group. Perchec-Merien and Lewis (2012) used MLST to clarify the relationships 

between environmental and commensal E. coli strains from New Zealand streams. Aquatic E. coli isolates 

showed close relationships with stains from human and bovine origins, suggesting that environmental 

isolates were originally derived from subpopulations of commensal E. coli from these sources. Lastly, a 

study by VanderZaag et al. (2010) documented significant presence of naturalized E. coli populations in 

shallow groundwater wells in Canada. Overall, the presence of significant populations of naturalized E. 

coli in water may confound the use of this bacterium as an indicator of fecal contamination and present the 

need for alternatives.      

 
 
2.4.3 Enterococci 
 
 Enterococci are a group of organisms that virtually all mammals carry within their GI tracts at 

concentrations of approximately 104 to 106 cells/g (Boehm & Sassoubre 2014). They are useful indicators 

of the quality of drinking water given they are always present in the feces of warm-blooded animals, 

rarely multiply in aquatic environments, show a close relationship with health risks from the consumption 

of contaminated drinking water, are not as prevalent as coliforms, and their die-off rate is slower than that 

of coliforms and more similar to that of waterborne bacterial pathogens (Figueras & Borrego 2010). Viau 

et al. (2011) showed that in Hawaiian coastal streams, Enterococci were positively associated with the 

greatest number of bacterial pathogens relative to E. coli. Currently, regulations concerning bathing 

beaches include the detection of Enterococcus as a reliable indicator for water quality, and they are being 

strongly considered as an additional test to E. coli for drinking water, as it is thought that a second 
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complimentary test for fecal contamination could provide better overall public health protection, 

especially given the existence of naturalized E. coli (Edberg et al. 2000).  

 

2.4.4 Alternative indicators of fecal contamination  

 Because the indicators of fecal contamination discussed so far have their own individual 

shortcomings, there has been a need to look into alternatives. The first are members of the genus 

Clostridium, which are present in the feces of warm-blooded animals as well as in sewage (Savichtcheva 

& Okabe 2006). Given its environmental stability and exceptional resistance to disinfection processes, 

Clostridium is considered to be a good indicator of remote or historic fecal contamination or to evaluate 

the inactivation by disinfection of viruses and cysts in drinking water (Savichtcheva & Okabe 2006). 

However, the WHO does not recommend the routine monitoring for Clostridia because they can be 

detected long after the contamination event and at great distances from the contamination site, leading to 

possible false signals (WHO 2008). Another group of alternative indicators of fecal contamination are 

Bifidobacterium spp., some which are specific to humans and animals and therefore could also provide 

information on source of fecal contamination (Saxena et al. 2015). Bifidobacteria have been found in 

sewage and contaminated water but appear to be absent from decontaminated or pristine environments 

because they tend to dramatically decrease in numbers given their strict growth requirements. Lastly, 

various bacteriophages including Somatic coliphages, F-specific RNA bacteriophages, and phages of 

Bacteroides fragilis, have been proposed as indicators of both bacterial and viral fecal contamination 

(Yates 2007; Figueras & Borrego 2010). For example, a phage of strain 40 of B. fragilis, has been 

reported as a specific indicator of human fecal contamination and is consistently isolated from water 

contaminated with sewage and feces, but not from decontaminated samples and has not been shown to 

replicate outside the host (Lucena et al. 1994).   
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2.4.5 Bacteroides and its use as a tool for Microbial Source Tracking 

 Although cultivation and enumeration of traditional fecal indicator bacteria are the most widely 

used methods for monitoring or predicting the presence of potential pathogenic microorganisms in water, 

their usefulness is limited because they cannot identify the source of fecal contamination. The order 

Bacteroidales and specifically species within the Bacteroides genus have been shown to be a reliable 

group of organisms for both identifying and quantifying the source of fecal pollution; namely though 

Microbial Source Tracking (MST) methodology, because certain species are highly host-specific. Until 

the recent development of molecular methods, the need to maintain anoxic conditions for cultivation, 

isolation and biochemical identification limited the use of anaerobic Bacteroides as fecal indicators 

(Okabe et al. 2007). Short survival periods, from hours to a few days, have been described for culturable 

Bacteroides species, whereas the DNA remains detectable for days to weeks (Ballesté & Blanche 2010). 

PCR-based detection of Bacteroides 16S rRNA genes has become popular as a tool to identify the 

source of fecal contamination because of a number of advantages over other MST methods. Firstly, it 

directly detects species-specific sequences with high specificity and does not require culturing. Secondly, 

Bacteroides can be easily detected because of the abundance in feces, accounting for approximately one 

third of feces by weight and making up about 30-40% of total fecal bacteria, thereby providing an 

abundant target for identifying fecal contamination (Layton et al. 2006). Thirdly, Bacteroides detection 

can be associated with recent fecal pollution because these species survive for only a few hours in 

oxygenated waters given their strict anaerobic physiology. Lastly, these markers are geographically 

conserved and found in fecal samples from various locations (Lee et al. 2010). 

MST methods fall into two categories: library dependent and library independent. Library 

dependent methods rely on the construction of a source library, which is specific to a region (Hagerdorn et 

al. 2011). Recently, numerous library-independent methods have become available relying on source-

specific bacterial targets, which can be analyzed directly from a source sample. Library independent MST 

methods based on the detection of species-specific Bacteroides have been used to evaluate the source of 

contamination in a number of different aquatic environments (Okabe et al. 2007; Savichtcheva et al. 2007; 
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Fremaux et al. 2009; Sauer et al. 2011; Haack et al. 2013; Krentz et al. 2013; Krolik et al. 2014).  Lee et 

al. (2010) developed and evaluated three TaqMan® qPCR assays to quantitatively detect total, human and 

bovine-specific Bacteroides 16S rRNA genetic markers. These were applied to freshwater stream samples 

from the Grand River and Duffins Creek in Ontario, and it was determined that both human and cattle 

feces had contaminated the water. These assays were capable of accurately determining the source of fecal 

pollutants into relatively clean water.   

Species-specific Bacteroides markers are considered appropriate indicators of fecal pollution 

because they generally correlate to the presence of other traditional indicators like culturable E. coli and 

are able to predict the presence of various enteric pathogens. The strength of the correlation between E. 

coli and Bacteroides varies depending on the location (Okabe et al. 2007; Sauer et al. 2011; Lee et al. 

2014; Ridley et al. 2014). Lee et al. (2010) determined that in freshwater streams in Ontario, when total 

Bacteroides numbers as detected by qPCR were correlated against the number of fecal indicator bacteria; 

i.e. culturable E. coli (R2=0.22), the correlation was weak. However, in surface water samples from 

Tennessee watersheds, total Bacteroides was strongly correlated with E. coli concentrations (R2=0.85) 

(Layton et al. 2006). The strength of correlation between traditional indicators and Bacteroides genetic 

markers are influenced by their unique survival ability, which is highly dependent on many factors such 

as, dissolved oxygen concentration in water, temperature, sunlight, salinity and predators including 

bacteriophages and grazing protozoa (Okabe et al. 2007; Ballesté & Blanch 2010; Lee et al. 2010). 

Bacteroides markers are also capable of predicting the presence of a number of enteric pathogens 

(Savichtcheva et al. 2007; Fremaux et al. 2009). Walters et al. (2007) used PCR to detect the presence of 

Bacteroides total, human, ruminant, and swine-specific markers and E. coli O157:H7, Salmonella spp., 

and Campylobacter spp. in 100 mL water samples from a southern Alberta watershed. Ruminant-specific 

markers predicted the presence of E. coli O157:H7 and Salmonella spp. and human markers predicted the 

presence of Campylobacter spp. 

These results suggest that molecular methods to detect species-specific Bacteroides genetic 

markers are a rapid and sensitive tool to identify host-specific fecal pollution and associated bacterial 
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pathogens. However, it is clear that of all the traditional and alternative fecal indicators considered, none 

are perfect at indicating the presence and source of fecal pollution and the full spectrum of pathogenic 

organisms. Research is ongoing to search for suitable indicators but the answer may lie in the combined 

application of indicators to provide a more comprehensive picture of fecal contamination, its source, and 

associated pathogens.    

 

2.5 Techniques used to detect waterborne pathogens  

 Traditionally, drinking water has been tested for fecal indicators and enteric pathogens using 

simple methods based on the cultivation of organisms. However, given the various caveats associated with 

these techniques, molecular methods have recently been developed to address various concerns. The most 

important requirements of methods for detecting microorganisms in water, or any other medium, include 

sensitivity, the ability to detect very small numbers of target organisms, and specificity, the ability to 

detect only the target organism (Tallon et al. 2005). Without sensitivity, the possibility of false negative 

results becomes a concern and without specificity there is the possibility of misidentifying organisms 

resulting in false positives. Other factors to consider include the complexity and cost, the need for certain 

equipment or expertise, and the time required before a result can be reported.  

 

2.5.1 Traditional cultivation techniques 

 Traditionally, culture-based methods have been considered the ‘gold standard’ for detecting fecal 

indicators and pathogens in water (Saxena et al. 2015). Culture dependent methods are often used in order 

to identify a certain genus or species of bacteria, and are still in use today, especially for many indicator 

organisms. Media is prepared with certain biochemicals and antibiotics in order to specifically select for a 

genus or species of bacteria while inhibiting the growth of other bacteria that may be present in a sample. 

For instance, in some Ontario laboratories, after private well water is filtered at a testing laboratory, the 

filter is placed on a Differential Coliform (DC) media that has been supplemented with a chromogenic 
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agent, 5-bromo-4-chloro-3-indoyl-B-D-glucuronide (BCIG), for the differentiation of E. coli from other 

organisms in water samples (Feng & Hartman 1982).  

However, traditional culture-dependent methods present with multiple limitations. They are 

typically very labor intensive, tedious, time-consuming, and at times non-specific in regards to detecting 

their intended target organism. Enteric pathogens tend to be at much lower concentrations in water than 

indicator organisms and may be too low for culture detection, while still being high enough to establish 

infection and cause disease. One particular issue with culture-dependent methods is the fact that they do 

not have the ability to identify viable but non-culturable bacterial cells (VBNC). The VBNC state is a 

unique survival strategy adopted by many bacteria in response to undesirable environmental conditions 

such as inappropriate temperature, lack of useable nutrients and oxygen concentrations (Oliver 2010). 

These cells are not able to grow in conventional bacteriological media but are alive, show low levels of 

metabolic activity, and can initiate infection in this state or retain their virulence until they are resuscitated 

under favorable conditions (Oliver 2010). For example, Liu et al. (2010) demonstrated that E. coli 

O157:H7 in the VBNC state induced by river and chloraminated water retained the ability to produce 

Shiga toxins responsible for the pathogenic effects in humans. This demonstrates a potential health risk of 

VBNC E. coli O157:H7 in environmental waters and the need to be able to accurately detect them. Many 

other enteric pathogens including Campylobacter and Salmonella spp. have also shown to enter the VBNC 

state when they reside in water (Pitkanen et al., 2008; Passerate et al., 2009).  

 

2.5.2 Molecular techniques  

 The introduction of molecular techniques has significantly improved the detection and 

identification of microorganisms in the environment because they are sensitive, specific, rapid and 

quantitative when compared to traditional culture methods (Botes et al. 2013). In fact, for many indicators 

and pathogens, particularly viruses, molecular techniques are the only method of detection because there 

is no efficient culture system able to identify specific strains (Girones et al. 2010). Hynds et al. (2014) 

reported that the majority of 55 studies analyzing the microbial composition of groundwater between 
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1990-2013 were undertaken using molecular techniques over culture. There are a multitude of molecular 

techniques currently available and in use in both research and clinical settings. Fluorescent in situ 

hybridization (FISH) and DNA microarrays are similar methods that have been used successfully to detect 

and quantify microbes including Enterobacteriaceae and specifically E. coli in environmental waters 

(Prescott & Fricker 1999; Bohnert et al. 2000; Ootsubu et al. 2003; Hamelin et al. 2006). However, the 

most widely used molecular method in research is polymerase chain reaction (PCR). Conventional PCR 

acts as a presence/absence test for nucleic acid whereas real-time or quantitative PCR (qPCR) provides 

both qualitative and quantitative results (Navarro et al. 2015). Quantitative PCR is advantageous in that a 

high number of samples can be processed in little time, protocols are easy to standardize and automate, 

and it provides quantitative estimations of the concentration of pathogens in water that may be present 

below the limit of detection in other assays. A variety of investigations have demonstrated the use of 

qPCR as an ideal method for identifying and quantifying species-specific genetic markers of 

microorganisms from water sources (Moreno et al. 2003; Shannon et al. 2007; Botes et al. 2013). Yang et 

al. (2003) successfully developed qPCR targeting C. jejuni for use in environmental water samples in 

eastern China and found that it was more sensitive than culture and a commercially available API Campy 

identification system. All culture-positive samples were also positive by qPCR; but 36 samples positive by 

qPCR were culture-negative, indicating the higher relative sensitivity of qPCR.  

Molecular methods are not without their caveats however. Firstly, qPCR is much more costly and 

therefore sometimes less feasible for use in clinical or research settings than other less costly traditional 

methods of pathogen detection. Secondly, there are substances in environmental water samples (heavy 

metals, humic acids, and phenolic compounds) that can lead to the inhibition of qPCR performance and 

underestimation of microorganisms already low in concentration (Botes et al. 2013). Diluting nucleic 

acids before qPCR has been effectively used as a method to decrease PCR inhibitors in water and a 

number of commercial DNA extraction kits have also shown to remove these inhibitors (Botes et al. 

2013). Lastly, qPCR although able to detect culturable, VBNC, and dead cells, cannot differentiate 

between them and therefore does not provide information about the infectivity of a pathogen or level of 
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risk to a population. However, waters positive for DNA and not viable cells are still important as an 

indication of recent past contamination with enteric pathogens (considering the rate of nucleic acid 

degradation is approximately 3 weeks), and therefore illness risk to residents drinking water (Won et al., 

2013). 

Even with the obvious limitations of culture-based methods and the clear advantages that 

molecular-based tests provide, there has been little incorporation of molecular based methods in water 

microbiology beyond the realm of research. There are a number of reasons for the slow uptake of 

molecular methods, of which only some are technical in nature. Many revolve around regulatory, political, 

institutional, professional and social/behavioral factors (Henrich et al. 2016). The low level of expertise 

and equipment required for executing culture-based tests and the fact that they are relatively inexpensive 

allows their persistence in routine testing of water. A study by Henrich et al. (2016) aimed to explore the 

readiness of adoption of these techniques by policy makers, laboratory and watershed managers within 

BC. Overall, it was generally believed that new molecular tests would provide knowledge that could allow 

improved management and treatment of source water but that key evidence would be required concerning 

the test validity, reliability, specificity, and sensitivity before adoption into laboratories could occur. A 

major barrier identified was lack of current legislation and guidelines for the use of such tests. The vast 

majority of Canadian drinking water testing is driven by external policies (provincial and territorial 

legislation) and the frequency, microbial parameters and sometimes the culture method itself is strictly 

legislated. Non-traditional microbiological markers and techniques are not included in regulations or the 

Canadian Water Quality Guidelines. For example, Public Health Ontario (PHO) Laboratories responsible 

for testing private drinking water wells, are licensed to do so by the Ministry of the Environment and 

Climate Change. The Canadian Association Laboratory Accreditation Inc. (CALA) accredits specific tests 

for PHO Laboratories to ISO 17025 standards and only includes microbiological water tests for 

Heterotrophic Plate Count (HPC) and identifying Coliforms (TC, E. coli and Background counts) from 

membrane filtration and DC media. In general, water testing laboratories in Ontario are not licensed to use 

any sort of molecular methods for the purpose of private well water testing, indicating that there needs to 
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be better alignment between science and policy in order for new and improved technologies to be 

incorporated.  

 

  2.7 Aim of Study  
 
 Using five years of data from over 90,000 well water submission records, geospatial analysis 

revealed three regions in southern Ontario of increased relative risk for E. coli contamination (“hotspots”) 

in private wells; namely, Kingston/Belleville, Niagara/Hamilton, and Grey/Bruce regions as seen in Figure 

2-1 (Krolik et al. 2013). These delineate clusters of increased relative risk of E. coli contamination were 

determined using spatial analysis that identified statistically significant clusters by comparing observed 

cases of E. coli contamination in private well waters to the number of expected cases, provided they are 

randomly distributed, at a level of significance of α=0.05. Further, based on data obtained from Statistics 

Canada (2011), higher density cattle regions in the province were determined geospatially (Figure 2-1) 

and added as an area of potential risk and future investigation given cattle are known to harbour a number 

of pathogenic organisms, such as E. coli O157 (Matthews et al. 2005). This high cattle area was further 

defined by postal code catchment boundary overlay of the most prominent postal codes within the area, 

the first four digits are defined in Figure 2-1.   

Given that wells in specific regions within Ontario; i.e., Kingston/Belleville, Niagara/Hamilton, 

and Grey/Bruce, have been identified as being at increased relative risk for E. coli contamination, this 

study hypothesizes that they are also vulnerable to contamination with enteric pathogens spread from 

feces of humans or other animals. It is further hypothesized that private wells within the identified High 

Cattle region may also be at risk of contamination from enteric pathogens originating from cattle. This 

study investigated the prevalence of fecal indicator organisms, including E. coli and Bacteroides, and 

potential human pathogens; namely, STEC, Campylobacter jejuni and Salmonella spp., within private 

drinking water wells from these high-risk regions. E. coli was detected within water samples using both 

traditional culture-based methods and qPCR as a means to compare the two methods. The alternative fecal 
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indicator, Bacteroides, and the enteric pathogens aforementioned were detected using only individual 

qPCR assays. This choice was informed by the abundance of evidence that indicates the superior 

sensitivity and specificity of qPCR over culture-based methods. Further, the relationships among 

measured variables, including the relationship between fecal indicators and potential human pathogens, 

the association between region and source of fecal contamination, and the relationship between the 

different indicators of fecal contamination were assessed using various statistical analyses.     

Currently, little is known regarding private well waters as a source of enteric disease-causing 

pathogens and there exists little to no surveillance specific to this water source. Knowing both the extent 

and degree of contamination, as well as the biologic source of that contamination, will better inform risk 

assessment and the development of potential intervention strategies for private well water in Ontario. 
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Table 2-1: The major strains of E. coli responsible for gastrointestinal illness (Greenwood et al. 
2012).  
 
Pathogenic Group Description  
Enteropathogenic E. coli (EPEC) Most often causes infant gastroenteritis, especially in 

tropical countries 
Enterotoxigenic E. coli (ETEC) The most common causes of traveler’s diarrhea. 

Community acquired diarrhea in areas of poor 
sanitation 

Enteroinvasive E. coli (EIEC) Causes illness that resembles Shigella dysentery 
Shiga toxin producing E. coli (STEC) Causes mild watery diarrhea to severe bloody 

diarrhea and Hemolytic uremic syndrome 
Enteroaggregative E. coli (EAggEC) Causes chronic diarrhea in developing countries 
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Table 2-2: A sampling of waterborne disease outbreaks that occurred in developed nations between 
1975-2012.  
 
Outbreaks occurring between 1975-2001 are a sampling from Hrudey and Hrudey (2004). References for 
outbreaks occurring after 2001 are provided in the Population/Reference column. In cases of illness 
section, C= laboratory confirmed cases, E= estimated cases, and D= deaths as a result of infection. NLV= 
Norwalk-like viruses. 
 

Date Location Water 
Source 

Cause  Pathogens 
Implicated 

Cases of 
Illness 

Population/
Reference  

Jun-
Jul 
1975 

Crater Lake, 
Oregon, USA 

Surface  -Subject to sewage 
overflow from a manhole 
600 m above water supply. 
-Chlorine levels not 
adequately monitored 

Enterotoxigenic E. 
coli O6:H16 

C: 20 
E: 2,200 
D: 0 

-Over 3000 
tourists a 
day 
 

Apr-
May 
1976 

Camas, 
Washington, 
USA 

Surface  -Possible contamination by 
Beavers 
-Inadequate chlorination 
and inappropriate cross-
connections 

Giardia lamblia C: 25 
E: 600 
D: 0 
 

~6,000 

May-
Jun 
1978 

Bennigton, 
Vermont, 
USA 

Surface 
with 
ground 
backup 

-Subject to contamination 
from animal waste 
-Heavy rainfall leading to 
higher runoff. 

Campylobacter 
jejuni 

C: 15 
E: 3,000 
D: 0 
 

~15,000 
 

May 
1983 

Greenville 
Florida, USA 

Ground -Failure of pre-chlorinator 
-Birds perching and 
defecating over the open 
top settling tank 

Campylobacter 
jejuni 

C: 11 
E: 865 
D: 0 

~1,100 

May-
Jul 
1984 

Braun Station, 
Texas, USA 

Ground -Contamination from 
community sewage 

Cryptosporidium 
NLV 

C: 47 
Crypto, 4 
NLV 
E: 117 
Crypto, 251 
NLV 
D: 0 

~5,900 

Jun-
Jul 
1984 

Alsvåg, 
Norway 

Surface -No treatment of water 
-Sheep observed grazing 
along the water reservoir 

Campylobacter 
jejuni 

C: 22 
E: 680 
D: 0 

~1,000 

Mar-
Apr 
1985 

Orangeville, 
Ontario, CA 

Ground -Lack of chlorination 
-Likely contaminated by 
livestock manure from 
adjacent areas 

Campylobacter 
jejuni 

C: 57 
E: >241 
D: 0 
 

~15,000 

Jun 
and 
Nov 
1986 

Penticton, 
B.C., CA 

3 surface 
water 
intakes, 1 
well 
source 

-Giardia infected beavers 
-Humans and other 
domestic animals may 
have been a source 
-Inadequate disinfection 

Giardia lamblia C: 362 
E: 3,100 
D: 0 

~25,000 

Aug 
1988 

Skjervoy, 
Norway 

Surface -Lack of chlorination 
-Source of pathogens not 
identified 

Campylobacter 
jejuni, and C. coli 

C: 10 
E: 330 
D: 0 

~3,000 

Apr 
1988 

Boden, 
Sweden 

Surface -High runoff from warm 
weather causing snow melt 
-Chlorination process and 
monitoring system not 
functional 

Rotavirus, E. coli C: N/A 
E: 11,000 
D: 0 
 

~27,000 
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Dec 
1989-
Jan 
1990 

Cabool, 
Missouri, 
USA 

Ground -Sewage overflow in 
distribution system, no 
evidence of contamination 
in groundwater itself 

E. coli O157:H7 C: 243 
E: N/A 
D: 4 
 

~2,100 

Jan-
Apr 
1990 

Creston/Ericks
on, BC, CA 

Surface -Giardia infected Beavers 
contaminated supply 

Giardia lamblia C: 124 
E: N/A 
D: N/A 

~4,200 

1990 Nursery 
School, 
Saitama, Japan 

Ground Not identified E. coli O157:H7 C: 42 
E: 186 
D: 2 

N/A 

Mar-
Apr 
1993 

Milwaukee, 
Wisconsin, 
USA 

Surface -Raw sewage was drawn 
as raw water into the 
system 
-Chemical disinfection 
procedures provided little 
protection against parasites 

Cryptosporidium 
parvum 
 

C: 285 
E: up to 
400,000 
D: 50 
 

~600,000 

Nov-
Dec 
1993 

Gideon, 
Missouri, 
USA 

Ground -Bird droppings could 
have entered water tank 

Salmonella 
typhimirium 

C: 31 
E: 650 
D: 7 

~1,100 

Mar 
1995 

Village in 
Fife, Scotland 

Ground -Backflow of contaminated 
water  

E. coli O157:H7, 
Campylobacter spp. 

C: 6 E. coli, 
8 C. jejuni 
E: 633 
D: 0 

~1,100 

Nov 
1995- 
Mar 
1996 

Klarup, North 
Jutland, 
Denmark 

Ground -Sewage leaked from a 
damaged location into the 
well 

Campylobacter 
jejuni 

C: 110 
E: 2400 
D: 0 
 

3,925 

May-
Jun 
1996 

Cranbrook, 
B.C., CA 

Surface -Cattle grazing near water 
supply 
-Elevated spring run off 

Cryptosporidium 
 

C: 29 
E: 2,000 
D: 0 
 

~18,000 

Jun-
Jul 
1998 

Alpine, 
Wyoming, 
USA 

Ground  -Supply unprotected and 
untreated, vulnerable to 
wildlife contamination 

E. coli O157:H7 C: 71 
E: 157 
D: 0 

~480, but a 
tourist town 

Jun-
Jul 
1998 

La Neuveville, 
Bern Canton, 
Switzerland 

Ground -Sewage contamination, 
due to temporary pump 
failure 

C. jejuni, Shigella 
sonnei, E.coli, and 
NLV 

C: N/A 
E: 2,400 
D: 0 
 

~3,300 

Sep 
1999 

Washington 
County Fair, 
New York, 
USA 

Ground -Wells very close to septic 
tank seepage pit with rapid 
hydraulic connection to the 
well 

E. coli O157:H7, 
Campylobacter 
jejuni 

C: 171 
E: 2,800-
5,000 
D: 2 

Large fair 
attended by 
~108,000 
people 

2000 Walkerton, 
Ontario, CA 

Ground, 
shallow 

-Water contaminated with 
manure from adjacent 
fields after heavy rainfall 
-Inadequate chlorination 

E. coli O157:H7, 
Campylobacter spp. 

C: 163 E. 
coli, 105 C. 
jejuni, 12 
both 
E: 2,300 
D: 7 

~5,000 

Aug 
2000- 
Nov 
2001 

Asikkala, 
Finland, 3 
Separate 
outbreaks 

Ground -Not identified, but likely 
due to surface runoff from 
heavy rains of adjacent 
farms 

Campylobacter 
jejuni 

C: 10, 5, 56 
E: 400, 50, 
1000 
D: 0 for all 

A: 5,500 
B: 400 
C: 18,000 

Mar-
Apr 
2001 

North 
Battleford, 
Saskatchewan, 

Surface 
and 
ground 

-Oocysts from livestock 
manure on land being 
flushed from the spring 

Cryptosporidium 
parvum  
 

C: 375 
E: 7,000 
D: 0 

~15,000 
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CA supply thaw into tributaries 
feeding the river 
-Poor fine particle removal  
-Intake from river near 
sewage discharge  

 

May 
2001 

Boarding 
school, 
Hawkins Bay, 
NZ 

Surface -Source water area open to 
grazing cattle 
-System treatment failure 

Campylobacter 
jejuni 

C: N/A 
E: 95-185 
D: 0 
 

N/A 

May 
2003 

Rural Farm, 
Washington, 
USA 

Ground -Untreated groundwater  
-Distribution system 
deficiency (leaking valves) 

Campylobacter spp. C: 110 
E: N/A 
D: 0 

N/A 
Liang et al. 
2006 

Jun 
2006 

Summer 
camp, 
Wyoming, 
USA 

Ground -Untreated groundwater 
-Wells drilled in areas of 
fractured rock, may have 
allowed for contamination 
of raw sewage from septic 
system  

Campylobacter 
jejuni, Norovirus 

C: 139 
E: N/A 
D: 0 

N/A 
Yoder et al. 
2008 
 

May 
2007 

Wisconsin, 
USA 

Ground -Untreated groundwater 
-Underground seepage of 
sewage and contamination 
through limestone or 
fissured rock 

Norovirus, 
Campylobacter, 
Salmonella 

C: 229 
E: N/A 
D: 0 

N/A 
Brunkard et 
al. 2011 

Aug 
2007 

New 
Hampshire, 
USA 

Ground -Untreated groundwater Giardia intestinalis C: 35 
E: N/A 
D: 0 

N/A 
Brunkard et 
al. 2011 

Jul 
2010 

Resort, 
Montana, 
USA 

Ground -Untreated groundwater 
-Aquifer supplying the 
wells under influence of 
surface water 
-Septic system seepage pit 
may have contributed  

Campylobacter 
jejuni 

C: 101 
E: N/A 
D: 0 

N/A 
Hilborn et 
al. 2013 

April 
2010 

Missouri, 
USA 

Ground -Untreated groundwater E. coli O157 C: 28 
E: N/A 
D: 0 

N/A 
Hilborn et 
al. 2013 

Jun 
2011 

Youth Camp, 
New Mexico, 
USA 

Surface, 
spring 

-Contamination of spring-
fed water system 
-Distribution system 
deficiencies 

Norovirus C: 119 
E: N/A 
D: 0 

N/A 
Beer et al. 
2015 

Aug 
2012 

Utah, USA Ground -Local drinking water 
distribution system 
transitioned, likely causing 
low pressure and 
temporarily allowing 
contaminated water to 
flow into system 

Giardia intestinalis C: 28 
E: N/A 
D: 0 

N/A 
Beer et al. 
2015 
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Figure 2-1: The four regions, 1) Kingston/Belleville, 2) Niagara/Hamilton, and 3) and 4) 
Grey/Bruce, of increased relative risk of E. coli contamination within private drinking wells and the 
cattle dense region as identified by postal code overlays.    

The four regions or “hotspots”, 1) Kingston/Belleville, 2) Niagara/Hamilton, and 3) and 4) Grey/Bruce, 
with increased relative risk of E. coli contamination among private well water samples submitted for 
testing to PHO in 2012 combined with postal code catchment boundary overlay that indicates a region of 
southern Ontario with high cattle density. 
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Chapter 3 

Materials and Methods  

 

3.1 Private drinking well water sample collection   
 

Convenience water samples from private drinking wells, submitted for bacteriological analysis 

between June 1st and August 31st 2014, were leveraged for use in this study. Well water samples were 

strategically selected as those that came from the three ‘hotspots’ in southern Ontario, previously 

described by Krolik et al. (2013) as being at increased risk of E. coli contamination. These hotspots will 

be referred to as the Grey/Bruce region, the Niagara/Hamilton region and the Kingston/Belleville region. 

The study area also included private drinking water wells within a region with high cattle density, as 

previously described in section 2.7.  

Well owners are responsible for obtaining a kit for bacteriological analysis of drinking water for 

private citizens from their respective Public Health Ontario Laboratory, as seen in Figure 3-1. This kit 

includes a 200 mL water sample collection bottle containing 0.8 mM sodium thiosulfate (BioNuclear 

Diagnostics Inc., Toronto, ON), that has passed in-house sterility quality control, two stickers affixed to a 

plastic bag; an instructional sticker with a removable nametag, and a sticker urging customers to complete 

all areas of the form to avoid delays in testing. Within the plastic bag is a “Bacteriological Analysis of 

Drinking Water for Private Citizen, Single Household Only” requisition, and instruction sheet explaining 

how to access the interactive voice response system by telephone. All forms are provided in both English 

and French and can be found in full in Appendix A. Well water was collected by well owners using the 

200 mL bottles included in the kit presumably according to the attached instructions. Each water sample 

and respective requisition was transferred in coolers, to a PHO laboratory, at approximately 2-8 oC, within 

48 hours of collection (Ministry of the Environment Laboratory Services Branch, 2014).  
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3.2 Water filtration and selection of samples for study  

100 mL of each water sample underwent vacuum filtration using a magnetic Buchner funnel 

assembly. A water filtration workstation was disinfected with 1% Sodium Hypochlorite or other approved 

disinfectant before and after use. A Bunsen burner/incinerator was used to flame/sterilize forceps and 

allowed to cool before handling membrane filters. Forceps were used to remove a 47 mm mixed cellulose 

ester membrane filter of 0.45 µm pore size (Millipore Billerica, MA) from the packaging. The filter was 

placed on the Buchner funnel stem, grid-side up. The funnel was placed onto the stem and held in place 

magnetically. Rinse controls were performed prior to the initial sample being tested. For each funnel, 100 

mL of sterile buffered rinse water was filtered through a filter and used as a quality control. Water samples 

were thoroughly mixed within the collection bottle by shaking vigorously 25 times prior to pouring (100 

mL) into the funnel of the filtration unit, and the vacuum was applied until all water had passed through 

the filter. Using sterilized forceps, the membrane filter was removed from the stem and placed on 

differential coliform (DC) medium (Oxoid, Nepean, ON). Forceps were flamed to sterilize and allowed to 

cool before handling another filter. Each filter was placed on a DC medium containing lactose and 5-

bromo-4chloro-3indolyl-D-glucuronide (BCIG) and incubated for 24 hours at 36 oC. After incubation, the 

number of E. coli and TC colony forming units (CFU) were counted. TC (excluding β-D-glucuronidase 

positive E. coli) include those colonies that appear red and/or pink depending on their degree of lactose 

fermentation. TC are counted up to a maximum of 80 CFU. Above this, the number is reported as >80 

CFU/100 mL (Public Health Ontario Laboratories 2014). E. coli produces the enzyme glucuronidase 

which metabolizes BCIG into an insoluble blue/purple metabolite, therefore easily identifying E. coli 

colonies as those that are blue/purple in colour (Ministry of the Environment Laboratory Services Branch 

2014). E. coli colonies are also counted to a maximum of 80 CFU/100 mL and then reported as >80 

CFU/100 mL for all samples with 81 colonies or greater. Background CFU are not reported and are 

usually yellow or colourless colonies due to the absence of lactose fermentation or β-D-glucuronidase 

activity. Background colonies are non E. coli, non-coliform colonies. After reading water cultures on DC 
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medium, the results are reported to the submitter as detailed in Table 3-1. Samples chosen for further 

study were those that were positive for presumptive E. coli (E. coli (+)) as well as samples that were 

positive for TC, but negative for presumptive E. coli (TC-only samples).  

3.3 Nucleic acid extraction from selected water samples  

Each of the E. coli (+) samples and the TC-only samples underwent a second identical filtration 

step within 24 hours of the first, using the remaining 100 mL of well water originally submitted. This 100 

mL of water was filtered as detailed in section 3.2, with the exception that filters were rolled and placed in 

a cryovial tube (Simport, Beloell, QC) in 2 mL of NucliSENSE® easyMAG® lysis buffer (Biomerieux 

Inc, St. Laurent, QC). The cryovials containing the filter and lysis buffer were placed in a rotating drum 

for one hour at 37 oC. After incubation, a sterile transfer pipette was used to transfer the sample to 

disposable sample vessels (Biomereiux Inc.), intended for use with the NucliSENS® easyMAG® DNA 

extractor (Biomereiux Inc.). Nucleic acid extraction was performed in accordance with the instructions 

provided by the manufacturer (Nuclisens® EasyMag® User Manual, version 2.0, ref.280163). Nucleic 

acids were eluted in 100 µL of elution buffer and stored in 0.2 mL microcentrifuge tubes (Starstedt Inc., 

Montreal, QC). Extracts were stored at -20 oC until further processing.  

 

3.4 Quantitative PCR assays 

3.4.1 E. coli  

Extracted water samples first underwent a qPCR assay using TaqMan® detection chemistry for 

identification and quantification of E. coli. This assay was originally designed by Chern et al. (2011), and 

was optimized in-house for use in private drinking water samples. The assay targets the 23S rRNA gene 

sequence found specifically in E. coli. On average, E. coli contains seven copies of the 23S rRNA gene 

per cell (Chern et al. 2011). Chern et al. (2011) showed that this assay was 95% specific and had a lower 
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limit of detection for E. coli cells than other comparable assays due to its multi-copy gene target, and 

therefore provides greater analytical sensitivity in monitoring for E. coli in environmental waters.  

In order to both confirm qPCR efficiency and sensitivity of this assay, as well as to quantitatively 

detect E. coli in water samples, a standard curve was created from a laboratory strain of E. coli namely; E. 

coli ATCC 25922, cultured on Columbia Blood agar media with 5% Sheep Blood (Oxoid) for 24 hours at 

36 oC. Following culture, a single loopful (1 µL) of E. coli was prepared for bacterial DNA extraction 

using the DNeasy Blood and Tissue Kit (Qiagen, Toronto, ON) as per the DNeasy Blood & Tissue 

Handbook (Qiagen 2006) protocol; that is, Pretreatment for Gram negative Bacteria. The DNA 

concentration was determined using a NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific, 

Dubuque, IA) absorbance reading at A260. DNA purity was determined by the 260/280 ratio with a 260/280 

ratio between 1.8 and 2.0 considered pure DNA. This purified DNA was then used to make the first of 

seven genomic standards following the procedure detailed in: Creating Standard Curves with Genomic 

DNA or Plasmid DNA templates for use in Quantitative PCR (Applied Biosystems, 

http://www6.appliedbiosystems.com/support/tutorials/pdf/quant_pcr.pdf). An example of these 

calculations can be found in Appendix B. Preparation of the first genomic standard at a concentration of 

7.0 X 106 23S rRNA gene copies/5 µL involves taking the determined volume of extracted DNA (from 

prior calculations) and adding it to 1 X TE buffer (Invitrogen, Carlsbad, CA) to a total volume of 100 µL. 

This mixture was then mixed by vortexing for approximately 15 seconds, and centrifuged for 5 seconds. 

The next genomic standard is made by performing a ten-fold dilution series of the 7.0 X 106 gene copies/5 

µL standard. This involves adding 10 µL of the first standard to 90 µL of 1 X TE buffer. This second 

standard is vortexed and centrifuged as before and then diluted ten-fold to make a 7.0 X 104 gene copies/5 

µL standard. This continues until the 6th ten-fold dilution, which produces a standard of 7.0 X 100 gene 

copies/5 µL, or the equivalent of one E. coli cell/5 µL. This process is illustrated in Figure 3-2. This set of 

seven genomic standards was tested in duplicate to confirm qPCR efficiency and sensitivity. It also serves 

to create a standard curve for this assay in order to quantify E. coli cells within selected water samples. 
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Based on the standard curves, the limit of detection (LOD) of this assay is seven gene copies per reaction 

or the equivalent of one E. coli cell. This directly translates to 20 E. coli cells/100 mL of filtered water. An 

example standard curve for the E. coli assay is depicted in Figure 3-3.  

The qPCR reaction mixture for the E. coli assay consisted of: 12.5 µL TaqMan environmental 

master mix 2.0 (Applied Biosystems, Burlington, ON), 4.5 µL of Nuclease free water (Qiagen), 1 µL 

forward primer mix (25 µM final, Biosearch Technologies, Petaluma, CA), 1 µL reverse primer mix (25 

µM final, Biosearch Technologies), 1 µL probe mix (2 µM final, Biosearch Technologies), and 5 µL of 

DNA template which was prepared as described in section 3.3 for a final volume of 25 µL. All primers 

and probes can be seen in Table 3-2. Each qPCR reaction, excluding the DNA template, was loaded into 

an individual well of a 96-well reaction plate (Applied Biosystems), with a setup as detailed in Figure 3-4. 

The DNA samples were vortexed for 10 seconds, and then 5 µL of each DNA sample was added to a 

unique well in the 96-well reaction plate. Each reaction plate had a set of four standards (7.0 X 106, 7.0 X 

104, 7.0 X 102, and 7.0 X 100 gene copies/ 5 uL) run in duplicate in order to generate a standard curve and 

allow quantitative analysis of samples. A no template control (NTC) in which TE buffer (Invitrogen) was 

added instead of DNA to a qPCR reaction mix was present in each assay. A NTC monitors contamination 

within an assay to ensure there are no false positive results. Following addition of the water samples 

extracted DNA to the MicroAmp® Optical 96-well reaction plate (Applied Biosystems), the plate was 

sealed with optical adhesive film (Applied Biosystems) and centrifuged at 2000 revolutions per minute 

(RPM) for 20 seconds using the Centrifuge 5810 (Eppendorf, Nepean, ON). The 96-well reaction plate 

was inspected to ensure the absence of air bubbles and placed into the Viia™7 Real-Time PCR System 

(Applied Biosystems). The run method of the qPCR was 50 oC for 2 minutes and then 95 oC for 10 

minutes as a hotstart to activate the Taq Polymerase; then 40 cycles of 95 °C for 15 seconds for 

denaturation, followed by 60 °C for one minute for primer annealing/extension. 
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3.4.2: Microbial Source Tracking using Bacteroides  

All samples underwent three qPCR assays using TaqMan® detection chemistry for the detection 

of total, human and bovine-specific Bacteroides in order to reveal information about the source of 

contamination. All three of these assays were adapted from Lee et al. (2010). The primers and probes for 

the three assays, seen in Table 3-2, were designed from consensus sequences and host-specific marker 

sequences identified for the order Bacteroidales (total Bacteroides assay), human-derived Bacteroides 

(human-specific assay), and bovine-derived Bacteroides (bovine-specific assay). Although Lee et al. 

(2010) refers to this assay as targeting the order Bacteroidales, it is specific to species within the 

Bacteroides genus and therefore will be referred to as the total Bacteroides assay in this investigation. The 

total Bacteroides assay targets a conserved region for 10 host species including feline, bovine, deer, 

canine, anserine, gull equine, human, swine and raccoon. All three assays target sequences of the 16S 

rRNA gene of host-specific Bacteroides strains. The sensitivity for all three assays has previously been 

shown to be 6.5 gene copies per reaction, which corresponds to 1-2 cells, as Bacteroides species contain 

4-7 copies (average 5.5) of the 16S rRNA gene per cell (Lee et al., 2010). However, Krolik et al. (2014) 

demonstrated that the natural cut-off value is more accurately described as 10 gene copies per reaction for 

each of the markers. This was done by generating histograms from their entire data set for the total, human 

and bovine-specific assays and visually determining positive cut-off values. Standard quantification 

plasmids for each assay were created using cloning methodology previously described by Lee et al. (2010) 

with one modification; namely a TOPO® TA Cloning® Kit with a PCR™ 2.1-TOPO® vector was used 

according to manufacturer instructions (Life Technologies). The plasmids were screened for target marker 

presence using colony PCR, and a one-to-one vector-to-insert ratio was verified using vector/insert 

primers and end-point PCR. Products were verified using agarose gel electrophoresis and Sanger 

Sequencing. Seven plasmid standards were prepared for each assay as a ten-fold serial dilution in 1X TE 

buffer (6.5 X 106 to 6.5 X 100 gene copies per reaction) and tested in duplicate to confirm PCR efficiency 

and sensitivity using standard curves as seen in section 3.4.1. An example of the standard curves generated 
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for use in quantitative analysis of total, human-specific and bovine-specific Bacteroides can be seen in 

Figure 3-5.   

The qPCR reaction mixture for each Bacteroides assay consisted of: 12.5 µL TaqMan 

environmental master mix 2.0 (Applied Biosystems), 2.206 µL of Nuclease free water (Qiagen), 0.125 µL 

forward primer mix (500 nM final, Invitrogen), 0.125 µL reverse primer mix (500 nM final, Invitrogen), 

0.044 µL probe (176 nM final, Invitrogen), and 10 µL of DNA template which was prepared as described 

in section 3.3, for a final volume of 25 µL. Each qPCR reaction, excluding the DNA template, was loaded 

into an individual well of a 96-well reaction plate (Applied Biosystems), with a setup as detailed in Figure 

3-6. The DNA samples were vortexed for 10 seconds, and then 10 µL of each DNA sample was added to a 

unique well in the 96-well reaction plate. Each reaction plate had a set of four standards (6.5 X 106, 6.5 X 

104, 6.5 X 102, and 6.5 X 100) for each assay run in duplicate in order to generate standard curves for the 

total, human-specific and bovine-specific assays and allow quantitative analysis of samples. A NTC in 

which TE buffer (Invitrogen) was added instead of DNA to master mix was present in each assay. 

Following addition of water samples DNA to the 96-well reaction plate (Applied Biosystems), the plate 

was sealed with optical adhesive film (Applied Biosystems) and centrifuged at 2000 RPM for 20 seconds 

using the Centrifuge 5810 (Eppendorf). The 96-well reaction plate was inspected to ensure the absence of 

air bubbles and placed into the Viia™7 Real-Time PCR System (Applied Biosystems). The run method 

followed 50 oC for 2 minutes, 95 oC for 10 minutes, then 40 cycles at 95 °C for 15 seconds and 60 °C for 

one minute. 

3.4.3: Campylobacter jejuni 

 A TaqMan® qPCR assay targeting the hipO gene of C. jejuni specifically was used to test all 

samples for the presence of C. jejuni. These primers and probes as seen in Table 3-2, were adapted from 

Toplak et al. (2012) with some modifications. Toplak et al. (2012) uses a probe 5’ end labeled with 6-

carboxyfluorescein (FAM) reporter and 3’ end labeled with a Minor Groove Binder (MGB) quencher. The 
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hipO probe in this study was chemically synthesized with proprietary modified nucleotides or BHQplus™ 

technology (Biosearch Technologies) in addition to a 3’ C nucleotide to increase the probes Tm to 71.8 

oC.  

A further modification of the hipO assay was the addition of an Internal Amplification Control 

(IAC). An IAC is a non-target DNA sequence present in the same reaction tube, which is co-amplified 

simultaneously with the target sequence. The C. jejuni IAC sequence displayed in Table 3-3 shares the 

same forward and reverse primer as the C. jejuni assay, but relies on a different probe, C. jejuni IAC-P. In 

qPCR without an IAC, a negative result may indicate that there was no target sequence present in the 

reaction, but may also imply that the reaction was inhibited due to malfunction of the thermal cycler, 

incorrect PCR mixture, poor polymerase activity, or the presence of inhibitory substances (Hoorfar et al. 

2003). Therefore, as a quality assurance measure, an IAC is included to prevent false-negative qPCR 

results. 

  Seven C. jejuni standards were prepared from extracted DNA of C. jejuni ATCC strain 33291 for 

the assay as a ten-fold serial dilution in 1 X TE buffer, ranging from 1.0 X 106 to 1.0 X 100 gene copies of 

hipO per reaction. This followed the same procedure as detailed for the E. coli qPCR assay in section 

3.4.1. These standards were tested in duplicate to confirm the efficiency and sensitivity of the qPCR assay 

using standard curves. An example of a standard curve used for quantification of C. jejuni cells in water 

samples can be seen in Figure 3-7. The LOD of this assay is approximately one gene copy per PCR 

reaction, which is equivalent to one C. jejuni cell per reaction since C. jejuni possesses an average of one 

copy of the hipO gene per cell (Leblanc-Maridor et al. 2011). This assay was determined to be specific to 

C. jejuni by testing against DNA extracted from the ATCC 33291 C. jejuni, as well as against five clinical 

isolates confirmed as C. jejuni using traditional culture methods followed by matrix-assisted laser 

desorption/ionization-time-of-flight mass spectrometer (MALDI-TOF). Further, six additional bacteria 

were assayed to determine qPCR specificity, including: Citrobacter freundii (ATCC 8090), Proteus 

mirabilis (ATCC 12453), E. coli (ATCC 25922), E. coli O157 (ATCC 35150), Salmonella enterica subsp. 
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enterica serovar Typhimurium (ATCC 14028), and Salmonella enterica subsp.enterica serovar Enteritidis 

(ATCC13076). All tests were negative by qPCR for the hipO gene. 

The qPCR reaction mixture for the C. jejuni assay consisted of: 12.5 µL TaqMan environmental 

master mix 2.0 (Applied Biosystems), 4.5 µL of Nuclease free water (Qiagen), 1 µL forward primer mix 

(400 nM final, Biosearch Technologies), 1 µL reverse primer mix (400 nM final, Biosearch 

Technologies), 1 µL hipO and IAC probe (100 nM final, Biosearch Technologies), 0.1 µL of the IAC 

target as a concentration of 103 copies per 0.1 µL, and 5 µL of DNA template which was prepared as 

described in section 3.3 for a final volume of 25 µL. Each qPCR reaction, excluding the DNA template, 

was loaded into an individual well of a 96-well reaction plate (Applied Biosystems), with a setup as 

detailed in Figure 3-4. The DNA samples were vortexed for 10 seconds, and then 5 µL of each DNA 

sample was added to a unique well in the 96-well reaction plate. Each reaction plate had a set of four 

standards (1.0 X 106, 1.0 X 104, 1.0 X 102, and 1.0 X 100) run in duplicate in order to generate a standard 

curve and allow quantitative analysis of samples. A NTC in which 1 X TE buffer was added instead of 

DNA to master mix, was present in each reaction. Following addition of water samples to the 96-well 

reaction plate (Applied Biosystems), the plate was sealed with optical adhesive film (Applied Biosystems) 

and centrifuged at 2000 RPM for 20 seconds using the Centrifuge 5810 (Eppendorf). The 96-well reaction 

plate was inspected to ensure the absence of air bubbles and placed into the Viia™7 Real-Time PCR 

System (Applied Biosystems). The run method followed 50 oC for 2 minutes, 95 oC for 10 minutes, then 

40 cycles at 95 °C for 15 seconds and 60 °C for one minute. 

3.4.4 Salmonella spp.  

A TaqMan® qPCR assay targeting the fimA gene found ubiquitously in all Salmonella species, 

was used in order to detect the presence of Salmonella in all samples. Primer Express Software Version 

3.0.1 (Applied Biosystems) was used to design primers and probe within the fimA gene, using the default 

parameters for the Applied Biosystems ViiA™7 qPCR instrument. These primers and probes can be seen 

in Table 3-2. This assay was also designed to include an IAC, for which the probe and sequence are in 
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Table 3-3. Seven Salmonella spp. standards were prepared from DNA extracted from Salmonella enterica 

subsp.enterica serovar Enteritidis (ATCC 13076) for the assay as a ten-fold serial dilution in 1.0 X TE 

buffer, ranging from 1.0 X 106 to 1.0 X 100 gene copies of fimA per reaction. This followed the same 

procedure as detailed for the E. coli qPCR assay in section 3.4.1. These standards were tested in duplicate 

to confirm the efficiency and sensitivity of the qPCR assay using standard curves. An example of a 

standard curve used for quantification of Salmonella cells in water samples can be seen in Figure 3-8. The 

LOD of this assay is approximately one gene copy per PCR reaction, which equates to one Salmonella cell 

per reaction since Salmonella spp. possess an average of one copy of the fimA gene per cell (Zeiner et al. 

2012). The Salmonella spp. assay was tested against Salmonella enterica subsp. enterica serovar 

Typhimurium (ATCC 14028), and Salmonella enterica subsp.enterica serovar Enteritidis (ATCC13076), 

both of which tested positive. Additionally, a number of non-Salmonella organisms were tested on the 

assay to confirm the specificity. All were negative. This includes Citrobacter freundii (ATCC 8090), 

Proteus mirabilis (ATCC 12453), E. coli (ATCC 25922), E. coli O157 (ATCC 35150) and 

Campylobacter jejuni (ATCC 33291). 

The qPCR reaction mixture for the Salmonella spp. assay consisted of: 15 µL TaqMan 

environmental master mix 2.0 (Applied Biosystems), 9.54 µL of Nuclease free water (Qiagen), 0.09 µL 

forward primer mix (100 µM final, Biosearch Technologies), 0.09 µL reverse primer mix (100 µM final, 

Biosearch Technologies), 1 µL fimA and IAC probe (100 µM final, Biosearch Technologies), 0.1 µL of 

the IAC target as a concentration of 103 copies per 0.1 µL, and 5 µL of DNA template which was prepared 

as described in section 3.3 for a final volume of 30 µL. Each qPCR reaction, excluding the DNA template, 

was loaded into an individual well of a 96-well reaction plate (Applied Biosystems), with a setup as 

detailed in Figure 3-4. The DNA samples were vortexed for 10 seconds, and then 5 µL of each DNA 

sample was added to a unique well in the 96-well reaction plate. Each reaction plate had a set of four 

standards (1.0 X 106, 1.0 X 104, 1.0 X 102, and 1.0 X 100) run in duplicate in order to generate a standard 

curve and allow quantitative analysis of samples. A NTC, in which TE buffer (Invitrogen) was added 

instead of DNA to master mix, was present in each assay. Following addition of water samples to the 96-
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well reaction plate (Applied Biosystems), the plate was sealed with optical adhesive film (Applied 

Biosystems) and centrifuged at 2000 RPM for 20 seconds using the Centrifuge 5810 (Eppendorf). The 96-

well reaction plate was inspected to ensure the absence of air bubbles and placed into the Viia™7 Real-

Time PCR System (Applied Biosystems). The run method followed 50 oC for 2 minutes, 95 oC for 10 

minutes, then 40 cycles at 95 °C for 15 seconds and 60 °C for one minute. 

3.4.5 STEC toxin genes, stx1 and stx2 

A multiplex TaqMan® qPCR assay targeting both the stx1 and stx2 genes found in STEC was 

used in order to detect the presence of E. coli that can produce Shiga toxins; for example E. coli O157. 

Primer Express Software Version 3.0.1 (Applied Biosystems) was used to design primers and probes 

within the stx1 and stx2 genes, using the default parameters for the ViiA™7 qPCR instrument (Applied 

Biosystems). These primers and probes can be seen in Table 3-2. This assay was also designed to include 

an IAC, for which the probe and sequence can be seen in Table 3-3. Seven stx1/stx2 standards were 

prepared (from DNA extracted from E. coli O157 ATCC 35150) as a ten-fold serial dilution in 1 X TE 

buffer (Invitrogen), ranging from 1 X 106 to 1 X 100 gene copies of both stx1/stx2 per reaction. This 

followed the same procedure as detailed for the E. coli qPCR assay in section 3.4.1. These standards were 

tested in duplicate to confirm the efficiency and sensitivity of the qPCR assay using standard curves. An 

example of standard curves used for quantification of stx1 and stx2 toxin genes in water samples can be 

seen in Figure 3-9. The detection limit of this assay is approximately one gene copy of each stx1 and stx2 

per PCR reaction. This multiplex assay was tested against a laboratory strain of E. coli O157 (ATCC 

35150) and a laboratory strain of non-STEC E. coli (E.coli ATCC 25922) to ensure specificity to stx1/2 

toxin genes. Additionally, a number of non-stx1/2 producing organisms were tested with this assay to 

confirm the specificity. All were negative. This includes Citrobacter freundii (ATCC 8090), Proteus 

mirabilis (ATCC 12453), Enterococcus faecalis (ATCC 29212), Salmonella enterica subsp. enterica 

serovar Typhimurium (ATCC 14028), Salmonella enterica subsp.enterica serovar Enteritidis 

(ATCC13076) and Campylobacter jejuni (ATCC 33291). 



	  
	  

44	   	  

The qPCR reaction mixture for the stx1/stx2 multiplex assay consisted of: 12.5 µL TaqMan 

environmental master mix 2.0 (Applied Biosystems), 1.9 µL of Nuclease free water (Qiagen), 1.2 µL each 

forward primer mix (100 µM final, Biosearch Technologies), 1.2 µL each reverse primer mix (100 µM 

final, Biosearch Technologies), 0.4 µL each stx1, stx2 and IAC probe (100 µM final, Biosearch 

Technologies), 0.1 µL of the IAC target as a concentration of 103 copies per 0.1 µL, and 5 µL of DNA 

template which was prepared as described in section 3.3 for a final volume of 25 µL. Each qPCR reaction, 

excluding the DNA template, was loaded into an individual well of a 96-well reaction plate (Applied 

Biosystems), with a setup as detailed in Figure 3-4. The DNA samples were vortexed for 10 seconds, and 

then 5 µL of each DNA sample was added to a unique well in the 96-well reaction plate. Each reaction 

plate had a set of four standards (1.0 X 106, 1.0 X 104, 1.0 X 102, and 1.0 X 100) run in duplicate in order 

to generate a standard curve and allow quantitative analysis of samples. A NTC, in which TE buffer 

(Invitrogen) was added instead of DNA to master mix, was present in each assay. Following addition of 

water samples to the 96-well reaction plate (Applied Biosystems), the plate was sealed with optical 

adhesive film (Applied Biosystems) and centrifuged at 2000 RPM for 20 seconds using the Centrifuge 

5810 (Eppendorf). The 96-well reaction plate was inspected to ensure the absence of air bubbles and 

placed into the Viia™7 Real-Time PCR System (Applied Biosystems). The run method of the qPCR was 

50 oC for 2 minutes, 95 oC for 10 minutes, then 40 cycles at 95 °C for 15 seconds and 60 °C for one 

minute. 

3.5 Geospatial analysis of source wells  

All drinking water samples that were successfully extracted as detailed in Section 3.3 were 

prepared for geospatial mapping based on the address provided for the private source well on the 

requisition form submitted with the water sample. Only samples with sufficient address information for 

geospatial analysis were used, those without were discarded from the sample set. The remaining records 

were geocoded using Google Earth Pro™ (Google Inc., Google Earth Pro™ version 7.1.5.1557, 

http://www.google.com/earth/index.html) to obtain geocoordinates (geocodes). After automatic 
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geocoding, geocodes for records that were not found were determined manually using Google Earth. 

Additionally, geocodes for source wells were separated into three groups: 1) All geocodes with E. coli (+) 

well samples, 2) All geocodes with TC-only well samples, and, 3) All geocodes for wells from which 

more than one water sample was received. This last group was created by identifying samples with 

identical source well addresses and geocodes and deleting all duplicates while keeping one of each unique 

address. Geocoordinates for the three separate groups were input into ArcGIS version 10.3 (ESRI Inc. 

Redlands, USA) and plotted on a map of southern Ontario. 

3.6 Statistical analysis used in this study 

 Distribution of all measured variables in both the E. coli (+) and TC-only datasets, including TC 

CFU counts, E. coli CFU counts, E. coli cell counts as determined by qPCR, total, human and bovine-

specific Bacteroides genetic markers were analyzed with histograms and goodness-of-fit tests for 

normality, including Kolmogorov-Smirnov, Cramer-von Mises, and Anderson-Darling tests to determine 

whether or not certain variables were normally distributed and better inform further analysis. All statistical 

analyses were performed in SAS 9.3 at a level of significance of α =0.05 (for SAS code, see Appendix C). 

 In order to determine if an association existed between the region a well is located in and the 

source of fecal contamination within that well (human-specific, bovine-specific or other), Pearson chi-

square tests were performed separately for both the E. coli (+) samples and TC-only samples at a 

significance level of α = 0.05. All statistical analyses were performed in SAS 9.3 (for SAS code see 

Appendix D).  

 Spearman correlations were used to determine the strength of relationship among certain 

measured variables within convenience water samples. This specifically includes the following tests: 

1) The relationship between E. coli CFU/100 mL and E. coli cell numbers/100 mL based on DNA 

and detected by qPCR 

2) The relationship between total Bacteroides genetic markers and human Bacteroides genetic 

markers 
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3) The relationship between E. coli CFU/100 mL, TC CFU/100 mL and total Bacteroides genetic 

markers 

4) The relationship between E. coli CFU/100 mL, TC CFU/100 mL and human-specific Bacteroides 

genetic markers 

5) The relationship between E. coli CFU/100 mL and TC CFU/100 mL 

All statistical analyses were performed in SAS 9.3 at a level of significance of α=0.05. Spearman 

correlation coefficients, which relate information on the type and strength of the relationship between 

variables, were interpreted based on the guidelines detailed in Table 3-4 (for SAS code see Appendix E). 

 

3.7 Naturalized E. coli pilot study  

In order to investigate the potential presence of naturalized E. coli in private ground water wells 

from the four regions of interest, a pilot study was undertaken. In short, 12 microbanked E. coli (+) water 

samples, each representing a unique source well, were further investigated for the presence of naturalized 

E. coli populations. This included two from Kingston/Belleville, three from High Cattle, four from 

Grey/Bruce, and three from the Niagara/Hamilton regions.  These samples were previously microbanked 

following the instructions provided by Pro-Lab Diagnostics (Pro-Lab Diagnostics 2011), and using 

Microbank™ vials (Pro-Lab Diagnostics, Richmond Hill) containing 25 sterile coloured beads and a 

cryopreservative. A couple of beads from each microbanked sample were incubated in E.C. growth broth, 

a selective broth for the growth of coliforms and E. coli from food and environmental samples (Oxoid) for 

4 hours at 36 oC. A loop was used to streak 1 µL of broth onto DC media with BCIG and incubated for 24 

hours to distinguish presumptive E. coli colonies as detailed in section 3.2. Eight distinctively isolated 

presumptive E. coli colonies from each of the 12 microbanked water samples (96 total) were selected and 

subcultured onto Columbia Blood agar media with 5% Sheep Blood (Oxoid) for 24 hours at 36 oC. 

Subcultured presumptive colonies were then confirmed to be E. coli using API 20E strips (Biomerieux) 

and E. coli qPCR as detailed in section 3.3 and 3.4.1. All extracted samples were sent to Alberta 

Agriculture and Forestry for phylotyping according to the new Clermont typing scheme summarized by 
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Tymensen et al. (2015) and seen in Table 3-5 (Clermont et al. 2013). In general, phylotypes A and B2 are 

associated with water impacted by human feces. B1 can be associated with either livestock (such as 

cattle), or if the B1 belongs to clade ET-1 it is associated with naturalized E. coli. Tymensen et al. (2015) 

developed a PCR method for detecting clade ET-1 strains based on the presence of the allele clp-X-6, 

which appears to be common among ET-1 strains. Their data also suggests that some naturalized strains 

can belong to B1 but not in the ET-1 clade. Type D is characteristic of “pristine” sites that have limited 

fecal contamination with the exception of some wild life. Cryptic clades III-V are also associated with 

naturalized E. coli but rarely found in surface water (Deng et al. 2014).  

 

3.8 Summary of methodology  

 Figure 3-10 was used to provide an overview of the methodology used in this study.  
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Figure 3-1: Components of Bacteriological Analysis of Drinking Water for Private Citizen kit  

The materials and forms included in each kit for Bacteriological Analysis of Drinking Water for Private 
Citizen: A) A 200 mL water sample collection bottle containing 0.8 mM sodium thiosulfate; B) 
instructional sticker with removable name tag placed on one side of plastic bag; C) sticker urging kit users 
to complete all areas of the form to avoid delays in testing on other side of plastic bag; D) “Bacterial 
Analysis of Drinking Water for Private Citizen, Single Household Only” requisition; and E) instruction 
sheet to explain how to access the Interactive Voice Response system by telephone. All forms are in both 
English and French.  
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Table 3-1: Status of private well water contamination communicated to the owner(s) of the well 
(Public Health Ontario Laboratories 2014). 
 
Results Interpretation Proactive Measures 
Total Coliforms: ≤ 5 CFU/100 
mL  
E. coli: 0 CFU/100 mL 

No significant evidence of 
bacterial contamination. 

Test drinking water on a 
regular basis to see if there are 
any changes in the quality. 

Total Coliforms: >5 CFU/100 
mL 
E. coli: 0 CFU/100 mL 

Significant evidence of 
bacterial contamination. 

Stop using well water. 
Contact local public health 
unit for more information. 

Total Coliforms: ≥ 1 CFU/ 100 
mL 
E. coli: ≥ 1 CFU/100 mL 

Unsafe to drink, evidence of 
fecal contamination. 

Stop using well water. 
Contact local public health 
unit for more information. 
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Figure 3-2: Summary Diagram showing a 10-fold serial dilution set of E. coli qPCR standards. 
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Figure 3-3: Standard curve for the quantification of E. coli cells.  

 
An example of a standard curve generated from the E. coli qPCR assay used to quantify copies of the E. 
coli 23S rRNA gene within selected water samples. The LOD is seven gene copies/reaction or one E. coli 
cell which translates to 20 E. coli cells /100 mL of water. The assay that generated this particular standard 
curve had an efficiency of 99.5% and a correlation coefficient of R2=0.998.  
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Figure 3-4:Plate map of the 96-well reaction plate setup for the E. coli, C. jejuni, Salmonella spp. and 
stx1/stx2 qPCR assays.  

Map of the 96-well reaction plate setup used when testing for E. coli, C. jejuni, Salmonella spp. and 
stx1/stx2 toxin genes. Each assay included four standards, 1.0 X 106, 1.0 X 104, 1.0 X 102, and 1.0 X 100 

cells/ 5 µL, run in duplicate in order to generate a standard curve and allow quantitative analysis of water 
samples. Each plate also contained a NTC as a negative control, which is indicated by a purple well. All 
wells in which water sample DNA was tested are indicated by a grey well.  
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Figure 3-5: Standard curves for the quantification of total and host-specific (human and bovine) 
Bacteroides 16S rRNA genetic markers.  

An example of standard curves generated from the total, human and bovine-specific Bacteroides qPCR 
assays used to quantify copies of Bacteroides 16S rRNA genes within selected water samples. The LOD 
for each assay was 6.5 gene copies/reaction. The assays that generated these particular standard curves had 
an efficiency of 101.1%, 106.1% and 102.6% for human, bovine and total, respectively and correlation 
coefficients of R2=0.996, R2=0.995 and R2=0.994, respectively.   
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Figure 3-6: Plate map of the 96-well reaction plate setup for the three MST assays, total, human-
specific and bovine-specific Bacteroides.   

Map of the 96-well reaction plate setup used when testing for total, human-specific and bovine-specific 
Bacteroides 16S rRNA genetic markers. Each assay included four standards, 6.5 X 106, 6.5 X 104, 6.5 X 
102, and 6.5 X 100 gene copies/ 5 µL, run in duplicate in order to generate a standard curve and allow 
quantitative analysis of water samples. Samples were tested with the three assays simultaneously as 
indicated by the organization of the plate (i.e. well A2, A6 andA10 represent the same sample being tested 
for human, bovine, and total Bacteroides at the same time). Each assay also contained a NTC as a negative 
control, which is indicated by a purple well. All wells in which water sample DNA was tested are 
indicated by a grey well.  
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Figure 3-7: Standard curve for the quantification of Campylobacter jejuni hipO gene copies  

An example of a standard curve generated from the C. jejuni qPCR assay used to quantify copies of the 
hipO gene within selected water samples. The LOD is one gene copy/reaction or one C. jejuni cell which 
translates to 20 cells /100 mL of water. The assay that generated this particular standard curve had an 
efficiency of 99.1% and a correlation coefficient of R2=0.998.  
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Figure 3-8: Standard curve for the quantification of Salmonella spp. fimA gene copies 

An example of a standard curve generated from the Salmonella spp. qPCR assay used to quantify copies 
of the fimA gene within selected water samples. The LOD is one gene copy/reaction or one Salmonella 
cell which translates to 20 cells /100 mL of water. The assay that generated this particular standard curve 
had an efficiency of 95.2% and a correlation coefficient of R2=0.998.  
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Figure 3-9: Standard curve for the quantification of stx1 and stx2 gene copies  

An example of a standard curve generated from the Stx1/Stx2 multiplex qPCR assay used to quantify 
copies of the stx1/stx2 gene within selected water samples. The limit of detection for each assay is one 
gene copy/reaction which translates to 20 copies /100 mL of water. The assays that generated these 
particular standard curves had an efficiency of 98.3% and 100.4% for stx1 and stx2 respectively, and a 
correlation coefficient of R2=1 and R2=0.998, respectively.  
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Table 3-2: Primers and probes used for quantitative PCR in this study. 

Assay Primers and 
Probes 

Sequence (5’3’) 
 

Reference 

E. coliab 
 

E. coli-F  
E. coli-P 
E. coli-R 

GGTAGAGCACTGTTTTGGCA  
TCATCCCGACTTACCAACCCG  
TGTCTCCCGTGATAACTTTCTC  
 

Chern et al. 
2011 

Total 
Bacteroidescd 

Tot-F 
Tot-P 
Tot-R 
 

CTGAGAGGAAGGTCCCCCAC 
AGCAGTGAGGAATATT 
CACGCTACTTGGCTGGTTCAG 
 

Lee et al. 
2010 

Bovine-specific 
Bacteroidesad 
 

Bov-F 
Bov-P 
Bov-R 
 

AAGGATGAAGGTTCTATGGATTGTAAA 
ATACGGGAATAAAACC 
GAGTTAGCCGATGCTTATTCATACG 
 

Lee et al. 
2010 

Human-specific 
Bacteroidesad 
 

Hum-F 
Hum-P 
Hum-R 
 

CGCGGTAATACGGAGGATCC 
AAGTTTGCGGCTCAAC 
CGCTACACCACGAATTCCG 
 

Lee et al. 
2010 

Campylobacter 
jejuniae 
 

C. jejuni-F 
C. jejuni-P 
C. jejuni-R 
 

AATGCACAAATTTGCCTTATAAAAGC 
ACATACTACTTCTTTATTGCTTGC 
TICCATTAAAATTCTGACTTGCTAAATA 
 

Toplak et 
al. 2012 

Salmonella 
spp.ae 
 

FimA-F 
FimA-TP 
FimA-R 
 

CACTAAATCCGCCGATCAAAC 
CTGGGTCAATACCGTACCGCCAGC 
AGTCGTATTACCAATCGCCGTAA 
 

This study 

Shiga toxin 
producing E. 
coli (STEC)- stx 
1 toxinae 
 

STX1-F 
STX1-P 
STX1-R 
 

GGATAATTTGTTTGCAGTTGATGTC 
CCGTAGATTATTAAACCGCCCTTCCTCTGGA 
CAAATCCTGTCACATATAAATTATTTCGT 
 

This study 

Shiga toxin 
producing E. 
coli (STEC)- stx 
2 toxince 
 

STX2-TM-F 
STX2-TM-P 
STX2-TM-R 
 

GGGCAGTTATTTTGCTGTGGA 
ATGTCTATCAGGCGCGTTTTGACCATCTT 
GAAAGTATTTGTTGCCGTATTAACGA 
 

This study 

F= Forward Primer R=Reverse Primer P=TaqMan Probe 

a6-FAM reporter; bMGBNFQ quencher; cVIC™reporter; dTAMRA quencher; eBHQ1 quencher 
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Table 3-3: IAC probes and sequences used for quantitative PCR in this study  

Assay Primers and 
Probes 

Sequence (5’3’) 
 

Campylobacter 
jejuni 

IAC-Probeab 

IAC-Target 

TTCGAAATGTCCGTTCGGTGGC 
 
AATGCACAAATTTGCCTTATAAAAGCGTATTCGAA
ATGTCCGTTCGGTTGGCGCTATGAAGAGATACGCG
GTGGAACCTGGAGTGTTTAGCAAGTCAGAATTTTA
ATCCIA 

Salmonella spp. IAC-Probeab 

IAC-Target 

TTCGAAATGTCCGTTCGGTTGGC 

CACTAAATCCGCCGATCAAACGTATTCGAAATGTC
CGTTCGGTTGGCGCTATGAAGAGATACGCGGTGGA
ACCTGGAATTACGGCGATTGGTAATACGACT 

stx1/stx2 
multiplex 

IAC-Probece 

IAC-Target 

TTCGAAATGTCCGTTCGGTTGGC 

GGGCAGTTATTTTGCTGTGGAGTATTCGAAATGTC
CGTTCGGTTGGCGCTATGAAGAGATACGCGGTGGA
ACCTGGAGTCGTTAATACGGCAACAAATACTTTC 

aCAL Fluor Orange 560; bBHQ1 quencher; cCAL Fluor Red-590; eBHQ2 quencher 
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Table 3-4: Interpretation of correlation coefficients for this study (Evans 1996).  

Correlation 

Coefficient 

Interpretation 

of Relationship  

0.2-0.39 “Weak” 

0.4-0.69 “Moderate” 

0.7-1 “Strong” 
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Table 3-5: Predominant phylogroups associated with certain sources of E. coli.  

Source/phylogroup A B1 B1: ET-1 B2 D Cryptic 

clades III-V 

Human       X        X   

Cattle        X     

Naturalized        X       X         X 

Pristine           X  
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Figure 3-10: Brief overview of the methodology used in this study. 

Certain steps in the methodology include a number in parentheses, which corresponds to the section 
associated with the particular methodology. 

 

	  

Water Collection 
Period and first 

filtration 
 (3.1, 3.2)	  

E. coli (+) 
TC (+)	  

Remaining 100 mL 
of the water sample 

was filtered 
 (3.3) 

DNA extraction 
 (3.3) 

Successful extraction 

E. coli qPCR 
(3.4.1)  

MST: Tot, Hum, Bov 
qPCR 
(3.4.2) 

C. jejuni qPCR 
(3.4.3)  

Salmonella spp. 
qPCR 

 (3.4.4) 

stx1/2 multiplex 
qPCR 

 (3.4.5) 

Unsuccessful 
extraction 

All samples (-) for E. 
coli and TC	  
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Chapter	  4	  
	  

Results	  
	  

	  
4.1 Sample collection overview 
 

 A total of 314 E. coli (+) and 243 TC-only private drinking water samples (for a combined 557) 

were obtained during the collection period of June 1st to August 31st, 2014. All samples received were 

from one of the designated hotspot regions, Grey/Bruce, High Cattle, Niagara/Hamilton, or 

Kingston/Belleville. Fourteen of the E. coli (+) waters were not extracted successfully as detailed in 

section 3-3. This was due to technical difficulties with the NucliSENS® EasyMag® DNA extractor. Of 

the remaining 300 E. coli (+) waters and 243 TC-only waters, 297 and 236, respectively, of the source 

wells were successfully geocoded following the process from section 3.6. Seven samples were not 

successfully geocoded due to incomplete address information on the requisition (as seen in Appendix A). 

Of the remaining samples, 289 E. coli (+) and 230 TC-only were successfully tested with all seven qPCR 

assays as described in Section 3.4 and used in statistical analyses. Fourteen samples in total were excluded 

from analyses because they failed at least one of the qPCR assays. An overview of this elimination 

process is provided in Figure 4-1 for E. coli (+) water samples and Figure 4-2 for TC-only water samples.  

Of the total drinking water samples that were successfully extracted, 297 E. coli (+) and 236 TC-

only samples were successfully geocoded (Figure 4-3) to their source well using the methods described in 

section 3.5. The wells represented on this map are separated by those from which a single E. coli (+) 

sample came, a single TC-only sample came, or more than one sample, of either designation was received 

over the collection period. Submitting multiple water samples is not uncommon for owners especially in 

the warmer months. Of the total 533 geocoded samples, 395 had unique geocodes and therefore a unique 

source well associated with it (205 E. coli (+) and 190 TC-only). The remaining 138 (92 E. coli (+) and 46 

TC-only) samples represented 61 unique geocodes (40 E. coli and 21 TC-only) and therefore source wells. 

In terms of testing and statistical analyses, samples from source wells that submitted more than once over 
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the collection period were treated the same as samples from unique source wells. These samples were not 

further compared to those from the same source well in terms of the variables measured in this 

investigation. These geocoded samples are further broken down by the hotspot in which their source well 

was located as seen in Table 4-1.    

 
 
 
4.2 Distribution of variables measured  
 
 In order to better inform statistical analyses of data, the measured variables underwent tests of 

normality using SAS 9.3. For the E. coli (+) samples, the variables analyzed included E. coli CFU/100 

mL, TC CFU/100 mL, E. coli cells as detected via qPCR, and total, human and bovine-specific 

Bacteroides 16S rRNA genetic markers. For the TC-only samples this included all the same variables 

except for E. coli CFU/100 mL. The SAS procedure for determining normality of data, as detailed in 

Appendix C, includes the generation of a histogram of the data with an overlying curve of normal 

distribution, which in itself is a visual representation of whether or not the data is normally distributed. In 

addition to this, SAS performs three different goodness-of-fit tests for normal distribution. This includes 

the Kolmogorov-Smirnov, the Anderson-Darling and the Cramer-von Mises test. The Shapiro-Wilk test, 

although the most powerful for use in determining the goodness-of-fit of data to a normal distribution, was 

not used because it does not perform well in data sets where many identical values are present, which is 

the case for the measured variables in this study. 

 In the case of sampling groups, E. coli (+) and TC-only, all variables measured did not display a 

normal distribution. For E. coli (+) samples, the data for E. coli CFU/100 mL, E. coli qPCR results, total, 

human and bovine-specific Bacteroides genetic markers is heavily right-skewed. This indicates that the 

majority of the data for these variables falls within the lower categories. In Figure 4-4, a histogram of the 

data for E. coli CFU/100 mL shows a clear right-skewed distribution. This is due to the majority of E. coli 

(+) samples (66%) falling into the category of 1 to 10 E. coli CFU/100 mL. There were much fewer 

samples in the remaining categories with >10 E. coli CFU/100 mL. The only variable in the E. coli (+) 
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sample group that does not follow a right-skewed distribution is TC CFU/100 mL. As seen in Figure 4-5, 

TC CFU/100 mL data for E. coli (+) samples follows a left-skewed distribution. This is due to a majority 

of the samples (52%) falling into the category with ≥80 TC CFU/100 mL, with a fewer number of samples 

in the remaining categories of <80 TC CFU/100 mL. The distributions for the other four variables, E. coli 

qPCR, and total, human and bovine-specific Bacteroides genetic markers can be seen in Appendix F. 

 For the TC-only samples, the data for TC CFU/100 mL, E. coli qPCR results, total, human and 

bovine-specific Bacteroides genetic markers is heavily right-skewed. In Figure 4-6, a histogram of the 

data for TC CFU/100 mL follows a right-skewed distribution. This is due to the majority of TC-only 

samples (59%) falling into the category of 1 to 10 TC CFU/100 mL with fewer samples spread out in the 

remaining categories. This is in contrast to TC CFU/100 mL in E. coli (+) samples. The distributions of 

the other four variables, E. coli qPCR, total, human and bovine-specific Bacteroides genetic markers can 

be seen in Appendix G. 

 In the case of both sampling groups, E. coli (+) and TC-only, all variables were also found to be 

non-normally distributed based on the statistical goodness-of-fit tests. All Kologorov-Smirnov tests 

showed statistically non-normal data distributions at a level of significance of <0.01. All Cramer-von 

Mises and Anderson-Darling tests showed statistically non-normal data distributions at a level of 

significance of <0.005. These tests further support the observation that all data analyzed for this study was 

non-normally distributed. For this reason, Spearman rank correlations were used to analyze the 

relationship between measured variables. 

 
 
4.3 Results of the Microbial Source Tracking qPCR assays using Bacteroides 
 

All E. coli (+) and TC-only samples were tested via the three MST qPCR assays targeted to detect 

total, human and bovine-specific Bacteroides genetic markers in order to determine the pre-eminent 

source of fecal contamination. The following MST statuses were assigned to each sample based on the 

established gene copy thresholds (≥10 gene copies is considered positive): negative for all Bacteroides 

(None), positive for total Bacteroides only (not human or bovine), positive for human Bacteroides, 
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positive for bovine Bacteroides and positive for both human and bovine Bacteroides. The distribution of 

source of contamination for all samples can be seen in Figure 4-7. Among the E. coli (+) samples, a much 

higher proportion of samples tested positive for human-specific contamination (41%) compared to the TC-

only samples (22%). The E. coli (+) sample set also had a higher number of samples which tested positive 

for both human and bovine-specific markers of contamination (6%) than the TC-only sample set (2%). 

The TC-only group as a whole had a higher proportion of samples that were negative for any Bacteroides 

genetic markers (50%) when compared to the E. coli (+) sample set (23%). Both sample sets appear to 

have a similar proportion of samples positive for only total Bacteroides genetic markers at 29% for E. coli 

(+), and 25% for TC-only samples. Finally, samples that tested positive for only the bovine indicator of 

contamination were rare in both the E. coli (+) and TC-only samples, at 1% and 2%, respectively.  

 
4.3.1 E. coli (+) sample set 
  
 In order to determine the prevalent sources of fecal contamination in each of the four regions 

studied, MST results of presumptive E. coli (+) samples were further analyzed after arranging by 

region/hotspot. Additionally, samples from Kingston/Belleville were considered for 2012 as well as for 

2014. The amount of E. coli (+) samples received from the Kingston/Belleville region in the 2014 

collection period was very small (n=27), and for this reason a more robust data set from the same hotspot 

sampled in 2012 will be used as a means to compare MST distribution of the different hotspots (Krolik et 

al. 2014). Previous work within the laboratory has shown that the hotspots remain stable over time (Krolik 

et al. 2013) making use of data from different years acceptable in the context of this work. 

The MST status assigned to E. coli (+) samples was used to determine contributing host-sources 

for each individual region as seen in Figure 4-8. Both the Kingston/Belleville (2012 data) and Grey/Bruce 

regions had a larger proportion of wells that tested positive for human sourced contamination, 49% and 

54%, respectively. The Kingston/Belleville region, as sampled in 2014, likewise had a large percentage of 

wells contaminated with a human fecal source (85%), but it is thought that this statistic may misrepresent 

the region due to a small amount of data. The other two regions sampled, Niagara/Hamilton and the High 
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Cattle, had human sourced contamination accounting for only 35% and 29% of samples, respectively. 

These two regions appear to have a higher number of wells with only total Bacteroides genetic markers 

detected, 37% and 36%, respectively, whereas the Kingston/Belleville and Grey/Bruce regions had 26% 

and 27% of their wells positive for only total Bacteroides genetic markers, respectively.  

 To determine whether this apparent difference in the prevalence of human-specific Bacteroides 

genetic markers in the Kingston/Belleville and Grey/Bruce regions is significantly different from the 

Niagara/Hamilton and High Cattle regions, a Pearson chi-square test was performed using SAS 9.3 at a 

level of significance of α=0.05. All samples that were positive for total Bacteroides were organized by 

whether or not they also tested positive for human-specific Bacteroides genetic markers (Table 4-2). A 

statistically significant difference between the sampling regions was found (χ2=11.8, p<0.01). This 

indicates that the regions are statistically different from each other in terms of their proportion of human 

sourced fecal contamination as measured by the presence of human-specific Bacteroides 16S rRNA 

genetic markers.     

 

4.3.2: TC-only sample set 
 
 The TC-only samples also underwent testing to determine fecal sources of contamination using 

the three MST qPCR assays described previously. Of the 236 samples that underwent testing (after 

successful DNA extraction and geospatial analysis), six samples were excluded from statistical analyses 

due to failure of one or more assay, leaving 230 samples. In this case, only Kingston/Belleville 2014 

samples were used, as TC-only sample data from previous years was not available.  

The MST status was assigned to TC samples similar to that for the E. coli (+) samples as 

described previously. These statuses were used to assess host fecal sources for each region as seen in 

Figure 4-9. It is evident that in the case of samples with only TC contamination, the Grey/Bruce and High 

Cattle regions had a higher proportion negative for all Bacteroides genetic markers (63% and 57%, 

respectively). In contrast, the Kingston/Belleville and Niagara/Hamilton regions had a lower proportion of 

samples with no Bacteroides genetic markers detected, 30% and 39%, respectively, and a higher 
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proportion of samples with only total Bacteroides (40 % and 31%, respectively). The amount of human 

contamination in these TC-only samples for each region is much lower than for the E. coli (+) samples. 

For instance, within the Grey/Bruce region, 54% of E. coli (+) samples were contaminated with human-

specific Bacteroides, compared to 20% for TC-only samples. This trend is similarly seen in the remaining 

regions, but is most dramatic in the Kingston/Belleville and Grey/Bruce regions.  

In contrast to the E. coli (+) samples, there was no statistically significant association between 

region and human-specific contamination for the TC-only sample set as seen in Table 4-3 (χ2=0.62 

p=0.89). To determine if there was a statistically significant association between regions sampled and 

proportion of samples with no Bacteroides genetic markers detected, a Pearson chi-square test was 

performed in SAS 9.3 at a level of significance of α=0.05. All samples were organized by whether or not 

they were positive for at least total Bacteroides genetic markers or negative for all Bacteroides genetic 

markers (Table 4-4). A statistically significant difference between the sampling regions was found 

(χ2=12.0 p<0.01). This indicates that the regions are statistically different from each other in terms of their 

proportion of samples with no Bacteroides contamination.  

  It was expected that the High Cattle area would have a statistically higher percentage of bovine-

specific contamination than the other three regions. However, it appears that all regions had a very low 

percentage of samples contaminated by a bovine fecal source. This is apparent in both the E. coli (+) and 

the TC-only sample sets. The High Cattle region had the lowest proportion of E. coli (+) samples with 

bovine-specific Bacteroides genetic markers contamination (3%), and only 5% of TC-only samples in the 

High Cattle region were positive for bovine-specific contamination. Due to this low amount of observed 

bovine-specific contamination, not enough data was available to statistically test association with region, 

nor its relationship with a number of other variables including the total and human-specific Bacteroides 

genetic markers, TC and E. coli CFU/100 mL and E. coli cells as detected by qPCR.  
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4.4 Analyses of multiple detection methods for fecal indicator bacteria 
 
 
4.4.1 E. coli culture versus E. coli qPCR 
 

All samples were tested for the E. coli qPCR assay as detailed in section 3.4.1. Based on earlier 

work, the LOD of this assay was determined to be 7 copies of the 23S rRNA gene (Chern et al. 2011), 

which is equivalent to one E. coli cell per reaction or 20 cells/100 mL of filtered water. This resulted in 

86.5 % of E. coli culture positive samples having a signal below the LOD as seen in Table 4-5. However, 

in work undertaken by Krolik et al. (2016, in print), it was determined that a standard of 2.5 gene copies 

of the 23S rRNA gene was repeatedly and accurately detected by the E. coli qPCR assay. With a LOD of 

2.5 gene copies or 7 E. coli cells per 100 mL of water, 61% of E. coli culture positive samples had a signal 

below the LOD. More than half of the E. coli culture positive samples are technically negative for the E. 

coli qPCR, which may be explained given 75% of the received samples positive for E. coli culture had 

fewer than 20 E. coli CFU/ 100 mL water. As seen in Table 4-5, if all samples that had at least one E. coli 

cell/100 mL detected are considered positive, only 15% of samples that were E. coli culture positive are 

negative for E. coli qPCR.  

In order to determine if E. coli (+) samples with higher CFU/100 mL counts were more likely to 

test positive for E. coli by qPCR, samples were grouped based on their E. coli qPCR status; that is, 

positive or negative, and a CFU group classified as follows: 1-15 CFU/100 mL, and >15 CFU/100 mL 

(Table 4-6). These groups were used based on the finding that lower counts of approximately 10 to 20 E. 

coli CFU/100 mL are imprecise and non-quantifiable, and the LOD should be chosen somewhere in this 

vicinity (ISO/TR 13843:2000(E)). The 1-15 CFU/100 mL group is considered “non-quantifiable” and the 

>15 CFU/100 mL group is “quantifiable”. When assessed in this context, a high proportion of samples 

(74%) with 1-15 E. coli CFU/100 mL tested negative by qPCR relative to those samples with >15 E. coli 

CFU/100 mL (only 27%). Using Pearson chi-squared test, it was determined that there was a statistically 

significant difference between these two groups (χ2=52.5 p<0.0001).  
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Using Spearman rank correlation, the strength of correlation between E. coli CFU/100 mL and E. 

coli cells by qPCR, assuming LOD of 2.5 23S rRNA gene copies per reaction, was determined. As seen in 

Figure 4-10, it was found that there is an overall significant correlation (ρ =0.59, p<.0001) between E. coli 

CFU/100 mL and the number of E. coli cells as determined by qPCR. A significant correlation was also 

seen when samples were analyzed by region and in the group of samples which had >15 E. coli CFU/100 

mL, but not in those samples that had only 1-15 E. coli CFU/100 mL.  

 
4.4.2 Total Bacteroides versus human-specific Bacteroides 
 
  Using Spearman rank correlation, the strength of the relationship between the amount of total and 

human-specific Bacteroides 16S rRNA genetic markers was determined. Only samples with ≥10 gene 

copies of each genetic marker were included in this analysis because the sensitivity cutoff for these qPCR 

assays is 10 gene copies/reaction.  

For the E.coli (+) samples, there was a significantly strong correlation overall (ρ=0.83, p<0.0001) 

between the amount of total and human-specific Bacteroides genetic markers present in a sample. As seen 

in Table 4-8, when samples were analyzed by region, a significantly strong correlation was still observed. 

For the TC-only samples, there was also a significant correlation overall (ρ=0.55, p<0.0001) between total 

and human-specific Bacteroides genetic markers. As seen in Figure 4-11, when samples were analyzed by 

region, correlation was strong in all samples except those from Niagara/Hamilton. Overall, total and 

human-specific Bacteroides genetic markers as measured by qPCR are in good agreement with each other 

in both E. coli (+) and TC-only water samples. 

 
 
4.4.3 Total Bacteroides versus traditional indicators of contamination, E. coli and TC  
 
 
 Using Spearman rank correlation, the relationship between total Bacteroides 16S rRNA genetic 

markers and culturable E. coli (CFU/100 mL) was analyzed within the E. coli (+) sample set. As seen in 

Figure 4-12, there was a weak but significant correlation overall (ρ=0.20, p<0.01). However, when 

samples were analyzed by region, it was only within the Grey/Bruce that a significant correlation between 
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total Bacteroides and E. coli CFU/100 mL was observed (ρ=0.29, p<0.01). The Niagara/Hamilton region 

almost had a statistically significant correlation (p=0.06), but the p-value was just over the level of 

significance (α =0.05). When E. coli (+) samples were divided into groups based on E. coli CFU/100 mL 

(1-15 E. coli CFU/100ml and >15 CFU/100 mL), there was no correlation within the 1-15 E. coli 

CFU/100 mL group, but there was a significant correlation among those samples with >15 E. coli 

CFU/100 mL. This indicates that as E. coli CFU/100 mL increase so does the amount of total Bacteroides 

genetic markers, especially once 15 E. coli CFU/100 mL is passed. 

Spearman rank correlation was also used to determine the relationship between total Bacteroides 

16S rRNA genetic markers and E. coli cells/100 mL as detected by qPCR. As seen in Figure 4-12, there 

was a weak but significant correlation overall (ρ=0.34 p<0.001). However, when samples were analyzed 

by region, once again it was only within the Grey/Bruce that a significant correlation between total 

Bacteroides and E. coli qPCR was seen (ρ=0.44, p<0.01). Again, the Niagara/Hamilton region almost had 

a statistically significant correlation (p=0.07), but the p-value was just over the level of significance. 

Overall and within the Grey/Bruce region, the strength of correlation was noticeably stronger between 

total Bacteroides and E. coli as detected by qPCR than E. coli as detected by culture. The reasons for this 

discrepancy will be further explored within Chapter 5.   

  Spearman rank correlation was used to analyze the relationship between total Bacteroides 16S 

rRNA genetic markers and TC CFU/100 mL in the TC-only sample set. As seen in Appendix H, there was 

no significant correlation evident overall or in any of the specific regions, indicating lack of a predictive 

relationship between total Bacteroides genetic marks and TC CFU/100 mL.  

 
4.4.4 Human-specific Bacteroides versus traditional indicators of contamination, E. coli and TC  
 
 
 Spearman rank correlation was used to investigate the relationship between human-specific 

Bacteroides 16S rRNA genetic markers and culturable E. coli (CFU/100 mL). As seen in Figure 4-13, 

there was not a significant correlation overall (ρ=0.16, p=0.07). This is in contrast to the significant yet 

weak correlation between total Bacteroides genetic markers and E. coli CFU/100 mL. There was also no 



	  
	  

72	   	  

significant correlation observed when samples were divided based on E. coli CFU/100 mL (1-15 CFU/100 

mL and >15 CFU/100 mL). When samples were analyzed by region, it was only within the Grey/Bruce 

that a significant correlation was observed (ρ=0.3 p<0.05).  

Spearman rank correlation was also used to investigate the relationship between human-specific 

Bacteroides 16S rRNA genetic markers and E. coli cells/100 mL as detected by qPCR. As seen in Figure 

4-13, there was a significant correlation overall (ρ=0.3 p<0.05). However, when samples were analyzed 

by region, it was only within the Grey/Bruce that human-specific Bacteroides genetic markers and E. coli 

qPCR were significantly correlated (ρ=0.47, p<0.01). Strength of correlation was much stronger overall 

and in the Grey/Bruce region between human-specific Bacteroides and E. coli as detected by qPCR than 

E. coli as detected by culture. However, it is evident that human-specific Bacteroides genetic markers 

have a weaker relationship to E. coli (culture and qPCR) than total Bacteroides. The reasons for this 

discrepancy will be further explored in Chapter 5.  

Spearman rank correlation was used to analyze the relationship between human-specific 

Bacteroides 16S rRNA genetic markers and TC CFU/100 mL in the TC-only sample set. As seen in 

Appendix I, there was no significant correlation evident overall or in any of the specific regions, 

indicating lack of a predictive relationship between human-specific Bacteroides genetic marks and TC 

CFU/100 mL. 

 
 
4.4.5 E. coli culture versus TC culture  
 
 Lastly, Spearman rank correlation was used to analyze the relationship between E. coli and TC 

culture (CFU/100 mL) within the E. coli (+) sample set. Since TC counts include E. coli CFU/100 mL, the 

value of E. coli CFU/100 mL was subtracted from the TC CFU/100 mL total before statistical analyses. 

There was no statistically significant correlation between E. coli CFU/100 mL and TC CFU/100 mL when 

samples were pooled, separated by region, or into the previously described non-quantifiable and 

quantifiable CFU/100 mL groups.  
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4.5 Prevalence of enteric pathogens as detected by qPCR  

 Of the 519 drinking water samples that were successfully tested with all qPCR assays as detailed 

in section 3.4, 10 samples, or 1.9%, were positive for an enteric pathogen. No samples were positive for 

Salmonella spp., five samples were positive for C. jejuni and five were positive for the stx1 gene, which 

encodes the Stx1 toxin commonly associated with STEC and Shigella species. Of the 10 samples that 

tested positive for a gene associated with an enteric pathogen, only two were from E. coli (+) sample set, 

with the remaining eight being negative for culturable E. coli and only positive for TC. In addition to this, 

the measured variables associated with these samples, E. coli CFU/100 mL, TC CFU/100 mL, E. coli 

qPCR results, and total, human and bovine-specific Bacteroides 16S rRNA genetic markers do not appear 

to follow any particular trends as is apparent in Table 4-7. However, it should be noted that all but two 

samples with enteric pathogen presence did have some sort of indicator of fecal contamination detected, 

either in the form of culturable E. coli, E. coli as detected by qPCR or Bacteroides genetic markers. 

Finally, at least one pathogen positive sample came from every hotspot suggesting no particular 

geographic trend for pathogen presence, although the sample size is small and no firm conclusions can be 

made. This can be seen visually in Figure 4-14. It should be noted that sample 9 and 10 are associated 

with the same source well, demonstrating reproducibility of the stx1 qPCR assay in particular.  

 
 
4.6 Prevalence of naturalized E. coli populations within selected samples 
 

Of the 12 E. coli (+) water samples selected, 10 had a diverse population of E. coli phylotypes. 

This was based on the eight E. coli isolates phylotyped per sample. A diverse population is defined as a 

water sample where at least two different E. coli phylotypes were found. This diversity is common with 

naturalized E. coli populations and waters that have been impacted by multiple hosts. Only two water 

samples tested had a single E. coli phylogroup present. This is suggestive of a clonal population, which 

may be the result of the enrichment step with E.C. broth, or could be due to contamination from a single 

host. A summary of the results of the phylotyping on the eight E. coli isolates for each of the 12 E. coli (+) 
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samples can be seen in Table 4-8. Of the 96 E. coli isolates, 53 (55%) belonged to phylogroup B1, and 25 

of those belonged in the naturalized ET-1 clade. Overall, 27% of presumptive E. coli isolates tested 

belonged in phylogroups suggestive of naturalized E. coli, the ET-1 clade, or Cryptic clades III-V. It 

should also be noted that 9 of 12 samples had at least one E. coli isolate phylotyped as naturalized E. coli. 

This indicates that naturalized E. coli may be significantly prevalent in the private ground water wells of 

the four regions observed.  
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Figure 4-1: Overview of collection process for E. coli (+) samples. 

A summary of the collection process for the private well water samples obtained from the targeted 
hotspots during the collection period (June 1st-August 31st, 2014). A total of 314 E. coli (+) samples were 
collected. Of the 300 successfully extracted samples (14 samples were not extracted successfully due to 
technical difficulties), 297 were successfully geocoded to an address within one of the four target regions. 
Finally, 289 samples were successfully tested with all seven qPCR assays.   
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8	  
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extracted	  

14	  	  
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Figure 4-2: Overview of collection process for TC-only samples.  

A summary of the collection process for the private well water samples obtained from the targeted 
hotspots during the collection period (June 1st-August 31st, 2014). A total of 243 TC-only samples were 
collected. Of these, 236 were successfully geocoded to an address within one of the four target regions. 
Finally, 230 samples were successfully tested with all seven qPCR assays.   
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Figure 4-3: Map showing the location of the wells positive for E. coli (297) and TC-only (236).  
 

Of the 300 E. coli positive and 243 TC-only samples that were successfully extracted, 297 and 236, 
respectively, were geocoded based on the source well in which they came from. 138 of these samples are 
considered duplicates (92 E. coli (+) and 46 TC-only) and are represented by 61 unique source wells (40 
E. coli and 21 TC-only). 395 samples (205 E. coli (+) and 190 TC-only) were represented by their own  
unique source well.  
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Table 4-1: Total samples successfully extracted and geocoded organized by hotspot location.  
 
Hotspot E. coli (+) samples TC-only samples 
Grey/Bruce 133 47 
Niagara/Hamilton 71 82 
High Cattle 66 87 
Kingston/Belleville 27 20 
Total 297 236 
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Figure 4-4: E. coli CFU/100 mL histogram for the E. coli (+) sample set.  
 
E. coli CFU/100 mL for E. coli (+) samples are non-normally distributed. Data is heavily right-skewed 
due to the high percentage of samples (66%) having ≤10 E. coli CFU/100 mL.  
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Figure 4-5: TC CFU/100 mL histogram for the E. coli (+) sample set. 
 
TC CFU/100 mL for E. coli (+) samples are non-normally distributed. Data is heavily left-skewed due to 
the high percentage of samples (52%) having >80 TC CFU/100 mL.  
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Figure 4-6: TC CFU/100 mL histograms for the TC-only sample set.  
 
TC CFU/100 mL for TC-only samples are non-normally distributed. Data is heavily right-skewed due to 
the high percentage of samples (59%) having ≤10 TC CFU/100 mL.  
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Figure 4-7: Results of the total, human and bovine-specific Bacteroides qPCR assays for E. coli (+) 
and TC-only samples.  
 
E. coli (+) and TC-only samples were assigned a MST status based on Bacteroides 16S rRNA genetic 
markers detected by qPCR. Samples free of all Bacteroides markers tested for (total, human and bovine-
specific) are indicated by “None”, samples with only the total Bacteroides marker detected (but not human 
or bovine-specific) and indicated by “Total only”, samples with both total and human-specific Bacteroides 
markers detected are indicted by “Human”, samples where both total and bovine-specific markers are 
detected are indicated by “Bovine” and lastly, samples where all three markers are detected are indicated 
by “Human and Bovine”. Among the E. coli (+) samples, 77% were positive for at least the total 
Bacteroides genetic marker, compared to 50% for the TC-only samples. A high percentage of the E. coli 
(+) samples were also positive for human-specific Bacteroides genetic markers compared to TC-only 
samples (41% and 22%, respectively). Both sample sets had a low percentage of bovine-specific 
contamination.  
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Figure 4-8: Sources of contamination for E. coli (+) samples within each sampling region.  
 
Of the 297 E. coli (+) samples tested with the three MST qPCR assays, 289 produced qPCR results 
suitable for interpretation. Samples were analyzed based on the region from which they originated and 
assigned a MST status based on Bacteroides genetic markers detected by qPCR. A statistically significant 
difference was detected between region and source of contamination for samples. Specifically, the 
Kingston/Belleville and Grey/Bruce regions had a statistically higher proportion of samples with human-
specific Bacteroides genetic markers detected compared to the Niagara/Hamilton and the High Cattle 
regions. 
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Table 4-2: Presence of human-specific Bacteroides genetic markers in E. coli (+) samples compared 
to the presence of non-human fecal contamination for each of the four regions.  
MST 
positive 

Kingston/Belleville 
(2012) 

Grey/Bruce Niagara/Hamilton High 
Cattle 

Total 

Human  57 71 24 18 170 
Non-
Human 

25 36 25 23 109 

Total 82 107 49 41 279 
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Figure 4-9: Sources of contamination in TC-only samples within each sampling region.  
 
Of the 236 TC-only samples tested with the three MST qPCR assays, 230 gave suitable results. These 
samples were analyzed according to hotspot of origin and assigned a MST status based on which 
Bacteroides genetic markers were detected by qPCR. A statistically significant difference was detected 
between region and source of contamination for samples. Specifically, there were a significantly higher 
proportion of samples with no Bacteroides genetic markers detected in the High Cattle and Grey/Bruce 
region compared to the Kingston/Belleville and Niagara/Hamilton region, which have significantly more 
samples with only total Bacteroides genetic markers detected. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

30	  

63	  

39	  

57	  

40	  

15	  

31	  

20	  

30	  

20	  

30	  

18	  

0	   2	   4	   5	  
0	   2	   4	  

1	  
0	  

10	  

20	  

30	  

40	  

50	  

60	  

70	  

K/B	  2014	   G/B	   N/H	   High	  Cattle	  

%
	  o
f	  s
am

p
le
s	  
th
at
	  t
es
te
d
	  p
os
it
iv
e	  

None	  

Total	  only	  

All	  Human	  

All	  Bovine	  

Human	  +	  Bovine	  



	  
	  

86	   	  

 
 
 
 
 
 
 
 
 
 
 
Table 4-3: Presence of human-specific Bacteroides genetic markers in TC-only samples compared to 
the presence of non-human fecal contamination for each of the four regions.  
MST positive Kingston/Belleville 

(2014) 
Grey/Bruce Niagara/Hamilton High Cattle Total 

Human  6 9 23 16 54 
Non-Human 8 8 24 21 61 
Total 14 17 37 47 115 
 
 
 
 
 
Table 4-4: Presence of all Bacteroides genetic markers (total, human and bovine) in TC-only 
samples compared to absence of all Bacteroides genetic markers for each of the four regions.  
MST positive Kingston/ 

Belleville 
(2014) 

Grey/Bruce Niagara/ 
Hamilton 

High Cattle Total 

All Bacteroides 
positive 

14 17 47 37 115 

All Bacteroides 
negative  

6 29 30 50 115 

Total 20 46 77 87 230 
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Table 4-5: E. coli culture (+) samples stratified by E. coli qPCR result based on three different LOD 
of the 23S rRNA gene.  
E.coli qPCR  LOD: 7 gene copies 

(≥20 cells/100 mL) 
LOD: 2.5 gene copies 
(≥7 cells/100 mL) 

LOD: ≥1 cell/100 mL 

(+) 39 (13.5%) 113 (39%) 248 (86%) 
(-) 250 (86.5%) 176 (61%) 41 (14%) 
 
 
 
 
 
Table 4-6: The E. coli qPCR results stratified by quantifiable/non-quantifiable E. coli CFU/100 mL 
of filtered water.  
E. coli qPCR 
status/culture group 

1-15 CFU/ 100 mL  >15 CFU/100 mL Total 

qPCR (+) 55 (26%) 59 (73%) 114 
qPCR (-) 153 (74%) 22 (27%) 175 
Total 208 81 289 
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Figure 4-10: Spearman rank correlation of culturable E. coli versus E. coli cells as detected by 
qPCR.  
 
Spearman rank correlation was used to determine the strength of correlation between E. coli CFU/100 mL 
and E. coli cells/100 mL by qPCR. The strength of correlation between these variables was measured 
overall by pooling samples from all regions, by analyzing samples in individual regions, and also by 
whether or not the measure of E. coli culture was considered non-quantifiable (1-15 CFU/100 mL), or 
quantifiable (>15 CFU/100 mL). Bars with no asterisks above them indicate no significant correlation 
among variables. Bars with asterisks above them indicate significant correlation. One asterisk indicates a 
weak correlation (*), two a moderate strength correlation (**) and three a strong correlation (***).  
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Figure 4-11: Spearman rank correlation of total and human-specific Bacteroides genetic markers in 
E. coli (+) and TC-only samples.  
 
Spearman rank correlation was used to determine the strength of correlation between total and human-
specific Bacteroides genetic markers. The strength of correlation between these variables was measured 
overall by pooling samples from all regions and also by analyzing samples in individual regions. Bars with 
no asterisks above them indicate no significant correlation among variables. Bars with asterisks above 
them indicate significant correlation. One asterisk indicates a weak correlation (*), two a moderate 
strength correlation (**) and three a strong correlation (***).  
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Figure 4-12: Spearman rank correlation of total Bacteroides genetic markers to E. coli culture and 
E. coli cells as detected by qPCR in E. coli (+) samples.  
 
Spearman rank correlation was used to determine the strength of correlation between total Bacteroides 
genetic markers and E. coli, both by culture (CFU/100 mL) and qPCR (E. coli cells/100 mL). The strength 
of correlation between these variables was measured overall by pooling samples from all regions, by 
analyzing samples in individual regions, and also by whether or not the measure of E. coli culture was 
considered non-quantifiable (1-15 CFU/100 mL), or quantifiable (>15 CFU/100 mL). Bars with no 
asterisks above them indicate no significant correlation among variables. Bars with asterisks above them 
indicate significant correlation. One asterisk indicates a weak correlation (*), two a moderate strength 
correlation (**) and three a strong correlation (***). 
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Figure 4-13: Spearman rank correlation of human-specific Bacteroides genetic markers to E. coli 
culture and E. coli cells as detected by qPCR in E. coli (+) samples.  
 
Spearman rank correlation was used to determine the strength of correlation between human-specific 
Bacteroides genetic markers and E. coli, both by culture (CFU/100 mL) and qPCR (E. coli cells/100 mL). 
The strength of correlation between these variables was measured overall by pooling samples from all 
regions, by analyzing samples in individual regions, and also by whether or not the measure of E. coli 
culture was considered non-quantifiable (1-15 CFU/100 mL), or quantifiable (>15 CFU/100 mL). Bars 
with no asterisks above them indicate no significant correlation among variables. Bars with asterisks 
above them indicate significant correlation. One asterisk indicates a weak correlation (*), two a moderate 
strength correlation (**) and three a strong correlation (***). 
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Table 4-7: Full profile of the water samples that tested positive for the presence of an enteric 
pathogen 
 

Sample Pathogen 
Present 

TC 
CFU/100 
mL 

E. coli 
CFU/100 
mL 

E. coli 
cells/100 
mL-
qPCR 

Human 
(gene 
copies) 

Bovine 
(gene 
copies) 

Total 
(gene 
copies) 

Hotspot 

1 C. jejuni 5 0 0 0 0 0 High Cattle 
2 C. jejuni 64 0 3.2 21 0 50 Kingston/Belleville 
3 C. jejuni 3 0 0 0 0 15 High Cattle 
4 C. jejuni 8 0 0 0 0 0 Grey/Bruce 
5 C. jejuni 81 45 20 8,498 44 37,515 Grey/Bruce 
6 stx1 81 2 1.3 0 0 0 High Cattle 
7 stx1 1 0 0 0 0 1,333 Niagara/Hamilton 
8 stx1 81 0 4.2 1,740 0 11,890 Grey/Bruce 
9 stx1 22 0 11.4 0 0 0 Niagara/Hamilton 

 
10 stx1 20 0 18.6 0 0 17 Niagara/Hamilton 
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Figure 4-14: Map showing the location of private drinking water wells that were associated with a 
water sample positive for an enteric pathogen.  
 
Of the 519 drinking water samples that were successfully tested with all qPCR assays, 10 total (1.9%) 
were positive for the presence of either stx1 toxin or C. jejuni. This included two samples from E. coli 
positive waters and eight from waters negative for E. coli but positive for TC.  
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Table 4-8: Summary of the phylotypes assigned to the 96 total E. coli isolates (Eight E. coli isolates 
from 12 individual samples) from the E. coli (+) sample set. 

E. coli (+) well A B1 B1: ET-

1 

B2 D E Cryptic 

clades III-

V 

Kingston/Belleville 1   8     

Kingston/Belleville 2 2 3 1  2   

Grey/Bruce 1  4 2  2   

Grey/Bruce 2 8       

Grey/Bruce 3 4 2   2   

Grey/Bruce 4 3 2 2 1    

Niagara/Hamilton 1 1 4 3     

Niagara/Hamilton 2  7 1     

Niagara/Hamilton 3 3  2 1  2  

High Cattle 1  4 4     

High Cattle 2 4 2 2     

High Cattle 3 3    4  1 

Total 28 28  25  2  10  2  1  
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Chapter 5 

Discussion  

 

5.1 Microbial fecal sources of contamination in Ontario E. coli hotspot well waters 
 
 Relative to TC-only samples, a higher percentage of E. coli (+) samples (by culture) were also 

contaminated with Bacteroides 16S rRNA genetic markers (77% versus 50%). Given that E. coli and 

Bacteroides are both of fecal origin, this finding is not surprising, whereas TC are often associated with 

soil and the environment in addition to feces. Twenty three percent of samples positive for culturable E. 

coli were negative for Bacteroides genetic markers as detected by qPCR. This apparent discrepancy may 

be consequent to the fact that E. coli detection using culture is presumptive in this study (discussed further 

in 5.4). Further, these samples may have had fecal contamination in the form of Bacteroides that is 

attributable to hosts other than the 10 sources potentially detected by the total Bacteroides assay. The 

sources of Bacteroides that can be detected by the three assays are limited to human, bovine, feline, deer, 

canine, anserine, gull, equine, swine and raccoon. This leaves room for fecal contamination from other 

hosts that would not be detected. Lastly, there is the possibility that the three Bacteroides qPCR assays 

were inadequately sensitive for small volume water samples. In instances where E. coli CFU/100 mL 

counts are low, it is possible that the MST assay was not sensitive enough to detect trace amounts of host-

specific fecal contamination, especially considering the LOD for these assays was 10 gene copies/reaction. 

This explanation is further supported by the fact that 66% of E. coli (+) samples had low E. coli counts of 

1 to 10 CFU/100 mL. Similarly, Krolik et al. (2014) showed that of private drinking water samples 

positive for culturable E. coli, 23.6% were negative for all three Bacteroides assays.  

Although the TC-only samples had less total Bacteroides contamination as measured by 16S 

rRNA genetic markers than E. coli (+) samples, 50% of TC-only samples were positive for Bacteroides. 

Many of these samples, although negative for culturable E. coli, were positive for E. coli by qPCR, 
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suggesting that the samples were likely fecally contaminated at one time with organisms that are now 

either non-viable or VBNC. Similarly, Bacteroides DNA was detected in the absence of culturable E. coli.   

When samples in the E. coli (+) set were analyzed by region, it was observed that there was an 

association between region and source of well water contamination. Specifically, the Kingston/Belleville 

and Grey/Bruce regions had a significantly higher percentage of samples with human-specific Bacteroides 

genetic markers detected (49% and 54%, respectively) than the Niagara/Hamilton and the High Cattle 

regions (35% and 29%, respectively). Moreover, for the later, contamination was mostly attributed to a 

range of hosts detected by the total Bacteroides assay, other than humans and bovine. Further, very few 

samples from the Kingston/Belleville and Grey/Bruce regions had no Bacteroides contamination at 24 and 

19%, respectively, compared to 28 and 34% for Niagara/Hamilton and High Cattle, respectively. This 

association may be related to the underlying geology of the regions. In the Kingston/Belleville area, the 

predominant aquifer is fractured bedrock, specifically limestone, with the top 10 to 30 metres being 

heavily fractured and allowing for contamination from a number of sources (Dillon Consulting Ltd. 2004). 

There are also a number of extremely vulnerable areas due to karstic occurrences and only isolated 

occurrences of clay, silt or till layers of sufficient thickness to provide protection at a local scale (Dillon 

Consulting Ltd. 2004). Within the Grey/Bruce region, bedrock is exposed over much of the area and there 

are prominent and widespread karst features present throughout which have a major impact on the quality 

of surface and groundwater (Cowan & Sharpe 2007). Within the Grey/Bruce region there are isolate 

occurrences of glacial sediment of silt, sand and clay present in various proportions, but overall the region 

is noted for absence of glacial sediment, similar to Kingston/Belleville. This implies that groundwater 

supplies in the Kingston/Belleville and Grey/Bruce regions are susceptible to infiltration of surface 

contaminates including livestock manure, household sewage, agricultural fertilizers, etc. In contrast, the 

Niagara/Hamilton and High Cattle hotspots sit upon underlying geology that contains less areas with 

known or potential karst formations, and are more likely to have layers of clay and silt present which are 

materials with lower permeability and of sufficient thickness to provide protection from various sources of 

contamination that can enter groundwater (Brunton & Dodge 2008, Shaw 2016). 
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  Wells with significant human-specific contamination as determined by the presence of human-

specific Bacteroides 16S rRNA genetic markers, may be more vulnerable to contamination from private 

septic systems, rather than livestock or agricultural resources, given leachate from septic systems has been 

identified as a major potential source of groundwater contamination with pathogens (Bremer & Harter 

2012). Wells in close proximity to septic systems in karst terrain or on fractured rocks are especially 

vulnerable to contamination by pathogens. This is because many rural residents who rely on private 

drinking water wells are also dependent on household septic tanks (Bremer & Harter 2012). This reveals 

that greater well density may imply greater septic density and therefore a greater likelihood of human 

fecal contamination in private wells at a regional level. Arnade et al. (1999) demonstrated a statistically 

significant correlation between FC concentrations and decreasing distance between residential wells and 

septic tanks located in Palm Bay. Hynds et al. (2012) found a significant association between septic tank 

location and FC presence. Lastly, Bremer and Harter (2012) showed that as septic system density 

increases, this yields a higher probability of intersection and contamination of nearby domestic wells. 

TC-only sample analysis revealed that all the regions, with the exception of Kingston/Belleville, 

had a high proportion of samples that were negative for the presence of Bacteroides 16S rRNA genetic 

markers. The Kingston/Belleville included a particularly small data set, and was excluded for this 

particular analysis. In contrast to the E. coli (+) sample set, there was no statistically significant difference 

in percentage of human-specific contamination between regions. However, the Grey/Bruce and High 

Cattle regions have significantly higher percentage of samples with no Bacteroides genetic markers 

detected, 63% and 57%, respectively compared to 39% for the Niagara/Hamilton region. This may suggest 

that wells with TC-only contamination in these two regions are less susceptible to future or past fecal 

contamination compared to TC-only wells from the Niagara/Hamilton region. This may be due to well 

integrity and structure, frequent testing and treatment, and appropriate distance from septic tanks as well 

as differing underlying hydrology as mentioned previously (Besner et al. 2002; Tallon et al. 2005; Saxena 

et al. 2015).  
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5.2 Correlation of traditional culture and molecular methods for the detection of E. coli 
 

All samples positive for culturable E. coli were also analyzed for the presence of E. coli as 

detected by qPCR in order to determine the relationship between traditional culture and qPCR. The two 

methods were not in good agreement when using the previously established LOD of 7 copies of the 23S 

rRNA gene per reaction or 20 E. coli cells/100 mL. Only 13.5% of E. coli (+) samples were positive by 

culture and qPCR. This improved to 39% when the LOD was adjusted to 2.5 gene copies per reaction or 7 

E. coli cells/100 mL. This poor agreement between methods may be consequent to the fact that the 

majority of E. coli culture positive samples had ≤10 E. coli CFU/ 100 mL as demonstrated in Figure 4-5. 

As such, the E. coli numbers are below the LOD for E. coli qPCR. If all samples that had at least one E. 

coli cell/100 mL detected by qPCR are considered positive, 85% of E. coli culture positive samples are 

also positive for E. coli qPCR, a much higher level of agreement.  The remaining 15% of samples might 

not have been positive for E.coli by qPCR as the culture test is only presumptive. However, the high 

percentage of culture positive E. coli samples with E. coli below the LOD in qPCR is still potentially 

concerning. Although Chern et al. (2011) demonstrated this qPCR assay was more sensitive for E. coli 

cells than alternative assays due to its multi-copy gene target, it may still not be sufficiently sensitive for 

small-volume water samples from private drinking wells, when low E. coli counts are difficult to 

distinguish from background signal. Chern et al. (2011) tested this assay with small-volume water 

samples, but from wastewater and surface water sources, which are generally considered to be more 

heavily impacted by fecal contamination than private drinking wells (Wallender et al. 2013).   

Using the LOD of 2.5 copies for the E. coli qPCR assay, a Pearson chi-squared analysis 

determined that samples within the quantifiable group (>15 E. coli CFU/100 mL) were statistically more 

likely to test positive for the E. coli qPCR, whereas samples within the non-quantifiable group (1-15 E. 

coli CFU/100 mL) were more likely to test negative. A Spearman rank correlation test further 

demonstrated that when samples from all regions were pooled, the strength of correlation between E. coli 

CFU/100 mL and E. coli as determined by qPCR was highly significant (ρ =0.59, p<0.0001), a trend that 
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was also seen when analyzing by individual regions. When pooled samples were separated into those by 

non-quantifiable (1-15 E. coli CFU/100 mL) and quantifiable groups (>15 E. coli CFU/100 mL), a 

significant correlation was only seen in the latter (ρ =0.53 p<0.0001), further supporting the results of the 

chi-square test. Overall, it is evident that measures of culturable E. coli and E. coli as detected by qPCR 

are in good agreement when culturable E. coli is within the quantifiable range. Moderate strength instead 

of strong correlation may be because of culture methods detecting presumptive E. coli, as well as the 

presence of non-viable or VBNC cells in environmental samples.  

 

5.3 The relationship of total Bacteroides to human-specific Bacteroides 

 Spearman rank correlations methodology was also used to determine the nature of the relationship 

between the amount of total Bacteroides and human-specific Bacteroides 16S rRNA genetic markers 

within water samples and further informed the predominant source of contamination for each of the four 

areas. In the case of the E. coli (+) sample set there was a significantly strong correlation (ρ=0.83, 

p<0.0001) between total and human-specific genetic markers both when samples were pooled and within 

each region when analyzed alone. This indicates that well waters in this study are predominantly 

contaminated with human fecal matter with little additional contamination from other species, specifically 

the other nine targets of the total Bacteroides assay (Lee et al. 2010). Similarly, a study of Ontario surface 

water showed that at two agricultural sites more heavily contaminated with bovine sourced contamination, 

the concentration of total Bacteroides markers was strongly correlated with that of bovine-specific 

markers (r=0.72 and 0.81) but not with the human-specific marker (Lee et al. 2014). Further, the 

concentration of total markers in wastewater treatment plant (WWTP) effluent, which manages human 

waste only and sites downstream of sewage contamination, exhibited a significant correlation with human-

specific markers (r=0.89 and 0.72), but not with the bovine-specific markers.  

 In the TC-only sample set, a weaker correlation between total and human-specific markers was 

seen overall among the pooled analysis (ρ =0.55, p<0.0001). However, when analyzed by region, samples 

in the Grey/Bruce, High Cattle and Kingston/Belleville were all strongly correlated (ρ =0.95, ρ =0.74 and 
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ρ =0.89, respectively) and samples in the Niagara/Hamilton region alone were not significantly correlated. 

This indicates that of the TC-only samples, only those from the Niagara/Hamilton region are not primarily 

influenced by human contamination indicating influence from other animals detected by the total 

Bacteroides assay. Sauer et al. (2011) found there was a significantly moderate correlation between total 

and human-specific Bacteroides markers (ρ=0.55) within stormwater in the urban environment of 

Wisconsin suggesting that the fecal pollution was not limited to only human sources. 

  

5.4 The relationship of total and human-specific Bacteroides to traditional fecal indicators, E. coli 

and TC 

 One of the main objectives of this study was to determine the nature of the relationship between 

different fecal indicators detected in water samples. Spearman rank correlations were used to determine 

the nature of the relationship between E. coli, the traditional indicator of fecal contamination, as well as 

TC, to an alternative fecal indicator, Bacteroides, with water samples from private drinking water wells in 

hotspot regions. It was hypothesized that concentrations of E. coli and Bacteroides genetic markers be in 

good agreement with each other based on the fact that both are present in high quantities in the fecal 

material of warm-blooded mammals and therefore serve as indicators of fecal contamination. It was 

expected that TC and Bacteroides would be in poor agreement due to the fact that TC are indicators of 

well integrity and possible environmental contamination rather than of fecal contamination.  

First, the relationship between total Bacteroides 16S rRNA genetic markers and culturable E. coli 

was determined. When samples from all regions were pooled into one data set and analyzed, there was a 

weak but significant correlation between total Bacteroides and culturable E. coli (ρ=0.20, p<0.01). When 

samples were analyzed by region, only those from the Grey/Bruce were significantly correlated (ρ=0.29, 

p<0.01). However, it should be noted that the correlation of total Bacteroides and culturable E. coli was 

nearing significance in the Niagara/Hamilton region (ρ =0.27 p=0.06), indicating that the significant 

correlation overall is not just influenced by the Grey/Bruce region. There was also a significant correlation 

among total Bacteroides and culturable E. coli when considering those samples within the quantifiable 
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groups (>15 E. coli CFU/100 mL) (ρ =0.27, p=0.02), but not for samples in the non-quantifiable group (1-

15 E. coli CFU/100 mL). This indicates that a more stable relationship exists between total Bacteroides 

and E. coli when E. coli contamination as measured by culture is within the quantifiable range. Similar 

strength correlations between total Bacteroides markers and culturable E. coli have been reported in other 

studies. A French study investigated pig and human-specific fecal contamination in river water samples 

and found no significant correlation between culturable E. coli concentrations and the concentrations of 

pig (r2=0.12), human (r2=0.11) and total Bacteroides markers (r2=0.15) (Mieszkin et al. 2009). An Ontario 

study looked at surface water samples using the same procedures detailed here for both the cultivation of 

E. coli and detection of Bacteroides markers (Lee et al. 2010). When the total Bacteroides numbers from 

all the sampling locations were pooled and plotted against the number of E. coli, they exhibited a weak but 

significant correlation (r2=0.22).  

Overall, the correlation between total Bacteroides genetic markers and culturable E. coli although 

significant, is weaker than expected for organisms that are said to both be highly present in fecal matter. 

However, not all studies report similar findings to this one. One such study in Nova Scotia discovered that 

in water samples from an agricultural watershed, total Bacteroides genetic markers and E. coli 

concentrations were significantly correlated (ρ=0.63) (Ridley et al. 2014). Lee et al. (2014) assessed the 

fecal water pollution in the Grand River in Ontario and found that when data was pooled from all sites, the 

number of culturable E. coli when plotted against total Bacteroides markers resulted in a statistically 

significant correlation (r2=0.73).   

In the context of qPCR for both E. coli and Bacteroides, the correlation between total Bacteroides 

generic markers and E. coli (qPCR) is stronger than the correlation to culturable E. coli. When data from 

all samples are pooled, a stronger significant correlation between total Bacteroides and E. coli (ρ =0.34 

p<0.001) exists. Similarly, the Grey/Bruce region displayed a stronger correlation (ρ =0.44, p<0.01), and 

the Niagara/Hamilton region was once again nearly significant (ρ =0.27, p=0.07). This trend has been 

previously documented for other water sources. Within stormwater in the urban environment of 

Milwaukee Wisconsin there was a stronger correlation of E. coli as detected by qPCR to total Bacteroides 
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(ρ =0.464), than to culturable E. coli, (ρ=0.336) (Sauer et al. 2011). This trend was also seen with 

Enterococci measurements, where qPCR was better correlated (ρ=0.473) to total Bacteroides than 

culturable Enterococci (ρ=0.328).  

In addition to the previously presented explanations for poor indicator correlation, it is known that 

the persistence of fecal indicator bacteria like E.coli differs from Bacteroides markers in environmental 

waters and are highly dependent on factors such as dissolved oxygen concentration in water, temperature, 

sunlight, salinity and predator presence (Okabe et al. 2007; Lee et al. 2010). For example, Walters and 

Field (2009) showed that within microcosms containing natural river water, survival and persistence was 

greatest in E. coli followed by enterococci and finally ruminant and human-specific Bacteroides genetic 

markers. The environmental persistence of fecal indicator bacteria and Bacteroides genetic markers is 

affected differently by environmental factors. Okabe and Shimazu (2007) compared the survival under 

different temperature and salinity conditions of host-specific Bacteroides markers for total, human, cow 

and pig in environmental waters to the survival of conventional fecal-indicator organisms. Decay rates for 

the Bacteroides genes were greater at high temperatures, and much lower between 4-12oC. TC and FC 

decay rates, as measured by culture, were lower at temperatures above 10oC and fastest at 4oC. All water 

samples in this study were collected in the warmer summer months leading to exposure to higher 

temperatures (before reaching colder ground water supplies) and quicker decay of Bacteroides markers, 

but slower decay of FC including E. coli. This could potentially explain the low correlation of E. coli and 

Bacteroides genetic markers and also provides another explanation for the 23% of E. coli (+) samples 

negative for Bacteroides genetic markers as discussed in section 5.1. Okabe and Shimazu (2007) also 

demonstrated that Bacteroides genetic markers tended to decrease faster at low salinities, TC counts 

decayed quickly with higher salinity, and no significant effect of salinity was observed for FC.  

Further differences may be explained by the different methods of detection: that is, culture for E. 

coli and qPCR for Bacteroides genetic markers (Okabe et al. 2007; Lee et al. 2010). Firstly, culture will 

not be able to detect non-viable or VBNC E. coli cells, whereas qPCR will be able to detect the whole 

range of E. coli and similarly Bacteroides genetic markers. This leads to a better agreement between E. 
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coli and total Bacteroides qPCR. Culturable E. coli may be in poor agreement with total Bacteroides 

genetic markers because it is not accounting for all of E. coli present, including live, dead and VBNC, and 

therefore fecal contamination in a sample. A second caveat for traditional culture methods compared to 

qPCR is that E. coli detection using culture is presumptive in this study, and based on a phenotypic assay, 

without further biochemical or molecular confirmation. As a result, some presumptive E. coli CFU may in 

fact be other members of the Enterobacteriaceae family, and therefore falsely positive for E. coli and not 

necessarily indicative of fecal contamination (Anna Majury, personal communication). For instance, it 

was observed in the naturalized E.coli pilot study when selecting for E. coli colonies to further confirm by 

API 20E and qPCR, 9% of presumptive colonies were not E.coli by further tests but were actually 

revealed by to be other organisms including Enterobacter, Kluyvera, Klebsiella and Raoutella. 

Interestingly, these are closely related organisms that can be considered to be FC but are also often found 

naturally within the environment. Although the detection of ß-D-glucuronidase activity is generally a good 

marker of E. coli, this enzyme has been reported in other organisms including Salmonella, Shigella, 

Bacteroides, Clostridium and more. All these glucuronidase (+) bacteria could lead to false positive 

detections when selecting for E. coli (Cabral 2010). Therefore, if culture tests are accounting for more E. 

coli than actually present, this may affect the correlation with total Bacteroides genetic markers. In 

contrast, the E. coli qPCR was pre-determined to be specific to E.coli strains (Chern et al. 2011) and will 

not detect other organisms.  

 It was also investigated whether or not there was a relationship between human-specific 

Bacteroides 16S rRNA genetic markers and E. coli. When data from all regions was pooled for analysis, 

human-specific Bacteroides genetic markers and culturable E. coli were not significantly correlated. 

However, when samples were analyzed by region, those within the Grey/Bruce were significantly 

correlated (ρ =0.30, p=0.01). When human-specific Bacteroides genetic markers were then correlated to 

E. coli as detected by qPCR rather than culture, there was an overall significant correlation among pooled 

samples (ρ =0.30, p=0.01) and an increase in the strength of correlation for the Grey/Bruce region 

specifically (ρ=0.47 p=0.005). In this case, it appears that the data from the Grey/Bruce region is 
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influencing the overall correlation among pooled samples, since it accounts for nearly half (46%) of the 

samples in the pooled group, and a significant correlation between these variables was not seen among 

samples in any other region. These results are not surprising for human-specific contamination, as the 

literature shows that the correlation between fecal indicators and human-specific Bacteroides genetic 

markers is often not as strong as with total Bacteroides. Sauer et al. (2011) showed that although total 

Bacteroides genetic markers were significantly correlated with E.coli (culture and qPCR), human-specific 

markers exhibited non-significant correlation with culturable E. coli and Enterococci and weak correlation 

with E. coli by qPCR (ρ=0.16). Okabe et al. (2007) collected river water samples in Japan and showed 

that total Bacteroides genetic markers showed a moderate level of correlation (r2=0.49) with FC, but that 

human-specific Bacteroides gene markers showed no significant correlation with FC (r2=0.12) this was 

thought to be because the river water was contaminated with multiple fecal contaminants.  

 The overall non-existent and weak correlation of E. coli (culturable and qPCR) to human-specific 

Bacteroides 16S rRNA genetic markers is partially due to the inherent differences between traditional 

culture methods and qPCR and the differences in survival of E. coli to Bacteroides. However, it is also 

thought that the strength of correlation may be weak because E. coli is not indicative of human 

contamination specifically. Strains of E. coli are prominent within the GI tract of the majority of warm-

blooded animals. Therefore a number of sources besides humans, including pets, domestic livestock and 

various wildlife could be responsible for E. coli contamination in private well waters.  However, a 

significant correlation was observed between human-specific Bacteroides genetic markers and E. coli 

(both culture and qPCR) within samples from the Grey/Bruce region. This corroborates the results of the 

MST analysis for the E. coli (+) samples, where it was shown that the Grey/Bruce region had a 

significantly higher percentage of samples with human-specific contamination as measured by 

Bacteroides genetic markers, compared to other regions. Comparatively, the Niagara/Hamilton and High 

Cattle regions had a significantly lower percentage of E. coli (+) samples with human-specific Bacteroides 

genetic markers detected, and a higher percentage of samples in which only the total Bacteroides genetic 

marker was detected. This may explain the overall lack of correlation of E. coli and human-specific 
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Bacteroides genetic markers within pooled samples and indicate that other species detected by the total 

Bacteroides assay had an influence on contamination of private water supplies in the Niagara/Hamilton 

and High Cattle regions.    

Total and human-specific Bacteroides 16S rRNA genetic marker analyses in the context of 

correlation to TC showed poor, non-significant correlation. This was to be expected given TC are not fecal 

indicators but rather an indicator of environmental contamination; for example, from soil and vegetation 

or surface waters, and demonstrate well vulnerability. It may also serve as a measure of water treatment 

efficacy or overall changes to well water microbiology (Tallon et al. 2005).  

    

5.5 Enteric pathogens in private drinking water wells 

 Of the 519 total drinking water samples tested for the three pathogens of interest using qPCR, 10 

samples (1.9%) were positive for the presence of an enteric pathogen. All were negative for Salmonella 

spp., five samples were positive for the hipO gene that is specific to C. jejuni and five for the stx1 gene 

that encodes the Stx1 toxin produced by STEC and Shigella spp. It was hypothesized that water from 

private drinking wells in these regions would demonstrate contamination with enteric pathogens because 

these wells had previously shown to be at a significantly higher risk of E. coli contamination and E. coli is 

assumed to be the most reliable indicator of fecal contamination and thus potential enteric pathogens 

(Edberg et al. 2000; Saxena et al. 2015). Although a positivity of 1.9% may at first appear less than 

expected, it is actually quite significant given this study was limited by a small volume of water available 

for testing (100 mL) and this decreases the probability of detecting pathogens. Similar studies (Walters et 

al. 2007; Fremaux et al. 2009; Jokinen et al. 2010) have used small amounts of water (<1 L) to test for the 

presence of pathogens, but in most cases the type of water being sampled included surface or wastewater, 

which are much more likely to show evidence of contamination with enteric pathogens than groundwater 

sources, especially private supplies (Wallender et al. 2013). Hanninen et al. (2003) studied waterborne 

outbreaks in Finland caused by C. jejuni in private ground water supplies and found that the use of large 

sample volumes of several liters, as opposed to ≤1 L proposed by the International Standardization 
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Organization for detection of Campylobacter from drinking water, increased the chance of detecting the 

pathogen in water (International Standardization Organization 2005). Schetes et al. (2005) discovered that 

E. coli O157, as detected by qPCR, was isolated more frequently from 1 L, versus 100 mL sample 

volumes of private groundwater drinking wells in the Netherlands. In general, studies that are 

investigating the microbial quality of private groundwater wells use large volume samples >100 mL 

water, and often >1 L (Borchardt et al. 2003; Won et al. 2013).  

 It is plausible that the enteric pathogen presence percentage was influenced by the fact that a 

majority of the E. coli (+) samples (66%) were sparsely contaminated with E. coli (1-10 E.coli CFU/100 

mL). Many studies show that E. coli culture is significantly correlated to enteric pathogen presence and 

that as E. coli CFU/100 mL increases so does the chance of an enteric pathogen being present 

(Savichtcheva et al. 2007; Vereen et al. 2007; Jokinen et al. 2010). For example, it is estimated that 

approximately 8% of all E. coli are pathogenic strains including STEC, indicating that the fewer total E. 

coli present in a sample the fewer pathogenic strains (Haas et al. 1999). Wilkes et al. (2009) investigated 

the relationships among indicator bacteria and pathogens within surface waters in Ontario, and found that 

E. coli densities above 89, 25.5 and 29.5 CFU/100 mL predicted whether water samples were likely to 

contain Salmonella, Cyrptosporidium and Giardia, respectively. As well, medians of E. coli density were 

predominantly higher when Salmonella or Campylobacter was specifically present in a water sample (320 

CFU/100 mL and 102 CFU/100 mL, respectively) compared to circumstances in which these pathogens 

were absent (44 CFU/100 mL and 41 CFU/100 mL, respectively). Edge et al. (2012) analyzed surface 

water samples in agricultural watersheds in Canada and showed there was a significant correlation of 

increasing annual mean number of waterborne pathogens with increasing E. coli CFU/100 mL (r2=0.398), 

and the environmental benchmark for waterborne pathogens (Campylobacter, Salmonella, E. coli O157, 

Crytosporidium, and Giardia) was an annual mean E. coli concentration of ≤49 CFU/100 mL. This 

indicates that in samples with 49 or less E. coli CFU/100 mL, pathogens are not as likely to be found. 

Lastly, Stea et al. (2015) analyzed surface water samples from watersheds in Nova Scotia and found there 
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was a 4.4, 3.5, and 4.3 times higher odds of detecting Campylobacter, Salmonella and E. coli O157, 

respectively, when samples had ≥100 CFU/100 mL.  

Secondly, it is possible that private ground water drinking wells within the regions studied are not 

often highly contaminated specifically with C. jejuni, Salmonella spp., or STEC species including E. coli 

O157. Although there is a vast amount of literature indicating that other water types such as surface water, 

waste water, and sewage effluent are often contaminated with these and other pathogens, there is relatively 

less evidence of enteric pathogens within private ground water supplies (Horman et al. 2004; Walters et 

al. 2007; Viau et al. 2011). Won et al. (2013) showed that in private wells proximal to bovine operations 

in northeastern Ohio, Campylobacter spp. DNA was not detected by qPCR in any of the samples tested 

and that E. coli O157:H7 was detected in 4% of samples, a similar finding to this study. Similarly, Schets 

et al. (2005) tested drinking water from private water supplies in the Netherlands and showed that E. coli 

O157:H7 was isolated from 2.7% of samples. This investigation was limited to methods to detect only a 

few types of bacterial enteric pathogens with qPCR as it is not feasible to test for the whole range of 

pathogenic organisms that may be present in these water sources. Although C. jejuni, Salmonella spp., and 

STEC species are some of the most commonly reported bacterial pathogens causing illness in individuals, 

they are only a few of several pathogens implicated in waterborne outbreaks. For instance, there are a 

number of parasites and viruses including Giardia, Cryptosporidium, norovirus and rotavirus that are 

commonly implicated in these types of outbreaks. It is possible that the wells sampled in these regions at 

greater risk of E. coli contamination could be more often contaminated with enteric pathogens not tested 

for in this investigation.  

Due to few samples with bacterial contamination, statistical analyses were not performed to assess 

the predictive value of fecal indicators as it relates to pathogen presence. Overall, eight of the 10 samples 

in which pathogen presence was detected showed evidence of some sort of fecal contamination, either E. 

coli (by culture or qPCR) or Bacteroides 16S rRNA genetic markers. However, as seen in Table 4-11, it 

was noted that out of the 10 pathogen positive samples, only two were positive for culturable E. coli, with 

the remaining eight positive for TC-only. Only four samples were positive for E. coli by qPCR if 
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following the LOD of 7 E. coli cells/100 mL. This presents conflicting evidence to the current 

recommendations that E. coli is the single best indicator of fecal contamination and brings in to question 

the real health risk to consumers (Saxena et al. 2015). Many studies have shown that when E. coli or other 

fecal indicators are present within a water supply there is a corresponding risk of GI illness to consumers. 

Risebro et al. (2012) found that there was an elevated risk of GI illness to consumers of water from private 

water systems (PWS) contaminated with E. coli in rural England. The main risk was associated with 

children <10 years of age (annual incidence of GI illness of 6.5 /year compared to <2/year for all other age 

groups). Parminder et al. (1999) aimed to determine the relationship between E. coli in well-water and GI 

illness in rural families living in Ontario. At the individual level, a significant association between well 

water E. coli status and GI illness was observed, with those relying on contaminated water at greater risk. 

Strauss et al. (2001) found that within private wells in southern Ontario, odds ratio of 1.52 for GI illness in 

wells with ≥1 E. coli CFU/100 mL compared to those wells free of E. coli. Children <10 years of age 

specifically had an increased odds of illness (OR=4.23), while long time residents (>10 years) had much 

lower odds of illness (OR=0.25), likely because they had a greater chance of being exposed to 

contaminated groundwater and a greater opportunity to develop resistance and tolerance.    

Although it is evident that the presence of E. coli in private wells and other water sources is 

associated with risk of illness to a consumer, numerous studies give evidence that E. coli does not always 

accurately predict the presence of pathogens within aquatic environments. Won et al. (2013) found that in 

the samples positive for E. coli O157, only 1/7 was also positive for E. coli by a commercial MPN test 

(Quanti-Tray2000 Idexx Laboratories). Subsequently, Tambalo et al. (2012) found that the levels of E. 

coli counts did not correlate with the presence of pathogenic bacteria including Salmonella spp., 

Campylobacter spp. and E. coli O157 detected in river water samples from the Qu’Appelle Valley in 

Saskatchewan. Lastly, Wu et al. (2011) assessed 540 cases representing independent indicator-pathogen 

correlations from 1970-2009 and found that 223 cases showed that indicators were correlated and 317 

cases showed they were uncorrelated. In cases in which E. coli was used as the indicator organisms, only 

25% were correlated to pathogen presence.  
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Although the proportion of contamination by select enteric pathogens was low (1.9%), it was not 

unexpected, as noted above, given the low CFU/100 mL counts for indicator E. coli and the very small 

sample volumes. However, detection of these pathogens in drinking well water does provide evidence that 

a potential human health risk exists for those consuming water from this source. In developed nations, 

clean and safe drinking water is the expected standard, and the presence of enteric pathogens is 

unacceptable as indicated by the Safe Drinking Water Act for Ontario and the World Health Organization 

(Safe Drinking Water Act 2002; WHO 2011). Many of these organisms have a very low infectious dose 

and even a small number, if ingested, may cause infection, especially in immuncompromised individuals 

or, as an example, those persons with first exposure (naïve) to the drinking water sources, such as visitors 

to the well owner’s household. Even if the pathogenic organisms detected are no longer viable, the 

presence of target DNA points to recent past contamination and demonstrates vulnerability of the water 

source to enteric pathogens.   

 

5.6 Naturalized E. coli pilot study 

Lastly, it is thought that this study may have observed a lower amount of pathogens in water 

samples than expected because of the existence of naturalized E. coli. Recently, experimental evidence has 

been gathered that supports the existence of naturalized E. coli populations in a number of different 

environments associated with water (Ishii et al. 2006; Van der Zhang et al. 2012; Tymensen et al. 2015). 

These are E. coli that were once sourced from the fecal waste of humans or animals and instead of 

diminishing once entering natural environments like soil, sands, sediments and water, have adapted for 

survival and proliferation possibly through the horizontal exchange of genes that allow for enhanced 

survival. These naturalized E. coli no longer serve as an indicator of recent fecal contamination, having 

become another of the many organisms associated with the environment, and thus not likely to be 

indicative of pathogen presence. The main phylogroup associated with naturalized E. coli populations is 

the ET-1 clade of the B1 phylogroup, although Tymensen et al. (2015) also found that that some 

naturalized strains belonging to the B1 phylogroup do not fall within this ET-1 clade.  
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 In order to assess potential reasons for low or insignificant correlations, the prevalence of 

naturalized E. coli in a subset of samples was investigated. It was observed that of the 12 water samples 

representing a unique source well tested, 9 (75%) had at least one E. coli isolate typed into a phylogroup 

that indicates naturalized E. coli. Overall, of the 96 total E. coli isolates, 27% were phylotyped into the 

B1, ET-1 clade or the Cryptic clades III-V, all of which indicate naturalized E. coli. This is similar to a 

freshwater beach study in the USA by Walk et al. (2007) whereby naturalized E. coli populations 

appeared to be predominant; the ET-1 clade represented approximately 23% of the E. coli strains present.  

The relatively high abundance of naturalized E. coli in the water samples tested indicates that 

naturalized E. coli may have a significant presence in the private ground water wells of the four regions 

observed and thus may have contributed to a number of discrepancies seen among this investigation. 

Firstly, it may explain the lower than expected percentage of enteric pathogens detected in E. coli (+) 

samples. Naturalized E. coli is a weak indicator of fecal contamination and therefore does not accurately 

predict the presence of enteric pathogens. If a significant amount of E. coli CFU enumerated in E. coli (+) 

samples were naturalized as opposed to fecally sourced, then it would not be surprising to have a large 

proportion of samples also with no pathogen presence. Secondly, it must be considered that the presence 

of naturalized E. coli may be partially responsible for the weaker than expected correlation between total 

and human-specific Bacteroides genetic markers and E.coli (culture and qPCR). Bacteroides on the other 

hand is a reliable indicator of fecal contamination due to its very high abundance in the feces of many 

animals including humans and its inability to survive for long periods of time in the environment. This has 

the ability to give rise to samples in which there is a low amount of total Bacteroides present in a sample 

and a high amount of E. coli that is actually naturalized rather than fecal, resulting in low correlation 

between the two variables.  
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5.7 Concluding remarks 

Evidence from this study shows that well waters in previously identified hotspots of southern 

Ontario are frequently impacted by fecal contamination, especially from humans. Given the relatively high 

risk for E. coli contamination, these hotspots may also be at risk from contamination by a number of other 

pathogens including Campylobacter, STEC, Giardia, norovirus and others. Contamination by 

Campylobacter, Salmonella and STEC were among the pathogens assayed in this study, with evidence of 

both Campylobacter and STEC being detected in at least some samples. The presence of enteric pathogens 

in a drinking water source presents a potential human health risk to consumers. 

 Additional studies also provided evidence that challenges E. coli as the ideal indicator available 

for detecting fecal contamination in private drinking water wells. E. coli did not accurately predict the 

presence of enteric pathogens within those samples tested, and the majority of samples with enteric 

pathogen presence had only TC contamination and no E. coli. Further, E. coli did not strongly correlate 

with other indicators of fecal contamination, notably species-specific Bacteroides, which is a reliable 

indicator of recent fecal contamination given its inability to survive in the environment and its prevalence 

within the feces of many animals.  

Lastly, a relatively high proportion of E. coli isolates (27%) from selected water samples were 

found to be genetically characteristic of naturalized phylotypes, indicating that a significant portion of E. 

coli detected in this study were not derived from recent fecal contamination. This work and that of others 

suggests that fecal indicators beyond E. coli, and detection methods, beyond culture, should be considered 

both at the laboratory and the regulatory level, for drinking water testing in Ontario (Henrich et al. 2016).  

Important future considerations would include studies that aim to characterize the microbiome of 

drinking well waters and the relationship of these microbiomes to well water quality and the interpretation 

of future and current microbial indicators of water quality. Additional fecal pathogens could also be 

investigated, beyond those described in this study, including various waterborne viruses and parasites, 

such as norovirus, Giardia, and Cryptosporidium, as examples relevant to the Ontario population. It would 

also be of importance to investigate well water contamination in the context of the underlying regional 
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geography and land-use as these are considered to have potential and important impacts on well water 

quality.  

Finally, this study and future studies will help inform water testing and maintenance practices for 

both the private well water owner and source drinking water stewards, as well as further enhance 

understanding of well water quality implications and impacts on humans, animals and the environment, 

from both the public health and policy perspectives.  
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Appendices 
 

Appendix A. An example of the literature associated with a Bacteriological analysis of 
drinking water for private citizen kit.  
 
This kit includes: (A) An instructional sticker with removable name tag placed on one side of 
plastic bag, (B) sticker urging kit users to complete all areas of form to avoid delays in testing on 
other side of plastic bag, (C) Bacterial Analysis of Drinking water for Private Citizen Single 
Household only requisition, and (D) an instruction sheet to explain how to access the interactive 
voice response system by telephone. All forms are included in both English and French, only 
English version is shown here.  
 
(A) 
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(B) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(C) 
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(D) 

 
 
Appendix B. Example of calculations for a standard curve as described in Section 3.4.  
Real-time PCR 
 
Step 1: Identify the genome size of the organism of interest  
 
In this case, the approximate size of the E. coli genome is 4.6 million base pairs (Reference).  
 
Step 2: Identify the mass of DNA per genome  
 
This is done using the following formula: 
 
m= (n) (1.096 x 10-21 g/bp)  n=genome size in base pairs (bp)= 4.6 million  
 
m= (4,600,000 bp) (1.096 x 10-21 g/bp) 
 
m= 5.0416 x 10-15 g 
 
Step 3: Divide the mass of the genome by the copy number of the gene of interest 
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In this case 7 copies of the 23S rRNA gene in which the E. coli qPCR assay is designed to detect 
is present per one E. coli cell.  
 
(5.0416 x 10-15 g/genome) (genome/7 copies 23S rRNA) 
 
=7.202 x 10-16 g of E. coli DNA contains one copy of the 23S rRNA gene. 
 
Step 4: Calculate the mass of DNA containing the copy numbers of interest 
 
In this case, the copy numbers of interest is the amount of copies we want in our first genomic 
standard, 7 x 106 gene copies.  
 
7 x 106 genome copies x 7.202 x 10-16 g 
 
= 5.0416 x 10-9 g of DNA needed to make a standard with 7 x 106 genome copies 
 
Step 5: Calculate the concentration of DNA needed to achieve the copy numbers of interest. 
 
This involves dividing the mass of DNA needed calculated in Step 4 and dividing it by the 
volume to be pipetted into each qPCR reaction. In this case, that volume is 5 uL. 
 
 5.0416 x 10-9 g/ 5 uL 
 
= 1.00832 x 10-9 g/ 5 uL  
= 1.00832 ng/ uL 
 
Step 6: Prepare a serial dilution of the DNA  
 
For dilutions the following formula is used: 
 
C1V1=C2V2   
 
C1= The stock concentration of extracted DNA, in this case 48.53 ng/uL 
C2= The concentration of DNA needed to achieve copy numbers of interest, 1.00832 ng/ uL 
V1= The volume of stock concentration needed to achieve C2 when diluted in TE buffer 
V2= The final volume needed, in this case 100 uL 
 
(48.53 ng/uL) (V1) = (1.00832 ng/ uL) (100 uL) 
 
V1 = (1.00832 ng/ uL) (100 uL) / (48.53 ng/uL) 
V1 = 2.08 uL  
 
Volume of TE buffer needed to dilute in= 100 uL – 2.08 uL = 97.92 uL  
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This will create the first standard with a concentration of 7.0 x 106 gene copies/ 5 uL. The 
remaining 6 standards from 7.0 x 105/ 5 uL to 7.0 x 100/ 5 uL can be created by doing a series of 
ten-fold dilutions.  
 
Appendix C. Example of SAS code for tests of normality of data used in section 3.6- 
Statistical Analyses used in this study 
 
data Ecoli; 
input TC_culture Ecoli_Culture Ecoli_qPCR7 Ecoli_qPCR2 Human Bovine General; 
datalines; 
; 
Run; 
 
proc univariate data=Ecoli plot; 
var TC_culture; 
histogram/normal; 
run; 
 
Appendix D. Example of SAS code for Pearson Chi-square tests used in section 3.6- 
Statistical Analyses used in this study 
 
data Human_contamination; 
input group $ KB grey_bruce niagara_hamilton high_cattle; 
datalines; 
Human 57 71 24 18 
NonHuman 25 36 25 23 
; 
run; 
 
proc transpose data=Human_contamination out=Human_contamiantion2 name=hotspot 
prefix=count; 
var KB grey_bruce niagara_hamilton high_cattle; 
by group; 
run; 
 
proc freq data=Human_contamiantion2; 
tables hotspot*group/ nocol norow chisq; 
weight count1; 
run; 
 
Appendix E. Example of SAS code for Spearman rank correlations used in section 3.6- 
Statistical Analyses used in this study 
 
 
data All; 
input Ecoli_culture BacGen_marker; 
datalines; 
*Insert data here* 
; 
run; 
 
proc corr data=all pearson spearman; 
title "Pooled Analysis"; 
var Ecoli_culture BacGen_marker; 
run; 



	  
	  

133	   	  

Appendix F. Distributions of all measured variables for E. coli (+) samples; TC CFU/100 
mL, E. coli CFU/100 mL, E. coli cells as measured by qPCR, and total, human, and bovine-
specific Bacteroides 16S rRNA genetic markers 
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Appendix G. Distributions of all measured variables for TC-only samples; TC CFU/100 
mL, E. coli cells as measured by qPCR, and total, human, and bovine-specific Bacteroides 
16S rRNA genetic markers 
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Appendix H. Spearman rank correlation of total Bacteroides genetic markers to TC culture in TC-
only samples 
 TC CFU/100 mL vs. Total Bacteroides p-value 
Grey/Bruce -0.10 0.70 
High Cattle -0.09 0.59 
Niagara/Hamilton 0.03 0.84 
Kingston/Belleville 0.04 0.90 
Pooled -0.02 0.80 
Pooled 1-15 TC 
CFU/100 mL 

0.03 0.83 

Pooled >15 TC 
CFU/100 mL 

0.08 0.58 

	  
Appendix I. Spearman rank correlation of human-specific Bacteroides genetic markers to TC 
culture in TC-only samples 
 TC CFU/100 mL vs. Total Human 

Bacteroides 
p-value 

Grey/Bruce 0.06 0.88 
High Cattle -0.16 0.54 
Niagara/Hamilton -0.26 0.23 
Kingston/Belleville -0.26 0.43 
Pooled -0.14 0.32 
Pooled 1-15 TC 
CFU/100 mL 

-0.12 0.47 

Pooled >15 TC 
CFU/100 mL 

-0.27 0.24 

	  


