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ABSTRACT 

BACTERIOLOGICAL AND PHYSICO-CHEMICAL CHARACTERIZATION OF SURFACE 

WATER AND EVALUATION OF NEW WATER TREATMENT SYSTEM AT 

SOUTHWESTERN ONTARIO DAIRY FARMS 

 

Gurleen Taggar                                                                             Advisor: Dr. Patrick Boerlin 

University of Guelph, 2018                                               Co-advisor: Dr. Moussa Sory Diarra 

 

 

The objective of this study was to characterize untreated surface water sources for dairy farms in 

Southwestern Ontario for their physico-chemical and their bacteriological properties, including 

isolation and analysis of antimicrobial susceptibility in bacteria. This study also evaluated the 

efficacy of a newly designed water treatment system. The bacteriological analysis of 15 surface 

water sources indicated a high level of contamination with a wide variety of Gram-negative 

bacteria. Although multidrug resistant E. coli strains were isolated, the overall proportion of 

antimicrobial-resistant bacteria in surface water was low. The physico-chemical parameters of 

the investigated waters, including turbidity, total solids, hardness, iron, and UV transmittance, 

were above the acceptable limits for use on the farms. The new water treatment system that was 

tested effectively reduces bacterial numbers below the detection limit and improves physico-

chemical properties of water to acceptable levels after treatment. The present study supports the 

use of CF and sand filtration prior to decontamination with UV light.   
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CHAPTER 1: LITERATURE REVIEW 

INTRODUCTION 

The dairy farming industry in Canada has built its reputation on delivering high quality 

milk that is safe for the Canadian public to consume. The dairy industry also contributes 

significantly to the economy of Canada and ranks second in the agricultural sector after red meat 

production. According to the Canadian Dairy Information Center, the total number of licensed 

dairy farms in 2016-17 in Ontario was 3,586 and total milk production was 2,942,572,296 liters 

(Dairy Farmers of Canada, 2017). The production of milk depends on several factors, such as 

dairy herd health and welfare, milking hygiene, feed and water quality, environment and socio-

economic constraints (http://www.fao.org/agriculture/dairy-gateway/milk-production/farm-

practices/en). Water is a significant component in dairy farming as the production of milk 

depends on the consumption of water by dairy cows. Depending on various factors, such as 

lactating stage, environmental condition, diet intake and composition, a lactating cow may drink 

~75 –189 L of water daily. The total amount of water used by the dairy industry is 19% of the 

total water use for livestock production (Appuhamy, Judy, Kebreab, & Kononoff, 2016). Apart 

from this, water is also used to wash or clean the milking and storage equipment on dairy farms.  

Dairy farms access water supplies that may vary according to their location. Dairy 

farms may receive or use municipal water and/or private water source e.g., ground water and 

well water, irrigation channels, and surface water (river, lake, and wetlands). On farms, water 

sources can get contaminated either from point sources or non-point sources. Point source 

pollution can be generated from animal housing, silage, milk parlor, slurry or manure storage 

tank, industrial waste effluents, or municipal wastewater treatment plants whereas non-point 

http://www.fao.org/agriculture/dairy-gateway/milk-production/farm-practices/en
http://www.fao.org/agriculture/dairy-gateway/milk-production/farm-practices/en
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source pollution can result from surface runoff, fertilizer leachate, pathogenic bacteria from 

manure and pesticides from field drains and ditches (Hooda, Edwards, Anderson, & Miller, 

2000). In addition, dairy farming practices, farm infrastructure, and the barn piping material, pipe 

breakage and leakage can also affect water quality. A brief summary of possible routes that can 

degrade the quality of water is depicted in the Figure 1.1.  

Contaminants can be microbial, such as bacteria, viruses, parasites, and/or physico-

chemical as for instance dissolved solids, inorganic and organic matter, sulphates, nitrates, iron, 

and manganese. These contaminants can alter the water quality parameters that affect 

palatability. Surface water can be a major source of pathogenic bacteria due to continuous 

exposure to environmental pollution, industrial pollution and wildlife intrusions. Poor surface 

water quality can have a significant effect on the animal health, production and milk safety if 

used untreated. The Dairy Farmers of Canada follow the on-farm food safety program known as 

a Canadian Quality Milk program (CQM), which works on the basis of Hazard Analysis Critical 

Control Point system to ensure the production of food free from health hazards (Dairy Farmers 

of Canada, 2015). The microbial content and physico-chemical parameters should be under 

detection limits set by the Ontario regulations and legislations for surface water (Dairy farmer of 

Ontario, 2004). 

ONTARIO REGULATIONS AND LEGISLATIONS FOR WATER 

Ontario milk suppliers must follow the regulations set out by the Ontario milk act. The 

requirements for milk production are outlined in Regulation 761 under the milk act. According to 

this act, water used to wash all components of the milking and storage systems must be clean and 

should meet provincial standards. The Canadian Council of Resource and Environment Ministers 

have developed water quality guidelines for livestock. These guidelines allow assessment of the 
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acceptability of water for drinking and cleaning purposes in livestock production (Government of 

Canada, 2014).  

 The Dairy Farmers of Ontario (DFO) manage the provincial Raw Milk Quality 

Program for the provincial government, and it is responsible for the implementation of provincial 

standards, including the provision of clean water to wash equipment that comes in contact with 

milk. The CQM program has set equivalent quality standards for drinking water and the water 

used on dairy farms under the best management practices. According to this program, the water 

should contain zero Escherichia coli (fecal coliforms; FC) and <10 coliforms per 100 ml (Dairy 

Farmers of Canada, 2015). DFO has the responsibility to assure that each dairy operation meets 

the provincial requirements. 

BACTERIOLOGICAL ANALYSIS OF SURFACE WATER 

As mentioned above, surface water can be contaminated with a wide range of bacteria 

that are associated with various sources of contamination. These bacteria belong to the 

Enterobacteriaceae, Aeromonadaceae, Vibrionaceae, and Pseudomonadaceae families 

(Delgado-Gardea et al., 2016; Masse et al., 2010; Mulamattathil, Bezuidenhout, Mbewe, & 

Ateba, 2014).  Enterobacteriaceae are Gram-negative bacteria are of particular importance 

because members of this family such as E. coli are extensively disseminated. Most 

Enterobacteriaceae are present in the gastrointestinal tract of healthy humans and animals and 

help maintain the healthy micro flora by inhibiting the colonization of enteric pathogens in the 

digestive tract. However, some members of this family are also pathogenic (Kaper, Nataro, & 

Mobley, 2004). Based on their ecology, the members of Enterobacteriaceae family can be 

categorized into fecal e.g., E. coli; ubiquitous e.g., Klebsiella, Enterobacter, Citrobacter, 

Serratia; or environmental e.g., Rahnella, Raoutella, and Buttiauxella, bacteria, (Leclerc, 
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Mossel, Edberg, & Struijk, 2001). Most studies on the characterization of surface waters put 

particular emphasis on E. coli primarily because it is considered as the most reliable indicator of 

fecal contamination and also because it can be a primary cause of hospital-acquired and 

community-acquired infections in humans and animals. Pathogenic E. coli can be divided into 

two groups: first those which cause gastrointestinal diseases including enteropathogenic E. coli, 

enterohemorrhagic E. coli, enterotoxigenic E. coli, enteroaggregative E. coli, enteroinvasive E. 

coli, diffusely adherent E. coli, necrotoxic E. coli and second, a group which cause 

extraintestinal infections including avian pathogenic E. coli, neonatal meningitis E. coli, and 

uropathogenic E. coli (Kaper et al., 2004). The above-mentioned pathogenic E. coli differ from 

each other by the presence of specific virulence factors. These potentially pathogenic E. coli 

have been isolated from surface waters used for drinking and recreational purposes worldwide 

(Blaak et al., 2015; Franz, Veenman, Hoek, Husman, & Blaak, 2015; Hamelin et al., 2007; Ram 

et al., 2008). The direct or indirect exposure of humans to pathogenic E. coli may cause enteric 

(diarrheal) diseases, hemorrhagic colitis, urinary tract infections, hemolytic uremic syndrome, 

sepsis, and neonatal meningitis (Kaper et al., 2004). In addition to E. coli, opportunistic 

pathogens that include bacteria belonging to the genera Citrobacter, Enterobacter, Klebsiella, 

and Serratia have frequently been isolated from surface water, wastewater and drinking water 

(Adingra, Kouadio, Blé, & Kouassi, 2012; Delgado-Gardea et al., 2016; Figueira, Serra, Vaz-

Moreira, Brandão, & Manaia, 2012). Multiple studies have shown that these Enterobacteriaceae 

are able to grow in the different aquatic environment. Klebsiella oxytoca is one of the 

predominant coliforms found in drinking water distribution systems (Blanch et al., 2007), while 

the genera Enterobacter and Serratia have been found in high percentages in drinking water 

reservoirs (Kämpfer et al., 2008).  
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On dairy farms, surface water contaminated with bacteria may act as a major source of 

infections for farm animals and can subsequently pose a threat to human health (Shere et al., 

2002). The food-borne zoonotic pathogens Campylobacter, Salmonella, Yersinia enterocolitica, 

and E. coli O157:H7 have been reported as major causative agents of diseases in humans 

worldwide (Oliver, Jayarao, & Almeida, 2005). Moreover, water-borne infections from 

contaminated well water and public water systems have been well documented (Hrudey, 

Payment, Huck, Gillham, & Hrudey, 2003). In addition, dairy cattle are an important reservoir of 

Shiga toxin-producing E. coli (STEC) mainly E. coli O157:H7 without showing any clinical 

symptoms. Furthermore, STEC can be shed in large numbers and can contaminate water sources 

by surface run-off (Tsen & Jian, 1998). These bacteria have been detected in surface and 

wastewater systems located near farms (Tsen & Jian, 1998; Wilson et al., 1997). Surface water 

samples were tested for the presence of E. coli, Enterococcus ssp., Clostridium perfringens, 

Yersinia enterocolitica, Salmonella, and Campylobacter ssp. by Masse et al. 2010. They had 

reported that total coliforms and fecal coliforms were detected in over 90% of the samples 

analysed (Masse et al., 2010). Besides genera belonging to coliforms, Aeromonas and 

Pseudomonas were frequently isolated from surface waters. They have been considered as 

emerging pathogens due to their ability to cause diseases in humans and animals. These bacteria 

are important to identify due to their ability to multiply in water distribution and delivery 

systems (Igbinosa, Igumbor, Aghdasi, Tom, & Okoh, 2012; Nucera et al., 2016). It has been 

reported that the contamination of raw milk by Pseudomonas was due to the use of contaminated 

wash water for cleaning milking equipment (Nucera et al., 2016).  

Surface water contains a diverse range of bacteria, but it is impossible to screen for all of 

them. Therefore, the bacteriological quality of water is determined using indicator organisms, 
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mainly coliforms, which are used as markers for water safety (Leclerc et al., 2001). Coliforms 

are aerobic and/or facultative anaerobic, Gram-negative bacteria, and have the ability to ferment 

lactose at 35± 2°C within 48 hours due to the presence of β-galactosidase enzyme. Coliforms 

include the genera Escherichia, Klebsiella, Enterobacter, and Citrobacter. E. coli strains are 

present in abundance in the intestine of humans and warm-blooded animals and are often called 

fecal coliforms; these members of the coliforms are able to ferment lactose at 44 ± 0.5°C. Other 

coliforms may have fecal origin or environmental origins. Thus, the presence of coliforms and 

fecal coliforms is an indicator of the potential presence of enteric pathogens or fecal 

contamination. However, the absence of E. coli in water should not be interpreted as the absence 

of all pathogens--rather viruses or protozoa may be present and effect water quality (McLellan & 

Eren, 2014).  

Several culture-dependent Table 1.1 and culture-independent methods Table 1.2 are 

available to quantify and detect bacteria from water sources (Douterelo et al., 2014; Rompré et 

al., 2002). The choice of method depends on the research objectives, accessibility of equipment, 

and the availability of funds. Culture-dependent methods have been traditionally used to observe 

changes in the microbial quality of water. Among these methods, enzymatic methods have 

become widely used and accepted as the standard for microbiological analysis of water due to 

their ability to simultaneously detect both total coliforms and fecal coliforms (Rompré, Servais, 

Baudart, de-Roubin, & Laurent, 2002). However, several challenges put limitations in the use of 

culture-dependent methods, such as long incubation time, interference by antagonistic 

heterotrophic bacteria, additional identification of isolates is required, and presence of high 

content of particulate matter may interfere with filtration of water sample, used for water 

analysis. These factors could negatively impact the sensitivity, specificity, reproducibility, 
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rapidity and cost effectiveness of culture-dependent methods. 

Recently, development of the culture-independent molecular techniques, such as 

fingerprinting techniques, polymerase chain reaction, in-situ hybridization techniques, and high 

throughput whole genome sequencing methods, are used for microbial identification and 

characterization with high throughput and accuracy have resulted in tremendous progress in 

microbiology. These methods are based on extraction of DNA or RNA from environmental 

samples, such as soil and water, for microbial analysis. These methods are more rapid, sensitive 

and specific. In the last decade, the use of WGS gives a more global picture of microbial 

communities and provides new insights into the microbial ecology of different ecosystems. 

There are still some limitations that include relative financial costs of WGS, quality control and 

standardisation that impede general implementation of WGS in clinical and public health 

microbiology. However, there is no doubt that WGS will be adopted for routine bacterial 

identification and characterization based on antimicrobial susceptibility testing. 
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ANTIMICROBIALS 

Antimicrobials are defined as those agents which induce bactericidal and 

bacteriostatic effects on bacteria (Giguère, 2013). Antimicrobials can be classified based on their 

different mechanisms of action to kill or inhibit the growth of bacteria (Table 1.3). In the dairy 

industry, the majority of antimicrobial drugs are used for treatment of mastitis, respiratory 

disease and gastrointestinal disorders and for prophylactic purposes such as dry cow therapy to 

prevent mastitis (Saini et al., 2012). In lactating dairy cattle, mastitis is the most common 

disease. It affects milk production and quality, and causes significant economic losses (Hill, 

Green, Wagner, & Dargatz, 2009). Antimicrobial agents used for intramammary and parenteral 

treatments for clinical mastitis include: cephalosporins (e.g., cephapirin and ceftiofur), penicillin 

(e.g., ampicillin and amoxicillin), tetracycline and lincosamides (e.g., pirlimycin) In pre-weaned 

calves, respiratory diseases and diarrhoea are the leading causes of mortality and are generally 

treated with ceftiofur. Additionally, antimicrobials, such as penicillin and aminoglycosides, are 

used for dry cow therapy. Fluoroquinolones, including danofloxacin and enrofloxacin, are also 

approved to treat respiratory diseases in cattle. (Saini, McClure, Léger, Dufour, et al., 2012). 

Large numbers of enteric bacteria from animal fecal wastes (which may carry antimicrobial 

resistance genes) may enter into rivers and lakes through various pathways (Figure 1.1). As a 

result, the use of antimicrobials not only in humans but also in animals has resulted in the 

prevalence of antimicrobial-resistant bacteria in the environment, such as surface waters and soil, 

which serve as sources for drinking, recreational and irrigation water. Moreover, bacteria present 

in surface water can have AMR genes. Antimicrobial-resistant bacteria can pose risks to human 

health upon exposure. They may cause hard to treat infections due to the considerable overlap in 

the human and veterinary clinically important antimicrobials such as β-lactams (World 
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Organisation for Animal Health, 2015; World Health Organisation, 2017). Additionally, bacteria 

colonizing humans, animals, and the environment may act as a vectors for the dissemination of 

antimicrobial-resistant bacteria (Blaak et al., 2015). The WHO has grouped antimicrobials into 

three categories according to their significance in human medicine (WHO, 2017) (Table 1.3). 

The three categories include critically important antimicrobials, high important antimicrobials 

and important antimicrobials based on their importance in human medicine. This review will 

mainly focus on critically important antimicrobials, such as extended-spectrum cephalosporins 

(ESC) and fluoroquinolones used to treat human infections. Diseases caused by Gram-negative 

organisms (mainly E. coli) in humans, such as diarrhoea, urinary tract infections, abdominal and 

blood stream infections are frequently treated with these broad-spectrum antimicrobials, as they 

cause fewer side effects than other drugs. Therefore, it has become essential to preserve the 

efficacy of these critically important antimicrobials. 

ANTIMICROBIAL RESISTANCE (AMR) 

Antimicrobial resistance (AMR) is defined as the ability of microorganisms to grow 

in presence of antimicrobials, which are used to kill the bacteria causing infections in humans 

and animals (Boerlin & White, 2013). The use and/or overuse of antimicrobials has led to 

increase in AMR against them (Redgrave, Sutton, Webber, & Piddock, 2014; Zeng & Lin, 2013). 

Bacteria exhibit three main AMR phenotypes: susceptibility, intrinsic resistance, or acquired 

resistance. The intrinsic resistance to antimicrobials in bacteria is due to its inherent structural 

and biochemical characteristics. Most Gram-negative bacteria are intrinsically resitant to 

penicillin G, oxacillin, macrolides, lincosamides, streptogramins, glycopeptides, and bacitracin. 

For instance, macrolide, lincosamide and streptogramin resistance in gram-negative bacteria is 

due to the reduced permeability of cell wall to these antimicrobials. Hence, the knowledge of 
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intrinsic resistance in bacteria is important for clinicians to avoid inappropriate and ineffective 

therapeutic therapies (Boerlin & White, 2013). 

Bacteria may acquire AMR through selected mutations of their genome or by exchange of 

genetic material between organisms – a process that is referred to as horizontal gene transfer. 

Bacteria can acquire new genetic material through transformation, transduction and conjugation. 

Transformation involves the uptake of DNA from the environment. Transduction refers to the 

transfer of genes through a bacteriophage. Conjugation is defined as the transfer of plasmids, 

which are small, circular and extrachromosomal double stranded DNA capable of self-

replication, from one bacterium to another through a direct cell contact made with the help of 

conjugation proteins. These plasmids carry specific genes, such as AMR genes, that confer 

selective advantage to the bacterial host cell. AMR plasmids can be transferred between bacteria 

when conditions are favourable (Poppe et al., 2005). The movement of AMR genes within the 

genome of bacterial cells and from chromosome to plasmids or vice-versa are carried out by 

mobile genetic elements such as transposons, integrons, and insertion sequence common region 

elements (IScr). This results in formation of various resistance gene combinations within the 

bacterial cell (Boerlin & White, 2013). Overall, these innate structural or functional 

characteristics (intrinsic resistance) and genome modifications, such as chromosomal mutation 

and horizontal gene transfer (acquired resistance), can confer resistance against antimicrobials in 

bacteria through the main AMR mechanisms listed in Table 1.3. 

Antimicrobial resistance in bacteria is commonly assessed using agar diffusion methods 

(disk diffusion and E-test) or serial dilutions in broth or agar. The E-test and serial dilutions 

allow for determination of minimum inhibitory concentrations (MIC), the lowest concentration 

of antimicrobial, which can inhibit the growth of bacteria. By comparison of MICs or inhibition 



 

 

 

11 

zone diameters with clinical breakpoints, bacteria are classified as resistant or susceptible to a 

given antimicrobial. Thus, the level of antimicrobial resistance measured in vitro can be used to 

predict the clinical outcome when using a particular agent. However, susceptible bacteria may 

sometimes harbour resistance mechanisms, which do not result in clinically relevant resistance 

levels. These mechanisms may still be important in the epidemiology of antimicrobial resistance. 

Epidemiological cut-off values have, therefore, been developed in addition to clinical 

breakpoints in order to account for such cases. Breakpoints and cut-off values are set by 

organizations such as the Clinical Laboratory Standards Institute (CLSI) and the European 

Committee on Antimicrobial Susceptibility Testing (EUCAST). 

To neutralize the bactericidal effect of β-lactams, bacteria have rapidly developed defense 

mechanisms (see Table 1.3) and/or produce β-lactamase enzymes, which hydrolyze and 

inactivate the β-lactam ring. As of June 2018, more than 1400 β-lactamases enzymes have been 

discovered (http://www.lahey.org/Studies/). β-lactamases have been identified in all members of 

the family Enterobacteriaceae and are frequently carried on mobile genetic elements such as 

plasmids, transposons, and integrons (Rozwandowicz et al., 2018).  

 These enzymes are traditionally classified based on amino acid/protein sequences 

(Ambler, 1980). Four main classes of β-lactamases (A, B, C, and D) are recognized in the 

Ambler classification. The class A, C, and D β-lactamases use an active site serine, whereas class 

B includes metallo β-lactamases which use zinc ions for substrate hydrolysis. The class A and C 

enzymes are most frequently observed in Enterobacteriaceae. The extended-spectrum β-

lactamases (ESBLs) belong to Class A, and provide resistance to penicillins and extended 

spectrum cephalosporins. They are constrained by inhibitors such as clavulanic acid. ESBLs 

include many types, but the main three are TEM, SHV, and CTX-M types. Enterobacteriaceae 
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producing TEM and SHV β-lactamases are resistant to penicillins, first-, second-, and third 

generation cephalosporins. In addition to these drugs, CTX-M types are also resistant to third and 

fourth-generation cephalosporins and aztreonam. The class C β-lactamases comprise AmpC β-

lactamases. In many bacteria, AmpC enzymes such as CMY, FOX, LAT, MIR, ACT, DHA, 

ACC, MOX types are inducible or are expressed at high levels following mutations in their 

regulatory regions. The class C β-lactamases can hydrolyse β-lactam/ β-lactamase inhibitor 

combinations, and third-generation cephalosporins; but not carbapenems. Later in 1989, Bush 

proposed a classification of β-lactamases based on the functional characteristics of the enzymes 

(Bush, 1989). This classification contains three main groups: 1, 2, and 3, and each main group is 

further classified into subgroups 1and1e (group 1), 2a, 2b, 2be, 2br, 2ber, 2c, 2ce, 2d, 2de, 2df, 

2e, and 2f (group 2), and 3a and 3b (group3). The group 1 (class C) include cephalosporinase 

enzymes, which are usually present on the chromosome in Enterobacteriaceae. A few 

cephalosporinase enzymes belong to group 1, such as CMY are located on plasmids. The ESBLs 

belong to group 2, which is the largest functional group and capable to hydrolyze penicillins, 

carbenicillins, the early cephalosporins, extended-spectrum cephalosporins, and the 

carbapenems. Group 3 include metallo β-lactamases enzymes that belong to the molecular class 

B. The main metallo β-lactamases IMP, VIM, and IND enzymes are present on plasmids and 

reported in nonfermentative bacteria as well as in Enterobacteriaceae globally (Bush & Jacoby, 

2010).  

Bacteria can acquire resistance to fluoroquinolones through mutations in the genes that 

encode the DNA gyrase (gyrA and gyrB) and topoisomerase IV (parC and parE) enzymes 

(Redgrave et al., 2014). In addition, bacteria can acquire plasmid-mediated quinolone resistance 

(PMQR) genes that confer resistance to quinolones and fluoroquinolones. The main gene family 
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include the qnr gene family that shield DNA gyrase and topoisomerase IV from quinolones, the 

aac(6’)lb-cr genes that modify fluoroquinolones through acetylation and the qepA and oqxAB 

genes, which are responsible for the activation of efflux pump (Redgrave et al., 2014). 

Prevalence of Antimicrobial-Resistant Enterobacteriaceae in Surface Waters 

Besides food animals, the environment, including surface and ground water, is 

contaminated with pathogenic and non-pathogenic antimicrobial-resistant bacteria throughout the 

world (Franz et al., 2015; Gomi et al., 2017; Hamelin et al., 2007; Ram et al., 2008). Bacteria 

surviving in the aquatic environments have been considered vectors of AMR. Various studies 

have reported the presence of resistant Enterobacteriaceae and non-Enterobacteriaceae in water, 

including some showing resistance to more than three classes of antimicrobials i.e., multidrug-

resistance (MDR), (Coleman et al., 2013; Figueira et al., 2012). It has been reported that the odds 

of contamination with MDR bacteria are higher in water sources located on properties housing 

livestock such as pigs and cattle than properties not having these livestock (Coleman et al., 

2013). The most common resistance genes reported in bacteria (particularly E. coli from surface 

water used for drinking, recreational purposes or for livestock production) were those conferring 

resistance against tetracycline (tetA, tetB, tetC, tetD, tetM), sulphonamides (sul1, sul2, sul3), 

aminoglycosides (strA, strB, aadA1, aadA2, aadA5, ant(3’’)-Ia, aac(3)-IIa, aph(3’)-Ia and other 

variants), and trimethoprim (dfrA1, dfrA5, dfrA7, dfrA8, dfrA12) (Blaak et al., 2015; Gomi et al., 

2017; Hamelin et al., 2007; Stoll, Sidhu, Tiehm, & Toze, 2012). In addition, bacteria producing 

AmpC, non-ESBL, ESBL β-lactamases, and fluoroquinolone resistance genes were also reported 

in surface water. The characterization of beaches and drinking water in Canada showed the 

presence of E. coli strains resistant to cefoxitin due to the plasmid-mediated AmpC enzyme 

blaCMY-2 (Mataseje et al., 2009). This gene was predominantly carried by plasmids of the 
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incompatibility groups I1, A/C, and K/B in E. coli isolates (Blaak et al., 2015; Gomi et al., 2017; 

Hamelin et al., 2007; Stoll, Sidhu, Tiehm, & Toze, 2012). Plasmid-mediated AmpC and non-

ESBL TEM-1 genes, and occasionally SHV and OXA genes, are commonly detected together in 

bacteria isolated from aquatic environments (Hinthong et al., 2017; Mataseje et al., 2009). The 

most prevalent ESBL genotypes reported in previous studies were CTX-M-1 (mainly in Europe 

compared to North America) and CTX-M-15 (Blaak et al., 2015; Franz et al., 2015). A recent 

report indicated an increase in the prevalence of CTX-M variants, mainly CTX-M-15, in E. coli 

isolated from dairy cattle (Afema et al., 2018). Other genotypes observed in bacteria from 

surface waters include CTX-M-14, CTX-M-3, CTX-M-9, CTX-M-27, CTX-M-32, and CTX-M-

55; however, at low frequency (Blaak et al., 2015; Egervärn et al., 2017; Franz et al., 2015). 

These ESBL encoding genes are frequently associated with genes that confer resistance to 

aminoglycosides and sulphonamides, due to their presence on the same plasmid (Egervärn et al., 

2017). In addition, carbapenemase encoding genes have also been detected in ESBL producing 

E. coli in drinking water in Canada (Fernando et al., 2016).  

Fluoroquinolones were introduced for use in humans in 1980 and for therapeutic use in 

livestock in Europe and North America in 1990. These agents are excreted in active forms in 

human and animal waste. Wastewater treatment plant effluents are an important source of 

fluoroquinolones in surface waters, which persist due to their non-biodegradable nature. For 

example, ciprofloxacin, norflaxacin, and ofloxacin were detected in effluents collected from 

wastewater treatment plant in Canada (Miao, Bishay, Chen, & Metcalfe, 2004). However, the 

concentrations of these antimicrobials in effluents were less than the maximum acceptable 

concentrations recommended by the US Federal Drug Administration. Nevertheless, the 

continuous exposure of aquatic microorganisms to even small concentrations of antimicrobials 
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could make aquatic microorganisms critical reservoirs for resistance genes. Additionally, more 

than 70% of fluoroquinolones, such as ciprofloxacin and norfloxacin, remain in sludge during 

the wastewater treatment process. Sludge represents a pathway for dissemination of 

fluoroquinolones to the aquatic environment when it is applied to agricultural land (Lindberg et 

al., 2006). In Europe, Osinska and his collaborators have reported that bacteria isolated from 

sewage and surface water were resistant to fluoroquinolone due to the presence of PMQR genes. 

They found the aac(6’)-lb-cr gene in 91% of fluoroquinolone resistant bacteria, while a low 

prevalence of qnrD (27.6%), oqxA (25%), and qnrS (24.1%) was detected (Osińska, Harnisz, & 

Korzeniewska, 2016). Hence, wastewater has been considered as a main reservoir for 

fluoroquinolones resistance genes and the presence of mobile genetic elements has enhanced 

their dissemination among bacterial populations. In addition to E. coli, members of the 

Klebsiella, Citrobacter, and Enterobacter genera can be resistant to multiple classes of 

antimicrobials, including critically important antimicrobials, and have been found in surface 

water (Delgado-Gardea et al., 2016; Figueira et al., 2012). 

Humans may get exposed to antimicrobial-resistant bacteria from contaminated water 

used in food processing, washing or cleaning equipment, in irrigation, or from recreational 

activities. The principal pathway of exposure to resistant bacteria appears to be the food chain. 

For example, in outbreaks of infection linked to the intake of produce, the source of pathogenic 

microorganisms was a contaminated irrigation channel (Franz & van Bruggen, 2008). Humans 

may also get exposed to ESC resistant bacteria by direct contact with colonized animals. In one 

particular case, a 12 year old boy was reported to have an infection of with a CMY-2 producing 

Salmonella, the same strain was found on his father’s dairy farm, where it was responsible for 

severe diarrhoea and mortality in some dairy cattle, (Fey et al., 2000). These studies suggest the 
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potential role of surface water and dairy farm animals in the dissemination of antimicrobial-

resistant bacteria among human populations. 

PHYSICO-CHEMICAL PARAMETERS   

The physical appearance and organoleptic properties of water depends on its physico-

chemical properties. The characterization of these parameters such as pH, temperature, 

alkalinity, suspended solids (SS), total solids (TS), turbidity, phosphorus (P), nitrogen (N), 

nitrate (NO3), iron, zinc and dissolved organic carbon helps to assess the quality of water. 

Variation in these physico-chemical parameters of surface water is expected due to the various 

sources of contamination (Figure 1.1). According to the CQM program, the physico-chemical 

properties of water used in dairy operations should be under the maximum acceptable level set 

for Canadian drinking water for food safety concerns (Government of Canada, 2014). 

Untreated and treated manure, or slurry is generally applied to agricultural fields as 

fertilizer due to the valuable quantities of N and P they contain. The loss of nutrients from 

agricultural surface run-off results in the enrichment of surface water with N, P, NH3, and NO3 

nutrients, organic matter, and suspended particles. High concentrations of N and P stimulate the 

eutrophication and increase the organic carbon content of water (Hooda et al., 2000). 

Additionally, the mineralization and nitrification of organic N may elevate the level of NO3-N in 

surface water. The high concentrations of nitrate in the drinking water used for livestock may 

cause reproductive problems in the lactating dairy cattle. The presence of NO3-N in drinking 

water above the threshold concentrations of 20 mg/l or over should be of concern. The 

concentrations of these nutrients in surface water also depend on seasonal factors, such as 

precipitation and climate (Masse et al., 2010). Furthermore, organic matter, including suspended 

solids and total solids, may enter surface waters either through direct discharge of dairy waste, 
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such as slurry and silage effluents, or indirectly through surface run-off. The high content of 

organic matter may support the growth of bacteria and simultaneous increase the biological 

oxygen demand and generate a decrease in dissolved oxygen in water. Therefore, an increase in 

organic wastes resulted in deterioration of water quality.  

Moreover, these physico-chemical parameters, especially dissolved organic matters 

(DOMs), may affect the composition of the aquatic microbiome (Kirchman, Dittel, Findlay, & 

Fischer, 2004). Furthermore, surface runoff containing organic and inorganic contaminants 

changes the basic parameters of pH, temperature, dissolved oxygen content, and light penetration 

of surface water, which could further alter the bacterial community structure (Kirchman et al., 

2004).  

On dairy farms, water used for drinking and washing milking equipment should meet the 

standard water quality limits set by the CQM program for each parameter. Since it does not 

generally fulfill these requirements, both for microbiological and physico-chemical parameters, 

surface water cannot be used directly without treatment in dairy operations. A brief overview of 

available water treatment systems currently used by dairy farmers and how the physico-chemical 

parameters affect them is provided below. 

WATER TREATMENT OPTIONS 

1. Chlorination 

Several classes of chlorine-based disinfectants including calcium hypochlorite, sodium 

dichloroisocyanurate, and chlorine dioxide are used on dairy farms. Chlorination, which has 

bactericidal effects against E. coli and other coliforms, is the most common and is a relatively 

inexpensive disinfection system. Sodium dichloroisocyanurate has also been shown to 
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effectively remove E. coli from surface water used for drinking purposes (Mohammed, 2016). 

However, chlorination is not effective against protozoans and viruses. Also, it cannot be used for 

disinfection of water, which has high organic compounds as it leads to the formation of toxic by-

products such as trihalomethanes. 

2. Ozonation 

Ozone is commonly used for various purposes in dairy farms apart from disinfection 

of raw water because it is cost-effective and “eco-friendly”. Surface water with high pH, 

alkalinity, organic matter and dissolved solids can interact to reduce oxidation efficiency 

obtained with ozone. In addition, depending on temperature and pH, the efficiency of ozone 

treatment can be affected by water nutrients, iron, manganese, sulphur, N and P levels. However, 

ozone in combination with activated carbon adsorption filtration works effectively to remove 

contaminants from water (Zanacic, Stavrinides, & McMartin, 2016). 

3. Coagulation and Flocculation (CF) 

Aluminum and iron based inorganic metal salts coagulants are commonly used in CF for 

reduction of colour and turbidity in raw water. The success of a disinfection system using 

coagulation depends on the coagulant performance as pre- or post- treatment. Currently, 

polymerized forms of metal coagulants such as Polyaluminum chloride (PAC) are used for water 

treatment worldwide. PAC is more efficient for the removal of SS, has less effect on alkalinity, 

and generates less sludge compared to inorganic metal salt-based coagulants. The dosing rate of 

PAC should depend on the turbidity level and water temperature, because turbidity increases in 

cold water requiring a higher dosing rate of PAC. High turbidity in water also increases the 
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required residence time of PAC to achieve the acceptable limits for turbidity (Pariseau et al., 

2013).  

4. Sand filters 

Sand filters are mainly used for tertiary treatment. Like PAC, they help to remove 

particulate matters to increase the efficiency of disinfection and improve the organoleptic 

properties of water. Fine sand is set up from large to small particle sizes in a vessel through 

which water is passed or moved slowly downward due to gravity. To maintain the filter 

efficiency, filters need to be changed at regular intervals based on the quality of the incoming 

water (Hamoda, Al-Ghusain, & Al-Mutairi, 2004). 

5. Ultraviolet (UV) light 

Exposure of water flowing through a column with UV light of specified wavelength 

inactivates bacteria, protozoa and viruses from untreated water. It is considered one of the most 

reliable disinfection methods and has several advantages, such as low cost, ease of use, lack of 

requirement for storage and manipulation of chemicals, and nontoxic by-products (Massé et al., 

2011). However, salts and SS can form a fouling layer on the quartz sleeve surrounding the UV-

lamps used for water treatment (Lin, Johnston, & Blatchley III, 1999). The fouling layer absorbs 

UV radiation and results in decreased ability to deactivate microorganisms. The efficacy of UV 

treatments to remove bacteria, such E. coli, Enterococcus spp., C. perfringens, Y. enterocolitica, 

Salmonella, and Campylobacter spp. has been reported (Massé et al. 2011). Massé and 

collaborators demonstrated more significant bacterial number reductions with the use of two 

lamps instead of one lamp, and they recommended the use of two lamps, either in parallel or 

series. Finally, these authors were also able to demonstrate the impact of turbidity on the UV254 
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transmittance and confirmed the need for a pre-filtration treatment prior to water entering a UV 

treatment system (Massé et al., 2011). 

Surface waters in different dairy farms vary in their microbial and physico-chemical 

properties. Therefore, the characterization of surface waters is essential to determine the type 

and concentration of contaminants and to appropriately customize the water treatment systems to 

ensure safe potable water for dairy operations. 

SUMMARY  

The significant amount of research conducted on the bacteriological characterization of 

surface water has revealed that the aquatic environment has a wide range of microbial 

communities. The composition and metabolic activities of bacteria can affect the water quality 

and safety. The emergence of AMR in isolates from aquatic environment is also a concern. 

Previous studies confirmed the prevalence of AMR to critically important antimicrobials in 

bacteria from surface waters. Epidemiology and molecular ecology studies further demonstrate 

the potential role of these aquatic environments to serve as a reservoir of resistant bacteria and 

in the spread of resistance genes. Apart from bacterial contaminants, physico-chemical 

properties of water also affect the physical appearance and acceptability of water to use for 

drinking and washing purposes. Reducing these bacterial and physico-chemical contaminants 

in the incoming source water is not only a concern from a milk safety perspective, but a health 

concern for the dairy herd as well. Untreated surface water requires a form of treatment before 

its use in dairy operations to meet the provincial regulations and CQM guidelines for water. 

Various methods are available for surface water treatment on dairy farms (Dairy Farmer 

of Ontario, 2004). However, previous studies have detected total coliforms and fecal coliforms 

in treated water used to provide drinking water for animals drinking and washing milking 
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equipment (Masse et al., 2010; Perkins et al., 2009). The use of contaminated water for 

washing can lead to an increase in bacterial contamination in raw milk (Saran, 1995). 

Therefore, the present study has been designed in an effort to improve the effectiveness of a 

water treatment system that can be used on dairy farms and can provide an operator with a 

level of assurance that the water used is free from potentially harmful coliforms.   
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THESIS PROPOSAL OVERVIEW 

RATIONALE 

The research program of Dr. Diarra at the Guelph Research and Development Center of 

Agriculture and Agri-Food Canada focuses on the molecular epidemiology, survival 

mechanisms, detection, and mitigation of pathogenic bacteria in food production systems. In this 

context, this project was designed to improve water quality and maintain food safety on dairy 

farms. The need for on-farm water treatment has become a necessity for dairy operations that 

draw water from surface water sources. Many treatment options are currently available, but the 

industry has recognized the need for more work to improve the efficacy of these methods. 

Bacterial and physico-chemical contaminants of water may decrease the efficacy of the treatment 

systems. Thus, the bacteriological and physico-chemical characterization of the surface water is 

the first step to design an effective water treatment system. For bacteriological analysis, indicator 

organisms, such as Escherichia coli, are used as reliable indicators of fecal contamination. E. coli 

is a normal member of the intestinal microbiota of humans and animals. However, some strains 

of this bacterium are pathogenic and cause intestinal and extra intestinal infections. The ability 

for some pathogenic E. coli to colonize the intestinal tract of cattle without causing symptoms 

and their shedding into the environment, including water, highlights their importance for public 

health (Tsen & Jian, 1998). It is important to get detailed insights of the phenotypic 

(antimicrobial susceptibility) and genotypic characteristics of E. coli isolates from surface water 

in order to better understand the ecology and epidemiology of this bacterium and its role in the 

spread of antimicrobial resistance. 
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HYPOTHESIS 

1. Microbial and physico-chemical characteristics of surface water vary with season and 

location.  

2. Surface water serves as a natural reservoir for antimicrobial-resistant bacteria.  

3. The use of a newly designed water treatment system based on combination of flocculation, 

sand filtration and UV treatment will improve bacteriological and physico-chemical 

properties of surface water.  

OBJECTIVES 

1. The first objective was to assess the bacteriological and physico-chemical properties of 

untreated surface water sources for 15 dairy farms located in Southwest Ontario. 

2. The second objective was to isolate bacteria from these surface waters to assess the bacterial 

species diversity and characterize representative bacteria for antimicrobial susceptibility and 

by whole genome analysis, assess the prevalence of resistance-, virulence- gene and mobile 

genetic elements in these bacteria 

3. The third objective was to assess the efficacy of a newly designed water treatment unit for 

treating surface waters. 

METHODS 

  Fifteen dairy farms relying on surface water across Southwestern Ontario were 

selected following the recommendation of the Dairy Farmers of Ontario. These farms were 

selected because they used treated surface water for their dairy operations. To meet the 

objectives of the present study, untreated surface water samples were collected for 
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bacteriological and physico-chemical analysis from December 2015-December 2016. Water was 

sampled biweekly for the first six months and then monthly for the last six months of the study. 

The water samples were processed using a standard membrane filtration method. Sorbitol 

MacConkey agar and Chromocult coliform agar were used for detection and enumeration of total 

aerobic Gram-negative bacteria and to screen E. coli respectively. Presumptive 

Enterobacteriaceae colonies were purified and identified using API 20 E. All identified E. coli 

isolates from all 15 surface water sources were serotyped at the National Laboratory of 

Microbiology, Public Health Agency of Canada in Guelph, Ontario, Canada.  

All identified isolates were screened for susceptibility to 14 antimicrobials: i.e., 

amoxicillin-clavulanic acid, ampicillin, azithromycin, cefoxitin, ceftiofur, ceftriaxone, 

chloramphenicol, ciprofloxacin, gentamicin, nalidixic acid, streptomycin, sulfisoxazole, 

tetracycline, and trimethoprim-sulfamethoxazole using the Sensititre system. The Clinical and 

Laboratory Standard Institutes (CLSI) criteria were used to interpret MIC values.  E. coli isolates 

resistant to ESC were selected for sequencing using Miseq Illumina high-throughput technology. 

The sequenced genomes were further analyzed for the presence of AMR genes, virulence genes 

and mobile genetic elements using the Center for genomic epidemiology and the Comprehensive 

antimicrobial resistance webserver. The sequenced genomes were also used to study the 

phylogenetic relationship with pathogenic E. coli strains. 

Based on the bacteriological and physico-chemical characterization of surface waters, 

four of the 15 surface water sources were selected to evaluate a newly designed water treatment 

system equipped with a coagulation/flocculation unit, a sand filter and two UV lamps. Water 

samples were taken for bacteriological and physico-chemical analysis from various sampling 

points to check the efficacy of individual treatment methods in the system. The tap water in the 
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barns was sampled to compare the efficiency of the newly designed water treatment system with 

the treatment systems already in use on these farms. 
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Fig. 1. 1 . Possible contamination pathways of surface waters in dairy farms [Modified 

from (Hooda et al., 2000)]. 

 

 

 



 

Table 1. 1 . Culture-dependent methodological approaches used for detection and enumeration of bacteria in water 

 

 

Method Principle Applications Advantages Disadvantages 

Multiple-tube 

fermentation 

Detect and enumerate bacteria 

based on presumptive 

reactions for lactose 

fermentation such as growth, 

acid and gas production 

Mainly useful with 

samples that contain 

particulate material such 

as turbid or colored 

water 

Easy to use and 

Inexpensive 

Time consuming, tedious, 

and labor-intensive; low 

accuracy for enumeration of 

bacteria; and results lacks 

precision in qualitative and 

quantitative terms 

Membrane filtration 

Detect and enumerate bacteria 

based on incubation of filtered 

membrane on a selective 

medium  

Detect total and fecal 

coliforms from surface 

water 

Examine large volumes 

of water, Less time 

consuming, Results are 

quantitative in nature 

Elevated number of non-

coliforms and confirmation of 

presumptive colonies is 

required 

Enzymatic multiple-tube 

fermentation and 

membrane filtration  

Detect and enumerate bacteria 

based on use of the defined 

chromogenic and fluorogenic 

substrate in media. Further 

observe enzymatic reactions of 

coliforms (β-galactosidase for 

total coliforms) and fecal 

coliforms (β-glucuronidase 

enzymes for Escherichia coli 

detection) 

Microbial communities 

analysis of drinking 

water, surface water and 

recreational water 

Overcome the limitation 

of growth of non-

coliform bacteria, More 

specific, Less time 

consuming, No further 

confirmation step is 

required. 

More expensive in terms of 

consumables 

Biochemical galleries i.e. 

API 20E 

Evaluates the biochemical 

characteristics of bacteria 

Identification of 

coliforms from different 

sources 

Easy to use, simple 

results interpretation, 

and cost effective 

Lengthy and time consuming 

process 

Matrix Assisted Laser 

Desorption Ionization – 

time of flight mass 

spectrometry 

Identifies bacterial type either 

from intact cells and cell 

extracts by generation of 

molecular fingerprints for 

whole microorganism 

Detection of food- and 

water-borne pathogens 

Fast and accurate 

 

High initial cost of the 

MALDI-TOF equipment 



 

Table 1. 2 . Culture-independent methodological approaches used for detection and enumeration of bacteria in water 

 

Method Principle Applications Advantages Disadvantages 

Polymerase 

chain 

Reaction 

(Multiplex 

and Real-

time PCR) 

Detect and enumerate microorganisms at 

same time using different set of primers 

in a single reaction.  

Monitor the amount of PCR product 

(Real-time) by using intercalating 

fluorescent probes (TaqMan) or 

fluorochrome (SYBR Green and others). 

Quantification and 

expression of taxonomic 

and functional genes 

Simultaneous detection of 

different targets within the 

same species is possible; and 

Both culturable and non-

culturable bacteria can be 

detected 

No distinction between 

viable and dead cells. 

Complexity of the 

procedures, Instability 

of RNA, and technical 

personnel is required.  

Fingerprinting 

Techniques 

PCR amplicons product are separated in 

a denaturing and/or non-denaturing 

polyacrylamide gel and then detect and 

enumerate bacterial communities based 

on variation in DNA sequences 

Monitoring changes in 

microbial communities, 

species abundance and 

richness; Track source 

of fecal coliforms in 

water 

Simultaneous analysis of 

multiple samples, bands on 

the gel can be cut out, 

amplified and sequenced for 

taxonomic identification 

Additional sequencing 

is needed to get more 

information. It may 

interpret under-or over-

estimation of microbial 

diversity 

Fluorescence in 

situ hybridization 

Detect and enumerate bacteria by using 

fluorescent rRNA oligonucleotide 

probes  

Monitor microbial 

communities in mixed 

populations for instance 

in biofilms, activated 

sludge and wastewater 

Sensitive, quantifiable, and 

Detect different coliforms at 

same time by using more 

than one fluorescent dyes 

Nucleotide sequence 

information is 

prerequisite to design 

new probes 

High-throughput 

sequencing 

techniques 

DNA libraries are prepared, amplified 

and sequenced using available 

sequencing platforms 

It provides in-depth 

insight into microbial 

diversity in surface 

water 

Multiple samples can be 

analyzed at same time  

Expensive. 

Trained personnel is 

required for data 

analysis 

Microarray Detect and enumerate bacteria based on 

hybridization between nucleic acid 

probes and fluorescently labeled cDNA 

of target bacteria.  

Assess overall gene 

expression of microbial 

communities present in 

environment 

Allow simultaneous 

detection of multiple genes in 

a sample  

Low specificity of 

probe sequences for 

environmental isolates 

 

Biosensor Integrated analytical approach involves 

bioreceptor and transducer for direct 

detection of microorganisms 

Detection of fecal 

coliforms 

Rapid identification Standardization and 

validation of method is 

required to use in 

laboratories.  



 

Table 1. 3 . Antimicrobial agents used in livestock and their mode of action and resistance mechanisms 

Classificationa Class of 

Antimicrobials 

Name of Drugsb Use in 

Dairy 

Farms 

Use in 

Humans 

Action Mechanism Resistance Mechanism 

Critically 

Important 

3rd generation 

Cephalosporins 

Ceftriaxone Yes Yes Interference with cell wall 

synthesis 

Hydrolysis, Active efflux pump, 

Target modification Ceftiofur Yes No 

Penicillins Amoxicillin/ 

Clavulanic Acid and 

Ampicillin 

Yes Yes Interference with cell wall 

synthesis 

Hydrolysis, Active efflux pump, 

Target modification 

Quinolones and 

Fluoroquinolones 

Enrofloxacin Yes No Inhibit replication process Acetylation, Active efflux pump, 

Target modification Nalidixic acid Yes Yes 

Ciprofloxacin Yes Yes 

Aminoglycosides Gentamicin Yes Yes Protein Synthesis 

Inhibition 

Phosphorylation, Acetylation, 

Nucleotidylation, Active efflux 

pump, Target modification 
Streptomycin Yes Yes 

Macrolides Azithromycin Yes Yes Protein Synthesis 

Inhibition- bind to 50S 

ribosomal unit 

Phosphorylation, Glycosylation, 

Active efflux pump, Target 

modification 

Highly 

Important 

1st generation 

cephalosporins 

Cefoxitin, cephapirin Yes Yes Interference with cell wall 

synthesis 

Hydrolysis, Active efflux pump, 

Target modification 

Sulfonamides Trimethoprim/ 

Sulfamethoxazole 

Yes Yes Inhibition of folate 

synthesis 

Active efflux pump, Target 

modification 

Sulfisoxazole No Yes Inhibition of folate 

synthesis 

Active efflux pump, Target 

modification 

Tetracyclines Tetracycline Yes Yes Inhibition in translation Active efflux pump, 

Monooxygenation 

Phenicols Chloramphenicol Yes Yes Protein Synthesis 

Inhibition 

Active efflux pump, Acetylation 

aClassification is based on WHO Critically Important Antimicrobials for Human Medicine 5
th 

revision (WHO, 2017).  
bOnly antimicrobials used for antimicrobial susceptibility testing in present study are mentioned in the table 



 

CHAPTER 2: EVALUATION OF A WATER TREATMENT SYSTEM BASED ON 

BACTERIOLOGICAL AND PHYSICO-CHEMICAL PARAMETERS OF SURFACE 

WATER AT SOUTHWESTERN DAIRY FARMS, ONTARIO 

 

Gurleen Taggar1,3, Patrick Handyside2, Sonja Fransen2, Xianhua Yin1, Patrick 

Boerlin3, and Moussa Sory Diarra1* 

 

1Guelph Research and Development Center, Agriculture and Agri-Food Canada, Guelph, 

ON; 2Knowledge Technology Transfer Office, Agriculture and Agri-Food Canada, 

Guelph, ON; 3Department of Pathobiology, University of Guelph, Guelph, ON.  

 

 

*Corresponding Author: M. S. Diarra (moussa.diarra@agr.gc.ca) 

 

 

 

 

 

 

 

 

Manuscript prepared to be submitted in the appropriate Journal (Need to be decided) 

  

mailto:moussa.diarra@agr.gc.ca


 

 38 

ABSTRACT 

The bacteriological and physico-chemical characteristics of surface water need to be 

assessed in order to design a water treatment system, which will work effectively to 

decontaminate water at an acceptable level. In this study, we evaluated the bacteriological and 

physico-chemical properties of untreated surface water samples from 15 dairy farms from 

December 2015 to December 2016. Based on these parameters, four of these 15 farms were 

selected to assess the efficacy of a newly designed mobile water treatment system. The 

bacteriological analysis showed that untreated surface water sources on dairy farms were 

contaminated with 2.78 to 4.67 log10 CFU/100 ml of aerobic Gram-negative bacteria. Out of 684 

isolated bacterial colonies from both Sorbitol MacConkey and Chromocult coliform agar plates, 

the main bacterial species identified from surface water were Escherichia coli (n=234), 

Aeromonas hydrophila (n= 110), Klebsiella spp. (n=70), Enterobacter spp. (n=69), Rahnella 

aquatilis (n=55), Pseudomonas spp. (n=38), Serratia spp. (n=37), Vibrio fluvialis (n=20), 

Pantoea spp. (n=12), Hafnia alvei (n=11), Citrobacter spp. (n=10), Kluyvera intermedia (n=7), 

Plesiomonas shigelloides (n=6), Buttiauxella agrestis (n=4) and Yersinia spp. (n=2). The mean 

physico-chemical parameters for turbidity (1.40-97 NTU), UV transmittance (25.6%- 92%), 

nitrate (0.3-3.6 mg/l), aluminum (0.02-2.9 mg/l), and iron (0.1-2.7 mg/l) were above the 

acceptable limits set for potable water. This study also evaluated the efficacy of a water 

treatment system equipped with a coagulation/flocculation (CF) device, a sand filter, and two 

UV-lamps. A ~ 2-3 log10 CFU/100 ml reduction in bacterial counts was achieved in CF treated 

water; whereas a reduction of ~1 log10 CFU/100 ml of bacteria count was observed when a sand 

filter was used as a pre-filter. The combination of CF and a sand filter was more effective in 

improving physico-chemical parameters than either method alone. After the UV treatment of CF 
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or sand filter treated water, bacterial numbers were under the limit of 10 CFU/100 ml for total 

coliforms and zero E. coli set by the Canadian Quality Milk (CQM) program. Also, the physico-

chemical parameters of such treated water were within the acceptable ranges in all seasons after 

treatment. Based on these findings, we recommend the use of both pre-treatment options such as 

CF and sand filter before a final water treatment using UV to bring down the number of 

cultivable bacteria to under the allowable limit (0 to 10/100 ml). 
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INTRODUCTION 

The Dairy industry in Canada provides high quality and safe milk to consumers because 

of implementation of standard operating procedures and best management practices. Of 

particular concern for dairy farmers is the control of pathogens on the milking and storage 

equipment. The Canadian Quality Milk (CQM) program requires that water used at dairy farms 

for drinking and washing purposes meets the provincial potability standards for bacteria and 

chemical contaminants (Dairy Farmers of Canada, 2015). Surface waters can rarely meet the 

requirements set by CQM program due to various contaminations. Harmful microorganisms can 

contaminate water sources by various routes including defective septic tanks, improper manure 

storage and handling, agricultural surface run-off, and wildlife intrusions (Singer, Shaw, Rhodes, 

& Hart, 2016). Contaminants may be microbiological and chemical in nature (Rather, Koh, Paek, 

& Lim, 2017). Therefore, the quality of surface water used for livestock is often assessed through 

a variety of parameters, including organoleptic properties such as odour and taste; physico-

chemical properties such as pH, total dissolved solids, turbidity and hardness; presence of toxic 

compounds such as heavy metals, toxic minerals, organophosphates and hydrocarbons; presence 

of excess minerals or compounds such as nitrates, sulphates and iron (Olkowski et al., 2009) and 

the presence of microbes such as total coliforms and especially the fecal indicator bacterium 

Escherichia coli (Odonkor & Ampofo, 2013). A previous study on microbial and physico-

chemical analysis of surface water used for dairy operations in Eastern Ontario reported fecal 

coliforms in over 90% of the sampled surface waters (Masse et al., 2010). Hence, to comply with 

the CQM’s program and to maintain raw milk quality and protect animal and human health, 

dairy farms need to be equipped with an adequate and efficient on-farm treatment unit to treat 

surface water before its use. 
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  Treatment of surface water presents a challenge for dairy producers, because such 

water varies in both microbial and physico-chemical properties over the course of a year. On 

many dairy farms chlorination, ozonation or UV light treatment are commonly used alone, or in 

combination for surface water treatment. However, suspended solids (SS) and dissolved organic 

matter in surface water may affect the efficiency of these treatments and result in incomplete 

decontamination or other health-related issues (Masse et al., 2010). For instance, if chlorine is 

used in highly turbid water, it can react with organic matter present in water and form 

carcinogenic by-products such as trihalomethane and haloacetic acid (Chowdhury, 2013). 

Hydrogen peroxide, another oxidizing product, is also used for water decontamination. Water 

with high SS requires a high dosage of hydrogen peroxide, which may impact animal health. 

Moreover, it becomes very corrosive if the water being treated has high iron content. 

Additionally, SS or particulates protect bacteria by shielding them from UV radiation and 

diminishing the UV radiation by absorption. Turbidity in water is related to the presence of SS 

and dissolved organic matter, such as iron, calcium and magnesium. For instance, Massé and 

collaborators (Massé et al., 2011) were able to demonstrate the impact of turbidity and/or SS on 

the performance of UV lamp and mentioned the strategies to maintain the effectiveness of UV 

transmittance at 254 nm (UVT). It has been reported that membrane fouling of the quartz sleeves 

that surround the UV lamps due to the presence of high turbidity and water hardness is related to 

imperfect disinfection of surface water with high concentrations of physio-chemical 

contaminants. Thus, the removal of dissolved organic matter, inorganic nutrients, turbidity, and 

dissolved solids from raw water has become essential during water treatment to maintain the 

efficacy of the treatment (Zanacic, Stavrinides, & McMartin, 2016). Therefore, the analyses of 

microbial and physico-chemical parameters of water are essential to determine the type and 
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concentration of contaminants, which guides the selection of appropriate water treatment 

systems. 

The first objective of the present study was to assess the bacteriological and physico-

chemical properties of untreated surface waters from 15 dairy farms located in Southwest 

Ontario. The second objective was to assess the efficacy of a newly designed treatment unit in 

treating surface waters. 

MATERIALS AND METHODS 

SAMPLING PROCEDURE 

Untreated surface water samples were collected biweekly from December 2015 to April 

2016, and then monthly until December 2016 from 15 dairy farms in Southwest Ontario 

designated A to O. These farms were selected by the Dairy Farmers of Ontario. The water was 

sampled from each pond at a depth of approximately 30 cm using 1 L sterilized Nalgene bottles 

attached to an adjustable sampling pole. Samples were placed in a cooler with ice packs and 

transported to the laboratory within 24 hrs for bacteriological analysis. Water samples were also 

sent to Société Générale de Surveillance (SGS) Canada Inc. (Lakefield, ON, Canada) for 

physico-chemical analysis according to standard methods (SM) for examination of water and 

wastewater (APHA et al., 2005). The method reference used for specific parameters were as 

follow: pH (SM 4500 H+B), alkalinity (SM 2320B), total solids (SM 2540), SS (SM 2450), 

turbidity (SM 2130 B), conductivity (SM 2510), hardness (SM 2340), UVT (SM 5910), nitrite-

nitrogen (NO2-N) (EPA 300.1), nitrate-nitrogen (NO3-N) (EPA 300.1), aluminum (Al) (SM 3030 

B and EPA 200.8), and iron (SM 3030 B and EPA 200.8). 
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BACTERIA ISOLATION AND IDENTIFICATION 

Each sample bottle was well shaken upside down to mix the sample prior to 

filtration. A 10 ml-volume of water sample from each farm was filtered through a 0.45 µm pore 

size membrane filter (Millipore, Molsheim, France) in duplicates. The filters were then placed on 

Sorbitol MacConkey agar (SMAC) and Chromocult coliform agar (CCA) plates and incubated at 

37°C for 18 ± 2 hours. The viable plate counts were recorded for each sample at each sampling 

time. Three sorbitol-fermenting and three non-sorbitol-fermenting presumptive colonies from the 

SMAC plate and three β-D-glucuronidase positive colonies from the CCA plate for each sample 

were randomly selected, purified by subculturing and identified using the API 20E strips 

(BioMérieux, St-Laurent, QC, Canada) according to the manufacturer’s instructions. 

MOBILE WATER TREATMENT UNIT EXPERIMENTAL SET UP  

A mobile water treatment system (Figure 2.1) from Tec-Water Supplies Inc. (Tisdale, 

Saskatchewan) was used to treat surface water on four selected dairy farms. The treatment 

options employed by the mobile water treatment system were the following: A 

coagulation/flocculation (CF) tank with Polyaluminum Chloride (PAC) was used as a coagulant 

was used for pre-filtration. This was followed by a sand filter (nextsandTM filtration technologies 

Inc.) with high purity alumina silicate (0.4-1.4mm). This 10’’ fiberglass sand filter has the 

capability to remove 3-5 μm size particles.  Following filtration, two UV lamps (PURATM) with 

approximately 30 mJ/cm2 UV dose and a flow rate of 22.7 liter per minute (l/m) at 95% UV 

transmittance equipped in series were used. As seen in Fig. 1, the portable treatment system was 

equipped with bypasses enabling use the sand-filter as a standalone pre-treatment option. Two 

different treatment procedures were evaluated. Treatment 1 consisted of using CF, sand filter and 
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two UV lamps. Treatment 2 consisted of using the sand filter and two UV lamps. Water samples 

were collected from both Treatment 1 and Treatment 2 to analyze bacteriological and 44hysic-

chemical parameters as described above. 

Upon arriving at each farm for testing, the water tank was filled with approximately 500 

liter (L) with a water pump directly from the pond. For the Treatment 1, about 265 L of water in 

the water tank was then transferred to the CF tank, while injecting the coagulant PAC with a 

dosing pump (Stenner pump, USA; Model: 4MHP10) into the CF tank. The injection rate of 

PAC for farm E [24.6 liters per day (L/D)], farm I (15.1 L/D), farm L (11.4 L/D), and for farm M 

(24.6 L/D) was determined based on jar tests (ASTM D2035-08) carried out by AAFC staff in 

Regina, Saskatchewan. Once the CF tank was full, the mixture (raw water + coagulant) was left 

to sit for 90 minutes to allow the suspended solids to settle at the bottom of the CF tank. A small 

pump then transferred water from only the top portion of the CF tank into the clean tank. 

Coagulant treated water was then pumped through the sand filter and then through the UV1- and 

UV2- lamps. For Treatment 2, the remaining raw water in the water tank, approximately 235 L, 

was pumped directly through the sand filter, but only after 3-5 minutes of back washing and 3-5 

minutes of forward flushing to remove any residual coagulant treated water before collecting a 

sample. Furthermore, sand filtered water had passed through both the UV1- and UV2- lamps. In 

total, water samples were collected from the surface water (pond), water tank, CF filtered water, 

CF + sand filtered water (post-filtration), post-filtration + UV1, post-filtration + UV1 + UV2, 

only sand filtered water, sand filtered + UV1, and sand filtered + UV1 + UV2. The tap water 

used inside the barn and treated with the standard site procedure was also sampled to compare 

the efficiency of the newly designed treatment system with the disinfection technology that was 
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in current use. All treated water samples were collected in sterilized bottles that contained 

sodium thiosulfate (3%) to neutralize residual chlorine present in treated water. 

DATA ANALYSIS 

Bacterial count data were log10 transformed before analysis using the repeated statement 

of SAS using FREQ procedure (SAS Institute Inc., Cary, NC). The independent variables 

included: farms, treatment options/methods used for Treatment 1 & 2, and sampling times, which 

were categorized into four seasons: winter (December- February), spring (March-May), summer 

(June- August), and fall (September- November). The least significance difference was used to 

separate means whenever the P-value was significant. For 45 hysic-chemical analysis, 

multivariate analysis of variance was conducted to evaluate difference between farms, sampling 

seasons, and treatment options used for individual parameter. Additionally, Pearson coefficients 

were calculated to assess correlations between the measured physicochemical parameters as well 

as between the parameters and bacteria counts. A P-value of 0.05 was used to determine 

significance. 

RESULTS  

MICROBIAL AND PHYSICO-CHEMICAL ANALYSIS OF UNTREATED SURFACE 

WATER  

BACTERIA COUNTS  

As shown in Fig. 2.2, viable plate counts in surface waters samples varied from 2.78 to 

4.67 log10 colony forming unit per 100 ml (CFU/100 ml). Significant differences in bacteria 

counts were observed between farms at all sampling seasons (P < .0001). The average values of 
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bacterial counts were highest (4.1 log10) in both summer and fall followed by spring (3.9 log10). 

The lowest bacterial counts (3.2 log10) were observed in winter.  

BACTERIA IDENTIFICATION 

Initially, SMAC was used for isolation and identification of generic E. coli and 

enumeration of viable plate counts from surface water. For the first eight samplings, three 

presumptive sorbitol fermenting and three non-sorbitol fermenting colonies were selected at 

random for further identification. A total of 490 bacterial colonies from SMAC were isolated 

from 120 surface water samples collected between December 2015 and April 2016. Of these, 462 

colonies were identified with the API 20E system with a 100% identification index. The other 28 

colonies were identified with a low identification index only or remained unidentified using API 

20E strips. Of the 462 colonies, the identified bacteria were: Aeromonas hydrophila complex (n= 

110), Klebsiella spp. (n=70), Enterobacter spp. (n=69), Rahnella aquatilis (n=56), Pseudomonas 

spp. (n=38), Serratia spp. (n=37), Vibrio fluvialis (n=20), E. coli (n=14), Pantoea spp. (n=12), 

Hafnia alvei (n=11), Citrobacter spp. (n=10), Kluyvera intermedia (n=7), Plesiomonas 

shigelloides (n=6), Buttiauxella agrestis (n=4), and Yersinia spp. (n=2). E. coli was recovered in 

low numbers on SMAC. However, the main focus of this project was to study the characteristics 

of E. coli in surface water. Hence, CCA medium was used from the 9th sampling point onwards. 

From CCA plates, selected β-D-glucuronidase-positive colonies (n=220) were isolated and 

identified as E. coli using the API 20E system with a 100% identification index. The number of 

identified bacteria in each farm over the 16 samplings is listed in Table 1.  

The identified isolates were further characterized for their antimicrobial susceptibility test 

using the sensititre. Only E. coli isolates were found to be resistant to antimicrobials that are 
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important to human medicine such as third and fourth generation β-lactams (Taggar et al; 

submitted). Other Gram-negative bacteria such as members of A. hydrophila complex, Klebsiella 

spp., Enterobacter spp., Serratia spp., Citrobacter spp. were intrinsically resistant to these 

antimicrobial agents; no other resistance was encountered.  

PHYSICO-CHEMICAL ANALYSIS  

The physico-chemical properties observed at the 15 untreated surface water sources 

studied are shown in Table 2.2. The pH values ranged from 7.9-8.3, which is within the 

acceptable limits for potable water. The alkalinity ranged from 69-185 mg/l. The hardness varied 

from 130-300 mg/l on all farms except in winter, when hardness was higher than 300 mg/l on 

most of the farms. The presence of Ca2+ and Mg2+ ions in water results in higher conductivity 

and hardness. The conductivity ranged from 272.6-3042 μs/cm. The lowest level of turbidity 

(1.40 NTU) and SS (2.53 mg/l) were recorded in the surface water from farm C and the highest 

level of turbidity (97.77 NTU) and SS (74.62 mg/l) were observed in farm J followed by farm E.  

The average UVT ranged from a high value of 91.2% in surface water from farm C to a low 

value of 25.6% in farm E. The average total iron (ferrous +ferric) content ranged from 0.14 to 

2.7 mg/l. The highest content of this mineral was found in surface water from farm E. On all 

farms, the NO3-N concentration was generally lower than 10 mg/l and within acceptable limits 

for drinking water. However, on farms B, E, and N, NO3-N concentrations higher than 10 mg/l 

were observed in the winter. The Ontario drinking water standard set for aluminum (Al) is less 

than 0.1 mg/l. The average Al concentration ranged from 0.02-2.96 mg/l and the maximum 

concentrations were observed in farm E. The physico-chemical results indicated the need for pre-

treatment prior to disinfection technologies, such as UV treatment, in order to comply with the 
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CQM program. Based on their observed physico-chemical and bacteriological contaminants, 

farm E, I, L, and N were selected for further studies. 

MICROBIAL AND PHYSICO-CHEMICAL ANALYSIS OF TREATED SURFACE 

WATER   

BACTERIA COUNTS 

Bacteria numbers were high on all farms indicating that dairy farmers shouldn’t use the 

surface water without treatment. The farms E, I, L, and N were selected because of the 

particularly high numbers of E. coli and Klebsiella spp. (farm E and N) or Aeromonas ssp. (Farm 

L and I) detected in their water source. Moreover, bacteria resistant against β-lactams were 

isolated from these four selected farms. As well, high concentrations of unfavourable physico-

chemical contaminants were observed in these selected farms. 

Bacteria counts significantly varied from one treatment method to another and significant 

interactions between farms, treatments and methods were observed in each sampling period (P < 

.0001). The viable plate counts from Treatment 1 are presented in Fig. 2.3. A significant (~2-3 

log10 CFU/100 ml) reduction in bacteria counts in water was observed after passage through CF 

for all farms at all sampling times. Addition of a sand filter did not lead to reduction in bacteria 

counts in CF treated water. Interestingly, CF + sand filter treated water collected from dairy 

farms in spring and summer showed an increase in bacteria counts; whereas, a decrease in 

bacteria counts was observed during fall, except for farm I. Bacteria numbers from CF- and sand 

filter- treated water were under the acceptable limit after addition of UV treatment for all farms 

at all sampling periods. 



 

 49 

The viable plate counts from Treatment 2 are shown in Fig. 2.4. The efficiency of the 

sand filtration alone by-passing CF to treat surface water, was not consistent. In spring, a 1 log10 

CFU/100 ml reduction in bacterial count was reported for most of the farms. In summer, bacteria 

numbers were more or less the same as untreated water. In fall, a significant increase in bacteria 

counts were observed on farm N compared to other farms. Bacterial counts were under the 

acceptable limit in sand filtered water that had been passed through UV1 lamp at all seasons 

except for farm N. However, bacterial counts were under the acceptable limit from UV2 treated 

water. 

PHYSICO-CHEMICAL ANALYSIS  

The efficiency of a newly designed water treatment unit was also evaluated for the 

improvement of physico-chemical properties of surface water (Table 2.3). A significant 

difference amongst farms (sampling sites) was noted for all observed parameters in treated water 

samples, except for SS. The sampling period had significant effects on temperature, pH, TS, 

NO2-N, NO3-N, hardness, and Al (P <0.05) of the treated water samples. However, no seasonal 

effect was observed for water alkalinity, SS, turbidity, UVT, conductivity, or iron concentration 

(P >0.05). Water treatment methods (CF, sand filter and UV) showed significant differences in 

their effect on pH, alkalinity, SS, turbidity, UVT, hardness, conductivity, and iron (P <0.05).  

Correlations between physico-chemical parameters were also estimated (Table 2.4). 

Water hardness was significantly correlated (rp= 0.7) with conductivity, as expected due to the 

presence of high Ca2+ and Mg2+ ions. The conductivity of water was also related to the presence 

of total solids (rp= 0.9). A positive significant correlation (rp= 0.86) was found between turbidity 

and SS. Treatment with coagulant reduced turbidity and SS compared to treatment with sand 

filter alone. UVT was negatively correlated with turbidity (rp= -0.81), SS (rp= -0.53) and iron 
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content (rp= -0.74), whereas no significant correlation was identified with total solids, hardness 

and conductivity. The UVT was higher in water treated with Treatment 1 compared to Treatment 

2. The bacteria numbers also varied as a function of these physico-chemical water properties. 

Bacteria counts were positively associated with pH (rp= 0.22), SS (rp= 0.28), turbidity (rp= 0.3), 

and iron (rp= 0.35) while negatively correlated with conductivity (rp= -0.21) and UVT (rp= -

0.28). 

DISCUSSION 

The bacteriological analysis confirmed that surface water sources of dairy farms in 

Southwest Ontario are heavily contaminated with E. coli and other enteric bacteria. The total 

bacterial counts of all 15 surface waters tested were generally high, consistently exceeding the 

limit of 100 CFU/ml, which is the standard limit of bacteria count for potable water (Dairy 

Farmers of Canada, 2015). Results from the present study were consistent with a previous study 

conducted by Masse and collaborators (Masse et al., 2010) where total and fecal coliform counts 

of 3-4 log10 CFU/100 ml were detected in surface waters that supplied water to dairy farms in 

Eastern Ontario. Various bacterial species of the Enterobacteriaceae family were detected in the 

present study. The presence of E. coli in the surface water from dairy farms may indicate fecal 

contamination and potential presence of enteric pathogenic bacteria (Pandey, Kass, Soupir, 

Biswas, & Singh, 2014). Further studies using microbial source tracking techniques could 

provide more information about the actual sources of contamination of these bacteria in surface 

water (Krolik et al., 2014). As illustrated by Perkins et al., 2009, the presence of E. coli in wash 

water may represent a risk factor associated with the occurrence of high levels of bacteria in raw 

milk. Another Gram-negative bacterium, Klebsiella spp., is often found in soil, plants, sewage 

waste, industrial effluents and surface waters used for human consumption and recreational 
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purposes (Bagley, 1985). Both K. pneumoniae and K. oxytoca were observed in the surface 

waters from the dairy farms used for this study. In dairy cows, K. pneumoniae is a causative 

agent of clinical mastitis. Undoubtedly, more significant sources of mastitis pathogens are bovine 

feces, the indoor barn environment, and pastures, when compared to water (Klaas & Zadoks, 

2017). However, if water is not treated properly, water could act as a source of these 

opportunistic pathogens (Zadoks et al., 2011). In addition to fecal indicator bacteria, non-fecal 

coliforms Citrobacter spp. (C. freundii, C. brakii, and C. koseri), Enterobacter spp. (E. 

amnigenus and E. cloaceae) and Serratia spp. (S. liquefaceins, S. fonticola, S. odorifera, and S. 

marcescens) were isolated from surface water. These non-fecal coliforms may enter a water 

source through surface-runoff from soil and vegetation, which serves as a potential reservoir for 

such bacteria (Leclerc, Mossel, Edberg, & Struijk, 2001). In dairy farms, Serratia is among the 

predominant spoiler bacteria that affect cold raw milk quality (Machado et al., 2015). Results 

from the present study confirmed the need to properly treat surface water before its use in dairy 

operations to preserve food safety and animal health. 

A large number of the naturally occurring non-fermenter A. hydrophila was detected in 

untreated surface water samples. Due to its ability to form biofilms (Chauret et al., 2001; 

Strathmann, Horstkott, Koch, Gayer, & Wingender, 2016), various studies have reported the 

presence of Aeromonas species, not only in untreated water, but also in chlorine treated water 

and water distribution systems. In addition to Aeromonas, another group of non-fermenter 

bacteria, Pseudomonas spp., was also detected. Previous studies have reported that water was a 

primary source of Pseudomonas spp. contamination in milking equipment (Leriche & Fayolle, 

2012) and primary production of dairy products (Nucera et al., 2016). The presence of these 
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bacterial species in untreated surface water could have implications for water and milk quality if 

not eliminated by proper water treatment.  

The presence of bacteria in water is highly influenced by various physico-chemical 

parameters such as temperature, pH, alkalinity, turbidity and the presence of organic matter 

(Pommepuy et al., 1992). In the present study a significant positive correlation between bacterial 

counts and SS, turbidity, and iron content was observed in this study, and we showed that high 

viable bacterial counts may correlate with the presence of high organic and inorganic matter in 

water (Shittu, Olaitan, & Amusa, 2009). The negative correlation between UVT with turbidity, 

SS, and iron content is consistent with attenuation of UV light due to the presence of particulate 

matter. Previous research has shown that wastewater and surface water disinfection using UV 

light can be compromised when UV light passes through particles due to the absorbing or 

scattering properties of particulate matter (Cantwell & Hofmann, 2008, 2011; Templeton, 

Andrews, & Hofmann, 2005). In addition, several studies have shown that wastewater particles 

can protect microorganisms by shielding them from UV light (Emerick, Loge, Ginn, & Darby, 

2000; Jolis et al., 2001). Therefore, negative correlation of UVT with SS and turbidity suggest 

that a similar phenomenon maybe responsible for less effective inactivation of bacteria in surface 

water with high-suspended matter. Similar correlations between bacteria numbers and physico-

chemical parameters of water were also reported by previous studies (Adingra, Kouadio, Blé, & 

Kouassi, 2012; Masse et al., 2010; Shittu et al., 2009). The use of chlorine for the treatment of 

water having high SS and total solids contents is not recommended due to the potential of 

formation of the carcinogenic by-products trihalomethane and haloacetic acid (Chowdhury, 

2013). The negative impact of high alkalinity, turbidity, and total solids in water on the efficacy 

of ozone treatment has also been reported in various studies (Zanacic et al, 2016; Gottschalk et 
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al. 2010). Therefore, as suggested by Massé et al., 2011, the use of CF and sand filter as a pre-

treatment option to improve the physico-chemical parameters for low cost disinfection 

treatments would be the best available option. 

The on-site water treatment system tested in this study was effective in treating surface 

waters of variable nature at the four selected farms. CF by PAC significantly reduced turbidity 

and SS and increased the UVT by more than 75% at 245 nm. The PAC was used particularly 

because of its working efficiency even at low temperature. It does not change the alkalinity of 

water due to its basicity nature and has the capacity to produce less sludge (Sillanpää et al., 

2018). Moreover, PAC is also effective in term of bacteria removal compared to the sand filter as 

a pre-treatment option in this present study. The significant interactions between farms and 

sampling time, treatment and equipment were the main limitations of the water treatment unit 

investigated. Interactions may occur due to insufficient cleaning of the treatment equipment 

between sampling periods and before the system was transferred from one farm to another farm. 

In addition, the efficacy of the sand filters was unpredictable. These filters may also serve as a 

reservoir to carry over bacteria from one dairy farm to another dairy farm, probably due to 

inadequate backwashing of the sand filter (Slavik, Jehmlich, & Uhl, 2013). It has been reported 

that backwashing of the sand filters with only water is not sufficient for proper cleaning 

(Amirtharajah, 1984, 1993). A combination of water and air scour is usually recommended to 

clean a sand filter between subsequent water treatments (Chipps, Bauer, & Bayley, 1995; 

Fitzpatrick, 1993). Therefore, by using a combination of backwashing techniques, the efficiency 

of a sand filter can be improved. The interactions, between farms and sampling time, treatment 1 

and 2 and the treatment equipment, may introduce some inconsistencies in the results. Despite 

that, the water was consistently clean after treatment with the UV lamps with 30 mj/cm2 dose. 
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The treated water reached the quality standards set by the CQM for water to be used for dairy 

operations, which consists of bacterial counts under the detection limit of 10 CFU/100 ml for 

total coliforms and zero fecal coliforms. 

In conclusion, the bacteriological and physico-chemical properties of fifteen surface 

water sources on Southwest Ontario dairy farms were characterized over a one year period. The 

bacteriological numbers were found to be above the acceptable standards and varied significantly 

with season and location. The level of physico-chemical parameters for SS, turbidity, TS, 

hardness, conductivity and iron content in untreated water were also found to be above the 

standard acceptable limits. Further we demonstrated that bacterial counts in untreated surface 

water were positively correlated with SS, turbidity, hardness, and iron concentration. These 

physico-chemical contaminants may serve to protect the bacteria, or interfere with the 

disinfection treatment. Therefore, removal of these particulate matters by using pre-filtration 

treatments, such as PAC and a sand filter, can increase the efficacy of disinfection treatment such 

as UV light. The use of CF in conjunction with a sand filter before UV light exposure was found 

to be more efficient than sand filtration alone. The efficacy of the CF treatment was higher in 

reducing microbes compared to the sand filter treatment. However, the Treatment 1 improved 

physico-chemical parameters better than the standalone Treatment 2. The UV light provided the 

desired microbial quality after pre-treatment with both treatment procedures. This study supports 

the use of a pre-filtration treatment followed by UV disinfection as a means to provide safe, 

potable water to wash milking equipment on dairy farms. However, this system has not been 

evaluated for the removal of any classes of bacteria, viruses and protozoans other than Gram-

negative bacteria, nor in farms with a broader range of conditions. Further physico-chemical 

parameters may need to be examined as well. Despite the need for further validation, the water 
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treatment system showed promising results. This study provides baseline information about 

surface water quality and suggests that efficient water treatment systems should be used to 

remove bacteria before use of this water source for dairy farm operations.  
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Table 2. 1 . Identification of isolates collected over 16 samplings. 

Dairy 

Farms 

Escherichia 

coli 

(SMAC1; 

n3=8) 

E. coli 

(CCA2; 

n3=8) 

Aeromonas 

hydrophila 

complex 

(SMAC1; n3=8) 

Klebsiella 

spp. 

(SMAC1; 

n3=8) 

Enterobacter 

spp. 

(SMAC1; 

n3=8) 

Rahnella 

aquatilis 

(SMAC1; 

n3=8) 

Serratia 

spp. 

(SMAC1; 

n3=8) 

Pseudomonas 

spp. 

(SMAC1; 

n3=8) 

Total 

A 1 (1) 19 (8) 4 (2) 1 (1) 3 (2) 4 (2) 6 (4) 1 (1) 39 

B 1 (1) 14 (7) 7 (3) 3 (1) 7 (4) 6 (3) 1 (1) 9 (2) 48 

C 
 

13 (5) 9 (3) 4 (2) 4 (4) 5 (4) 3 (1) 1 (1) 39 

D 1 (1) 14 (6) 5 (4) 2 (2) 8 (5) 11 (5) 1 (1) 1 (1) 43 

E 
 

22 (7) 1 (1) 7 (3) 3 (2) 4 (4) 2 (4) 1 (1) 40 

F 1 (1) 11 (4) 8 (2) 3 (1) 7 (4) ND 4 (2) ND 34 

G 
 

11 (5) 9 (4) 3 (1) 1 (1) 5 (3) 6 (3) 3 (1) 38 

H 1 (1) 18 (7) 8 (3) 7 (3) 2 (2) 5 (4) ND 4 (2) 45 

I 
 

18 (7) 13 (4) 3 (2) 8 (6) 3 (2) 1 (5) 3 (1) 49 

J 3 (3) 10 (5) 11 (5) 4 (4) 3 (3) 3 (3) ND 3 (1) 37 

K 1 (1) 11 (5) 7 (2) 9 (4) 5 (3) ND 1 (1) ND 34 

L 2 (1) 16 (6) 12 (5) 4 (2) 3 (1) ND 3 (2) 4 (2) 44 

M 
 

6 (2) 4 (2) 6 (4) 7 (5) 6 (2) 5 (3) 1 (1) 35 

N 5 (4) 19 (5) 2 (2) 10 (4) 4 (2) ND 4 (2) ND 43 

O 
 

17 (6) 10 (4) 4 (5) 4 (4) 4 (4) ND 7 (3) 46 

Total 16 218 110 70 69 56 37 38 614 
 

1SMAC, Sorbitol Macconkey agar medium was used for enumeration and isolation of Gram-negative bacteria for the first eight 

samplings; 2CCA, Chromocult Chromogenic agar medium was used for isolation of E. coli only for the last eight samplings; 3n= 

represents the number of samplings; ND, not detected. 
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Table 2. 2 . Physico-chemical properties of untreated surface waters. 

  

Dairy Farms 

Parame

ters1 

 

A B C D E F G H I J K L M N O 

pH 8.2±0.1 8.2±0.2 7.9±0.1 8.1±0.2 8.2±0.1 8.2±0.1 8.5±0.4 8.3±0.2 8.3±0.3 8.3±0.2 8.4±0.4 8.3±0.1 8.2±0.1 8.2±0.1 8.2±0.1 

Alk 

 

121±18 92±10.1 69±20 110±44 145±26 1265±3

0 

81.5±16 1175±4

9 

120±22 148±31 128±26 157±34 147±26 185±45 95±5.3 

SS 31±20 11±5.8 2.5±1.1 39±25.9 52±54.4 31±36 22±21 31±44 43±41 75±157 24±35 33±21 16±13 39±29 7.94±5 

TS 362±12

3 

259±59 3012.5±

314 

1612±1

642 

332±88 315±32 1011±3

13.2 

421±81 502±62 399±31

3.5 

178±49 365±61 589±21

3 

500±41 187±11 

Tur 34± 29 18±9.2 1.4±0.4 36±12.5 76.9±40 33±22.5 9.5± 7.4 17±6.9 29.4±21 98±259 14±26 24±17.4 20±30.7 25±8.6 3.6±2.4 

UVT 49±15 54±10 89.4±4 40.3±13 25.6±10 38.1±11 58.45±9 53±12.4 45.6±8 59.8±8 70±6 46.5±21 49±10.5 30±6.2 91±1.2 

Hard 251±18 153±24 1934±19

4.2 

832.5±7

96.3 

219±46 192±25 65± 196 248±53 297±30 215±78 148±33 255±37 322±68 294± 25 133±8.5 

Cond 567±38 388±76 3042±24

0 

2099±2

125 

450±10

2 

437±49 1219±3

31 

640±12

1 

706±87 414±92 272±54 562±82 906±42

6.2 

750± 56 295±14 

NO2 0.4±0.9 0.1±0.2 0.36±0.9 0.3±0.6 0.5±1.2 0.1±0.2 0.3±0.6 0.3±0.8 0.2±0.5 0.5±1.4 0.1±0.2 0.1±0.1 0.4±0.9 0.6±1.7 0.1±0.1 

NO3 1.7±1.6 2.2± 3.7 1.2±2.3 3.5± 3.8 3.2±4.6 1.0±1.4 0.7±0.7 1.7±1.8 1.5± 1.4 1.6±2.1 0.4±0.9 0.7± 0.7 2.2±2.2 3.7±4 0.4± 0.5 

Al 1.5±1.4 0.9± 0.6 0.03±0.2 1.3±0.4 3±1.4 1.6±1.4 0.2±0.1 0.5±0.1 0.5±0.3 1.8±4.1 0.4±0.6 0.7± 0.6 0.6±0.1 0.7±0.5 0.2±0.1 

Iron 1.3±1 0.7±0.4 0.4±0.1 1.2± 0.5 2.7±1.3 1.3± 1 0.3±0.2 0.5±0.1 0.6±0.2 2.1±4.8 0.7±1 0.8± 0.6 0.7±1 0.8±0.3 0.2±0.1 

BC 3.9±0.6 3.6±0.5 3.9±0.6 4.2±0.4 4±0.4 3.8±0.5 3.6±1.3 3.6±0.6 4±0.6 3.6±0.6 3.6±0.6 4±0.8 4±0.5 4±0.4 3.6±0.6 

Alk, alkalinity (CaCO3 as mg/l); SS, suspended solids (mg/l); TS, Total solids (mg/l); Tur, Turbidity (NTU); UVT, UV transmittance 

(%); Hard, Hardness (mg/l); Cond, Conductivity (μS/cm); NO2, Nitrite (mg/l); NO3, Nitrate (mg/l); Al, Aluminum (mg/l); BC, 

Bacterial count (log10 CFU/100 ml) 

 

                                                 
1 Average values (Mean ± Standard deviation) of 15 surface water sources over 11 months; n=14 for all water sources 
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Table 2. 3 . Differences between farms, devices and sampling period for physico-chemical 

parameters.  

 

Parameters Minimum 

significant 

difference  

(P value)  

Minimum 

significant 

difference  

(P value)  

Minimum 

significant 

difference  

(P value)  

 Farms Treatment options Sampling period 

Temperature (°C) 1.62 (<.0001) 3.09 (1) 1.22 (<.0001) 

pH 0.25 (<.0001) 0.48 (<.0001) 0.19 (0.003) 

Alkalinity (mg/l) 24.5 (<.0001) 46.80 (<.0001) 18.48 (0.64) 

Suspended solids (mg/l) 15.74 (0.17) 30.13 (0.002) 11.89 (0.71) 

Total solids (mg/l) 52.71 (<.0001) 100.89 (0.58) 39.84 (0.01) 

Turbidity (NTU) 13.88 (0.0007) 26.56 (<.0001) 10.49 (0.80) 

Hardness (mg/l) 24.34 (<.0001) 46.58 (0.04) 18.39 (<.0001) 

Conductivity (μS/cm) 66.1 (<.0001) 126.52 (0.02) 49.96 (0.15) 

UV transmittance (%) 8.20 (<.0001) 15.7 (<.0001) 6.19 (0.11) 

Nitrite (as N) (mg/l) 0.11 (<.0001) 0.21 (0.95) 0.08 (0.001) 

Nitrate (as N) (mg/l) 2.40 (<.0001) 4.58 (0.99) 1.80 (<.0001) 

Nitrite+ Nitrate (mg/l) 2.53 (<.0001) 4.84 (0.99) 1.91 (<.0001) 

Aluminum (mg/l) 2.16 (<.0001) 4.14 (0.62) 1.63 (<.0001) 

Iron (mg/l) 0.41 (0.03) 0.79 (<.0001) 0.31 (0.09) 

Bacterial count (CFU/100 ml) 0.65 (0.95) 1.24 (<.0001) 0.49 (0.26) 
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Table 2. 4 . Pearson Correlation coefficients matrix for the variables under study. 

  Temp SS Alk pH Cond TS Tur UVT NO2 NO3 NO2 

+ 

NO3 

Hard Al3 Iron 

Temp 1              

SS -0.16 1             

Alk -0.14 0.29* 1            

pH 0.07 0.19 0.48* 1           

Cond -0.18 -0.04 0.35* -0.43* 1          

TS -0.12 0.14 0.45* -0.30* 0.92* 1         

Tur -0.21* 0.86* 0.52* 0.33* -0.05 0.13 1        

UVT 0.18 -0.53* -0.63* -0.48* 0.09 -0.12 -0.81* 1       

NO2-N -0.15 0.32* 0.31* 0.37* 0.24* 0.33* 0.31* -0.23* 1      

NO3-N -0.05 -0.05 -0.08 -0.14 0.33* 0.38* 0.01 -0.08 0.39* 1     

Hard -0.26* 0.18 0.28* -0.42* 0.70* 0.72* 0.17 -0.16 0.01 0.26* 0.26* 1   

Al -0.39* 0.02 -0.18 0.07 -0.46 -0.50* 0.03 0.07 -0.11 -0.08 -0.09 -0.33* 1  

Iron -0.29* 0.78* 0.42 0.34* -0.18 0.00 0.92* -0.74* 0.20* 0.02 0.02 0.09 0.31* 1 

BC 0.04 0.28* 0.11 0.22* -0.21* -0.04 0.30* -0.28* 0.03 0.03 0.03 0.09 0.07 0.35* 

 

Temp, Temperature; SS, suspended solids; Alk, alkalinity; Cond, conductivity; TS, Total solids; Tur, Turbidity; UVT, UV 

transmittance; NO2-N, Nitrite; NO3-N, Nitrate; Hard, Hardness; Al, Aluminum; BC, bacterial count; *, P < 0.05. 

 

  



 

 64 

  

Fig. 2. 1 . Schematic diagram of the water treatment system2 under investigation 

                                                 
2 1. Raw water tank: Capacity 180 US gallons (1 US gallons= 3.78 Litre) 

2. Coagulation/ Flocculation tank: Polyaluminum Chloride 

3. Water storage tank: Transfer treated water after coagulation 

4.Sand Filter: High purity Alumina silicate (0.4-1.4mm) 

5a & 4b UV lamp 1 and. UV lamp 2: Approximately 30 mj/cm2 at 95% UVT 
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Fig. 2. 2 . Total viable plate counts in the surface waters of fifteen dairy farms. The bars 

show the average bacterial count on each farm at each season. Standard error was ≤ 0.001 and so, 

was not shown.  
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Fig. 2. 3 . Total viable plate counts in surface water collected following treatment 1. The 

columns represent the bacteria count in surface water, raw water from water tank, PAC treated 

water, sand filtered water, and UV treated water for each farm in spring, summer and fall season. 

Standard error was ≤ 0.001 and so, was not shown.  
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Fig. 2. 4 . Total viable plate count in surface water collected from Treatment 2.  

The columns represent the bacteria count in surface water, raw water from water tank, sand 

filtered water, and UV treated water for each farm in spring, summer and fall season. Standard 

error was ≤ 0.001 and so, was not shown.  
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Core Ideas 

• Surface water is a valuable input for livestock production; however, untreated surface 

water can be a source of antimicrobial-resistant bacteria. 

• The presence of multidrug-resistant (MDR) E. coli strains in surface water could 

facilitate the spread of antimicrobial resistance (AMR).  

• Whole genome sequencing (WGS) provides insight into the emergence of potential 

virulent and AMR genes in E. coli from surface water source. 

• This highlights the need for implementation of efficient water treatment units for dairy 

farms. 

ABSTRACT 

Untreated surface waters can be contaminated with a variety of bacteria including 

Escherichia coli -- some of which can be pathogenic for both humans and animals. Therefore, 

such waters need to be treated prior to their use in dairy operations to mitigate risks to dairy cow 

health and milk safety. To understand the molecular ecology of E. coli, this study aimed to assess 

antimicrobial resistance (AMR) in E. coli recovered from untreated surface water sources of 

dairy farms. Untreated surface water samples (n=240) from 15 dairy farms were collected and 

processed to isolate E. coli. A total of 234 E. coli isolates were obtained and further 

characterized for their serotype and antimicrobial susceptibility. Of the 234 isolates, ~71% were 

pan-susceptible, 24.3% were resistant to less than three antimicrobial classes while 4.27% were 

resistant to three or more antimicrobial classes. Whole genome sequence analysis of 11 selected 

multidrug-resistant (MDR) isolates revealed AMR genes including blaCMY-2 and blaCTX-M-1 that 

confer resistance to the critically important extended-spectrum cephalosporins, as well as a 
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variety of plasmids (mainly of the IncF replicon type) and class 1 integrons. Phylogenetic and 

comparative genome analysis revealed a genetic relationship between some of the sequenced E. 

coli strains and Shiga toxin-producing E. coli O157:H7 (STEC), a finding which warrants further 

investigation. This study showed that untreated surface water sources contained antimicrobial-

resistant E. coli, which may serve as a reservoir of AMR that could be disseminated by 

horizontal gene transfer. This is another reason why effective water treatment prior to usage 

should routinely be done on dairy farm operations.  
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INTRODUCTION 

Escherichia coli is a ubiquitous organism of the gastrointestinal tract of human and 

livestock and is commonly used as an indicator bacterium for fecal contamination (Dunn et al., 

2014). Some E. coli strains are pathogenic and have been implicated in waterborne diseases 

(Ishii and Sadowsky, 2008). In addition to E. coli O157:H7 strains, other bacteria such as 

Salmonella enterica serovar Typhimurium, Vibrio cholerae, and Campylobacter jejuni have been 

found in surface water worldwide, making water an important source of infections for both 

humans and animals (Ramírez-Castillo et al., 2015). In humans, approximately 1.7 billion cases 

of diarrhea (the second most common cause of death in children under five years of age) per year 

worldwide are reported to be due to the consumption of contaminated food and water (Baquero 

et al., 2008; Figueras and Borrego, 2010; Korzeniewska et al., 2013). Surface water is used as the 

main source of drinking water for animals and several studies reported that farm animals can 

become infected through the consumption of contaminated water (Faith et al., 1996; Rice and 

Johnson, 2000; Shere et al., 2002). In Canada, only treated surface water is used for washing of  

milking equipment on dairy farms due to the risks of microbial contaminations (potential milk 

safety hazards) associated with the use of untreated surface water (Oliver et al., 2005; Perkins et 

al., 2009). 

Antimicrobial resistance (AMR) in zoonotic bacteria is becoming a global food safety 

and public health issue (EFSA and ECDC, 2018). The main sources of resistant bacteria and 

related resistance determinants in the aquatic environment include: human and animal wastes, 

surface run-off from agricultural sites, leachate from lagoons, and wildlife (Singer et al., 2016). 

Several studies have reported that surface waters around the world, including those in Canada, 

are contaminated with antimicrobial-resistant bacteria (Ash et al., 2002; Ozgumus et al., 2007; 
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Turgeon et al., 2011; Delgado-Gardea et al., 2016). The presence of multidrug-resistant (MDR) 

E. coli isolates carrying AMR genes, such as extended-spectrum β-lactamase (ESBL) and 

fluoroquinolones resistance genes, in surface waters and other aquatic environments are of 

particular concern, because both groups are critically important antimicrobials in human 

medicine (Hu et al., 2008; Stoll et al., 2012; Jang et al., 2013; Coleman et al., 2013; 

Kamruzzaman et al., 2013; Müller et al., 2016; WHO.,2017). However, our understanding of 

resistance determinant profiles of generic E. coli from surface water used for dairy cattle 

husbandry and their comparison to known pathogens is limited. 

The present study was designed to analyze the antimicrobial susceptibility profiles of E. 

coli isolated from untreated surface water sources from 15 dairy farms in Ontario and to do 

whole genome sequencing (WGS) of multidrug-resistant isolates to assess their AMR genotypes 

and their virulence potential. In-depth genomic analysis of these isolates and their relationship to 

pathogenic E. coli strains will help in understanding the ecology of this bacterium. 

MATERIAL AND METHODS  

E. coli Isolation 

Fifteen dairy farms (designated A to O) in Southwest Ontario, which rely on treated 

surface water sources (ponds) for washing milking equipment and watering animals were 

selected for the present study. Samples of untreated surface water from these farms were 

collected over twelve months from December 2015 to December 2016. The sampling time was 

categorized in four sampling periods: winter (December- February) spring (March-May), 

summer (June- August), and fall (September- November). The water samples were analyzed 

using a membrane filtration method (APHA, 2005). Briefly, 10 ml of water was filtered through 
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0.45 µm pore size membrane filters (Millipore, Molsheim, France). After filtration, one filter 

was then placed on the ChromoCult coliform agar (CCA) (Merck KGaA, Darmstadt, Germany) 

and incubated overnight at 37°C to select for and quantify E. coli.  In parallel, another filter was 

placed on a CCA supplemented with 4 μg/ml ceftiofur to select E. coli strains resistant to 

extended-spectrum cephalosporins. At least three β-D-glucuronidase positive colonies from each 

CCA plate and all of the β-D-glucouronidase positive colonies (if present) from CCA 

supplemented with ceftiofur plates were purified to confirm their identity using API 20 E strips 

(BioMérieux, St-Laurent, QC, Canada). The E. coli isolates were serotyped at the National 

Microbiology Laboratory (Public Health Agency of Canada, Guelph, ON, Canada). 

Antimicrobials Susceptibility Tests 

Susceptibility to 14 antimicrobial agents was assessed using the Sensititre broth 

microdilution automated system (Thermo ScientificTM, Mississauga, ON, Canada) with 

breakpoints defined by the Clinical and Laboratory Standard Institutes (CLSI, 2017); E. coli 

ATCC 25922 was used as the quality control strain. The 14 antimicrobial agents with their 

respective resistance breakpoints included in the susceptibility testing panel were: ampicillin 

(AMP, ≥32 µg/ml), amoxicillin-clavulanic acid (AMC, ≥32/16 µg/ml), cefoxitin (FOX, ≥32 

µg/ml), ceftiofur (TIO, ≥8 µg/ml), ceftriaxone (CRO, ≥4 µg/ml), ciprofloxacin (CIP, ≥4 µg/ml), 

nalidixic acid (NAL, ≥32 µg/ml), gentamicin (GEN, ≥16 µg/ml), streptomycin (STR, ≥64 

µg/ml), trimethoprim-sulfamethoxazole (SXT, ≥4 µg/ml), sulfisoxazole (SUL, ≥512 µg/ml), 

tetracycline (TET, ≥16 µg/ml), azithromycin (AZM, ≥32 µg/ml), and chloramphenicol (CHL, 

≥32 µg/ml). No CLSI interpretive criteria were available for STR, AZM, or TIO for E. coli so 

interpretive criteria defined by the Canadian Integrated Program for Antimicrobial Resistance 

Surveillance were used instead (CIPARS, 2011). These antimicrobials fall into following classes: 
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β-lactams (AMP, AMC, FOX, TIO, CRO); fluoroquinolones and quinolones (CIP and NAL); 

Aminoglycosides (GEN, STR); sulfonamides, (SXT and SUL); tetracyclines (TET); Macrolides 

(AZM); and phenicols (CHL). The E. coli isolates resistant to three or more antimicrobial classes 

were considered as MDR and selected for sequencing. 

Whole Genome Sequencing (WGS) 

Eleven non-redundant MDR E. coli, which were isolated from different sources and at 

different sampling time, and four susceptible E. coli isolates were used for WGS. The susceptible 

isolates were randomly selected for comparison and were from the same farm from which the 

MDR E. coli originated. Genomic DNA was extracted using the GenElute Bacterial Genomic 

DNA kit (Sigma-Aldrich, Oakville, ON, Canada). The extracted DNA was suspended in 1X TE 

buffer (pH 8.0) and quantified using an Invitrogen Qubit® 2.0 fluorometer (Invitrogen, Carlsbad, 

CA, USA). DNA quality, which was isolated from MDR and pan-susceptible E. coli isolates, 

was visualized by 1% agarose gel electrophoresis. Libraries were prepared with the Nextera XT 

kit (Illumina. San Diego, CA, USA) and sequencing was performed using the Miseq platform 

(Illumina).  

Genome Sequence Analysis 

The genome sequences were assembled in Spades v3.0 using the IRIDA platform 

(Bankevich et al., 2012). The ResFinder (https://cgE. cbs.dtu.dk/services/ResFinder/) from the 

Centre for Genomic Epidemiology web server (http://www.genomicepidemiology.org/) and 

resistance gene identifier (RGI) version 4.0.2 (https://card.mcmaster.ca/analyze/rgi) from the 

Comprehensive Antibiotic Resistance Database platform were used to identify AMR 

determinants and for the presence of mutations in gyrA and parC genes and ampC-type β-

https://cge.cbs.dtu.dk/services/ResFinder/
http://www.genomicepidemiology.org/
https://card.mcmaster.ca/analyze/rgi
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lactamase gene (McArthur et al., 2013). The PlasmidFinder (https://cgE. 

cbs.dtu.dk/services/PlasmidFinder/) and virulence finder (https://cgE. 

cbs.dtu.dk/services/VirulenceFinder/) databases from the Centre for Genomic Epidemiology web 

server were used to identify the plasmid replicon and virulence genes in sequenced genomes.  

Phylogenetic analysis based upon single nucleotide polymorphisms (SNPs) was 

conducted with the Call SNPs and Infer phylogeny (CSI phylogeny) version 1.4 program 

(http://cgE.cbs.dtu.dk/services/CSIPhylogeny/). CSI phylogeny creates maximum likelihood tree 

using FastTree and the confidence in splits are given as a number between 0 and 1. Phylogenetic 

trees were constructed using the 15 E. coli genomes sequences in the current study and a 

completed genome set of E. coli strains from different origins including human (n = 34), animals 

(n = 27), dairy cow manure (n = 10), food products (n=10), and the environment (n=4) from the 

National Center for Biotechnology Information (NCBI) database accessed on October 20, 2017 

(Whiteside et al., 2016). A reduced phylogenetic tree was then constructed using a subset of 

chosen strains including O157 and non-O157 strains of human (n=13) and dairy cow manure 

(n=10) origin (Table 1). FastTree, which computes local support values with the Shimodaira-

Hasegawa test with 1,000 bootstrap replicates, was used to estimate the reliability of each split in 

the tree (Price et al., 2010). A maximum likelihood tree was generated based on SNPs alignment 

(Kaas et al., 2014). Seed viewer (http://rast.nmpdr.org/seedviewer.cgi) was used to visualize 

whole genome sequence comparisons of coding sequence identity between reference strains and 

isolates from this study (Overbeek et al., 2005).  

Statistical Analysis 

Cochran–Mantel–Haenszel and Fisher’s exact test were used to determine the 

relationship between isolate characteristics (resistance phenotype and genotype) and water 

https://cge.cbs.dtu.dk/services/PlasmidFinder/
https://cge.cbs.dtu.dk/services/PlasmidFinder/
https://cge.cbs.dtu.dk/services/VirulenceFinder/
https://cge.cbs.dtu.dk/services/VirulenceFinder/
http://cge.cbs.dtu.dk/services/CSIPhylogeny/
http://rast.nmpdr.org/seedviewer.cgi
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sources and collection time using the FREQ procedure in SAS (SAS Inc., Cary, North Carolina, 

USA). Unconditional associations between resistance genes were examined using logistic 

analysis (proportional odds model) (Aslam et al., 2012). Odd ratios with 95% confidence 

intervals were calculated for statistically significant associations (P ≤ 0.05). 

RESULTS 

Antimicrobial Susceptibility Test 

A total of 234 E. coli isolates [farm A (n=20), farm B (n=15), farm C (n=13), farm D 

(n=15), farm E (n=22), farm F (n=12), farm G (n=11), farm H (n=19), farm I (n=18), farm J 

(n=13), farm K (n=12), farm L (n=18), farm M (n=6), farm N (n=23), and farm O (n=17)] were 

recovered over 16 sampling times for characterisation. Of the 234 isolates, 71.4% were 

susceptible while 28.6% exhibited resistance phenotypes. No significant association (P > 0.05) 

was found between the distribution of E. coli isolates and sampling time (data not shown). The 

proportions of antimicrobial-resistant E. coli isolates for each antimicrobial are shown in Fig.1. 

The most frequent resistances were against SUL (16%), TET (12%), AMP (9%), and STR 

(5.5%). The frequency of resistances to TIO, CRO, and SXT was 4% and to AMC and FOX was 

3%. Intermediate susceptibility was observed in 1% of isolates for AMC, AMP, CHL, and 4 % 

of isolates for FOX. An isolate of serotype O153:H34 from farm I was resistant to 11 

antimicrobials: AMP, AMC, TIO, FOX, CRO, CIP, NAL, GEN TET, SXT, and SUL. A total of 

55 of the 234 isolates (23.5%) were resistant to one or two antimicrobial classes while 12 (5.1%) 

of them were resistant to three or more antimicrobial classes. MDR E. coli were isolated from six 

farms (D, E, J, L, N, and I). The 21 observed AMR patterns in all E. coli are presented in Table 

2. The most common AMR pattern was AMP-SUL-TET in various combinations with other 
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agents. General association between antimicrobial-resistant E. coli phenotype and sampling time 

is shown in Table 3. No significant association (P > 0.05) was found between resistance 

frequency to AZM, TIO, CRO, CHL, CIP, GEN, NAL, TET, and SXT and sampling times. 

However, E. coli isolates resistant to AMC, FOX, STR, and SUL were significantly associated 

(P ≤ 0.05) with sampling time. For example, of the seven AMC resistant E. coli, six were 

isolated mainly in summer (One in August, five in July and only one in December) and of the 38 

SUL resistant isolates, 27 were isolated between May to August 2016. Significant associations 

were observed between surface water sources and antimicrobial resistant E. coli isolates (Table 

3). Isolates resistant to AMC, AMP, FOX, TIO, CRO, STR, SUL, TET, and SXT were 

significantly associated with specific farms. For example, no E. coli resistant to SUL were found 

in water source for farm M while, 11, 5, 5 and 3 of such isolates were identified in water sources 

for farm N, I, C, and A respectively. No significant (P > 0.05) association was observed between 

any water source and resistance to AZM, CHL, CIP, GEN, and NAL antimicrobials due to 

lowest prevalence of AMR against these agents. 

Genotyping of Multidrug-Resistant (MDR) E. coli Isolates 

Consistent with their resistance phenotypes, resistance determinants for β-lactams 

(blaCMY-2, blaCTX-M-1, blaOXA-1, blaTEM-1A, blaTEM-1B, and AmpC-type β-lactamase), 

fluoroquinolones (parC and gyrA mutations), aminoglycosides (aac3-IIa, aac3-IId, aac6’-Ib, 

aph3’-Ic, aph6-Ib, aadA1, aadA2, aadA5, strA, and strB), tetracycline (tetA, tetB, and tetD), 

trimethoprim (dfrA1, dfrA12, dfrA17), sulphonamide (sul1 and sul2), macrolide (mphA), and 

phenicols (catA1 and floR) were detected among the eleven sequenced MDR E. coli isolates 

(Table 3.4). No resistance genes were detected in four pan-susceptible E. coli isolates. In an 

isolate #6714, mutations were detected in the promoter region of ampC β-lactamase gene. 
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Overall, the AMR genes identified in the 11 MDR isolates correlated well with their resistance 

phenotypes. Unconditional statistical associations between AMR genes were also detected. 

Isolates having the aadA1 were more likely to carry dfrA1 (OR=119; 95% CI, 1.9-7273.1; 

P=0.006) compared to isolates negative for this gene. Isolates that carried sul1 tended to be 

associated with aadA1 and dfrA1 (P=0.06). Similarly, isolates positive for tetA were more likely 

to have blaCTX-M-1 and mphA (OR=95; 95% CI, 1.4-6087.6; P=0.01). No significant associations 

were found between other resistance genes.  

Mobile Genetic Elements 

Plasmids: Eleven different plasmid incompatibility groups (Inc) were detected using the 

PlasmidFinder tool in the genomes of the 11 MDR + 4 pan-susceptible isolates sequenced (Table 

3.5). The main replicon types found were IncFII (40%), IncFIA (20%), IncFIB (60%), IncFIC 

(13%), IncI1 (27%), IncI2 (6%), IncQ1 (6%), IncX (6%), and p0111 (20%). An 83 Kb contig 

(contig #22) of one isolate (#6601) carried containing the IncI1 marker and the β-lactamase 

blaCMY-2 and the quaternary ammonium compound-resistance protein SugE genes. This blaCMY-2 

containing contig exhibited 94% similar with the plasmid p12-4374_96 (Accession # CP012929) 

found in S. Heidelberg and 91% similar with the plasmid pDE105 (Accession # MG569891) 

present in Shigella sonnei. Further comparative sequence analysis between contig #22 and p12-

4374_96 showed that some IncI conjugative transfer proteins (e.g., PilI, PilK, TraC, replication 

initiation proteins, and hypothetical proteins) were missing in contig#22. However, genes 

missing in contig#22 were located on other contigs. Similarly, comparative analysis between 

contig #22 and pDE105 showed that mobile element proteins, virulence related genes such as 

vagC and vagD, the aph-3’’-lb and blaTEM genes conferring resistance against aminoglycoside 

and β-lactam antimicrobial agents, transcriptional regulators, transposon Tn21 resolvase and 
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hypothetical proteins were missing in contig #22 as well as in the other contigs. 

Integrons: Three of the 11 sequenced MDR E. coli isolates had a class 1 integron. Two 

of these three isolates were from different sampling times from water for farm N (#6753 and 

#6822 of serotype O20:NM) and the third was from water from farm D (#6657 of serotype 

O9:H4). The sul1 and qacED1 genes were present in the conserved region of theses integrons. In 

isolate #6753 and #6822, an aminoglycoside adenylyltransferase (aadA1) gene was present in 

upstream and a β-lactam resistance gene (blaCMY-2) was present downstream of the integrase 

gene. The integron of the third isolate #6657 carried an aadA22 gene cassette.  

Virulence Factors 

A total of 17 virulence genes (air, astA, capU, cba, cma, eilA, espP, gad, ireA, iroN, iss, 

IpfA, mchB, mchC, mchF, mcmA, and tsh) were detected in the 15 sequenced isolates (Table 3.5). 

Most isolates carried gad and iss (80%) followed by IpfA (40%), air, astA, eilA, and mchF 

(27%), espP and mcmA (20%), iroN, mchB, and mchC (13%), capU, cba, cma, ireA, and tsh 

(7%).  

Phylogenetic Analysis 

The phylogenetic relationship between the 15 E. coli isolates sequenced and the 23 

reference E. coli genomes from NCBI grouped into six major clades (Fig 3.2). Clade I was the 

largest containing six sub-clades (a-f). Three isolates [#6811 (O185:H47), #6542 (O?:NM), and 

#6707 (O103:H16)] clustered within sub-clade Ia together with the pathogenic strain [2010C-

3325 (O146:H21)] and isolate #5959 (O7:H8) previously isolated from dairy cow manure. Two 

isolates from clade II [#6539 (O?:H49) and #6614 (O24:H32)] clustered with the pathogenic 

reference strain EDL933 (O157:H7), F9792 (O169:H41), 2010C-4557C2 (O145:NM) and E. coli 
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#5883 (O8:H1) isolated from dairy cow manure. Overall, SNP based phylogenetic analysis 

suggested a possible genetic relationship between the non-STEC isolates of serotypes O?:H49 

and O24:H32 from this study and STEC O157: H7 strain EDL933. 

Comparative Genomics 

The Seed viewer tool was used to compare the genomes of the clade I isolates [#6811 

(O185:H47), #6542 (O?:NM), and #6707 (O103:H16)] with that of E. coli O146:H21. Similarly, 

the cluster II isolates #6539 (O?:H49), #6614 (O24:H32), 2010C-4557C2 (O145:NM), and 

F9792 (O169:H49) were compared to the reference strain E. coli O157:H7 (Fig 3.3a,b). The 

isolates within clade I had similarities of 99-100%. However, multiple genes for hypothetical 

protein, prophage and adhesion genes, as well as tellurite resistant traT, ureG genes, were absent 

in isolates from the present study when compared to the reference strains. Similarly, despite the 

high sequence identity (95-100%) of cluster II isolates, hypothetical proteins, type III secretion 

proteins, intimin, shiga-toxins, and transposase sequences from the O157:H7 reference strain 

were missing in isolates (#6539 and #6614) in the present study. 

DISCUSSION 

Most studies on the characterization of E. coli in Ontario, have been performed on 

surface waters used for drinking, recreational and irrigation purposes (Hamelin et al., 2006; 

Turgeon et al., 2011; Coleman et al., 2013). However, in-depth analysis of AMR in E. coli from 

surface water used for dairy operations in Ontario is lacking. In order to fill this knowledge gap 

and to develop an efficient and economical water treatment system, the present study assessed 

the frequency of AMR in E. coli isolates from surface water sources of fifteen dairy farms in 

Southwest Ontario. 
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More than a quarter (28.6%) of all E. coli isolates tested from fifteen farms studied were 

resistant to at least one of the tested antimicrobial agents which is comparable with reported 

prevalence (14% to 35%) of AMR from surface water used for drinking and recreational 

purposes (Hamelin et al., 2006; Blaak et al., 2015). However, the prevalence of resistance in the 

present study was lower than that (55% to 100%) observed in surface water located near 

wastewater treatment plants and in urban areas, probably due to enrichment of bacteria in surface 

water from these sources (Webster et al., 2004; Watkinson et al., 2007; Ram et al., 2008; Blaak 

et al., 2015). We found that a low proportion (<1 %) of E. coli was resistant to GEN, NAL, and 

CIP. This is similar to the findings of Ash and Roe et al. who reported that <1 % of E. coli from 

surface waters was resistant to fluoroquinolones and gentamicin (Ash et al., 2002; Roe et al., 

2003). However, the comparison of these studies is difficult due to the use of different 

approaches for water sample analysis, use of different classes and concentrations of 

antimicrobials, and geographical location. The low prevalence of organisms with resistance 

against fluoroquinolones in surface water indicated that the surface water sources studied are not 

a significant source of resistant E. coli to these critically important agents in human medicine. 

Further investigations are warranted to trace back the origin of the identified resistant E. coli 

identified in the surface water sources studied here.  

The β-lactamase blaCMY-2, blaTEM, blaCTX-M1, blaOXA-1, and AmpC-type genes were 

identified in the sequenced MDR E. coli isolates. A variety of bla genes have been previously 

reported in bacteria from surface waters used for drinking and recreational purposes (Mataseje et 

al., 2009; Stoll et al., 2012; Blaak et al., 2014). A recent study reported CTX-M variants in 

commensal E. coli isolated from dairy cattle in Washington State (Afema et al., 2018) indicating 

that surface water could play a role in the dissemination of ESBL-producing bacteria (Franz et 
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al., 2015). Therefore, the presence of ESBL genes (i.e. blaCMY-2 and blaCTX-M1) in generic E. coli 

from surface water sources for dairy cattle is a concern. Thus, dissemination pathways and the 

relation between fecal shedding and surface waters in dairy farms need to be determined. 

Widespread occurrence of sul genes in bacteria from the aquatic ecosystem has also been 

reported in previous studies (Hamelin et al., 2006, 2007; Amy Pruden et al., 2006; Hu et al., 

2008). The high frequency of sulfonamides resistance genes sul1 and sul2 in our isolates was 

expected because sulphonamides have been used for a long time in both animals and humans. 

Trimethoprim is commonly used in combination with sulphonamide and the dfr genes conferring 

trimethoprim resistance have also been previously reported in bacteria from surface waters 

(Hamelin et al., 2006; Stoll et al., 2012; Gomi et al., 2017). Dissemination of sul and dfr genes in 

bacteria from surface water is probably due to their presence in class 1 integrons in Gram-

negative bacteria: sul genes in their conserved region and dfr genes as gene cassettes in their 

variable region (Antunes et al., 2005; Shin et al., 2015). Although dfr genes appeared to not be 

physically associated with sul1 and integron in the present study, dfr was detected on different 

contig in all isolates harbouring class 1 integrons. Tetracyclines are another class of 

antimicrobials that have been extensively used in livestock. Of the multitude of different 

tetracycline resistance genes reported so far, only tetA, tetB, and tetD were detected in E. coli in 

this study. This finding is in agreement with previous studies reporting a high prevalence of tetA 

and tetB genes in E. coli from surface water (Hamelin et al., 2006; Hu et al., 2008; Gomi et al., 

2017). Additionally, these earlier studies also reported other tet genes such as tetC, tetD and tetM 

in low frequency. The prevalence of antimicrobial–resistant bacteria varied significantly between 

the fifteen farms (Table 3). MDR was reported in bacteria from the water of only six dairy farms 

(Table 4). In the frame of the present study, the possible reason for this variation remains 
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unknown. No information is available regarding the exact source of bacterial contamination in 

surface water and the types of antimicrobials used inside the dairy farms. Further studies on the 

epidemiology of E. coli will help to identify the contamination sources and to understand the 

reason behind the difference in prevalence of AMR in bacteria from surface water in dairy farms. 

These studies will help to develop risk management strategies to control the existence of AMR in 

surface water. 

Generic E. coli may act as a reservoir of AMR genes and may transfer these genes to 

pathogenic E. coli through horizontal gene transfer if conditions are suitable (Hu et al., 2016). 

Eleven types of plasmid incompatibility group were found in our isolates and the most frequent 

replicon type was IncF followed by IncI. These incompatibility groups are frequently associated 

with multidrug resistance genes including those for extended-spectrum cephalosporins 

(Rozwandowicz et al., 2018). Plasmids carrying blaCTX-M-1 in isolates from animal sources have 

been shown to be mainly of the IncF group (Hordijk et al., 2013; Dahmen et al., 2013; Haenni et 

al., 2014). We were not able to link the detected blaCTX-M-1 gene with specific plasmids due to the 

short reads associated with the MiSeq methodology and further work will be needed to do this. 

However, we found a blaCMY-2 gene flanked by the Inc I1 plasmid marker in one of our isolates. 

This plasmid-mediated AmpC gene was also observed on IncFIB, IncI1, IncA/C, IncF, and 

IncK/B in E. coli isolates from recreational beaches and private drinking water in Canada 

(Hopkins et al., 2006; Mulvey et al., 2009; Martin et al., 2012; Rehman et al., 2017). The 

presence of plasmids in the aquatic environment might play a role in maintenance and 

dissemination of resistance genes between the environment, animals and humans.  

Phylogenetic and comparative genome analysis results showed significant genome 

similarities between the E. coli isolates studied in the present study and pathogenic STEC strains 
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deposited in NCBI. However, the major toxin stx1/stx2, hemolysin hlyA, or intimin eaeA genes 

of STEC were absent in our isolates. Previous comparative genomic analyses found that E. coli 

O157:H7 originated from an O55:H7 precursor through acquisition of the pO157 plasmid, Stx1 

and Stx2 phages, and chromosomal genes such as intimin (eae) (Ogura et al., 2007; Zhou et al., 

2010). The acquisition of virulence related plasmids/phages from pathogenic strains by generic 

E. coli isolates is a rare event. Hence, despite their genetic similarities, generic E. coli are 

unlikely to become virulent in the same manner as O157:H7 strains (Zhou et al., 2010). The 

majority of detected virulence genes in the present studied isolates are commonly found in a 

variety of pathotypes (Afset et al., 2006). For instance, the heat-stable toxin EAST-1 (astA) is not 

restricted to a specific pathotype but has now been found in all types of enteric E. coli of clinical 

significance. The presence of iss and tsh, which are avian associated virulence genes in E. coli, 

could possibly suggest that the isolates carrying these genes may have originated from wild 

birds. Results from a study by Edge and Hill, 2005 indicated that wild bird feces were a more 

prominent source of E. coli in recreational surface water than  they were in  municipal waste 

water sources. However, their significance with regard to disease causation and any role that they 

might have as a reservoir of virulence genes remains unknown given the short time frame of this 

study. 

In conclusion, the present study confirmed that untreated surface water from dairy farms 

in Southwestern Ontario consistently harbor E. coli, of which a small proportion is resistant to 

antimicrobials. The frequency of resistance varied significantly between farms and a large 

proportion of the resistant isolates were recovered in summer and fall. This data suggests that 

surface water acts as reservoir for E. coli resistant to extended-spectrum cephalosporins, 

aminoglycosides, sulfonamides, trimethoprim, and tetracycline. Further studies are required to 



 

 85 

reveal the pathways involved in the spread of AMR genes into the environment. The genetic 

relatedness of surface waters E. coli with dairy cow manure and pathogenic E. coli warrants 

further investigation. The presence of these bacteria and of AMR supports the implementation of 

efficient water treatments before use in dairy farm operations. 

ACKNOWLEDGMENTS 

This study was supported by Agriculture and Agri-Food Canada through the Growing 

Forward II Program. We thank the Dairy farmers of Ontario and the participating farms. 

 

1 



 

 86 

REFERENCES 

Afema, J.A., S. Ahmed, T.E. Besser, L.P. Jones, W.M. Sischo, and M.A. Davis. 2018. Molecular 

Epidemiology of Dairy Cattle-Associated Escherichia coli Carrying blaCTX-M Genes in 

Washington State. Appl. Environ. Microbiol. 84(6). doi: 10.1128/AEM.02430-17. 

Afset, J.E., G. Bruant, R. Brousseau, J. Harel, E. Anderssen, L. Bevanger, and K. Bergh. 2006. 

Identification of Virulence Genes Linked with Diarrhea Due to Atypical 

Enteropathogenic Escherichia coli by DNA Microarray Analysis and PCR. J. Clin. 

Microbiol. 44(10): 3703–3711. doi: 10.1128/JCM.00429-06. 

American Public Health Association (APHA). 2005. Standard Methods for the Examination of 

Water and Wastewater, 21st ed.; APHA, AWWA, WEF: Washinhton,DC, USA. 

Amy Pruden, Ruoting Pei, and Heather Storteboom, and K.H. Carlson. 2006. Antibiotic 

Resistance Genes as Emerging Contaminants: Studies in Northern Colorado†. Environ. 

Sci. Technol. 40(23): 7445-7450. doi: 10.1021/es060413l. 

Antunes, P., J. Machado, J.C. Sousa, and L. Peixe. 2005. Dissemination of Sulfonamide 

Resistance Genes (sul1, sul2, and sul3) in Portuguese Salmonella enterica Strains and 

Relation with Integrons. Antimicrob. Agents Chemother. 49(2): 836–839. doi: 

10.1128/AAC.49.2.836-839.2005. 

Ash, R.J., B. Mauck, and M. Morgan. 2002. Antibiotic Resistance of Gram-Negative Bacteria in 

Rivers, United States. Emerg. Infect. Dis. 8(7): 713–716. doi: 10.3201/eid0807.010264. 

Aslam, M., M.S. Diarra, S. Checkley, V. Bohaychuk, and L. Masson. 2012. Characterization of 

Antimicrobial Resistance and Virulence genes in Enterococcus spp. Isolated from Retail 

Meats in Alberta, Canada. Int. J. Food Microbiol. 156(3): 222–230. doi: 

10.1016/j.ijfoodmicro.2012.03.026. 

Bankevich, A., S. Nurk, D. Antipov, A.A. Gurevich, M. Dvorkin, A.S. Kulikov, V.M. Lesin, S.I. 

Nikolenko, S. Pham, A.D. Prjibelski, A.V. Pyshkin, A.V. Sirotkin, N. Vyahhi, G. Tesler, 

M.A. Alekseyev, and P.A. Pevzner. 2012. SPAdes: A New Genome Assembly Algorithm 

and Its Applications to Single-Cell Sequencing. J. Comput. Biol. 19(5): 455–477. doi: 

10.1089/cmb.2012.0021. 

Baquero, F., J.-L. Martínez, and R. Cantón. 2008. Antibiotics and Aantibiotic Resistance in 

Water Eenvironments. Curr. Opin. Biotechnol. 19(3): 260–265. 

Blaak, H., P. de Kruijf, R.A. Hamidjaja, A.H.A.M. van Hoek, A.M. de Roda Husman, and F.M. 

Schets. 2014. Prevalence and Characteristics of ESBL-Producing E. coli in Dutch 

Recreational Waters Influenced by Wastewater Treatment Plants. Vet. Microbiol. 171(3): 

448–459. doi: 10.1016/j.vetmic.2014.03.007. 



 

 87 

Blaak, H., G. Lynch, R. Italiaander, R.A. Hamidjaja, F.M. Schets, and A.M. de Roda Husman. 

2015. Multidrug-resistant and Extended Spectrum Beta-lactamase-Producing Escherichia 

coli in Dutch Surface Water and Wastewater. PloS One 10(6): e0127752. 

Government of Canada. 2011. Appendix B: 2008 Canadian Integrated Program for 

Antimicrobial Resistance Surveillance (CIPARS) annual report – Minimal inhibitory 

concentration tables. Retrieved at: https://www.canada.ca/en/public-

health/services/surveillance/canadian-integrated-program-antimicrobial-resistance-

surveillance-cipars/cipars-2008-annual-report/appendix-b-minimal-inhibitory-

concentration-tables.html (accessed 3 April 2018). 

Coleman, B.L., M. Louie, M.I. Salvadori, S.A. McEwen, N. Neumann, K. Sibley, R.J. Irwin, 

F.B. Jamieson, D. Daignault, A. Majury, S. Braithwaite, B. Crago, and A.J. McGeer. 

2013. Contamination of Canadian Private Drinking Water Sources with Antimicrobial 

Resistant Escherichia coli. Water Res. 47(9): 3026–3036. doi: 

10.1016/j.watres.2013.03.008. 

Dahmen, S., M. Haenni, P. Châtre, and J.-Y. Madec. 2013. Characterization of blaCTX-M IncFII 

Plasmids and Clones of Escherichia coli from Pets in France. J. Antimicrob. Chemother. 

68(12): 2797–2801. doi: 10.1093/jac/dkt291. 

Delgado-Gardea, M.C.E., P. Tamez-Guerra, R. Gomez-Flores, F.J. Zavala-Díaz de la Serna, G. 

Eroza-de la Vega, G.V. Nevárez-Moorillón, M.C. Pérez-Recoder, B. Sánchez-Ramírez, 

M.D.C. González-Horta, and R. Infante-Ramírez. 2016. Multidrug-Resistant Bacteria 

Isolated from Surface Water in Bassaseachic Falls National Park, Mexico. Int. J. Environ. 

Res. Public. Health 13(6). doi: 10.3390/ijerph13060597. 

Dunn, G., K. Bakker, and L. Harris. 2014. Drinking Water Quality Guidelines across Canadian 

Provinces and Territories: Jurisdictional Variation in the Context of Decentralized Water 

Governance. Int. J. Environ. Res. Public. Health 11(5): 4634–4651. doi: 

10.3390/ijerph110504634. 

Edge, T.A., and S. Hill. 2005. Occurrence of Antibiotic Resistance in Escherichia coli from 

Surface Waters and Fecal Pollution Sources near Hamilton, Ontario. Can. J. Microbiol. 

51(6): 501–505. doi: 10.1139/w05-028. 

European Food Safety Authority, and European Centre for Disease Prevention and Control. 

2018. The European Union summary report on antimicrobial resistance in zoonotic and 

indicator bacteria from humans, animals and food in 2016. EFSA J. 16(2). doi: 

10.2903/j.efsa.2018.5182. 

Faith, N.G., J.A. Shere, R. Brosch, K.W. Arnold, S.E. Ansay, M.S. Lee, J.B. Luchansky, and 

C.W. Kaspar. 1996. Prevalence and Clonal Nature of Escherichia coli O157:H7 on Dairy 

Farms in Wisconsin. Appl. Environ. Microbiol. 62(5): 1519–1525. 

Figueras, M.J., and J.J. Borrego. 2010. New Perspectives in Monitoring Drinking Water 

Microbial Quality. Int. J. Environ. Res. Public. Health 7(12): 4179–4202. doi: 

10.3390/ijerph7124179. 



 

 88 

Franz, E., C. Veenman, A.H.A.M. van Hoek, A. de R. Husman, and H. Blaak. 2015. Pathogenic 

Escherichia coli Producing Extended-Spectrum β-Lactamases Isolated from Surface 

Water and Wastewater. Sci. Rep. 5: 14372. doi: 10.1038/srep14372. 

Gomi, R., T. Matsuda, Y. Matsumura, M. Yamamoto, M. Tanaka, S. Ichiyama, and M. Yoneda. 

2017. Whole-Genome Analysis of Antimicrobial-Resistant and Extraintestinal 

Pathogenic Escherichia coli in River Water. Appl. Environ. Microbiol. 83(5). doi: 

10.1128/AEM.02703-16. 

Haenni, M., E. Saras, V. Métayer, C. Médaille, and J.-Y. Madec. 2014. High Prevalence of 

blaCTX-M-1/IncI1/ST3 and blaCMY-2/IncI1/ST2 Plasmids in Healthy Urban Dogs in France. 

Antimicrob. Agents Chemother. 58(9): 5358–5362. doi: 10.1128/AAC.02545-14. 

Hamelin, K., G. Bruant, A. El-Shaarawi, S. Hill, T.A. Edge, S. Bekal, J.M. Fairbrother, J. Harel, 

C. Maynard, L. Masson, and R. Brousseau. 2006. A Virulence and Antimicrobial 

Resistance DNA Microarray Detects a High Frequency of Virulence Genes in 

Escherichia coli Isolates from Great Lakes Recreational Waters. Appl. Environ. 

Microbiol. 72(6): 4200–4206. doi: 10.1128/AEM.00137-06. 

Hamelin, K., G. Bruant, A. El-Shaarawi, S. Hill, T.A. Edge, J. Fairbrother, J. Harel, C. Maynard, 

L. Masson, and R. Brousseau. 2007. Occurrence of Virulence and Antimicrobial 

Resistance Genes in Escherichia coli Isolates from Different Aquatic Ecosystems within 

the St. Clair River and Detroit River Areas. Appl. Environ. Microbiol. 73(2): 477–484. 

doi: 10.1128/AEM.01445-06. 

Hinthong, W., N. Pumipuntu, S. Santajit, S. Kulpeanprasit, S. Buranasinsup, N. Sookrung, W. 

Chaicumpa, P. Aiumurai, and N. Indrawattana. 2017. Detection and Drug Resistance 

Profile of Escherichia coli from Subclinical Mastitis Cows and Water Supply in Dairy 

Farms in Saraburi Province, Thailand. PeerJ 5. doi: 10.7717/peerj.3431. 

Hopkins, K.L., E. Liebana, L. Villa, M. Batchelor, E.J. Threlfall, and A. Carattoli. 2006. 

Replicon Typing of Plasmids Carrying CTX-M or CMY β-Lactamases Circulating 

among Salmonella and Escherichia coli Isolates. Antimicrob. Agents Chemother. 50(9): 

3203–3206. doi: 10.1128/AAC.00149-06. 

Hordijk, J., J.A. Wagenaar, A. Kant, A. van Essen-Zandbergen, C. Dierikx, K. Veldman, B. Wit, 

and D. Mevius. 2013. Cross-Sectional Study on Prevalence and Molecular Characteristics 

of Plasmid Mediated ESBL/AmpC-Producing Escherichia coli Isolated from Veal Calves 

at Slaughter (Q Zhang, Ed.). PLoS ONE 8(5): e65681. doi: 

10.1371/journal.pone.0065681. 

Hu, J., J. Shi, H. Chang, D. Li, M. Yang, and Y. Kamagata. 2008. Phenotyping and Genotyping 

of Antibiotic-Resistant Escherichia Coli Isolated from a Natural River Basin. Environ. 

Sci. Technol. 42(9): 3415–3420. 

Hu, Y., X. Yang, J. Li, N. Lv, F. Liu, J. Wu, I.Y.C. Lin, N. Wu, B.C. Weimer, G.F. Gao, Y. Liu, 

and B. Zhu. 2016. The Transfer Network of Bacterial Mobile Resistome Connecting 



 

 89 

Animal and Human Microbiome. Appl. Environ. Microbiol.: AEM.01802-16. doi: 

10.1128/AEM.01802-16. 

Ishii, S., and M.J. Sadowsky. 2008. Escherichia coli in the Environment: Implications for Water 

Quality and Human Health. Microbes Environ. 23(2): 101–108. 

Jang, J., Y.-S. Suh, D.Y.W. Di, T. Unno, M.J. Sadowsky, and H.-G. Hur. 2013. Pathogenic 

Escherichia coli Strains Producing Extended-Spectrum β-lactamases in the Yeongsan 

River basin of South Korea. Environ. Sci. Technol. 47(2): 1128–1136. doi: 

10.1021/es303577u. 

Kaas, R.S., P. Leekitcharoenphon, F.M. Aarestrup, and O. Lund. 2014. Solving the Problem of 

Comparing Whole Bacterial Genomes across Different Sequencing Platforms. PLOS 

ONE 9(8): e104984. doi: 10.1371/journal.pone.0104984. 

Kamruzzaman, M., S. Shoma, S.M.N. Bari, A.N. Ginn, A.M. Wiklendt, S.R. Partridge, S.M. 

Faruque, and J.R. Iredell. 2013. Genetic Diversity and Antibiotic Resistance in 

Escherichia coli from Environmental Surface Water in Dhaka City, Bangladesh. Diagn. 

Microbiol. Infect. Dis. 76(2): 222–226. doi: 10.1016/j.diagmicrobio.2013.02.016. 

Korzeniewska, E., A. Korzeniewska, and M. Harnisz. 2013. Antibiotic Resistant Escherichia coli 

in Hospital and Municipal Sewage and their Emission to the Environment. Ecotoxicol. 

Environ. Saf. 91: 96–102. doi: 10.1016/j.ecoenv.2013.01.014. 

Martin, L.C., E.K. Weir, C. Poppe, R.J. Reid-Smith, and P. Boerlin. 2012. Characterization of 

blaCMY-2 Plasmids in Salmonella and Escherichia coli Isolates from Food Animals in 

Canada. Appl. Environ. Microbiol. 78(4): 1285–1287. doi: 10.1128/AEM.06498-11. 

Mataseje, L.F., N. Neumann, B. Crago, P. Baudry, G.G. Zhanel, M. Louie, and M.R. Mulvey. 

2009. Characterization of Cefoxitin-Resistant Escherichia coli Isolates from Recreational 

Beaches and Private Drinking Water in Canada between 2004 and 2006. Antimicrob. 

Agents Chemother. 53(7): 3126–3130. doi: 10.1128/AAC.01353-08. 

McArthur, A.G., N. Waglechner, F. Nizam, A. Yan, M.A. Azad, A.J. Baylay, K. Bhullar, M.J. 

Canova, G. De Pascale, and L. Ejim. 2013. The Comprehensive Antibiotic Resistance 

Database. Antimicrob. Agents Chemother. 57(7): 3348–3357. 

Müller, A., R. Stephan, and M. Nüesch-Inderbinen. 2016. Distribution of Virulence Factors in 

ESBL-producing Escherichia coli Isolated from the Environment, Livestock, Food and 

Humans. Sci. Total Environ. 541: 667–672. doi: 10.1016/j.scitotenv.2015.09.135. 

Mulvey, M.R., E. Susky, M. McCracken, D.W. Morck, and R.R. Read. 2009. Similar Cefoxitin-

Resistance Plasmids Circulating in Escherichia coli from Human and Animal Sources. 

Vet. Microbiol. 134(3–4): 279–287. doi: 10.1016/j.vetmic.2008.08.018. 

Ogura, Y., T. Ooka, Asadulghani, J. Terajima, J.-P. Nougayrède, K. Kurokawa, K. Tashiro, T. 

Tobe, K. Nakayama, S. Kuhara, E. Oswald, H. Watanabe, and T. Hayashi. 2007. 

Extensive Genomic Diversity and Selective Conservation of Virulence-Determinants in 



 

 90 

Enterohemorrhagic Escherichia coli Strains of O157 and non-O157 Serotypes. Genome 

Biol. 8(7): R138. doi: 10.1186/gb-2007-8-7-r138. 

Oliver, S.P., B.M. Jayarao, and R.A. Almeida. 2005. Foodborne Pathogens in Milk and the Dairy 

Farm Environment: Food Safety and Public Health Implications. Foodborne Pathog. Dis. 

2(2): 115–129. doi: 10.1089/fpd.2005.2.115. 

Overbeek, R., T. Begley, R.M. Butler, J.V. Choudhuri, H.-Y. Chuang, M. Cohoon, V. de Crécy-

Lagard, N. Diaz, T. Disz, R. Edwards, M. Fonstein, E.D. Frank, S. Gerdes, E.M. Glass, 

A. Goesmann, A. Hanson, D. Iwata-Reuyl, R. Jensen, N. Jamshidi, L. Krause, M. Kubal, 

N. Larsen, B. Linke, A.C. McHardy, F. Meyer, H. Neuweger, G. Olsen, R. Olson, A. 

Osterman, V. Portnoy, G.D. Pusch, D.A. Rodionov, C. Rückert, J. Steiner, R. Stevens, I. 

Thiele, O. Vassieva, Y. Ye, O. Zagnitko, and V. Vonstein. 2005. The Subsystems 

Approach to Genome Annotation and its Use in the Project to Annotate 1000 Genomes. 

Nucleic Acids Res. 33(17): 5691–5702. doi: 10.1093/nar/gki866. 

Ozgumus, O.B., E. Celik-Sevim, S. Alpay-Karaoglu, C. Sandalli, and A. Sevim. 2007. Molecular 

Characterization of Antibiotic Resistant Escherichia coli Strains Isolated from Tap and 

Spring Waters in a Coastal Region in Turkey. J. Microbiol. Seoul Korea 45(5): 379–387. 

Patel, J.B., and Clinical and Laboratory Standards Institute. 2017. Performance Standards for 

Antimicrobial Susceptibility Testing. 

Perkins, N.R., D.F. Kelton, K.J. Hand, G. Macnaughton, O. Berke, and K.E. Leslie. 2009. An 

Analysis of the Relationship between Bulk Tank Milk Quality and Wash Water Quality 

On Dairy Farms in Ontario, Canada. J. Dairy Sci. 92(8): 3714–3722. doi: 

10.3168/jds.2009-2030. 

Price, M.N., P.S. Dehal, and A.P. Arkin. 2010. FastTree 2 – Approximately Maximum-

Likelihood Trees for Large Alignments. PLOS ONE 5(3): e9490. doi: 

10.1371/journal.pone.0009490. 

Ram, S., P. Vajpayee, U. Tripathi, R.L. Singh, P.K. Seth, and R. Shanker. 2008. Determination 

of Antimicrobial Resistance and Virulence Gene Signatures in Surface Water Isolates of 

Escherichia coli. J. Appl. Microbiol. 105(6): 1899–1908. doi: 10.1111/j.1365-

2672.2008.03879.x. 

Ramírez-Castillo, F.Y., A. Loera-Muro, M. Jacques, P. Garneau, F.J. Avelar-González, J. Harel, 

and A.L. Guerrero-Barrera. 2015. Waterborne Pathogens: Detection Methods and 

Challenges. Pathogens 4(2): 307–334. doi: 10.3390/pathogens4020307. 

Rehman, M.A., X. Yin, D. Lepp, C. Laing, K. Ziebell, G. Talbot, E. Topp, and M.S. Diarra. 

2017. Genomic Analysis of Third Generation Cephalosporin Resistant Escherichia coli 

from Dairy Cow Manure. Vet. Sci. 4(4). doi: 10.3390/vetsci4040057. 

Rice, E.W., and C.H. Johnson. 2000. Short Communication: Survival of Escherichia coli 

O157:H7 in Dairy Cattle Drinking Water. J. Dairy Sci. 83(9): 2021–2023. doi: 

10.3168/jds.S0022-0302(00)75081-8. 



 

 91 

Roe, M.T., E. Vega, and S.D. Pillai. 2003. Antimicrobial Resistance Markers of Class 1 and 

Class 2 Integron-bearing Escherichia coli from Irrigation Water and Sediments. Emerg. 

Infect. Dis. 9(7): 822–826. doi: 10.3201/eid0907.020529. 

Rozwandowicz, M., M.S.M. Brouwer, J. Fischer, J.A. Wagenaar, B. Gonzalez-Zorn, B. Guerra, 

D.J. Mevius, and J. Hordijk. 2018. Plasmids Carrying Antimicrobial Resistance Genes in 

Enterobacteriaceae. J. Antimicrob. Chemother. doi: 10.1093/jac/dkx488. 

Shere, J.A., C.W. Kaspar, K.J. Bartlett, S.E. Linden, B. Norell, S. Francey, and D.M. Schaefer. 

2002. Shedding of Escherichia coli O157:H7 in Dairy Cattle Housed in a Confined 

Environment following Waterborne Inoculation. Appl. Environ. Microbiol. 68(4): 1947–

1954. 

Shin, H.W., J. Lim, S. Kim, J. Kim, G.C. Kwon, and S.H. Koo. 2015. Characterization of 

Trimethoprim-Sulfamethoxazole Resistance Genes and their Relatedness to Class 1 

Integron and Insertion Sequence Common Region in Gram-Negative Bacilli. J. 

Microbiol. Biotechnol. 25(1): 137–142. 

Singer, A.C., H. Shaw, V. Rhodes, and A. Hart. 2016. Review of Antimicrobial Resistance in the 

Environment and Its Relevance to Environmental Regulators. Front. Microbiol. 7. doi: 

10.3389/fmicb.2016.01728. 

Stoll, C., J.P.S. Sidhu, A. Tiehm, and S. Toze. 2012. Prevalence of Clinically Relevant Antibiotic 

Resistance Genes in Surface Water Samples Collected from Germany and Australia. 

Environ. Sci. Technol. 46(17): 9716–9726. doi: 10.1021/es302020s. 

Turgeon, P., P. Michel, P. Levallois, P. Chevalier, D. Daignault, B. Crago, R. Irwin, S.A. 

McEwen, N.F. Neumann, and M. Louie. 2011. Agroenvironmental Determinants 

Associated with the Presence Of Antimicrobial-Resistant Escherichia coli in Beach 

Waters in Quebec, Canada. Zoonoses Public Health 58(6): 432–439. doi: 10.1111/j.1863-

2378.2010.01386.x. 

Watkinson, A.J., G.B. Micalizzi, G.M. Graham, J.B. Bates, and S.D. Costanzo. 2007. Antibiotic-

Resistant Escherichia coli in Wastewaters, Surface Waters, and Oysters from an Urban 

Riverine System. Appl. Environ. Microbiol. 73(17): 5667–5670. doi: 

10.1128/AEM.00763-07. 

Webster, L.F., B.C. Thompson, M.H. Fulton, D.E. Chestnut, R.F. Van Dolah, A.K. Leight, and 

G.I. Scott. 2004. Identification of Sources of Escherichia coli in South Carolina Estuaries 

using Antibiotic Resistance Analysis. J. Exp. Mar. Biol. Ecol. 298(2): 179–195. doi: 

10.1016/S0022-0981(03)00358-7. 

Whiteside, M.D., C.R. Laing, A. Manji, P. Kruczkiewicz, E.N. Taboada, and V.P.J. Gannon. 

2016. SuperPhy: Predictive Genomics for the Bacterial Pathogen Escherichia coli. BMC 

Microbiol. 16: 65. doi: 10.1186/s12866-016-0680-0. 



 

 92 

WHO, 2017. Critically important antimicrobials for human medicine. World Health 

Organisation, 5th Revision. http://www.who.int/foodsafety/publications/antimicrobials-

fifth/en/ 

Zhou, Z., X. Li, B. Liu, L. Beutin, J. Xu, Y. Ren, L. Feng, R. Lan, P.R. Reeves, and L. Wang. 

2010. Derivation of Escherichia coli O157:H7 from Its O55:H7 Precursor. PLOS ONE 

5(1): e8700. doi: 10.1371/journal.pone.0008700. 

 

  



 

 93 

FIGURE CAPTIONS 

Fig. 3.1. Antimicrobial susceptibilities of 234 E. coli isolates from surface water sources. The 

antimicrobials used for susceptibility testing were AMC, amoxicillin-clavulanic acid; AMP, 

ampicillin; FOX, cefoxitin; TIO, ceftiofur; CRO, ceftriaxone; CIP, ciprofloxacin; GEN, 

gentamicin; NAL, nalidixic acid; STR, streptomycin; TET, tetracycline; SXT, trimethoprim-

sulfamethoxazole; SUL, sulfisoxazole; AZM, azithromycin; and CHL, chloramphenicol 

Fig. 3. 2. Whole genome sequenced-based phylogenetic analysis of the15 E. coli isolates 

sequenced in this study compared to 23 reference strains. 

Fig. 3.3. Comparative genomic analysis. a) Clade I: Comparison between E. coli O146:H21 

(strain 2010C-3493) set as reference strain and E. coli strains isolated in the present study 

labelled as 1E. coli O185:H47 (strain 6811), 2E. coli O?:H16 (strain 6542), 3E. coli O?:H16 

(strain 6707), and a reference strain labelled as 4E. coli O7:H8 (strain 5959). B) Clade II:  

Comparison between E. coli O157:H7 (strain EDL933) set as reference strain and E. coli strains 

from surface water labelled as 3E. coli O?:H19 (strain 6539), 4E. coli O81:H32 (strain 6614) and 

reference strains labelled as 1E. coli O145:NM (2010C-45572), 2E. coli O8:H1 (strain 5883), 5E. 

coli O169:H41 (strain F9792). 
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Table 3. 1 . List of reference strains used in this study. 

Strain ID Accession No. Serotype Genome size 
Coding 

Sequence 
Source Location Year 

5883 NHQJ00000000 O8:H1 5,244,652 5230 Bovine Manure Canada 2014 

5891 NHQH00000000 O11:H25 5,069,111 4957 Bovine Manure Canada 2014 

5901 NHQG00000000 O20:NM 4,776,338 4708 Bovine Manure Canada 2015 

5936 NHQE00000000 O151:H9 4,869,431 4753 Bovine Manure Canada 2015 

5944 NHQC00000000 O153:H42 5,101,758 4973 Bovine Manure Canada 2015 

5945 NHQB00000000 O9:NM 4,766,659 4685 Bovine Manure Canada 2015 

5950 NHPY00000000 O83:H42 5,311,653 5236 Bovine Manure Canada 2015 

6294 NHPT00000000 O33:H23 5,047,447 4959 Bovine Manure Canada 2015 

5959 NHPU00000000 O7:H8 5,198,736 5217 Bovine Manure Canada 2015 

5949 NHPZ00000000 O25:H11 4,994,147 5007 Bovine Manure Canada 2015 

2011C-3493 CP003297 O104:H4 5,273,097 5138 Human stool USA 2011 

EDL 933 CP008957 O157:H7 5,547,323 5645 Ground beef USA 1982 

2010C-

4557C2 
JHNA00000000 O145:NM 5,312,032 4815 Food-borne Outbreak USA 2014 

02-3012 JHNZ00000000 O81:NM 5,181,350 4851 Food-borne Outbreak USA 2013 

F9792 JHJJ00000000 O169:H41 4,929,195 4496 Food-borne Outbreak USA 2013 

2010C-4529 AGSG00000000 O103:H25 5,268,873 4929 Food-borne Outbreak USA 2010 

str. 07-3858 JASO00000000 O145:H25 5,626,191 5857 Human USA NA 

2011C-3609 JASV00000000 O121:H19 5,412,686 5284 Human USA NA 

2009C-3689 JHNT01000000 O26:H11 5,272,803 4869 Food-borne Outbreak USA 2009 

CVM9634 JHGR00000000 O111:H8 5,767,717 5779 Cow USA 1998 

2010C-3325 JASR00000000 O146:H21 5,541,583 5328 Human USA 2010 

05-6545 LECM00000000 O45:H2 5,460,976 5505 Human Canada 2014 

2009C-3279 JHHE00000000 O103:H2 5,219,612 4875 Food-borne Outbreak USA 2014 
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Table 3. 2 . Antimicrobial resistance profiles of 234 E. coli isolates in this study. 

Profile AMP AMC CRO TIO FOX SUL SXT TET CHL STR GEN AZM CIP NAL Number of 

resistances 

Number 

of 

classes 

Frequency 

of resistant 

isolates 
1 1              1 1 11 (4.7) 

2     1          1 1 6 (2.5) 

3      1         1 1 21 (8.9) 

4        1       1 1 7 (2.99) 

5         1      1 1 1 (0.4) 

6 1  1  1          3 1 1 (0.4) 

7 1 1 1 1 1          5 1 1 (0.4) 

8        1  1     2 2 2 (0.8) 

9     1 1         2 2 3 (1.28) 

10        1 1      2 2 1 (0.4) 

11 1 1 1 1 1   1       6 2 1 (0.4) 

12 1     1    1     3 3 1 (0.4) 

13 1 1    1 1  1      5 3 1 (0.4) 

14 1     1  1  1     4 4 1 (0.4) 

15 1     1 1 1  1     5 4 2 (0.8) 

16      1 1 1 1 1     5 4 1 (0.4) 

17 1 1    1 1 1 1      6 4 1 (0.4) 

18 1  1  1 1 1 1    1   7 4 1 (0.4) 

19 1     1  1 1 1     5 5 2 (0.8) 

20 1  1 1  1 1 1  1  1   8 5 1 (0.4) 

21 1 1 1 1 1 1 1 1   1  1 1 11 5 1 (0.4) 

† Of the 234 E. coli isolates, 167 (71.3%) were susceptible to all tested antimicrobials. 

‡ Antimicrobials used for susceptible test includes AMC, amoxicillin-clavulanic acid; AMP, ampicillin; FOX, cefoxitin; TIO, 

ceftiofur; CRO, ceftriaxone; CIP, ciprofloxacin; GEN, gentamicin; NAL, nalidixic acid; STR, streptomycin; TET, tetracycline; SXT, 

trimethoprim-sulfamethoxazole; SUL, sulfisoxazole; AZM, azithromycin; and CHL, chloramphenicol
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Table 3. 3 . Association between antimicrobial resistance phenotype of 234 E. coli isolates 

with dairy farms and sampling times. 

Antimicrobial Agents ‡ P value 

(Dairy Farms) 

P value 

(Sampling times) 

AMC 0.001* 0.006* 

AMP <.0001* 0.9 

AZM 0.6 0.9 

FOX 0.01* 0.01* 

TIO <.0001* 0.3 

CRO 0.0003* 0.3 

CHL 0.1 0.2 

CIP 0.6 0.6 

GEN 0.6 0.6 

NAL 0.6 0.6 

STR 0.0007* 0.03 

SUL 0.002* 0.0002* 

TET <.0001* 0.3 

SXT <.0001* 0.1 

 ‡ AMC, amoxicillin-clavulanic acid; AMP, ampicillin; FOX, cefoxitin; TIO, ceftiofur; CRO, 

ceftriaxone; CIP, ciprofloxacin; GEN, gentamicin; NAL, nalidixic acid; STR, streptomycin; 

TET, tetracycline; SXT, trimethoprim-sulfamethoxazole; SUL, sulfisoxazole; AZM, 

azithromycin; and CHL, chloramphenicol 

* These values indicate significant association between E. coli isolates resistant to particular 

antimicrobials with dairy farms and sampling time at 5% level of significance.



 

 97 

Table 3. 4 . Antimicrobial resistance phenotype and genotype of the 11-sequenced multi-drug resistant (MDR) E. coli isolates 

from surface water. 

Strain 

ID 

Dairy 

Farm 

Serovar Antimicrobial resistance phenotype ‡ Antimicrobial resistance genotype 

6707 D O103:H16 AMP, AMC, FOX, TIO, CRO blaCMY-2 

6657 D O9:H4 AMP, TIO, CRO, TET, SXT, SUL, AZM blaTEM-1A, blaCTX-M-1, aadA2, tetA, dfrA12, sul1, sul2, 

mphA 

6559 E O101:NM AMP, TIO, CRO, STR, TET, SXT, SUL, AZM blaTEM-1B, blaCTX-M-1, aph6-Ib, aadA5, strA, strB, tetA, 

tetD, dfrA17, sul1, sul2, mphA 

6601 E O9:NM AMP, AMC, FOX, TIO, CRO, TET  blaCMY-2, tetA, tetB, tetD 

6812 I O153:H34 AMP, AMC, TIO, FOX, CRO, CIP, NAL, GEN 

TET, SXT, SUL 

blaCMY-2, parC and gyrA mutation, tetA, tetB, aac-3-

IIa, aac-3-IId, dfrA17, sul2 

6588 J O7:H6 AMP, STR, SUL  blaTEM-1B, aph-3’-Ic, strA, strB, sul2 

6803 L O?:NM AMP, STR, TET, SUL, CHL  strA, strB, sul2, floR 

6714 L O184:H10 FOX, CRO, AMP Unknown mutations in Promoter region of ampC β-

lactamase  

6544 N O8:H14 AMP, AMC, TET, SXT, SUL, CHL blaOXA-1, tetA, tetB, aadA1, aadA5, sul2, floR 

6753 N O20:NM AMP, STR, TET, SXT, SUL blaTEM-1B, aadA1, strB, tetA, tetB, tetD, dfrA1, sul1, 

sul2 

6822 N O20:NM AMP, STR, TET, SXT, SUL blaTEM-1B, aadA1, strB, tetA, tetB, tetD, dfrA1, sul1, 

sul2 

‡AMC, amoxicillin-clavulanic acid; AMP, ampicillin; FOX, cefoxitin; TIO, ceftiofur; CRO, ceftriaxone; CIP, ciprofloxacin; GEN, 

gentamicin; NAL, nalidixic acid; STR, streptomycin; TET, tetracycline; SXT, trimethoprim-sulfamethoxazole; SUL, sulfisoxazole; 

AZM, azithromycin; and CHL, chloramphenicol 
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Table 3. 5 . Genomic features of the 15 E. coli isolates from surface water sequenced in this study 

Strain 

ID 

Dairy 

Farms 

Serovars Phenotype Genome size Coding 

Sequence 

Plasmid 

Incompatibility Group 

(Inc) 

Virulence Genes† 

6707 D O103:H16 MDR 4,800,559 4605 IncI1 gad, lpfA, iss 

6657 D O9:H4 MDR 4,704,939 4527 IncI1, IncI2 gad, iss, capU 

6559 E O101:NM MDR 4,895,048 4708 IncFII, IncI1, IncQ1, 

IncFIB 

iss, gad, mchF, iroN 

6601 E O9:NM MDR 5,114,954 5055 IncX1, IncFII, IncFIC, 

IncFIB, IncI1, p0111 

iroN, tsh, iss, mchF, cba, cma 

6812 I O153:H34 MDR 5,069,482 4830 IncFIB, IncFIA astA, gad, air, lpfA, eilA, mcmA 

6588 J O7:H6 MDR 5,037,728 4793 IncFII, IncFIA, IncFIB iss, gad, astA, eilA, air, espP 

6803 L O?:NM MDR 4,603,349 4405 IncFIA No virulence gene found 

6822 L O20:NM MDR 4,955,490 4866 IncFIB, IncFIC, IncFII astA, mcmA, mchF, mchC, mchB, espP 

6544 N O8:H14 MDR 5,075,972 4916 p0111 lpfA, gad, iss, ireA 

6753 N O20:NM MDR 4,955,435 4861 IncFII, IncFII, IncFIB astA, mcmA, mchF, mchC, mchB, 

espP,gad 

6714 N O184:H10 MDR 4,818,732 4541 IncFIB, IncFIC, IncFII iss, lpfA, gad 

6614 D O24:H47 Susceptible 5,037,556 4857 p0111 iss, lpfA, iss, gad 

6539 E O?:H49 Susceptible 4,939,683 4642 IncFIB eilA, air 

6811 I O185:H47 Susceptible 4,760,349 4567 No plasmid found lpfA, gad, iss 

6542 N O?:NM Susceptible 4,760,972 4571 IncFIB gad, lpfA 

† Function of each reported virulence genes: iss, increased serum survival; gad, glutamate decarboxylase; mchF, ABC transporter 

protein; iroN, enterobactin siderophore receptor protein; astA, EAST-1 heat stable toxin; eilA, Salmonella HilA homolog; air, 

enteroaggregative immunoglobulin repeat protein; espA, extracellular serine protease plasmid-encoded; tsh, temperature-sensitive 

hemagglutinin; cba, colicin B; cma, colicin M; IpfA, long polar fimbriae; capU, hexosyltransferase homolog; mcmA, microcin M part 

of colicin H; ireA, siderophore receptor; mchF,  ABC transporter protein MchF; mchC, MchC protein; mch B, microcin H47 part of 

colicin H



 

 99 

 

Fig. 3. 1 . Antimicrobial susceptibilities of 234 E. coli isolates.  

The antimicrobials used for susceptible test were AMC, amoxicillin-clavulanic acid; AMP, 

ampicillin; FOX, cefoxitin; TIO, ceftiofur; CRO, ceftriaxone; CIP, ciprofloxacin; GEN, 

gentamicin; NAL, nalidixic acid; STR, streptomycin; TET, tetracycline; SXT, trimethoprim-

sulfamethoxazole; SUL, sulfisoxazole; AZM, azithromycin; and CHL, chloramphenicol.3 

  

                                                 
3 Antimicrobial susceptibility results of the 234 E. coli isolates are presented as the percentage of isolates on y- axis 

that were susceptible (green), intermediate (yellow), and resistant (red) to individual antimicrobials listed on the x-

axis 
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Fig. 3. 2 Whole genome sequenced-based phylogenetic analysis representing the 15 E. coli 

isolates sequenced in this study compared to 23 reference strains.  

The tree was visualized using FigTree. Red color indicates reference strains, green color 

indicates E. coli from dairy cow manure, and blue color indicates E. coli isolates from surface 

water. To estimate the reliability of each split in the tree, FastTree computes local support values 

with the Shimodaira-Hasegawa test with 1,000 bootstrap replicates to estimate the confidence as 

0 and 1 in the given split. On right side, the six clades are labelled with roman numerals as I – VI 

and subclades within the clade I are further labelled as a–f based on their genome similarity. The 

orange box shows the cluster of E. coli from surface water with two reference strains in subclade 

(a) of clade I. The blue box shows the cluster of E. coli from surface water with four reference 

strains in clade II. 

 



 

 

 

 

 

 

a) 
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b) 

 

 

Fig. 3. 3 . Comparative genomic analysis. a) Clade I: Comparison between E. coli O146:H21 

(strain 2010C-3493) set as reference strain and E. coli strains isolated in the present study 

labelled as 1E. coli O185:H47 (strain 6811), 2E. coli O?:H16 (strain 6542), 3E. coli O?:H16 

(strain 6707), and a reference strain labelled as 4E. coli O7:H8 (strain 5959). B) Clade II:  

Comparison between E. coli O157:H7 (strain EDL933) set as reference strain and E. coli strains 

from surface water labelled as 3E. coli O?:H19 (strain 6539), 4E. coli O81:H32 (strain 6614) and 

reference strains labelled as 1E. coli O145:NM (2010C-45572), 2E. coli O8:H1 (strain 5883), 5E. 

coli O169:H41 (strain F9792). 
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CHAPTER 4: DISCUSSION AND CONCLUSIONS 

GENERAL DISCUSSION  

Surface waters, mainly ponds, are commonly described as small, shallow, standing water 

bodies, which can either permanently, or temporarily collect freshwater. These small water 

bodies are known to be natural habitat for aquatic plants and microbial communities (Chopyk et 

al., 2018). Moreover, direct exposure of surface water to the environment results in variability in 

its bacteriological and physico-chemical properties. The first objective of the research described 

in this thesis was to assess the bacteriological and physico-chemical properties of untreated 

surface water used on dairy farms and to observe the variability in these properties in relation 

with sampling time and farm location. Variabilities in bacterial counts were observed between 

farms and over time during one year for a given farm. The high, but variable, number of bacteria 

in surface waters were subjected to a variety of independent environmental seasonal factors, such 

as the rate of precipitation, snow cover, temperature, amount of organic and inorganic matter, 

and water retention time, which are difficult to control (Hooda, Edwards, Anderson, & Miller, 

2000; Masse et al., 2010). In the present study, the use of a selective medium (SMAC) for Gram-

negative bacteria, may have led to potential bias in estimating total aerobic counts and in the 

diversity of identified bacteria in the surface water sources investigated. The presence of E. coli 

is an indication of fecal contamination and the potential presence of bacteria causing 

gastrointestinal diseases. The farm animals may get infected that may affect the physiological 

functions of dairy cattle. Further, these zoonotic potential pathogens may have public health 

implications on exposure to contaminated water and food (Oliver, Jayarao, & Almeida, 2005; 

Perkins et al., 2009). Cattle are a major reservoir of the enterohemorrhagic E. coli O157:H7. In 

the current study, based on somatic and flagellar antigens, a variety of E. coli serotypes were 
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found among the isolates, but none of them belonged to the serotype O157 or to the “big six” 

non-O157 enterohemorrhagic E. coli (O26, O45, O103, O111, O121, and O145). However, it 

should be mentioned that no specific attempts were made to specifically isolate such pathogenic 

E. coli. As depicted by (Ostroff et al., 1994), untreated drinking water is a risk factor for Y. 

enterocolitica infection and the identification of Yersinia enterocolitica in surface water from 

farm P is a concern. The current study clearly confirmed the need to treat surface water before its 

use in dairy operations. In addition to bacterial contamination, the physico-chemical properties 

SS, TS, turbidity, UVT, iron content, hardness and conductivity of surface waters were above the 

permissible limits set by the CQM program and guidelines for Canadian drinking water quality. 

These parameters may not have major consequences on human and animal health; however, their 

presence at high concentrations may provide favourable conditions to grow bacteria (Pommepuy 

et al., 1992) and affect the organoleptic properties of water. Additionally, the quantification of 

these parameters is essential to select and design an appropriate water treatment system because 

physico-chemical parameters may adversely affect its efficacy (Massé et al., 2011).  

The second objective of the research defined in this thesis was the characterization of the 

identified isolates based on antimicrobial susceptibility tests to determine if antimicrobial-

resistant bacteria are present in the surface waters. This study confirms the prevalence of 

antimicrobial-resistant bacteria in surface waters. On dairy farms, the main reason for use of 

antimicrobials is treatment of mastitis. In the present study, identified bacteria from surface 

water had mainly only intrinsic resistance except E. coli, which was frequently found to be 

resistant to ampicillin, sulphonamides, and tetracycline (Fig. 3.1). Some E. coli, albeit a low 

proportion, were also resistant to critically important antimicrobials, such as third generation 

cephalosporins and fluoroquinolones. Similar patterns of resistance were identified in E. coli 
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isolated either from subclinical mastitis, milk products or surface water in previous studies (Li et 

al., 2014; Saini et al., 2012). Food animals are considered as important reservoirs of 

antimicrobial-resistant bacteria due to the continuous use of antimicrobials in farm practices, 

which can result in the emergence and spread of AMR (Founou, Founou, & Essack, 2016). 

Animal waste, manure storage facilities and wastewater treatment plants have been recognized as 

possible hot spots where antimicrobial-resistant bacteria can proliferate to high densities due to 

nutrient availability and a favourable environment for the horizontal transfer of resistance genes 

(Thanner, Drissner, & Walsh, 2016). These hot spots are interlinked with humans, animals and 

environment either directly or indirectly through various pathways, which could be the reason for 

transmission of antimicrobial-resistant bacteria these compartments (Thanner, Drissner, & 

Walsh, 2016). However, the exact pathways of contamination of surface waters with resistant 

bacteria in present study need to be examined. 

Antimicrobial-resistant bacteria from food producing animals can have an impact on 

human health via the food chain (Founou et al., 2016). In the current study, the low proportion of 

resistant bacteria found in surface water indicates a low risk of transmission from surface water 

to animals and humans (Thanner, Drissner, & Walsh, 2016). Additionally, the pasteurization 

process may even further reduce the risk of transmission via dairy food products to humans. 

Nevertheless, to maintain animal and human health, surface water should be decontaminated 

properly before its use for washing milking equipment and for drinking purposes. 

The third objective of the research described in this thesis was to evaluate the efficacy of 

a newly designed water treatment system in reducing bacteriological and physico-chemical 

contaminants of surface water. The combination of pre-filtration and disinfection technology 

used in this study were effective in treating surface water. Both bacteriological and physico-
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chemical parameters were improved after treatment and the treated water satisfied the official 

acceptable limits for water use on dairy farms. However, certain limitations are associated with 

the use of PAC and a sand filter. The use of PAC coagulant results in the formation of sludge as 

a by-product during coagulation. Undoubtedly, the amount of sludge produced with PAC is 

comparatively lower than with alum- or iron-based coagulants (Kumar & Balasundaram, 2017). 

However, disposing of sludge is still a major concern, since several studies reported pathogenic 

bacteria in sludge and also showed the ability of bacteria to survive for long period of time at 

room temperature (Xu et al., 2018). Moreover, sludge has been found to be responsible for the 

rapid spread of AMR among bacteria because it may provide ideal environment for bacterial 

gene transfer through conjugation (Pariseau et al., 2013). Due to the limitation of funding, only 

four farms were used to evaluate the efficacy of the water treatment system. This may not be 

sufficient for a true representative evaluation. For instance, extreme level of hardness and 

conductivity were reported in farm C and D only, compared to the other farms. Hence, more 

extensive study is warranted to evaluate the proposed treatment system by using a wider range of 

microbial and physico-chemical contaminants. 

FUTURE DIRECTIONS 

This study provided results on bacteriological and physico-chemical properties of surface 

water sources from dairy farms located in Southwestern Ontario. The presence of E. coli in 

surface waters indicates fecal contamination. Accordingly, looking at the genetic diversity of E. 

coli isolates using molecular techniques for microbial source tracking would be useful to identify 

the actual source of surface water contamination (Ibekwe, Murinda, & Graves, 2011). This 

information would also be helpful to devise better farm management strategies to improve water 

quality, animal health and food safety. In the present study, culture based methods were used to 
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isolate and identify bacteria, and provided preliminary information about the microbial ecology 

of surface water. Additional studies using molecular tools, such as next generation sequencing of 

16S rRNA amplicons and analysis, could help in the a more comprehensive understanding of the 

microbiota of surface water in relation with environmental and seasonal conditions. This is 

important to know in order to choose adequate water treatment systems that can efficiently 

remove all bacterial contaminants, beyond those assessed in the present work (Liu et al., 2014). 

Surface waters were further characterized based on the AMR profile of bacteria from the 

investigated sources. As for generic E. coli, further studies based on the molecular epidemiology 

of these bacteria may reveal the main specific source(s) of antimicrobial-resistant bacteria. In E. 

coli, various AMR genes and mobile genetic elements, such as plasmids, were identified. These 

mobile elements play a role in the transmission of resistance genes, including ESBLs 

(Rozwandowicz et al., 2018). Further studies on the characterization of plasmids by using long 

read sequencing methods, such as PacBio, would provide additional information regarding the 

location of resistance genes on specific mobile genetic elements.  

Following the promising preliminary results obtained with the experimental water 

treatment system of this study, its efficacy could be evaluated more extensively if the water 

treatment system was permanently installed on a dairy farm. This would eliminate the difficulties 

associated with farm to farm transportation of the same equipment and problems associated with 

the washing of equipment such as the sand filter between farms thus reducing the risk for cross-

contamination. Permanent installation would allow more flexibility around sampling and full 

year operation including winter. Further studies could explore CF using different coagulant 

dosages, different settling times, or even different coagulants to improve its efficiency for the 

removal of biological and chemical contaminants (Pariseau et al., 2013; Sillanpää, Ncibi, 
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Matilainen, & Vepsäläinen, 2018). Additionally, characterization of microbial diversity, AMR in 

bacteria, and frequency of gene transfer in the treatment sludge would provide information about 

the potential influence of effluent sludge on surrounding ecosystems.  

CONCLUSION 

 Water plays an important role in maintaining dairy cattle health and milk safety. If 

contaminated water is used to clean milking equipment it could compromise milk safety, and 

may have further implications on human health. This study has shown that untreated surface 

waters had a high number and a wide range of Gram-negative bacteria and high concentrations 

of physico-chemical contaminants. This study also provided evidence that some E. coli isolates 

from surface water at some dairy farms were resistant to more than three classes of antimicrobial 

including β-lactams and fluoroquinolones. The results from this study clearly demonstrated that 

dairy farmers should not use surface water directly without some kind of treatment. It also 

supports the use of a multi-barrier approach that includes source water protection and adequate 

pre-filtration in combination with disinfection. The simple multi-barrier approach proposed here 

helps to reduce both microbial and physico-chemical contaminants to levels that meet the CQM 

program guidelines and preserves the safety of food. It deserves further validation in order to be 

implemented on farms in the near future.  
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APPENDIX 1 

Table 1: Molecular ecology of antimicrobial-resistant E. coli isolated from surface water 

 E. coli strains 

 6707 6657 6559 6601 6812 6588 6803 6714 6544 6753 6822 

Farm D D E E I J L L N N N 

Sampling time August 

18, 2016 

August 

18, 2016 

June 14, 

2016 

July 20, 

2016 

December 

6, 2016 

July 20, 

2016 

November 

16, 2016 

December 6, 

2016 

May 18, 

2016 

September 

21, 2016 

August 

18, 2016 

Resistance 

profile 

AMP, 

AMC, 

FOX, 

TIO, 

CRO 

AMP, 

TIO, 

CRO, 

TET, 

SXT, 

SUL, 

AZM 

AMP, 

TIO, 

CRO, 

STR, 

TET, 

SXT, 

SUL, 

AZM 

AMP, 

AMC, 

FOX, 

TIO, 

CRO, 

TET 

AMP, 

AMC, 

TIO, FOX, 

CRO, CIP, 

NAL, 

GEN TET, 

SXT, SUL 

AMP, 

STR, 

SUL 

AMP, 

STR, TET, 

SUL, CHL 

FOX, CRO, 

AMP 

AMP, 

AMC, 

TET, 

SXT, 

SUL, 

CHL 

AMP, 

STR, TET, 

SXT, SUL 

AMP, 

STR, 

TET, 

SXT, 

SUL 

Antimicrobial 

resistance 

genes 

blaCMY-2 blaTEM-

1A, 

blaCTX-M-

1, aadA2, 

tetA, 

dfrA12, 

sul1, 

sul2, 

mphA 

blaTEM-

1B, 

blaCTX-M-

1, aph6-

Ib, 

aadA5, 

strA, 

strB, 

tetA, 

tetD, 

dfrA17, 

sul1, 

sul2, 

mphA 

blaCMY-2, 

tetA, 

tetB, tetD 

blaCMY-2, 

parC and 

gyrA 

mutation, 

tetA, tetB, 

aac-3-IIa, 

aac-3-IId, 

dfrA17, 

sul2 

blaTEM-

1B, aph-

3’-Ic, 

strA, 

strB, 

sul2 

strA, strB, 

sul2, floR 

Unknown 

mutations in 

Promoter 

region of 

ampC β-

lactamase 

blaOXA-1, 

tetA, 

tetB, 

aadA1, 

aadA5, 

sul2, 

floR 

blaTEM-1B, 

aadA1, 

strB, tetA, 

tetB, tetD, 

dfrA1, sul1, 

sul2 

blaTEM-

1B, 

aadA1, 

strB, 

tetA, 

tetB, 

tetD, 

dfrA1, 

sul1, sul2 

Plasmid 

Incompatibility 

groups 

IncI1 IncI1, 

IncI2 

IncFII, 

IncI1, 

IncQ1, 

IncFIB 

IncX1, 

IncFII, 

IncFIC, 

IncFIB, 

IncI1, 

p0111 

IncFIB, 

IncFIA 

IncFII, 

IncFIA, 

IncFIB 

IncFIA IncFIB, 

IncFIC, 

IncFII 

p0111 IncFII, 

IncFII, 

IncFIB 

IncFIB, 

IncFIC, 

IncFII 
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Virulence genes gad, 

lpfA, iss 

gad, iss, 

capU 

iss, gad, 

mchF, 

iroN 

iroN, tsh, 

iss, 

mchF, 

cba, cma 

astA, gad, 

air, lpfA, 

eilA, 

mcmA 

iss, gad, 

astA, 

eilA, air, 

espP 

No 

virulence 

gene found 

astA, mcmA, 

mchF,mchC, 

mchB, espP, 

lpfA, gad, iss, 

ireA 

astA, 

mcmA, 

mchF, 

mchC, 

mchB 

espP, 

gad 

iss, lpfA, 

gad 

 


