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ABSTRACT 

The aim of the study was to isolate and identify E. faecalis and E. faecium from ground and surface 

water samples, and evaluate the potential of using E. faeca/is and E. faecium specific phages as 

indicator organisms for determining faecal contamination in water. A total of 162 samples were 

collected from August 2015 to April 2016 and analysed for characteristics of Enterococcus species 

using Bile Esculin Agar (BEA) and 57 samples were positive for presumptive Enterococcus species. 

The samples were also analyzed to determine faecal coliform and total coliform bacterial counts and 

large proportion 90 (55%) of the samples were positive for either faecal or total coliform bacteria. A total 

of 119 presumptive isolates were picked from the 57 culture plates that were positive for Enterococcus 

species based on macroscopic characteristics. The isolates screened for the characteristics of 

Enterococcus (E. faecalis and E. faecium) using biochemical characterization and E. faecalis and E. 

faecium species specific PCR through amplification of the d-alanine: d-alanine ligase (dd~ gene 

sequences. All the isolates including the control strain were Gram positive cocci and were also catalase 

and oxidase negative. In addition, all the isolates grew in 6.5% (w/v) NaCl and this trait does not only 

identify the isolates as belonging to the genus Enterococcus but also differentiates them from 

organisms belonging to the genus Streptococcus. All the isolates were gamma haemolytic on sheep 

blood agar. A large proportion 50 (42%) of the isolates were confirmed as E. faecium while 16 (13%) 

were E. faeca/is. All the isolates in this study were resistant to erythromycin while large proportions 

(62.1 % to 97%) of these isolates were resistant to ampicillin, gentamycin, tetracycline and 

chloramphenicol. On the contrary, 27 (41%) of the isolates were resistant to vancomycin while only 12 

(18.2%) were resistant to amoxycillin. The detection of vancomycin resistant enterococci was a cause 

for concern due to fact that these isolates may pose severe public health threats to humans. A total of 

66 isolates comprising of 50 E. faecium and 16 E. faeca/is were subjected to cluster analysis using 

Statistica version 10.0 (Statsoft, US). Out of the 66 isolates analysed two major clusters (Cluster 1 and 

Cluster 2) were generated. Cluster 1 was subdivided into two sub-clusters (Cluster 1 A and Cluster 1 B). 
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Furthermore, sub-clusters 1A and 1 B, including Cluster 2, were analysed for patterns of association of 

isolates from different sources and/or locations. The largest sub-cluster (sub-cluster 181) contained 

isolates from three sampling areas. The largest proportion (58.8%) of isolates in this sub-cluster was 

derived from surface water samples in Mafikeng. In addition, small proportions (17.6% and 23.5%) of 

the isolates in this sub-cluster were obtained from surface water in Rustenburg and Zeerust 

respectively. The second largest sub-cluster ( sub-cluster Cluster 1 A 1) contained 12 ( 18 .2%) of the 

isolates analysed. The makeup of isolates in this cluster consisted of 3, 4 and 5 isolates from 

groundwater obtained in Rustenburg, Ventersdorp and Mafikeng respectively. Interestingly, all eight (8) 

isolates in sub-clusters 1A2 were obtained from groundwater in Mafikeng while all six (6) that were 

clustered in sub-cluster 1 B2 were obtained from surface water in Coligny. These findings indicate that 

isolates that clustered together share similar antibiotic resistance profiles which may have resulted from 

similarities in the degree of exposure to these drugs. E. faecalis and E. faecium specific bacteriophages 

were detected.TEM data indicated that phages possessed morphologies that were similar to those of 

bacteriophages belonging to the Siphoviridae family. It was also revealed that E. faecalis and E. 

faecium specific bacteriophages can serve as reliable indicators of faecal pollution in water. 
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DEFINITION OF CONCEPTS 

Antibiotic resistance: The ability of a given bacterium to survive exposure to a defined concentration 

of an antimicrobial agent. 

Bacteriophage: A virus that uses bacteria as its host; often called a phage. 

Coliforms: Are a broad class of bacteria found in our environment, including the faeces of man and 

other warm-blooded animals. 

Polymerase Chain Reaction:A molecular method that is used to amplify specific regions of DNA many 

times over using primers. 

Primer: Is a short strand of RNA or DNA (generally about 18-22 bases) that serves as a starting point 

for DNA synthesis. It is required for DNA replication because the enzymes that catalyze this process, 

DNA polymerases, can only add new nucleotides to an existing strand of DNA. 

Species: Collection of bacterial cells which share an overall similar pattern of traits in contrast other 

bacteria whose pattern differ significantly. 

Strain: An isolate or group of isolates that can be distinguished from isolates of the same genus or 

other genus of the same species either by phenotypic characteristics and/or genotypic characteristics. 
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CHAPTER 1 

INTRODUCTION AND PROBLEM STATEMENT 

1.1 Introduction 

Water is a very important resource for life (WHO, 2003) and it is used for drinking, supporting plant life 

as well as used by humans in daily household activities. In many developing countries, including South 

Africa, human activities and industrialization are known to significantly affect the quality of water that is 

supplied to consumers (Martellini et al., 2005). The situation is even worse in some rural communities 

where individuals do not have access to potable water and most often obtain water from unprotected 

sources. Humans and animals are the normal hosts of microbial contaminants in water particularly 

bacterial species and these are released into the environment through excretion from the gastro­

intestinal tract of their hosts (Cabral , 201 O; Ateba and Maribeng, 2011 ). These pathogens may be 

released into water that is intended for human consumption or used for agricultural purposes. The 

consumption of contaminated water has serious health implications on humans by causing diseases 

that include diarrhoea, endocarditis, and bacteraemia (Nannini et al. , 2005; Takeuchi et al. , 2005). 

Pathogens that are associated with waterborne diseases include enteric viruses as well as bacterial 

species such Enterococcus species, Escherichia coli O 157: H7 and protozoans such as 

Cryptosporidium and Giardia species (Ferguson et al. , 2003).The complications associated with these 

pathogens is aggravated by the fact that some of these enteric organisms are able to cause illnesses in 

humans when only very few cells (1 to 10 particles) are consumed in contaminated water or food 

products (Hurst, 1996; Moe, 1996). This therefore increases the pathogenicity and clinical significance 

of these pathogens.The detection and identification of faecal microbial contaminants in water is 

essential from a public health view point (Kanyerere et al. , 2012; Santiago-Rodriguez, 2013). Coliform 

bacterial species that include members belonging to the genus Klebsiella , Enterobacter, Citrobacter 

and particularly Escherichia coli have been used to assess the microbial quality of water based on the 
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premise that they are resident in the gastro intestinal tract of humans and animals (Pelczar et al. , 1988; 

Willey et al. , 2008; Santiago-Rodriguez et al. , 2013). However, enterococci which are facultative 

anaerobic, Gram positive cocci also reside as normal flora in the gastrointestinal tract of humans and 

animals (Gambarotto et al. , 2000; Mac et al., 2003) and have also been used as indicators of faecal 

pollution. The use of enterococci is based on the fact that they are usually found in the faeces of warm 

blooded animals and their presence in water has been reported to be comparable to most of the 

recommended bacterial indicator organisms (Wheeler et al. , 2002).ln addition, it has been shown that 

there is a direct relationship between the densities of enterococci and E coli in water and the presence 

of these indicator organisms were linked to the occurrence of swimming-associated gastroenteritis in 

humans (USEPA, 1986a). With this in mind, both enterococci and E. coli have been used as bacterial 

indicators of water quality (USEPA, 1986b). Enterococcus species are able to grow in a wide range of 

temperatures (10 to 45°C), basic pH (9.6) and high salt content of 6.5% w/v NaCl and these 

characteristics are constantly used for preliminary identification and isolation. 

It has been reported that the number of bacterial cells detected in water samples may be influenced by 

both cl imatic and seasonal conditions (Bruhn and Wolfson, 2007). Due to this variability the 

concentration of bacterial cells in water bodies cannot be predicted at any given time and the viable 

counts have been reported to increase significantly following a heavy storm, snow melt or other 

excessive runoff (Bruhn and Wolfson , 2007). In addition, indicator bacteria are usually higher in water 

samples during warmer months when compared to very cold temperatures such as in winter. 

Unfortunately, the absence of faecal indicators in water does not necessarily imply that other 

pathogenic microorganisms are absent (Jagals et al. , 2006). This has therefore justified the need to 

search for other microbial agents that can be very reliable in determining the presence of faecal 

contaminants in water. 
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Bacteriophages are viruses that infect bacteria and these agents vary with respect to the strain they 

infect (Ogilvie et al. , 2012). Given the challenges faced with using bacteria as suitable and reliable 

indicators of faecal contamination in water, bacteriophages and specifically col iphages are now widely 

utilised in water quality assessment studies. Somatic coliphages (Hilton and Stotzky, 1973; Kott et al., 

1974; IAWPRC, 1991), F-specific bacteriophages (Havelaar and Hogeboom, 1984; Jofre et al. , 1986) 

and bacteriophages infecting Bacteroides fragilis (Katzeneleson et al. , 1974; Jofre et al. , 1986; UNDP, 

2004) are currently used as suitable indicators of faecal pollution particularly in drinking water systems. 

Protocols that utilise bacteriophages have several advantages over bacteriological procedures, as they 

are less expensive, results are obtained in less time and do not require lengthy confirmatory tests 

(Bonilla et al. , 2010; Santiago-Rodriguez et al. , 2010) .ln addition, bacteriophages are more resistant to 

the water purification processes than the currently utilized bacterial indicators (Katzeneleson et al., 

1974; Payment et al. , 1985; Payment et al. , 1993). The present study is therefore designed to isolate 

and identify f. faecalis and E. faecium from water that is intended for human consumption in the North 

West Province, South Africa. Samples were also collected from randomly selected dams in the North 

West Province, South Africa that human access for various purposes. A further objective of the study 

was to evaluate the potential of using f. faecalis and f. faecium specific bacteriophages as indicator 

organisms for determining faecal contamination in water when compared to the usual bacterial 

indicators. 

1.2 Problem Statement 

Globally and particularly in South Africa the quality of water that is supplied or is available for human 

and or animal use or consumption is a public health concern (Kinge et al. , 2010; Ateba and Maribeng, 

2011 ; Ateba and Mbewe, 2014). Contaminated water jeopardizes the health of humans since the 

consumption of contaminated water has potentially serious health implications by causing diseases that 

include diarrhoea, endocarditis, and bacteraemia (Nannini et al. , 2005; Takeuchi et al. , 2005). Water 
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sources are usually contaminated through contact with faeces from humans and animals either as a 

result of rainfall runoffs or the uncontrolled disposal of faecal wastes (Hurst, 1996; Moe, 1996; 

Toranzos et al. , 1996; Fong and Lipp, 2005). Contaminated water may contain pathogenic 

microorganisms such as Salmonella, Campylobacter, enteric viruses and pathogenic protozoa and 

these can be transmitted to consumers (Hurst, 1996; Moe, 1996; Toranzos et al. , 1996; Fong and Lipp, 

2005; Ateba and Maribeng, 2011 ; Santiago-Rodriguez, 2013; Murphy et al., 2016). 

Coliform bacterial species include members belonging to the genus Klebsiella , Enterobacter, 

Citrobacter and particularly Escherichia coli have been used to assess the microbial quality of water 

sources based on the premise that they reside in the gastro intestinal tract of humans and animals 

(Pelczar et al. , 1988; Willey et al. , 2008; Santiago-Rodriguez et al., 2013). A number of studies 

conducted in the study area have revealed the presence of coliform bacteria in water, in animals and 

food products (Ateba et al. , 2008; Phokela et al. , 2011 ; Ateba and Mbewe, 2014). Given that the 

detection of faecal contaminants in water can be influenced by seasonal variations as well as the 

protocol used for assessment, there is a need to search for other microbial agents that can be more 

reliable for water quality monitoring. In the present study, previous investigations in the study area are 

expanded with a specific focus to evaluate the potential of using E. faecalis and E. faecium specific 

phages as reliable agents to detect faecal contamination in water when compared to indicator bacterial 

species. 

1.3 Aim and objectives 

1.3.1 Aim 

The aim of the study was to isolate and identify E. faecalis and E. faecium from water that is intended 

for human consumption as well as from selected dams and rivers in the North West Province, South 
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Africa. A further objective was to evaluate the potential of using E. faecalis and E. faecium specific 

phages as indicator agents for determining faecal contamination in water. 

1.3.2 Objectives 

The specific objectives of the study were to: 

i. isolate of E. faecalis and E. faecium from the water samples 

ii. determine total coliforms and faecal coliform counts in water samples 

iii. confirm the identities of E. faeca/is and E. faecium using preliminary and confirmatory 

biochemical tests 

iv. determine the antibiotic resistance profiles of the enterococcus isolates 

v. isolate E.faeca/is and E.faecium specific bacteriophages 

vi. determine the morphology of isolated phages using electron microscopy as well as the 

virulence profiles of the phages against environmental E. faecalis and E. faecium strains 
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CHAPTER TWO 

LITERATURE REVIEW 
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2.1 Water contamination 

CHAPTER2 

LITERATURE REVIEW 

Water is a very essential resource for life. The availability of clean drinking water is an important human 

necessity and therefore a simple right of every human being, as contaminated water endangers the 

health to consumers (WHO, 2003). Generally faecal contamination of water is associated with the 

presence of bacteria of faecal origin and these organisms have been reported to cause diseases that 

include diarrhoea, endocarditis, and bacteraemia (Nannini et al., 2005). In addition, pathogenic 

organisms such Enterococcus species, Escherichia coli 0157:H? and protozoans such as 

Cryptosporidium and Giardia species as well as enteric viruses that are also derived from faecal matter 

from humans and animals have been linked to waterborne diseases in most parts of the world 

(Ferguson et al., 2003). Taking into account the presence of thermotolerant coliforms, enterococci and 

bacteriophages in the environment as well as water bodies results from human and animal excreta has 

been used as indicators of faecal pollution in a number of studies (Moe, 1996; Toranzos et al. , 1996). 

Although, results obtained when using these microbial indicators are sometimes questionable due to 

lack of reproducibility and hence reliability. This therefore justifies the need to develop more reliable 

water quality assessment schemes. 

2.2Traditional Indicator bacteria 

An indicator organism is one that can offer evidence about the microbial quality of a water body through 

the organism's occurrence, state, or numbers. Faecal indicator bacteria are found in the gastrointestinal 

tract of humans and animals and consist of coliform bacteria and members of the genus Enterococci 

(Anderson et al., 2005; Myers et al. , 2007). Faecal indicator bacteria are used to evaluate the 

microbiological quality of water due to the fact that their presence usually correlates with that of several 
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waterborne disease-causing organisms (Myers et al., 2007). However, for these microorganisms to 

serve as affective agents for detecting faecal contamination in water they are expected to meet certain 

criteria which include the following: (i) they should be detected in water using simple laboratory 

methods, (ii) be present in faecally contaminated water bodies and be absent in clean, fresh and 

uncontaminated waters, (iii) be associated with the source of the contamination, (iv) possess a survival 

potential that is similar to that of the pathogen of concern and (v) be unable to replicate outside the host 

(Grabow, 1996; Fong and Lipp, 2005; WHO, 2008). Unfortunately not all organisms may fully satisfy 

these criteria which explains why there is a need to constantly evaluate the suitability of water 

assessment methods viz a viz the reliability of results obtained. 

2.2.1 Total coliforms 

Total coliforms are members of the family Enterobacteriaceae, and they are aerobic and facultative 

anaerobic, Gram negative, non-spore forming , oxidase negative, rod shaped bacteria that ferment 

lactose to acid and gas within 48 hours of incubation at 35°C (APHA, 1998). Typical genera amongst 

the total coliform group include Escherichia, Enterobacter, Klebsiella and Citrobacter and members of 

this family are part of the normal flora of the intestines of humans and other warm-blooded animals, and 

they represent only about 1 % of the total population of bacteria in human faeces in concentrations 

ranging from 106 to 109 coliforms per gram of faeces (Brenner et al. , 1982; Payment et al. , 2003; 

Carrero-Colon et al. , 2011 ). These organisms are found in the soil, surface water, plants and in human 

or animal waste (Rompre et al. , 2002; Stevens et al., 2003). Bacterial contamination with total coliforms 

in surface water and groundwater originates from point sources such as toilets, septic tanks, cattle pens 

or stables, discharges of untreated sewage and rainfall runoff sand improper disposal of faecal 

matter(Herrero et al., 2000; Camargo and Alonso, 2007; Rebolledo-Martinez et al. , 2011). 
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Regardless of the issues surrounding the use of these organisms as indicators of faecal contamination 

in water, total coliforms remain a water quality indicator in many countries and water quality 

assessment schemes and continue to be used to some degree as a monitoring parameter (Mesquita 

and Noble, 2013). This is based on the fact that even in situations where faecal contamination is 

present, total coliforms are usually more numerous than E. coli, which presents them to be a more 

sensitive indicator. Furthermore, some organisms that belong to the total coliform group are 

considerably more resistant to disinfection during the water treatment processes than E. coli and hence 

they are better indicators of inadequate disinfection (WHO, 2004; Fricker and Eldred, 2009). In addition, 

the extent to which these organisms are present in the water source can indicate the general quality of 

that water and the probability that the water is contaminated with faecal matter (USEPA, 2009). 

2.2.2 Faecal co/iforms 

Faecal coliforms are also called thermo-tolerant coliforms and these organisms are able to ferment 

lactose when they are at a temperature of 44.5°C for 24 hours. Faecal coliforms are also used as 

indicators to determine faecal pollution in wastewater effluents, rivers, marine environments, 

recreational and untreated water sources (Geldreich, 1978; Kinzelman et al., 2003; Johnston and 

Jaykus, 2004). Despite the fact that organisms belonging to the genera Citrobacter, Enterobacter and 

Klebsiella are also included in this group Escherichia species are known to be the dominant among 

faecal coliforms (Fujioka et al. , 1999; Carrero-Colon et al., 2011) . The faecal coliform group comprises 

organisms that originate from the intestinal tract of humans and warm-blooded animals (Thomann and 

Mueller, 1987) and their presence in environmental water bodies may be as a result of the overflow of 

domestic sewage or non-point sources of human or animal waste into water bodies (McMath et al. , 

1999). 
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2.2.3 Escherichia coli 

E. coli is a member of the thermo-tolerant coliforms that produce indole from tryptophan and they are 

enzymatically distinct from the other members of the family Enterobacteriaceae due to the fact that the 

organism does not possess urease but produces ~-galactosidase and ~-glucoronidase (Leclerc et al. , 

2001 ; Payment et al., 2003). E. cohis a faecal coliform bacterium, it is regarded as the most sensitive 

and reliable indicator of faecal pollution in water (Edberg et al. , 2000). E. coli is able to survive in 

drinking water for up to twelve weeks and this explains why it is able to withstand a wide range of 

environmental conditions. In addition, E. coli strains are found in faeces of humans and warm-blooded 

animals at concentrations of 109 CFU/1 g (Edberg et al. , 2000). These characteristics make E. coli a 

suitable indicator of water pollution and hence have been utilized in a number of studies to assess 

water quality (Scott et al. , 2002; Odonkor and Ampofo, 2013). 

2.3 Enterococci 

Organisms belonging to the genus Enterococcus are important indicators of faecal pollution in water. 

Enterococci are non-spore-forming catalase negative cocci that live as normal flora in the 

gastrointestinal tract of humans and animals (Mac et al. , 2003). The concentrations of Enterococcus 

species in the intestines of humans range from 105to 108 CFU/g of faeces and Enterococcus faecalis 

and Enterococcus faecium are the species that are frequently isolated in water quality assessment 

surveys (Ruoff et al. , 1990; Manero et al., 2002; Gelsomino et al. , 2003). Despite the fact that E. coli 

are the most widely utilized indicator bacteria, a number of studies have indicated that enterococci are 

also suitable for use in water quality assessment mainly due to the fact that their concentrations in 

faeces of humans and animals is proportionate to those of E. coli (USEPA, 1986a). In addition, 

enterococci can survive very harsh environments including extreme alkaline pH (9.6) and high salt 

concentrations (6.5% NaCl). They are also able to resist bile salts, detergents, heavy metals, ethanol, 

azide, and desiccation (Rivera et al. , 1988; Mascini et al. , 2006). Enterococcus species can grow in 
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temperatures ranging from 10°C to 45°C and also survive in high temperatures of 60°C for 30 minutes 

(Mascini et al., 2006; Fisher and Phillips, 2009). 

2.3.1 Classification of organisms in the Genus Enterococcus 

The enterococci were formerly classified as a major group of organisms within the genus 

Streptococcus. This classification was based on the fact that they show high resistance to chemicals 

and physical agents as well as the fact that they agglutinate when reacted with serological group D 

streptococci antiserum (Teixeira and Merquior, 2013). However, these organisms have undergone 

significant changes in their nomenclature partly due to the introduction of molecular identification and 

typing based methods that have resulted in the organisms being classified as a separate genus now 

called Enterococcus (Schleifer and Kilpper-Balz, 1984). Streptococcus faecalis and Streptococcus 

faecium were the first species to be reassigned to the new genus and were renamed Enterococcus 

faecalis and Enterococcus faecium, respectively(Teixeira and Merquior, 2013). The continuous use of 

molecular identification tools has provided opportunities for major advances in the classification of 

enterococci (Euzeby, 1997; Facklam et al., 2002; Teixeira et al., 2007). 

2.3.2 Clinical Significance and Epidemiology of Enterococci 

Enterococci are opportunistic pathogens and these organisms are able to cause diseasesin their hosts 

only when the immune system has been suppressed (Fisher and Phillips, 2009). Nosocomial 

Enterococcus infections are also common in debilitated patients who have been exposed to broad­

spectrum antibiotics (Grabow and Coubrough, 1986; Mascini et al., 2006). Enterococcus faecalis and 

Enterococcus faecium are the most common species that are frequently isolated from human clinical 

samples and hospital environments and therefore account for more than 90% of clinical 

isolates(Teixeira et al., 2007). Against this background, E. faeca/is and E. faecium are among the 

leading cause of nosocomial infections including urinary tract infections, abdominal and wound 
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infections, endocarditis, and bacteraemia in humans (Murray, 1990; Jett et al. , 1994; Murray and 

Weinstock, 1999; Arias et al. , 2009; Willems and Van Schaik, 2009). Enterococci are the third most 

common cause of bacteraemia even in countries such as the United States of America that has more 

advanced and strict public health policies (Chavers et al. , 2003; Thouverez and Talon, 2004). This 

therefore justifies the need to constantly assess contamination with these organisms. 

2.3.3 Antibiotic resistance 

Enterococcus species have displayed resistance to a large proportion of drugs that are usedin both 

human and animal medicine (Hayes et al., 2004; Kilonzo-Nthenge et al., 2015). However, the 

emergence of these organisms as important nosocomial pathogens coupled with the fact that they are 

now known to express increased resistance to a number of antimicrobial agents, there is therefore a 

need to constantly monitor the resistance profiles of isolates in a given area (Hollenbeck and Rice, 

2012). Enterococcus species are able to display intrinsic and/or acquired resistance to several clinically 

relevant antimicrobial agents (Gold and Moellering Jr, 1996). The different types of antibiotics to which 

both intrinsic and acquired resistance mechanisms(Jean et al. , 2001)are used by enterococci to evade 

destruction are shown in Table 2.1. The incidence of acquired traits leading to high-level resistance to 

aminoglycosides and to glycopeptides particularly to vancomycin, is of specific clinical significance due 

to the impact of these organisms in susceptible patients as well as the difficulty in treating infections 

caused by Enterococcus species. 

Infections with vancomycin-resistant enterococci (VRE) are characterised by increased illness, high 

mortality rates and increase hospital costs (Chou et al. , 2008). Resistance to antibiotics result from the 

presence of antibiotic resistance genes and notably resistance to vancomycin is associated with the 

presence of vanA, vanB, and vane genes. The vanA and vanB genes are usually associated with E. 

faecium and E. faecalis isolates, and are easily transmitted between isolates through plasmids and are 
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known to account for increased resistance among enterococci (Murray, 1998). In addition, the vanA 

and vanB genes have also been identified in vancomycin resistant Staphylococcus aureus (Weigel et 

al. , 2003). Given that VRE can be transmitted from person to person through contact these organisms 

have been reported to cause severe life threatening complications in hospitals and chronic-care 

facilities. This explains why antimicrobial resistant organisms particular VRE pose severe challenges to 

the medical profession even in countries with advance health care systems (Deshpande et al. , 2007; 

Simner et al., 2015). 

Table 2.1: Intrinsic and acquired antimicrobial drug resistance in enterococci 

Type of resistance, antimicrobial drug 

Intrinsic 

~-Lactams (particularly cephalosporins and 
penicillinase resistant penicillins) 
Low concentrations of aminoglycosides 

Clindamycin 

Fluoroquinolones 

Trimethoprim-sulfamethoxazole (in-vivo) 

2.4 Treatment 

Acquired 

High concentrations of ~-lactams (via penicillin­
binding proteins or~ -lactamase) 
High concentrations of aminoglycosides 

Glycopeptides (vancomycin and teicoplanin) 

Tetracycline, Erythromycin, Fluoroquinolones, 
Rifampin, Chloramphenicol 

Fusidic acid, Nitrofurantoin 

Enterococcus species have the ability to adjust to their surroundings and acquire antibiotic resistance 

determinants (Miller et al. , 2014). However, the treatment of bacterial infections including severe 

enterococcal infections such as endocarditis requires a cell-wall active antimicrobial agent (Murray, 

2000). Antibiotics such as ampicillin, penicillin and vancomycin including an aminoglycoside such as 

gentamicin or streptomycin have been used to treat enterococcal infections and success rate has been 

very impressive. However, infections that are not very serious such as urinary tract infections are 

treated with a single agent, such as ampicillin or nitrofurantoin (Murray, 2000). 
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Unfortunately, Enterococcus species have developed increased resistance to ampicillin, vancomycin 

and also display high-level resistance to aminoglycosides. This has significantly reduced treatment 

options and has therefore resulted in renewed efforts for the search of more effective antimicrobial 

agents. Newer agents such as linezolid, quinupristin-dalfopristin and sultamicillin are now used to treat 

infections caused by vancomycin-resistant enterococci (VRE) (Mascini et al., 2006; Arias and Murray, 

2012). 

2.5 Preliminary biochemical tests for Enterococcus species 

Bile-esculin test is widely used to differentiate enterococci and group D streptococci, which are bile 

tolerant and can hydrolyze esculin to esculetin, from non-group D viridans group streptococci, which 

grow poorly on bile (Facklam, 1973; Mascini et al., 2006). Esculetin combines with ferric ions to 

produce a black complex visible as black zones around colonies. It is a low cost, rapid test with good 

sensitivity and specificity (>90%). Thus, Enterococcus faecalis and Enterococcus faecium can be 

selectively cultured on Bile Esculin Agar, and can also be confirmed by morphology through the use of 

a microscope. E. faeca/is and E. faecium are gram-positive cocci, which can be either in clusters; short 

chains, diplococci or single cocci. It can also be diagnosed by serological tests using Latex 

Agglutination Test for Lancefield group D streptococci , through antibody-antigen reaction (Wheeler et 

al., 2002; Groth and Calos, 2004). Preliminary biochemical tests for enterococci include; catalase test, 

growth on Sodium chloride (NaCl) broth and haemolysis on blood agar. 

2.6 Bacteriophages as faecal indicators 

Bacteriophages are viruses that infect bacteria. They were discovered independently first in England by 

Frederick William Twort, in 1915, and then in Paris by Felix Hubert d'Herelle in 1917 (Duckworth, 1976). 

15 



Twort did not follow on his findings, whereas d'Herelle thoroughly examined the nature of 

bacteriophages and explored their role to function as therapeutic agents (Pelczar et al., 1988). During 

World War I, phages were the last class of the three major classes of viruses to be discovered. The 

other two viruses that were discovered first were the plant viruses and animal viruses (Grabow et al. , 

1993). 

Since the 1970's they have been specifically suggested and used as indicators to determine the viral 

quality of water (Hilton and Stotzky, 1973). Procedures that use bacteriophages have several 

advantages over bacteriological procedures, as they are less costly, results are obtained in a shorter 

period and do not require prolonged confirmatory tests (Bonilla et al. , 2010; Santiago-Rodrfguez et al. , 

201 0).ln addition, bacteriophages are more resistant to the water purification processes than the 

currently applied bacterial indicators (Katzeneleson et al. , 1974; Payment et al. , 1985; Payment et al., 

1993). Bacteriophages are widely distributed and the most prevalent entities on earth, and can be 

found in all environments populated by bacterial hosts, such as soil , water and within other organisms 

(Clokie et al. , 2011; Dutilh et al., 2014; Diaz-Munoz and Koskella, 2014). However, they can only 

reproduce inside susceptible and metabolizing host bacteria (Grabow, 2001 ; Brussow et al. , 2004; 

Joriczyk et al., 2011). 

Phages have many life cycles and the two main cycles are the lytic and the lysogenic cycles. The lytic 

cycle (virulent phage), redirects the host's metabolisms towards the production of new phages in the 

end resulting in the lysis of the host cell. While in the lysogenic cycle, also called the temperate phage, 

usually remains in the host in a dormant state (prophage) and replicates alongside the host, until the 

lytic cycle is induced (Weinbauer, 2004). The lytic cycle is illustrated in Figure 2.1, and involves the 

stages of adsorption, infection, and the lysis of the host cell and release of progeny phages. 
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Figure 2.1: The life cycle of a typical lytic bacteriophage. (A) A single infective phage particle with its 
bacterial host cell . (B) The phage attaches itself to a host cell (adsorption) and injects its genome. (C) 
The phage genome is copied, structural proteins are synthesised, and then is assembled. (D) The host 
cell lyses, releasing the new progeny phages. (Kerr et al., 2008) · 

2.7 Bacteriophages Characteristics 

The structure and morphology of bacteriophages practically comprise of a nucleic acid molecule 

(genome) enclosed by a protein coat (capsid). The capsid is made up of morphological subunits called 

capsomeres, and consists of a number of protein subunits or molecules called protomers. Some 

phages also contain lipid and additional structures such as tails and spikes (Grabow, 2001 ). They are 

categorized morphologically into tailed and non-tailed phages. More than 96% of all characterised 

phage contain dsDNA and are tailed (Ackermann, 2009). The tailed bacteriophages consist of 

Myoviridae, Siphoviridae, and Podoviridae families. The non-tailed bacteriophages include filamentous 

(e.g. lnoviridae), polyhedral (e.g. Leviviridae) and pleomorphic (Guttaviridae and Fusel/oviridae) 

morphologies (Ackermann, 2003; Ackermann, 2007). 
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2.8 Phage classification 

The International Committee on Taxonomy of Viruses (ICTV) classifies bacteriophages into 1 order of 

14 families and 37 genera according to their type of nucleic acid and morphology (Lavigne et al., 2008). 

The genetic material of bacteriophages can be composed of a single-stranded (ss) or double-stranded 

(ds) DNA or RNA (Frost et al., 2005), Figure 2.2 demonstrates the main phage groups. Goyal et al. 

(1987) categorized phages into three groups according to position of receptor sites on the following 

parts of host bacteria: 

• Appendages 

• Outer layer 

• Cell wall 

Phage identification by morphological criteria using electron microscopy is simple, quick and cost­

effective. More than 5500 phages have been examined under the electron microscope (Ackermann, 

2007). 

Furthermore, there are a number of other families like the following 

• Corticoviridae (icosahedral capsid with circular double-stranded DNA) 

• Lipothrixviridae (rod-shaped enveloped capsid with linear double-stranded DNA) 

• Tectiviridae (double icosahedral capsid with linear double-stranded DNA) 

• Cystoviridae (icosahedral capsid, enveloped, with double-stranded RNA) 

• Rudiviridae (rodshaped capsid non-enveloped with linear double-stranded DNA) 

• Fuselloviridae (nonenveloped with circular double-stranded DNA) 

• Plasmaviridae (pleomorphic capsid enveloped with circular double-stranded DNA) 
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Most of the families of phages have been identified in a wide range of water environments(Pedroso and 

Martins, 1995; Grabow et al. , 1998). 
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Figure 2.2: Morphotypes of bacteriophages (Ackermann, 2009) 

Water quality assessments using phages are presently categorised into six families (Table 2.2), mainly 

according to nucleic acid content and morphology (Pelczar et al. , 1988; Maniloff and Ackermann, 

1998): 
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Table 2.2: Phage families according nucleic acid content and morphology 

Family Structure/ Nucleic acid Structure of tail 

Myovlridae 

Siphoviridae 

Podovlridae 

Microviridae 

lnovlridae 

Leviviridae 

Source: 

2.9 Enterococcus phages 

Elongated (Cubic capsid), linear Long contractile tail. 

double-stranded 

Icosahedral capsid, linear Long non-contractile tail 

double-stranded DNA 

Icosahedral capsid, linear Short non-contractile tail 

double-stranded DNA 

Icosahedral capsid , circular No tail 

single-strand DNA 

Rod-shaped, circular single- No tail 

strand DNA 

Icosahedral capsid, linear No tail 

single-strand RNA 

Enterococcus phages have recently been considered as indicators for faecal and viral contamination in 

recreational waters and as tools for microbial source tracking (Bonilla et al. , 2010; Santiago-Rodriguez 

et al. , 2010; Purnell et al. , 2011 ; Santiago-Rodriguez et al. , 2013). Although the main categories of 

phages that have been suggested as indicators of faecal contamination are those that infect coliphages 

(coliform bacteria). The amount of enterococcal phages that have been examined by electron 

microscope are moderate, most of these phages belonged to tailed phage category (Family 

Siphoviridae) (Ackermann, 2007). 
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Based on the aforementioned, somatic coliphages (Hilton and Stotzky, 1973; Kott et al. , 1974; 

IAWPRC, 1991), F-specific bacteriophages (Havelaar and Hogeboom, 1984; Jofre et al. , 1986) and 

bacteriophages infecting Bacteroides fragilis (Katzeneleson et al., 1974; Jofre et al., 1986; UNDP, 

2004) are currently used as suitable indicators of faecal pollution particularly in drinking water systems. 

2.9.1 Somatic coliphages 

Somatic coliphages are numerous and the most easily found phage group in the environment. In 

addition they are existing in greater amounts than phage infecting Bacteroides species, largely because 

E. coli are facultative anaerobes, however they cannot be used to establish sources of contamination 

as they do not validate host specificity (Moce-Llivina et al. , 2005; Lee and Sobsey, 2011 ). Somatic 

coliphages may have advantages to F+ coliphages, founded on their perseverance, as more 

environmentally persistent indicators of enteric viruses in water (Lee and Sobsey, 2011). 

It is a heterogeneous group of bacteriophages that are able to infect E. coli, and other members of the 

Enterobacteriaceae family. Their members belong to the Myoviridae, Siphoviridae, Podoviridae and 

Microviridae families (Hayes, 1968; Grabow, 2001). They are present in human faeces in low numbers 

but numerous in untreated domestic sewage and in animal faeces (Havelaar, 1986). They are 

detectable by reasonably simple, low-cost and quick plaque assays (Green et al. , 2000). 

2.9.2 F-RNA bacteriophages 

F or male specific RNA bacteriophages belong to the Leviviridae family and its two genera, Levivirus 

and Allolevivirus. They infect bacteria that have an F plasmid, which codes for an For sex, pilus. These 

phages have been broken down into four genogroups GI, GIi, GIii, and GIV in reference to their 

serological and physicochemical properties (Leclerc et al. , 2000; Grabow, 2001 ; Scott et al. , 2002; Vinje 

et al. , 2004; Ackermann, 2009). In addition genogroups I and IV are generally found in animal wastes, 

while subgroups II and Ill are associated to human faecal pollution (Cole et al. , 2003; Vinje et al. , 2004). 
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Serotyping or genotyping is used on these phages in order to differentiate between human and non­

human microbial sources. 

F-RNA bacteriophages have been broadly researched due to their comparison (in size, shape, 

morphology and composition) to several pathogenic human enteric viruses (Jofre et al., 2011). Further 

useful attributes of these phages resembling those of human viruses include their failure to multiply in 

water environments. In addition their presence in high numbers in wastewater and their resistance to 

unfavourable conditions and disinfection processes (chlorination) contribute to their usefulness as 

process indicators, indices of sewage pollution, and conservative models of human viruses in water and 

shellfish (Grabow, 1990; Havelaar, 1993; Love and Sobsey, 2007). The finding of F-RNA coliphages is 

not easy and simple by plaque assays as in the case of somatic col iphages (Grabow et al. , 1998). 

2.9.3 Bacteriophages of Bacteroides fragilis 

Bacteriophages of Bacteroides fragilis and other Bacteroides species rank third in abundance in natural 

waters, and have been suggested as potential indicators of human viruses in the environment. Their 

host Bacteroides fragilis is an obligate anaerobe, and is abundant in human faeces (Tartera and Jofre, 

1987). Phages infecting B. fragilis belong to the family Siphoviridae, and contain a double stranded 

DNA (Lasobras et al. , 1997; Queralt et al., 2003; Diston et al. , 2012). Studies of inactivation have 

shown phages of 8. fragi/is to be more resistant to drinking water treatments than either F-specific RNA 

coliphages or somatic coliphages (Jofre et al., 1995; Duran et al. , 2003). 

2.10 Detection techniques 

Phages can be recovered or detected by using many techniques and approaches. These include 

culture-based methods and rapid methods which include immunology- and molecular-based methods. 

Each type of method has advantages and disadvantages. Despite the above, more research is still in 

progress that is aimed on improving these methods or techniques. The most often used technique for 
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detecting, isolating and enumeration of Enterococcus phages is the Plaque assay (Santiago-Rodriguez, 

2010). Plaque assays are a typical culture-based technique used for enumerating infectious virus 

particles (Grabow, 2001 ; Rodriguez et al. , 2012). Plaque assay for somatic coliphages is simple, 

inexpensive, less labour-intensive and less time-consuming when compared to that of 

Bacteroidesfragilis phages and F-RNA coliphages (Grabow, 2001). Complex growth media 

supplemented with antibiotics is required for culturing and plates have to be incubated anaerobically 

when detecting Bacteroides fragilis phages. Theoretically, waste waters may be expected to contain 

higher levels of 8. fragilis than those on record (Fong and Lipp, 2005). The reason for the discrepancy 

may be due to failure in maintaining high levels of sufficient and suitable conditions when performing 

plaque assay. 

2.11 Transmission 

It has previously been reported that phages are host specific, meaning that they only infect their target 

host. On the other hand, the bacterial host of different phages like Enterococcus faecalis and 

Enterococcus faecium does cause certain human infections (Puig et al. , 2000). The phages are mostly 

present in the same habitats as their hosts. They cause infections when displaced into the bloodstream 

(by either being transported into circulation or entering through the intestines when there is a severe 

damage to the wall of the intestines) or surrounding tissue following surgery, disease, or trauma 

(Mascini et al., 2006). Transmission can also occur from one person to the other through ingestion and 

consumption of water or food contaminated with human faeces. Under normal circumstances the host 

bacteria are found in the gastrointestinal tract as normal flora. The phages move from the gastro­

intestines to the waste water or sewage systems through fecal materials. 
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2.12 Survival 

The ability of bacteriophages to survive under unfavourable conditions is highly diversified. Aspects 

which influence the amount and behaviour of phages in water environments include: the densities of 

both host bacteria and phages; the association of phages and bacteria with solids; the presence of 

organic matter, especially organic matter that influences the metabolic activity of the host bacteria; 

ultraviolet and visible light; temperature; pH; the concentration and type of ions; and the metabolic 

activities of micro-organisms other than the host bacteria (Sobsey and Hickey, 1985; Gantzer et al. , 

2001 ; Feng et al. , 2003; Lu et al., 2003; Ackermann et al. , 2004; Jepson and March, 2004; Olson et al. , 

2004; Tey et al., 2009; Jonczyk et al. , 2011 ; Yang and Griffiths, 2013).Temperature is a crucial factor 

for the survival of somatic and F-RNA bacteriophages in water and other environments such as the soil 

(Gantzer et al., 2001 ; Olson et al. , 2004; Tey et al. , 2009). Temperature plays a major role in the 

attachment, penetration, multiplication and the length of the latent period of bacteriophages. The effects 

of several of these variables on phage survival have been studied under laboratory conditions (Tartera 

et al. , 1989). Organic compounds which affect phage survival in water environments include humic and 

fulvic acids, which may influence the attachment of phages to sediments and other solids, and possibly 

also to their host bacteria (Sobsey and Hickey, 1985). As a result of the many variables concerned 

which affect the survival and replication of phages, it is generally difficult to predict the incidence and 

behaviour of phages in water environments. 
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CHAPTER THREE 

MATERIALS AND METHODS 
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3.1 Area of the study 

CHAPTER3 

MATERIALS AND METHODS 

This study was conducted in the Molecular Microbiology Laboratory of the Department of Biological 

Sciences at North-West University-Mafikeng Campus, South Africa. 

3.2 Sample collection 

3.2.1 Sample size determination 

The number of samples collected during the study was determined using the formula outlined below 

Sample (n) = Z1-a122P (1-P) 
d2 

Z 1-a12 = is standard normal variate (at 5% type I error (P< 0.05) it is 0.05) 

P = Expected prevalence in population based on previous studies 

d = Absolute error or precision (which is 5%) 

In order to determine the prevalence of vancomycin resistant enterococci, the sample size for this study 

was determined using a prevalence of 88% obtained in a study that was conducted in Australia. An 

expected prevalence at 95% confidence level and desired precision of 5% were considered in the 

calculations (Sidhu et al., 2014). The formula described by Charan and Biswas (2013) was used and 

the minimum sample size required for the present study was162 water samples. 

3.2.2 Sampling technique 

Random sampling was used to collect water samples from different selected areas in the North West 

Province based on availability. Groundwater samples were collected from borehole taps in both urban 

and rural communities, surface water samples were collected from dams and rivers using sterile 500ml 
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Duran Schott bottles. The samples were appropriately labeled and transported on ice to the laboratory 

for analysis. Upon arrival in the laboratory, the water samples were immediately analyzed for the 

presence of Enterococcus species. The numbers of water samples collected from the different areas 

are shown in Table 3 .1. 

Table 3.1: Areas from which samples were collected 

Districts Sampling Area/Station Type of samples Number of samples 

Bojanala Platinum Rustenburg Ground water = 19 28 
Surface water = 6 

Swartruggens Ground water = 3 
Dr Kenneth Kaunda Potchefstroom Groundwater = 8 20 

Surface water= 12 

Ventersdorp Ground water = 6 6 

Dr Ruth Segomotsl Taung Groundwater = 9 12 
Mompatl Surface water= 3 

Ngaka Modiri Molema Lichtenburg Groundwater = 3 3 

Coligny Groundwater = 6 12 
Surface water = 6 

Mafikeng Groundwater = 41 59 
Surface water = 18 

Setlagole Ground water = 3 3 

Zeerust Groundwater = 7 19 
Surface water = 12 

Total 162 

3.3 Sample analysis 

3.3.1 Selective isolation of Enterococci species 

Water samples were analysed for the presence of Enterococcus species immediately upon arrival in the 

laboratory using standard methods (APHA, 1998). An aliquot of 100 ml from each sample was filtered 

through a 0.45µm filter paper (Whatman®Glass Microfiber GS filter paper) on a water pump machine 

(model Sartorius 16824). A sterile forceps was used to remove the membrane filters from the machine 

27 



and the filter papers were placed, grid side up, on Bile Esculin Agar (BEA) plates. The plates were 

incubated aerobically at 37°C for 24 h. After incubation typical black colonies on the BEA agar were 

considered as presumptive Enterococcus species and these isolates were purified by sub-culturing on 

BEA. Pure colonies were preserved for further microbiological identification tests. 

3.3.2 Detection of total and faecal coliforms 

The presence of faecal and total coliform bacteria in the water samples was determined using standard 

methods (APHA, 1998). Aliquots of 100 ml from each sample were filtered through a 0.45 µm filter 

paper (Whatman®Glass Microfiber GS filter paper) on a water pump machine (model Sartorius 16824). 

A sterile forceps was used to remove the membrane filters from the machine and the filter papers were 

placed on mFC and m-Endo agar to detect faecal and total coliform bacteria respectively. The mFC and 

m-ENDO plates were incubated aerobically at 45°C and 37°C respectively for 24 h. Metallic-sheen and 

typical blue colonies on m-ENDO and mFC agar plates were regarded as potential total and faecal 

coliforms respectively. The number of colony forming units (CFU) /per 100ml of water was counted and 

recorded. 

3.3.3 Control strains 

E. faecalis (ATCC 29212) and E. faecium (ATCC 6569) were used as positive control strains during the 

experiments. 

3.4 Bacterial identification 

Presumptive isolates that were black colonies on BEA were identified using the following criteria: 
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3.4.1 Cellular morphology 

The isolates were Gram stained using a standard method (Cruickshank et al., 1975) and Gram-positive 

cocci were subjected to both preliminary and confirmatory identification tests that are specific for 

Enterococcus species. 

3.5 Preliminary biochemical identification tests for enterococci 

3.5.1 Oxidase test 

The oxidase test was performed using the Microbact test strips which were impregnated with NNN'N' 

tetramethyl -p- phenylene-diamine dihydrochloride to facilitate detection of bacterial cytochrome 

oxidase enzyme. The test was performed as instructed by the manufacturer (Oxoid - United Kingdom). 

A sterile toothpick was used to transfer pure colonies of the test isolates onto the Microbact test strips 

and the results were observed within 30 sec. The formation of a purple colour indicated a positive result 

for the test and vice versa. Enterococcus species are oxidase negative therefore all isolates that 

satisfied this identification criterion were retained. 

3.5.2 Catalase test 

Catalase is an enzyme that breaks down hydrogen peroxide, which is toxic to the cell, into oxygen and 

water and therefore the catalase test is used to detect the presence of catalase enzyme in bacteria 

strains.To perform the test a sterile plastic loop was used to transfer a bacterial colony to a glass slide 

and a drop of 2% (v/v) hydrogen peroxide was added to the culture. The formation of bubbles was 

considered a positive reaction and vice versa. Enterococci are catalase negative thus isolates that 

satisfied this preliminary identification test was recorded. 
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3.5.3 Growth on Sodium chloride (NaCl) 

Enterococci are differentiated from other streptococci based on their ability to grow on 6.5% (w/v) 

sodium chloride (Eaton et al., 1998)." Presumptive isolates were inoculated in 10 ml of 6.5% sodium 

chloride and incubated aerobically at 37°C for 24 h. Two tubes that was inoculated with cultures of E. 

faecalis (ATCC 29212) and E. faecium (ATCC 6569) respectively in 6.5% NaCl and one without any 

bacteria culture were used as positive and negative controls respectively. Turbidity indicated bacterial 

growth which was measured using a spectrophotometer. 

3.5.4 Haemolysis on blood agar 

Blood agar was used to determine the haemolytic patterns of isolates (Rogers, 2008). Plates were spot 

inoculated with enterococci and incubated aerobically at 37°C for 24 h. After incubation plates were 

observed for the presence of haemolysis or degree to which red blood cells were broken down. 

Enterococci produce gamma haemolytic patterns indicating they do not breakdown erythrocytes. 

3.6 Confirmatory identification tests for Enterococcus species 

3.6.1 Serotyping 

A SLIDEX® Strepto Plus Latex agglutination test kit obtained from BioMerieux (France) was used for 

serological identification of Enterococcus species based on the Lancefield grouping. The test was 

performed by reacting a cell wall specific carbohydrate extract of isolates with a suspension of 

polystyrene microparticles sensitized with rabbit anti-group D streptococcal antibodies.The 

development of an agglutination pattern displaying visible clumping of the latex particles in 

approximately 2 min andpositive results were recorded. 
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3.6.2 Genomic DNA extraction 

Bacterial isolates were sub-cultured on Bile Esculin agar and incubated at 37°C for 24 h and the fresh 

culture was used for DNA extraction. Chromosomal DNA was extracted using ZR Genomic DNA™­

Tissue MiniPrep (Zymo Research) extraction kit based on the manufacturer's instruction. Aliquots of the 

bacterial culture were transferred to a microcentrifuge and 95 µL of 2 x Digestion Buffer as well as 5 µL 

of Proteinase K were added to the tube. The contents in the tube were mixed thoroughly and incubated 

at 55°C for 20 min. Seven hundred microliters of Genomic Lysis Buffer was added to each tube and 

mixed thoroughly by vortexing. The mixture in each tube was transferred to a Zymo-Spin ™ IIC column 

in a collection tube, and centrifuged at 10,000 x g for 1 min. The Zymo-Spin ™ IIC column was placed in 

a new collection tube and 200 µL of DNA Pre-Wash Buffer was added to the tube. The tubes were 

centrifuged at 10,000 x g for 1 min. After centrifugation, 400 µL of g-DNA Wash Buffer was added to 

the Zymo-Spin™ IIC column and centrifuged at 10,000 xg for 1 min. The spin column was transferred 

to a clean micro-centrifuge tube and 100 µL of DNA Elution Buffer was added, and centrifuged at 

10,000 x g for 30 sec to elute the DNA. 

3.6.3 DNA quality and quantity determination 

The quality and quantity of genomic DNA extracted from the isolates was determined using 

spectrophotometric analysis by measuring the optical density at 260nm and 280nm (Sambrook et al. , 

1989). A WPA light wave UV/visible spectrophotometer (WPA, UK) was used. 

3.6.4 PCR analysis for the identification of E. faecalis and E. faecium 

The identities of the target organisms was determined using simplex PCR assays that were designed to 

amplify E. faecalis and E. faecium d-alanine:d-alanine ligase (dd~ species specific gene fragments 

using specific primer sequences (Kariyama et al. , 2000). The primer sequences that were used are 

shown in Table 3.2. PCR reaction mixtures comprised 1 x PCR buffer, 2mM MgC'2, 0.2mM of each 
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dNTPs, 0.3µM each of the ddl primer, 0.6 units of Taq DNA polymerase in a final volume of 25 µL. PCR 

cycling involved an initial denaturing step of 94°C for 5 min, 30 cycles of denaturation at 94°C for 1 min, 

annealing at 54°C for1 min, extension at ?2°C for 1 min and then a final extension at 72°C for 7 min. 

Genomic DNA from E. faecalis (ATCC 29212) and E. faecium (ATCC 6569) were used as positive 

controls while a no DNA template reaction was included as a negative control. 

Table 3.2: Primer sequences that were used to detect E. faecalis and E. faecium by PCR analysis 

Primer Name Sequence (5' - 3') Amplicon size (bp) 

ddl E. faeca/is F ATCMGTACAGTTAGTCTTTATTAG 941 

R ACGATTCAAAGCTMCTGMTCAGT 

ddl E. faec/um F TTGAGGCAGACCAGATTGACG 658 

R TATGACAGCGACTCCGATTCC 

3.6.5 Sequence analysis of PCR amp/icons 

The PCR amplicons were cleaned using a GeneJet PCR Purification kit (Lot 00227048, Thermo 

Scientific, Lithuania) and sequenced at lnqaba Biotec - Pretoria. The identities of the isolates were 

confirmed through a Blast Search with the NCBI Search Tool: (http://blast.ncbi.nlm.nih.gov/Blast.cgi). 

3.6.6 Antimicrobial susceptibility test 

The antibiotic resistant profiles of the isolates were determined using the Kirby-Bauer disc diffusion 

technique (Kirby et al., 1966). Before antibiotic sensitivity testing, the isolates were revived by sub­

culturing onto BEA plates. The plates were incubated aerobically at 37°C for 24 h. Bacterial 

suspensions were prepared using pure isolates and aliquots of 1 00µL from these suspensions were 

spread-plated on Mueller Hinton agar (Biolab, Merck, South Africa). The antibiotic susceptibility of the 

isolates was determined against a panel of seven different antibiotic discs obtained from Mast 
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Diagnostics - South Africa. The antibiotic discs were gently pressed onto inoculated Mueller Hinton 

agar to ensure intimate contact with the surface and the plates were incubated aerobically at 37°C for 

24 h (NCCLS, 1999). The antibiotic inhibition zone diameters were measured and the results obtained 

were used to classify isolates as being resistant, intermediate resistant or susceptible to a particular 

antibiotic based on standard reference values (NCCLS, 1999).Table 3.3 indicates the details of 

antibiotics that were used in the study. 
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Table 3.3: Details of the antibiotics that were used in the study 

Group Antibiotic Abbreviation Disc cone. (µg) Inhibition zone (mm) 

s R 

Penicillins Ampicillin AMP 10 ~ 17 S16 

Amoxycillin AMO 10 ~17 :S16 

Macro I ides Erythromycin ERY 15 ~23 14-22 S13 

Tetracyclines Tetracycline TET 30 ~19 15-18 :S14 

Glycopeptides Vancomycin VAN 30 ~ 17 15-16 S14 
w 
.:,. 

Phenlcols Chloramphenicol CHL 30 ~18 13-17 :S12 

Aminoglycosides Gentamicin GEN 10 ~15 13-14 S12 

Legend: R= resistant, I= intermediate resistant and S= susceptible 



3.7 Cluster analysis of E. faecium and E. faecalis using antibiotic inhibition zone diameter data 

Cluster analysis of antibiotic susceptibility data for E. faecium and E. faecalis isolated from the different 

stations was determined using Wards algorithm and Euclidean distances on Statistica version 10.0 

(Statsoft, US). 

3.8 Bacteriophage isolation 

: Bacteriophages were isolated from the water samples using the following criteria: 

3.8.1 Preparation of Modified Nutrient Agar (MNA) plates and samples 

Modified Nutrient Agar (MNA) [Nutrient broth (20g), NACI (8.5g), Agar (10g), CaCl2 (8.325mg/l), FeCb 

(1.1mg/l), MgSO4.7H2O (0.5g), 30% (w/v) Glucose (10 ml)] was prepared based on standard protocols 

and the plates were stored at 4 °C. Before analysis plates were kept overnight at room temperature in 

order to dry. 

3.8.2 Preparation of host strain for detection of bacteriophages 

Aliquots of 10 ml of sterilized Tryptic soy broth (TSB) were inoculated with a fresh colony of E. faecium 

(ATCC 6569), E. faecalis (ATCC 29212) andenvironmental strains that were confirmed as enterococci 

by PCR analysis. Tubes were incubated at 37°Cfor 18 h without shaking. The optical density of the 

culture was monitored and the cells were considered competent when the OD ranged from 0.5 to 0.6. 

The competent cells were used as potential hosts for isolation of bacteriophages from water samples. 

3.8.3 Preparation of water samples for phage detection 

Water samples (10 ml) were transferred into 15ml polypropylene conical Falcon tubes and centrifuged 

at 11000 g for 10 min in order to sediment debris and bacterial cells. The supernatant was filtered 
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through 0.22 µm Acrodisc syringe filter (Pall Corporation, Ann Arbor, Ml, USA) and the resulting filtrate 

was used to prepare phage dilutions. 

3.8.4 Serial dilutions of phage lysates 

Tenfold serial dilution of the phages was prepared by adding 50 µL of the filtrate (phage lysates) to 450 

µL of Lambda diluent [(10 ml 1 M Tris HCI (pH 7.5); 2g of MgSQ4_?H2O; 990 ml of deionized water)]. 

Serial dilutions were prepared up to 104 for each sample and only 10°, 10-1 and 104 were used for 

enumeration of phages. 

3.8.5 Double layer agar assay and plating dilutions 

Phages infecting Enterococcus strains were isolated from samples using standard protocol (Sambrook 

and Russell, 2001). Aliquots of 100 µL from the selected phage dilutions (10°, 10-1 and 104 ) were 

added to 100 µL of the host culture in 15ml polypropylene conical Falcon tubes. For the blank, 200 µL 

of Lambda diluent was added to the polypropylene tube. For the negative control A, 100 µL of Lambda 

diluent was added to 100 µL of host culture while the negative control B contained 200 µL of the host 

culture. Both the test and control reaction tubes were allowed to stand at room temperature for 2 

minutes to facilitate attachment of the potential phages to the host bacteria cells. Three milliliters of 

molten 0.3% (w/v) Bioline Molecular Grade agarose (Cat No: BIO-41025) that contained 10 mM MgSQ4 

(kept at 50°C in a water bath) was added to each tube, mixed by inverting 2 times and quickly poured 

onto pre-hardened MNA plates. 

The bacteria-phage-agarose mixture was swirled gently to ensure it is evenly distributed over the MNA 

plate. The overlays were allowed to solidify and the plates be incubated aerobically in inverted positions 

at 37°C for 24 h (Sambrook and Russell, 2001). After incubation the plates were observed for the 

presence of plaques (areas of clear zones) and these were enumerated and recorded. For quality 
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control purposes results were considered appropriate when no bacterial colonies (NC) were present on 

the plates with agar only and no plaques (NP) were present in the negative control plates A and B. 

3.9 Phage purification 

A single isolated plaque was picked and placed in 1 ml of Lambda diluent in a 1.5 ml Eppendorf tube. 

The tubes were kept at 4°C overnight and later centrifuged at 10000 g for 10 min. The supernatant was 

filtered through a 0.22 µm syringe filter (Pall Life Science, Mississauga, ON, Canada) to remove any 

agar and bacterial cells (Niu et al. , 2012). Lysates were mixed with bacterial cultures and 3 ml of 0.3% 

(w/v) agarose. The contents in the tubes were mixed by inverting 2 times and quickly poured onto pre­

hardened MNA plates. 

3.10 Phenotypic characterization of phages 

3.10.1 Morphological characterization using electron microscopy 

Phages were purified using PEG (polyethylene glycol) according to the procedure described by 

Sambrook and Russell (2001). Phage suspensions were centrifuged at 25 000 g for 60 min and then 

they were washed twice in ammonium acetate (0.1 M, pH 7.0). Sediments were deposited on copper 

grids with carbon-coated Formvar film, and stained with 2% (w/v) uranyl acetate (pH 4.2). The 

morphologies of the phages were examined under a transmission electron microscope an accelerating 

voltage of 60 kv and 10-25000x instrumental magnification. 

3.10.2 Evaluation of the lytic capabilities of phages against environmental Enterococcus strains 

(Phage Virulence Assay) 

Bacterial host strains were prepared for phage lysis using Enterococcus species isolated from 

groundwater and surface water samples. The environmental host cultures were prepared 5 hours 

earlier in a Tryptic soy broth. Host range and lytic capability of the phages were assessed using a 
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microplate phage virulence assay (Niu et al., 2009). The phage stocks with high titres were serially 

diluted in 96-well microplates by adding an aliquot of 20 µL of the phage lysate to 180 µL of TSB broth. 

Twenty microliters of log phase cultures of environmental Enterococcus strains isolated in this study 

were added to the phage dilutions and microtitre plates were incubated for 5 h at 37°C overnight. After 

incubation, wells were examined visually for turbidity and the highest dilution that resulted in complete 

lysis of bacteria was recorded. 
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CHAPTER4 

RESULTS 

4.1 Detection of Enterococcus isolates and coliform bacteria (Faecal, Total) from ground and 

surface water samples 

A total of 162 samples were collected from August 2015 to April 2016 and analysed for characteristics 

of Enterococcus species using Bile Esculin Agar (BEA). A total of 57 samples were positive for 

presumptive Enterococcus species. The samples were also analyzed to determine faecal coliform and 

total coliform bacterial counts and large proportion 90 (55%) of the samples were positive for either 

faecal or total coliform bacteria. Results obtained were recorded as number of colony forming units 

(CFU) per 100 ml of water sample and are shown in Table 4.1 . A total of 119 presumptive isolates 

were selected from the 57 culture plates that were positive for Enterococcus species based on 

macroscopic characteristics. These isolates were subjected to both preliminary and confirmatory 

biochemical tests specific for enterococci. 

4.2 Identification of isolates based on preliminary and confirmatory biochemical tests 

A total of 119 isolates obtained from water samples were processed for Enterococcus specific 

biochemical tests to confirm their identities and the results are shown in Table 4.2. All the isolates 

including the control strain were Gram positive cocci and were also catalase and oxidase negative. In 

addition, all the isolates grew on 6.5% (w/v) NaCl and this trait does not only identify the isolates as 

belonging to the genus Enterococcus but also differentiates them from organisms belonging to the 

genus Streptococcus. All the isolates were gamma haemolytic on sheep blood agar. The isolates that 

satisfied these preliminary identification tests were further processed with Enterococcus specific 

confirmatory tests that included serotyping, PCR analysis and ddl E. faecalis as well as ddl E. faecium 

sequence analysis. 
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Table 4.1: The total number of bacterial counts from ground and surface water samples 

Sample FCC TCC Sample FCC TCC Sample FCC TCC 

SEWW1 0 88 SETD4 6 144 PELD3 2 146 

SEWW3 0 166 SETD5 4 43 PELD4 4 134 

SEWW4 0 42 SETD6 0 24 PELD5 0 86 

SEWW5 2 152 LOTD1 16 68 PELD6 4 116 

SEWW6 0 4 LOTD2 22 136 SWTW1 0 18 

SEWW7 0 22 LOTD3 0 12 COLD1 137 218 

SEWWB 0 12 LOTD4 6 38 COLD2 152 163 

MOTW2 0 48 LOTD5 4 33 COLD3 16 72 

MOTW3 2 190 LOTD6 8 176 COLD4 8 34 

.i:,. MOTW7 8 28 STGW1 13 24 COLDS 0 21 .... 
MOTWB 2 46 STGW2 17 32 COLDS 4 33 

MOTW9 0 84 MABD1 0 126 VNTW1 0 41 

DISW3 0 31 MABD2 0 396 VNTW4 0 26 

STLW1 0 4 MABD3 6 131 VYFW2 0 11 

STLW3 0 14 MABD4 16 288 MOIR1 8 246 

STLW5 0 2 MABD5 0 119 MOIR2 4 167 

STLW6 0 6 MABD6 0 123 MOIR3 4 182 

SIGW3 159 352 KLMD1 0 132 MOIR4 0 103 

DIBW1 6 28 KLMD2 12 148 MOIR5 2 98 

DIBW2 6 34 KLMD3 4 108 MOIR6 0 111 

DIBW6 0 32 KSPW1 24 16 PORD1 0 144 



DIS01 

DISD2 

DIS03 

DISD4 

DISDS 

DISD6 

SETD1 

SETD2 

SETD3 

4 

14 

0 

6 

4 

0 

8 

10 

0 

71 

312 

36 

24 

16 

44 

125 

168 

92 

DKSW1 

PELW1 

PELW4 

PELW5 

SWKW5 

SWKW6 

SWKW7 

PELD1 

PELD2 

8 

8 

28 

0 

0 

4 

0 

0 

0 

124 

6 

216 

4 

22 

2 

9 

159 

111 

PORD2 

PORD3 
POTD1 

POTD2 
POTD3 

MRTW2 
HRTR1 

HRTR2 
HRTR3 

0 

0 

104 

2 

4 

0 

0 

0 

0 

76 

63 

108 

66 
81 

6 

191 

174 

113 

Legend: SEWW = Seweding water; MOTW = Motlhabeng water; DISW = Disaneng water; STLW = Setlopo water; SIGW = Signal Hill water; DIBW = Dibate 
water; DISD = Disaneng Dam; SETO = Setumo Dam; LOTD = Lotlamoreng Dam; STGW = Setlagole water; MABD = Marico-Bosveld Dam; KLMD = Klein­
Maricopoort Dam; KSPW = Kareespruit water; DKSW = Dinokana Spring water; PELW = Pella water; SWKW = Silwerkrans water; PELO= Pella Dam; SWTW = 
Swartruggens water; COLD = Coligny Dam; VNTW = Ventersdorp water; MOIR = Mooi River; PORO = Poortjie Dam; POTO = Potchefstroom Dam; MRTW = 
Moretele water; HRTR = Harts River; FCC = Faecal coliform count (CFU/100 ml); TCC = Total coliform count (CFU/100 ml) 



Table 4.2: Biochemical and confirmatory identification tests of the environmental isolates 

Sample Gram Oxidase Catalase Growth on Haemolysi Serotyping (No. 
staining test (-ve) test (-ve) 6.5% NaCl son Blood +ve) 

(+ve Broth Agar (y) 
coccus 

Seweding (NT=6) 6 6 6 6 6 6 
Motlhabeng (NT=7) 7 7 7 7 7 7 
Setlopo (NT= 7) 7 7 7 7 7 7 
Dibate (NT=5) 5 5 5 5 5 5 
Disaneng Dam (NT=6) 6 6 6 6 6 6 
Setumo Dam (NT=6) 6 6 6 6 6 6 
Lotlamoreng Dam (NT=6) 6 6 6 6 6 6 
Setlagole (NT =4) 4 4 4 4 4 4 
Marico-Bosveld Dam (NT =6) 6 6 6 6 6 6 
Klein-Maricopoort Dam (NT=3) 3 3 3 3 3 3 
Kareespruit (NT=2) 2 2 2 2 2 2 
Dinokana (NT=6) 6 6 6 6 6 6 
Dinokana Spring (NT=3) 3 3 3 3 3 3 
Pella (NT=3) 3 3 3 3 3 3 
Silwerkrans (NT=3) 3 3 3 3 3 3 
Pella Dam (NT=6) 6 6 6 6 6 6 
Swartruggens (NT=3) 3 3 3 3 3 3 
Coligny (NT=7) 7 7 7 7 7 7 
Coligny (NT=6) 6 6 6 6 6 6 
Ventersdorp (NT=4) 4 4 4 4 4 4 
Vyfhoek (NT=3) 3 3 3 3 3 3 
Potchefstroom (NT =1) 1 1 1 1 1 1 
Potchefstroom Dam (NT=3) 3 3 3 3 3 3 
Mooi River (NT =6) 6 6 6 6 6 6 
Poortjie Dam (NT=3) 3 3 3 3 3 3 
Moretele (NT=1) 1 1 1 1 1 1 

43 



Harts River {NT=3) 3 3 3 3 3 3 
Total No of environmental strains 119 119 119 119 119 119 
positive for test 
E. faeclum (+ve Control) 1 1 1 1 1 1 

E. faecalis (+ve Control) 1 1 1 1 1 

Legend: NT= Number tested 
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4.3 DNA extracted from Enterococcus isolates 

DNA was extracted from all the 119 isolates including E. faeca/is (ATCC 29212) and E. faecium (ATCC 

6569) control strains as described in Materials and Methods (Section 3.3.3). The presence of DNA was 

confirmed by electrophoresis and Figure 4.1 indicates a 1 % (w/v) agarose gel of DNA extracted from 

the isolates as well as the control strains. 

M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1718 19 

3.0kb--. 

Figure 4.1 : Ag arose gel ( 1 % w/v) image showing DNA extracted from Enterococcal isolates and control 
strains. Lane M= DNA marker (O'GeneRuler 1kb DNA ladder), lane (1, 2) = DNA extracted from (E. 
faeca/is ATCC 29212 and E. faecium ATCC 6569, and lane 3-19= DNA extracted from Enterococcal 
isolates. 

4.4 PCR analysis for confirming the identities of Enterococcus species 

PCR analysis using Enterococcus species-specific PCR primers for E. faeca/is and E. faecium 

designed to amplify the dd/ genes encoding d-alanine:d-alanine ligases was carried out on all the 119 

presumptive enterococcal isolates. A total of 16( 13.4 % ) of the isolates were positively identified as E. 

Faecalis while a larger proportion 50 (42%) were E. faecium isolates. Figures 4.2 and 4.3 indicate the 

ddl E. faecium (650bp) and the ddl E. faecalis (900bp) gene fragments respectively that were amplified 

from the isolates. 
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M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

~900bp 

500bp---+ 

Figure 4.2: Agarose Gel Electrophoresis of PCR products for the detection of dd/E E. faecalis gene in 
enterococcal isolates. Lane M=100 bp DNA Ladder (Molecular marker), lane 1 = negative control, 
lane2= positive control, and lanes 3-18 refer to the enterococcal isolates' number 

M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

500bp~ +-650bp 

Figure 4.3: Agarose Gel Electrophoresis of PCR products for the detection of dd/E E. faecium gene in 
enterococcal isolates. Lane M=100 bp DNA Ladder (molecular marker), lane 1 = negative control, 
lane2= positive control, and lanes 3-19 refer to the enterococcal isolates' number. 
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4.5 Enterococcus species specific ddl sequence analysis 

The E. faeciumand E. faeca/is ddl gene fragments were sequenced and blast searched. The search 

revealed that the isolates were correctly identified as E. faecium with percentage similarities of 83 to 

99% while E. faeca/is isolates had percentage similarities of 98% with sequences previously deposited 

in GeneBank. Table 4.3 indicates the identities, accession numbers and percentage similarities of 

representative isolates that were sequenced. 

Table 4.3: Genbank nucleotide sequence analysis 

Isolate ID Description Accession Number % similarity 

SWEFAE3B Enterococcus faecium NC 017960.1 99% 

PLEFAE5A Enterococcus faecium NC 017960.1 94% 

DBEFAE1B Enterococcus faecium NC 017960.1 99% 

DDEFAED Enterococcus faecium NC 017960.1 83% 

CDEFAEB Enterococcus faecium NC 017960.1 99% 

STEFEC1B Enterococcus faecalis NC 004668.1 98% 

STEFEC2B Enterococcus faecalis NC 004668.1 98% 

STEFEC3B Enterococcus faecalis NC 004668.1 98% 

MDEFECB Enterococcus faecalis NC 004668.1 98% 

SDEFECB Enterococcus faecalis NC 004668.1 98% 

4.6 Antibiotic susceptibility profiles of isolates 

The antibiotic susceptibility profiles of 66 confirmed Enterococcus isolates was determined using the 

disc diffusion assay (Kirby et al., 1966). All the isolates in this study were resistant to erythromycin while 

large proportions (62.1 % to 97%) of these isolates were resistant to ampicillin, gentamycin, tetracycline 

and chloramphenicol (Table 4.4). On the contrary, a small proportion 27 (41 %) of the isolates were 

resistant to vancomycin while only 12 (18.2%) were resistant to amoxycillin. 
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Table 4.4: Isolates from the different stations that were resistant to the antibiotics tested 

Source Sampling station Ampicillin Amoxycillin Erythromycin Tetracycline Vancomycin Chloramphenicol Gentamycin 
{10µg) {10µg) {15µg) {30µg) {30µg) {30µg) {10µg) 

Ground Seweding {NT=6) 6 0 6 6 1 6 6 
water 

Motlhabeng (NT=1) 1 0 1 1 0 1 1 
Dibate (NT=5) 5 0 5 5 1 5 2 
Setlopo (NT=7) 0 0 7 3 3 7 0 
Pella (NT=1) 1 0 1 1 0 1 1 
Setlagole (NT=3) 3 0 3 3 1 3 3 
Silwerkrans (NT=3) 2 0 2 2 1 2 2 
Moretele (NT=1) 1 1 1 0 0 1 0 
Ventersdorp (NT=4) 4 3 4 4 2 2 2 

Surface Disaneng Dam (NT=5) 0 0 5 5 3 5 5 
water 

Setumo Dam (NT=2} 0 0 2 0 0 2 0 
Lothlamoreng Dam 3 1 5 5 4 5 5 
(NT=5) 
Klein-Maricopoort Dam 2 0 3 3 0 3 3 
(NT=3) 
Marico-Bosveld Dam 0 0 6 3 0 6 0 
(NT=6) 
Pella Dam (NT =4) 3 0 4 4 0 4 4 
Coligny Dam (NT=6) 6 5 6 6 6 6 6 
Mooi River (NT=3} 3 1 3 3 3 3 3 
Poortjies Dam (NT=1) 0 0 1 0 1 1 0 
Harts River (NT=1} 1 1 1 1 1 1 1 
Total (NT=66) 41 {62.1%) 12 {18.2%) 66 {100%) 55 {83.3%) 27 {41%) 64 {97%) 44 {67%) 
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4.7Cluster analysis of E. faecium and E. faeca/is based on antibiotic inhibition zone diameter 

data 

A total of 66 isolates comprising of 50 E. faecium and 16 E. faeca/is based on antibiotic inhibition zones 

had cluster analysis performed on them using Statistica version 10.0 (Statsoft, US).Out of the 66 

isolates analysed two major clusters (Cluster 1 and Cluster 2) were generated (Figure 4.4). Cluster 1 

was subdivided into two sub-clusters (Cluster 1A and Cluster 1 B). Furthermore, sub-clusters 1A and 

1 B, including Cluster 2, were analysed for patterns of association of isolates from different sources 

and/or locations (Table 4.5). 

As indicated in Figure 4.4, the largest sub-cluster (sub-cluster 1B1) contained isolates from three 

sampling areas. The largest proportion (58.8%) of isolates in this sub-cluster was derived from surface 

water samples in Mafikeng. In addition, small proportions (17.6% and 23.5%) of the isolates in this sub­

cluster were obtained from surface water in Rustenburg and Zeerust respectively. The second largest 

sub-cluster (sub-cluster Cluster 1A1) contained 12 (18.2%) of the isolates analysed. The makeup of 

isolates in this cluster consisted of 3, 4 and 5 isolates from groundwater obtained in Rustenburg, 

Ventersdorp and Mafikeng respectively. Interestingly, all (8) the isolates in sub-clusters 1A2 were 

obtained from groundwater in Mafikeng while all (6) clustered in sub-cluster 1 B2 were obtained from 

surface water in Coligny. These findings indicated that the isolates that clustered together shared 

similar antibiotic resistance profiles which may have resulted from similarities in the degree of exposure 

to these drugs. However, similarities in the antibiotic resistance profiles may have also resulted through 

cross contamination. 
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Figure 4.4: Dendrogram showing the relationship between isolates obtained from ground and surface 
water samples based on antimicrobial inhibition zone diameter data. 
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Table 4.5: Percentage representation of E. faecium and E. faecalis isolated from various areas and/or sources within different clusters 

Sampling Type of Cluster 1A1 Cluster 1A2 Cluster 1A3 Cluster 1B1 Cluster 1B2 Cluster 2A1 Cluster 2A2 
Area/Station samples 

n=12 n=S n=7 n=17 n=6 n=S n=S 

Rusten burg Ground water 3 0 0 0 0 0 

Surface water 0 0 0 4 0 0 
Swartruggens Ground water 0 0 0 0 0 0 

Potchefstroom Ground water 0 0 0 0 0 0 
Surface water 0 0 3 0 0 1 

Ventersdorp Ground water 4 0 0 0 0 0 

Taung Ground water 0 0 1 0 0 0 

Surface water 0 0 1 0 0 0 

Lichtenburg Ground water 0 0 0 0 0 0 

Coligny Ground water 0 0 0 0 0 0 
Surface water 0 0 0 0 6 0 

Mafikeng Ground water 5 8 2 0 0 3 4 

Surface water 0 0 0 10 0 1 1 

Setlagole Ground water 0 0 0 0 0 0 

Zeerust Ground water 0 0 0 0 0 0 
Surface water 0 0 0 3 0 3 3 
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4.8 Morphological characterization of phages 

Lytic bacteriophages were isolated from both ground and surface water samples analysed using 

environmental Enterococcus strains obtained in the study as well as the Enterococcus faecalis (ATCC 

29212) and Enterococcus faecium (ATCC 6569) as the host strains. Plaques were detected on the agar 

and they possessed distinct morphologies that ranged from small to large. Figure 4.5A shows plaques 

with complete lysis producing larger plaques while Figures 4.58 has numerous plaques with uniform 

'pin-hole' morphologies. Despite the fact that the plaques were generally small, they were clear and 

readable. In some samples, the phages were larger (usually greater than 1 mm in diameter) producing 

a halo formation around the plaque. The numbers of plaques obtained from the different samples are 

shown in Table 4.6. Despite the fact that phages were detected in all the samples analysed, water 

samples obtained from Lotlamoreng Dam and Marico-Bosveld Dam B had very high concentrations of 

the phages when compared to water from boreholes. This was not surprising since water from the 

dams is usually more contaminated and hence phages are known to be present where potential 

bacterial host strains are present. It was also identified that Enterococcus species were isolated in all 

these samples. 

4.9 Characterization of phages using transmission electron microscopy 

In order to determine the morphological diversity of the phages that infected the environmental 

Enterococcus strains obtained in the study as well as Enterococcus faecalis (ATCC 29212) and 

Enterococcus faecium (ATCC 6569) control strains a total of nine phage lysates were observed using 

transmission electron microscopy (TEM). The TEM phage micrographs of the three distinct phage 

morphologies were obtained in the study (Figure 4.6). The TEM data revealed that a large proportion of 

the phages had helical tails which may be classified as belonging to the order Caudovirales that consist 

of three families (Myoviridae, Siphoviridae and Podoviridae). However, some of the phages did not 

possess tails. Despite this it was observed in some micrographs that the heads of the phages had 
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disintegrated from the rest of the structure. In addition, capsid morphologies of the phages were 

icosahedral in shape. 

Smaller plaques 

Larger plaques Plate with high titre phage showing 
numerous small plaques 

Figure 4.5: Plaques with diverse morphologies on Modified Nutrient agar plates. 

Non-telled phage 

Figure 4.6: Micrographs of stained Enterococcus specific phages showing tailed and non-tailed 
morphologies (bar=200 nm). 
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Table 4.6: Plaque assay results for Enterococcus species 

Samples Results on Plaque Assay (Average number of Total number of 
plaques on the plates) plaques per sample 

100 10-1 10-3 

Seweding 1 17 11 4 32 

Seweding 2 19 10 6 35 

Motlhabeng 20 14 5 39 

Silverkraans 13 9 6 28 

Lotlamoreng Dam 86 24 9 119 

Setlopo 1 22 8 7 37 

Setlopo 2 17 12 5 34 

Marlco-Bosveld Dam 34 15 5 54 
A 
Marico-Bosveld Dam 46 19 7 72 
B 
Negative Controls 0 (NP) 0 (NP) 0 (NP) 0 
{A & B, Blank} 0 {NP) 0 {NP} 0 {NP} 

4.10Host range and lytic capabilityphages using virulence assay 

Two lytic phages were subjected to the phage virulence assay. The results were recorded in Tables 4.7 

and 4.8.The phages lysed the Enterococcus species that were used in the analysis. The positive result 

of this was represented by the fact that the mixture of Enterococcus species-Enterococcus specific 

phages in a TSB broth did become clear as the normal broth after 5 hours of incubation under 37°C 

aerobically. 
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Table 4.7: Virulence assay result for E. faecium phage stock filtrates 

Seweding1 Seweding2 Motlhabeng Silverkraans Lotlamoreng Dam Blank 

A s s s s s 

B s s s s s 

C s s s s s 

D s s s R s 

E s s s R s 

F s s s R s 

G s s s R s 

H s s s R s 

Legend: - = Blank (No bacteria was added); S= bacteria was lysed; R=bacteria was not lysed 

Table 4.8: Virulence assay result for E. faecalis phage stock filtrates 

Setlopo1 Setlopo2 Marico-BosVeld Dam A Marico-BosVeld Blank 
Dam B 

A s s s s 
B s s s s 
C s s s s 
D s s s s 

E s s s s 
F s s s s 

G s s s s 
H s s s s 

Legend: - = Blank (No bacteria was added); S = bacteria was lysed; R=bacteria was not lysed 
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CHAPTER FIVE 

DICUSSION AND CONCLUSION 
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5.1 Discussion 

CHAPTERS 

DISCUSSION AND CONCLUSION 

The primary objective of the study was to isolate and identify the phages specific to Enterococcus 

faeca/is and Enterococcus faecium from ground water and surface water samples collected from 

randomly selected areas in the North West Province. This was motivated by the fact that previous 

baseline investigations in the study area revealed the presence of enterococci in groundwater that was 

intended for human consumption (Ateba and Maribeng, 2011 ; Ateba et al., 2013) and leafy vegetables 

(Mohapi and Ateba, 2013). In addition, a number of studies have indicated that enterococci may be 

used as microbial indicators of faecal pollution in water (Wheeler et al. , 2002; Byappanahalli et al. , 

2012). In the present study E. faecium and E. faeca/is were successfully isolated from both ground and 

surface water. A total of 57 out of 162 samples were positive for enterococci based colonial 

morphologies while large proportions (55%) possessed coliform bacteria. Presumptive identification of 

the isolates was achieved using Gram staining, catalase test, oxidase test, growth on 6.5% (w/v) NaCl 

and the production of gamma haemolytic patterns on sheep blood agar. Similar to the find ings of this 

study, a number of studies have revealed that Enterococcus species can provisionally be identified on 

the basis of the Gram reaction, cell arrangement, catalase test, the presence of group D antigen by 

serological assays and a positive reaction (black colonies) on bile esculin agar (Facklam and Sahm, 

1995; Facklam et al. , 2002). 

Despite this it has been reported that the identification and differentiation of enterococci belonging to 

different species such as E. faecium, E. gallinarum, E. durans, E. avium, E. raffinosus, E. hirae, and E. 

mundtii was limiting and may not produce reliable results (Willey et al. , 1999; d'Azevedo et al. , 2001 ). In 

addition, most biochemical identification assays are laborious, time consuming and have serious 

limitations when used on environmental isolates. Against this background, molecular based techniques 
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that involve the amplification of species specific sequences in bacterial DNA are considered gold 

standard approaches for confirming the identities of isolates (Mannu and Paba, 2002; Marino et al., 

2003; Delgado and Mayo, 2004) .In the present study, E. faecalis and E. faecium species specific 

primers designed to amplify the ddl genes encoding d-alanine:d-alanine ligases in enterococci were 

used and a total of 16(13.4%) and 50 (42%) E. faecalis and E. faecium isolates respectively were 

detected. Similar observations have been reported (Angeletti et al. , 2001 ). 

Another objective of the study was to determine the antimicrobial resistance profiles of enterococci 

obtained in the study. All the isolates in this study were resistant to erythromycin. These findings are 

different from those obtained in previous studies in which only small proportions 9 (15.3%) and 6 (15%) 

of E. faecalis and E. faecium respectively were resistant to erythromycin (Santos et al., 2013). 

Moreover, in this study ermB gene that codes for resistance to erythromycin was frequently detected in 

the isolates (Barreto et al., 2009). On the contrary, large proportions (93.7% to 100%) of the isolates 

were resistant to erythromycin (Ateba and Maribeng, 2011 ). Given that there are wide variety of genes 

that code for resistance to these antibiotic as well as different mechanisms of resistance to an 

antimicrobial agent there is a need for continuous monitoring. Large proportions (62.1 % to 97%) of 

these isolates were resistant to ampicillin, gentamycin, tetracycline and chloramphenicol. Results 

obtained in the present study contradict those of a previous study in which very small proportions (0% -

2.8%)of E. faecalis and E. faecium isolated from water were resistant to ampicillin (Castillo-Rojas et al. , 

2013). In addition, 17.2% and 25% of E. faecalis and E. faecium respectively were resistant to 

tetracycline (Castillo-Rojas et al. , 2013). On the contrary the isolates obtained from clinical samples in 

the study by Castillo-Rojas et al. (2013) were highly resistant (57.1% - 78.6%) to ampicillin and 

tetracycline. However, in a previous study that was conducted in the Mafikeng area very small 

proportions (9.2% to 18.7%) of the isolates were resistant to ampicillin while large proportions (93.7) of 

these isolates were resistant to tetracycline (Ateba and Maribeng, 2011 ). 
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Small proportions (18.2% - 41 %) of the isolates obtained in the present study were resistant to 

vancomycin and amoxycillin. This was contrary to the findings of a previous study in which up to 75% 

and 100% of the isolates from groundwater were resistant to vancomycin and amoxycillin respectively 

(Ateba and Maribeng, 2011 ). Similarly, very large proportions (77.8% to 100%) of the isolates obtained 

from groundwater samples in another study were resistant to vancomycin and amoxycillin (Ateba et al. , 

2013). The detection of vancomycin resistant enterococci was a cause for concern since these isolates 

may pose severe public health threats in humans. 

A further objective of the study was to isolate and determine the morphologies of E. faecalis and E. 

faecium specific bacteriophages from ground and surface water samples. Over the years, coliform 

bacterial species and members belonging to the genus Enterococcus have been used as indicators of 

faecal contaminants of water (Cabelli et al., 1982; Scott et al. , 2002; Byappanahalli et al. , 2012). 

However, results obtained when bacteria are used may be unreliable and thus generated renewed 

interest in the search for more reliable indicators of faecal pollution in water. This is based on the fact 

that all bacteria species that are used to detect faecal contamination in water fail to fulfill the criteria of 

an ideal microbial indicator (Baele et al. , 2002; Cox and Gilmore, 2007; Bonilla et al., 2010). In addition 

bacterial indicator organisms that are currently utilized in assessing water quality have been found to be 

highly susceptible to chlorine and hence may provide false negative results (Tavakoli et al. , 2005). 

Against this background, a number of studies have assessed the quality of water using bacteriophages 

as indicators organisms (Grabow et al., 1993; Moe, 1996; Puig et al. , 1999; Wheeler et al. , 2002). 

Enteric viruses resist most water treatment procedures including chlorination and are therefore 

considered to be a new and reliable group of indicator organisms that can be used to assess human 

faecal contamination in water (Keswick et al. , 1985; Moce-Llivina et al., 2005). Bacteriophages that 
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specifically infect Enterococcus species particularly Enterococcus faecalis are termed enterophages 

and are more frequently isolated from recreational waters. The morphology of the enterophages 

isolated in the current study is very similar to viruses belonging to the family Siphoviridae which are 

phages with tails but possessing icosahedral capsids. On the contrary, phages with bigger capsids and 

longer tails have also been isolates using Enterococcus species and characterised to be members of 

the family Siphoviridae (Bonilla et al. , 2010). 

In the present study, faecal and total coliform bacteria, Enterococcus species as well as Enterococcus 

specific bacteriophages were isolated from water samples. It was identified that samples that were 

positive for Enterococcus species specific phages also contained both faecal and total coliforms. From 

these results it was suggested that Enterococcus species specific phages may be very suitable and 

more reliable for use as indicators of the presence of faecal microbial contaminants in water. 

Enterococcus species and Enterophages have also been reported to serve as markers of human faecal 

contamination in water systems (Simkova and Cervenka, 1981 ; Grabow and Coubrough, 1986; 

Toranzos et al. , 1996; Cole et al. , 2003; Santiago-Rodriguez, 2013). Given the public health issues 

associated with water quality assessments and the need to have suitable indicators that will produce 

reliable results more studies that are aimed at evaluating the potential of bacteriophages as indicators 

of water quality assessment schemes should be conducted. 

TEM data obtained for the phages during the study indicated that the majority of the phages showed 

long simple non-contractile tails and may belong to the family Siphoviridae. Similar findings had been 

reported in which Enterococcus specific phages most often belong to the Siphoviridae family were 

detected (Ackermann, 2007). Despite the fact that Enterococcus specific phages obtained during the 

present study were not identified using molecular assays, the plaque assay was able to detect the 

presence of enterophages in the water samples in other studies (Grabow, 2001 ; Bonilla et al., 2010). It 
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is therefore suggested that these phages be characterized fully later using genotypic/molecular 

techniques. 

5.2 Conclusion and Recommendations 

The present study was designed to isolate Enterococcus faecalis and Enterococcus faecium species as 

well as their specific phages and assess their potential for use as indicators for detecting the presence 

of faecal microbial contaminants in water. Enterococcus species and Enterococcus species specific 

bacteriophages were successfully isolated from the ground and surface water samples analyzed in the 

study. In addition, the antibiotic resistance profiles of the bacterial isolates indicated that a large 

proportion were multi-drug resistant to the antibiotics analyzed. A cause for concern was the presence 

of isolates that were resistant to vancomycin despite the fact that this drug is not used in both human 

and animal medicine. The morphologies of the bacteriophages were determined and phages were very 

similar to those belonging to the family Siphoviridae. In addition, the phages were able to lyse multiple 

antibiotic resistant Enterococcus species isolated during the study. From these findings it is 

recommended that the phages obtained in this study be characterized further using molecular typing 

tools. 
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APPENDIX 

Appendix Table 1: Antibiogram data of all isolates derived from the inhibition zone data 

Sam le ID AP A E T VA C GM 
SWEFAE3A Sensitive Sensitive 
SWEFAE3B Sensitive Sensitive 

SWEFAE4A Sensitive Sensitive 

SWEFAE4B Sensitive Sensitive 

SWEFAE5A Sensitive 

SWEFAE5B Sensitive 

MTEFAE8A Sensitive 

DBEFAE1A Sensitive 

DBEFAE1B Sensitive Sensitive 

DBEFAE2A Sensitive Sensitive Sensitive 

DBEFAE6A Sensitive Sensitive Sensitive 

DBEFAE6B Sensitive Sensitive 

STEFEC1A Sensitive Sensitive Sensitive Sensitive 

STEFEC1 B Sensitive Sensitive Sensitive Sensitive Sensitive 
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STEFEC2A Sensitive Sensitive Sensitive Sensitive 

STEFEC28 Sensitive Sensitive Sensitive Sensitive 

STEFEC3A Sensitive Sensitive Sensitive Sensitive 

STEFEC3B Sensitive Sensitive Sensitive 

STEFEC4A Sensitive Sensitive Sensitive 

DDEFAEB Sensitive Sensitive 

DDEFAEC Sensitive Sensitive 

DDEFAED Sensitive Sensitive 

DDEFAEE Sensitive Sensitive 

DDEFAEF Sensitive Sensitive 

SDEFECA Sensitive Sensitive Sensitive 

SDEFECB Sensitive Sensitive Sensitive 

LDEFAEA Sensitive 

LDEFAEB Sensitive 

LDEFAEC Sensitive 

LDEFAED Sensitive Sensitive 

LDEFAEF Sensitive Sensitive 
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KDEFAEA Sensitive Sensitive 

KDEFAEB Sensitive Sensitive 

KDEFAEC Sensitive Sensitive Sensitive 

MDEFECA Sensitive Sensitive Sensitive Sensitive 

MDEFECB Sensitive Sensitive Sensitive Sensitive 

MDEFECC Sensitive Sensitive Sensitive Sensitive 

MDEFECD Sensitive Sensitive Sensitive Sensitive 

MDEFECE Sensitive Sensitive Sensitive Sensitive Sensitive 

MDEFECF Sensitive Sensitive Sensitive Sensitive Sensitive 

PLEFAE5A Sensitive Sensitive 

SLEFAE1A Sensitive Sensitive 

SLEFAE2A Sensitive 

PDEFAEB Sensitive Sensitive 

PDEFAED Sensitive Sensitive 

PDEFAEE Sensitive Sensitive 

PDEFAEF Sensitive Sensitive 

CDEFAEA Sensitive 
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CDEFAEB 

CDEFAEC 

CDEFAED 

CDEFAEE 

CDEFAEF 

VTEFAE1A Sensitive 

VTEFAE3A Sensitive 

VTEFAE38 

VTEFAE4A 

MREFAEA 

MREFAEB Sensitive 

MREFAEC Sensitive 

POEFECB Sensitive 

SEEFAE1A Sensitive 

SEEFAE18 Sensitive Sensitive 

SEEFAE2A Sensitive Sensitive 

- · MOEFAE2A Sensitive Sensitive Sensitive 
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I HREFAEB 
I 

SWEFAE3A = Seweding; MTEFAEBA = Motlhabeng; DBEFAE1A = Dibate; STEFEC1A = Setlopo; PLEFAE5A = Pella; SEEFAE1A = Setlagole; SLEFAE1A = 
Silwerkrans; MOEFAE2A = Moretele; VTEFAE1A = Ventersdorp; DDEFAEB = Disaneng Dam; SDEFECA = Setumo Dam; LDEFAEA = Lotlamoreng Dam; 
KDEFAEA = Klein-Maricopoort Dam; MDEFECA = Marico-Bosveld Dam; PDEFAEB = Pella Dam; CDEFAEA = Coligny Dam; MREFAEA = Mooi River; 
POEFECB = Poortjies Dam; HREFAEB = Harts River 
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