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ABSTRACT 

The enterococcal surface protein (esp) gene has been proposed as a marker of human 

faecal contamination, as it appears to be restricted to surface waters receiving human 

inputs. However, it has been reported that the gene may also be present in non-human 

sources, and its geographical distribution has been questioned. This study investigated 

aspects of the ecology of the esp gene in human and non-human faeces and evaluated 

critically its potential as a microbial source tracking (MST) tool. 

Two methods for detecting the esp gene in E. faecium were compared, namely ‘direct- 

culture’ and ‘pre-enrichment’. The first of these involved the development of a low-

cost, biochemical screening assay to identify E. faecium isolates from faecal material. 

Only 4% of the E. faecium isolates (12/ 302) were positive for the gene. The gene was 

present in 11% (1/9) of raw and 12% (2/17) of treated municipal wastewaters, and was 

also detected in 5% (2/40) of individual dog faeces. The gene was absent from all the 

other non-human samples tested (n=87). 

Gene detection using ‘pre-enrichment’ involved analysis of Enterococcus DNA extracts 

from enriched membrane filters containing faecal material. The gene was detected in 

100% (9/9) of raw and 76% (13/17) of treated wastewaters and also in 10% (4/40) dog 

and 14% (2/14) of pooled pig samples. Interestingly, the esp gene was undetected in the 

individual human samples, and in all other non-human samples (n=84). A significant 

difference in gene detection rate was demonstrated between the two methods (P>0.05). 

The sensitivity and the specificity of gene detection were found to be 12% and 98%, 

respectively using the direct-culture method, and 58% and 95%, respectively using the 

pre-enrichment method. In silico studies revealed that the abundance of the gene was 

sporadic in human gut metagenomes and that sequences homologous to esp were found 

in canine and mouse gut metagenomes. Moreover, sequence analysis revealed that the 

esp gene sequences did not differ between human and non-human hosts. Results from 

the pilot catchment study suggested that the esp gene detection may fail to detect the 

presence of human faecal contamination unless the contamination level is very high. 

The findings support the obsevation that the esp gene appears to be sporadic in human 

faeces, and is not exclusively restricted to humans. In addition, the study also 

contributed significantly in identifying specific limitations associated with the use of 

esp gene marker as practical application to source tracking exercises.  
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Chapter One : Introduction 

1.1 Faecal contamination of water 

Faecal contamination of surface and bathing waters degrades water quality and may 

lead to increased public risk of human exposure to pathogens through drinking water 

supply, aquaculture, and recreational activities. Annually, it is estimated that 1.8 million 

fatalities are caused by diarrhoeal disease, which are mostly among children under five 

years of age (90% in less-economically developed countries) (Fewtrell et al., 2005). 

Approximately 88% of these fatalities are attributable to unsafe water, inadequate 

sanitation or insufficient hygiene (Prüss-Üstün et al., 2008), and they contribute to a 

global burden of disease equivalent to 62.5 million Disability Adjusted Life Years 

(DALYs) (Prüss et al., 2002). 

Progress towards tackling this global burden of disease associated with waterborne 

disease has in part been focused around meeting the eight Millennium Development 

Goals (MDG), which the United Nations (UN) set out to achieve by 2015, at the 

Millennium Summit in 2000. All eight of the MDG are directly or indirectly related to 

water quality management, although the issue of waterborne diseases is more closely 

related to the specific targets of goal seven. Goal seven was to reduce by 50% the 

proportion of people without sustainable access to ‘clean’ water and adequate sanitation 

by 2015. However, it is worth noting that goal four sets out to achieve a reduction in 

child mortality of two thirds, and much of child mortality caused by malnutrition is 

related either directly or indirectly to water-related disease (Prüss-Üstün et al., 2008). 

According to the WHO and UNICEF (2006), achieving the MDG drinking water and 

sanitation target has two major challenges. The first of these is the rapid pace of 

urbanization and the second is the huge backlog of rural people who lack basic 

sanitation and safe drinking water. A recent MDG report indicated that, between 1990 

and 2010, more than two billion people gained access to improved drinking water 

sources (UN, 2012). Although the MDG drinking water target was achieved in 2010 

(five years ahead of 2015), 11% of the global population (783 million people) will still 

lack access to an improved source of drinking water in 2015 (UN, 2012), with rural 

areas contributing a significant part of this deficit. New approaches to long-term water 
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planning and management that incorporate the most effective interventions for lowering 

the water-related illness are urgently required. 

Poor water quality may have a profound impact on public health, particularly in LEDC 

(Less-Economically Developed Country), and may lead both to isolated outbreaks and 

to endemic waterborne disease. However, even in industrialised countries such as those 

of North America and Western Europe, where there is almost universal access to 

improved water supplies, a significant number of water-related outbreaks have been 

reported (Smith et al., 2006). Between 2004 and 2010, 199 outbreaks of human disease 

resulting from the waterborne transmission of parasitic protozoa were reported in  

continent of Australia (46.7% ), America (33.1%), Europe (16.5% ) and Asia (3.5%) 

(Baldursson and Karanis, 2011). In England and Wales alone, 89 outbreaks of 

waterborne infection affecting 4,321 people were reported between 1992 and 2003 

(Smith et al., 2006; Hunter, 2003). The commonest reported enteric pathogens include 

Cryptosporidium, Campylobacter and Giardia, which are frequently associated with 

waterborne outbreaks in England and Wales (Smith et al., 2006; Hunter 2003). 

Waterborne disease outbreaks have also been linked to climate change-related 

phenomena, such as increasing temperature, heavy rainfall, and associated flooding. 

Heavy rainfall events can mobilise pathogens in the environment and transport them 

into the aquatic environment, adversely affecting both aquatic life and public health 

(Martinez-Urtaza et al., 2004; Lipp et al., 2001). A significant association between 

excessive rainfall and the outbreak of disease has been reported in studies from the USA 

and Canada (Patz, 2008; Auld et al., 2004; Curriero et al., 2001). In addition, increased 

rainfall and rapid snowmelt may also result in the risk of flooding in many areas and is 

considered to account for 40% of natural disasters worldwide (Howard et al. 1996), 

subsequently leading to enormous damage and financial loss (Hunter, 2003), especially 

in LEDC. Evidence of disease outbreak following flooding in LEDC has been reported 

(Ahern et al., 2005; Hunter, 2003). However, large-scale outbreaks of waterborne 

disease in the UK and other MEDC (More-Economically Developed Country) are 

relatively unlikely because standards of drinking water treatment are high than in 

LEDC. 

Poor water quality resulting from faecal contamination has been associated with 

economic consequences that include increased water treatment costs, health-related 
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costs and impacts on economic activities such as aquaculture, fishing and tourism 

industries through the closure of beaches and shellfish harvesting areas (Rabinovici et 

al., 2004). The annual incidence of disease and health consequences of marine-borne 

pathogens from seafood consumption and beach recreation in the USA were estimated 

to results in annual costs in the order of US$900 million (Ralston et al., 2011). A case 

study using two southern Californian beaches, estimated the cost of illness associated 

with coastal water contamination to be $3.3 million per year (Dwight et al., 2005). In a 

Canadian study, a stochastic model approach indicated that gastrointestinal illness 

imposed a significant economic burden on the province of British Columbia, 

(CAN$514.2 million) (Henson et al., 2008). These economic losses caused by poor 

water quality are further examples of the potential global burden of water-related 

disease. Therefore, interventions should be adopted to identify and minimise sources of 

faecal pollution as it clearly hampers economic productivity and development 

opportunities. 

 

1.2 Waterborne pathogens and their transmission 

Water is associated with the transmission of many types of infectious diseases, which 

were classified by Bradley (2004 reported in Ashbolt) as ‘waterborne’, ‘water-related 

insect vector’, ‘water-based’ and ‘water-washed’ (Table 1.1).  

Table 1.1 Water-related disease classification based on Bradley (Ashbolt, 2004) 

Categories Diseases 

Water-borne diseases: diseases spread 

through water in which water acts as a 

passive carrier for the infecting pathogens. 

These diseases depend also on sanitation 

Cholera, typhoid, bacillary dysentery, 

infectious hepatitis, leptospirosis, 

giardiasis, gastroenteritis, etc. 

 

Water-related diseases: diseases spread 

by vectors and insects that live in or close 

to water. Stagnant ponds of water provide 

the breeding place for the disease 

spreading vectors such as mosquitoes, 

flies and insects. 

Yellow fever, dengue fever, 

encephalitis, malaria, filariasis (all by 

mosquitoes), sleeping sickness (Tsetse 

fly), onchocerciasis (simulium fly), etc. 

Water-based diseases: diseases caused 

by infecting agents spread by contact with 

or ingestion of water. Water supports an 

essential part of the life cycle of infecting 

agents such as aquatic snails. 

Schistosomiasis, dracunculosis, 

bilharziosis, filariasis, onchocerciasis, 

threadworm and other helminths 
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Categories Diseases 

Water-washed diseases: diseases caused 

by the lack of adequate quantity of water 

for proper maintenance of personal 

hygiene. Some are also depended on poor 

sanitation. 

Scabies, trachoma (eye-infection), 

leprosy, conjuctivitis, salmonellosis, 

ascariasis, trichuriasis, hookworm, 

amoebic dysentery, paratyphoid fever, 

etc. 

The waterborne pathogens include bacteria, viruses, protozoa and helminths. 

Representative examples of disease associated with these groups are listed in Table 1.2. 

Table 1.2 Examples of waterborne pathogens, their disease and primary source (adapted 

from Harwood et al., 2011) 

Name of microorganisms Major diseases Major reservoirs and primary 

sources 

Bacteria   

Salmonella typhi Typhoid fever Human faeces 

Salmonella paratyphi Paratyphoid fever Human faeces 

Other Salmonella Salmonellosis Human and animal faeces 

Shigella spp. Bacillary dysentery Human faeces 

Vibrio cholera Cholera 
Human faeces and freshwater 

zooplankton 

E. coli Gastroenteritis Human faeces 

Yersinia enterocolitica Gastroenteritis Human and animal faeces 
Campylobacter jejuni Gastroenteritis Human and animal faeces 

Enteric viruses   

Enteroviruses   

Polio viruses Poliomyelities Human faeces 

Coxsackie viruses A Aseptic meningitis Human faeces 

Coxsackie viruses B Aseptic meningitis Human faeces 

Echo viruses Aseptic meningitis Human faeces 

Other enteroviruses Encephalities Human faeces 

Rotaviruses Gastroenteritis Human faeces 

Adenoviruses 
Upper respiratory and 

gastrointestinal illness 
Human faeces 

Hepatitis A virus Infectious hepatitis Human faeces 

Hepatitis E virus 
Infectious hepatitis; 
miscarriage and death 

Human faeces 

Norovirus Gastroenteritis 
Human faeces to fomites and 

water 

Protozoa   

Acanthamocba castellani Amoebic meningoencephalitis Human faeces 

Balantidium coli Balantidosis (dysentery) Human and animal faeces 

Cryptosporidium homonis, C. 

Parvum 

Cryptosporidiosis 

(gastroenteritis) 

Water, human and other mammal 

faeces 

Entamoeba histolytica Amoebic dysentery Human and animal faeces 

Giardia lamblia Giardiasis (gastroenteritis) Human and animal faeces 

Helminths   

Ascaris lumbricoides Ascariasis Animal and human faeces 

In 1975, Feachem combined the water-borne and water-washed categories by 

introducing the term ‘faecal-oral’ disease, in which water plays a transitional role in 

pathogen transmission. This term includes person-to-person and food-borne 
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transmission of of faecal-oral pathogens as a result of poor hygiene as illustrated in 

Figure 1.1. 

 

Figure 1.1 Transmission pathways of faecal-oral disease (Prüss et al., 2008). 

Waterborne spread of infection by pathogenic agents depends on factors such as latency 

(the period between pathogen excretion and infection), survival, the ability of the 

pathogen to multiply in the environment and infectious dose (the number of organisms 

required to cause an infection) (Leclerc et al., 2002). The infectious dose varies between 

different microbial pathogens and also differs from person to person depending on the 

individual’s age, health and immune response (Girones et al., 2010; Leclerc et al., 2002; 

Moe, 1997). Most enteric viruses and protozoa require as few as ten plaque-forming 

units (PFU) or cysts (Cryptosporidium oocysts or Giardia duodenalis cysts) to cause 

infection (Girones et al., 2010; Toze, 1999) (Table 1.3). For some bacteria, such as 

Salmonella spp., the infectious dose may be as low as 15-100 CFU (Jyoti et al., 2009).  
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Table 1.3 Minimal infective doses for a selection of pathogens and parasites (Bitton, 

2005) 
Organism Minimal Infective Dose 

 

Salmonella spp 10
4
–10

7
 

Shigella spp 10
1
–10

2
 

Escherichia coli 10
6
–10

8
 

Escherichia coli O157:H7 <100 

Vibrio cholerae 10
3 

Campylobacter jejuni About 500 

Giardia lamblia 10
1
–10

2
 cysts 

 
Cryptosporidium 10

1
 cysts 

Entamoeba coli 10
1
 cysts 

Ascaris spp 1–10 eggs 

Hepatitis A virus 1–10 PFU 

 

According to Gerba (1988), more than one hundred and twenty different types of 

potentially disease-causing enteric viruses are excreted in human faeces. Most of these 

viruses are stable in water and have relatively long survival times, with half-lives 

ranging from weeks to months (Girones et al., 2010), for although viruses are unable to 

grow in the receiving waters or multiply outside the host cell, they generally have much 

greater resistance to disinfection treatment than bacteria (Woodall, 2009; Leclerc et al., 

2002). The most important waterborne viral pathogens include Rotavirus, Hepatitis A 

and Hepatitis E which are responsible for majority of deaths in children. The illnesses 

caused by waterborne viruses in humans range from life-threatening conditions (such 

myocarditis, hepatitis and paralysis) to relatively mild conditions (such as self-limiting 

gastroenteritis) (Girones et al., 2010; Banks et al., 2001). 

The waterborne bacterial pathogens include species of enteric origin (Salmonella, 

Campylobacter, Shigella, Vibrio cholerae, E. coli O157:H7) and ‘aquatic bacteria’ 

(Legionella pneumophila). Most of these waterborne bacteria exhibit low resistance to 

chlorine disinfection (Woodall, 2009). However, a number of environmental parameters 

influence the persistence of enteric bacteria in the aquatic environment, including 

temperature, pH, sunlight, predation, dissolved oxygen, attachment to particulates, 

association with vectors such as amoeba, protozoa and presence of salts (Moe, 1997).  

Protozoan waterborne pathogens include Cryptosporidium, Giardia, Entamoeba, 

Cyclospora, Toxoplasma and Microsporidia (Girones et al., 2010). Among protozoan 

pathogens, Cryptosporidium and Giardia are highly resistant to chlorination and 
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environmental stress (Girones et al., 2010; Woodall, 2009; Leclerc et al., 2002), and are 

among the major causal agents of diarrhoeal disease in humans (Girones et al., 2010). 

It is generally accepted that water contaminated with human faeces poses a greater risk 

to human health than water contaminated with animal faeces, as it is more likely to 

contain human-specific pathogens (such as various serotypes of Salmonella, 

Escherichia coli, and Cryptosporidium spp.). However, companion animals (dogs, cats) 

may also serve as reservoirs for a variety of enteric pathogens (again including various 

serotypes of Salmonella, Escherichia coli, and Cryptosporidium spp.) (Craun et al., 

2004). In addition to microorganisms introduced to recreational waters through human 

or animal faecal contamination, a number of potentially pathogenic microorganisms are 

free-living and once shed from humans or animals are capable of colonising the 

environment, which could lead to a number of waterborne diseases (WHO, 2003) . 

 

1.3 Sources of faecal contamination 

Faecal contaminants may be released into the water environment through point or non-

point sources. Recent advances in wastewater treatment technology and considerable 

investments in real-time monitoring of water quality have minimised the impact of 

readily identifiable point sources. As these have come under control, attention has 

begun to focus on diffuse sources, which may represent a major threat to water quality 

because of the difficulty in identifying and controlling the sources. 

 

1.3.1 Point sources 

Point sources of faecal pollution are introduced into surface waters through treated 

sewage effluent and/or untreated sewage overflows, and combined sewer overflows 

(CSO). Raw wastewater may contain zoonotic and anthropogenic pathogens, and poses 

a significant risk of disease transmission. Treatment of raw wastewater by 

sedimentation and activated sludge reduces the concentration of pathogen by 1-2 logs 

(90-99% reduction) (Medema et al., 2003). However, inefficient treatment processes 
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result in ‘faecal indicator organisms’ (FIO) and pathogens being released with treated 

effluents to the aquatic environment, which can be a major source of water 

contamination. A research study by Kay et al. (2008) reported on the FIO data 

(presumptive total coliforms (TC), faecal coliforms (FC) and enterococci (EN) for 1,933 

samples taken from 162 sewage-related discharge points in the UK and on the island of 

Jersey. The results demonstrated that there was extremely wide variability in FIO 

concentrations in sewage-related discharges. The study also suggested that secondary 

and tertiary treatment plants were less effective in reducing FIO concentrations under 

high-flow conditions. 

 

1.3.2 Non-point sources 

Non-point or diffuse sources of faecal contamination that enter surface waters may be 

difficult to identify accurately. Diffuse sources of faecal contamination include 

agricultural runoff, animal pasture runoff, wildlife, domesticated animals and urban 

runoff, etc. In addition, diffuse sources of contamination are influenced by many 

environmental factors, such as climatic conditions, geographic and geologic conditions, 

land-use type, and characteristics of runoff and sensitivity of receiving waters (Jamieson 

et al., 2004).  

Agriculture and livestock practices that follow the ‘farm-to-field-to-water’ pathway may 

be significant in contributing faecal indicator organisms (FIO) and potential pathogens 

to receiving waters (Oliver et al., 2009). The major diffuse sources include runoff from 

cropland, farmyard runoff, hard-standing areas and animal waste storage facilities, etc. 

(Kay et al., 2010; Edwards et al., 2008; Jamieson et al., 2003; Crowther et al., 2002, 

2001). Runoff from the agricultural fields to which livestock wastes (slurry or manure) 

have been applied contributes significant bacterial loadings to surface waters, especially 

when rainfall occurs shortly after application (Oliver et al., 2007; Ramos et al., 2006; 

Quinton et al., 2003). A very strong correlation was reported between the concentration 

of E. coli and enterococci in cowpats and in the runoff (Sinton et al., 2007; Muirhead et 

al. 2005). 
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Research has suggested that grasslands subject to extensive grazing may have a 

significant impact on water quality (McGonigle et al., 2012; Trevisan et al., 2010). 

Grazing animals directly deposit faeces onto pasture or into streams during herd 

crossings, or by accessing streams from unfenced paddocks, which can represent a 

significant source of faecal bacteria (Graves et al., 2007). The amounts of waste 

generated by each category of livestock are indicated in Table 1.4.  

Table 1.4 Typical masses of waste generated by livestock (Ferguson et al., 2009). 

Animal Country Manure(kg/day/animal) 

Cattle (Dairy) United States 55 

Cattle (Dairy) Canada 50 

Cattle (Beef) United States 21 

Cattle (Beef) Canada 23 

Calves United States 5.6 

Calves Canada 5 
Sheep United States 1.1 

Sheep Australia 1 

Pigs United States 5.1 
Pigs Canada 5 

Poultry Netherlands 0.088 

Poultry Canada 0.11 

Several studies have shown that wild animals (such as deer, muskrats, raccoons, rabbits, 

foxes and rodents) may be dominant sources of faecal indicator bacteria (Marti et al., 

2013; Yost et al., 2011; Graves et al., 2007; Jiang et al., 2007; Ram et al., 2007; 

Somarelli et al., 2007; Fayer et al., 1997) in river catchments. However, wildlife 

sources are generally overshadowed by livestock sources in intensively-farmed land. In 

urban areas, evidence suggests that gull droppings may be considered a major source of 

contamination to reservoirs, recreational waters and bathing beaches (Lu et al., 2011; 

Edge and Hill, 2007). High concentrations of E. coli and enterococci have been 

associated with gull faeces (Fogarty et al., 2003; Lévesque et al., 2000). Moreover, 

research studies have shown that gull faeces carry potential human pathogens, such as 

Aeromonas, Salmonella and Campylobacter (Kinzelman et al., 2008; Lévesque et al., 

2000). In addition, pets (cats and dogs) and raccoons were found to be the primary 

contributors to the high E. coli concentration in an urban storm sewer system (Ram et 

al., 2007). Another research study indicated that high concentrations of enterococci with 

average levels of 7.4 × 10
6
 CFU/g, were observed in dog faeces and the study suggested 

that dogs were the major contributing diffuse animal source to the urban beach site 

(Wright et al., 2009). 
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1.4 Monitoring microbiological water quality 

The recreational and environmental waters are increasingly used for a variety of 

activities (swimming, canoeing, kayaking, boating, angling, rowing, etc.). 

Microbiological quality of the water is obviously of primary concern because of the 

health risk posed by waterborne pathogens. Therefore, monitoring emphasises the 

protection of public health by ensuring the water is of acceptable quality. Several 

epidemiological studies have demonstrated evidence of a link between swimming in 

faecally-contaminated recreational waters and adverse health effects, such as 

gastroenteritis (GI), acute respiratory disease (ARD), skin irritations; eye and ear 

infections (Wade et al., 2006; Zmirou et al., 2003; Prüss, 1998). Research studies have 

suggested that the rates of symptoms were higher in swimmers compared with non-

swimmers (Prüss, 1998). Shuval (2003) estimated that, globally, swimming and bathing 

in faecally-contaminated coastal waters caused 120 million cases of GI and 50 million 

cases of ARD episodes every year, resulting in $12 billion per year in public health 

costs. Surveillance of recreational waterborne disease in the United States from 2003 to 

2008 showed that thirty-nine recreational outbreaks involving 559 people were reported 

for untreated ambient water, and were responsible for acute gastroenteritis (Dorevitch et 

al., 2012). 

Pathogenic microorganisms transmitted through contaminated water have greater 

diversity and usually appear intermittently in low numbers in the environment (Straub 

and Chandler, 2003). Because direct detection and quantification of each microbial 

pathogen in environmental samples is time-consuming and expensive, it is standard 

practise to use “indicator” organisms for routine monitoring of water quality. Indicator 

organisms are common inhabitants of the gastrointestinal tract of warm-blooded 

animals. They are present in high numbers in faecal material and are easier to detect and 

enumerate than the pathogen themselves (Wade et al., 2006). The presence of indicator 

organisms represents the measure of faecal contamination. Studies have further 

demonstrated that faecal indicator organisms such as enterococci and E. coli can be used 

to predict swimming-associated gastrointestinal illness (Wade et al., 2006; Haile et al., 

1999; Fleisher et al., 1996; Kay et al., 1994; Dufour, 1984; Cabelli et al., 1982).  

Historically, the enumeration of faecal indicator bacteria (FIB) (total and faecal 

coliforms, Clostridium perfringens, Escherichia coli and Enterococcus species) has 
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been used in many countries for monitoring microbiological water quality and the 

detection of pathogens (bacterial, viral and protozoan) in water using culture-based 

methods, such as membrane filtration. The results of the enumeration of indicator 

organisms are expressed in terms of colony-forming units (CFU). However, the 

application of faecal indicator bacteria for pathogen detection and water quality 

monitoring has been questioned. There are concerns over the relatively short survival, 

time of specific faecal indicator bacteria in water bodies, non-exclusive faecal source, 

inability to identify the source of faecal contamination and ability to multiply in natural 

environments (Field and Samadpour, 2007; Savichtcheva and Okabe, 2006). In 

addition, research studies have demonstrated poor correlations of bacterial indicators 

with viral and protozoan pathogens (Girones et al., 2010; Field and Samadpour 2007; 

Savichtcheva and Okabe 2006; Harwood et al., 2005; Meays et al., 2004; Pusch et al., 

2005). It may be assumed that an ideal faecal indicator organism would be non-

pathogenic, unable to reproduce outside the intestinal tract, resistant to disinfection and 

environmental stress, demonstrate a strong correlation with pathogens, be able to 

identify the sources of faecal contamination, be easier to detect and quantify and have 

survival characteristics that are similar to pathogens (Cimenti et al., 2007; Savichtcheva 

and Okabe 2006; Scott et al., 2002). However, none of the bacterial indicators currently 

used satisfy all the ‘ideal faecal indicator organism’ criteria. Despite concerns and 

limitations with use of FIB, in the UK and other European Union (EU) Member States 

the legislative framework is currently focused on faecal indicator bacteria for water 

quality monitoring. 

 

1.5 Current EU water quality legislation 

The EU Directives that are most relevant to this study are the Bathing Water Directive 

(2006/7/EC), and the Water Framework Directive (2000/60/EC). The other important 

EU Directives relevant to water quality management and the protection of public health 

are as follows: The Urban Waste Water Treatment Directive (91/271/EEC), the 

Drinking Water Directive (98/83/EC), the Freshwater Fish Directive (2006/44/EC), the 

Groundwater Directive (2006/118/EC), the Nitrates Directive (91/676/EEC) and the 

Shellfish Water Directive (2006/113/EC). 

http://www.sciencedirect.com.ezproxy.brighton.ac.uk/science/article/pii/S004313540600265X
http://www.sciencedirect.com.ezproxy.brighton.ac.uk/science/article/pii/S004313540600265X
http://www.sciencedirect.com.ezproxy.brighton.ac.uk/science/article/pii/S004313540600265X
http://www.sciencedirect.com.ezproxy.brighton.ac.uk/science/article/pii/S004313540600265X
http://www.sciencedirect.com.ezproxy.brighton.ac.uk/science/article/pii/S004313540600265X
http://www.sciencedirect.com.ezproxy.brighton.ac.uk/science/article/pii/S004313540600265X
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1.6 The EU Bathing Water Directive 

This legislative act of the European Union which was designed to ensure clean bathing 

water came into existence in 1976. The primary aim of the Directive was to protect 

public health and the environment from pollution at bathing waters, by setting up water 

quality standards in the Member States (CEC, 1976). The Directive requires Member 

States to identify popular bathing areas and monitor water quality standards throughout 

the bathing season (mid-May to the end of September, in England and Wales). 

Advances in research and scientific knowledge related to the qualitative risks associated 

with bathing in faecal contaminated water highlighted the need for a simplified and 

updated Bathing Water Directive. The revised Bathing Water Directive (2006/7/EC) 

was formally accepted on 15
th
 February 2006 and came into force on 24

th
 March 2006. 

The revised Directive (2006/7/EC) has been implemented using a systematic approach, 

with only two microbiological parameters (Escherichia coli and intestinal enterococci), 

complemented by visual inspection (mineral oils, tarry residues, floating material, 

phytoplankton blooms, and cyanobacterial proliferations) and pH measurements. In 

addition, different microbiological standards are included for inland and coastal bathing 

waters (Table 1.5a and 1.5b).  

Table 1.5a Microbiological standards in the revised European Bathing Water Directive 

for inland waters (CEC, 2006) 

Microbiological 

parameters 
Excellent quality Good quality Sufficient 

Intestinal enterococci 

(cfu/100 ml) 
200 (*) 400 (*) 330 (**) 

Escherichia coli 

(cfu/100 ml) 
500 (*) 1000 (*) 900 (**) 

CFU- colony forming units; (*) Based upon a 95-percentile evaluation. 

(**) Based upon a 90-percentile evaluation. 

 

 

Table 1.5b Microbiological standards in the revised European Bathing Water Directive 

for coastal waters (CEC, 2006) 

Microbiological 

parameters 

Excellent quality Good quality Sufficient 

Intestinal enterococci 

(cfu/100 ml) 

100 (*) 200 (*) 185 (**) 

Escherichia coli 

(cfu/100 ml) 

250 (*) 500 (*) 500 (**) 

CFU- colony forming units ; (*) Based upon a 95-percentile evaluation. 

(**) Based upon a 90-percentile evaluation. 
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The inclusion of faecal indicator organisms, such as E. coli and intestinal enterococci, in 

the revised Bathing Water Directive was based on WHO guidelines (WHO, 2003) and 

reviews of epidemiological evidence (Prüss, 1998). The epidemiological review 

suggested that the indicator microorganisms that correlated best with health outcomes 

were enterococci for both marine and freshwater, and E. coli for freshwater (Prüss, 

1998). The microbiological standards (E. coli and intestinal enterococci) adopted in the 

revised Bathing Water Directive are based on the studies representing exposure 

response relationship between faecal indicator concentration and illness (Kay et al., 

2004; 1994). 

The revised Directive aims to modernise the management of bathing waters by 

providing better information on water quality. A key feature of the new Directive 

requires the establishment of bathing water profiles based on the physical, geographical 

and hydrological characteristics for bathing water and assessing the risks of pollution by 

the Member States (CEC, 2006). Monitoring and assessment of bathing water quality 

are classified as ‘excellent’, ‘good’, ‘sufficient’ and ‘poor’. ‘Sufficient’ is the minimum 

threshold that all the member states should attain by 2015. If bathing water is classified 

as ‘poor’ for five consecutive years, a permanent bathing prohibition shall be introduced 

(CEC, 2006). In addition, the Directive ensures that the public is alerted to poor bathing 

water quality by introducing warning signs and informing on the causes of the pollution 

and all measures undertaken to mitigate against the problem. 

 

1.7 Water Framework Directive 

The Water Framework Directive (WFD) (2000/60/EC) was adopted in December 2000 

and is a substantial piece of regulatory framework for the management of water bodies 

throughout the European Union. The WFD became a part of UK law in December 2003 

and streamlines existing European water Directive legislation. The key objective of the 

WFD is to achieve a “good ecological status” for all European water bodies by 2015. 

This objective is achieved through the ‘River Basin Management Plans’ (RBMP), 

which aims to protect the water bodies from pollution and degradation. The WFD does 

not specify objectives that are directly related to distinguishing sources of faecal 

http://www.sciencedirect.com/science/article/pii/S0043135405004756#bib11
http://www.sciencedirect.com/science/article/pii/S0043135405004756#bib8
http://www.sciencedirect.com/science/article/pii/S0043135405004756#bib8
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pollution (MST), however it is likely that this approach will increasingly become a 

useful element of future water resource management actions. 

 

1.8 Microbial source tracking 

Microbial source tracking (MST), also referred to as bacterial or faecal source tracking, 

is a rapidly emerging area of research and technology that focuses on identifying 

potential sources of faecal contamination in impaired waters (USEPA, 2005). 

Identifying sources of faecal contamination has recently become a priority in the EU 

and USA. This is primarily due to the stringent water quality legislation requirements of 

the WFD (EU) and the Clean Water Act (USA) with regard to the identification and 

management of point and non-point sources of faecal contamination that lead to ‘non-

compliance’ (EU) and ‘impairment’ (USA) of surface waters (CEU, 2000; USEPA, 

2002). In addition, MST may be used, with important caveats, to estimate the likely 

presence of reference pathogens (Ebdon et al., 2012) as an aid to the development of 

quantitative microbial risk assessment processes. 

The underlying assumption of MST is that some characteristic of, or associated with, 

faeces unequivocally identifies a particular host source, and that this identified trait can 

be detected in water (Field and Samadapour, 2007). Several MST methods have been 

developed to discriminate between human and non-human sources of faecal 

contamination, and some methods are able to differentiate between faecal 

contaminations originating from differing non-human animal species (Griffith et al., 

2003). To date most MST methods have used traditional bacterial indicators of faecal 

contamination (i.e., Escherichia. coli and enterococci) as ‘source identifiers’, which 

have been extensively investigated for MST purposes. However, because of the 

relatively poor correlation of indicator bacteria with important viral pathogens (e.g., 

Norovirus), viral indicators (such as coliphages and FRNA bacteriophages) have been 

developed for use in MST studies. As a result, the number of methods available for 

source tracking has increased exponentially during the last decade (Roslev and Bukh, 

2011) (Figure 1.2). 
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Figure 1.2 Schematic representation of MST methods used for tracking sources of faecal contamination (Santo Domingo et al., 2007) 
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Most researchers have concluded that no single method has so far emerged that might 

be considered the “gold standard” in the MST field (Roslev and Bukh, 2011; Scott et 

al., 2002). Therefore many researchers have recommended the use of a “toolbox” 

approach, in which multiple methods may provide more accurate evidence to determine 

more effectively the source of faecal contamination (Roslev and Bukh, 2011; Plummer 

et al., 2009; Field and Samadpour, 2007; Vogel et al., 2007). Methods for MST may be 

divided into ‘culture-dependent’ and ‘culture-independent’ methods. Furthermore, some 

MST methods may be classified into either ‘library-dependent’ or ‘library-independent, 

as illustrated in Figure 1.2. Numerous comprehensive reviews of MST methods have 

compared and summarised the ‘pros’ and ‘cons’ of the current technologies (Roslev and 

Bukh, 2011; Field and Samadpour, 2007; Santo Domingo et al., 2007; Stockel and 

Harwood 2007; Savichtcheva and Okabe, 2006; Meays et al., 2004; Scott et al., 2002; 

Simpson et al., 2002; Sinton et al., 1998). The following sections (1.9 to 1.12) provide a 

review of MST methods developed in recent years, and outline the advantages and 

limitations associated with their use. 

 

1.9 Culture-based, library-dependent methods 

Most library-dependent methods are culture-based and require the growth of particular 

microorganisms from water samples. Library-dependent methods are based on the 

development of a reference library, or host-origin database of phenotypic or genotypic 

traits of organisms isolated from faecal material of known source, which is then 

compared with traits of organisms present in environmental samples, in order to identify 

the likely sources of faecal contamination. 

 

1.9.1 Phenotypic Methods 

Phenotypic library-based methods have been developed, such as those that measure 

differences in resistance to antibiotic and carbon source utilisation profiles. These 

approaches rely on the development of libraries or fingerprints of phenotypic 
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characteristics recorded through the analysis of bacteria isolated from different known 

sources. 

I. Antibiotic Resistance Analysis (ARA) 

The principle behind the ARA method is that because of increasing use of antibiotics 

for humans and domesticated animals, faecal bacteria isolated from these hosts will 

have higher resistance than those of wild animals, and may exhibit a unique antibiotic 

resistance profile or pattern when tested against different classes and concentrations of 

antibiotics (Field and Samadpour, 2007; Scott et al., 2002). The protocol involves the 

isolation and culture of target organisms (normally E. coli or enterococci) followed by 

replica-plating of the isolates on a medium containing several antibiotics, either 

individually or in mixtures at different concentrations. The plates are incubated and 

organism susceptibility to various antibiotics is recorded in order to generate an 

antibiotic resistance profile, which is then compared with a reference library or database 

to identify the likely sources (Wiggins et al., 1999, 2003; Wiggins, 1996). The multiple 

antibiotic resistance (MAR) method uses single concentrations of each drug (Harwood 

et al., 2003). In contrast, the Kirby-Bauer disk diffusion method uses antibiotic-

impregnated disks, which are placed on plate that have been inoculated with the 

bacterial strain to be tested. The zone of lysis around each disk is measured and 

compared with various levels of susceptibility (Casarez et al., 2007).  

In many studies, ARA analysis of faecal streptococci or enterococci was able to classify 

and identify sources of faecal contamination (Choi et al., 2003; Hagedorn et al., 1999; 

Wiggins et al.,1999, 2003; Wiggins 1996). The ARA method has been demonstrated to 

be an effective MST tool to discriminate human and non-human source of 

contamination in various field studies in the US (Graves et al., 2007; Choi et al., 2003),  

Australia (Ahmed et al., 2008b; Carroll et al., 2005) and Canada (Edge and Hill 2007).  

ARA has been successfully used to distinguish faecal bacteria according to their host 

source because it is rapid, relatively simple, and low-cost. No specialised equipment is 

needed and it requires limited technical expertise. However, ARA has performed 

relatively poorly in the identification of blind samples in several comparative studies 

(Casarez et al., 2007; Moore et al., 2005; Samadpour et al., 2005; Griffith et al., 2003; 

Harwood et al., 2003). In addition, in a Mexican study, wild animals were found to be 
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as resistant to antibiotics as isolates from humans in urban areas (Souza et al., 1999) 

Therefore, application of this method is limited by factors such as library size and 

representativeness, temporal and geographical stability of the library (Ebdon and 

Taylor, 2006; Wiggins et al., 2003). Moreover, development of the library is time 

consuming, laborious and a potential problem is the horizontal transfer of antibiotic 

resistance genes between bacteria (Field and Samadpour, 2007; Santo Domingo et al., 

2007). 

II. Carbon-source utilisation profiling (CUP) 

Carbon-source utilisation profiling (CUP) or biochemical fingerprinting is a phenotypic 

approach that has been used successfully for epidemiological, nosocomial (Kühn et al., 

2003; 1995) and source tracking studies (Ahmed et al., 2005a, b; Evenson and Strevett 

2006; Hagendron et al., 2003; Wallis and Taylor, 2003). The method is based on 

differences in diverse utilisation of carbon and nitrogen sources for energy and growth 

among different bacterial isolates. The technique is performed using commercially 

available BIOLOG or PhenePlate systems, which measure the fermentation kinetics of 

bacterial metabolism in microtitre plates. It yields a biochemical fingerprint for each 

bacterial isolate, which is read using a plate reader to identify the species. Both 

PhenePlate and BIOLOG systems are automated, and relatively rapid, sensitive and 

simple to use. The approach has been used to study the population characteristics of 

enterococcal isolates from animal faeces and wastewaters (Hagedorn et al., 2003; 

Wallis and Taylor, 2003).  

In a comparative study, the metabolic fingerprint database performed well in the 

identification of human and animal sources (Ahmed et al., 2006). However, CUP 

performed relatively poorly in comparative studies (Blanch et al., 2006; Griffith et al., 

2003; Harwood et al., 2003) In addition, carbon source utilisation profiling methods 

have a number of drawbacks, including size of the library, accuracy, and spatial and 

temporal instability of certain phenotypic characteristics. Thus, although the PhenePlate 

system might have applications for microbial source tracking, additional methods might 

be needed for confirmation of source.  
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III. Fatty acid methyl ester (FAME) profiling 

Whole-cell fatty acid methyl ester (FAME) profiling is a ‘microbial fingerprinting’ 

method used to differentiate microbial species from different sources. The use of this 

method is based on the underlying principle that the indicator microorganisms from 

different sources are exposed to different environmental and physiological conditions 

and may have quantifiably different FAME ‘fingerprint’ profiles (Seurinck et al., 2006; 

Haznedaroglu et al., 2005). The procedure involves the isolation and culture of target 

organisms, followed by whole-cell fatty acid extraction. The extracted fatty acid methyl 

esters are then analysed by gas chromatography and the FAME profiles are identified by 

pattern recognition software.  

The FAME profiling method is relatively simple and low-cost. Studies have presented 

evidence that FAME profiles of indicator organisms have statistically significant host 

specificity to their primary hosts and are therefore useful in determining the sources of 

faecal pollution in water environments  (Duran et al., 2009, 2006; Haznedaroglu et al., 

2007, 2005; Seurinck et al., 2006; Genthner et al., 2005). In contrast, Parveen et al. 

(2001) reported that there were no significant differences in the FAME profiles among 

E. coli isolates of human and non-human origin. In addition, studies have reported that 

FAME profiling achieves much lower average rates of correct classification (ARCC) 

when classifying isolates according to host categories (Haznedaroglu et al., 2007). 

Moreover, FAME profiling for source tracking is at an early stage of development and 

has not been compared with other methods, nor tested using blind samples. Therefore, 

further research and field testing are necessary before FAME profiling can be 

recommended as an effective phenotypic MST tool (Haznedaroglu et al., 2007; 

Seurinck et al., 2006). 

 

1.9.2 Genotypic methods 

Genotypic methods are based on molecular techniques that isolate the DNA 

(deoxyribonucleic acid) or RNA (ribonucleic acid) from the microorganisms and 

characterise the differences in the nucleic acid sequence. 
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I. Ribotyping 

Ribotyping is a method of ‘molecular fingerprinting’ used to identify and classify 

bacteria based on the analysis of DNA fragments generated from restriction enzyme 

digestion of genes encoding the 16S ribosomal RNA (Meays et al., 2004). The 

ribosomal RNA genes are highly conserved and numerous copies are present in the 

bacteria (Samadpour, 2002). The technique is labour-intensive as it involves DNA 

extraction followed by digestion with restriction enzymes. The fragments are then 

separated by gel electrophoresis and hybridised with a labelled rRNA probe. This 

generates unique ribotype patterns that are analysed by discriminant analysis, and 

compared with a reference database to determine the host of the original bacteria.  

There are two ribotyping protocols currently in use. The ribotyping protocol developed 

by Samadpour (2002) uses two restriction enzymes (EcoR1 and PvuII) (Griffith et al., 

2003; Myoda et al., 2003), whereas other investigators have used the HindIII-based 

ribotyping protocol (Moore et al., 2005; Scott et al., 2004; Carson et al., 2001; Parveen 

et al., 1999). The two-restriction enzyme protocol performed well in identifying blind 

samples in comparison studies, in contrast with single-restriction enzyme protocol 

(Moore et al., 2005; Stoeckel et al., 2004; Myoda et al., 2003). However, temporal and 

spatial variability of ribotypes (Kelsey et al., 2008; Jenkins et al., 2003) and incorrect 

classification of ribotypes (Stoeckel et al., 2004; Myoda et al., 2003) have been 

reported, which represents a significant limitation for this method. 

II. Repetitive PCR (REP-PCR) 

REP-PCR is a culture-dependent, genotypic, DNA fingerprint approach that uses 

repetitive intergenic DNA sequences distributed over the genome (USEPA, 2005; 

Meays et al., 2004). Specific primers that anneal to these repetitive elements are used 

and amplified using PCR to produce variously sized DNA fragments. Amplified PCR 

products are then size-fractionated by agarose-gel electrophoresis to produce specific 

DNA fingerprint patterns to differentiate between sources of faecal contamination. The 

fingerprint pattern may be analysed using fingerprint recognition computer software. In 

rep-PCR DNA fingerprinting, three major families of repetitive sequences have been 

used, which include repetitive extragenic palindromic sequence PCR (REP-PCR), 

enterobacterial repetitive intergenic consensus sequence PCR (ERIC-PCR), and 
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extragenic repeating elements PCR (BOX-PCR) (Field and Samadapour, 2007; USEPA, 

2005). 

REP-PCR is relatively simple, rapid, and less expensive than other genotypic methods, 

and it has been successfully applied in many MST studies (Kon et al., 2009; Brownell et 

al., 2007; Somarelli et al., 2007; Dombek et al., 2000). Other studies have used REP-

PCR as a tool for the genetic characterisation of E. coli isolates (Johnson et al., 2004; 

Baldy-Chudzik et al., 2003; Borges et al., 2003; McLellan et al., 2003). In spite of 

initial successes with REP-PCR, concerns have been raised as to the reproducibility, 

accuracy, geographical and temporal shifts (Lyautey et al., 2010), and limitations of 

statistical analyses used in pattern recognition of DNA fingerprints (Albert et al., 2003). 

Moreover, this method is culture-dependent and requires a large database. 

III. Pulse-field gel Electrophoresis (PFGE) 

PFGE is a DNA ‘fingerprinting’ technique in which the entire genomic DNA is digested 

using rare cutting restriction enzymes. Subjecting them to alternating currents from 

different directions using specialised equipment then separates the large fragments of 

genome. The method is similar to ribotyping, but instead of analysing rRNA, the whole 

genome is used (Meays et al., 2004). PFGE is expensive, but because of its high 

resolution and reproducibility power, it has traditionally been regarded as the “gold 

standard” for genetic identification by clinical scientists (Van Belkum et al., 2001). 

PFGE is, however, library dependent, time-consuming, and may be too sensitive to 

discriminate sources. Simultaneous processing of isolates is also problematic (Simpson, 

2002; Meays et al., 2004). Despite this, PFGE has been used for phenotypic and 

genotypic characterisation of clinical and environmental isolates of E. coli and 

Enterococcus and to determine sources of contamination (Dickerson et al., 2007; 

Samadpour et al., 2002; Dicuonzo et al., 2001; Parveen et al., 2001). 

IV. Amplified fragment length polymorphism (AFLP) 

AFLP is a highly sensitive PCR - based DNA fingerprinting tool to identify sources of 

faecal contamination. The unique fingerprint patterns are based on various 

polymorphisms in different genomic regions of bacteria. The AFLP method involves 
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restriction enzymes to digest the genomic DNA, followed by ligations of adapters, 

which are complementary to the ‘sticky-end’ of the restriction fragment. The adapter 

sequences are used as targets for PCR primer binding and subsequent amplification of 

the restriction fragment. The amplified fragments are electrophoretically separated on 

polyacrylamide gel, which produces a high resolution banding pattern used for inter-

strain comparisons (USEPA, 2005). 

AFLP has high reproducibility, resolution and sensitivity compared with other 

molecular fingerprinting techniques. AFLP has been applied in MST, but the number of 

studies to date is limited. In a study by Gaun et al. (2002), AFLP was compared with 

multiple antibiotic resistance (MAR) and 16S rRNA gene sequences to differentiate 

E.  coli isolates from various sources (i.e., livestock, wildlife and humans). The results 

indicated that AFLP provided greatest discriminatory power and a higher rate of correct 

classification than the other two methods. In another comparative study for 

discriminating E. coli isolates from cattle, pig and human using AFLP and ERIC-PCR, 

similar results were documented (Leung et al., 2004). The application of AFLP to 

routine environmental monitoring requires extensive field testing to determine the 

accuracy and cost compared with other methods currently in use for microbial source 

tracking. 

V. Denaturing gradient gel electrophoresis (DGGE) 

DGGE is a powerful electrophoretic technique used to study microbial populations in 

complex ecosystems. It is capable of detecting differences in the melting properties of 

small size DNA fragments that differ only by a single nucleotide (Muyzer et al., 1996).  

DGGE coupled with PCR has been applied as a DNA profiling technique to detect and 

differentiate E. coli populations differing in a fragment of the functional uidA gene from 

faecally contaminated water samples (human and animal sources) (D’Elia et al., 2007; 

Sigler and Pasutti, 2006; Farnleitner et al., 2000). However, the application of DGGE to 

the 16S-23S rRNA intergenic spacer region demonstrated strain-level differences in E. 

coli between bovine, poultry, and human sources, but could not differentiate the source 

of contamination in the river catchment studied (Buchan et al., 2001). Currently, the 

DGGE technique is still at too early a stage of development to be considered for routine 
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microbial source tracking. Moreover, DGGE relies on the development of a molecular 

database, and appears to be relatively technically demanding and time-consuming. 

VI. Matrix-assisted laser desorption/ionization time of flight mass spectroscopy 

(MALDI-TOF-MS) 

MALDI-TOF-MS has emerged as a new, powerful analytical tool for the rapid 

identification of bacteria. Bacterial identification by MALDI-TOF-MS is based on the 

comparison of the mass fingerprint of the microbial sample with a database containing 

reference mass fingerprints (Lartigue, 2013). The general procedure of MALDI-TOF-

MS involves the preparation of a protein extract from the sample, which is mixed with a 

matrix. The mixture is then irradiated, desorbed and ionised with a brief laser pulse to 

generate a gas phase. The generated ions are then separated by molecular weight in a 

vacuum tube, following migration in a homogeneous electric field.  Finally, the time-of-

flight (TOF) of the ions corresponding to the time taken to reach the detector at the end 

of the flight tube is measured precisely. The results are presented in the form of a mass 

spectral fingerprint (mass-to-charge ratios of the molecules detected), which is 

characteristic of each species (Lartigue, 2013). 

MALDI-TOF-MS method is relatively rapid and simple, and provides highly accurate 

measurements at a low cost per analysis. Sample preparation is quick and easy, and only 

a small amount of microbial culture is required (Lartigue, 2013). Research studies 

reported that a MALDI-TOF-MS-based fingerprinting method accurately characterised 

environmental strains of E. coli and Enterococcus to specific source groups (human, 

canine, bovine, poultry and avian) (Giebel et al., 2010, 2008; Siegrist et al., 2007) and 

indicated the source of contamination in sediment profiles from different parts of Lake 

Geneva (Thevenon et al., 2012). However, a lower repeatability level in comparison 

with rep-PCR has been reported (Siegrist et al., 2007). In addition, further validation of 

the method is required before its use as a routine MST tool can be considered. 
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1.10 Culture-based, library-independent methods 

Culture-based, library-independent methods require the growth of particular 

microorganisms from water samples and do not require a library of patterns for 

comparison, as these methods are based on the target organism or gene.  

I. Ratio of faecal coliforms to faecal streptococci (FC/FS) 

Geldreich and Kenner (1969) proposed the use of a faecal coliform/ faecal streptococci 

(FC/FS) ratio to assess the source of faecal pollution. This method is based on the 

different ratio of coliforms and streptococci species found in faeces of different warm 

blooded animal groups. FC/FS ratios greater than or equal to 4 indicate humans, FC/FS 

ratios between 0.1 and 0.6 are associated with domesticated animals, whereas ratio less 

than 0.1 indicate wild animals as the source. The advantage of this method is that it is 

relatively rapid and requires minimal expertise. 

However, the application of FC/FS ratio has been questioned because of differences in 

the die-off rate of faecal coliforms and faecal streptococci bacteria in stored samples 

(McFeters et al., 1974). Therefore, the FC/FS ratio is valid only for recent (24hr) faecal 

pollution. A later study showed that the FC/FS ratio was difficult to use in agricultural 

settings (Howell et al. 1996). The approach is now considered to be an unreliable way 

to characterise human and animal pollution sources (Simpson et al., 2002; Scott et al., 

2002). 

II. Bifidobacterium  

Bifidobacterium spp. are strict anaerobes, Gram-positive, non-motile, exhibiting 

multiply-branched rods, and are present in high numbers in the faeces of humans and 

animals (Suau et al., 1999). Subgroups of Bifidobacterium spp., such as sorbitol-

fermenting bifido bacteria (SFB) have been suggested as potential indicators of human 

faecal pollution, because they are present at very high concentrations in human faeces 

(Matsuki et al., 1999, 1998; Resnick and Levin, 1981), although rarely present in pigs 

(Long et al., 2005). Mara and Oragui (1983), developed growth medium called as 

‘human bifid sorbitol agar’ (HBSA) to specifically identify SFB. The growth medium 

can be used in conjunction with membrane filtration techniques. The most common 
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species of SFB that grow in the HBSA medium from human faeces are Bifidobacterium 

adolescentis and B. breve (Mara and Oragui, 1983). Therefore, Bifidobacterium-specific 

assays have been developed to discriminate between different sources of faecal 

contamination (Bonjoch et al., 2004; Matsuki et al., 2004). 

The SFB detection method has been tested in the US, Europe, and South Africa (Mushi 

et al., 2010; Blanch et al., 2006; Bonjoch et al., 2005, 2004; Long et al., 2005; Jagals 

and Grabow, 1996; Resnick and Levin, 1981), and therefore if detected they provide 

evidence of recent faecal contamination, since they are considered to be unable to 

multiply outside the gut environment. However, because of their anaerobic metabolism, 

they do not survive as long as other faecal indicators (E. coli or intestinal enterococci) 

(Scott et al., 2002). Hence, new techniques need to be developed to increase the 

sensitivity and specificity of Bifidobacterium detection.  

III. Clostridium perfringens 

The genus Clostridium is a Gram-positive, rod-shaped, anaerobic, spore-forming 

bacterium. Clostridium perfringens is used as an alternative bacterial indicator of faecal 

contamination in tropical waters because it is unlikely to multiply in these environments 

(Savichtcheva and Okabe, 2006; Bisson and Cabelli, 1980). Clostridium spores are 

resistant to environmental stress and persist longer than other indicator bacteria (E. coli 

and intestinal enterococci) which makes them useful as surrogates for parasite and virus 

removal in drinking water treatment processes (Payment et al., 2000). Moreover, 

criticism has been associated with the use of C. perfringens because of its extended 

viability, and its presence may therefore not always indicate recent contamination. 

(Sorensen et al., 1989). In addition, C. perfringens is not exclusively restricted to 

human faecal wastes and is therefore of limited use in the context of faecal source 

determination (Farnleitner et al., 2010). However, there is evidence to suggest that the 

spores of C. perfringens are detected at a much greater concentration in water impacted 

by human sewage than in waters receiving non-point source contamination 

(Savichtcheva and Okabe 2006; Byamukama et al., 2005). Because of their relatively 

simple, low-cost isolation and enumeration method, C. perfringens spores may be of use 

when combined with other microbial source tracking techniques. 

 

http://www.sciencedirect.com.ezproxy.brighton.ac.uk/science/article/pii/S004313540600265X
http://www.sciencedirect.com.ezproxy.brighton.ac.uk/science/article/pii/S004313540600265X
http://www.sciencedirect.com.ezproxy.brighton.ac.uk/science/article/pii/S004313540600265X
http://www.sciencedirect.com.ezproxy.brighton.ac.uk/science/article/pii/S004313540600265X
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IV. Rhodococcus coprophilus 

Rhodococcus is an anaerobic actinomycete belonging to the Nocardiaceae family. The 

genus is Gram-positive, aerobic, non-sporulating, non-motile bacteria, closely related to 

Mycobacterium and Corynebacterium. R. coprophilus has been suggested as a specific 

indicator of farm animal faecal contamination (Mara and Oragui, 1981; Rowbotham and 

Cross, 1977). The method for the recovery and enumeration of R. coprophilus has been 

described by Oragui and Mara. (1983). Molecular methods such as polymerase chain 

reaction (PCR) and TaqMan (TM) PCR have been applied to identify R. coprophilus 

species (Savill et al., 2001). R. coprophilus has been used in MST studies to 

discriminate grazing animal faecal sources (Long et al. 2003; Jagals et al., 1995). 

However, its long survival time, low concentration in faecal samples (3-4 log10 CFU/g 

faeces) (Mara and Oragui, 1981) and time-consuming cultivation technique limit its use 

as a marker of non-human faecal contamination and hence as a potential MST target. 

V. Phages infecting Bacteroides species 

Bacteriophages comprise a group of viruses that infect specific bacteria. They have been 

proposed as a surrogate model for virus detection in water as they share similar physical 

characteristics with certain waterborne human pathogenic viruses such as size, shape 

and surface properties, which are rather different from bacteria (USEPA, 2005). As a 

result the behaviour of bacteriophage in water is likely to be closer to that of human 

enteric viruses than indicator bacteria.  

Bacteroides are Gram-negative, rod-shaped, obligate anaerobes and are among the most 

predominant bacteria in human faeces (Sinton et al., 1998). Bacteriophages infecting 

Bacteroides fragilis strains HSP 40 (Jofre et al., 1986) and RYC2056 (Puig et al., 1999) 

have been proposed as faecal indicators and MST markers (Blanch et al., 2004; Puig et 

al., 2000; Grabow et al., 1994; Tartera et al., 1989). However, because of the 

geographical instability of distribution of these phages in northern Europe and the US 

(Payan et al., 2005), a method for isolating new Bacteroides host strains for source 

discrimination in different geographical areas was developed (Payan et al., 2005).  

Novel human-specific Bacteroides host strains have been identified in the UK (GB-124) 

(Ebdon et al., 2007), Spain (GA-17) (Payan et al., 2005) and Hawaii (HB-73) 

(Vijayavel et al., 2010). More recently, Bacteroides host strains for the detection of 
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animal faecal contamination in surface waters has been developed (Gomez-Donate et 

al., 2011; Wicki et al., 2011).  

MST studies have suggested that phages infecting Bacteroides fragilis are unable to 

multiply in the environment and their presence in the environment correlates with 

human enteric viruses (Ebdon et al., 2011; Gantzer et al., 1998; Jofre et al., 1989). 

Phages of Bacteroides are detected and enumerated by double-layer agar technique. 

Bacteroides phage recovery medium (BPRM) has been used to increase recovery of 

phages from environmental samples (Tartera et al., 1992). Even though the use of phage 

infecting Bacteroides fragilis has shown promise as surrogates of enteric viruses, there 

is some evidence of its shortcomings, such as lack of adequate information on the 

ecology, differential survival in the environment and low phage recovery across 

geographical areas (Field and Samadpour, 2007). 

VI. Somatic coliphages 

Somatic coliphages are viruses that infect E. coli and members of the 

Enterobacteriaceae family (Scott et al., 2002). They represent a heterogeneous group of 

phages and members of the families include Mycoviridae, Siphoviridae, Podoviridae 

and Microviridae. 

Somatic coliphages can be easily enumerated by relatively simple, inexpensive, rapid 

plaque assay. They are found to be more prevalent and abundant than F-specific 

coliphages (Lee et al., 2009). Hence they are suggested as useful indicators of drinking 

water treatment efficacy (Payment and Franco, 1993; Havelaar et al., 1991). However, 

they lack host specificity and are capable of replicating in the water environment and 

hence their use as a faecal indicator is limited (Lee and Sobsey, 2011; Muniesa et al., 

2009; Skraber et al., 2002; Borrego et al., 1990).  

VII. F-specific RNA coliphage 

F-specific RNA coliphage are icosahedral phages belonging to the Leviviridae family 

that attach to bacteria that possess an F-plasmid (Sinton et al., 1998).  The F-specific 

RNA coliphages may be classified into four subgroups, namely I, II, III and IV. 

Subgroups I and IV are mainly associated with animal faeces or non-human sources 
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where as II and III subgroups are predominantly associated with human faeces or 

domestic sewage (Scott et al., 2002).  

To classify the faecal sources, the F-specific RNA phages are enumerated either using 

serotyping or genotyping methods. Serotyping methods are laborious and often produce 

ambiguous results (Beekwilder et al., 1996). Therefore, genotyping approaches have 

been used to distinguish the four subgroups. The technique consists of a culture step 

followed by plaque hybridization with 
32

P or digoxigenin oligonucleotide probes (Hsu 

et al., 1995).  The F-specific RNA phages have been suggested as a model organism for 

enteric viruses in the environment (Grabow, 2001; Havelaar et al., 1993). Hence they 

have been used to broadly distinguish human and animal faecal contamination (Lee et 

al., 2011; 2009; Gourmelon et al., 2010 [a], [b]; Cole et al., 2003; Noble et al., 2003; 

Griffin et al., 1999). However, the genotyping method is more expensive and laborious 

to undertake than the simple phage-lysis method. Also, the use of F-specific RNA 

coliphage has been questioned, because of a lack of host specificity and differential 

survival rates between the four subgroups in aquatic environments (Harwood, 2011; 

Rees et al., 2010; Muniesa et al., 2009; Long and Sobsey, 2004; Brion et al., 2002; 

Schaper et al., 2002). Moreover, research into the prevalence, ecology and distribution 

of these phages is needed to assess their value as a tool for distinguishing between 

human and animal faecal pollution. 

VIII. Phages infecting Enterococcus species  

Bacteriophages infecting Enterococcus species have recently been isolated and 

suggested as potential indicators of human faecal contamination (Bonilla et al., 2010; 

Purnell et al., 2011). Santiago-Rodríguez et al. (2010) suggested that phages infecting 

Enterococcus species were more resistant to primary and tertiary wastewater treatment 

then somatic coliphages and that the die-off rates of these phages in fresh and marine 

recreational waters were similar to those of enteric viruses. Consequently, phages 

infecting E. faecalis have been proposed as a potential surrogate of enteric viruses in 

recreational waters (Bonilla et al., 2010; Santiago-Rodríguez et al., 2010). Phages of 

Enterococcus spp. can be readily enumerated by the double layer method. However, the 

approach is at an early stage of development and has not to date been compared with 

other methods. Therefore further studies on the performance of phages of Enterococcus 
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spp. need to be undertaken before the approach is established either as an effective MST 

tool or a surrogate of viral pathogens.  

 

1.11 Culture-independent, library-independent methods 

Culture-independent, library-independent methods are based on the detection of 

molecular markers. The library-independent molecular method usually involves 

enrichment of target genes, extraction of nucleic acids, and then the amplification of 

target genes by PCR and quantitative PCR (qPCR) (Girones et al., 2010).  

I. Host-specific 16S rRNA gene markers  

The members of the order Bacteroidales, family Bacteroidetes, have been used for MST 

marker development using the 16S rRNA gene. The genus Bacteroides, the family and 

the order comprise obligate anaerobes, and are found in higher densities than 

conventional faecal indicator bacteria (E. coli and Enterococcus) in the faeces of 

mammals. The 16S rRNA genes are targeted as markers because they are highly 

conserved and present in multiple operons, increasing template DNA levels available 

for detection (Shanks et al., 2009). Therefore, host-specific Bacteriodales PCR and 

quantitative PCR (qPCR) targeting 16S rRNA have been developed and validated for 

human and non-human sources as shown in Table 1.6. In addition, these markers tend to 

be geographically stable, having been applied across various geographical regions, 

including the US (Layton et al., 2013; Dick et al., 2010; Shanks et al., 2010, 2006; 

Wang et al., 2010; McQuaig et al., 2009; Bower et al., 2005), Canada (Tambalo et al., 

2012; Fremaux et al., 2009), Australia (Ahmed et al., 2009a,b), Europe (Reischer et al., 

2011, 2008; Balleste et al., 2010; Gourmelon et al., 2010a, 2007; Gawler et al., 2007), 

New Zealand (Seurinck et al., 2005; Gilpin et al., 2003), Hawaii (Betancourt and 

Fujioka, 2006), Japan (Okabe et al., 2007),  and Hongkong (Liu  et al., 2012). 
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Table 1.6 Examples of Bacteroidales specific 16S rRNA gene markers in human and 

non-human hosts (adapted Roslev and Bukh, 2011) 

Target Host Marker Reference 

Human YHF, BFD, HF134, Human-Bac1, 

HI408, Bac654, BacH, HuBac, 

BACHum, Bac708, HF183, 
 

Jeong et al., 2010; Converse et al., 

2009; Stricker et al., 2008; Kildare et 

al., 2007; Okabe et al., 2007; Reischer 
et al., 2007; Layton et al., 2006; 

Seurinck et al., 2005; Bernhard and 

Field, 2000b 

Ruminant Rum-2-BacqPCR,  BacR, Mieszkin et al., 2010; Reischer et al., 

2006 

Bovine BoBac Layton et al., 2006 

Cow CF128, CF193, 
Cow-Bac, BacCow, 

 

Stricker et al., 2008; Kildare et al., 
2007; Okabe et al., 2007; Bernhard and 

Field, 2000b 

Elk EF990 Dick et al., 2005a 

Horse HoF597, HorseBact Silkie and Nelson, 2009; Layton et al., 

2006; Dick et al., 2005b ; Simpson et 

al., 2004 

Dog DF475, Bacon Kildare et al., 2007 ; Dick et al., 2005a 

Pig PF163, Pig-Bac, Pig-1-Bac, Pig-

2-Bac 

Mieszkin et al., 2009, 2010; Okabe 

et al., 2007; Dick et al., 2005b 

The host-specific 16S rRNA gene marker methods are rapid, highly specific, sensitive 

and more cost effective than culture- and library-based methods. They do not require the 

development of a library database of known isolates since the markers in most cases are 

universal (Field and Samadpour, 2007). Studies have demonstrated strong correlation 

between Bacteriodales 16S rRNA markers and concentrations of FIB in wastewaters 

(Reischer et al., 2008; Savichtcheva et al., 2007; Layton et al., 2006; Dick and Field, 

2004).  

However, 16S rRNA gene markers may not be exclusively specific to individual hosts 

because of the possible horizontal transfer of faecal bacteria among animal species that 

are in relatively close contact. This may affect the ability of this approach to 

discriminate between sources.  

II. Host-specific viral markers 

Pathogenic human and animal viruses are host specific, and relatively stable in the 

environment, making them good candidates for MST (Wong et al., 2012; Roslev and 

Bukh, 2011; Fong and Lipp, 2005). In addition, pathogenic viruses are generally more 
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resistant than current bacterial indicators to chlorination, UV light inactivation and heat 

inactivation (Fong and Lipp, 2005).  

Table 1.7 Viral markers for human and non-human sources (adapted Roslev and Bukh, 

2011) 

Source specific Marker Virus type Reference 

Human HS-AV, HAdV, 
HAdV-C, HAdV-F 

Adenovirus 
 

Wolf et al., 2010; Hundesa et 
al., 2006; Fong et al., 2005; 

Noble et al., 2003 

 EV, HEV Enterovirus Fong et al., 2005; Noble et al., 
2003  

 NoVGI, NoVGII Norovirus Wolf et al., 2010 

 HPyV, JC, BK Polyomavirus McQuaig et al.,  2009, 2006 

Ruminant BAV, BAdV 
 

Adenovirus 
 

Hundesa et al., 2006, Maluquer 
de Motes et al., 2004; 

 BEV Enterovirus Fong et al., 2005; Ley et al., 

2002  

 NoV GIII Norovirus Wolf et al., 2010 
 BPyV Polyomavirus Hundesa et al., 2010, 2006 

Pig PAV, PAdV, 

PAdV-3, PAdV-5 

Adenovirus Wolf et al., 2010; Hundesa 

et al., 2009, 2006; Maluquer de 

Motes et al., 2004 

 NoV GII Norovirus Wolf et al., 2010 

 PTV Teschovirus Jimenez-Clavero et al., 2003 

Sheep OAdV Adenovirus Wolf et al., 2010 

 NoV GII Norovirus Wolf et al., 2010 

 

The human and animal-specific viruses proposed for MST include members of the 

enteroviruses, adenoviruses, noroviruses, teschoviruses and polyomaviruses, as shown 

in Table 1.7. The host-specific viral markers are detected using quantitative molecular 

detection assays, including qPCR and reverse transcriptase PCR (RT-qPCR). These 

methods are rapid, highly specific, sensitive, and library- and cultivation-independent. 

Many MST studies have shown that most host-specific viral marker assays have high 

specificity (Kirs et al., 2011; Ahmed et al., 2010; Harwood et al., 2009; McQuaig et al., 

2006). In addition, method comparison studies with blind samples have demonstrated 

that library-independent host-specific viral marker methods recorded the lowest false 

positive rates (0-8%) and were able to differentiate effectively between human and non-

human faecal sources (Wong et al., 2012). However, host-specific viral markers are 

present in low concentration and often require a concentration step before PCR can be 

undertaken (Wong et al., 2012). Further, research is required into the development of 

efficient virus concentration elution methodologies to increase the recovery of viruses 
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(Wong et al., 2012; Girones et al., 2010). In addition, research studies are also required 

to investigate the prevalence and distribution of animal-specific viruses in 

environmental waters, to validate their use for source tracking purposes (Fong and Lipp, 

2005). 

III. Host mitochondrial sequences 

Martellini et al. (2005) proposed the idea of targeting mitochondrial DNA sequences 

(mtDNA), based on the principle that large amounts of exfoliated epithelial cells are 

shed in the faeces by the host. Many copies of mtDNA are present per cell, making 

them an ideal host specific target for MST (Roslev and Bukh, 2011).  

The mtDNA markers for human and animal host group are detected using quantitative 

detection methods such as qPCR. Host-specific mtDNA markers have been used to 

differentiate a range of faecal sources including human (Humito, Human, HcytB) 

(Baker-Austin et al., 2010; Kortbaoui et al., 2009; Schill and Mathes, 2008; Tobe and 

Linacre, 2008; Caldwell et al., 2007; Martellini et al., 2005) cattle (Baker-Austin et al., 

2010; Kortbaoui et al., 2009; Schill and Mathes, 2008; Caldwell et al., 2007; Martellini 

et al., 2005), dog (Caldwell and Levine, 2009; Schill and Mathes, 2008), deer (Caldwell 

and Levine, 2009; Schill and Mathes, 2008), Canada goose (Caldwell and Levine, 2009; 

Schill and Mathes, 2008), horse (Schill and Mathes, 2008), pig (Baker-Austin et al., 

2010; Kortbaoui et al., 2009; Schill and Mathes, 2008; Caldwell et al., 2007; Martellini 

et al., 2005), chicken (Kortbaoui et al., 2009; Schill and Mathes, 2008) and sheep 

(Baker-Austin et al., 2010; Kortbaoui et al., 2009; Schill and Mathes, 2008; Martellini 

et al., 2005) and proved to be highly host-specific and sensitive. However questions 

have been raised as to the usefulness of the host mtDNA approach. There is evidence of 

potential carryover of mtDNA and the existence of non-faecal mtDNA sources (Roslev 

and Bukh, 2011). In addition, little knowledge is known as to the prevalence of this 

marker in the environment. Finally, because of low limits of detection, large water 

samples may be necessary to detect the marker. 

IV. Host-specific bacterial markers 

Host-specific bacterial markers proposed for MST assay development have been 

identified in faecal bacteria thought to be human-specific, such as Faecali bacterium, 
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Methanobrevibacter smithii, Bifidobacterium adolescentis, Bifidobacterium dentium 

(Zheng et al., 2009; Ufnar et al., 2006; Bonjoch et al., 2004; Nebra et al., 2003). Non-

human animal-specific markers include ruminant-specific markers in 

Methanobrevibacter ruminantium (Ufnar et al., 2007b) and Rhodococcus coprophilus 

(Savill et al., 2001), a gull-specific marker in Catellicoccus marimammalium (Lu et al., 

2008), pig-specific markers in Methanogens and Lactobaccillus sobrius/Lactobacillus 

amylovorus (Marti et al., 2010; Ufnar et al., 2007a), a duck-associated marker in 

Desulfovibrio-like bacterium (Devane et al., 2007), and a poultry-specific marker in 

Brevibacterium (Weidhaas et al., 2010). The host specific markers are detected by 

molecular methods (PCR and qPCR). These methods are specific and sensitive in their 

ability to distinguish human and non-human sources. However, the use of host-specific 

bacterial markers in MST studies has revealed mixed results for specificity (Field and 

Samadpour, 2007). In a comparative MST study, host-specific bacterial markers were 

not considered to be a strong method for distinguishing faecal sources (Blanch et al., 

2006). Further, validation of host-specific bacterial markers is required before their use 

as a MST tool.  

V. Toxin gene markers 

E. coli are the most commonly used indicator organisms for assessing the 

microbiological quality of water globally as they are generally considered to be 

specifically of faecal origin (Roslev and Bukh, 2011). Therefore, methods targeting 

E.  coli toxin genes has been proposed as MST markers. The human-specific STIb toxin 

gene (Oshiro and Olson, 1997), the pig-specific STII toxin gene (Khatib et al., 2003), 

and the cattle-specific LTIIa toxin gene (Chern et al., 2004; Khatib et al., 2002) have all 

been used to identify the presence of human and non-human sources of faecal pollution. 

These gene specific PCR methods are rapid and sensitive, and no reference database is 

required. In addition, studies have demonstrated that animal-specific E. coli toxin genes 

(LTIIa and STII) were found to be highly host-specific, following tests against various 

animal and human faecal sources (Jiang et al., 2007; Khatib et al., 2003, 2002). 

However, E. coli carrying toxin genes are not consistent in faeces of individual animals 

(Chern et al., 2004). Also, a cultivation step is required to increase the sensitivity of the 

method (Rees et al., 2010). 
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VI. Virulence gene marker 

Scott et al. (2005) proposed the potential use of a virulence gene known as the 

enterococcal surface protein (esp) present in E. faecium as a human-specific marker. 

The marker has been applied in many MST studies (Kirs et al., 2011; Kim et al., 2010; 

Lanthier et al., 2010; Ahmed et al., 2008a; Scott et al., 2005). However, the use of the 

esp gene marker has received mixed results. Several studies have demonstrated that the 

human-specific esp gene has been associated with non-human hosts (Ballesté et al., 

2010; Layton et al., 2009; Byappanahalli et al., 2008; Whitman et al., 2007). In 

addition, there is evidence of conjugative transfer of the esp gene between isolates of E. 

faecium and E. faecalis (Oancea et al., 2004). The esp gene method a key component of 

the research study described here and is therefore discussed in greater detail in Chapter 

Two (section 2.3).  

 

1.12 Chemical markers 

Chemical methods are based on the detection of markers present in faeces and 

wastewaters. Many chemical contaminants are present in grey waters (e.g. from 

washing machines, sinks, etc) and do not necessarily indicate faecally contaminated 

waters. MST methods based on these chemical markers are culture-independent and 

library-independent. The major advantage of chemical methods over biological methods 

is that they involve relatively shorter analysis time (Field and Samadpour, 2007). 

However, chemical analyses, tend to be very expensive to perform. 

I. Caffeine 

Caffeine is found in varying quantities in food, beverages, condiments, and 

pharmaceutical products and is the most widely used psychoactive drug in the world 

(Knee et al., 2010). Therefore, it has been suggested that the presence of caffeine in the 

aquatic environment could indicate the presence of human faecal contamination (Buerge 

et al., 2003; Burkhardt et al., 1999). Studies have shown levels of caffeine in 

wastewaters between 20 and 300µg/L in Canada (Rogers et al., 1986), 34µg/L in 
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Sweden (Paxeus and Schroder 1996)  and 0.23µg/L in ground water in USA (Seiler et 

al., 1999). 

Caffeine has been applied in many MST studies as a chemical marker to track the origin 

of faecal contamination in freshwater streams and lakes, groundwater, marine waters, 

and stormwater outfalls (Gourmelon et al., 2010a; Peeler et al., 2006; Buerge et al., 

2006, 2003; Chen et al., 2002). One study demonstrated a strong correlation between 

levels of caffeine and faecal indicators (Knee et al., 2010). However, some studies have 

reported low levels of caffeine in receiving waters (Standley et al., 2000) and poor 

correlations between caffeine and FIB (Young et al., 2008; Peeler et al., 2006). 

Moreover, little is known about the fate and persistence of caffeine in the environment, 

and hence, its suitability as a chemical marker has to be assessed. 

II. Faecal sterols 

Faecal sterols are a group of cholestane-based sterols found in faeces. They include 

coprostanol, sitosterol, sitostanol and campestanol (Cimenti et al., 2007; Sinton et al., 

1998). Coprostanol has been proposed as a reliable marker for faecal pollution because 

it is produced exclusively in the digestive tract of humans and some higher mammals. 

Coprostanol is metabolised by bacterial biohydrogenation of cholesterol to 5β(H)-stanol 

(Eyssen et al., 1973), which is the primary human faecal sterol (Leeming et al., 1996). 

Concentration of faecal sterol can be measured using high resolution capillary gas 

chromatography and mass spectrometry and also using injection port derivatisation, 

combined with solid-phase extraction (Nichols et al., 1996). Faecal material from cattle, 

horses and sheep contains a greater proportion of the 24-ethylcoprostanol and therefore, 

this chemical has been suggested as a potential indicator of faecal contamination (Gilpin 

et al., 2003).  Several studies have demonstrated that sterol fingerprints are able to 

differentiate between human and animal faecal contamination (Shah et al., 2007; Bull et 

al., 2002; Leeming et al., 1996). In addition, strong correlations have been found 

between concentrations of coprostanol and levels of Clostridium perfingens and E. coli 

in coastal and fresh waters (Isobe et al., 2004; Edwards et al., 1998). Also, the faecal 

stanol/sterol ratio has been used as a suitable parameter for the comparison of sewage 

contamination in sediments (Bull et al., 2002; Chan et al., 1998). However, despite 
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initial successes, the detection of faecal sterol in water remains expensive, time 

consuming and laborious, and it also lacks sensitivity (Scott et al., 2002). 

III. Fluorescent whitening agents and fluorometery 

Fluorescent whitening agents (FWA) are chemicals commonly incorporated into 

washing powders and detergents. These chemicals adsorb to fabrics and ‘brighten’ 

washing by fluorescing when exposed to the UV radiation in sunlight (Sinton et al., 

1998; Close et al., 1989). FWA are usually associated with human sewage and 

wastewater treatment plants, and hence have been suggested as potential indicators of 

human faecal pollution (Cimenti et al., 2007; Sinton et al., 1998; Close et al., 1989).  

FWA are detected using simple, inexpensive fluorometery equipment and have been 

applied successfully in faecal source tracking studies in New Zealand (Gilpin et al., 

2003, 2002) and the US (Cao et al., 2009; Dickerson et al., 2007; Hartel et al., 2007a, b; 

McDonald et al., 2006). Fluorometery based FWA methods are simple, rapid, 

inexpensive and can be undertaken in the field. However, one of the problems 

associated with FWA is that some organic compounds are known to fluoresce at the 

same wavelength as FWA (Hagedorn et al., 2005). In addition, the method is not very 

sensitive (Cao et al., 2009), and this limits its usefulness. 

 

Currently, it appears that library-independent molecular methods are preferred over 

library-dependent methods. The molecular methods available today and those under 

development may require further refinement in order to be standardised and applicable 

to a diversity of matrices (Girones et al., 2010). However, future advances in detection 

and characterisation methodologies are likely to increase their robustness and reliability 

for identifying faecal contamination sources.  

The following chapter provides information about the genus Enterococcus and its 

virulence determinant enterococcal surface protein (esp) gene. The chapter oultines the 

differences in the structure of the  esp found in E. faecium and E. faecalis and describes 

how the gene can be used to indicate the human origin of faecal contamination and 



37 

 

critically evaluates the conflicting evidence to date as to its suitability as an effective 

MST marker. 
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Chapter Two: Enterococcus and the enterococcal surface 

protein (esp) gene 

2.1. Background 

Prior to 1984, the genus Enterococcus was considered to be a sub-division of the genus 

Streptococcus and composed of those species of the genus of faecal origin, but the 

taxonomy of these bacteria has undergone changes in recent years as advances in 

methods of discrimination have led to a rapid rise in the number of recognised species. 

The term “enterocoque” was first proposed by Thiercelin in 1899 to emphasise the 

intestinal origin of these organisms. Andrew and Horder (1906) coined the term 

‘Streptococcus faecali’ to describe enterococci of faecal origin isolated from a patient 

with endocarditis. In 1937, Sherman classified the streptococci into four groups, 

namely: ‘pyogenic’, ‘viridians’, ‘lactic’ and ‘enterococci’, and this classification 

correlated with the previous Lancefield serological system (1933). Later, Kalina (1970) 

proposed that a genus be established for the enterococcal group. Based on DNA-DNA 

and DNA-rRNA hybridisation studies, Streptococcus faecalis and Streptococcus 

faecium were transferred to the genus Enterococcus (Schleifer and Kilpperbalz, 1984, 

1987). As of November 2013 (Euzéby, 2012), fifty Enterococcus species have been 

recognised within the genus, as listed in Table 2.1. 

Some of the recently proposed species have not been validated as members of the genus 

Enterococcus. DNA-DNA hybridisation studies suggest that E. solitarius and 

Tetragenococcus halophilus should constitute a single species (Facklam et al., 2002). 

Whole-cell protein and DNA-DNA hybridisation studies have shown E. seriolicida to 

be homologous with Lactococcus garvieae (Teixeira et al., 1996). These authors 

suggest that since L. Garvieae was described first, it is the senior subjective synonym of 

E. seriolicida and it should be retained as the species denomination. In addition, the 

taxonomic status of E. flavescens is also uncertain, because of its genetic similarity to E. 

casseliflavus (Hardie and Whiley, 1997). 
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Table 2.1 Recognised species of Enterococcus, their sources and methods used for their identification 

No. Enterococcus species Source Methods Reference 

1 E. faecalis Human and animals (cattle, 

sheep, pigs, dogs, cats, horses 

goats,  rodents) 

DNA-DNA and DNA-rRNA hybridisation Schleifer and Kilpperbalz, 1984; Andrewes and 

Horder, 1906 

2 E. faecium Human and animals (poultry 

cattle,  sheep, pigs, dogs, cats) 

DNA-DNA and DNA-rRNA hybridisation Schleifer and Kilpperbalz, 1984; Orla-Jensen, 

1919 

3 E. durans Human, pigs, birds milk and 

dairy products 

Biochemical studies, DNA-DNA homology Collins et al., 1984 

4 E. malodoratus Gouda cheese (cattle) Biochemical studies, DNA-DNA homology Collins et al., 1984 

5 E. avium Poultry (chicken), human 
infection and animals 

Biochemical studies, DNA-DNA homology Collins et al., 1984 

6 E. casseliflavus Plant, human and animals. Biochemical studies, DNA-DNA homology Collins et al., 1984; Mundt and Graham, 1968 

7 E. gallinarum Human and poultry (chicken), 

domesticated fowl 

Biochemical studies, DNA-DNA homology Collins et al., 1984 

8 E. cecorum Poultry (chicken), cattle, pig, 

birds 

DNA-DNA hybridisation studies Devriese et al., 1983 

9 E. saccharolyticus 

 

Cattle 16S rRNA sequence analysis Rodrigues and Collins, 1990; Farrow et al., 1984 

10 E. hirae Human, pig, birds DNA base composition, long chain fatty acid analysis and 

DNA:DNA hybridisation studies 

Farrow and Collins, 1985 

11 E. mundtii Cattle, soil, plants Biochemical studies, DNA base composition and DNA-

DNA hybridisation studies 

Collins et al., 1986 

12 E. solitarius Human clinical isolate Biochemical studies, DNA base composition, DNA-DNA 

hybridisation studies and penicillin-binding protein 

determinations 

Collins et al., 1989, Facklam and Collins, 1989 

13 E. pseudoavium Cattle (bovine mastitis) Biochemical studies, DNA base composition, DNA-DNA 

hybridization studies and penicillin-binding protein 

determinations 

Collins et al., 1989 

14 E. columbae Birds (pigeon), cattle, pigs 16S rRNA sequence analysis and DNA-DNA 

hybridisation studies 

Devriese et al., 1990 
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No. Enterococcus species Source Methods Reference 

15 E. dispar Human clinical isolate, dog  16S rRNA sequence analysis Collins et al., 1991 

16 E. seriolicida Fish DNA base composition, DNA-DNA hybridisation studies Kusuda et al., 1991 

17 E. sulfureus Plant 16S rRNA sequence analysis Martinez-Murcia and Collins, 1991 

18 E. flavescens Human clinical specimen Biochemical studies, long chain fatty acid content, DNA 

base composition and DNA-DNA hybridisation studies 

Pompei et al., 1992 

19 E. asini 

 

Donkey 16S rRNA sequence analysis and DNA base composition de Vaux et al., 1998 

20 E. porcinus Pig Whole-cell protein analysis and DNA-DNA hybridisation 
studies 

Teixeira et al., 2001 

21 E. ratti Rat Whole-cell protein analysis and DNA-DNA hybridisation 

studies 

Teixeira et al., 2001 

22 E. haemoperoxidus Surface waters (service/non-

potable water) 

Biochemical studies, tDNA-PCR, 16S rRNA sequence 

analysis, DNA base composition and DNA-DNA 

hybridisation studies 

Svec et al., 2001 

23 

 

 

E. moraviensis Surface waters  (spring water) Biochemical studies, tDNA-PCR, 16S rRNA sequence 

analysis, DNA base composition and DNA-DNA 

hybridisation studies 

Svec et al., 2001 

 

24 E. villorum Associated with diarrhoea in 

piglets 

16S rDNA sequence analysis, DNA-DNA hybridisations, 

DNA base-ratio determinations, whole-cell protein 

fingerprinting and phenotypic studies 

Vancanneyt et al., 2001 

25 E. gilvus Human clinical specimens-bile 

of a patient with cholecystitis 

Whole-cell protein analysis, long chain fatty acid analysis 

and 16S rRNA sequence analysis 

Tyrrell et al., 2002 

26 E. pallens 

 

Human clinical specimens-

patient with peritonitis 

Whole-cell protein analysis, long chain fatty acid analysis 

and 16S rRNA sequence analysis 

Tyrrell et al., 2002 

27 E. canis Dog Whole-cell protein analysis, tDNA-PCR, 16S rRNA 

sequence analysis, and DNA-DNA hybridisation studies 

De Graef et al., 2003 

28 E. phoeniculicola Bird (red-billed woodhoopoe) 16S rRNA sequence analysis Law-Brown and Meyers, 2003 

29 E. saccharominimus Dairy products Whole-cell protein analysis, tDNA-PCR, 16S rRNA 

sequence analysis, DNA base composition and DNA-
DNA hybridisation studies 

Vancanneyt et al., 2004 

30 E. italicus Artisanal italian cheese Phenotypic properties, tDNA-PCR, 16S rRNA sequence 

analysis and DNA-DNA hybridisation studies 

Fortina et al., 2004 
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No. Enterococcus species Source Methods Reference 

31 E. hermanniensis Packaged meat and canine 

tonsils 

Phenotypic properties, whole-cell protein analysis, 16S 

rRNA sequence analysis and DNA-DNA hybridisation 
studies 

Koort et al., 2004 

32 E. canintestini Faecal sample from healthy dog MLSA(multilocus sequence analysis) phenyl-alanyl-tRNA 

synthase alpha subunit, DNA-DNA hybridisation studies 

and 16S rRNA sequence analysis 

Naser et al., 2005 

33 E. aquimarinus Sea water Biochemical studies, phenyl-alanyl-tRNA synthase alpha 

subunit and 16S rRNA sequence analysis 

Svec et al., 2005a 

34 E. devriesei Animal  16S rRNA sequence analysis, whole-cell protein analysis, 

ribotyping and DNA-DNA hybridisation studies 

 

Svec et al., 2005b 

36 E. silesiacus Water isolate Whole-cell protein and DNA-DNA hybridisation studies Svec et al., 2006 

37 E. termitis Termites Whole-cell protein and DNA-DNA hybridisation studies Svec et al., 2006 

38 E. camelliae 

 

Fermented tea leaves DNA base composition, 16S rRNA sequence analysis and 

DNA-DNA hybridisation studies 

Sukontasing et al., 2007 

39 E. thailandicus 

 

Fermented sausage 16S rRNA and RNA polymerase α-subunit (rpoA) gene 

sequence analysis and phenotypic studies 

Tanasupawat et al., 2008 

40 E. viikkiensis Broiler processing plant and 

broiler  products 

16S rRNA sequence analysis and DNA-DNA 

hybridisation studies 

Rahkila et al., 2011 

41 E. lactis Italian raw milk cheese 16S-23S rRNA intergenic transcribed spacer (ITS) 

sequence analysis and RAPD 

Morandi et al., 2012 

42 E. plantarum Plants rep-PCR fingerprinting,16S rRNA sequence analysis and 

sequence analysis  for the phenylalanyl-tRNA synthase 

alpha subunit (pheS) gene  and the RNA polymerase alpha 
subunit (rpoA) gene 

Švec et al., 2012 

43 E. quebecensis Water 16S rRNA sequence analysis, sequence analysis of 

housekeeping genes rpoA, pheS, tufA (elongation factor 

Tu) and atpD (ATP synthase β-subunit). AFLP, DNA 

fingerprinting and DNA-DNA hybridisation studies 

Sistek et al., 2012 

44 E. ureasiticus Water 16S rRNA sequence analysis, sequence analysis of 

housekeeping genes rpoA, pheS, tufA and atpD. AFLP 

DNA fingerprinting and DNA-DNA hybridisation studies 

Sistek et al., 2012 
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No. Enterococcus species Source Methods Reference 

45 E. rivorum Pristine water brooks  16S rRNA, atpA and pheS gene sequence analysis and 

whole-cell protein fingerprinting by one-dimensional 
SDS-PAGE studies 

Niemi et al., 2012 

46 E. alcedinis Kingfisher Repetitive sequence-based PCR fingerprinting, sequencing 

of the genes for the superoxide dismutase, (sodA), (pheS) 

and (rpoA). whole-cell protein fingerprinting, automated 

ribotyping and phenotyping 

Frolkova et al., 2013 

47 E. eurekensis Swine manure storage pit 16S rRNA, RNA polymerase-subunit (rpoA), and the 60-

kilodalton chaperonin (cpn60) gene sequence analyses 

Cotta et al., 2013, 2012 

48 E. lemanii  Swine manure storage pit 16S rRNA, RNA polymerase-subunit (rpoA), and the 60-

kilodalton chaperonin (cpn60) gene sequence analyses 

Cotta et al., 2013, 2012 

49 E. rotai Environment 16S rRNA, DNA base composition, rep-PCR 

fingerprinting, ribotyping, DNA-DNA hybridization, pheS 

and rpoA sequencing and whole-cell protein 

electrophoresis. 

Sedláček et al., 2013 

50 E. ureilyticus Environment 16S rRNA, DNA base composition, rep-PCR 

fingerprinting, ribotyping, DNA-DNA hybridization, pheS 

and rpoA sequencing and whole-cell protein 
electrophoresis 

Sedláček et al., 2013 
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2.1.1. Identification of Enterococcus species 

Enterococcus species are identified using phenotypic and genotypic methods. 

Phenotypic methods include biochemical tests including commercially available 

products such as API 20 Strep (BioMérieux, UK), Rapid ID32 Strep (BioMérieux, UK), 

API 50 CH (BioMérieux, UK), the Vitek 2 system (BioMérieux, UK), the Microscan 

Gram-positive identification panel and the PhenePlateSystem
TM

 (PhPlateMicroplate 

Techniques, Sweden). 

Biochemical tests comprise the conventional methods widely used for the identification 

of Enterococcus species (Facklam et al., 2002; Manero and Blanch 1999; Devriese et 

al., 1993, 1987; Facklam and Collins, 1989). Identification is achieved from the 

outcome of various distinguishing metabolic reactions. For example, acid produced 

from the fermentation of a sugar, may be detected by a colour change in the pH 

indicator incorporated in the medium. Identification of enterococcal species by 

biochemical tests can be cumbersome and not feasible when processing large number of 

samples. Facklam et al. (2002), divided Enterococcus species into five groups based on 

acid formation in mannitol, sorbitol, and sorbose broths and hydrolysis of arginine, as 

shown in Table 2.2 a and b. This approach is considered to be a rapid, practical and 

reliable way to group isolates of Enterococcus for routine laboratory applications. 

Commercial identification kits have been developed to allow rapid identification of 

enterococci to species level, based on reactions to panels of biochemicals. Although the 

kits are cost-effective and results can be obtained within 24 hours, there are concerns 

about the reliability of such kits. For instance several studies have reported 

misidentification of E. faecium, E. gallinarum and E. casseliflavus (Hamilton-Miller 

and Shah, 1999; Sader et al., 1995). Possible reasons for these observations include the 

presence of atypical species that do not comply with the present biochemical testing 

schemes or of newer species that have not been routinely encountered using the test kits 

(Jackson et al., 2004; Hudson et al., 2003). 
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Table 2.2a Identification of Enterococcus species based on biochemical tests (based on Facklam et al., 2002). 

Species MAN SOR ARG ARA SBL RAF TEL MOT PIG SUC PYU MGP 

Group I             

E. avium + + _ + + _ _ _ _ + + v 

E. malodoratus + + _ _ + + _ _ _ + + v 

E. raffinosus + + _ + + + _ _ _ + + v 

E. pseudoavium + + _ _ + _ _ _ _ + + + 

E. gilvus + + _ _ + + _ _ _ + _ + 

E. pallens + + _ _ + + _ _ + + _ + 

E. saccharolyticus + + _ _ + + _ _ + + + _ 

Group II             

E. faecalis + _ + _ + _ + _ _ +* + _ 

E. faecium + _ + + v _ _ _ _ +* _ _ 

E. casseliflavus + _ + + v V _* _* + + v + 

E. mundtii + _ + + v + _ _ + + _ _ 

E. gallinarum + _ + + _ + _ _* _ + _ + 

E. flavescens + _ + + _ + _ _ + + _ + 

Group III             

E. durans _ _ + _ _ _ _ _ _ _ _ _ 

E. porcinus _ _ + _ _ _ _ _ _ _ _ _ 

E. ratti _ _ + _ _ _ _ _ _ _ _ _ 

E. hirae _ _ + _ _ + _ _ _ + _ _ 

E. dispar _ _ + _ _ + _ _ _ + + + 

E. faecalis _ _ + _ _ _ + _ _ _ + _ 

E. faecium _ _ + + _ _ _ _ _ v _ _ 
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Species MAN SOR ARG ARA SBL RAF TEL MOT PIG SUC PYU MGP 

Group IV             

E. asini _ _ _ _ _ _ _ _ _ + _ _ 

E. sulfureus _ _ _ _ _ _ _ _ + + _ + 

E. cecorum _ _ _ _ + _ _ _ _ + + _ 

Group V             

E. casseliflavus + _ _ + v + v + + + v + 

E. gallinarum + _ _ + _ + _ + _ + _ + 

E. faecalis + _ _ _ + _ + _ _ + + _ 

E. columbae + _ _ + + + _ _ _ + + _ 

MAN, mannitol; SOR, sorbose; ARG, arginine; ARA, arabinose; SBL, Sorbitol; RAF, raffinose; TEL, 0.04% tellurite; MOT, motility; PIG, pigment; SUC, 

sucrose; PYU, pyruvate; MGP, methyl-α-D-glucopyranoside; +, >90% positive; -, <10% positive; v, variable; +* or -*, occasional exceptions (<3% of strains 

show aberrant reactions) 

 

 

Table 2.2b Biochemical tests used for differentiation of group III Enterococcus species (based on Facklam et al., 2002) 
Species LM PYU HIP TEL ARA GYL RAF SUC TRE XYL MGP 

E. durans A/C -/0 +/82 -/0 -/0 -/0 -/0 -/0 +/100 -/ -/0 

E. porcinus A/- -/0 -/0 -/0 -/0 -/0 -/0 -/0 +/100 +/100 -/0 

E. ratti -/- -/0  v/60 -/0 -/0 -/0 -/0 -/0 -/20 -/ -/0 
E. hirae A/- -/6 -/3 -/0 -/0 -/5 +/100 +/100 +/100 -/ -/0 

E. dispar A/- +/100 +/100 -/0 -/0 +/100 +/100 +/100 +/100 -/ +/100 

E. faecalis
 b
 A/C +/76 -/13 +/88 -/0 -/12 -/0 -/12 -/12 -/ -/0 

E. faecium
 b
 A/V -/0 v/56 -/6 +/100 -/6 -/13 v/38 v/38 -/ -/0 

aLM, litmus milk, A, acid, C, clot formation; PYU, pyruvate utilization; HIP, hippurate hydrolysis; TEL, tolerance to 0.04% tellurite; ARA, GYL, RAF, 

SUC, TRE, XYL, MGP,acid formation in broth containing 1% arabinose, glycerol, raffinose, sucrose, trehalose, xylose, methyl-α-D-glycopyranoside 

respectively; + or- or v/ number, interpretation/percent positive; +, 85% or more of the strains +ve, -,15% or less than the strains positive; v, variable reactions 

( 16 to 84% positive); bMannitol-negative   
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Studies have reported that the reliability of test kits has improved in recent years 

(Garcia-Garrote et al., 2000). In addition, some studies have suggested the use of 

conventional biochemical tests in combination with a commercial test kit to increase the 

accuracy of identification (Hudson et al., 2003; Fanton et al., 2002). The advantages of 

using commercial test kits include reduced technical time, relatively low cost and good 

discriminatory power. One such test kit that has demonstrated high discriminatory 

power is the PhenePlateSystem
TM

, which is based on computerised biochemical 

‘fingerprinting’. Notably, the system was successfully used for the identification of 

enterococcal species in a large European study, in which more than 20,000 isolates were 

identified (Kühn et al., 2003). 

Table 2.3 Genotypic methods used to identify Enterococcus species (adapted from 

Facklam et al., 2002) 

Methods Reference 

SDS-PAGE of whole-cell proteins Vancanneyt et al., 2001 ; Devriese et al., 
1995; Teixeira et al., 1995 

Sequencing analysis of 16S rRNA gene Patel et al., 1998 

Broad range amplification(BR-PCR) of 
the 16S rDNA 

Monstein et al., 1998 

Amplication of ribosomal intergenic 

spacer 

Naïmi et al., 1999 

Amplication of tRNAintergenic spacer Devriese et al., 2002 

Randomly amplified polymorphic 

analysis 

Descheemaeker et al., 1997 

Amplication of the tufgene Ke et al., 1999 
Ribotyping Lang et al., 2001 

Sequencing and probing of the cpn 60 

gene 

Goh et al., 2000 

Amplication of the ddland van genes Dukta-Malen et al.,1995 

The development of new genotypic methods, based on protein profiles and molecular 

biology techniques (such as 16S rRNA sequence analysis), has provided new 

opportunities for the identification of enterococcal species (Alves et al., 2004). Table 

2.3 lists the genotypic methods used for the identification of Enterococcus species. 

Based on 16S rRNA sequence analysis, the taxonomy of Enterococcus may be divided 

into ‘species groups’ within the genus, as shown in Table 2.4. 
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Table 2.4 Enterococcus ‘species group’ on the basis of 16S rRNA sequence analysis (Klein, 2003). 

 

E. faecalis species 

group 

E. faecium 

species group 

E. avium 

species group 

E. casseliflavus 

species group 

E. cecorum 

species group 

E. dispar 

species group 

E. saccharolyticus 

species group 

E. faecalis 

E. haemoperoxidus 

E. moraviensis 

E. faecium 

E. durans 

E. hirae 

E. mundtii 

E. porcinus 

E. villorum 

E. avium 

E. pseudoavium 

E. raffinosus 

E. malodoratus 

E. casseliflavus 

E. gallinarum 

E. flavescens 

E. cecorum 

E. columbae 

E. dispar 

E. asini 

E. saccharolyticusE. 

sulfureus 
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These species groups comprise the E. faecalis group, the E. faecium group, the E. avium 

group, the E. casseliflavus group, the E. cecorum group, the E. dispar group and the E. 

saccharolyticus group. The other enterococci species, such as E. gilvus, E. pallens, E. 

ratti and E. solitarius, are published as belonging to the genus Tetragenococcus, based 

on the molecular data. 

 

2.1.2. Isolation and enumeration  

The membrane filtration (MF) method has been used as a ‘gold standard’ procedure for 

the enumeration of faecal streptococci, including the ‘intestinal enterococci’ in water 

quality assessments (USEPA, 2002).  Media commonly employed with the membrane 

filtration method include Slanetz-Bartley agar (also known as m-Enterococcus agar), 

Kenner faecal streptococcus agar (Kenner et al., 1960), Kanamycin Aesculin Azide agar 

(KAA) (Mossel et al., 1978) and mEI media (Messer and Dufor, 1998). 

 

Figure 2.1 Phenotypic tests to differentiate enterococci from other Gram-positive, 

catalase- negative cocci (Klein, 2003) 

Biochemical identification of E. faecium 
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The genus Enterococcus may be distinguished from other Gram-positive, catalase-

negative cocci (Figure 2.1) by the characteristic traits described in Bergey’s Manual of 

Determinative Bacteriology (Anon., 1994), being composed of Gram-positive cocci 

occurring in pairs or short chains. The enterococci are facultative anaerobes, catalase-

negative with an optimum growth temperature of 35°C, and demonstrating growth 

between 10°C and 45°C. They also grow in broth containing 6.5% NaCl and in 

environments with broad pH values (pH 9.6), and hydrolyse aesculin in the presence of 

40% bile salts. Some species are motile. The majority of enterococcal strains hydrolyse 

pyrrolidonyl-β-naphthylamide (PYR) and all strains produce leucineaminopeptidase 

(LAP) enzyme. However, the recently described species demonstrate considerable 

differences in their physiological and biochemical behaviour compared with the 

‘typical’ enterococci (Klein, 2003). 

 

2.1.3. The ecology of Enterococcus 

Enterococci are widely distributed in the gastrointestinal tract of humans and other 

animals (Layton et al., 2010; Kuhn et al., 2003; Devreise et al., 1987; Collins et al., 

1984; Mundt and Graham, 1968). In addition, enterococcal species are also isolated 

from the surface of plants, soil, water, dairy products and other foods (Badgley et al., 

2011; Tanasupawat et al., 2008; Fortina et al., 2004; Vancanneyt et al., 2004; Müller et 

al., 2001; Hardie and Whiley, 1997; Collins et al., 1984). Table 2.1 lists the 

enterococcal species associated with human and non-human hosts. 

E. faecalis and E. faecium are the most frequently encountered species than other 

enterococci species, and are found to be more broadly distributed in humans and other 

animals. In the human intestine, E. faecalis and E. faecium are the most predominant 

species of the genus. The numbers of E. faecalis in human faeces range from 10
5
 to 10

7
 

per gramme, and E. faecium from 10
4
 to 10

5
 per gramme (Santagati et al., 2012; Fisher 

and Philips, 2009; Jett et al., 1994), and these are the two main species detected in 

wastewaters (Manero et al., 2002; Ruoff et al., 1990). The other common enterococcal 

species isolated from human faeces are E. avium, E. casseliflavus, E. durans, E. 

gallinarum and E. raffinosus (Blaimont et al., 1995; Murray, 1990). The most 

commonly isolated enterococcal species from the intestine of farm animals are E. 
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faecalis, E. faecium, E. hirae, E. avium, E. gallinarum, E. casseliflavus, E. mundtii and 

E. durans (Devriese et al., 1993, 1987). However, some enterococcal species have 

demonstrated high host specificity, such as E. columbae, which has been found to be 

specific to pigeons and E. asini, which has been found exclusively in donkeys (Table 

2.1). In some cases the enterococcal species may be divided into host-specific ‘ecovars’ 

on the basis of phenotypic characteristics. For example, raffinose-positive E. faecium 

has only been recovered from poultry (Devriese et al., 1987) and sorbitol-positive E. 

faecium has only been recovered from dogs (Devriese et al., 1995). 

The distribution of different enterococcal species among human and non-human hosts 

varies depending on factors such as host, age, and diet. For example, E. cecorum was 

mainly identified in the faeces of pigs and poultry. In contrast, E. hirae is found to be a 

frequent inhabitant of the porcine gut and may also occur occasionally in poultry, cattle, 

canine, and feline faeces (Aarestrup et al., 2002). Furthermore, some studies have 

reported that the intestinal tract is colonised by a diverse range of enterococci in early 

life but that later the species isolated are more related to diet (Devriese et al., 1994, 

1992, 1991). Moreover, some Enterococcus species have also been isolated from the gut 

of insects, including beetles, flies, bees, termites and worms (Svec et al., 2006; 2002 

Bauer et al., 2000; Martin and Mundt, 1972). 

E. casseliflavus, E. mundtii and E. sulfureus (which are all typically yellow-pigmented) 

are all associated with plants. The enterococcal strains isolated from plants have been 

reported to differ from strains isolated from human and non-human animal hosts 

(Mundt, 1975). It has been suggested that the presence of plant-associated enterococci 

in the intestine of humans and non-human hosts may be the result of their incorporation 

into the microbiota of the digestive tract through dietary consumption (Layton et al., 

2009). Moreover, high taxonomic heterogeneity among the enterococcal species 

isolated from plants has also been reported (Ulrich and Müller, 1998).  

 

2.1.4. Persistence of Enterococcus in the environment 

As mentioned, a number of parameters may affect the persistence, survival and 

regrowth of enterococci in ambient waters. Most notably, temperature, sunlight, salinity, 
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turbidity, dissolved oxygen concentration, nutrient availability, predation, pH level, 

particle size and chlorination levels (Chenier et al., 2012; Mote et al., 2012; Chandran 

et al., 2011; Bolton et al., 2010; Haller et al., 2009; Fries et al., 2006; Kay et al., 2005; 

Sinton et al., 2002; Burkhardt et al., 2000; Davies and Bavor, 2000; Tyrrell et al., 

1995). Of these parameters, the intensity of sunlight radiation is considered the most 

influential in the inactivation of enterococci in aquatic environments (Maiga et al., 

2009). Sinton et al. (2002) found that their inactivation in sunlight was ten times higher 

than that observed in the dark. Many mesocosm studies comparing fresh versus marine 

waters have reported that the time required to achieve a 90% reduction (T90) in 

enterococcal concentration varies widely, according to factors such as geography, 

seasonal and experimental design. In marine waters, greater reduction of enterococci 

was observed at higher temperature (during summer months and warmer climates) 

(Sinton et al., 1994) compared with colder climates and winter months (Kay et al., 

2005; Sinton et al., 2002). Similar findings were reported for freshwater mesocom 

studies (Jenkins et al., 2011; Sinton et al., 2002; Barcina et al., 1990). Kay et al. (2005) 

also demonstrated that enterococci persisted longer in waters with high turbidity than in 

those with low turbidity in both irradiated and non-irradiated (dark) experiments. These 

results indicate that suspended solids present in the highly turbid waters may protect 

enterococci against sunlight inactivation.  

Enterococci are able to colonise a variety of niches once excreted from their primary 

habitat, and have the ability to survive a wide range of environmental conditions in 

aquatic and terrestrial habitats (‘secondary habitats’) (Santagati et al., 2012). For 

example, Whitman et al. (2003) showed that algal mats in the Great Lakes (USA) were 

a significant source of enterococci and that they were able to survive in sun-dried algal 

mats stored at 4°C for over 6 months. In addition, a strain of E. casseliflavus dominated 

in submerged aquatic vegetation, representing naturalised reproduction of indicator 

bacteria that were not directly related to pollution events (Badgley et al., 2011, 2010).  

It is generally identified that enterococci survive longer in marine environments in 

comparison with faecal coliforms, possibly because of greater cell wall resistance to the 

effects of salinity (Sinton et al., 2002; Cabelli et al., 1983; Vasconcelos and Swartz, 

1976). The other reason for the extended survival of enterococci in marine environment 

is probably their ability to grow in the presence of high concentrations of salt (6.5% 
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Table 2.5 Occurrence, persistence and growth of enterococci in extra-enteric habitats (Byappanahalli et al., 2012b) 

Habitat Occurrence Persistence Growth References 

Soil Recovered in tropical and 

temperate soils 

Persist longer than E.coli; survive 

longer than other FIB  

May grow in soil under certain 

conditions 

 

Byappanahalli et al., 2012a, 

2003, Sinton et al., 2007; 

Byappanahalli and Fujioka, 

2004; Desmarais et al., 

2002 ; Fujioka et al., 1999; 

Hardina and Fujioka, 1991; 

Mundt, 1961 

Sediment Enterococci are found in both 

freshwater and marine water 

sediments 

Survive longer in sediments than in 

water; found mostly in surficial 

layers, with no seasonal trends in 

distribution; hydro-meteorological 

events influence the bacterial flux 

between sediments and water 

differential survival observed for 

freshwater and marine water 

sediments  

May grow in sediments under 

certain conditions  

Byappanahalli et al., 2006; 

Anderson et al., 2005; 

Ferguson et al., 2005; Le 

Fevre and  Lewis, 2003; 

Desmarais et al., 2002; 

Obiri-Danso and Jones, 

2000; Niewolak,1998; 

Davies et al., 1995; Sanchez 

et al., 1986; Gary and 

Adams, 1985; Grimes, 

1980; Sayler et al., 1975 

Beach sand Found in both freshwater and 

marine beaches; bacterial 

distribution is patchyover space 

and time  

Persists longer in moist beach sand 

and in nearshore and backshore 

areas  

In situ growth has been suggested 

for persistent populations of 

enterococci in sand  

Halliday  and Gast , 2011; 

Badgley et al., 2010a, b; 

Yamahara et al., 2009, 

2007; Hartz  et al., 2008; 

Lee  et al., 2006; Anderson 

et al., 1997; Ghinsberg et 

al., 1994 
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Habitat Occurrence Persistence Growth References 

Vegetation Found in both aquatic and 

terrestrial vegetation, including 

algae, beach wrack submerged 

vegetation, flowering plants, and 

foragecrops  

A few days to months for 

submerged vegetation, dried algae  

High bacterial densities in 

vegetation have been attributed to 

growth  

Imamura et al., 2011; 

Byappanahalli et al., 2003; 

Whitman et al., 2003; Grant 

et al., 2001; Muller et al., 

2001; Mundt,  1961  

Freshwater Found in both tropical and 

temperate freshwaters  

 

Differential survival of enterococci 

compared to other FIB has been 

observed  

Sporadic growth in nutrient-rich 

waters has been recorded in the 

presence of algae  

Yamahara et al., 2009; 

Jenkins et al., 2005; 

Byappanahalli et al., 2003; 

Haack et al., 2003; Sinton et 

al., 2002; Fujioka et al., 

1999;1988; Hardina and 

Fujioka, 1991 

Marine water Found in marine waters Survive longer than E. coli Prolonged survival and potential 

growth are most likely in moist 

sand/sediments and associated 

vegetation 

Imamura et al., 2011; 

Ferguson et al., 2005; Jeng 

et al., 2005a, b; Boehm  et 

al., 2002; Grant et al., 2001 
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NaCl). Mote et al. (2012) demonstrated that Enterococcus species may be highly 

concentrated in plankton and associated particles; both E. faecalis and E. casseliflavus were 

able to survive and multiply in plankton suspensions (Table 2.5). In addition, beach wrack, 

such as kelp and seaweeds, appears to increase the persistence of enterococci in marine 

waters and sediments (Imamura et al., 2011). Research has shown that elevated levels of 

nutrients and protection from solar inactivation, predation and desiccation may be 

responsible for extended survival of enterococci in secondary habitats such as algae, 

sediment and debris. Populations of enterococci have also been found to harbour on 

seaweeds and organic debris deposited on the beach, as shown in Table 2.5. (Ferguson and 

Signoretto, 2011; Anderson et al., 2005; Ferguson et al., 2005; Byappanahalli et al., 2003). 

Enterococci may not only survive, but may also multiply in marine environments (Hartz et 

al., 2008; Whitman et al., 2004, 2003; Davies et al., 1995). Several studies have shown that 

freshwater and marine sediments are reservoirs of enterococci, with observed bacterial 

densities being typically several orders of magnitude higher than those observed in the 

overlying water (Ferguson et al., 2005; Craig et al., 2002).  E. faecium, E. casseliflavus, E. 

durans, E. faecalis, E. hirae, E. casseliflavus, and E. mundtii are the Enterococcus species 

that have been recovered from sand from fresh and marine beaches (Badgley et al., 2011; 

Cabelli et al., 1979).  

 

2.1.5. Clinical significance of Enterococcus 

For many years, enterococci have been considered to be a relatively harmless commensal. 

However, enterococci are capable of causing infections and are now recognised as 

opportunistic pathogens. They were recorded as the second leading cause of nosocomial 

infections in the antibiotic era according to a national nosocomial infection survey in the 

United States (Fisher and Philips 2009; Murray, 1990).  

Enterococci generally display a low level of virulence (Franz et al., 1999), but are 

intrinsically resistant to a number of anti-microbial agents (for example, clindamycin, 
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cephalosporins and aminoglycosides) (Arias and Murray, 2012). In addition to intrinsic 

resistance, they have also acquired genetic determinants that confer resistance to a number 

of clinically important antimicrobial agents (for example, vancomycin resistance gene 

clusters). The unique ability of enterococci to exchange genetic material among one 

another, including other Gram-positive bacteria, is the major reason for the rapid 

dissemination of resistance determinants (Willems and van Schaik, 2009; Murray, 1990). 

The important resistance determinants have been shown to reside on transmissible plasmids 

(Willems and van Schaik, 2009; Moellering, 1992, Murray, 1990). Additionally, 

enterococci may be able to transfer resistance determinants on transposons, even without 

transmission of plasmids (Arias and Murray, 2012; Murray, 1990). 

The most common infections caused by enterococci are urinary tract infections, bacteremia, 

endocarditis, and central and peripheral line infections. During the 1970s, the majority of 

recorded enterococcal infections were caused by E. faecalis, which accounted for 90–95% 

of clinical enterococcal isolates (van Schaik et al., 2010). However, in recent years, E. 

faecium has acquired resistance to vancomycin, penicillin and high-level aminoglycoside 

antibiotics and is as equally responsible for nosocomial infections as is E. faecalis (Willems 

and van Schaik, 2009). This change in causative species is of paramount clinical 

importance, as E. faecium infections have become difficult to treat (Arias and Murray, 

2012). In Europe, a strong correlation was found between the use of avoparcin, a 

glycopeptide antibiotic used as a growth promoter in animal feed, and the emergence of 

Vancomycin Resistant Enterococci (VRE) (Kühn et al., 2003; Bates, 1997). A decrease in 

the prevalence of VRE in animals was observed following the avoparcin ban in 1996. 

However, more recently an increase (>30%) in nosocomial VRE infections has been 

observed in Europe (Soderblom et al., 2010; Top et al., 2008; Werner et al., 2008). Other 

enterococcal species, such as  E. avium, E. casseliflavus, E. durans, E. gallinarum, E. hirae, 

E. malodoratus, E. mundtii, E. raffinosus and E. solitarius are reported to be infrequent 

causes of human infection (Jett et al., 1994). 
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2.1.6. Use of Enterococcus in MST 

As mentioned previously in Chapter One Enterococcus has been the focus of many MST 

studies involving phenotypic, genotypic, library dependent and independent methods. 

Whilst  phenotypic methods have generally concentrated on multiple antibiotic resistance 

analysis (Ebdon et al., 2006, 2004; Harwood et al., 2000; Hagedorn et al., 1999; Wiggins et 

al., 1999; Parveen et al., 1997; Wiggins, 1996), or carbon source utilisation (Kuhn et al., 

2003; 1995),  genotypic methods have included  ribotyping (Carson et al., 2001; Parveen et 

al., 1999), PFGE (Furukawa et al., 2011), and various polymerase chain reaction (PCR) 

methods (Buchan et al., 2001; Dombek et al., 2000; Farnleitner et al., 2000). Several field 

studies that used enterococci as source identifiers for library-dependent MST methods 

initially showed promise (Harwood et al., 2000; Hagedorn et al., 1999; Wiggins 1996). 

However, difficulties in interpretation, high cost, and inaccuracy of methods (e.g. due to 

geographical instabilities) have discouraged their widespread use (Stoeckel and Harwood, 

2007).  

These problems have led some authors to suggest that specific Enterococcus species have 

potential application as library-independent MST markers. For example, Bahirathan et al. 

(1998) suggested using ratio of E. coli to yellow-pigmented enterococci with vancomycin-

susceptibility profiles as a simple, inexpensive and promising method to distinguish 

between human and non-human faecal pollution sources. Wheeler et al. (2000) proposed 

combining the potentially limited host distribution of E. faecalis with ribotyping for MST 

to differentiate among E. faecalis isolates from human and chicken sources. Another novel 

approach to identify MST markers of enterococci was proposed by Soule et al. (2006), who 

used DNA microarrays to identify human and non-human associated genes in different 

Enterococcus species. 

More recently, alternative methods for enumerating enterococci for MST in surface waters 

have been developed, such as qPCR (Quantitative PCR) that do not rely on bacterial 

growth, and therefore are more rapid and have the potential to become “real-time” tools for 

water quality assessment (Haugland et al., 2005). However, qPCR assays do not 

discriminate DNA between living and dead cells, and hence the entire target DNA in the 
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sample is quantified (Wang et al. 2010), thereby decreasing the overall sensitivity of the 

assay. This may also occasionally lead to the generation of false-positive and false-negative 

information, with potential implications for regulatory and management decisions. Another 

challenge of using a qPCR  assay is the nucleic acid extraction process, recovery step, and a 

lack of universal standards and calibrators (Jofre and Blanch, 2010; Wang et al. 2010).  

A novel approach using the Luminex® 100™ system which rapidly assays multiple faecal 

indicator bacteria in the environmental sample has been investigated (Baums et al., 2007). 

A method validation study indicated that the Luminex system had a higher specificity and 

sensitivity for Enterococcus than any of the other currently used methods including DNA-

based methods, such as PCR, qPCR, and IMS-ATP, with no false positive results in the 

negative controls (Griffith et al., 2009). However, although the Luminex system has been 

used widely in medical research, the system is still in the developmental stage and is yet to 

be fully exploited for water quality monitoring (Griffith et al., 2009). 

 

2.2. Enterococcal surface protein (Esp)  

Enterococci produce a cell surface localised protein with a large molecular weight, termed 

enterococcal surface protein (Esp), encoded by the esp gene. It was originally isolated from 

E. faecalis by Shankar et al. (1999) who noted its association with increased virulence and 

colonisation of urinary tract epithelial cells (Shankar et al., 2001).Other workers reported 

that the esp gene was associated with biofilm formation on non-biological (Toledo-Arana 

et  al., 2001) and biological surfaces (Lund and Edlund, 2003). A variant esp gene found in 

E.  faecium is contained on a putative pathogenicity island (van Schaik et al., 2010; 

Willems and van Schaik, 2009; Leavis et al., 2004) which is strongly associated with 

nosocomial outbreaks of E. faecium (Baldassarri et al., 2001; Willems et al., 2001). In 

isolates of nonhuman origin, the esp gene has mostly been found in E. faecalis (Hammerum 

and Jensen, 2002). From here on, the following conventions of nomenclature and 

terminology will be adopted: When referring to the protein ‘Esp’ will be used, and when 

referring to the gene ‘esp’ will be used. 
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2.2.1. Characterisation of E. faecium esp and deduced protein 

Eaton and Gasson (2002) were the first to sequence completely the esp gene of E. faecium 

from a medical strain, P61. Sequence analysis revealed several significant features 

including an extremely long open reading frame (ORF) of 5718 bp, capable of encoding 

1,975-amino acid residue protein with a molecular mass of 212 kDa, (as shown in the 

schematic representation of E. faecium Esp protein structure in Figure 2.2). The Esp 

E. faecium (Espfm) protein belongs to a family of Gram-positive cell surface anchored 

proteins with repetitive structures such as the alpha C and Rib proteins of Streptococcus 

agalactiae, the R28 protein of Streptococcus pyogenes, and the Bap protein of 

Staphylococcus aureus, all of which are involved in virulence and immune evasion (Leavis 

et al., 2004; Eaton and Gasson, 2002).  

Figure 2.2 Schematic diagram of the predicted E. faeciumEsp protein structure (Eaton and 

Gasson 2002). Deduced Espfm protein showing the predicted signal (S), N-terminal (N), 

repeat (R) and C-terminal (C) regions. Numbers above each region indicate the number of 

amino acids in each region. The repeat blocks A, B, C and CP (partial C repeat) are 

indicated by cross-hatched, solid black and large and small dotted boxes respectively 

(Eaton and Gasson, 2002). 

Espfm protein possesses characteristic structural features, the first 49 amino acids serve as a 

long signal sequence, followed by 706 residues specifying an N-terminal domain. The 

central core of the protein has a unique architecture consisting of reiterations of distinct 

tandem repeating units. Four nearly identical A repeats followed by a B repeat and six 

nearly-identical C repeats followed by a partial C repeat (C’) and a B repeat. A second 

partial C repeat and third B repeat are positioned directly downstream. The first partial C 

repeat is identical to the first 10 amino acid of the second to sixth C repeats (Eaton and 

Gasson, 2002). The second partial C repeat is identical to the first C repeat except for one 

amino-acid substitution (Eaton and Gasson, 2002). 
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The 165 amino-acid residue C-terminus of the Espfm region includes a membrane-spanning 

hydrophobic domain, a FPKTG(E) cell wall anchor motif and a charged tail found in the 

majority of Gram-positive bacteria. The DNA sequence can be found in the European 

Molecular Biology Laboratory (EMBL) nucleotide sequence database under accession 

number AJ487981 (Eaton and Gasson, 2002). 

 

2.2.2. Sequence heterogeneity in the E. faecium esp gene 

To determine the sequence heterogeneity in the E. faecium esp variants, four esp sequences 

from two hospital outbreak-related vancomycin-resistant E. faecium isolates E734 and 

E470, and two medical strains - P61 (Eaton and Gasson, 2002) and E300 (Leavis et al., 

2004) were compared, as shown in Figure 2.3.  

 

Figure 2.3 Schematic representation of the inferred E. faecium Esp protein and comparison 

of four E. faecium Esp variants (Leavis et al., 2004), comprising the signal sequence (S), N-

terminal region (N), repeat region (R), and C-terminal region (C).  
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The comparisons revealed considerable polymorphism in the DNA regions encoding the N 

and C-terminal regions, resulting in four different copies of the E. faecium esp designated 

esp1 to esp 4, subsequently encoding four different Esp proteins Esp1 to Esp 4 (Figure 2.3). 

The repeat regions of Esp protein appear to be highly polymorphous, with variations in the 

numbers of A, B and C repeats. In comparison with esp2, esp3 and esp4 gene the esp1 

(E300) lacked the third B repeat. The esp2 (E734) and esp3 (P61) lacked the fifth A repeat. 

The C-terminal domain of Esp2, Esp3 and Esp4 protein has a FPKTGE cell wall anchor 

motif that is different to that in Esp1, which contains a YPKTGE cell wall anchor motif. In 

general, esp2 (E734) closely resembled esp3 (P61) and differed by only 11 nucleotides 

from esp3. In contrast to esp1, esp4 (E470) has 416 nucleotide differences in the regions 

encoding the N-and C-terminal domains. In addition, esp4 contains a large deletion in the A 

repeat region of the N-terminal domain. 

 

2.2.3. Comparison of the esp gene from E. faecium and E. faecalis 

The esp gene of E. faecium (espfm) and E. faecalis (espfs) is similar in sequence and global 

organisation and it is likely that the Espfm protein has a similar function in E. faecium as 

the Espfs protein. 

            

          
Figure 2.4 Deduced Esp protein showing the inferred signal (S), N-terminal (N), repeat 

(R), and C-terminal (C) regions. (a) Schematic diagram of the predicted E. faecium Esp 

protein structure (Eaton and Gasson, 2002). (b) Schematic representation of the E. faecalis 

esp gene and inferred protein product (Shankar et al., 1999). 

(a) 

(b) 
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However, a number of differences are seen within the N- and C-terminal and in the 

arrangement of the repeat region, as shown in Figure 2.4 and Table 2.6. Overall, both the 

genes and proteins share 89% identity. The signal and the N-terminal regions share 71% 

and 93% identity at the amino-acid level, respectively. The B repeats share 74-90% identity 

and the C repeat regions share 96% identity. Espfm is 102 amino-acids larger than the Esp 

protein of E. faecalis. An additional 12 amino-acids are present immediately following the 

signal sequence and the next 10 amino-acids share no identity with the Espfs sequence. The 

extreme N-terminal of the Espfm protein may participate in specific interactions with the 

host. The Espfm protein in E. faecium P61 has two tandem C’ B repeat regions, whereas 

only one is present in Espfs. The large number of differences between the Espfm and Espfs 

suggest that the E. faecium strain did not acquire this gene recently and probably existed for 

some time (Eaton and Gasson, 2002). 

Table 2.6 Differences in the N and C-terminal domain and core region of the E. faecium 

and E. faecalis esp gene 

Structural Analysis of 

the esp gene 

E. faecalis esp gene E. faecium esp gene 

N-terminal domain The N-terminal region comprises 
694 amino acid residues.  

N-terminal domain comprises 
706 amino acid residues. 

Central core region The central region consists of 

three identical A tandem 

repeating units. Adjacent 3’ to 
the A repeat region is a B space 

rregion that proceeds to the core 

which consists of seven nearly 
identical C tandem repeating 

units followed by a partial eighth 

C repeat and two B repeat. 

The central portion consists of 

three distinct tandem repeating 

units: four nearly identical A 
repeats followed by a B repeat 

and six nearly identical C repeats 

followed by a partial C repeat 
(CP) and a B repeat. Immediately 

downstream is a second partial C 

repeat and third B repeat 

C-terminal domain The 156 amino acid residue C-
terminus includes a membrane-

spanning hydrophobic region 

with a YPKTGE  cell wall 
anchor motif 

The 165 amino acid residueC-
terminus of Espfm P61 medical 

isolate includes a highly 

conserved FPKTGE cell wall 
anchor motif. 

 

2.2.4. The role of Esp in biofilm formation 

Despite increasing concern over the potential of enterococci to cause serious infections, 

limited information is available as to the pathogenic mechanisms responsible. Compared 
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with E. faecalis, relatively little is known about the virulence and pathogenicity of E. 

faecium. The available literature shows that E. faecium esp is predominantly found in 

hospital-acquired isolates, suggesting a role in virulence (Sava et al., 2010). Van Wamel et 

al. (2007) have reported that the expression of the Esp protein is dependent on growth 

conditions and that significantly increased levels of surface-exposed Esp were shown at 

37
o
C, and under conditions of anaerobiosis.  

Furthermore, the ability to form biofilms on abiotic surfaces is considered to be an 

important virulence property (Heikens et al., 2007; Di Rosa et al., 2006). However, 

conflicting results have been reported with regard to the role of Esp in biofilm formation. 

For example, Heikens et al. (2007) demonstrated that an Esp insertion-deletion mutant 

constructed in a clinical isolate of E. faecium resulted in inactivation of cell surface Esp 

expression, significantly lowering initial adherence to polystyrene, and a reduction in 

biofilm formation compared with the wild-type strain (Heikens et al., 2007). Therefore, the 

results of the study indicated that Esp plays an important role in infection pathogenesis 

(Heikens et al., 2007). However, no correlation has been reported between the presence or 

absence of Esp in both E. faecalis and E. faecium isolates and biofilm formation (Di Rosa 

et al., 2006). The exact factors involved in biofilm formation including the role of the esp 

gene continue to be investigated. 

 

2.2.5. Application of esp gene as a host-specific marker for MST  

As mentioned previously, studies have indicated that enterococci are potential indicators of 

human health risks in marine and recreational waters and this has led to their widespread 

use as faecal indicators of water quality worldwide (Wade et al., 2008, 2006, 2003; 

USEPA, 2005). Consequently, enterococci have been the primary focus for several MST 

methodologies. The esp virulence marker has been associated with human pathogenic 

strains of E. faecium (Leavis et al., 2004; Eaton and Gasson, 2002) and subsequently has 

been proposed as a human-specific MST marker, firstly by Scott et al. (2005). Research 

studies in USA and Australia have demonstrated that the esp gene in E. faecium was highly 

specific to human faecal contamination and was detected in >92% of raw wastewater 
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samples analysed (Table 2.7), but was absent in the non-human samples tested (Masago et 

al., 2011; Layton et al., 2009; Ahmed et al., 2008a; Whitman et al., 2007; Scott et al., 

2005). In addition, the esp gene marker of E. faecium has been applied successfully in some 

field studies to identify human sources of faecal pollution. For instance, McDonald et al. 

(2006) used the esp marker along with fluorometry to determine that human sources were 

the principal component of faecal contamination in a south-central Nebraska river 

catchment. In another study (Brownell et al., 2007), the absence of esp gene was taken to 

indicate that human wastewater inputs were not involved in the contamination of 

stormwater system in Florida. The authors found that stormwater acted as a reservoir and 

conduit, flushing high levels of indicator bacteria to the beach during a rain event.  

In Australia, Ahmed et al. (2008a) evaluated the utility of esp marker in three non-sewered 

catchments in southeast Queensland and the results indicated that the marker was sewage 

specific. Studies in Florida (Korajkic et al., 2011, 2009; Brownell et al., 2007), using esp 

marker identified human wastwater as the dominant source at Gulf coast beaches. The 

subsequent implementation of remediation actions that resulted from these findings led to 

52% and 39% reduction in levels of faecal coliforms and enterococci respectively. 

Betancourt and Fujioka (2009), evaluated the sensitivity and specificity of esp gene in 

tropical recreational beaches of Hawaii and the results indicated that the esp gene was 

highly associated with enterococci from sewage sources, as compared with non-point 

sources. In a blind study, among the host-specific methods with bacterial targets, the esp 

marker exhibited high specificity and was found to be reliable in determining human faecal 

samples (Griffith et al., 2009). In addition, McQuaig et al. (2006) has demonstrated good 

correlation of esp marker with human polyomaviruses in contaminated surface waters in 

Florida.  

Conversely, studies from Spain, New Zealand, Canada, USA and Japan have reported that 

the esp marker of E. faecium had cross-reactivity with non-human faecal samples (Table 

2.7) and may not be restricted to human faecal contamination. Several studies have also 

indicated that the esp marker was not readily detected in human faeces and septic tank 

systems (Balleste et al., 2010; Kim et al., 2010; Lanthier et al., 2010; Layton et al., 2009; 

Byappanahalli et al., 2008; Whitman et al., 2007; Harada et al., 2005).  
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Table 2.7 Relative frequencies of the esp gene of E. faecium from human and non -human 

sources 

Host No. of samples esp  

E. faecium positive 

Reference 

Raw wastewater 40/40 (100%) 

27/29 (93%) 
30/30  (100%) 

24/26 (92%) 

(Scott et al., 2005) 

(Whitman et al., 2007) 
(Ahmed et al., 2008a) 

(Layton et al., 2009) 

Septic tank 8/10 (80%) 
6/20 (30%) 

8/12 (67%) 

6/6 (100%) 

(Scott et al., 2005) 
(Whitman et al., 2007) 

(Ahmed et al., 2008a) 

(Masago et al., 2011) 

Human 10/12 (83%) 
1/23 (4.3%) 

3/34 (9%) 

10/85 (12%) 

(Layton et al., 2009) 
(Balleste et al., 2010) 

(Kim et al., 2010) 

(Lanthier et al., 2010) 

Dog (Canine) 
 

2/38 (5%) 
9/43 (21%) 

16/16 (100%) 

(Harada et al., 2005)  
(Whitman et al., 2007) 

(Layton et al., 2009) 

Gull 2/34 (6%) (Whitman et al., 2007) 

 8/22 (36%) (Layton et al., 2009) 

Horses 9/16 (56%) (Layton et al., 2009) 

Sealions 9/14 (64%) (Layton et al., 2009) 

Seals 4/4 (100%) (Layton et al., 2009) 

Pig (Swine) 6/10 (60%) (Balleste et al., 2010) 

Cow (Cattle) 1/5 (20%) (Balleste et al., 2010) 

Rabbit 1/3 (33%) (Kirs et al., 2011) 

Wallabies 3/5 (60%) (Kirs et al., 2011) 

Domesticated 

mammals, birds 

32/612 (5%) (Lanthier et al., 2010). 

Wildlife 29/423(7%) (Lanthier et al., 2010). 

It is important to note that the esp gene detection method generally requires a pre-

enrichment step prior to PCR and a study by Balleste et al. (2010) reported that the esp 

detection without the initial enrichment step had a very low sensitivity (4.4%) and a low 

percentage of correct classification (5.9%). Moreover, a research study conducted in 

northern USA reported that the esp gene detection did not correlate significantly with the 

presence of Enterovirus, Adenovirus or Rotavirus (Wong et al., 2009).  
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2.3. Rationale for the use of esp gene detection in MST 

To date no single ideal MST method has emerged that is capable of successfully identifying 

sources of faecal pollution in all parts of the world, or in all environmental settings or 

matrices (e.g., surface waters, groundwaters, shellfish, etc.). A microbial source tracking 

method that is based on the discrimination, of existing bacterial indicator species (e.g., 

Escherichia coli and the intestinal enterococci) is particularly desirable as it potentially 

offers a way to link MST with existing sampling efforts used to comply with relevant 

legislative standards. The literature reviewed here suggests that the detection of the esp 

gene may offer a potentially promising human-specific marker for use in certain regions of 

the world, but that its specificity and geographical stability require further investigation if it 

is to become part of a universal MST ‘toolbox’. Research designed to fill remaining 

knowledge gaps in the theory and application of this MST method is therefore both 

important and timely. 

 

2.4. Aims and objectives 

The principal aim of this research programme is to evaluate critically the prevalence and 

source specificity of the esp gene of E. faecium and hence determine its suitability as an 

MST tool. This was achieved through the realisation of the following five objectives, 

namely; 

a. To assess the host-specificity of the esp gene using a range of human and non-

human faecal sources from southeast England. 

 

b. To optimise the sensitivity and reliability of the esp gene detection method and by 

developing an effective, low-cost and rapid biochemical test protocol to screen E. faecium 

prior to esp detection. 
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c. To evaluate critically whether a direct-culture method may obviate the need for the 

pre-enrichment method. 

 

d. To elucidate the prevalence and global distribution of esp gene within human and 

non-human gut metagenomes using in silico relative abundance analysis. 

 

e. To combine the esp gene method with an approach based on enumeration of 

phages infecting a previously reported human-specific strain of Bacteroides fragilis to 

determine the origin of faecal contamination in a river catchment, as part of a low-cost 

‘toolbox’ QMST (quantitative microbial source tracking) component of river basin 

management plans. 

 

The research therefore set out to tackle some important critical knowledge gaps with regard 

to the ecology aspects of the esp gene in human and non-human sources, in order to 

facilitate its future use in the UK and elsewhere in Europe in support of more strategic 

approaches to environmental and public health protection. 
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Chapter Three : Materials and Methods 

3.1. Material and Methods 

Chapter Three describes the method by which samples were obtained and prepared for the 

esp gene detection and the statistical tests used to analyse the data obtained. It further 

presents the relative abundance of the esp gene sequence within human and non-human gut 

metagenomic datasets and the phylogenetic distribution of the esp gene. The following 

chapter also highlights the elements of  technique development carried in order to optimise 

and better assess the performance of the esp gene detection. 

 

3.2. Collection of faecal samples 

Samples of animal faeces and municipal wastewater raw (referred to as ‘RW’) and final 

effluent (referred to as ‘FE’) were collected in order to isolate and enumerate E. faecium 

species, prior to screening for the presence of the esp gene. Fresh samples of faecal material 

from pigs (weaners and sows) (n=25) and dairy cattle (n=31) were collected using sterile 

swabs with a plastic applicator (DIS-263-480G, Sterilin) from Wales Farm, East Sussex, 

UK. Additional pooled pig faecal samples (referred to as ‘pf’) (n=14) from a range of farms 

situated throughout southeast England were also analysed. Canine faecal samples (n=23) 

were provided by volunteer dog owners among staff members of the University of 

Brighton. Faecal samples were collected by the volunteers in polythene bags containing a 

sterile wooden spatula, sample container, a pair of gloves, and instructions for sample 

collection. Additional samples of canine faeces (n=17) were also obtained from a nearby 

animal shelter (Brighton RSPCA). Faecal material was also gathered from gulls (n=17) 

(Larus spp.) present at local roosting sites, where a particular species (e.g. L. argentatus) 

was known to congregate such as fishing boat jetties located at the mouth of the River 

Ouse, Newhaven, UK. 
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Table 3.1 -WWTW sites and population equivalents 

Site Population equivalent (pop. eq.)
a
 

Steyning 10,037 

Poynings 258 

Fittleworth 723 

Shoreham 53,425 

Ditchling 1,621 

Goddards Green 49,824 

a
 Pop. eq supplied by Southern Water (UK). 

Raw influent (n=6) and treated final effluent (n=4) were collected from six wastewater 

treatment works (WWTW) of Southern Water Ltd in southeast England, UK. The four 

treated final effluents had all undergone preliminary screening followed by primary 

sedimentation. In addition, the Goddards Green final effluent had undergone secondary 

activated sludge with secondary sedimentation treatment. The final effluents of the 

Ditchling and Fittleworth treatment works had undergone secondary trickling filter with 

secondary sedimentation treatment followed by tertiary settlement lagoon treatment. The 

Poynings final effluent has undergone secondary submerged aerobic fixed-film treatment. 

The population equivalents of the WWTW ranged from 258 to 53,425 (Table 3.1). All 

samples were collected between May 2011 and July 2012 using aseptic technique, stored in 

the dark at approximately 4ºC, and enterococcal colony forming units (CFU) were 

enumerated by membrane filtration within 4-6 hrs of sampling. Additional frozen samples 

(n=16) of raw and final effluent, collected for a previous study of WWTW (southeast 

England, UK), and stored at -20°C, were also incorporated into the study (see Appendix1, 

TableA 1). 

 

3.3. Collection of human faecal DNA 

Some authors have reported that an increased frequency of E. faecium esp positive isolates 

were detected among medical isolates as compared with isolates from healthy individuals. 

Therefore, to determine whether there was any difference in the carriage of esp gene among 

enterococci from healthy and individuals with adenomatous polyps, human faecal DNA 
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extracts were included in the analysis. Because it is evident from the literature that 

individuals with adenomatous polyps have altered bowel flora (Sanapareddy et al., 2012; 

Shen et al., 2010; Scanlan et al., 2008). Eleven human faecal DNA samples were kindly 

provided by Dr. L. Ogilvie (University of Brighton, UK), out of which seven were from 

healthy individuals and four were from individuals with adenomatous polyps. Ethical 

approval was granted by the NHS Research Ethics Committee (REC), which allowed 

analysis of human faecal DNA extracts but not to the faecal specimens as a whole. 

 

3.4. Isolation and enumeration of Enterococcus 

On each sampling occasion, faecal samples and municipal wastewaters were subjected to 

serial dilutions of 1/10, 1/100, 1/1000 and 1/10000 using ¼ strength Ringer’s solution and 

were vortexed until a homogenous suspension was achieved. All isolation and enumeration 

of enterococcal isolates were carried out in accordance with I.S.O. Standard 7899/2:2001. 

The samples were filtered through 0.45µm pore size (Gelman GN-6) membrane filters 

using a vacuum manifold and sterile filter units. All samples were analysed in duplicate, 

and expressed in terms of Colony Forming Units (CFU per 100ml for wastewater and per 

gramme for faeces), based on the arithmetic mean of the two numbers.  

The membrane filters were placed aseptically onto the surface of M-enterococcus agar 

(Difco,  USA) using sterile forceps and the agar plates were incubated in a Gallenkamp 

Plus II incubator at 37 (± 2)°C for 44 (± 4) hrs. Presumptive enterococcal isolates were 

grown on M-enterococcus agar, which contains sodium azide (to suppress the growth of 

Gram-negative bacteria) and 2, 3, 5-triphenyltetrazolium chloride, a colourless dye, which 

is reduced to red formazan by faecal/intestinal enterococci (I.S.O. 7899/2:2001). Typical 

intestinal enterococcal colonies are raised, with a red, maroon or pink colour, either in the 

centre of the colony or throughout (Figure 3.1). The methods used to isolate and enumerate 

enterococci were widely used ‘standard’ methods (APHA-AWWA-WEF, 2005; I.S.O. 

Standard 7899/2:2001) that have been successfully used in number of published 

international studies (Kühn et al., 1995, 2003; Blanch et al., 2003, 2004). These established 
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protocols were not altered in any way, and other authors have suggested that in such 

circumstances it is not necessary to perform formal validation assays (Rabenau et al., 

2007). 

 

Figure 3.1 Enterococcus colonies on M-enterococcus agar  

The identity of the presumptive Enterococcus colonies was then confirmed using bile-

aesculin-azide (BEA) agar. In brief, membranes containing presumptive Enterococcus 

colonies were transferred using sterile forceps onto a pre-warmed bile-aesculin-azide 

(BEA) agar plates and incubated at 44 (± 0.5)°C for 2 to 4 hrs. The presence of 40% bile 

salts inhibits Gram-positive bacteria other than enterococci. The end-product, 6,7-

dihydroxycoumarin, combines with iron(III) ions to give a tan-coloured to black compound 

that diffuses into the medium indicating the hydrolysis of aesculin (I.S.O. 7899/2:2001; 

Facklam and Moody, 1970) (Figure 3.2). 

 

Figure 3.2 Presumptive Enterococcus on bile aesculin agar 
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If the M-enterococcus plates containing enterococci colonies were not immediately 

required for the identification of E. faecium and subsequent esp gene analysis, they were 

placed immediately in freezer bags and stored at -80 (± 2)°C in a Sanyo Gallenkamp 

freezer (MDF-U51865) for 4 weeks, until required. The plates were then removed from the 

freezer and left at room temperature to resuscitate for 30 minutes before being screened for 

the  presence of E. faecium. Further information regarding the resuscitation and recovery of 

Enterococcus are presented in Chapter Four (Section 4.2 and 4.3).  

 

3.5. Methods for the esp gene detection 

Municipal wastewater and faecal material were analysed for the esp gene in E. faecium 

using two contrasting methods. First, by a direct-culture method, involving membrane 

filtration (MF) followed by the esp gene detection from identified isolates of E. faecium. 

Secondly, by a simplified culture-dependant pre-enrichment method, in which the esp gene 

was detected directly from Enterococcus colonies present on a membrane filter. This 

approach does not require the prior identification of E. faecium, as illustrated in Figure 3.3. 

 

3.5.1. Confirmatory test for presumptive Enterococcus 

The bile aesculin-positive colonies were selected from BEA plates containing between 30 

and 100 distinct colonies. From each environmental sample, that normally show high 

enterococcal population diversity, 24 enterococcal colonies were selected. For faecal 

samples that normally shows low enterococcal diversities, between eight and sixteen 

colonies per sample were selected in accordance with Kühn et al. (2003). Selected colonies 

were carefully picked and plated using sterile tooth picks onto brain heart infusion (BHI) 

agar, and grown for purity at 37 (±2)°C for 18 to 24 hrs (Figure 3.4). The enterococci 

isolates were further confirmed by performing the catalase test (Figure 3.5) and the PYRase 

(pyrrolidonylaminopeptidase activity) test (Figure 3.6) and were examined for yellow 

pigment production. 
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Figure 3.3 Detection of the esp gene by the two methods investigated (Direct-culture and Pre-enrichment) 

Screening techniques for E. faecium

using the arabinose, pyruvate and 

rapid xylose biochemical tests 

(Willey et al., 1999)

Wastewaters and animal faeces

Dilute sample (10-1 to 10-4) and membrane filter. Incubate filter on M-enterococcus

agar at 37(±2)°C for 44 (±4) hrs (I.S.O. 7899/2:2001)

Transfer filter onto Bile Esculin agar plate and incubate at 

44 ( 0.5) C for  2-4hrs (I.S.O. 7899/2:2001) 

Method 1. Direct-culture

Presumptive Enterococcus colonies 

with brown halo were cultured on Brain 

Heart Infusion agar, incubated  further 

at 37 ( 2)oC for 18-24hrs and 

confirmed using catalase and PYR tests

Method 2. Pre-enrichment

Membrane is transferred to 10 ml TSB, 

mixed and incubated at 41oC for 3 hrs

DNA extraction using microlysis (Microzone Ltd) or Triton X-100 lysis buffer (Goldenberger

et al., 1995)

Confirmation of biochemically 

identified E. faecium by PCR 

(Dukta-Malen et al., 1995a , b) 

Detection of the  esp gene in E. faecium by PCR (Scott et al., 2005)

) 
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Figure 3.4 Pure culture of Enterococcus              Figure 3.5 Catalase test  

on brain heart infusion agar plate                          Generation of bubbles indicates a positive 

                                                                               reaction 

 

Figure 3.6 PYRase activity in Enterococcus (purple colour indicates a positive reaction) 

The catalase test was performed by picking a single enterococci colony using a sterile loop 

from the pure cultured BHI agar plate and smearing the colony onto the surface of a glass 

microscope slide before adding a drop of 3% hydrogen peroxide (H/1750/17, Fisher 

Scientific,UK). The generation of bubbles indicated a catalase positive reaction. 

Enterococcus is catalase negative (Facklam and Texeira, 2003). A positive control E. 

faecium strain (BM4147) and Staphylococcus aureus (ATCC 6538) as negative control 

were used for catalase tests. The PYRase assay was performed using Oxoid Biochemical 

Identification System (ID0580). PYRase activity distinguishes Group A streptococci and 

enterococci from other streptococcal groups including Group D streptococci. The test 

procedure was followed according to the manufacturer’s instructions. The development of a 

vivid purple colour on, and around the colonies within 20 seconds confirms positive 
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PYRase activity (Mitchell et al., 1987; Wellstood, 1987). The enterococcal isolates were 

checked for yellow pigment production by smearing them onto a white filter paper. 

 

3.5.2. Screening for E. faecium 

Having isolated and positively confirmed the presence of bacteria of the genus 

Enterococcus, the next step was to develop a screening method for identifying E. faecium. 

The commercially available bacterial identification systems have repeatedly presented 

problems associated with enterococcal species identification (Touchie et al., 1996; Sader et 

al., 1995). Therefore, a rapid, cost-effective protocol to accurately identify E. faecium, 

based on biochemical tests such as arabinose, pyruvate and rapid xylose, were developed 

and tested for their suitability in this study. 

 

3.5.3. Biochemical tests 

To determine carbohydrate fermentation, 1% arabinose was added to phenol red broth base 

(MacFaddin, 2000) containing peptone, sodium chloride and phenol red indicator with pH 

adjusted to 7.4. A yellow colour indicated a positive reaction, orange or red colour 

indicated a negative reaction for arabinose fermentation (Figure 3.7), E. faecium is 

arabinose positive. A pyruvate test adapted from a method previously described by Barrow 

and Feltham (1993), was also developed using 96-well microplates. In brief, the method 

involved the use of tryptone, yeast extract, sodium pyruvate, di-potassium hydrogen 

orthophosphate, agar and bromothymol blue indicator solution, with the pH adjusted to 7.2. 

Pyruvate fermentation is indicated by a change in colour from green to yellow (Figure 3.8), 

E. faecium is pyruvate negative.  Finally, xylose fermentation was performed according to 

Willey et al. (1999) using 1% xylose in peptone water with bromothymol blue indicator. A 

positive reaction was only recorded if the broth turned to yellow (Figure 3.9), E. faecium is 

xylose negative. For the three biochemical tests, any intermediate colour change was 

recorded as negative. 

http://www.amazon.co.uk/s/ref=ntt_athr_dp_sr_1?_encoding=UTF8&field-author=G.%20I.%20Barrow&search-alias=books-uk&sort=relevancerank
http://www.amazon.co.uk/s/ref=ntt_athr_dp_sr_2?_encoding=UTF8&field-author=R.%20K.%20A.%20Feltham&search-alias=books-uk&sort=relevancerank
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Figure 3.7 Arabinose test                                            Figure 3.8 Pyruvate test 

Positive-Yellow, Negative-Red                                Positive-Yellow, Negative-green 

 

 

                                                Figure 3.9 Rapid xylose test 

                                                Positive-Yellow, Negative-Purple 

 

 

450µl solution of arabinose, pyruvate, and xylose media were pipetted into 96-well sterile 

polystyrene microplates (Fisher Scientific, UK) using a multichannel pipette (FinnPipette, 

Fisher Scientific, UK). Sterile toothpicks were used to pick isolated single enterococci 

colony of 1mm diameter from the pure cultured BHI agar plates (Figure 3.4) prior to 

inoculation into each well containing the appropriate media. The microplates were 

incubated at 37ºC ( 0.5 C) for 18 to 24 hrs for arabinose and pyruvate, and ≤ 2 hrs for 

xylose allowing up to 96 enterococcal isolates to be tested per plate. The position of each 

isolate was carefully noted, along with corresponding data concerning the origin (source) 

and date of sampling. For each biochemical test, a positive and a negative control were 

included and the last two wells of the 96 well plates (H11 and H12) contained only 

indicator broth as a contamination control. The reliability of accurately identifying E. 

faecium was tested using other refrence enterococcal species which are presented in 
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Chapter 4 (Section 4.4). Throughout the course of this study E. faecium was identified 

using the method described above and the results are presented in Chapter Four.  

 

3.6. Pre-enrichment method 

Membranes with high enterococcal counts (>150 cfu/ml) distinguishable by a black or 

brown halo around the colonies were transferred into 50mL centrifuge tubes (Sterilin) 

containing 10ml Tryptone Soya broth (TSB) and enriched for 3 hrs at 41 °C. From these 

tubes, 1ml aliquots of the enriched enterococcal cultures were transferred to 1.5ml 

eppendorf tubes and centrifuged at 23344g for 5 minutes. After discarding the supernatant, 

the resulting pellet was washed (two times) with molecular biology grade water (12349992, 

Fisher Scientific, UK) and suspended in 0.2ml of Triton-X lysis buffer (Goldenberger et al., 

1995) for DNA extraction. 1 µl of the extracted DNA was then used as a template for PCR. 

Details of the extraction protocol and PCR for the esp gene are presented in section 3.9.2 

and 3.11. 

 

3.7. Enterococcal reference strains 

Table 3.2 shows the reference strains used in biochemical and molecular studies for esp 

gene determination 

Table 3.2 Enterococcus references strains used for the study 

Enterococcus species Reference strain  

E. faecium ATCC 19434 

E. faecalis ATCC 29212 

E. faeciumesp +ve, FI 9245 Institute of Food Research, Norwich, UK. 

E. gallinarium ATCC 35038  

E. dispar CECT 4310 

E. flavescens CECT 4481 

E. raffinosus NCTC 12192 

E.avium ATCC 14025 

E. hirae DSM 20160 

E. casseliflavus DSM 20680 
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Enterococcus species Reference strain  

E. mundtii DSM 4838 

E. sulfureus DSM 6905 

 ATCC-American Type Culture Collection 

 DSM- Deutsch Sammlung von Mikroorganismen und Zellkulturen GmbH 

 NCTC- National Collection of Type Cultures 

 CECT- Colección Española de Cultivos Tipos 

 

 

3.8. Storage of identified E. faecium isolates 

The E. faecium (PCR confirmed) isolates were stored at -80(± 2)°C using the commercially 

available Microbank™ (Pro-Lab Diagnostics, Cheshire, UK) ready-to-use system (Figure 

3.10). The storage protocol followed manufacturer’s instructions.  

 
Figure 3.10 Microbank™ vials used for the storage of E. faecium isolates 

In brief, each cryovial containing 25 individual beads packed in cryopreservative, was 

inoculated with an E. faecium colony grown at 37 (± 2) °C for 18-24 hrs. The vials were 

closed tightly and inverted five times to emulsify the organisms without vortexing. The 

excess cryopreservative was aspirated using a sterile pipette and the vials were stored at -80 

(± 2) °C (for no longer than 3 months). When isolates were required, a single bead was 

removed aseptically from the vial using sterile forceps and sub-cultured onto to a solid 

medium (BHI agar). 

 

3.9. Template DNA preparation 

The sensitivity and efficiency of PCR amplification is affected by the quantity and quality 

of template DNA (Cheng et al., 1995). PCR amplification can be inhibited by impurities in 

the nucleic acid preparation. Various methods have been described for the isolation of 
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chromosomal DNA from Gram-positive bacteria and Enterococcus in particular. According 

to Brown (2010) the fundamental procedure for the total DNA preparation from a culture of 

bacterial cells may be divided into 4 stages;  

1. A culture of bacteria is grown and harvested 

2. The bacterial cells are broken open to release their content 

3. Cell extract is treated to remove all components (proteins, RNA) except 

 the DNA 

4. The resulting DNA solution is concentrated  

The conventional DNA extraction method is laborious and involves the use of organic 

solvents such as phenol and chloroform which are both hazardous to human health and 

inhibit PCR (Hiesinger et al. 2001; Stulnig and Amberger, 1994). There are several 

commercial kits available to circumvent the labour-intensive traditional extraction methods, 

such as the Bacterial Genomic Miniprep kit (Sigma Aldrich), QuickExtract™ Bacterial 

DNA extraction kit (Epicentre® Biotechnologies, Inc), QIAamp DNA extraction kit 

(Qiagen, Inc.), Wizard® Genomic DNA purification kit (Promega, Inc), High Pure PCR 

template preparation kit (Roche, Inc) and PureLink™ Genomic DNA mini kit 

(Invitrogen™, Life technologies).  

A recent step towards the development of a tool for highly predictable and consistent 

extraction and isolation of nucleic acids from biological samples has been the use of 

magnetic beads that attract negatively charged DNA (Dynabeads® (Invitrogen™, Life 

technologies). Also there are relatively rapid and efficient methods to extract PCR-ready 

DNA, such as QuickExtract™ DNA extraction solution (Epicentre® Biotechnologies, Inc), 

InstaGeneTM Matrix (BioRad, Inc.), microLYSIS
®
-Plus (Microzone Limited), and a 

simple DNA extraction procedure using ‘Triton X-100 lysis buffer’ (Goldenberger et al., 

1995). 
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3.9.1.  ‘PCR-ready’ DNA release and extraction using microLYSIS
®
-Plus 

microLYSIS
®
-Plus(Microzone Limited, Haywards Heath, UK)  has been designed as a 

rapid and easy method of isolating DNA from a wide range of cells. The method involves 

cell lysis by mixing with complex lysis solution, followed by thermocycling with rapid 

heating and cooling to release the DNA. 

 

Figure 3.11 Flowchart of the steps involved in the microLYSIS
®
-Plus DNA extraction 

The microLYSIS
®
-Plus extraction method produces PCR-ready DNA in less than thirty 

minutes. The remaining DNA can be stored at -20° C for one year. Unlike other extraction 

methods, the DNA released using microLYSIS
®
-Plus is intact and free from PCR 

inhibitors. The microLYSIS
®
-Plus has been specially formulated as a step towards PCR in 

which purified DNA is not required. Therefore estimation of DNA yield cannot be carried 

out using a spectrophotometer. 

In order to prepare ‘PCR-ready’ DNA extracts of E. faecium, the protocol involving the 

microLYSIS
®
-Plus solution was followed according to manufacturer’s instructions. In 

brief, the bacterial colony was touched using a sterile toothpick so that a small amount of 

65 C for 15 minutes

96 C for 2 minutes

65 C for 1 minutes

96 C for 1 minutes

65 C for 4 minutes

96 C for 30 seconds

20 C for hold
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the material was transferred. This bacterial material was mixed with 20µl of microLYSIS
®
-

Plus solution in a sterile 0.2ml PCR tube (FB68720, Fisher Scientific, UK), placed in a 

thermal cycler and the lysis profile followed as shown in Figure 3.11. About 5µl of the 

DNA extract was used in each PCR and the remaining extract was stored at -20° C. 

 

3.9.2. Extraction of DNA using ‘Triton X-100 lysis buffer’ 

On each occasion, 1ml aliquots of the enriched enterococcal cultures incubated in 10ml 

TSB for 3 hrs at 41°C in accordance with Scott et al. (2005) were transferred to 1.5ml 

1.5ml plastic microcentrifuge tube (FB74031, Fisher Scientific, UK)  and centrifuged at 

23344g for 5 minutes. After discarding the supernatant, the resulting pellet was washed 

(two times) with molecular biology grade water (12349992, Fisher Scientific, UK) and 

emulsified in 200µl of Triton X-100 lysis buffer [10mM Tris- HCl (pH 8), 1mM EDTA, 

1% Triton X-100] in accordance with Goldenberger et al. (1995) . The tubes were then 

placed in a heating block (TecamDri-Block DB-1, Techne, UK) at 95°C for 30 minutes 

with agitation. After heating, the tubes were then cooled to 4°C and centrifuged at 12,000g 

for ten minutes (MSE MicroCentaur, Sanyo-Gallenkamp, UK). The supernatant was 

carefully decanted into a sterile 1.5ml plastic microcentrifuge and the concentration of the 

extracted DNA was measured using NanoDrop spectrophotometer. Equivalent amount of 

DNA (15ng/µl) was used for each PCR. 

 

3.9.3. Determination of DNA yield, concentration and purity 

For successful PCR amplification, it is important to have high quality and purified DNA 

because the presence of potential contaminants, such as proteins, phenol or other nucleic 

acids, could interfere with the assay performance (Cheng et al., 1995; Stulnig and 

Amberger, 1994) . The most common technique to quantify the amount of DNA and 

determine its purity uses UV absorbance spectrophotometry (Brown, 2010). The amount of 
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UV radiation absorbed by a solution of DNA is considered to be directly proportional to the 

amount of DNA in the sample (Brown, 2010). 

Absorbance readings for DNA are performed at 260nm (A260), at which an OD (optical 

density) of 1 corresponds to approximately 50µg/ml for double-stranded DNA, 40µg/ml for 

single-stranded DNA and RNA, and 20µg/ml for oligonucleotides (Brown, 2010). The ratio 

between the readings at 260nm and 280nm (A260/A280) provides an estimate of the purity of 

the nucleic acid. Good-quality DNA has an A260/A280 ratio of 1.8–2.0. A reading of 1.6 does 

not render the DNA unsuitable for any application, but lower ratios indicate that more 

contaminants are present. Absorbance at 280nm (A280) is indicative of protein 

contamination. Other contaminants, such as phenol give absorbance at 270nm and other 

polysaccharides give absorbance at 230nm. However, it is important to note that the DNA 

samples extracted by microLYSIS
®
-Plus solution were not designed to produce pure DNA 

and hence quantification using a spectrophotometer at A260/A280 was not carried out. 

The concentration and purity of DNA was determined only for DNA extracted using 

‘Triton X-100 lysis buffer’ and measured using NanoDrop spectrophotometer (Thermo 

Scientific, UK ). 1.5µL of undiluted DNA sample were pipetted directly onto the pedestal 

of the spectrophotometer and the retaining arm was closed. The instrument automatically 

adjusts for an optimal path length (0.05nm-1nm) to calculate the absorbance. Blank 

measurement with the buffer was used in each protocol as a control for the optical density 

(OD) measurements. Between each measurement, the sample was removed with a dry, lint-

free laboratory wipe and a fresh sample of DNA was analysed. Purity of the extracted DNA 

was based on the ratioA260/A280 as calculated and displayed by the NanoDrop 

spectrophotometer as shown in Appendix 3. The concentration and the quantity of DNA 

extracts were evaluated using a method performance parameter such as limit of detection 

(LOD, the minimum amount of target DNA sequence that can be detected in a sample with 

a level of confidence) (Olson and Morrow, 2012) as shown in Section 3.12.3 and as a 

consequence it was not considered necessary to validate the method for the purposes of this 

study.  
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3.10. Confirmation of E. faecium using PCR 

A search of existing literarure revealed, that a number of PCR protocols have been 

developed for the identification of E. faecium to species level (Mac et al., 2003; Cheng et 

al., 1997; Dutkamalen et al., 1995a, b). Therefore, to confirm the biochemical species 

identification, putative E. faecium isolates were further analysed based on specific 

amplification of internal fragments of genes encoding D-alanine:D-alanine ligases developed 

by Dutkamalen et al. (1995a, b), an PCR approach which has been cited frequently in the 

literature. 

The primers used in the PCR presented in Table 3.3. These produce a 550bp amplicon 

product only with E. faecium. The oligonucleotide primers were synthesised to order by 

Eurofins MWG Operon (Germany). 

Biochemically-identified E. faecium isolates were plated onto BHI agar and incubated at 

37°C for 18-24 hours. An isolated, single colony was carefully touched using sterile loop 

and PCR-ready DNA was extracted using the microLYSIS
®
-Plus method (3.9.2). An 

iCycler 1x96 well reaction model (Bio-Rad) was used to perform PCR, using a ‘MegaMix-

Royal’ HotStart PCR-mix (Microzone Limited, Haywards Heath, UK) containing 

optimised mixture of Taq polymerase, anti-Taq polymerase monoclonal antibodies in 2 x 

reaction buffer (6 mM MgCl2) with 400 μM dNTPs, blue agarose loading dye and 

stabiliser. Each 0.2 ml thin-walled PCR tube contained 12.5µl of the master-mix, 10.5µl 

DNAse-free, RNAse-free molecular biology grade water, 1µl each of the two primers at a 

concentration of 0.4µM and 1µl template DNA . All the PCR preparations were carried out 

in a laminar flow cabinet (Envair-UK Ltd). The PCR mixture was prepared using 

Eppendorf Research
TM 

pipettors (PMP124, Fisher Scientific, UK) with disposable, pre-

sterilised RNase, DNase, Pyrogen and ATP free polypropylene barrier pipette tips (MBP 

ART®, Fisher Scientific, UK). 

All PCR runs included both a positive (E. faecium ATCC 19434) and a negative control 

(without DNA). Amplification was performed with an initial step at 95°C for 5 minutes to 

activate the Taq polymerase, followed by 30 cycles of 94°C for 1 minute, 54°C for 1 min, 
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and 72°C for 1 minute, a final extension step of 72°C for 10 minutes and a final hold at 

4°C. 

The PCR products were analysed using electrophoresis on a 1.5% agarose gel (BPE160-

100, Fisher Scientific, UK) in 1X Tris-acetate-EDTA (TAE) buffer (BPE1330-1, Fisher 

Scientific, UK). Each well of the agarose gel was loaded with 10 µl of the amplified 

mixture and 10 µl of 100bp DNA ladder as a molecular weight ladder (1DLS-100, 

Microzone Limited, Haywards Heath, UK). 100bp DNA ladder contains 11 double stranded 

DNA fragments (34 ng/μl) of 1000, 900, 800, 700, 600, 500, 400, 300, 200, 100 and 80 bp. 

Electrophoresis was carried out on a midi-horizontal gel unit (Scie-Plas HU13, Labtech 

International, UK) for 2 hours at 80V. The gels were stained with ethidium bromide (0.5 

mg per ml) (BP1024, Fisher Scientific, UK) for 30 minutes, followed by a rinse with 

distilled water for 5 minutes. Gel images were visualised and captured using a 

MultiImage
TM

 light cabinet and Chemi Imager
TM

 4000 imaging and documentation system 

(Alpha Innotech Ltd., Cannock, UK).  The amplified product produced an amplicon of 

550bp indicating a positive identification of E. faecium species. 

Table 3.3 Primers used for the study 

Target Forward Primer (5’-3’) Reverse Primer (5’-3’) Size of 

PCR 

product 

(bp) 

Reference 

E. faecium F1 (5’-GCA AGG CTT 

CTT AGA GA-3’)  

F2 (5’-CAT CGT GTA 

AGC TAA CTT C-3’) 

550 bp Dutkamalen  

et al. (1995a,b) 

esp gene E1 (5’-TAT GAA AGC 
AAC AGC ACA AGT T-

3’)  

E2 (5’-ACG TCG AAA 
GTT CGA TTT CC-3’) 

680 bp Scott et al. 
(2005) 

16S 

rDNA 

27F (5’-AGA GTT TGA 

TCM TGG CTC AG -3’) 

1492R (5’- TAC GGY 

TAC CTT GTT ACG -3’) 

1400bp Weisburg et al. 

(1991) 

 

3.11. Determination of the esp virulence gene in E. faecium by PCR 

The E. faecium isolates and the membranes containing enterococcal colonies were screened 

for the presence of the esp gene, previously reported to be specific to human faecal 

pollution (Ahmed et al. 2008a; Scott et al. 2005). DNA was extracted using microLYSIS
®
-
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Plus method for the E. faecium isolates and ‘Triton X-100 lysis’ buffer for the membrane 

filters containing colonies of enterococci, as previously reported. 

Primers specific for the esp gene in E. faecium were developed by Scott et al. (2005) and 

were used for all reactions (Table 3.3). The PCR and the amplification reaction was  carried 

out as described previously in Section 3.10. The amplification programme consisted of an 

initial cycle of 5 minutes at 95°C to activate the Taq polymerase, followed by 35 cycles of 

94°C for 1 minute, 58 °C for 1 minute, and 72 °C for 1 minute, a final elongation step of 

72°C for 10 minutes and a final hold at 4°C. The esp gene PCR products were analysed as 

described previously (Section 3.10). A positive control (E. faecium esp+ve, FI 9245) and a 

negative control (without DNA) were included in each set of amplification. Samples were 

recorded as positive when the visible band was the same size as the positive control (i.e., 

680 bp), indicating the presence of the esp gene. 

 

3.12. Optimisation of PCR 

Standard protocols were used for the detection and identification of E. faecium 

(Dutkamalen et al., 1995a, b) and the esp gene (Scott et al., 2005). In order to ensure that 

there was no change in the desired yield of the amplified product when using different 

makes of thermal cycler and PCR reagents, optimisation of the PCR reaction was carried 

out. This optimisation step is important if the method is to have global application, as it is 

vital to understand the stability of the yield.  

The efficiency of the PCR accuracy and reproducibility may be grouped into two 

categories: First, extrinsic factors, which include the set-up of the laboratory, type of 

sample (bacteria, faecal), PCR target molecule (DNA), primer design and model/make of 

thermo-cycler; and secondly intrinsic factors, which include primer concentration, 

annealing temperature, magnesium ion concentration and enzyme concentration in the 

reaction mix, and the buffer type. 
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As mentioned, the commercially available ‘MegaMix-Royal’ HotStart PCR-mix was used 

for all the PCR amplifications. According to Moody (2007), the advantage of using such 

products is that they have been extensively optimised and are therefore reliable, reducing 

the number of steps and time required to set up a PCR, and thereby limiting the opportunity 

for user error. 

 

3.12.1. Estimation of the quality of the DNA using 16S rDNA gene amplification 

16S rRNA is a small subunit of the prokaryotic ribosome and has been used for 

phylogenetic studies (Weisburg et al., 1991) because it is highly conserved between 

different species of bacteria and archaea. PCR amplification can generate false-negative 

(e.g., originating from the presence of PCR inhibitors) and false-positive reactions (e.g., 

originating from the presence of contaminating target sequences), even to the exclusion of 

the desired product. In order, to optimise the detection of the esp gene from E. faecium 

isolates and filter membranes containing Enterococcus, the nucleic acid extraction method 

was evaluated to determine whether PCR inhibitiors were present in the purified DNA 

extracts by carrying out amplification of the 16S rDNA gene of Enterococcus. 

 

Figure 3.12 Ethidium-bromide-stained 1.5% agarose gel showing amplification products of 

16 S rDNA  of genus Enterococcus. D- Dog; P- Pig; C- Cattle; G- Gull; Pig M, I, - pig 

pooled faeces; PC- positive control and NC- negative control 

 1000 

   500  

http://en.wikipedia.org/wiki/Phylogenetics
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The 16S rDNA universal primers used for this study are shown in Table 3.3. The PCR and 

the amplification reaction were performed as described previously in Section 3.10 on an 

iCycler. The samples were subjected to an initial cycle at 95°C for 5 minutes to activate the 

Taq polymerase, followed by 34 cycles of 94°C for 45 seconds, 56 °C for 45 seconds, and 

72 °C for 1 minute, an elongation step of 72°C for 5 minutes and a final hold at 4°C. 

A positive control (E. faecium ATCC 19434) and a negative control were included in each 

set of amplifications. The 16S rDNA products were analysed as described previously in 

Section 3.10. Samples were recorded positive when the amplified product was at 1400bp, 

indicating the amplification of the 16S rDNA gene of Enterococcus (Figure 3.12). 

 

3.12.2. Gradient PCR 

The cycle conditions used for PCR dramatically affect the reliability of the reaction. Even 

though using an established PCR protocol was used, has been optimised and found to be 

successful for the amplification of the desired PCR product, which use of the same protocol 

on different PCR equipment may result in reduction in the yield of the desired product. 

Therefore, as with any PCR, optimising the annealing temperature (Ta) a critical issue for 

reaction specificity (Jeffrey and Joel, 1994). Setting the annealing temperature too low may 

lead to non-specific amplification of PCR products. In contrast, setting the annealing 

temperature too high may reduce the yield of the desired PCR product (Rychlik et al., 

1990). The optimal annealing temperature for the PCR assay was determined using 

‘Gradient PCR’ (iCycler
®
Cycler, Biorad). Using the gradient function of the universal 

block, a gradient of 53.5-54.5°C for E. faecium and 59-57.5°C for the esp gene was set 

also, all the other PCR reaction conditions  were kept the same (as shown in section 3.9 and 

3.10) for E. faecium and esp gene respectively. The temperatures in individual wells (A to 

H) generated by an iCycler gradient PCR are shown in Table 3.4 and 3.5.  

Table 3.4 Gradient temperature for E. faecium 

 A B C D E F G H 

Temperature(°C) 54.5 54.4 54.3 54.0 53.9 53.7 53.6 53.5 
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Figure 3.13 Optimisation of annealing temperature for the E. faecium PCR 

Figure 3.13 suggests that the PCR product was not achieved at annealing temperatures of 

54.5°C, 54.4°C and 54.3°C but that specific PCR product yield was achieved at annealing 

temperatures of 54°C, 53.9°C, 53.7°C and 53.6°C. Therefore, 54°C as specified in the 

standard protocol (Dutkamalen et al., 1995 a, b) was used as the optimal annealing 

temperature for the subsequent E. faecium PCR experiments. 

Table 3.5 Gradient temperature for the esp gene 

 A B C D E F G H 

Temperature(°C) 59.0 58.9 58.7 58.4 58.0 57.8 57.6 57.5 

 

Figure 3.14 Optimisation of annealing temperature for the esp gene PCR 

Figure 3.14 indicates that the desired PCR product was achieved with the annealing 

temperatures of 59°C, 58.9°C, 58.7°C, 58°C, 57.8°C, 57.6°C and 57.5°C generated by the 

  A       B        C       D        E          F        G          H 

A     B      C      D       E      F     G      H 
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  500 
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iCycler gradient PCR. However, 58°C, as specified in the standard protocol (Scott et al., 

2005), was chosen as the annealing temperature for the subsequent esp PCR experiments. 

 

3.12.3. Quantity and concentration of template DNA 

The volume quantity and concentration of DNA template can directly affect the outcome of 

PCR amplifications. To achieve satisfactory amplification, conditions may be used as a 

starting point for optimising PCR amplification. Therefore, optimisation was carried out in 

order to ensure that the sample DNA extracted using microLYSIS
®
-Plus and Triton X-100 

lysis buffer was of high quality and the concentration was consistent across all samples 

(Figure 3.15).  

 
Figure 3.15 Amplified product produced using different volumes of template DNA 

prepared using microLYSIS
®
-Plus and Triton X-100 lysis buffer method and amplicon 

produced by different dilutions and concentrations of DNA extracts prepared with Triton 

X-100 buffer method 

        microLYSIS
®

-Plus            Triton X-100        1in 2 dilutions DNA extract 

1in 2 dilutions of DNA extract 
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   500 

 

 

 

  1000 

   500 

 

 

 

 

 



89 

 

The template DNA extracted using microLYSIS
®
-Plus and Triton X-100 lysis buffer was 

tested for the yield of the desired PCR product using different volume of template DNA 

ranging from 1µl to 5µl. The result indicated that all template volumes tested yielded the 

desired esp gene product. However, the use of a 1µl template volume, containing the 

minimum amount of DNA necessary, was considered an economical and efficient way to 

reduce any non-specific PCR product and this volume was therefore subsequently used for 

all the successive PCR reactions. 

The 482.2 ng/µl DNA concentration was subjected to a series of 1 in 2 dilutions until a 

concentration of 7.5 ng/µl DNA was achieved. The optimal amplified product was obtained 

for the different dilutions ranging from 482.2 ng/µl to 7.5 ng/µl DNA. These results show 

that even a concentration of template DNA as low as 7.5 ng/µl  was able to provide the 

desired esp gene product under normal PCR cycling conditions.  

 

3.13. Sequencing of the esp gene 

In order to confirm the amplification of the desired target and to explore the diversity of the 

esp gene fragment among various animal hosts and environments, sequencing was carried 

out on E. faecium esp PCR product. Five parallel reaction mixtures of each sample were set 

up for PCR and were amplified using the assay previously described by Scott et al. (2005) 

(see Section 3.10). Amplicon products from each sample were pooled together and purified 

using the QIAquick Gel Extraction Kit (Qiagen, UK) according to the manufacturer’s 

instructions. Purified PCR amplicons were sequenced directly for forward and reverse 

primer by GATC Biotech AG (London, UK) using Sanger sequencing. Sequencing was 

deposited in the European Molecular Biology laboratory (EMBL) database. The nucleotide 

sequences of the sequenced esp PCR product and their accession numbers are shown in 

Appendix 7. 
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3.14. Prevalence and distribution of esp within gut microbial metagenomes 

The aim of this work was to assess the distribution and prevalence of the esp gene 

sequences within existing human gut and non-human gut microbial metagenomics 

databases, i.e. the mixed genomic contents of microbial communities originating from a 

variety of sources (metagenomes). This was achieved using a selection of bio-informatic 

tools (software) designed for extracting data from genomic sequence databases. The 

comparative metagenomic analysis undertaken using a range of publicly available 

microbial metagenomic sequence datasets, including microbial and viral metagenomes 

from aquatic, terrestrial, as well as human and non-human gut environments. Please see text 

below for specific details of microbial metagenomes used in each analysis. All sequence 

manipulation and visualization were conducted using the software programme Bioedit 

v.7.1.3 (Hall, 2007).   

Complementary analyses were carried out to investigate different aspects of esp gene 

distribution and prevalence: i) Detection of sequences homologous to esp nucleotide 

sequences; ii) Investigation of the distribution of esp encoded function in human and non-

human gut metagenomes; iii) Investigation of the relative abundance of the esp functional 

gene product within human and non- human gut metagenomes, and investigation of the 

variation between individual human gut metagenomes, with respect to carriage of esp.  

i. First, all publicly available microbial metagenomic sequence datasets, 

including microbial and viral metagenomes from aquatic, terrestrial, as well 

as human and non-human gut environments (193 metagenomes, excluding 

Archeae, December 2012) were searched using the online Blastn tool 

(Altschul et al., 1990) to identify nucleotide sequences homologous to 110 

publicly available esp gene sequences (nucleotide) derived from a range of 

sources (including human, canine, donkey, seal, avian and Enterococcus 

isolates). Blastn analysis, a sequence alignment search tool that searches for 

similar sequences within nucleotide sequence databases using a nucleotide 

query (input sequence) (Please see Glossary for further definition of BLAST) 

was conducted using the Environmental Genomic Blast search tool 
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(http://www.ncbi.nlm.nih.gov/sutils/blast_table.cgi?taxid=Environmental&tax

idinf=environ_info), an online platform for blast-based analysis of 

environmental microbial metagenomes (See Glossary). The esp gene 

sequences used for these initial searches were retrieved from an open access 

sequence database Genbank (http://www.ncbi.nlm.nih.gov/genbank) during 

August 2012. Only sequences 100 bp or greater in length with an identity of 

80% or over and e-value of 1e
-5 

were considered significant in these searches. 

These values were selected as they were shown to be of sufficient stringency 

to detect bona fide homologous sequences in previous comparative 

metagenomic analyses using these metagenomic datasets (Jones et al., 2010; 

Jones, 2010) 

ii. To investigate further the distribution of the esp encoded function within 

human and non-human gut microbial metagenomes, the amino acid residues 

of all 110 esp sequences used in nucleotide level searches were downloaded 

from sequence database Genbank (as above) and were aligned using the 

computer package ClustalW (Thompson et al., 1994), which looks for 

similarities between sequences. To select representative sequences from each 

environment, amino acid sequences from each source which exhibited at least 

two amino acid differences (if from the same source) were subsequently 

selected for further analysis, providing a sequence subset of 18 esp sequences 

(see Appendix 4, Table 4A). The distribution of the esp encoded function 

within microbial metagenomes was explored using tblastn (Altschul et al., 

1990) analysis of the same 193 microbial metagenomes as used for (i) on the 

same blast-based platform but using the 18 amino acid sequence subset 

(Appendix 4, Table 4A) of varying environmental origin. Tblastn searches 

allow sequences with differences at the nucleotide level, but with significant 

homology at the amino acid level amino acid residues) and with an e-value of 

1e
-5 

were considered significant in these searches, establishing this criteria as 

a robust indicator of significant homology. 
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            Table 3.6 Metagenomic datasets used for the relative abundance analysis 

Metagenomic 

dataset 

Origin Total amount of 

DNA (MB) 

Reference 

European 

MetaHit dataset 

Human gut 10329.88 Qin et al., (2010) 

Japanese Human gut 478.84 Kurokawa et al.,(2007) 

American Human gut 36.42 Gill et al., (2006) 

Canine Canine gut 35.710 Swanson et al., (2011) 

Murine Mouse gut 12.27 Turnbaugh et al.,(2006) 

 

iii. The relative abundance of the esp gene encoded function in human and non-

human metagenomic datasets was examined. For this focused investigation, 

tblastn analysis (as described in ii) was used to search for homologous amino 

acid sequences to the 18 esp sequence subset originating from a variety of 

sources (Appendix 4, Table 4A) within human and non-human gut microbial 

metagenomic datasets. Human gut datasets used comprised microbial 

metagenomes originating from 124 individuals of European descent 

(contained with the MetaHit database), two individuals of American descent, 

and 13 individuals of Japanese descent (Qin et al., 2010; Kurokawa et al., 

2007; Gill et al., 2006) (Table 3.6). Non-human gut metagenomic datasets 

used were gut microbial metagenomes of murine (Turnbaugh et al., 2006) and 

canine origin (Swanson et al., 2011), which were assembled for tblastn 

searches by Dr. Brian V Jones (Pers. Comm) using methods outlined 

elsewhere (Sun et al., 2010). Tblastn searches were conducted using the Blast 

tool (version 2.2.24) function present in Geneious software (version 5.6.5), a 

sequence visualization and alignment software package. Sequences exhibiting 

significant positive hits (defined as a minimum of 35% identity over 50 amino 

acid or more, with an e-value of 1e
-5

, or lower) from the tblastn searches were 

used to calculate the relative abundance of the esp gene in hits per MB DNA, 

as described previously (Ogilvie and Jones, 2012; Jones, 2010; Jones et al., 

2010, 2008). More specifically, the numbers of significant hits identified in 

each metagenome searched were recorded and divided by the MB DNA 

searched to provide the number of hits per MB DNA. To provide insight into 

the inter-individual variation in the prevalence of the esp encoded function, 
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the relative abundance of esp homologous sequences was calculated on an 

individual metagenome basis, with hits per MB of DNA within each 

individual dataset searched, i.e. the microbial metagenome generated for each 

individual. See Appendix 5A for example calculation.  

 

3.15. Phylogenetic analysis of the esp gene 

The relationship between the esp nucleotide sequences generated in this study using Scott 

et al. (2005) primers and sequences homologous esp nucleotide sequences retrieved from 

GenBank (Appendix 6), based on best-hit Blast analysis was assessed by construction of 

phylogenetic trees based on esp sequences. To assess relationship between sequences, all 

sequences were aligned using ClustalW as described previously (Thompson et al., 1994) 

and evolutionary histories were inferred by constructing consensus maximum likelihood 

phylogenetic trees based on the Tamura-Nei model, a model of DNA seqeunce evolution, 

using MEGA v5 (Tamura et al., 2011). The reliability of tree nodes was evaluated using 

percentage of 1,000 bootstrap resamplings, with bootstrap values ≥40% used to define well-

supported clusters of esp gene sequences. The maximum likelhood method (Tamura et al., 

2011) is a robust  statistical method for the inference of phylogeny. Mega v5 is a software 

programme for construction of phylogenetic trees. Boostrapping is one of the most 

commonly used statistical tests for assessing the accuracy of an inferred phylogenetic tree. 

 

3.16. Specificity and Sensitivity 

The performance of host-specific E. faecium esp gene as a potential MST method was 

validated for specificity and sensitivity. The ‘sensitivity’ of a method with respect to a 

particular source is the probability that a sample from that source will be correctly 

identified as originating from that source by the method. Conversely, the ‘specificity’ of a 

method with respect to a particular source is the probability that a sample which is not from 
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that source is correctly identified as not originating from that source (Wilbur and Whitlock, 

2007). Specificity and sensitivity of the esp marker were determined according to Gawler et 

al. (2007).  

Sensitivity = a/ (a + c)  

Specificity = d/ (b + d) 

Where ‘a’ is true positive, ‘b’ is false positive, ‘c’ is false negative, and ‘d’ is true negative. 

The sensitivity and specificity of the esp method among human and non-human sources are 

presented in Chapter Five.  

 

3.17. Statistical analysis 

Appropriate statistical analyses were used in this study to interpret presence/ absence data 

for the esp gene among human and non-human sources. Parametric statistical analyses were 

applied since most of the data were found to be continuous and normally distributed. The 

parametric analyses used were the paired-sample t test to test the difference between the 

variables and Pearson’s correlation coefficient to test the degree of association. All analysis 

was carried out using IBM SPSS Statistics 20 and the statistical significance was assessed 

at a confidence interval of 95%. 

 

3.17.1. Paired-sample t-test 

A paired-sample t-test was used to determine whether population means were significantly 

different between the direct-culture method and the pre-enrichment method and also 

between biochemically identified E. faecium and PCR confirmed E. faecium isolates.  To 

test the statistical significance, first a null hypothesis (H0) was formulated which assumes 

that the population means are different. The second hypothesis (H1) assumes that the 
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population means are not different. The paired-sample t-test was calculated using the 

following equation: 

  
     

     
 

  = observed difference between sample means 

  = expected difference between population means 

     = estimate of the standard error of the difference between two sample means 

If the null hypothesis is true, then the difference between the population mean is accepted 

(i.e.  =0) (Field, 2009). 

 

3.17.2. Pearson’s correlation coefficient 

Pearson’s correlation coefficient test was used to determine the correlation between relative 

abundance of esp gene and megabase DNA of human gut metagenomes (Table 3.5). In 

addition, the test was used to determine the degree of association between enterococci and 

Bacteroides GB-124 phage counts, and th esp gene and Bacteroides GB-124 phage counts 

at each of the  ten sampling sites. A null hypothesis was created that assumed that there was 

no correlation between the variables. The second hypothesis assumed that there was a 

significant correlation between the variables.The statistic, r, used to estimate the true 

correlation is calculated using the equation below: 

  
     

    
 

               

         
 

     = covariance 
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  = standard deviation of the first variable,    = standard deviation of the second variable, 

  = mean of the sample   = data point in question and N= number of observations (Field, 

2009). If the null hypothesis is true, then no correlation between variables is accepted. 

By standardising covariance, the test value ranges from -1, through 0, to 1 and describes a 

range of associations. A coefficient of +1 indicates a perfect positive relationship, a 

coefficient of -1 indicates a perfect negative relationship, and a coefficient of 0 indicates no 

correlation. The correlation coefficient has also been commonly used as a measure of the 

size of an effect where a value of ±0.1 represents a small effect, ±0.3 represents a medium 

effect and  ± 0.5 represents a large effect. 
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Chapter Four: Technique development and validation 

4.1. Result of Technique Development 

This chapter presents the development of a novel method for esp gene detection that 

involves the use of frozen membranes on which colonies of Enterococcus have previously 

been grown, and which are then stored for periods of up to four weeks at -80
o
C. The use of 

frozen membranes is here suggested to be a way to support a more cost and labour-effective 

protocol. In addition, a novel, simplified, rapid and cost-effective protocol for accurately 

identifying E. faecium from a range of faecal and environmental samples is here presented. 

These method modifications were an attempt to increase the sensitivity of esp gene 

detection to facilitate practical application of the approach in the future. 

 

4.2. Resuscitation of enterococcal colonies following storage at -80ºC 

                   
Figure 4.1Frozen M- enterococcus plates              Figure 4.2 Frozen membranes     

containing  Enterococcus                                        left at room temperature for  

                                                                                 resuscitation 

As a preliminary study, an esp-positive control strain, namely E. faecium FI 9245, was 

grown exponentially in BHI broth at 37
o
C (±0.5°C) for 4-6hrs. Membrane filtration was 

carried out as described previously in Section 3.3, in two sets of four (i.e., in quadruplicate) 

so that each membrane supported 50-150 CFU enterococci. Each membrane was 
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subsequently stored at -80°C for a maximum of four weeks. The membranes were then 

removed from the -80°C freezer (Figure 4.1) and allowed to stand for set periods of time 

(15, 30, 45, and 60 minutes) at room temperature, in order to determine the optimal 

resuscitation time (Figure 4.2). One set of four membranes was processed using the direct-

culture method (as described in Sections 3.5.1, 3.5.2, 3.5.3 and 3.10) and the other set of 

four membranes was processed using the pre-enrichment method (as described in Section 

3.5). Viability of the Enterococcus colonies was maintained by both methods and desired 

PCR product was produced with time periods studied (15, 30, 45 and 60 min). The 30-

minute time period at room temperature was chosen as being optimal, as it allowed easy 

handling of the membrane (after 30 minutes the agar became too moist), and subsequent 

experiments were therefore performed with a resuscitation period of 30 minutes at room 

temperature. 

 

4.3. Modifications to sample processing 

A laboratory study was undertaken to investigate the degree of variability in the recovery of 

enterococcal colonies on membranes. This was determined using the previously stored M-

enterococcus agar plates. The stored frozen membranes supporting enterococcal colonies 

(5-50 CFU) were removed from the -80
o
C freezer after four weeks. Recovery was verified 

by resuscitating the enterococci colonies on the membrane, as described in Section 4.2. 

Random enterococcal colonies were picked from the membrane and sub-cultured onto a 

BHI agar plate to test viability. The results of the study indicated that the sub-cultured 

enterococci isolates were viable. Therefore all membranes were subsequently stored for up 

to four weeks at -80
o
C, allowing sample processing to be carried out in batches. 

 

4.4. Preliminary identification of E. faecium by rapid biochemical tests 

The biochemical tests used for the identification of Enterococcus species have been 

evaluated in several previous studies (Facklam et al., 2002; Manero and Blanch, 1999; 
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Devriese et al., 1993). Such approaches require a large number of relatively complex tests, 

which makes them inappropriate for routine application (Manero and Blanch, 1999). 

Therefore, a novel, simplified, relatively rapid and cost-effective protocol, involving only 

arabinose, pyruvate and xylose fermentation, was developed for the biochemical 

identification of E. faecium isolated from a range of faecal and environmental sources. 

The ability of the biochemical tests to identify accurately E. faecium was assessed using a 

range of enterococcal reference strains, as demonstrated in Table 4.1. These strains were 

grown on arabinose, pyruvate and xylose media (as described in Section 3.4.3), for varying 

incubation periods (2, 4, 6, 8, 18 and 24 hours), at 37
o
C. Two inoculum quantities (‘light’ 

and ‘heavy’) were also tested (Table 4.2). Although positive reactions were observed for 

arabinose tests after 2, 4, 6 and 8 hours of incubation for certain Enterococcus species 

(Table 4.1), the literature suggested that overnight incubation (18-24 hr) was probably more 

reliable and effective for the arabinose and pyruvate test (Facklam et al. 2002; Manero and 

Blanch, 1999, Willey et al., 1999). Also, longer incubation produced fewer false-positive or 

false-negative results, and therefore 18-24 hours incubation was adopted for all subsequent 

tests to identify the species E. faecium. In contrast, for the xylose test, ≤ 2 hours incubation 

was adopted in accordance with the findings of Willey et al. (1999). Heavy inocula (2 

colonies) for some species were required for xylose fermentation, which is in accordance 

with the findings of Willey et al. (1999), as shown in Table 4.2, whereas for pyruvate and 

arabinose fermentation, a single isolated colony (light) was demonstrated to be sufficient to 

give a positive colour change. 

Acid production from 1% arabinose was tested using a phenol red broth base, where a red 

to yellow colour change following incubation was considered a positive result and a red or 

red-orange colour was considered a negative result (Figure 3.7). The utilisation of pyruvate 

in the pyruvate medium was indicated by a change of colour to yellow, which was
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Reference strains 

     
Incubation time (hrs) 

      

  

2hr 

  

4hr 

  

6hr 

  

8hr 

  

18-24hr 

 

 

ARA PYU XYL ARA PYU XYL ARA PYU XYL ARA PYU XYL ARA PYU XYL 
E. faecalis ATCC 

29212 

               E. faecium ATCC 

19434 

               E. gallinarium 

ATCC 35038 

               E. dispar CECT 

4310 

               E. flavescens CECT 

4481 

               E. raffinosus NCTC 

12192 

               E. avium ATCC 

14025 

               E. hirae DSM 20160 

 

               E. mundtii DSM 

4838 

               E. sulfureus DSM 

6905 

               E. casseliflavus 

DSM 20680 

                

ARA- arabinose; PYU-pyruvate; XYL- xylose;       Positive colour change;      Neagtive colour change 

 

Table 4.1 Effect of biochemical test incubation period on various Enterococcus reference strains 
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interpreted as a positive result, and no colour change or intermediate colour was 

interpreted as negative (Figure 3.8). Arabinose-negative, pyruvate positive isolates were 

considered to be presumptive E. faecalis, E. dispar or E. cecorum (PYRase negative). 

The arabinose-pyruvate-positive isolates were considered to be E. raffinosus, E. 

columbae (PYRase negative) or E. avium (Table 4.1). 

Xylose fermentation is a simple method that distinguishes E. faecium (xylose-negative) 

from other enterococci that are xylose-positive, with high sensitivity and specificity 

within two hours (Chen et al., 2000). A colour change to yellow identifies the 

Enterococcus as E. gallinarium (Figure 3.9).  

Table 4.2 Effect of the inoculum quantity used for the biochemical test on 

Enterococcus reference strains 

Reference strains Light inoculum Heavy inoculum 

E. faecalis ATCC 29212 + + 

E. faecium ATCC 19434 + + 

E. gallinarium ATCC 35038 - + 

E. dispar CECT 4310 + + 

E. flavescens CECT 4481 + + 

E. raffinosus NCTC 12192 + + 

E .avium ATCC 14025 + + 

E. hirae DSM 20160 + + 

E. mundtii DSM 4838 + + 

E. sulfureus DSM 6905 + + 

E. casseliflavus DSM 20680 + + 

 

 

4.5. Identification of Enterococcus species using biochemical tests and their 

presence in different faecal sources 

In total, 2,006 enterococcal isolates were isolated from faecal material (canine, pig 

individual and pooled sample, cattle, gull) and municipal wastewater (raw and final 

effluent) samples collected over the study period. These enterococcal isolates were 

exposed to a battery of previously described biochemical tests in order to identify  E. 

faecium isolates.  
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Table 4.3 Percentage of enterococcal isolates positive for arabinose, pyruvate, yellow 

pigmentation and arabinose-pyruvate in samples of different origin 

 

Sample No. of 

samples 

No. of 

enterococci 

isolates 

Arabinose

-positive 

Pyruvate- 

positive 

Yellow 

pigmented 

enterococci 

Arabinose- 

Pyruvate- 

positive 

Municipal  

wastewater 

9 204 21% 47% 0 17% 

Final 

effluent 

17 218 22% 35% 2% 9% 

Dog 

(faeces) 

40 682 15% 43% 6% 8% 

Pig 

(faeces) 

25 280 13% 39% 0 4% 

Pig(pooled 
faeces) 

14 104 5% 10% 0 10% 

Cattle 

(faeces) 

31 311 31% 5% 15% 9% 

Gull 

(faeces) 

17 207 3% 60% 0 2% 

Total 153 2006 16% 34% 3% 8% 

 

 

Figure 4.3 Distribution of different enterococcal isolates with respect to sample origin. 

RW= raw wastewater; FE= final effluent; pf = pooled faeces 

The results of the biochemical tests demonstrated that 34% pyruvate-positive isolates 

were present in samples followed by 16% arabinose-positive isolates and 8% arabinose-

pyruvate-positive isolates. Three percent of the isolates demonstrated yellow 

pigmentation, which is indicative of enterococcal species, such as E. casseliflavus, E. 

flavescens, E. mundtii, E. sulfureus, E. gilvius and E. pallens. Pigmented isolates were 
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recovered more frequently from animal-derived samples (dog, cattle) than from human-

derived samples (raw and final effluent) (Table 4.3 and Figure 4.3). This finding is in 

agreement with the study Bahirathan et al. (1998). A high number of arabinose-positive 

isolates (E. faecium) were identified in cattle (31%) and final effluent (22%) followed 

by dog (15%), pig (13%) ‘pig-pooled’ faeces (5%) and gull (3%). In contrast, high 

numbers of pyruvate-positive isolates were identified in gull (60%), dog (43%), 

municipal wastewater (47%), pig (39%), followed by ‘pig-pooled’ (10%) and cattle 

faeces (5%). 

Because of the difficulty in obtaining a high enough number of arabinose-positive 

isolates (E. faecium) from dog faeces, it was decided to increase the number of 

enterococcal isolates from 16 to 24 enterococcal isolates per sample, as shown in Table 

4.3. This may be the reason why high numbers of pyruvate-positive isolates (43%) were 

observed in these samples compared with samples from other sources.  

 

4.6. Validation of the biochemical testing approach versus PCR to identify 

E. faecium 

The biochemically-identified E. faecium isolates were further validated using a 

polymerase chain reaction (PCR). PCR analysis was performed using species-specific 

primers, as described in section 3.10. An amplicon of 550bp indicated a positive 

identification of E. faecium species (Figure 4.4). 

 

Figure 4.4 Amplicon produced by the method of  Dutkamalen et al. (1995 a, b) for the 

identification of E. faecium species 

 1000 

  500 
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The results revealed that 90% of the E. faecium isolates were identified correctly using 

the simplified biochemical test (302 out of 336) and that 10% of the isolates were mis-

identified as E. faecium (‘false-positives’) (Table 4.4 and Figure 4.5). The sensitivity of 

the novel biochemical method to identify accurately E. faecium was shown to be 

between 94% and 71% (Table 4.4). High sensitivity was observed in cattle (94%) and 

the lowest sensitivity was observed in gull samples. 

Table 4.4 Comparison of biochemically-identified E. faecium isolates versus species-

specific PCR 

Sample Biochemical 

identification 

PCR 

confirmation 

Number 

mis-identified 

Sensitivity 

(%) 

Municipal wastewater (RW) 43 40 3 93% 

Final effluent (FE) 48 42 8 87% 

Dog (faeces) 101 92 9 91% 
Pig (faeces) 36 32 4 89% 

Pig(pooled faeces) 5 0 5 0% 

Cattle (faeces) 96 91 5 94% 
Gull (faeces) 7 5 2 71% 

Total 336 302 36 90% 

 

 

Figure 4.5 Number of biochemically-identified E. faecium isolates compared with PCR  

confirmation in different samples. RW= raw wastewater; FE= final effluent; pf = pooled 

faeces 

As mentioned in Chapter Three, a ‘paired-sample t-test’ analysis was carried out on the 

results for the biochemically-identified E. faecium versus the results for the PCR-

confirmed E. faecium, in order to determine whether there was any significant 

difference in their means. The results revealed that there was no statistically-significant 
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difference between the means of biochemically-identified and PCR-confirmed E. 

faecium. (p= > 0.05).  

This finding is significant as the sample processing modifications and the biochemical 

tests in a 96-well plate allowed a significantly greater number of enterococcal isolates to 

be processed at any given time. The reduction in the number of biochemical tests to just 

three represents a practical and useful step, which could be incorporated easily into 

routine laboratory protocols to distinguish E. faecium reliably from other Enterococcus 

species. Therefore, for MST applications, identifying E. faecium using the rapid, 

straightforward method described here would enable more effective esp gene detection, 

with relatively high sensitivity and specificity. Chapter Five presents the results 

achieved when these modifications were incorporated into the method for detecting esp 

gene in E. faecium. 

 

4.7. Evaluation of the potential utility of the esp gene marker 

As discussed in detail in Chapter Two, the enterococcal surface protein (esp) gene of E. 

faecium has been proposed as a human-specific marker of faecal contamination. 

However, studies from the USA, New Zealand, Canada, and Japan have reported that 

the esp gene may also be present in non-human sources. These observations therefore 

call into question the validity of this marker as an indicator of human faecal pollution in 

microbial source tracking studies, at least in these parts of the world. Therefore, as part 

of the research reported here, it was necessary to verify the source specificity of the esp 

gene within a European context, where its specificity remained unknown. 

 

4.7.1. Determination of the esp gene by PCR 

A pilot study was undertaken to investigate the incidence of esp gene among previously 

collected environmental isolates of E. faecium from three different European countries 

(the UK, Spain and Sweden), as a step towards evaluating its potential as a human-

specific MST marker in Europe. 



106 

 

A total of 186 Enterococcus faecium isolates were selected from a culture collection of 

enterococci obtained from a previous European Union Fifth Framework project 

(‘Enterococci ’98’, EU ref no: FAIR5-CT97-3709) (Kühn et al., 2003). The E. faecium 

were previously identified using the PhenePlate™method (Kühn et al., 2003), from 

samples taken from human and animal sources, as shown in Table 4.5. Detection of the 

esp gene was carried out on all E. faecium isolates using the primers and PCR reaction 

conditions described in Section 3.11. The sample origin, the number of E. faecium 

isolates examined and the number of isolates positive for esp gene for each country of 

origin are shown in Table 4.5. 

Table 4.5 Numbers of E. faecium isolates and (number of esp-positive isolates) in 

samples of different origin, from Sweden, Spain and the UK(N=186) 

Sample origin Sweden Spain UK 

 No. of  E. faecium 

(No. positive for esp) 

No of E. faecium 

(No. positive for esp) 

No of E. faecium 

(No. positive for esp) 

Human    

Municipal 

wastewater (raw) 

13(1) 19(0) 19(9) 

Municipal 
wastewater (final) 

12(0) 8 (0) 2 (0) 

Hospital wastewater 

Human Faeces 

10(4) 6 (0) 

1 (0) 

10(8) 

2(2) 

Non-human    

Pig faeces 1(0) 5(0) 17(0) 

Pig manure 1(0) 2(0) 6(0) 

Farm run-off water - - 4(0) 

Farmland and crop 

with manure  

- 5(0) 1(0) 

Broiler chicken  16(0) - - 

Cattle  1(0) - - 

Pig  1(0) - - 

Mixed (human and 

non-human) 

- - - 

Surface water 5(0) 6(0) 4(0) 

Pig feed 1(0) - 6(0) 

Farmland and crop 

without manure 

- 2(0) - 

Total 61(5) 54 71(19) 

 

The production of the 680 bp amplicon was indicative of the possession of the esp gene 

in E. faecium isolates (Figure 4.6a, b). 
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Figure 4.6a Amplified product of the esp gene in E. faecium isolates from the UK; 

(RW- raw wastewater; HF- human faeces and HW- hospital wastewater) 

 

 

Figure 4.6b Amplified product of the esp gene in E. faecium isolates from the UK and 

Sweden  (HW- hospital wastewater) 

The esp gene was detected in 13% of E. faecium isolates from the UK (n=71) and 

Sweden (n=61), but was not detected in isolates from Spanish samples (n=54). The esp 

gene was only detected in 27% isolates from UK municipal and hospital wastewaters 

and human faeces, and 8% isolates from Swedish municipal and hospital wastewaters. 

The esp gene was not detected in isolates from any of the non-human sources (n=162), 

reflecting the findings of earlier work in southern England (Caplin et al., 2008).  

The findings of this preliminary study were significant because they suggested that the 

esp gene may be a suitable marker specific to human sources and therefore of potential 

use for MST studies in Europe. However, further more extensive research was 
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necessary to ensure that the esp gene is limited to human sources and is not found in 

non-human sources. This research is presented in Chapter Five, which compares the 

direct-culture method for esp gene analysis, based on the direct isolation of E. faecium 

isolates from membrane filters, with the pre-enrichment method in which the esp gene 

is detected from DNA extracted from presumptive Enterococcus colonies pre-enriched 

directly from filter membranes. 
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Chapter Five : Distribution and Prevalence of the esp gene 

5.1. The distribution and prevalence of the esp gene 

The relative abundance of the esp gene in E. faecium derived from faecal and 

environmental sources in southeast England was determined using two contrasting 

methods (a direct- culture method and a pre-enrichment method). To support these 

analyses further, the distribution and prevalence of the esp gene within 139 human 

individuals was investigated using comparative metagenomic analysis of existing 

sequence datasets. In addition, the diversity of esp gene fragments among various 

animal hosts and environments was explored by sequencing the E. faecium isolates that 

were positive for esp. 

 

5.2. Enumeration of Enterococcus 

The enumeration of Enterococcus was carried out on fresh faecal samples obtained from 

individual animals and frozen pooled pig faeces, as described previously in Section 3.4. 

The number of colony forming units (CFU) of enterococci present in various sources, 

per millilitre of municipal wastewater (raw and treated) and per gramme of faecal 

material, were determined (Table 5.1).  

Table 5.1 Enumeration of enterococci in municipal wastewaters and faecal samples 

from animals 

Sample Sample type n enterococci CFU 

Municipal wastewater raw 9 1.0×10
4
- 2.3×10

5 a
 

Municipal wastewater treated 17 3.0×10
0
- 2.0×10

1a
 

Dog faeces 40 2.8×10
4
- 2.4×10

5b
 

Pig faeces 25 5.8×10
4
- 5.0×10

5b
 

Pig pooled faeces 14 1.4×10
2
- 6.2×10

3b
 

Cattle faeces 31 3.7×10
4
- 4.3×10

5b
 

Gull faeces 17 6.0×10
1
- 1.1×10

4b
 

a
Colony forming units (CFU)  per ml. of raw or treated wastewater

 

b
Colony forming units (CFU)  per gramme of wet weight of faeces 
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The highest counts of culturable enterococci were observed in the raw municipal 

wastewater and in the individual animal faeces of dog, pig and cattle. Low enterococci 

counts were generally observed in treated municipal wastewater reflecting the fact that 

most of the Enterococcus are removed during the treatment process. These results are 

consistent with previously published data in which, concentrations of enterococci in 

individual animals were observed to range between 10
3
–10

5
CFU/g wet weight (Layton 

et al., 2009, Chenoweth and Schaberg, 1990; Murray, 1990). The lowest levels of 

culturable Enterococcus were observed in individual faecal material originating from 

gull (herring gull) and frozen pooled pig faeces. The relatively low levels observed in 

the pig faeces may have been related to the freezing of samples resulting in the loss of 

viable organisms.  

 

5.3. ‘Direct-culture method’ 

The relative quantities of the esp gene in human and non-human sources were 

determined by a ‘direct-culture method’. Here, individual enterococcal isolates from the 

membrane were identified as E. faecium. The esp gene analysis was subsequently 

carried out on PCR-confirmed isolates of E. faecium, using the primers and PCR 

conditions of Scott et al. (2005) (Section 3.11). 

The results of the direct-culture method, as shown in Table 5.2, revealed that 4% 

(12/302) of the PCR confirmed E. faecium isolates contained an amplicon at 680 bp, 

indicative of the esp gene, as shown in Figure 5.1a, b. The esp amplicon was detected in 

11% (1/9) of municipal wastewater samples tested. In contrast, the esp amplicon was 

detected in 12% (2/17) of treated wastewater samples tested. One of the forty (3%) E. 

faecium isolates from municipal wastewater samples were esp positive whereas six of 

the forty two (14%) of E. faecium isolates from treated wastewater samples were esp 

positive (Table 5.2 and Figure 5.1a). 
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Table 5.2 Detection of esp gene in E. faecium isolates from human and non-human 

samples 
Sample Sample 

type 

No. of samples (No. 

positive for esp gene) 

No  of E. faecium (No. 

positive for esp gene) 

Human/Municipal 

wastewater 

raw 9 (1) 40 (1) 

Human/Municipal 

wastewater 

treated 17(2) 42 (6) 

Dog faeces 40 (2) 92 (5) 
Pig faeces 25 32 

Pig pooled faeces 14 0 

Cattle faeces 31 91 
Gull faeces 17 5 

Total human  26 (3) 82(7) 

Total animal  127(2) 220 (5) 

 

 

Figure 5.1a Agarose gel electrophoresis image of esp gene amplification products from 

E. faecium isolates: 1 – raw municipal wastewater; 2, 3 – treated municipal wastewater; 

4, 5, 6, 7 –  treated municipal wastewater; PC – positive control; NC – negative control 

The relative proportion of E. faecium esp in wastewater samples, including raw and 

treated, was 9% (7/82) and this observation is in agreement with other studies (Lund et 

al., 2006; Leavis et al., 2003; Eaton and Gasson, 2002; Willems et al., 2001). Even 

though high numbers of E. faecium isolates were identified in some samples, the 

isolates lacked the esp gene. Therefore, these results indicate that not all E. faecium 

isolates possess the esp gene and support the presumption that esp occurrence is very 

low in E. faecium isolated from the natural environment.  

 1000 

  500 
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Figure 5.1b Agarose gel electrophoresis image of esp gene amplification products from 

E. faecium isolates: 1, 2 – Dog 28; 3, 4, 5 – Dog 31; PC – positive control; NC – 

negative control 

Among non-human samples, the esp gene was detected in two dog faeces (Figure 5.1b), 

where five of the ninty two (5%) E. faecium isolates were esp positive. The presence of 

the esp in the faeces of companion animals supports the previous findings of others 

(Layton et al., 2009; Whitman et al., 2007; Harada et al., 2005). However, the esp gene 

was not detected in faeces from cattle, herring gull and from individual pig faeces and 

pooled pig faeces. 

 

5.4. ‘Pre-enrichment method’ 

The ‘pre-enrichment method’ is a simplified protocol described by Scott et al. (2005) to 

detect esp from human and non-human samples. In the pre-enrichment method the esp 

gene is detected directly from the pre-enriched presumptive Enterococcus colonies on 

the membrane. Subsequently the colonies on the membrane are not identified to species 

level (E. faecium). 

In order to determine whether there was a different outcome when detecting esp gene 

from individual Enterococcus isolates compared with the use of the pre-enrichment 

method, esp gene detection was carried out on Enterococcus DNA extracts from 

washed, enriched membrane filters from 164 wastewater and faecal samples, as 

previously described in Section 3.6. 
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The results of the pre-enrichment method revealed that the esp PCR product (680bp) 

was detected in 17% (28/164) of human and non-human sources (Table 5.3 and Figure 

5.2a, 5.2b, 5.3, 5.4).  

Table 5.3 Detection of esp gene in composite DNA samples extracted from enterococci 

isolated from municipal wastewater, and human and non-human faeces  

Source Sample type No of samples 

analysed 

                  PCR 

 

results 

   Positive Negative 

Human(healthy) DNA extract 7 0 7 

Human(diseased) DNA extract 4 0 4 

Wastewater Raw 9 9 0 
Wastewater Treated 17 13 4 

Dog Faeces 40 4 36 

Pig Faeces 25 0 25 

Pig Pooled faeces 14 2 12 
Cattle Faeces 31 0 31 

Gull Faeces 17 0 17 

Total  164 28 136 

 

 

Figure 5.2a Agarose gel electrophoresis image of esp gene fragment using 

Enterococcus DNA extracts from municipal raw wastewater samples using the primers 

of Scott et al. (2005) : Sample 1 to 9 – raw municipal wastewater samples positive for 

esp gene; PC – positive control; NC – negative control 
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Figure 5.2b Agarose gel electrophoresis image of esp gene fragment using 

Enterococcus DNA extracts from municipal treated wastewater samples : Sample1 to 8, 

10, 11 , 12, 14, 16 –  positive for esp gene; Sample 9, 13, 15, 17 – negative for esp gene 

PC –  positive control; NC – negative control 

In human sources, esp gene was detected in 100% (9/9) of raw wastewater samples 

from membrane filters presenting high numbers of enterococci colonies (i.e, membranes 

with CFU that were too numerous to count). This result is in accordance with those of 

other investigators (Layton et al., 2009; Ahmed et al., 2008a; Whitman et al., 2007; 

Scott et al. 2005). Among, the treated wastewater samples tested, 76% (13/17) were esp 

positive. In the remaining four treated wastewater samples tested, esp was not detected, 

most likely due to the fact that the level of culturable enterococci colonies was relatively 

low (i.e., 2-25 CFU per 100 mL). These results suggest that esp gene was detected in 

membranes containing   100 CFU. Similar finding has been reported where it 

suggested the minimum number of colonies on the membrane to obtain 88% esp 

positive was >100 CFU (Masago et al., 2011). However, the esp gene was not detected 

in any of the healthy and diseased human individual samples and similar findings have 

been reported by other authors (Balleste et al., 2010; Kim et al., 2010; Lanthier et al., 

2010; Lund et al., 2006 ; Leavis et al., 2004). 
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Figure 5.3 Agarose gel electrophoresis image of esp gene fragment using Enterococcus 

DNA extracts from dog samples. D28, D31, D34, D36 – positive for esp gene; PC –  

positive control; NC – negative control 

 

Figure 5.4 Agarose gel electrophoresis image of esp gene fragment using Enterococcus 

DNA extracts from pooled pig faeces samples: Sample 1 to 4, 6, 8 –  Negative for esp 

gene; Sample5, 6 –  positive for esp gene; PC –  positive control; NC – negative control 

In non-human sources, esp was detected in 10% (4/40) of dog faecal samples, a result 

that supports the previous findings of others (Layton et al., 2009; Whitman et al., 2007; 

Harada et al., 2005). In addition, esp gene was also detected in 14% (2/14) of pooled 

pig faeces, and these findings are similar to those reported by others (Balleste et al., 

2010). However, the esp gene was absent in individual faecal samples from pigs, cattle 

and herring gulls.  
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5.5.  Specificity and sensitivity of the esp gene 

For MST purposes, it was important to establish how frequently the esp gene was found 

with a given host species or group, and the extent to which the esp gene was specific to 

a host. Therefore, the performance of the E. faecium esp gene was determined using 

calculated specificity and sensitivity percentages (Table 5.4) 

Table 5.4 Specificity and sensitivity of esp gene in human and non-human sources 
Source Sample 

type 

No. of 

Samples 

esp 

positives 

Direct-culture method No. of 

Samples 

esp 

positives 

Pre-enrichment method 

   Specificity 

(%) 

Sensitivity 

(%) 

 Specificity 

(%) 

Sensitivity 

(%) 

Humans faeces ND - - 0/11 - - 

Municipal 

wastewater 

raw 1/9 - 11 9/9 - 100 

Municipal 
wastewater 

treated 2/17 - 12 13/17 - 76 

Total 

human 

 3/26   22/17   

Dog faeces 2/40 95 - 4/40 90 - 

Pig faeces 0/25 100 - 0/25 100 - 

Pig pooled 

faeces            0/14 

100 - 2/14 86  

Cattle faeces   0/31 100 - 0/31 100 - 

Gull faeces   0/17 100 - 0/17 100 - 

Total 

animal 

  2/127   6/127   

ND- not done  

In the direct-culture method, the sensitivities of the esp gene in raw municipal and 

treated wastewater were 11 and 12% respectively.  Similar findings were reported in a 

Korean study (Kim et al., 2010). The presence of esp was found to be strongly 

associated with target host (human) and the specificity was found to be 98%. However, 

cross reactivity of esp with non-human samples, such as those from dogs was evident. 

In contrast, in the pre-enrichment method, the esp gene demonstrated high sensitivity, 

detecting the esp gene in all the raw municipal wastewater samples (100%) tested from 

nine WWTW. However, in treated wastewater the sensitivity of the esp gene was 76%. 

The overall combined sensitivity of the esp gene in individual human and wastewater 

was found to be 58%. The low observed sensitivity was related to the absence of the esp 

gene in individual human faeces. The specificity of esp gene was found to be 95%, with 
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any cross-reactivity primarily associated with four individual dog faecal samples and 

two pooled pig faecal samples. 

 

5.6. Enterococci culturing protocols on esp gene detection 

The two protocols (direct-culture method and pre-enrichment) used for esp gene 

detection from enterococci, and from E. faecium isolates recovered from wastewater 

and faecal samples respectively,were compared and represented in Figure 5.5 

 

Figure 5.5 Comparison in the detection rate of the esp gene from human and non-

human samples using the two methods  

The results revealed that pre-enrichment method (filtration followed by BHI 

enrichment) resulted in a higher esp gene detection rate relative to the direct-culture 

method (17% and 3% for the two methods respectively) (Figure 5.1b).The Paired 

sample test demonstrated that there was significant difference in esp gene detection 

between the direct and pre- enrichment methods (P>0.05; 0.099). 
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5.7. Prevalence and distribution of esp gene within gut microbial metagenomes 

In order to provide further insight into the distribution and prevalence of esp within the 

environment, and to evaluate the utility of the method for microbial source tracking, a 

comparative metagenomic analysis was undertaken, comprising the following: 

i) Detection of sequences homologous to esp nucleotide sequences in microbial      

metagenomes 

 

First, the general distribution of sequences with homology to a range of esp 

nucleotide sequences from human, canine, donkey, seal, avian and Enterococcus 

isolates available in public sequence databases was investigated. Metagenomic 

datasets of varying environmental origin were examined including microbial and 

viral metagenomes from aquatic and terrestrial environments, plus human and 

non-human gut environments. The sequences were available within the National 

Centre for Biotechnology Information (NCBI) metagenome database (which 

contains 193 metagenomes, excluding Archeae, December 2012). Blastn 

analysis (Altschul et al., 1990), was used to identify similar sequences within 

nucelotide databases using a nucleotide query, and was performed on the 

available esp sequences (110 sequences). This approach identified significantly 

homologous esp nucleotide sequences (defined as a minimum of 80% identity 

over 100 nucleotides or more, with an e-value of 1e
−5

 or lower) in only one 

microbial metagenome, which originated the gut of a Japanese individual, and 

from esp sequences originating from E. faecalis (AF034779) and E. faecium 

(AJ48798). Overall, there was a lack of specific homology using these 

metagenomic datasets and Blastn-based approach.  

 

ii) Investigation of the distribution of esp encoded function in human and non-

human gut metagenome 

Given the lack of specific homology with available esp nucleotide sequences, the 

distribution of the esp gene encoded function and specificity to the human gut 

were investigated using tblastn (Altschul et al., 1990) using the same 193 

environmental metageomic datasets used for blastn-based searches. Tblastn, 

which searches for sequence homology using amino acid residues within 
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translated nucleotide databases, allows sequences with differences at the 

nucleotide level, but with significant homology at the amino acid level to be 

detected. Alignment of all 110 esp amino acid sequences using ClustalW, a 

software programme that identifies regions of sequence similarity (see Glossary), 

identified 18 unique esp amino acid sequences representative of each environment 

(See Appendix, Table 4A for details of sequences and Methods Section 3.14 for 

criteria used for selection of sequences). Tblastn analysis revealed significant hits 

(defined as a minimum of 35% over 50 amino acid residues or more with an e-

value of 1e
-5 

or lower) were restricted mostly to microbial metagenomes of human 

(BABE01015356.1) and murine (AATC01001033.1) gut-origin. Low identity hits 

were identified within the Wallaby gut metagenome (42%, ADGC0103659.1), 

AttaColombia fungus metagenome (38%, AGFS01115972.1) and a marine 

microbial metagenome (41%, AACY021417358.1). Overall, however, 

homologous sequences were more common within the gut environment.  

iii) esp relative abundance in human and non-human gut metagenomes and inter-

individual variability in carriage.   

Given the general lack of hits within non-human gut sources, the relative 

abundance (hits/MB DNA, as previously described in Section 3.14) of the 18 

representative esp amino acid sequences within the human gut microbiome was 

then assessed in more detail (Figure 5.6).The databases interrogated included 139 

human gut microbial metagenomes of varying geographical origin, comprising 

124 individuals of European origin (MetaHit dataset; Qin et al., 2010), two 

individuals of American origin (Gill et al., 2006) and 13 Japanese individuals 

(Kurokawa et al., 2007), as well as metagenomes of murine (Turnbaugh et al., 

2006) and canine origin (Swanson et al., 2011) (Chapter 3, Table 3.6).  

To understand whether human origin esp sequences were more prevalent within 

the human gut, first the average relative abundance of homologous sequences to 

each individual esp amino acid sequence (of varying origin) in all microbial 

metagenomes (human, canine and murine) was calculated (hits/MB DNA) (Figure 

5.6A).
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Figure 5.6 Relative abundance of esp within the human, canine and mouse gut metagenome. A) Average relative abundance, expressed as hits/Mb DNA, of sequences homologous 
to translated amino acid sequences from esp (35% identity over 50aa or more at 1e-5 or lower) in human, canine and murine gut metagenomes. B) Heat map illustrating inter-

individual variation in relative abundance (Hits/Mb DNA), of sequences homologous to esp amino acid sequences in metagenomes searched. Each column represents sequences 

homologous to each esp sequence in dog, horse, seal, gull, human and Enterococcus spp. and corresponds to the order in part A. Each row represents esp relative abundance in 

each separate metagenome. MH–individual microbial metagenomes originating from the MetaHit dataset; JP–All individuals of Japanese origin; AM–All individuals of American 

descent. Colour scales show range of relative abundance values indicated C) Cumulative relative abundance for all esp sequences in each individual metagenome. Individual bars 

correspond to each row (individual metagenome) in B, expressed as hits/Mb DNA. 
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See Appendix 5A for example relative abundance calculation. This analysis 

revealed that there was a greater average relative abundance of sequences 

homologous to esp originating from the human gut in comparison to those from 

other origins (Figure 5.6A). More specifically, esp originating from human 

clinical isolates of E. faecium and E. faecalis  (Figure 5.6A) generated the highest 

number of significant hits within human, but also murine and canine microbial 

metagenomes, as shown in Figure 5.6B.   

Next the relative abundance of homologous esp sequences (of all origins) was 

compared between human and non-human gut datasets. This analysis revealed 

that the relative abundance expressed in terms of hits/MB DNA of the combined 

esp sequences was significantly increased in human gut microbiomes (p=<0.05) 

(Figure 5.6 A, B).  

iv) Inter-individual variation 

To gain insight into the inter-individual variation in carriage between individuals, 

the relative abundance profiles of sequences homologous to all 18 esp amino acid 

sequences in individual human and non- human gut microbiomes was depicted as 

a heat map (Figure 5.6B). Each column within the heat map representing the 

relative abundance profile of sequences homologous to individual esp sequences 

originating from dog, horse, seal, gull, human and Enterococcus spp. and each 

row representing a different microbial metageome from each of the 139 human 

individuals of varying geographical origin and the murine and canine origin 

metagenomes. The depth of colour indicates level of relative abundance, as 

indicated in Figure 5.6. To provide insight into the total relative abundance of 

sequences homologous to esp amino acid sequences of all origins within 

individual microbial metagenomes, the cumulative relative abundance is shown in 

Figure 5.6C.  

This analysis revealed that despite the increased relative abundance of hits to esp 

within human gut metagenomic datasets, there was a relatively high level of 

variation between individuals (Figure 5.6 B,C).  Within the MetaHIT dataset (Qin 

et al., 2010), i.e. 124 individuals of European origin, only 11 of 124 (8.8%) 

individuals carried homologous esp sequences, whereas almost half (6 of 13; 
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46%) of the Japanese origin (Kurokawa et al., 2007) microbial metagenomes 

carried homologous sequences, as did one of the two (50%) American origin 

metagenomes (Gill et al., 2006) searched. A significantly increased relative 

abundance ( P<0.05) of hits to esp derived from all sources was observed in 

individuals of Japanese origin, in comparison with European and American 

individuals, suggesting a potential geographic variation in carriage. In general, 

however, homologous sequences to esp were present in only 18/139 (13%) gut 

microbiomes of widely dispersed and geographically isolated human individuals 

(European, Japanese American) (Figure 5.6), indicating carriage of bacterial types 

harbouring the esp gene is highly variable between individuals.  

 

Figure 5.7 Scatter plots illustrating the relationship between size of individual 

metagenome searched and detection of sequences homologous to esp gene amino 

acid residues. 

The use of the hits/MB DNA index normalises the different dataset sizes, i.e. 

human gut and non human gut, allowing direct comparison of prevalence between 

environments (see Appendix 5B for dataset sizes in MB DNA). Importantly, no 

significant correlation between relative abundance and metagenome size was 

observed Pearson’s correlation coefficient r = -0.201) (Figure 5.7), indicating that 

observed differences were not an artifact of metagenome size. 

Sequences with homology to esp were also identified in metagenomes derived 

from murine and canine metagenomes (Figure 5.6A-C), with homologous 
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sequences to esp originating from the human clinical isolates of E. faecium and E. 

faecalis exhibiting the highest relative abundance levels in non-human gut 

metagenomes [1.05 hits/MB DNA (highest relative abundance value in human 

gut) compared to 5.21 hits/MB (highest relative abundance value in murine gut)]. 

This observation of homologous sequences to esp of varied origin in all datasets 

searched suggests that there may be conjugative transfer of esp genes between 

human and non-human hosts.   

 

5.8. esp sequence homology between enterococci sources 

The esp PCR product from ten esp-positive E. faecium isolates from wastewater and 

dog samples were sequenced as described previously in Section 3.13. The main purpose 

of this exercise being to investigate whether esp sequences originating from human 

beings could be differentiated from non-human gut sources. The sequenced PCR 

amplified segment of the esp gene exhibited the highest identity (99%) to esp gene 

sequences from E. faecium isolates (CP003351.1, EU815343.1, EU815338.1, 

AY322150.1) (See Appendix 7). To further explore the potential utility of the esp gene 

for MST purposes, relationships between sequences of varying origin were explored 

using a phylogenetic tree analysis. In phylogenetic tree analysis, the probable 

evolutionary relationship amongst sequences can be estimated with each node (starting 

point) of the phylogenetic tree being an estimation of the most recent common ancestor 

included in the branch. See methods Section 3.15 for further clarification of methods 

used.  

All esp nucleotide sequences generated within the present study plus the 26 homologous 

esp nucleotide sequences (Appendix 6) originating from dog, horse, donkey, seal, 

sealion, gull, human and Enterococcus spp. present in public sequence databanks (based 

on highly scoring similarity match - see Glossary) were aligned using ClustalW.  
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Figure 5.8 Phylogenetic characterisation of esp. Sequenced esp gene PCR products 

generated within the present study, originating from human (wastewater) and dog 

(faeces), and were aligned with the most homologous esp nucleotide sequences (444bp) 

from the Genbank database, using the computer program ClustalW (Thompson et al., 

1994). The consensus maximum likelihood method (Tamura et al., 2011) was used for 

the inference of phylogeny and the accuracy of the tree was evaluated using 1000 

bootstrap resamplings (Efron, 1979). Bootstrap values of 40 or greater are shown 

adjacent to respective nodes. The phylogenetic tree was constructed using the integrated 

software tool MEGA 5 (Molecular Evolutionary Genetic Analysis) (Tamura et al., 

2011). Accession numbers for esp sequences are given in brackets following species 

names on the tree. Symbols indicate source of sequence as described in key. Scale 

indicates nucleic acid substitutions. Star indicates esp gene not generated using Scott et 

al. (2005) primers. H- human (wastewater); D - dog. 
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Construction of phylogenetic trees using aligned esp sequences (Figure 5.8) showed that 

the amplified segment of the esp gene from varied origins, used for phylogenetic 

analysis clustered into two main tree branches; however, there was no clear and distinct 

separation of the esp genes derived from human and non-human sources, with a strong 

clustering of sequences of mixed origin (human, dog, horse, seal and sea lion) in the 

main branches of the tree. In addition, the sequenced esp PCR products generated in this 

study aligned with the previously published Enterococcus enrichment culture clone 

sequences (Layton et al., 2009), which were also generated using the same primer set 

(Scott et al., 2005). Of note, the majority of the sequenced human and dog esp 

sequences clustered together suggesting high similarity and potentially indicative of the 

horizontal gene transfer in faecal bacteria from one host to another (Oancea et al., 

2004). 

 

Chapter Six further explores whether esp gene may have a future role to play as an 

indicator of ‘urban anthropogenic pollution’, especially if it were to be used in 

conjunction with other human-specific markers, such as bacteriophage infecting a 

human-specific strain of Bacteroides spp. (GB-124) within a integrated “tool-box” 

approach to microbial source tracking at a river catchment level. 

 

  



126 

 

Chapter Six: Comparative catchment-based evaluation of the 

method  

6.1. A comparative catchment-based evaluation of the method 

Although in this study the esp gene MST marker was found in some cases to be 

associated with non-human samples, it was decided to retain the original objective of 

testing the method at river catchment level against an existing phage-based human MST 

marker. It was hoped that this ‘toolbox’ approach, involving two very different methods  

would provide a valuable critical evaluation of some of the practical issues associated 

with using a molecular marker in a ‘real’ MST study, in comparison with the use of the 

relatively simple phage-base method.  In addition, since the specificity and sensitivity of 

the esp gene marker was previously only tested against grossly contaminated faecal 

sources, it was considered worthwhile to test the protocol against matrices more 

commonly studied in practical MST investigations. This chapter reports the results of 

the catchment-base study and uses the findings to develop a more critical evaluation of 

the ‘ideal MST target’ for future practical applications.  

The study reported here compared the molecular detection of the esp virulence gene 

found in E. faecium with a method that involved the non-molecular detection of viruses 

(phages) capable of infecting a strain of bacteria known as Bacteroides fragilis, namely 

GB-124. This previously reported bacterial strain appears to be restricted to the human 

gut (Ogilvie et al., 2013, 2011; Ebdon et al., 2007), or waters impacted by inputs of 

human origin (Ebdon et al., 2012). Data on the levels of GB-124 phage originated from 

a previous study.  

 

6.2. Levels of intestinal enterococci and phage infecting Bacteroides GB-124 

For this study, the River Ouse catchment in southeast England was selected because of 

its convenient location and the abundance of readily accessible information, both with 

regards to land-use and human and non-human pollution sources. The River Ouse water 

samples were from another study collected between 2009 and 2012 from ten sites across 
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the catchment as shown in the Figure 6.1. This study was therefore able to utilize 

eighteen samples previously collected (and stored -20°C) from the ten monitoring sites 

on four separate occasions over a period of four years were able to be analysed for the 

presence of the esp virulence gene 

 

Figure 6.1 The River Ouse catchment and sampling sites (adapted from the Ouse and 

Adur River Trust) 

The river water sample sites were located along the tributaries of the River Ouse. The 

river is 67 km in length, draining 396km
2
 to its tidal limit (Ebdon et al., 2007). The 

catchment is largely rural, with only 7% of the land classed as ‘urban’ (Nnane et al., 

2011). The main land-use by area is agriculture, including a range of diffuse faecal 

sources supplemented by over twenty municipal wastewater treatment works (WWTW), 

discharging partially treated wastewaters into the river system (Nnane et al., 2011; 

Ebdon et al., 2007). A significant proportion of homes in the catchment are unsewered, 

relying on localised septic tanks, some of which may be assumed to be inadequately 

maintained (Nnane et al., 2011). 

1.  Sloop Scaynes Hill 

2.  Pellingbridge Farm  

3.  Sheffield Park 
4. Goldbridge 

5.  Shortbridge  

6.  Barcombe Mills 
7.  Wales Farm 

8.  Spatham Lane 

9.  Streat Lane 

10.  Lewes Harveys  
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The isolation and enumeration of Enterococcus from frozen water samples was carried 

out as described in Section 3.4. The information on levels of phages infecting 

Bacteroides GB-124 in the river catchment study was made available by kind 

permission of the authors of the previous study (namely, Nnane, D., Purnell, S., Ebdon, 

J. and Taylor, H.).  

Table 6.1 Levels of enterococci (CFU/100ml) pre and post freezing and their die-off 

rates. Phages infecting Bacteroides strain GB-124 (PFU/100ml) levels at each site 

(n=18) according to the year of sampling.  

No

. 

Date Site Enterococci 

CFU/100ml 

Before 

Enterococci 

CFU/100ml 

After 

Die-off 

rates(%) 

GB-124 

PFU/100ml 

1 16.09.2009 Streat Lane 1.7×10
3
 1.3×10

3
 7% 8.0×10

2
 

2 20.01.2010 Lewes Harveys 4.5×10
3
 4.3×10

3
 6.5% 8.8×10

4
 

3 15.09.2010 Sheffield Park 1.1×10
3
 9.0×10

2
 3% 1.5×10

3
 

4 03.02.2011 Shortbridge 1.9×10
2
 1.0×10

2
 9% 1.5×10

3
 

5 02.09.2011 Goldbridge 3.6 ×10
2
 3.2×10

2
 5.9% 2.0×10

2
 

6 

03.02.2012 

Barcombe 

Mills 

3.2×10
2
 

3.0×10
2
 

6.3% 

4.0×10
2
 

7 

28.10.2009 

Pellingbridge 

Farm 

9.4×10
3
 

9.0×10
3
 

5.3% 

4.2×10
3
 

 20.01.2010  3.1×10
4
 2.9×10

4
 6.5% 1.0×10

4
 

 21.04.2010  2.4×10
4
 2.1×10

4
 8.6% 4.0×10

4
 

 02.09.2010  3.7×10
3
 3.4×10

3
 8% 1.0×10

2
 

  Mean 1.7×10
4
 1.5×10

4
 11.7% 1.3×10

4
 

8 

14.10.2009 

Sloop Scaynes 

Hill 

1.0×10
3
 

9.0×10
2
 

7.2% 

5.0×10
2
 

 03.02.2010  3.2×10
2
 3.0×10

2
 6.3% 1.3×10

3
 

 15.09.2010  1.2×10
3
 1.1×10

3
 15% 7.0×10

2
 

  Mean 8.4×10
2
 7.6×10

2
 10% 8.3×10

2
 

9 02.09.2009 Spatham Lane 6.6×10
4
 6.0×10

4
 9% 2.1×10

3
 

 20.01.2010  2.9×10
4
 2.7×10

4
 6.8% 2.6×10

4
 

 04.05.2011  2.5×10
3
 2.2×10

3
 12% 5.0×10

2
 

  Mean 3.2×10
4
 2.9×10

4
 9% 9.5×10

3
 

10 18.08.2010 Wales Farm 2.9×10
5
 2.7×10

5
 6.8% 1.9×10

3
 

 15.09.2011  5.9×10
4
 5.4×10

4
 8% 2.8×10

3
 

  Mean 1.7×10
5
 1.6×10

5
 5.9% 2.3×10

3
 

CFU= Colony Forming Units; PFU= Plaque Forming Units 

In this study, only the data on levels of intestinal enterococci after freezing were used 

for the MST assessment. The die-off rates ranged from 15% (at Sloop Scaynes Hill) to 

3% (at Sheffield Park) (Table 6.1). Although the sites used in this catchment study were 

not designated bathing waters, the majority of the samples exceeded the 2006 EU 

Bathing Water Directive guideline value for intestinal enterococci in inland waters (400 

CFU/100ml). The levels of enterococci and Bacteroides GB-124 phage counts in river 
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water samples varied significantly, not only between the different sampling sites but 

also between sampling occasions. The enterococci and Bacteroides levels recorded at 

the different sites appeared to depend on the antecedent meteorological conditions (high 

and low rainfall). The enterococcal concentration for river water samples ranged from 

1.0×10
2
 to 3.2×10

5
 per 100 ml at Shortbridge and Wales Farm site, respectively. The 

Bacteroides GB-124 phage concentration in river water samples ranged from 2.0×10
2 
to 

5.5×10
4 

per 100 ml at Goldbridge and Pellingbridge Farm site, respectively (Table 6.1 

and Figure 6.2). 

Figure 6.2 Levels of Enterococcus and phages infecting Bacteroides (GB-124) in river 

water samples 

The highest enterococcal levels were observed at the Wales Farm site on 18/08/2010 

(2.7×10
5 
CFU/100 ml) and at the Spatham Lane site on 02/09/09 (6.0×10

4 
CFU/100 ml). 

Land-use around Wales Farm is dominated by livestock rearing (mainly dairy cattle, 

sheep and pigs) and the stream receives both non-human inputs and human inputs. The 

Spatham Lane site is located on the Bevern stream and receives inputs of partially-

treated wastewater from a small wastewater treatment plant (WWTP), situated 0.5 km 

upstream of the site (Pop. Eq. 1621).  

In contrast, relatively high Bacteroides GB-124 phage counts were recorded at the 

Lewes (Harvey’s Brewery) site on 20/01/10 (8.8×10
4 
PFU/100 ml) and at Pellingbridge 

Farm site on 21/04/10 (4.0×10
4
 PFU/100 ml). The Lewes site, located in the town 

centre, within the tidal stretch of the river, was the furthest downstream point in this 

study. The site receives partially-treated municipal wastewaters from a number of point 
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discharges upstream of the sampling point. The Pellingbridge Farm site is located on the 

Pellingford Brook stream downstream of this sheep farm. The site is largely rural with 

substantial woodland, and some scattered residential houses that rely on localised septic 

tanks. The Pearson’s correlation statistical analysis was undertaken on the levels of 

Enterococcus and Bacteroides GB-124 phage across the ten river monitoring sites 

(eighteen river water samples). The test revealed a significant positive correlation 

between enterococci and Bacteroides GB-124 phage counts (Pearson’s, r = 0.483, p > 

0.05).  

6.3. Assessment of Bacteroides GB-124 and E. faecium esp gene as MST tools 

The enumerated Enterococcus from frozen water samples collected from the previously 

mentioned sample sites in the River Ouse catchment, East Sussex (UK), were also 

tested for the presence of the esp gene in accordance with the simplified pre-enrichment 

method, previously described by Scott et al. (2005) and mentioned in Section 3.6.  

Table 6.2 Levels of GB-124 phage (PFU/100ml) and presence/absence of the esp gene 

marker in River Ouse sampling sites 
No. Date Site GB-124 PFU/100ml esp (presence/ 

absence) 

1 16.09.2009 Streat Lane 8.0×10
2
 - 

2 20.01.2010 Lewes Harveys 8.8×10
4
 + 

3 15.09.2010 Sheffield Park 1.5×10
3
 - 

4 03.02.2011 Shortbridge 1.5×10
3
 - 

5 02.09.2011 Goldbridge 2.0×10
2
 - 

6 03.02.2012 Barcombe Mills 4.0×10
2
 - 

7 28.10.2009 Pellingbridge Farm 4.2×10
3
 - 

 20.01.2010  1.0×10
4
 + 

 21.04.2010  4.0×10
4
 - 

 02.09.2010  1.0×10
2
 - 

8 14.10.2009 Sloop Scaynes Hill 5.0×10
2
 - 

 03.02.2010  1.3×10
3
 - 

 15.09.2010  7.0×10
2
 - 

9 02.09.2009 Spatham Lane 2.1×10
3
 - 

 20.01.2010  2.6×10
4
 - 

 04.05.2011  5.0×10
2
 - 

10 18.08.2010 Wales Farm 1.9×10
3
 - 

 15.09.2011  2.8×10
3
 - 

CFU= Colony Forming Units; PFU= Plaque Forming Units 

The esp gene was detected in only two of eighteen (11%) river samples tested at 

Pellingbridge Farm and Lewes Harveys sites on 20/01/10 in samples that contained 
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8.8×10
4 
and 1.0×10

4
 PFU GB-124 phage per 100 ml, respectively (Table 6.2 and Figure 

6.3). Both samples were taken at a time of relatively high rainfall (>12mm during the 24 

hours) and river flow. The presence of the esp gene signal at the Lewes Harveys and 

Pellingbridge Farm sites may have resulted from inputs of treated municipal 

wastewater, surface run-off, combined sewer overflows or from leaking septic tanks. 

 

 

Figure 6.3 Agarose gel electrophoresis image of esp positive samples from the R.Ouse 

catchment (Lanes1-14, 15, 17 –  River samples negative for esp gene; Lane 16 and 18 

esp positive samples (Pellingbridge Farm and Lewes Harveys sites, respectively); PC  –  

positive control; NC – negative control) 

Interestingly, the two sites that were positive for the esp gene also demonstrated some 

of the highest levels of Enterococcus and Bacteroides GB-124 phage, as shown in Table 

6.2 and Figure 6.3. The statistical analysis revealed significant positive correlation 

between Bacteroides GB-124 phage and esp gene marker (Pearson’s, r = 0.550, p > 

0.05) 

The results from this catchment pilot study suggest that the esp gene detection may fail 

to detect the presence of human faecal contamination unless the contamination level is 

very high. Furthermore, the use of the non-molecular culture-based (GB124) method 

may provide a useful indication of the likely infectious state of viral pathogens, whilst 

 1000 

  500 

 1000 

   500 
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the detection of molecular markers may over-estimate the potential risk to human 

health. 

 

6.4. Performance of esp gene and Phages infecting Bacteroides (GB-124) as MST 

tools 

Based on a basic analysis of the above results (Section 6.3), a tentative critical 

evaluation of the practical application of the esp gene and phages infecting Bacteroides 

(GB-124) to river catchment studies was attempted. In Chapter 7 (Section 7), this 

analysis is used to inform a discussion of future avenues of research to develop markers 

that more closely meet the criteria of an ‘ideal MST marker’. 

Although the results presented in this chapter may serve to reinforce the limitations of 

using the esp gene of E. faecium as an effective and practical MST in river catchment 

studies, the exercise does provide useful information to inform the development and 

future practical application of MST. These issues are dealt with in greater detail in 

Chapter 7 (Discussion). 
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Chapter Seven: Discussion and Conclusions 

7.1. Discussion  

The research presented within this thesis was undertaken to further our understanding of 

aspects of the ecology of the enterococcal surface protein (esp) gene in human and non-

human faeces, in order to evaluate its potential as a microbial source tracking (MST) 

tool. This is the first known study to compare the detection of the esp gene in E. faecium 

using two different methods (direct-culture versus pre-enrichment method) and the work 

was further supported by the novel approach of in silico analysis and the application of 

the method as part of a ‘toolbox’ approach to MST . In this final chapter the degree to 

which the results reported in the three previous chapters indicate the ability of the esp 

gene to distinguish effectively between human and non-human sources in MST studies 

is critically evaluated. Finally, the question as to whether the esp gene method may be 

used as an effective and practical MST in river catchment studies is discussed. 

 

7.2. Protocol evaluation 

The results of the investigation into the use of a filter membrane, supporting pre-

enumerated colonies of Enterococcus spp. stored at -80
o
C for the detection of esp gene, 

indicated that the viability of the enterococcal colonies was maintained for at least four 

weeks, during which time they produced the desired PCR products. Thirty minutes at 

room temperature was found to be the optimal period for resuscitation of Enterococcus 

spp. present on the frozen membranes. These preliminary findings suggest that samples 

analysed as part of routine water quality monitoring may be stored at -80°C prior to 

susequent esp gene detection. However, further investigations are necessary in order to 

determine maximum storage duration. 
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7.3. Method evaluation for E. faecium identification 

Several studies have evaluated the analysis of phenotypic characteristics as a way to 

identify Enterococcus species and to distinguish between those of human and non-

human faecal origin (Facklam et al., 2002; Manero and Blanch, 1999). However, the 

described methods are based on a very large number of tests and are consequently 

relatively cumbersome to use for routine purposes. Bearing this in mind, a robust, 

simplified, low-cost phenotypic method for the identification of E. faecium species was 

developed that does not involve expensive PCR-based methods. More importantly, the 

developed method used 96-well plates to facilitate the rapid processing and analysis of 

Enterococcus isolates within a relatively short time. The method for E. faecium species 

identification is based on only three biochemical tests, namely those for identifying the 

fermentation of arabinose, pyruvate and xylose, and as such represents a relatively rapid 

identification protocol for the species E. faecium. The species is characterised by its 

ability to form acid in a medium containing arabinose as the sole source of carbon. The 

pyruvate medium differentiates E. faecium (‘pyruvate negative’) from E. faecalis, E. 

dispar and E. cecorum (‘pyruvate positive’). The phenotypic characteristics of E. 

faecium are similar to those of E. gallinarum. However, the presence of a pre-formed 

enzyme capable of rapidly fermenting xylose differentiates E. faecium from E. 

gallinarum and other non-pigmented enterococci that are arabinose positive (Chen et 

al., 2000). 

The results obtained using the three biochemical tests (namely, arabinose, pyruvate and 

xylose) revealed that the municipal wastewater and animal faecal samples investigated 

contained diverse enterococcal populations. Pyruvate-positive isolates (36%) 

(presumptive E. faecalis or E. dispar) were predominantly present in both municipal 

wastewater and animal samples, followed by arabinose-positive isolates (16%) 

(presumptive E. faecium), arabinose-pyruvate-positive isolates (8%) (E. raffinosus or E. 

avium) and yellow-pigmented enterococci isolates (4%). The yellow-pigmented 

enterococci were isolated more frequently from animal faecal samples in contrast to 

municipal wastewater samples and this observation is consistent with other reports of its 

widespread distribution in non-human sources (Bahirathan et al., 1998). 

Several studies have reported that E. faecalis and E. faecium are generally the most 

common enterococcal species to be found in the human and non-human animal 
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intestinal flora (Blanch et al., 2003; Devriese et al., 1992, 1987) and are thus also the 

most common species to be found in municipal wastewaters (Blanch et al., 2003; 

Manero et al., 2002). The results of this study are in agreement with these previous 

findings, as E. faecalis and E. faecium were also found to be the most common species 

present in the municipal wastewater and animal faecal samples investigated. In an 

earlier study, Blanch et al. (2003) found that E. faecium was more abundant than E. 

faecalis in municipal wastewaters from the UK. However, in this study E. faecalis was 

found to be more abundant in municipal wastewaters than E. faecium. The discordant 

proportions of E. faecalis and E. faecium could be related to the difference in the 

isolation technique. The isolation techique used in this study (based on only three 

biochemical tests), was designed to identify E. faecium rather than E. faecalis. The E. 

faecalis that were isolated from municipal wastewater were considered to be 

‘presumptive’ and further confirmatory tests are therefore necessary. As such the results 

should be interpreted with caution. 

From faecal and wastewater samples, 336 isolates were presumptively identified by 

biochemical tests as being E. faecium. The biochemically identified E. faecium isolates 

were further confirmed by PCR of the ddl ligase genes of E. faecium (Dutkamalen et 

al.,1995a,b). The validation results (outlined in Chapter Four) revealed that the 

biochemical tests were capable of correctly identifying 90% of the E. faecium isolates 

tested, with 10% of the isolates mis-identified as E. faecium. However, 

misidentifications of E. faecium by conventional biochemical tests have been reported 

by many authors (Hamilton-Miller and Shah, 1999; Cheng et al., 1997; Sader et al., 

1995).  

Importantly, this is the first known study to demonstrate the validity of using rapid 

arabinose, pyruvate and xylose biochemical tests to identify E. faecium. The proposed 

biochemical tests may be applied with confidence, as they are relatively reliable, 

inexpensive, rapid, simple and easy to perform. Also they do not require specialist 

expertise or facilities (in contrast to PCR-based methods) and can therefore be 

undertaken in laboratories equipped with only basic microbiological apparatus. These 

finding suggests that the biochemical approach may be particularly applicable for the 

identification of Enterococcus species from clinical and environmental settings in 

countries with limited financial resources.  
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7.4. ‘Direct-culture mthod’ versus ‘Pre-enrichment method’ 

As mentioned previously, the use of the esp gene as a MST method has received mixed 

reviews in previous studies. Therefore, as an initial step in this study, the prevalence of 

the esp gene in southeast England was investigated. The E. faecium esp gene was 

screened in both human and non-human sources using both methods. The ‘direct-culture 

method', developed as part of this research study, differs from those used in previous 

studies. However, the ‘direct-culture method’ does indicate the prevalence of the esp 

gene among human and non-human sources studied. For instance, the results presented 

in Chapter Five (Section 5.2) demonstrated that only 4% of the E. faecium isolates from 

human (municipal wastewater) and non-human (dog) sources were positive for the esp 

gene. This indicates clearly that not all E. faecium isolates carry the esp gene.  

In human samples, the esp gene was detected in just 9% of E. faecium isolates from 

municipal wastewater samples (both raw and treated). Although relatively high numbers 

of E. faecium were isolated in wastewater samples, the majority of these were negative 

for the esp gene. This observation is likely to account for why the esp gene was 

undetected in some wastewater and septic tank samples in some parts of the USA 

(Whitman et al., 2007; Scott et al., 2005). In addition, it has been reported in another 

US study that in municipal wastewater only five of 102 E. faecium isolates possessed 

the esp gene (Masago et al., 2011). Moreover, several clinical studies have also reported 

significant variation in prevalence, ranging from 0% to 78% (Lund et al., 2006; Dupre 

et al., 2003; Hammerum and Jensen 2002; Eaton and Gasson 2001; Woodford et al., 

2001). These observations are in accordance with the results of the direct-culture 

method and highlight the inconsistency in esp gene detection in wastewaters. 

Interestingly, the esp gene was detected in 5% of E. faecium isolates from individual 

dog faecal samples. Similar findings have been reported elsewhere for dog faeces, with 

the esp gene being detected in 5% of E. faecium isolates in one study conducted in 

Japan (Harada et al. 2005).  

The second method used to detect the esp gene has previously been described by Scott 

et al. (2005), and is referred to as the ‘pre-enrichment method’ in this study. The results 

of the ‘pre-enrichment method’ revealed that, in comparison with the ‘direct-culture 

method’, the esp gene was consistently detected in all the raw municipal wastewater 

samples. This result is in good agreement with other studies conducted in the USA 
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(Scott et al., 2005) and Australia (Ahmed et al., 2008), where the esp gene was detected 

in 100% of raw municipal wastewater samples using the pre-enrichment method. In 

contrast to raw municipal wastewater samples, the esp gene was detected in only 76% 

(13/17) of treated wastewater samples tested. The esp gene was not detected in the 

remaining treated wastewater samples because the level of culturable enterococcal 

colonies was relatively low (i.e., 2-25 CFU/100 ml). It  has been suggested (Masago et 

al., 2011; Scott et al., 2005) that the esp gene is consistently detected when levels of 

human-derived enterococci in a water or diluted faecal sample exceed 100 colony-

forming units (CFU/100ml). Scott et al. (2009) reported the esp gene to be detected in 

only 1% of the culturable enterococci that grew on mE agar from raw muncipal 

wastewater samples, which clearly limits the possibility of detecting esp gene in treated 

wastewaters. Furthermore, in the current study, the esp gene was not detected in 

individual healthy and diseased human stool samples, which implies that the gene is not 

carried, and therefore not shed in the faeces of all human individuals. In fact, it has been 

reported that only 0 - 6.7 % of E. faecium isolates from the faeces of healthy adults 

possess the esp gene (Lund et al., 2006; Leavis et al., 2003; Eaton and Gasson 2002; 

Willems et al., 2001). The higher detection rate of the esp gene in raw municipal 

wastewater compared with that of human faeces is understandable, given that such 

wastewaters often contain inputs from large populations of humans.  

In non-human samples, the esp gene was detected in 10% of individual dog faeces and 

14% of pooled pig faeces. In cases in which it was detected, the prevalence of the esp 

gene among enterococcal isolates was usually low, which probably relates to the low 

prevalence of the esp gene. Similar finding have been reported by Whitman et al. 

(2007), the esp gene being detected in 21% (Whitman et al., 2007) of dog faeces . In 

addition, the detection of esp gene in pig faeces has also been reported by Ballesté et al. 

(2010), who found the esp gene to be present in 60% of porcine faecal samples from 

Spain. 

The presence of the esp gene in non-human sources may be due to the sampling regime, 

as all the animals sampled were in relatively close contact with humans (e.g., domestic 

dogs and dogs in rescue care centres). In addition, the occurrence of the esp gene in 

non-human samples suggests non-specificity of the method, potentially caused by the 

horizontal gene transfer in faecal bacteria from one host to another. Oancea et al. (2004) 
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reported that the esp gene can be easily transferable by conjugation among enterococcal 

isolates. Also, it may reflect the similarity of the gastrointestinal micro-flora shared 

between pigs and human. Nevertheless, the esp gene investigation reported here has 

revealed important information regarding the detection rates of the gene present in E. 

faecium species among the human and non-human sources studied. Importantly, this 

study supports the findings of others and provides further evidence that the esp gene 

method cannot adequately and consistently discriminate between human and non-

human sources of faecal pollution in southeast England.  

  

7.5. Performance of esp gene 

In MST applications, the MST marker should display high specificity and sensitivity in 

its identification of faecal pollution sources (Ahmed et al., 2008). Specificity (the 

probability that a sample that is not from a source is correctly identified as not 

originating from that source) and sensitivity (the probability that a sample from a source 

will be correctly identified as originating from that source) were therefore the two 

parameters used in this study to assess the potential suitability of the esp gene for MST 

applications. 

Using the direct-culture method, the specificity of the esp gene was found to be 98% 

and the sensitivity was found to be 12%. This relatively low sensitivity may be 

attributable to the nature of the analytical method employed.  Additionally, it may also 

be related to differences between the geography and populations studied in south-east 

England, and those of previous studies reported elsewhere. Similar findings have been 

reported in a Korean study, in which the esp gene was detected in E. faecium isolates 

and the sensitivity was found to be less than 10% (Kim et al., 2010). In addition, studies 

featuring higher numbers of isolates tend to report lower levels of specificity for the esp 

gene (Kim et al., 2010). 

Conversely, when using the pre-enrichment method, the specificity of the esp gene was 

found to be 95% and sensitivity to be 58%, which is relatively low compared with the 

studies conducted in the USA (specificity 100% and sensitivity 97%; Scott et al., 2005), 

Australia (specificity 100% and sensitivity 67%; Ahmed et al., 2008) and Spain 
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(specificity 68% and sensitivity 77%; Balleste et al., 2010). The relatively low detection 

sensitivity for the esp gene in the study described here may be due to the absence of the 

esp gene in the faeces of the human individuals investigated. These results indicate that 

the esp gene is not ubiquitous in enterococci from human hosts found in this study area. 

The cross-reactivity of esp gene within dogs and pigs also suggests that the esp gene 

may be limited in its ability to discriminate human from non-human contamination in 

areas where dogs and pigs are also abundant. 

 

7.6. Protocols for culturing enterococci 

During the direct-culture studies, the individual enterococcal isolates obtained from the 

membrane were further assayed to identify those that were E. faecium. This procedure 

renders the method more sensitive for determining the relative quantities of the E. 

faecium esp gene in human and non-human sources. In addition, the identification to 

species level makes it easier to interpret and compare data collected from the various 

sources. However, the efficacy of esp gene detection depends on the number of E. 

faecium isolates examined. In addition, the direct-culture method is less rapid, as the 

colonies on the membrane have to be identified as E. faecium prior to esp gene 

detection. 

In comparison, the pre-enrichment method is based on the enrichment of membrane-

filtered enterococci grown on mEnterococcus agar and the esp gene subsequently 

detected by PCR (Scott et al., 2005). The advantage of using this method is that it 

examines the entire population of enterococci for the host-specific esp gene and 

circumvents the need to isolate and characterise individual colonies of Enterococcus. 

However, this method lacks sensitivity and the enterococcal colonies on the membrane 

cannot be identified to species level.  However, higher sensitivity with respect to 

municipal wastewater was observed using this method approach. In addition, the 

method does not indicate the relative proportions of the esp gene in the various samples 

and the data produced using this method are qualitative rather than quantitative. 

Moreover, the following limitations have been recognised when recovering enterococci 

by membrane filtration for the esp gene detection method (Betancourt and Fujioka, 

2009). 
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 All Enterococcus species, including environmental species, as well as 

some false positive or non-enterococci colonies are detected by the MF 

method.  

 Colonies recovered from membranes represent the enterococcal strains 

present at the highest concentrations, rather than representing the full 

range of enterococcal species present in the original sample. 

 The distribution of Enterococcus species in different samples may be 

expected to differ, especially among uncharacterised environmental 

sources. 

 The distribution of species and strains of enterococci in water samples 

vary in response to exposure to different conditions, such as wastewater 

treatment processes, predation, UV radiation, temperature, salinity, pH, 

and organic matter. 

However, importantly the advantage of the esp gene method is its potential 

incorporation into routine monitoring, because it uses the colonies of enterococci 

incubated on M-enterococcus agar already monitored as part of legislative requirements 

(eg., EU Bathing Water Directive) already. Therefore in parts of the world where the 

esp gene method works more effectively then this approach might represent a relatively 

‘easy add-on’ MST protocol if enterococcal CFU levels are found to be high during 

routine monitoring (Masago et al., 2011).  

  

7.7. Prevalence and distribution of the esp gene within gut microbial 

metagenomes 

This is the first known study of its kind in the area of MST in which comparative 

metagenomic tools have been used as a powerful culture-independent approach to 

assess the distribution and prevalence of the esp gene in human and non-human gut 

sources. These bioinformatics-based analyses of existing microbial metagenomic 

datasets complement the PCR-based analysis reported elsewhere in this thesis (Section 

7.4) and allow a much larger pool of individuals from a wider geographical range to be 

assessed for esp gene prevalence and distribution.  
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An initial search into the general distribution of esp amino acid sequences within all 

metagenomic datasets available within the NCBI database was carried out using tblastn  

(see Glossary). Tblastn analysis revealed that sequences homologous to esp amino acid 

sequences were restricted to microbial metagenomes of human and murine gut-origin. 

This result is in agreement with laboratory results from this and previous studies (Kris 

et al., 2011; Balleste et al., 2010; Whitman et al., 2007; Harada et al., 2005). However, 

the lack of ‘hits’ to microbial metagenomes of non-human gut origin may reflect the 

coverage of environments represented in sequence repositories at the time of study. For 

example, no dataset of porcine origin was available at the time of this study. 

Carriage of esp genes in the faeces of healthy human adults is reported to be between 0 

and 6.7% (Willems et al., 2001; Eaton and Gasson 2002; Leavis et al., 2003; Lund et 

al., 2006). In the comparative metagenomic study reported here, homologous sequences 

to esp were present in only 13% (18/139) of human gut microbiomes of widely 

dispersed and geographically isolated human individuals (European, Japanese and 

American). The observed incidence of esp in human gut metagenomes further 

corroborates the results of the laboratory analyses conducted in this study, which shows 

a highly variable detection rate of esp within human E. faecium isolates from 

wastewaters. 

The esp-positive individuals identified here by bioinformatics-based analyses had a 

greater average relative abundance of sequences homologous to esp originating from the 

human gut in comparison to those from other origins (dog, horse, seal, human and 

Enterococcus spp.). In addition, the relative abundance of esp sequences was 

significantly increased within human gut metagenomes, compared with non-human gut 

environments (canine and murine). Significantly increased relative abundance of esp 

derived from all sources was observed in individuals of Japanese origin, compared with 

European and American individuals, indicating a potential geographic variation in the 

distribution of esp. However, only two American and 13 Japanese individual gut 

microbial metagenomic datasets were surveyed, in comparison with 124 metagenomes 

of European origin.  

The detection of sequences with homology to esp in murine and canine metagenome 

supports previous findings that esp is not confined to human hosts (Kris et al., 2011; 

Ballesté et al., 2010; Whitman et al., 2007; Harada et al., 2005). However, distinct 
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differences between the relative abundance of sequences homologous to esp in non-

human (murine, canine) and human microbiomes (Figure 5.6) was demonstrated, 

reflecting the differing detection of esp in each host species, and this observation may 

also reflect differences in excretion rates of esp amongst human and non-human 

(canine, murine) populations. 

 

7.8. esp sequence homology between enterococci sources 

Phylogenetic analysis revealed that the sequenced esp PCR products generated in this 

study aligned with the previously published Enterococcus enrichment culture clone 

sequences (Figure 5.8). Importantly, lack of divergence in the sequenced esp gene 

derived from human and non-human sources was also demonstrated. This is perhaps not 

surprising because the primers generated by Scott et al. (2005) seem to have targeted a 

highly conserved region of the esp gene across environments; and these primers do not 

provide discrimination between esp originating between human gut and non-human gut 

sources. Therefore, increased numbers of full-length esp sequences from a range of 

sources may aid more human-specific esp primer design in future studies. 

 

7.9. A comparative catchment-based evaluation of the method 

In Chapter 6, a pilot catchment study is described that sought to critically compare the 

application of the esp gene molecular method with that of an existing culture-dependant 

phage-based assay, within a practical MST investigation.  

The analysis of river water samples  indicated that the degree of variation in the levels 

of Enterococcus and bacteriophage concentration may be influenced by complex 

dynamic factors in the natural water environment, in which numerous sources of faecal 

pollution may be present in varying proportions at any given time. In addition, Brownell 

et al. (2007) suggested that, during high-flow conditions, fresh inputs of indicator 

bacteria could be added from many sources. However, a significant positive correlation 

was demonstrated between levels of enterococci and the human-specific Bacteroides 
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GB-124 phages. Similar findings have been reported between enterococci and human-

specific Bacteroides (HF-183 and HF-134) (Ahmed et al., 2008).  

The detection of the esp gene at only two sites (both during high-flow conditions) may 

provide a general indication of likely human faecal inputs at these sampling sites at 

these times. However, the esp gene remained undetected in all samples from other sites 

(Wales Farm, Spatham Lane and Scaynes Hill), despite the fact that some of those sites 

demonstrated high levels of GB-124 phage and were situated in close proxmity to 

specific known ‘human’ and ‘non-human’ sources. This observation may demonstrate 

that the two methods (esp gene- and phage-based method) have different limits of 

detection and that the esp gene may be less abundant in humans than phages capable of 

infecting Bacteroides strain GB-124. In addition, the absence of the esp gene should be 

interpreted in light of knowledge that many factors influence the inactivation rates of 

microorganisms in aquatic environment, such as radiation, temperature variations, 

salinity and predations (Brownell et al., 2007).  

Given the above point, additional markers, with high human sensitivity and specificity 

and low detection thresholds, may be valuable in confirming the presence of sources 

that lead to elevated levels of Enterococcus and Bacteroides GB-124. The absence of 

detectable esp gene at the Wales Farm site, which receives predominantly non-human 

inputs, to some extent supports the human specificity of the marker. However, in this 

study it might be concluded that the esp gene method did not add any additional 

information of benefit to environmental managers. In addition, it should be noted that 

the use of frozen river water samples to analyse for the esp gene may have reduced 

sensitivity. 

 

Table 7.1 A comparative analysis of the performance characteristics of the esp gene and 

phages of  Bacteroides (GB-124) 

Characteristics esp gene Bacteroides (GB-124) 

Cost Relatively expensive Relatively low-cost 

Time required  < 1 day Requires  ≥ 2 days 

Culture dependent/ 

independent 

Sample enrichment Culture-dependent 

Specificity Cross-reactivity with non-

human sources 

Human-specific 

Sensitivity Low sensitivity Sensitive 
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Characteristics esp gene Bacteroides (GB-124) 

Quantitative assessment Indicates presence /absence 

of contamination sources 

The relative contribution of 

human contamination can 

be assessed 

Relevance to regulatory 

tool 

Correlated to FIB, such as 

enterococci, but not to 

viruses (Wong et al., 2009) 

Correlated to FIB, F-RNA 

phages and viruses (Ebdon 

et al., 2012) 

Table 7.1 suggests that phages infecting Bacteroides (GB-124) may be able to provide 

the information necessary to detect human faecal pollution in in river catchment 

assessments, which may have greater value in terms of risk characterisation, in 

comparison with the use of the esp gene method. 

It has been suggested by several investigators that MST studies may be usefully broken 

down using a ‘toolbox’ or ‘tiered’ approach to increase the confidence in source 

identification (Field and Samadapour, 2007; Santo Domingo et al., 2007). The first tier 

might involve basic sanitary surveys to evaluate and document target sources, both 

spatially and temporally. Once the pollution “hot spots” are identified, MST can be 

carried out initially with low-cost methods such as phages infecting Bacteroides (GB-

124), directed at identifying suspected sources (tier 2), followed by more 

comprehensive technically-demanding MST methods such as PCR to identify specific 

sources (tier 3) (Santo Domingo et al., 2007). 

Although the detailed critical analysis of the sensitivity and specificity of the esp gene 

of Enterococcus faecium presented in this thesis suggests that the method does not 

satisfy the demands of a practical third tier to MST studies, the tiered approach 

suggested by Santo Domingo et al., (2007) in theory has its merits. The science of MST 

may be thought to advance by a process of ‘falsification’ of candidate methods and 

therefore the limitations of the method revealed by the research described here provide 

very useful new knowledge to other workers similarly faced with the challenge of 

developing practical ‘third tier’ MST markers to protect human health. 
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7.10. Conclusions  

The principal findings of this research project may be summarised as follows: 

1. The fermentation of pyruvate, xylose and arabinose was used successfully as a 

rapid, low-cost biochemical screening method for the detection of E. faecium from 

human and non-human sources. 

2. Using the direct-culture method, the sensitivity of the esp gene (as defined in 

Chapter Three, section 3.15) in raw municipal and treated wastewater was shown to be 

11 and 12% respectively, and  the specificity (as defined in Chapter Three, section 3.15) 

was shown to be 98%, in samples collected from southeast England. 

3. Using the pre-enrichment method, the sensitivity of the esp gene in raw municipal 

wastewater and treated wastewater (as defined in Chapter Three, section 3.15) were 

100% and 76% respectively. However, the overall combined sensitivity in individual 

human and wastewater was found to be 58% and the specificity (as defined in Chapter 

Three, section 3.15) was found to be 95%. 

4. Detection of the esp gene using direct-culture and pre-enrichment methods 

demonstrated that the E. faecium esp gene is not exclusively human-specific, being 

found to be associated with non-human sources (canine and porcine), in agreement with 

other recent studies. 

5. In silico analysis demonstrated that the relative abundance of the esp gene amino 

acid sequence may be considered to be low in human gut metagenomes, and sequences 

homologous to esp amino acid are common in canine and murine gut metagenomes. 

 

6. Significantly increased relative abundance of the esp gene was observed in 

individuals of Japanese origin, compared with European and American individuals, 

indicating a potential geographic variation in the distribution of the esp gene. 

 

7. Sequencing and phylogenetic analysis of the E. faecium esp gene from human and 

non-human sources demonstrated that esp gene sequences are not divergent between 

human and non-human hosts. 



146 

 

 

8. The results from the pilot catchment study suggest that the esp gene detection may 

fail to detect the presence of human faecal contamination unless the contamination level 

is very high.  

 

7.11. Recommendations for future research 

1. Additional research is needed in order to develop a culture medium that can support 

identification and enumeration of E. faecium colonies directly from the recovery 

membrane.  This would make the esp gene method more reliable and easy to interpret 

and would aid the comparison of results with those from other studies in other 

geographic regions.  

 

2. In this study, the esp gene detection was investigated using conventional PCR, 

which indicates the presence or absence of the esp gene, but does not quantify the 

abundance of the esp gene in a sample. It would be useful to apply quantitative real-time 

PCR (qPCR) to this MST application to assist in quantifying the esp gene in samples. 

 

3. An investigation to determine the prevalence and shedding rates of the esp gene in 

healthy and diseased human individuals would be beneficial to the development of the 

potential diagnostic MST method.  

 

4. Biofilms present in drinking water supply systems may represent a source of 

enterococci in water consumed at the tap and it would be beneficial to explore whether 

the esp gene play a role in biofilm formation and attachment in this environment. 

 

5. The use of comparative functional genomic analysis would aid identification of 

human-specific sequences in the Enterococcus core genome for future MST application. 

 

6. Additional research is needed to explore the esp gene marker distribution in 

Japanese individuals, which would aid in the development of geographically-specific 

MST markers. Since significantly increased relative abundance of the esp gene was 

observed in gut metagenomes of Japanese individuals. 
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7. The design of new primer sets that target full-length human esp sequences would 

help to distinguish between human and non-human hosts. 

 

8. During the past decade, the field of MST has developed rapidly and several new 

MST methods have emerged. Recent studies have reported that the nifH gene of 

Methanobrevibacter smithii may have a role as a human-specific marker of faecal 

pollution (Ahmed et al., 2011; Harwood et al., 2009; Ufnar et al., 2006). Therefore, it 

would be worthwhile to investigate the human-specificity of the nifH gene of M. smithii 

for MST applications in the UK. 

 

 

This study has contributed significantly to knowledge gaps associated with the use of E. 

faecium esp gene as an MST marker, identifying specific limitations associated with its 

practical application to source tracking exercises. The work also makes a contribution to 

a broader understanding of the ecology of E. faecium and the esp gene in a range of 

human, non-human and environmental settings. 
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Glossary 

 

Bioedit v 7.1.3 is a sequence alignment editor and sequence analysis program. It is 

intended to supply a single program that can handle most simple sequence and 

alignment editing and manipulation functions (Hall, 1999).  

 

Biomatters is a company that creates applications for the analysis, interpretation and 

application of molecular sequence data. 

 

Bit score measures the degree of sequence similarity independent of query sequence 

length and database size and are normalized with respect to the raw pair wise alignment 

score. The higher the bit score, the more highly the significant similarity matches. 

       

Blast search, The Basic Local Alignment Search Tool (BLAST) program finds regions 

of local similarity between sequences. The program compares nucleotide or protein 

sequences to sequence databases and calculates the statistical significance of matches 

(Altschul et al., 1990). 

 

Blastn is a BLAST programme that searches for similar sequences within nucleotide  

databases using a nucleotide query (input sequence) (Altschul et al., 1990). 

 

Bootstrap resamplings is one of the most commonly used statistical tests for assessing 

the accuracy of an inferred phylogenetic tree (Efron, 1979).  

 

ClustalW is a computer program for multiple sequence alignment of nucleic acid and 

protein sequences (Thompson et al., 1994).  

 

Consensus maximum likelihood is a statistical method for the inference of phylogeny 

(Tamura et al., 2011).  

 

Environmental Genomic Blast search tool is an online platform for BLASTt-based 

analysis of environmental microbial metagenomes. 

 

e-value The Expect value (E) is a parameter that describes the number of hits one can 

"expect" to see just by chance when searching a database of a particular size. It is a 

statistical calculation based on the quality of alignment (the score) and the size of the 

database. The lower the E value the more significant the score and the alignment. 

 

Geneious v 5.6.5 is a software programme for sequence alignment, editing and 

assembly, and phylogentic analysis (Drummond et al., 2012). 
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Local Blast tool version 2.2.24 is a downloadable version of the online blast tool, 

which can be used to search manually curated sequence databases (Camacho et al., 

2009). 

 

Mega 5, Molecular Evolutionary Genetic Analysis, is a software programme for 

conducting automatic and manual sequence alignment, inferring phylogenetic trees, 

mining web-based databases, estimating rates of molecular evolution, inferring ancestral 

sequences, and testing evolutionary hypotheses (Tamura et al., 2011). 

 

Metagenome, is the mixed genomic contents of an entire microbial community that 

exists within a given environment. 

 

 tblastn searches translated nucleotide database using a protein query (Altschul et al., 

1990). 
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APPENDICES 

 

Appendix 1 Die-off rates of enterococci during pre and post freezing 

 

Table A. 1 Enterococci (CFU/100ml) levels pre and post freezing and the die-off rates 

from the raw and final municipal wastewater samples 

 

No. Name Raw/ 

Final 

Enterococci 

CFU/100ml 

Before 

Enterococci 

CFU/100ml 

After 

Die-off 

rates (%) 

1 Scaynes hill raw 2.6×10
4
 2.5×10

4
 3.8% 

2 Scaynes hill final 1.6×10
2
 1.5×10

2
 6.2% 

3 Shoreham final final 6.0×10
2
 5.6×10

2
 6.6% 

4 Steyning final 1.4×10
2
 1.3×10

2
 7.1% 

5 Goddards Green final 1.2×10
2
 1.1×10

2
 8.3% 

6 Hartfield(HFFE) final 1.3×10
2
 1.2×10

2
 7.6% 

7 Newhaven(NFE) final 1.1×10
2
 1.0×10

2
 9% 

8 Hailsham South final 8.0×10
1
 7.5×10

1
 6.2% 

9 Vinescross(VCFE) final 7.5×10
1
 6.8×10

1
 9.3% 

10 Marsfield final 2.8×10
1
 2.4×10

1
 14% 

11 Barcombe (BBFE) final 6.7×10
1
 6.0×10

1
 10% 

12 Kingston final 3.5×10
1
 3.0×10

1
 14% 

13 Eastbourne(EBFE) final 6.2×10
1
 5.8×10

1
 6.5% 

14 Uckfield final 1.5×10
1
 1.3×10

1
 13% 

15 Rodmell final 1.2×10
2
 1.1×10

2
 8.3% 
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Appendix 2 Polymerase chain reaction (PCR) 

The biochemical species identification of E. faecium isolates and the detection of the 

esp gene was determined using PCR. The polymerase chain reaction was a 

revolutionary breakthrough developed by Kary Mullis in 1983. The technique is very 

sensitive and involves replicating a specific section of DNA and amplifying it 

exponentially, generating thousands to millions of copies.  

In order for a PCR to work it requires template DNA, oligonucleotide primers, a 

thermostable DNA polymerase such as TaqDNA polymerase (Thermus aquaticus), 

deoxynucleotides (dNTPs), a buffer solution and divalent cations or magnesium ions 

(Brown 2010) 

 

Figure 1A The basic steps in the polymerase chain reaction (Brown 2010) 

The method relies on thermal cycling, consisting of three steps which are repeated for a 

determined number of cycles (approximately 20-40 cycles).The three steps are: 
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1. Denaturation- the DNA strand is heated to 94°C, where the hydrogen bonds are 

broken and converts double-stranded DNA to single stranded DNA. 

2. Annealing-The temperature is lowered to 50–65 °C, which results in annealing 

of the primers to their complementary strands of DNA at specific positions. 

3. Extension/elongation step- During this step the temperature is raised to 74°C. 

The DNA polymerase synthesizes a new DNA strand complementary to the 

DNA template strand by adding dNTPs in 5' to 3' direction (Figure 3.6). This 

results in four strands. The cycle of denaturation-annealing-synthesis is repeated, 

at the end of which there are eight DNA strands. By repeating 30 cycles, over 

130 million DNA copies are generated. 
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Appendix 3 Nucleic acid concentration (ng/µl) and purity of the DNA at 

A260/A280nm determined using NanoDrop spectrophotometer. 

No

. 
Sample 

ID 
Nucleic acid 

Conc.ng/µl A260 A280 260/280 260/230 
Sample 

Type Factor 
1 RW1 365.7 7.313 3.448 2.12 1.21 DNA 50 
2 RW2 355.7 7.113 3.621 1.96 1.07 DNA 50 
3 RW3 418.5 8.369 3.927 2.13 1.29 DNA 50 
4 RW4 377.5 7.549 3.933 1.92 0.95 DNA 50 
5 RW5 302.5 6.051 2.864 2.11 1.33 DNA 50 
6 RW6 368.7 7.374 3.8 1.94 0.97 DNA 50 
7 RW7 351.4 7.028 3.534 1.99 0.97 DNA 50 
8 FE1 328.5 6.57 3.302 1.99 0.97 DNA 50 
9 FE2 438.2 8.764 4.495 1.95 1.08 DNA 50 

10 FE3 253.7 5.073 2.977 1.7 0.62 DNA 50 
11 FE4 152 3.04 1.511 2.01 1.11 DNA 50 
12 FE5 328.5 6.569 3.443 1.91 0.82 DNA 50 
13 FE6 668.5 13.371 6.296 2.12 1.22 DNA 50 
14 FE7 284.1 5.683 2.679 2.12 1.26 DNA 50 
15 FE8 404.3 8.086 3.956 2.04 1.07 DNA 50 
16 FE9 200.2 4.004 2.115 1.89 0.86 DNA 50 
17 D1 437.5 8.75 4.286 2.04 1.1 DNA 50 
18 D2 315.2 6.304 3.161 1.99 1 DNA 50 
19 D3 458.5 9.171 4.247 2.16 1.48 DNA 50 
20 D4 463.8 9.276 4.468 2.08 1.08 DNA 50 
21 D5 378.8 7.576 4.228 1.79 0.84 DNA 50 
22 D6 286.3 5.726 2.997 1.91 0.89 DNA 50 
23 P1 322.1 6.442 3.111 2.07 1.29 DNA 50 
24 P2 263.7 5.274 2.495 2.11 1.35 DNA 50 
25 P3 246.8 4.937 2.503 1.97 1.06 DNA 50 
26 P4 303.5 6.07 2.942 2.06 1.28 DNA 50 
27 P5 175.6 3.511 1.779 1.97 1.14 DNA 50 
28 P6 222 4.44 2.255 1.97 1.05 DNA 50 
29 C1 288.5 5.769 2.904 1.99 1 DNA 50 
30 C2 187.2 3.745 1.744 2.15 1.38 DNA 50 
31 C3 448 8.96 4.881 1.84 0.85 DNA 50 
32 C4 349.6 6.993 3.67 1.91 0.95 DNA 50 
33 C5 158.1 3.162 1.57 2.01 1.24 DNA 50 
34 C6 150.5 3.01 1.633 1.84 0.96 DNA 50 
35 G1 81.8 1.635 0.91 1.8 0.82 DNA 50 
36 G2 161 3.219 1.947 1.65 0.67 DNA 50 
37 G3 125.4 2.508 1.59 1.58 0.48 DNA 50 
38 G4 149.5 2.989 1.565 1.91 1.02 DNA 50 
39 G5 188.3 3.765 2.349 1.6 0.61 DNA 50 
40 G6 346.9 6.937 3.657 1.9 0.97 DNA 50 

RW- raw watewater; FE- final effluent; D- dog; P- pig; C- cattle; G- gull 
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Appendix 4 esp sequences used for the in silico study 

Table A. 4 List of the esp amino acid sequence accession numbers, origin and 

reference used for the relative abundance analysis 

No. Accession no. Origin/ Source Reference 

1 AEG79633.1 Enterococcus faecium N/A 

2 ACF32491.1 Dog Layton et al., (2009) 

3 ACF32550.1 Dog Layton et al., (2009) 

4 ACB10182.1 Dog Layton et al., (2009) 

5 ACA23498.1 E. canis De Graef et al., (2003) 

6 ACF32507.1 Horse Layton et al., (2009) 

7 ACF32506.1 Seal Layton et al., (2009) 

8 ACF32525.1 Gull Layton et al., (2009) 

9 ACA23500.1 E. avium De Graef et al., (2007) 

10 ACF32543.1 Enterococcus spp. 

enrichment culture clone 

Layton et al., (2009) 

11 ACF32539.1 Enterococcus spp. 

enrichment culture clone 

Layton et al., (2009) 

12 ADO16342.1 E. faecium Biendo et al., (2010) 

13 ADO16338.1 E. faecium Biendo et al., (2010) 

14 AAD09858.1 E. faecalis Shankar et al., (1999) 

15 AAQ89939.1 E. faecium Leavis et al., (2004) 

16 AAQ89938.1 E. faecium Leavis et al., (2004) 

17 AAQ89937.1 E. faecium Leavis et al., (2004) 

18 CAD32315.1 E. faecium Eaton and Gasson 

(2002) 
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Appendix 5A 

Example for the calculation of relative abundance of esp within each individual 

metagenomic dataset searched 

MB DNA of human individual with in metagenomic dataset - 19.69 

Number of hits= 1 

Number of hits/MB DNA= 1/19.69= 0.0507 

 

Appendix 5B 

MB DNA within each individual metagenomic dataset  

No. 
Metagenome 

dataset 
MB DNA 

Reference 

 
MetaHit 

 
Qin et al., (2010)  

1 MH0001 19.69  

2 MH0002 88.77  

3 MH0003 119.59  

4 MH0004 31.92  

5 MH0005 19.62  

6 MH0006 217.77  

7 MH0007 32  

8 MH0008 37.24  

9 MH0009 112.96  

10 MH0010 36.52  

11 MH0011  134.25  

12 MH0012 237.58  

13 MH0013 32.2  

14 MH0014 120.54  

15 MH0015 34.46  

16 MH0016 114.03  

17 MH0017 34.06  

18 MH0018 17.73  

19 MH0019 41.95  

20 MH0020 98.78  

21 MH0021 70.67  

22 MH0022 30  

23 MH0023 25.57  

24 MH0024 54.45  

25 MH0025 111.48  

26 MH0026 69.38  

27 MH0027 19.72  

28 MH0028 104.54  
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No. 
Metagenome 

dataset 
MB DNA 

Reference 

29 MH0030 66.6 Qin et al., (2010) 

30 MH0031 75.84  

31 MH0032 54.46  

32 MH0033 102.04  

33 MH0034 37.63  

34 MH0035 102.94  

35 MH0036 94.35  

36 MH0037 80.44  

37 MH0038 90.35  

38 MH0039 104.17  

39 MH0040 115.15  

40 MH0041 91.83  

41 MH0042 90.65  

42 MH0043 111.11  

43 MH0044 96.43  

44 MH0045 94.43  

45 MH0046 81.81  

46 MH0047 44.15  

47 MH0048 60.16  

48 MH0049 47.75  

49 MH0050 109.04  

50 MH0051 65.49  

51 MH0052 70.93  

52 MH0053 86.76  

53 MH0054 102.44  

54 MH0055 104.18  

55 MH0056 95.95  

56 MH0057 72.17  

57 MH0058 116.26  

58 MH0059 124.22  

59 MH0060 92.86  

60 MH0061 73.17  

61 MH0062 90.62  

62 MH0063 84.5  

63 MH0064 85.58  

64 MH0065 104.22  

65 MH0066 92.91  

66 MH0067 95.51  

67 MH0068 83.23  

68 MH0069 117.5  

69 MH0070 112.98  

70 MH0071 92.4  
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No. 
Metagenome 

dataset 
MB DNA 

Reference 

71 MH0072 74.17  

72 MH0073 87.06  

73 MH0074 95.83  

74 MH0075 103.76  

75 MH0076 80.56  

76 MH0077 108.27  

77 MH0078 30.01  

78 MH0079 64.5  

79 MH0080 116.51  

80 MH0081 108.94  

81 MH0082 115.72  

82 MH0083 107.84  

83 MH0084 50.16  

84 MH0085 86.29  

85 MH0086 148.47  

86 O2.UC-1  69.2  

87 O2.UC-11 50.37  

88 O2.UC-12 75.28  

89 O2.UC-13 95.05  

90 O2.UC-14 39.8  

91 O2.UC-16 33.39  

92 O2.UC-17 40.55  

93 O2.UC-18 74.01  

94 O2.UC-19 92.86  

95 O2.UC-20 82.85  

96 O2.UC-21 47.55  

97 O2.UC-22 100.24  

98 O2.UC-23 66.7  

99 O2.UC-24 76.25  

100 O2.UC-4  82.94  

101 V1.CD-1  54.83  

102 V1.CD-11 83.58  

103 V1.CD-12 59.2  

104 V1.CD-13 99.94  

105 V1.CD-14 116.12  

106 V1.CD-15 56.1  

107 V1.CD-2  12.26  

108 V1.CD-3  74.88  

109 V1.CD-4  100.99  

110 V1.CD-6  76.79  

111 V1.CD-8  116.87  

112 V1.CD-9  99.57  
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No. 
Metagenome 

dataset 
MB DNA 

Reference 

113 V1.UC-10 112.96  

114 V1.UC-13 94.12  

115 V1.UC-14 99.23  

116 V1.UC-15 104.22  

117 V1.UC-17 79.04  

118 V1.UC-18 94.28  

119 V1.UC-19 113.78  

120 V1.UC-21 89.43  

121 V1.UC-6  125.25  

122 V1.UC-7  56.97  

123 V1.UC-8  121.81  

124 V1.UC-9  99.85  

 
Japanese 

 
Kurokawa et al.,(2007) 

125 F1-S 38.86  

126 F1-T 44.28  

127 F1-U 25.76  

128 F2-V 47.02  

129 F2-W 40.97  

130 F2-X 40.05  

131 F2-Y 46.31  

132 In-A 29.93  

133 In-B 14.88  

134 In-D 49.55  

135 In-E 28.07  

136 In-M 26.37  

137 In-R 46.79  

 
American 

 
Gill et al., (2006) 

138 human7 15.94  

139 human8 20.48  

1 Canine 35.710 Swanson et al., (2011) 

2 Murine 12.27 Turnbaugh et al.,(2006) 
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Appendix 6 

List of the esp nucleotide sequence accession numbers, origin and reference used to 

construct phylogenetic tree. 

No. Accession no. Origin/ Source Reference 

1 JF826520.1 Enterococcus faecium N/A 

2 EU815329.1 Dog Layton et al., (2009) 

3 EU815388.1 Dog Layton et al., (2009) 

4 EU394205.1 Dog Layton et al., (2009) 

5 EU280887.1 E. canintestini De Graef et al., (2003) 

6 EU280888.1 E. canis De Graef et al., (2003) 

7 EU815345.1 Horse Layton et al., (2009) 

8 EU815395.1 Horse Layton et al., (2009) 

9 EU280889.1 E. asini De Graef et al., (2007) 

10 EU815344.1 Seal Layton et al., (2009) 

11 EU815397.1 Seal Layton et al., (2009) 

12 EU815350.1 Sealion Layton et al., (2009) 

13 EU815405.1 Sealion Layton et al., (2009) 

14 EU815363.1 Gull Layton et al., (2009) 

15 EU280890.1 E. avium De Graef et al., (2007) 

16 EU815361.1 Enterococcus spp. 

enrichment culture clone 

Layton et al., (2009) 

17 EU815381.1 Enterococcus spp. 

enrichment culture clone 

Layton et al., (2009) 

18 EU815377.1 Enterococcus spp. 

enrichment culture clone 

Layton et al., (2009) 

19 EU394209.1 Enterococcus spp. 

enrichment culture clone 

Layton et al., (2009) 

20 EU815335.1 Enterococcus spp. 

enrichment culture clone 

Layton et al., (2009) 

21 HM641745.1 E. faecium Biendo et al., (2010) 

22 HM641741.1 E. faecium Biendo et al., (2010) 

23 AF034779.1 E. faecalis Shankar et al., (1999) 

24 AY322499.1 E. faecium Leavis et al., (2004) 

25 AY322500.1 E. faecium Leavis et al., (2004) 

26 AJ487981.1 E. faecium Eaton and Gasson 

(2002) 
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Appendix 7 

List of nucleotide sequences of sequenced esp PCR product and its source and 

accession numbers 

Accession no. Source Nucleotide Sequence 

HG964687 Dog ttatgaaagccacagcacaagttgaagaaaataaaccatttggtgaag

atttcatctttgattcttggttgtcggatacgaataaaaaattaatccagaa

cacttatggaacaggttattattatttgcaagatattgatggtgatggaaa

ccctgacgataaagaagagagcggagacacgaatccatatatcggg

aaacctgaattagaagaagtatatgatgttgacacaacagttaagggg

aaagtattcatccacgagttagcaggaacaggtcacaaagcccaactt

gttgataaagaaggtactgtattagcagaaaaaactatcgctccaaatg

aaaaagatggggctccaatttcagatactgtagaatttgaatttacgggt

gtagattcaagtaaattaatcgcgaaagatgaattaaaaatacaaatcg

tttctccaggttttgataaaccagaagaaggttcaaccgttattaaggaa

tcaccaaaagcggttgataaacaaaccgtggtagttggatttaaacca

gatgctaaagaatcaattcggaataataaaaacttacctgaagatgcag

agtattcatggaaaacagagcctgatacttctaacgttaytgatagtac

gaaaggtattgtaactgttaaaatcggaaat 

HG964688 Dog Tatgaaaggccacagcacaagttgaagaaaataaaccatttggtgaa

gatttcatctttgattcttggttgtcggatacgaataaaaaattaatccaga

acacttatggaacaggttattattatttgcaagatattgatggtgatggaa

accctgacgataaagaagagagcggagacacgaatccatatatcga

aacctgaattagaagaagtatatgatgttgacacaacagttaagggga

aagtattcatccacgagttagcgggaacaggtcacaaagcccaacttg

ttgataaagaaggtactgtattagcagaaaaaactatcgctccaaatga

aaaagatggggctccaatttcagatactgtagaatttgaatttacgggtg

tagattcaagtaaattaatcgcgaaagatgaattaaaaatccaaatcgtt

tctccaggttttgataaaccagaagaaggttcaaccgttattaaggaatc

accaaaagcggttgataaacaaaccgtggtagttggatttaaaccaga

tgctaaagaatcaattcggaataataaaaacttacctgaagatgcagag

tattcatggaaaacagagcctgatactttctaacgtwactgatagtacg

aaaggtattgtaactgttaagatcggaaatcgactttttcgacg 

HG964689 Dog ttatgaaagcaacagcacaagttgaagaaaataaaccatttggtgaag

atttcatctattgattcttggttgtcggatacgaataaaaaattaatccaga

acacttatggaacaggttattattatttgcaagatattgatggtgatggaa

accctgacgataaagaagagagcggagacacgaatccatatatcgg

gaaacctgaattagaagaagtatatgatgttgacacaacagttaaggg

gaaagtattcatccacgagttagcaggaacaggtcacaaagcccaac

ttgttgataaagaaggtactgtattagcagaaaaaactatcgctccaaat

gaaaaagatggggctccaatttcagatactgtagaatttgaatttacgg

gtgtagattcaagtaaattaatcgcgaaagatgaattaaaaatacaaat

cgtttctccaggttttgataaaccagaagaaggttcaaccgttattaagg

aatcaccaaaagcggttgataaacaaaccgtggtagttggatttaaac

cagatgctaaagaatcaattcggaataataaaaacttacctgaagatgc

agagtattcatggaaaacagagcctgatactttctaacgttactgatagt

acgaaaggtattgtaactgttaa aatcggaaatcac 
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Accession no. Source Nucleotide Sequence 

HG964691 Dog tatgaaaggccacagcacaagttgaagaaaataaaccatttggtgaag

atttcatctttgattcttggttgtcggatacgaataaaaaattaatccagaa

cacttatggaacaggttattattatttgcaagatattgatggtgatggaaa

ccctgacgataaagaagagagcggagacacgaatccatatatcggg

aaacctgaattagaagaagtatatgatgttgacacaacagttaagggg

aaagtattcatccacgagttagcgggaacaggtcacaaagcccaactt

gttgataaagaaggtactgtattagcagaaaaaactatcgctccaaatg

aaaaagatggggctccaatttcagatactgtagaatttgaatttacgggt

gtagattcaagtaaattaatcgcgaaagatgaattaaaaatccaaatcg

tttctccaggttttgataaaccagaagaaggttcaaccgttattaaggaa

tcaccaaaagcggttgataaacaaaccgtggtagttggatttaaacca

gatgctaaagaatcaattcggaataataaaaacttacctgaagatgcag

agtattcatggaaaacagagcctgatactttctaacgttactgatagtac

gaaaggtattgtaactgttaagatcggaaatca 

HG964692 Wastewater ttatgaaagccaacagcacaagttgaagaaaataaaccatttggtgaa

gatttcatctttgattcttggttgtcggatacgaataaaaaattaatccaga

acacttatggaacaggttattattatttgcaagatattgatggtgatggaa

accctgacgataaagaagagagcggagacacgaatccatatatcgg

gaaacctgaattagaagaagtatatgatgttgacacaacagttaaggg

gaaagtattcatccacgagttagcgggaacaggtcacaaagcccaac

ttgttgataaagaaggtactgtattagcagaaaaaactatcgctccaaat

gaaaaagatggggctccaatttcagatactgtagaatttgaatttacgg

gtgtagattcaagtaaattaatcgcgaaagatgaattaaaaatccaaat

cgtttctccaggttttgataaaccagaagaaggttcaaccgttattaagg

aatcaccaaaagcggttgataaacaaaccgtggtagttggatttaaac

cagatgctaaagaatcaattcggaataataaaaacttacctgaagatgc

agagtattcatggaaaacagagcctgatactttctaacgttactgatagt

acg aaaggtattg taactgttaa gatcggaaat 

HG964693 Wastewater ttatgaaagccacagcacaagttgaagaaaataaaccatttggtgaag

atttcatctttgattcttggttgtcggatacgaataaaaaattaatccagaa

cacttatggaacaggttattattatttgcaagatattgatggtgatggaaa

ccctgacgataaagaagagagcggagacacgaatccatatatcggg

aaacctgaattagaagaagtatatgatgttgacacaacagttaagggg

aaagtattcatccacgagttagcgggaacaggtcacaaagcccaactt

gttgataaagaaggtactgtattagcagaaaaaactatcgctccaaatg

aaaaagatggggctccaatttcagatactgtagaatttgaatttacgggt

gtagattcaagtaaattaatcgcgaaagatgaattaaaaatccaaatcg

tttctccaggttttgataaaccagaagaaggttcaaccgttattaaggaa

tcaccaaaagcggttgataaacaaaccgtggtagttggatttaaacca

gatgctaaagaatcaattcggaataataaaaacttacctgaagatgcag

agtattcatggaaaacagagcctatactttctaacgttactgatagtacg

aaaggtattgtaactgttaagatcggaaatcgacttt 

HG964694 Wastewater ttatgaaagccacagcacaagttgaagaaaataaaccatttggtgaag

atttcatctttgattcttggttgtcggatacgaataaaaaattaatccagaa

cacttatggaacaggttattattatttgcaagatattgatggtgatggaaa

ccctgacgataaagaagagagcggagacacgaatccatatatcggg

aaacctgaattagaagaagtatatgatgttgacacaacagttaagggg

aaagtattcatccacgagttagcgggaacaggtcacaaagcccaactt

gttgataagaaggtactgtattagcagaaaaaactatcgctccaaatga
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aaaagatggggctccaatttcagatactgtagaatttgaatttacgggtg

tagattcaagtaaattaatcgcgaaagatgaattaaaaatccaaatcgtt

tctccaggttttgataaaccagaagaaggttcaaccgttattaaggaatc

accaaaagcggttgataaacaaaccgtggtagttggatttaaaccaga

tgctaaagaatcaattcggaataataaaaacttacctgaagatgcagag

tattcatggaaaacagagcctgatacttctaacgtwactgatagtacga

aaggtattgtaactgttaagatcggaaatcgactt 

HG964695 Wastewater ttatgaaagcaacagcacaagttgaagaaaataaaccatttggtgaag

atttcatctttgattcttggttgtcggatacgaataaaaaattaatccagaa

cacttatggaacaggttattattatttgcaagatattgatggtgatggaaa

ccctgacgataaagaagagagcggagacacgaatccatatatcggg

aaacctgaattagaagaagtatatgatgttgacacaacagttaagggg

aaagtattcatccacgagttagcgggaacaggtcacaaagcccaactt

gttgataaagaaggtactgtattagcagaaaaaactatcgctccaaatg

aaaaagatggggctccaatttcagatactgtagaatttgaatttacgggt

gtagattcaagtaaattaatcgcgaaagatgaattaaaaatccaaatcg

tttctccaggttttgataaaccagaagaaggttcaaccgttattaaggaa

tcaccaaaagcggttgataaacaaaccgtggtagttggatttaaacca

gatgctaaagaatcaattcggaataataaaaacttacctgaagatgcag

agtattcatggaaaacagagcctgatacttctaacgttaytgatagtac

gaaaggtattgtaactgttaagatcggaaatcg aa 

 


