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ABSTRACT 

NOVEL METHODS OF DETECTION OF F+RNA PHAGES AS INDICATORS 

OF FECAL CONTAMINATION TO ASSESS THE MICROBIAL QUALITY OF 

IRRIGATION WATER 

Yongheng Yang                                                      Advisor: Dr. Mansel W Griffiths  

University of Guelph, 2013                               Co-advisor: Dr. Lawrence Goodridge 

The microbial quality of irrigation water is critical to the prevention of contamination of 

fresh fruits and vegetables with enteric pathogens since polluted irrigation water is an 

important source of these pathogens contaminating fruits and vegetables in the field. This 

work examined the use of F+RNA phages as indicators of fecal contamination to assess 

the microbial quality of irrigation water. The different propagation profiles among 

subgroups of F+RNA phages may contribute to their distribution in the environment and 

the difference in their survival their persistence would not hinder their use for source 

tracking. It is rapid and sensitive to detect F+RNA phages based on monitoring phage-

mediated release of β-galactosidase by a fluorescent or luminescent method. The later 

was more sensitive and detected 1.6 PFU/ml of F+RNA phages within three hours in the 

presence of Mg
2+

. The luminescent method was able to differentiate MS2 and Qβ when 

combined with anti-MS2 coat protein antibody. Disruptor filtration was an efficient and 

easy-to-perform approach to concentrate F+RNA phages, and more than 99% of phage 

particles in distilled water, wastewater treatment plant effluent and river water were 

removed after Disruptor filtration. As low as 0.16 PFU of F+RNA phages/100 ml of 

water were detected within three hours when Disruptor filtration was combined with the 

luminescent method. This allows rapid detection of potentially low levels of fecal 



contamination, as well as reducing rates of false-negative results. Enzyme treatment with 

proteinase K and RNase A more readily degraded naked RNA or RNA from inactivated 

phage particles, and the enzyme treatment RT-PCR was effective at reducing false-

positive signals encountered by RT-PCR alone. This provides more reliable information 

on the real risk of fecal contamination to human health in terms of the presence of 

infectious enteric pathogens. The ability of F+RNA phages to attach to isolated F pili 

provides the potential to selectively concentrate F+RNA phages by immobilized F pili (or 

their structural protein subunits), or to determine the infectivity of phage particles in 

combination with a detection method, such as RT-PCR. This is an area that requires 

further study.  
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Chapter 1: Literature Review 

1.1. Fresh produce and food-borne illnesses  

1.1.1 . Consumption of fresh fruits and vegetables  

Fruits and vegetables provide fiber, essential vitamins, minerals and other substances 

for humans, and most fruits and vegetable are naturally low in calories or fat and thus 

constitute an important part of a healthy diet. According to Centers for Disease Control 

and Prevention (CDC) and Health Canada (Health Canada 2008; CDC 2012), it is 

believed that eating a lot of fruits and vegetables may help lower the risk of heart disease 

and reduce the risks of some types of cancer and chronic diseases. Fruits and vegetables 

make up the largest arc of Canada's Food Guide rainbow, and four to ten servings of 

fruits and vegetables are recommended even though at least one vegetable or fruit at 

every meal is considered sufficient to provide the amount of vegetables and fruits that 

humans need each day (Health Canada 2013). Because of the health benefits, people are 

generally willing to consume more fruits and vegetables if possible, and consumption of 

fruits and vegetables is steadily increasing. Canadians consumed 38.2 kg of fresh fruits 

per person in 2007, 16.5% more than they did 20 years ago, and an increase of 10.9% in 

consumption of vegetables was also observed over that 20 year period (Kozak et al. 

2013). 

An obvious change in the consumption of fruits and vegetables has been noticed in 

that nowadays consumers in most countries of the world are exposed to a wide variety of 

fresh produce in local stores for their daily purchase, which was not possible a few 

decades ago. For example, in the major Canadian supermarkets, customers are able to 

purchase blueberries from the United States or lychee fruit from China. It is estimated 
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that approximately 41% of vegetables and 86% of fruits consumed in Canada are 

imported from other countries to meet the demand for produce during the winter months 

or throughout the year (Kozak et al. 2013). Economic globalization and advances in the 

cold chain for fresh produce transportation make a greater variety of fresh produce 

available than ever before, however, global distribution of fresh produce may enhance the 

spread of pathogens if fresh produce is contaminated.  

In addition to the increasing amount and wide variety of fresh produce consumed, 

there is an increasing demand for unprocessed or minimally processed, ready-to-eat, 

fresh-cut fruits and vegetables. Unprocessed or minimally processed fresh produce is 

becoming more and more popular because of the advantages in retaining freshness and 

nutrient quality. Ready-to-eat (RTE), fresh-cut fruits and vegetables are becoming a 

mainstay of households because of their convenience. However, on the other hand, 

unprocessed or minimally processed fresh produce reduces the likelihood that pathogens 

are killed or removed and thus increases the risk of food-borne illnesses (Zacharia et al. 

2010). Slicing, cutting, shredding and peeling can damage or remove the protecting 

surface of fresh produce and thus promote microbial contamination and growth (Kozak et 

al. 2013). It is a common practice that large amounts of ready-to-eat, fresh-cut fruits and 

vegetables are produced by large manufacturers whose products are distributed across a 

large area and consumed by a large population. The wide distribution chain coupled with 

large numbers of consumers of the product may lead to large numbers of illness involved 

in a single outbreak if contamination of the product occurs.  
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1.1.2. Fresh produce-related outbreaks  

Fruits and vegetables have long been known as vehicles for human pathogens, and 

the presence of food-borne pathogens on fresh produce has been increasingly reported as 

an important cause of food-borne outbreaks (Lynch et al. 2009; Berger et al. 2010; 

Bakkenes et al. 2011; Kozak et al. 2013), even though fresh produce-related illnesses and 

outbreaks are not well documented compared with those caused by the consumption of 

contaminated milk, meat, seafood, poultry, or eggs, which in early studies of food safety 

problems attracted the attention of both the public health and scientific communities. In 

the 1970s, less than 1% of all reported food-borne outbreaks linked with specified 

vehicles were attributed to fresh produce, while the portion increased to 6% in the 1990s 

(Sivapalasingam et al. 2004). In 2007, 53 reported outbreaks accounting for 1106 cases of 

illnesses were related to fresh produce, second only to the 54 outbreaks related to meat 

(EDC 2010). A recent study suggests that fresh fruits and vegetables are the leading 

cause of food-borne illness in the US (Painter et al. 2013). Assessment of the microbial 

quality of common fruits and vegetables commercially available in Singapore suggests 

that effective measures should be applied to prevent fresh produce-related illnesses 

because of the high bacteria counts, especially in some vegetables (Seow et al. 2012). In 

March, 2013, frozen berries were reported to be responsible for a food-borne outbreak 

originating in Denmark, and then identified in Finland, Norway and Sweden, causing 71 

cases of illness (Lassen and Kontio 2013). Consumption of fresh produce, especially 

packaged, ready-to-eat products poses a significant risk of infectious illnesses, and the 

link between food-borne pathogens and some leafy green vegetables and ready-to-eat 

salads made from them has been revealed (Taban and Halkman 2011; Bakkenes et al. 
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2011). Increasing consumption of fruits and vegetables, demand for unprocessed or 

minimally processed fresh produce, and the popularity of ready-to-eat fresh cut fruits and 

vegetables are major contributing factors for the increasingly reported fresh produce-

related outbreaks (Kozak et al. 2013). Even though some countries have reported and 

documented outbreaks related to the consumption of fresh produce, identified and traced 

the source of the infectious agents, the overall contribution of infectious agents to the 

burden of fresh produce-related outbreaks remains unclear due to the fact that the precise 

data of the incidence of viral diseases related to fresh produce is not accessible for all 

countries (Koopmans et al. 2003; Fong and Lipp 2005). In addition, epidemiological 

surveillance systems vary significantly from country to country and some developing 

countries even lack effective surveillance systems or enough trained personnel to carry 

out epidemiological investigation of food-borne diseases. Thus, a large proportion of 

cases of infection caused by the ingestion of contaminated fruits and vegetables may not 

be reported.  

Theoretically, all kinds of pathogens, including bacteria, viruses, fungi and protozoa, 

could be involved in fresh produce-related outbreaks. However, bacterial and viral 

pathogens have been reported to be responsible for most cases of fresh produce-related 

outbreaks in which the causative agents are specified (Seymour and Appleton 2001; 

Kozak et al. 2013). These most commonly encountered bacterial and viral pathogens 

involved in fresh produce-related outbreaks generally originate from the feces of infected 

humans and animals, and thus are referred to as enteric pathogens. Table 1.1 lists some of 

the most commonly encountered enteric pathogens involved in fresh produce-related 
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food-borne illness outbreaks and the agricultural products that act as vehicles for theses 

pathogens.  

Table 1.1. Enteric pathogens involved in fresh produce-related food-borne illness.  

Pathogens  Vehicles  Reference 

Salmonella Serrano peppers, tomatoes, 

cantaloupe, cucumber, mung bean 

sprouts, lettuce  

(Beuchat 1996b; 

Sivapalasingam et al. 

2004; Greene et al. 

2008; Behravesh et al. 

2011; Kozak et al. 2013)  

HAV Blueberries, green onions, frozen 

berries  

(Calder et al. 2003; 

Wheeler et al. 2005; 

Lassen and Kontio 

2013),  

Campylobacter jejuni Raw peas  (Gardner et al. 2011) 

Pathogenic E. coli Spinach, parsley, cilantro, 

coriander, lettuce  

(Beuchat 1996b; Naimi 

et al. 2003; Grant et al. 

2008; Kozak et al. 

2013), 

Yersinia spp Carrots, RTE salad  (Kangas et al. 2008; 

Finne et al. 2009; 

MacDonald 2012) 

Shigella spp Parsley, tomatoes  (Beuchat 1996b; Naimi 

et al. 2003; Reller et al. 

2006) 

Listeria 

monocytogenes 

Cabbage, bean sprouts, Cucumber, 

leafy vegetables, potatoes, 

tomatoes, Cantaloupe  

(Beuchat 1996b; a; CDC 

2011) 

Norovirus  Frozen raspberries, leafy greens  (Cotterelle et al. 2005; 

Baert et al. 2011) 

 

1.1.3. Survival of fresh produce-related pathogens  

The persistence and infectivity of enteric pathogens on fruits and vegetables may 

vary for different species, and various factors (such as storage conditions and properties 

of fruits and vegetables) affect the survival of these pathogens on fresh produce. However, 

once introduced onto fresh produce, either in the field before harvest or during storage 

after harvest, pathogens generally persist and remain infectious on the fresh produce for a 
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relatively long time. It has been reported that E. coli O157 survives for 4 - 8 days on 

lettuce grown in a greenhouse after irrigation (Linden et al. 2013), and the density of E. 

coli on undamaged lettuce decreases by 2 - 3 log10 CFU/ml in the field over a period of 5 

- 10 days (Aruscavage et al. 2008; Reid et al. 2009). Cronobacter sakazakii could survive 

on various fruits and vegetables for a period of more than one week when high numbers 

of the bacterium were initially present, even though the survival of this bacterium was 

affected by various factors (Kim et al. 2006). Damage of the biological structures of fruits 

and vegetables may promote the persistence of pathogens on produce. Previous studies 

have suggested that damage immediately prior to inoculation and harvest significantly 

increased the persistence of E. coli on head lettuce and that the population of E. coli 

remained higher on damaged lettuce compared with undamaged plants (Reid et al. 2009); 

(Aruscavage et al. 2008). Fruits and vegetables are usually stored after harvest at low 

temperatures, which have beneficial effects on the persistence of pathogens. When 

inoculated onto leafy vegetables, E. coli was detectable for 21 days at 4 ºC but for only 

14 days at 37 ºC (Allwood et al. 2004). Little reduction in the population density of 

Salmonella or E. coli O157:H7 on cut surface of strawberries was observed over 7 days at 

5 ºC (Knudsen et al. 2001). Pathogens can survive even longer when fruits and vegetables 

are stored frozen. A decrease of only 0.7 - 2.2 log10 cycles in the population of E. coli 

O157:H7 was observed over a period of more than one month when strawberries were 

stored frozen (Knudsen et al. 2001). In addition to the persistence of pathogens on fruits 

and vegetables for a relatively long time, the numbers of bacterial pathogens on fresh 

produce may increase over time due to microbial multiplication. Propagation of bacterial 

pathogens may occur in the field before harvest because of moderate temperatures, high 
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water activity, and richness in nutrients of fruits and vegetables, which may be sufficient 

to support the growth of bacterial pathogens. The findings by Guo et al. (Guo et al. 2002) 

that the numbers of Salmonella on tomatoes in contact with soil increased by 2.5 log10 

CFU per tomato after 4 days at 20 ºC implied the reproduction of bacterial pathogens on 

produce in the field. Temperature abuse during storage may also lead to multiplication of 

bacterial pathogens on fruits and vegetables. Growth of E. coli O157:H7 on cantaloupe 

stored at 25 ºC was observed over a 34-hour storage period and increase in the 

populations of this bacterium was also observed on the rind of melon stored at 25 ºC for 

14 - 22 days (Rosario and Beuchat 1995).  

In contrast to bacterial pathogens, viral pathogens are unable to reproduce on fresh 

produce since viruses are obligate intracellular parasites and incapable of propagating 

outside host cells. However, viruses generally persist longer than bacterial pathogens on 

various fruits and vegetables (Gerba and Choi 2006), and thus the risk of viral pathogens 

on fresh produce to cause illnesses when ingested by susceptible individuals cannot be 

underestimated. A reduction of 90% of poliovirus particles on various fruits and 

vegetables was obtained in 8.4 - 14.2 days and no decline was observed in some cases 

(Kurdziel et al. 2001). A previous study by Bidawid et al. (Bidawid et al. 2001) 

suggested that Hepatitis A virus (HAV) on lettuce at room temperature decreased by less 

than 1 log10 over a period of 6 days, and another study reported that the levels of HAV 

were reduced by 90% after 14 days in the field (Stine et al. 2005b). The persistence of 

viruses on fresh produce varies under different conditions, and dry conditions promote 

the persistence of HAV on the surface of lettuce while the persistence of feline 

Calicivirus (a surrogate for human Norovirus) is similar at high and low humidities (Stine 
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et al. 2005b). As for bacterial pathogens, viruses generally survive longer at lower 

temperatures, and refrigeration conditions commonly employed to preserve fruits and 

vegetables would undoubtedly increase the persistence of viruses. HAV was able to 

persist on spinach for more than 4 weeks when the vegetable was stored at about 5 ºC 

(Shieh et al. 2009), and little reduction of HAV on the lettuce was observed when 

artificially contaminated fresh produce was stored at 4 ºC over a period of 9 or 12 days 

(Bidawid et al. 2001; Croci et al. 2002). Freezing has little effect on decreasing the 

infectivity of viruses on fresh produce, and Butot et al. (Butot et al. 2008) reported that 

infectivity of HAV and rotavius on fruits and vegetables (such as parsley, strawberries 

and blueberries) stored frozen did not significantly decrease over a period of three 

months. A laboratory-based study estimated that viruses were able to survive on fresh 

produce for more than 2 years under favorable conditions (Stine et al. 2005b). The 

characteristics of fruits and vegetables may also influence the persistence of viruses on 

fresh produce. For example, the multilayers of leaves of green onions, cabbage, and head 

lettuce may help retain viruses present on the crops during a washing process postharvest, 

and the wrinkled nature of some leafy greens may have a positive effect on the infectivity 

of viruses compared with those of smooth surface (Croci et al. 2002). The ability of 

pathogens to persist on the fruits and vegetables represents a potential risk to public 

health, especially when the contaminated fruits and/or vegetables are ingested by 

susceptible individuals.  
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1.2. Role of irrigation water in contamination of fresh produce  

1.2.1. Microbial contamination of irrigation water  

Agriculture constitutes the largest use of fresh water in the world, and more than 70% 

of the agricultural water is used for irrigation (Worldometers 2013), with one third of the 

world's food supply relying on irrigation at the end of the 20th century (Shanan 1998). 

The sources of irrigation water mainly include reclaimed water, ground water and surface 

water, which could be contaminated with microbial pathogens via various pathways. 

Reclaimed water used for irrigation generally refers to effluents from wastewater 

treatment plants, which are intended for the irrigation of grass, landscape plants or even 

crops. Typically, reclaimed water comes from municipal wastewater treatment plants, 

which receive domestic sewage. Large amounts of pathogens present in the intestines of 

infected humans and animals may enter wastewater through feces. Various bacterial 

pathogens in high numbers have been detected in raw wastewater and also in the final 

effluents (Shannon et al. 2007), despite the fact that the numbers of viable or bacterial 

pathogens are greatly reduced after wastewater treatment. Viruses have a smaller size and 

are generally more resistant than bacteria to various inactivating processes (Espinosa et al. 

2009). Wastewater treatment systems, which eliminate or reduce bacterial pathogens may 

have limited effects on removing viral pathogens, and the presence of viral pathogens has 

been widely reported in the effluents of wastewater treatment plants where bacterial 

pathogens are effectively inactivated (Baggi et al. 2001). Additionally, inefficiency or 

failure of wastewater treatment systems will increase the possibility of finding pathogens 

in final effluents. The use of untreated wastewater for irrigation has been prohibited in 
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industrialized countries, and microbial criteria for the quality of water used for irrigation 

have been established, based on bacterial indicators (Health Canada 2011).  

Groundwater constitutes 43% of total water consumption used for irrigation (Siebert 

et al. 2010), and nearly 40% of areas equipped with irrigation facilities all over the world 

use groundwater for irrigation. The use of groundwater for irrigation is increasing 

(Siebert et al. 2010). The quality of groundwater is generally believed to be better than 

surface water, and ground water is sometimes used as the source of drinking water 

without any treatment (Katayama 2008). However, the risk of microbial contamination of 

groundwater has long been realized by the public health and scientific communities 

(Macler and Merkle 2000). Intensive studies that have been performed to evaluate the 

quality of groundwater as a drinking water source indicated that groundwater could be 

contaminated with various pathogenic microorganisms, most of which are transmitted by 

the fecal-oral route (Rutjes et al. 2009). The presence of viral pathogens (such as 

rotaviruses, enteroviruses, noroviruses and adenoviruses) and bacterial pathogens (such 

as Salmonella spp. and Shigella spp.) in groundwater has been reported (Macler and 

Merkle 2000; Cheong et al. 2009). Bacteria and viruses derived from sewage were 

frequently detected in groundwater at different depths in the UK (Powell et al. 2003), and 

in the US up to half of the drinking water wells tested showed evidence of fecal 

contamination (Macler and Merkle 2000). The microbial quality of groundwater is 

influenced by local geographical setting, land use, and human activities. Even though 

untreated manure or sewage sludge has been prohibited by legislation to be used as 

fertilizers in some industrialized countries, in some undeveloped countries it is a common 

practice to use these untreated wastes as fertilizers for the production of agricultural 
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products (Kuepper 2000). Pathogens introduced into soil via fecal materials may be 

adsorbed to soil particulates, or transmitted into groundwater through the pores in the soil, 

and the movement of pathogens through the soil is faster when the soil is saturated, with 

all the pores filled with water (Santamaría and Toranzos 2003; Fong et al. 2007; 

Monaghan and Hutchison 2012). In addition, runoffs from livestock farmland or 

overflows from wastewater treatment plants may contaminate groundwater via 

unprotected wells in rainstorm events (Rodriguez et al. 2012). In 2000, approximately 

2,300 persons experienced characteristic symptoms of E. coli infection caused by the 

contamination of groundwater with E. coli O157:H7 from farm runoff into an adjacent 

well in Walkerton, Ontario, and 7 of the infected individuals died directly from drinking 

the E. coli contaminated water (Hrudey et al. 2002; Ali 2004). Surface water, if polluted, 

seeps into the ground and may also contribute to the contamination of groundwater (Fong 

et al. 2007). Borchardt et al. (Borchardt et al. 2004) reported the presence of enteric 

viruses (including HAV and norovirus) in municipal wells, which was linked to the 

contamination of surface water in the Mississippi River area.  

In addition to subsurface seepage into the groundwater, surface water acts as an 

important source for irrigation. It is a common practice to use surface water for irrigation 

all over the world. It is estimated that approximately 43% of surface water consumption 

in Alberta is used for irrigation (Alberta Government 2011). Unlike groundwater and 

reclaimed water, which has been intensively investigated as to their microbial quality in 

terms of evaluating the efficiencies of wastewater treatment systems or determining the 

quality of groundwater used as a source of drinking water, surface water is usually used 

for irrigation without any treatment and thus limited information is available on the 
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microbial quality of surface water used for irrigation. However, compared to groundwater, 

surface water is more susceptible to microbial contamination and the microbial quality of 

surface water is highly dependent on anthropogenic activities. Pathogens introduced into 

soil via the use of untreated manure or sewage sludge are more easily transported into 

surface water than groundwater. A two-year study by Johnson et al. (Johnson et al. 2003) 

has implied that manure application on agricultural lands is an important contributor to 

the prevalence of E. coli O157:H7 and Salmonella in the Oldman River watershed in 

south Alberta. The presence of viruses in the effluents of wastewater treatment plants is 

not uncommon (Bosch et al. 2006), which will lead to microbial contamination of surface 

water where the effluents of wastewater treatment plants are usually discharged. The 

failure of wastewater treatment systems increases the chances of microbial contamination 

of surface water which receives effluents of wastewater treatment plants (Conn et al. 

2012). In addition, surface water is always exposed to fecal material of wild animals, 

including birds, and various pathogens present in surface water have been traced to feces 

of infected feral animals (Jiang et al. 2007). A previous study has suggested that wild 

animal species are one of the important sources of Salmonella, E. coli O157:H7, and 

Campylobacter present in the Salmon River watershed in southwestern British Columbia 

(Jokinen et al. 2010).  

1.2.2 Risk of fresh produce contamination during irrigation  

Irrigation plays a critical role in the production of fresh produce, and contaminated 

water used for irrigation is believed to be an important source of pathogens present on 

fruits and vegetables (Steele and Odumeru 2004). Pathogens present in irrigation water 

can be transferred and attached to fruits and vegetables during irrigation, and 
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contamination of crops by enteric bacteria and viruses present in irrigation water has been 

reported (Islam et al. 2004; Mara and Sleigh 2010; Shaw et al. 2011; Pavione et al. 2013). 

A multistate outbreak of E. coli O157:H7 in 2006 was correlated to the consumption of 

spinach, which was believed to be contaminated during irrigation by the use of polluted 

surface water caused by feral animal activities (Jay et al. 2007; Gelting et al. 2011). By 

monitoring the occurrence of enteric viruses in groundwater and vegetables that are 

cultivated using that groundwater, Cheong et al. (2009) found that contaminated 

irrigation water was responsible for the contamination of vegetables with a broad range 

of enteric viruses. Linden et al. (2013) demonstrated, by inoculating Salmonella and E. 

coli O157 in a sprinkle irrigation system that was used to irrigate butter head lettuce in 

greenhouses, that polluted water presented a potential risk of contaminating vegetables 

prior to harvest via irrigation. It is estimated that, under the assumption of maximum 

exposure, 2.5 CFU/100ml of Salmonella or 2.5 × 10
-5

 most probable number (MNP) per 

100 ml of HAV present in irrigation water would result in an annual infection risk of 

1:10,000 if fresh produce is harvested and consumed the day after the last irrigation event 

(Stine et al. 2005a).  

Pathogens present in irrigation water can contaminate crops in two ways: 1) surface 

contamination with spray or splash and 2) internalization into the tissue of crops (Wei 

and Kniel 2010). Experiments on contamination of spinach leaves with pathogens in a 

hydroponic cultivation system have indicated that fresh produce can be contaminated 

from both the roots and the leaves during irrigation (Koseki et al. 2011). Previous studies 

demonstrated that bacterial pathogens were able to bind to the surface of crops including 

alfalfa sprouts and tomatoes, and suggested that the expression of some genes for the 
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synthesis of bacterial structures (e.g. curli and filaments) was responsible for the 

pathogens to bind to crop surface (Jeter and Matthysse 2005; Shaw et al. 2008; Bae et al. 

2013). Shaw et al. (2011) found that flagella mediated the attachment of enterotoxigenic 

strains of E. coli (ETEC) to the surface of salad leaves (such as lettuce, basil and spinach), 

and that the binding of a ETEC mutant, in which the production of flagella was 

inactivated, to the surface of these plants was severely impaired. The ability of bacterial 

pathogens to bind to the surface of plant leaves differ among different strains (Berger et 

al. 2009; Bae et al. 2013).  Once introduced onto the surface of crops during irrigation, 

pathogens may enter the leaf interior. Guo et al. (2011) reported that Salmonella was 

detected in tomato fruits and adjacent non-inoculated leaves 7 days after inoculation 

when single leaflets were dipped in the bacterial suspension. Transport of pathogens on 

the surface of crops into the interior tissue may be achieved via the stomata, and this is 

supported by the phenomenon that small bacterial aggregates were observed over the 

entire leaf surface while dense bacterial attachment was observed for the guard cells of 

stomata (Berger et al. 2009). Kroupitski et al. (2009) also observed the aggregation of 

pathogens near the stomata and invasion into inner leaf tissue by incubating a Salmonella 

strain expressing green fluorescent protein with iceberg lettuce leaves, and suggested that 

light induced the internalization since incubation in the dark resulted in a scattered 

attachment pattern and poor internalization.  

Pathogens present in irrigation water may also be internalized in crops and 

transported to the edible portion via roots. High levels of norovirus have been detected in 

leaves, shoots and roots over a period of 14 days when the roots of romaine lettuce were 

grown in hydroponic feed water inoculated with norovirus (DiCaprio et al. 2012). Wei et 
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al. (2011) demonstrated that internalization of viral pathogens via roots in hydroponically 

grown lettuce could occur following both severe one-time contamination and low level of 

contamination occurring over time, and that significantly higher levels of virus were 

detected in the lettuce leaves contaminated in a severe one-time contamination compared 

with low level exposure over time.  

The likelihood of fresh produce being contaminated with the pathogens present in 

polluted irrigation water depends on the nature of the fresh produce and types of 

irrigation applied. Generally, it is accepted that fruits and leafy vegetables are more likely 

to be contaminated than root crops during sprinkle irrigation. In contrast, root crops eaten 

raw are more likely to be contaminated during surface irrigation than those whose edible 

parts are aerial. It has been reported that 29 out of 32 lettuce plants tested positive for E. 

coli O157:H7 after a single exposure to this pathogen via spray irrigation, while this 

bacterium was detected in 6 out of 32 lettuce plants that were cultivated with surface 

irrigation (Solomon et al. 2002). Stine et al. (2005a) reported a higher risk of microbial 

contamination when cantaloupe and lettuce were irrigated with a sprinkler or a gravity-

flow system than with micro-irrigation systems if the water used was contaminated. 

Fruits and vegetables with uneven surfaces are more likely to retain pathogens than those 

with a smooth surface during an irrigation event in which polluted water is involved. 

From quantitative microbial risk assessment models, Hamilton et al. (2006) estimated 

that the mean annual risk of enteric virus infection associated with consuming raw 

vegetables was always higher for broccoli, cabbage or lettuce than for cucumber when 

these vegetables are overhead irrigated with non-disinfected secondary treated reclaimed 

water.  
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1.3. Approaches to improve food safety of fresh produce  

1.3.1. End product testing approaches  

To improve food safety, governments or regulatory agencies have developed criteria 

or recommendations for the production of safe food. The International Commission on 

Microbiological Specifications for Foods (ICMSF) and National Advisory Committee on 

Microbiological Criteria for Foods (NACMCF) are organizations that aim to assess data 

on the microbial safety and quality of foods, determine the usefulness of microbial 

criteria in improving food safety, and recommend methods for sampling and testing. A 

microbiological criterion is defined as the acceptability of a product or a food lot based 

on the absence or presence, or number of microorganisms per unit of mass, volume, area 

or lot (Codex Alimentarius 1997). Because of the outbreaks related to fresh produce, 

intensive studies have been performed on the detection of various pathogens from a wide 

variety of fruits and vegetables, and the detection of various naturally occurring 

pathogens from fresh produce has been frequently reported (Guyader et al. 2004; Liming 

and Bhagwat 2004; Butot et al. 2007; Kim et al. 2008a; Rayas et al. 2010). However, 

detection of specific pathogens is generally conducted only after the occurrence of a 

food-borne outbreak to identify the causative agent. For example, an increasing number 

of cases of hepatitis A infection was notified to the public health office of Auckland in 

the first three months of 2002, and then an investigation was conducted in which HAV 

was detected and linked to raw blueberries (Calder et al. 2003). Similarly, an outbreak of 

norovirus gastroenteritis was notified in German, affecting approximately 11,000 persons 

during September/October 2012, and the source of infection was traced to frozen 

strawberries and the presence of norovirus was confirmed by RT-PCR (Mäde et al. 2013).  
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Identification of causative pathogens in food-borne outbreaks helps develop remedial 

approaches to mitigate the illness and make the public aware of health risks associated 

with related products. However, due to the fact that various pathogens may potentially be 

present in the suspect product, detection of specific pathogens so as to ensure food safety 

prior to product release to market is not practically feasible. Microbial standards have 

been developed based on aerobic plate count (APC), total bacteria (TB), coliforms, or 

some commonly found pathogens such as Salmonella spp. and Clostridium perfringens, 

and standard procedures are available for some types of food, including fruits and 

vegetables, in terms of microbial testing (Marth 1978; European Commission 2005).  

In cases where the product itself is tested to determine the presence/absence of 

specific pathogens, a proportion of the product is sampled prior to the detection of 

pathogens since it is not practically feasible to test 100 percent of the product. When it 

comes to fresh produce, standardized procedures in terms of sampling sizes and sampling 

methods are not currently available. Pathogens may not be evenly distributed in/on the 

fruits and vegetables, especially for produce from fields that involve hundreds of acres of 

products, and thus end product testing may lead to an under- or over-estimation of the 

microbial safety when a portion of the product is sampled and tested for specific 

pathogens. A recent study has implied that higher total bacterial counts were obtained 

with bottom sampling compared with top sampling when determining the microbial 

quality of bagged spinach and Romaine lettuce (Kase et al. 2012). Additionally, products 

need to be held in the fields or processing plants until the result is obtained when end 

product testing is applied to determine the microbial safety, and unsatisfactory results of 

end product testing may lead to significant economic loss due to destruction of the 
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affected products. It has been increasingly recognized that end product testing in itself is 

inadequate to improve microbial safety of fresh produce and alternative approaches are 

needed to monitor, prevent and control potential microbial hazards associated with fresh 

produce. Researchers have suggested that prevention of pre-harvest contamination is an 

essential approach to reduce or minimize the risk of illness caused by the consumption of 

fresh fruits and vegetables (Beuchat 2006).  

1.3.2. Preventive approaches  

Preventive approaches, with end product testing as a measure for validation, are 

believed to be more effective in improving the microbial quality of food and reducing the 

occurrence of microbial contamination, and thus reducing food-borne illnesses. Good 

manufacturing practice (GMP) is a production and testing approach that helps ensure the 

quality of a product. In the food industry, GMPs provide the basic operational and 

environmental conditions for the production of safe products by addressing the hazards 

associated with personnel and environments during food production. Similarly, good 

agricultural practices (GAPs) are a set of recommendations aimed at improving the 

quality and safety of agricultural produce by managing the primary components and 

environments involved in the production process. Undoubtedly, implementation of GMPs 

and GAPs will help improve safety and quality of processed foods or agricultural produce. 

It is readily accepted that the microbial safety of foods is more effectively managed by 

the implementation of a hazard analysis and critical control points (HACCP) system, a 

systematic preventive approach to food safety, which aims at eliminating, preventing or 

reducing microbiological, chemical or physical hazards to an acceptable level during the 

process of food production. Implementation of HACCP is based on the establishment of 
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prerequisite programs, typically including, but not limited to GMPs, good hygiene 

practices (GHPs), standard operating procedures (SOP) and sanitation standard operating 

procedures (SSOPs), and food safety is achieved by monitoring critical control points 

(CCPs) where a food safety hazard is prevented, eliminated or reduced to an acceptable 

level. HACCP goes beyond inspecting finished products and helps find, correct and 

prevent hazards throughout the process of production to ensure food safety. The Codex 

Alimentarius Commission and the United Nations International Standards Organization 

(ISO) have recommended the implementation of HACCP for food safety ( NACMCF 

1998; Codex Alimentarius 2003).  

The United States Food and Drug Administration (USFDA) require the 

implementation of HACCP in some sections of the food industry such as seafood, juice, 

retail and food service (US FDA 2000; US FDA 2008). In addition to the requirements by 

regulatory agencies, large customers may mandate the implementation of HACCP for all 

their suppliers to ensure that potential hazards associated with ingredients or raw 

materials are controlled prior to their arrival. Companies may also voluntarily implement 

a HACCP program, which provide customers with confidence and evidence that adequate 

efforts have been performed to ensure food safety. The increasingly reported outbreaks 

related to fresh produce has focused more and more attention on the microbial safety of 

fruits and vegetables. To avoid costly product recalls, loss of customers, and loss of 

market share, companies may require their suppliers to provide evidence that safety of 

fresh produce has been managed in the field before and during harvest. At the same time, 

in order to improve customer confidence and gain a marketing advantage, more and more 

farmers are recognizing the necessity to provide evidence demonstrating that efforts to 
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prevent, eliminate or reduce the potential hazards associated with fresh produce before 

leaving the farm have been implemented. Due to the fact that various pathogens can be 

introduced into irrigation water and polluted water is a critical source of fresh produce 

contamination during irrigation, assessment of the microbial quality of irrigation water 

prior to irrigation plays a crucial role in preventing microbial contamination of fresh 

produce in the field, and thus helps to improve the safety of fresh produce. It is 

recommended in the Canada GAP that the source of agricultural water must be identified 

and the potential hazards must be assessed for the production of safe fruits and vegetables 

(CanadaGAP Program 2013). Records of microbial quality of irrigation water before each 

irrigation event provide evidence that efforts have been made to reduce or minimize the 

risk of microbial contamination of fresh produce during their production.  

1.4. Microbial quality assessment of irrigation water  

1.4.1. Detection of specific pathogens  

Most of the information on the microbial quality of water was obtained through 

studies of reclaimed water to evaluate the effectiveness of wastewater treatment or 

studies of groundwater used as a source of drinking water, because of the high levels of 

pathogens present in wastewater or the strict microbial quality requirement for drinking 

water (Alonso et al. 2006; Katayama 2008; Ogorzaly et al. 2010). Kenneth et al. (2008) 

evaluated the microbial quality of municipal wells by the detection of several different 

species of viruses. The microbial quality of various sources of drinking water has been 

evaluated by analyzing E. coli and Ascaris contamination (Machdar et al. 2013), and the 

risk of exposure to pathogens in wastewater discharge has been assessed by detecting 

several bacterial pathogens (Shannon et al. 2007).  
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Enteric pathogens could be shed in high numbers in the feces of infected individuals 

and animals, and as high as 5,000 - 100,000 PFU/L of enteric viruses are commonly 

found in untreated sewage (Rao et al. 1986). Bacterial pathogens at levels of 4 - 7 log10 

CFU/100ml have also been commonly reported in untreated wastewater (Payment and 

Locas 2011). However, the concentrations of enteric pathogens present in ground water 

or surface water are usually very low, which makes it difficult to detect them in these 

waters. Even though most cases of food-borne illnesses are caused by several major 

pathogens, a wide variety of pathogens could be shed in the intestines of infected humans 

or animals. More than 140 viruses have been found in the feces of infected individuals 

(Gantzer et al. 1998), and these viruses, as well as bacterial pathogens from infected 

individuals or animals, may all potentially enter environmental water via sewage, 

wastewater, or feces. The variety and low numbers of pathogens present in environmental 

water makes it unfeasible to detect each of these pathogens when assessing the microbial 

quality of water. In addition, it is very difficult to cultivate some viruses, and cell lines 

for the propagation of some viruses are not currently available. Subsequently, it is 

generally accepted that it is not a practical approach to monitor the presence of specific 

pathogens when assessing the microbial quality of water (Leclerc et al. 2000). Instead, 

the presence of fecal contamination is monitored to assess the microbial contamination of 

water since the primary source of food-borne pathogens is feces and these pathogens are 

mainly transmitted by the fecal-oral route.  

1.4.2 Requirements of fecal contamination indicators  

Monitoring the presence of fecal contamination by the detection of indicator 

microorganisms is a rational and practical approach to assess the microbial quality of 
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water (Griffin et al. 2000; Noble et al. 2003; Farrah 2006; Tyagi et al. 2006). To better 

assess the risk of fecal contamination, the indicator organisms should possess certain 

characteristics. The most important criteria are that indicator organisms should be 

commonly found in or associated with fecal materials, and the presence of indicator 

organisms should correlate well with the presence of enteric pathogens in a given 

environment (Stoeckel et al. 2004; Tyagi et al. 2006). Enteric pathogens should not be 

found when indicator organisms are absent or present at low levels; while high numbers 

of indicator organisms should always be associated with the presence of enteric 

pathogens. The survival of indicator organisms should be at least as long as enteric 

pathogens, to ensure that the absence of indicator organisms does imply the absence of 

pathogens, which is uncertain if indicator organisms are inactivated more rapidly than 

enteric pathogens. Indicator organisms should not be pathogenic, which will reduce the 

hazards to laboratory workers from accidental contamination, and their detection should 

involve simple procedures. As growth in the environment will increase the numbers of 

indicator organisms not from fecal materials, leading to overestimation of fecal 

contamination, this should be avoided.  

1.4.3. Fecal indicator bacteria  

Large populations of microorganisms naturally inhabit the intestines of humans and 

animals, and these are excreted into environments associated with feces. The presence of 

these microorganisms implies the presence of fecal contamination, and potentially enteric 

pathogens. Traditionally, bacteria that inhabit the intestines of humans and animals are 

considered as good indicators of fecal contamination because they are present in high 

numbers in feces, sewage or wastewater, and it is inexpensive and simple to detect these 
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bacteria. Historically, total coliforms, fecal coliforms, and enterococci were first used as 

indicators to monitor fecal contamination and predict the presence of enteric pathogens 

(Savichtcheva and Okabe 2006). Some studies reported that E. coli and enterococci are 

reliable indicators of fecal contamination in some water sources and the presence of 

enteric pathogens is highly correlated with the concentration of these indicator bacteria 

(Jiang et al. 2007; Farnleitner et al. 2010). Criteria to assess the microbial quality of water 

based on the number of these indicator bacteria have been established in many 

jurisdictions worldwide (Warrington 2001). The highest level of acceptable numbers of 

microorganisms present in water depends on its use. Irrigation water used for crops eaten 

raw should contain ≤ 77 CFU/100 ml of E. coli or ≤ 20 CFU/100 ml of enterococci, while 

water for general irrigation has limits of ≤ 1000 CFU/100 ml of E. coli or ≤ 250 CFU/100 

ml of enterococci (Warrington 2001). The World Health Organization (WHO) guidelines 

suggest the presence of ≤ 1000 CFU/100 ml of faecal coliforms in water used for the 

irrigation of crops that are likely eaten uncooked (Blumenthal et al. 2000). The Northern 

Territory Government of Australia requires the maximum of 1 - 1000 CFU/100 ml of E. 

coli present in irrigation water, depending on the type of the crop and the method of 

irrigation (Australia Department of Health 2011). In Ontario, Canada, a maximum of 100 

CFU/100 ml of fecal coliforms, 20 CFU/100 ml of enterococci, or 100,000 CFU/100 ml 

of total bacteria is permissible in irrigation water, but the desirable criteria are 0, 0 or no 

more than 10,000 CFU in 100 ml of water, respectively (Ontario Ministry of the 

Environment 1974).  

Fecal indicator bacteria have also been used to track the source of fecal 

contamination. These may have different antibiotic patterns because of the common 
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practice to use different types of antibiotics for humans or animals, which provides 

selective pressure on the intestinal flora of humans and animals and thus results in 

different patterns of antibiotic resistance of these microorganisms. Harwood et al. (2000) 

reported the use of antibiotic resistance patterns of streptoccoci and fecal coliforms to 

identify the source of fecal contamination in subtropical waters. DNA fingerprinting is a 

commonly used approach to identify the source of fecal contamination because of the 

difference in genetic makeup of fecal indicator bacteria from human or animal feces 

(Field and Samadpour 2007). McLellan et al. (2003) reported the discrimination of E. 

coli isolates from different sources of fecal contamination by a repetitive extragenic 

palindromic PCR, and Kim et al. (2010) reported the analysis of whole genome by 

pulsed-field gel electrophoresis to characterize isolates of Enterococcus spp. from human 

and animal feces. Other fecal indicator bacteria-based approaches (such as fecal 

coliform/fecal streptococcus ratio) have also been reported to identify the source of fecal 

contamination (Geldreich and Kenner 1969; Field and Samadpour 2007). However, 

concerns have been raised with these fecal indicator bacteria-based methods to track the 

source of fecal contamination. For example, the antibiotic resistance patterns of bacterial 

indicators from humans or animals in one area may be different from that in another area 

because of the differential application of different types of antibiotics geographically.   

Anaerobes have been investigated as alternative indicators to predict the presence of 

fecal contamination. Anaerobes have advantages in assessing microbial quality of water 

in terms of identifying the source of fecal contamination. Fecal anaerobes are natural 

inhabitants of, and limited to the intestines of warm-blooded animals and constitute a 

significant portion of fecal bacteria. Bacteroides spp., Bifidobacterium spp., and 
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Clostridium perfringens are fecal anaerobes commonly recommended as indicators of 

fecal contamination (Savichtcheva and Okabe 2006). Bacteroides spp. constitutes a 

portion of the normal flora in the intestines of humans and a much smaller number in 

non-human hosts, with some Bacteroides species highly specific to humans, which makes 

it possible to identify the source of fecal contamination (Carson et al. 2005). The 

ecological distribution of Bifidobacterium spp. have been reported to be highly variable 

in animals and thus, they are theoretically present in the feces of both humans and 

animals (Bonjoch et al. 2004). However, some strains of Bifidobacterium spp. have been 

isolated only from the feces of humans and swine, even though feces from various 

animals, including cows, dogs, horses, cats, beavers, sheep, goats, turkeys and chickens 

were investigated (Resnick and Levin 1981). Bifidobacterium spp. are also frequently 

isolated from raw sewage and septic tanks containing human feces, and the detection of 

host-specific Bifidobacterium spp. has been performed to validate the use of this 

bacterium to track the source of fecal contamination (Nebra et al. 2003; Matsuki et al. 

2004). Unfortunately, Bacteroides spp. and Bifidobacterium spp. are less tolerant to 

oxygen and thus cannot survive long in aquatic environments, which is a major weakness 

of fecal anaerobes as indicators of fecal contamination. Clostridium perfringens forms 

spores, which are resistant to various environmental stresses and persist longer in aquatic 

environments. Clostridium perfringens represents one of the most conservative indicators 

of fecal contamination and its usefulness as a fecal indicator has been confirmed by 

monitoring the microbial quality of some water types (Roll and Fujioka 1997). However, 

Clostridium perfringens is not host specific and the concentrations vary in the feces of 

different animals (Savichtcheva and Okabe 2006). Even though fecal anaerobes provide 
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some advantages over traditional fecal indicator bacteria, they are not correlated to the 

presence of enteric viruses in water due to their low survival in the aquatic environment, 

and thus are not adequate indicators of fecal contamination (Savichtcheva and Okabe 

2006).  

Despite numerous reports on the use of fecal indicator bacteria to predict fecal 

contamination and thus assess the microbial quality of water, there are limitations when 

using these microorganisms. Bacterial indicators may replicate in aquatic environments 

under suitable conditions, leading to false-positive interpretation or overestimation of the 

extent of fecal contamination (Tyagi et al. 2006). Some bacterial indicators may originate 

from non-fecal sources, and fecal coliforms have been found in some areas in the absence 

of any fecal contamination (Griffin et al. 2000). Compared with viruses, bacteria are 

generally less resistant to various inactivation processes and persist for a shorter period 

when released into a body of water (O'toole et al. 2008). Even though fecal indicator 

bacteria have been reported to be good indicators for the presence of enteric bacterial 

pathogens, they are less correlated to the presence of viral pathogens (Espinosa et al. 

2009). Viruses are different from bacteria in size, structure, and survival characteristics, 

which lead to differences in adsorption to the surface of solids, penetration through soil 

or sand filter into aquatic environments, or resistance to various inactivating factors 

(Sinton et al. 2002; Allwood et al. 2005), and all these differences potentially alter the 

proportion of viral pathogens and bacterial indicators present in sewage, wastewater, or 

polluted environmental water. The presence of viruses in water cannot be well predicted 

when using bacterial indicators to monitor the occurrence of fecal contamination, and the 

occurrence of enteric viruses has been reported in some types of water where the 
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microbial quality is acceptable based on the level of bacterial indicators (Pusch et al. 

2005).  

1.4.4. Phage indicators  

Bacteriophages (or phages) are recommended as indicators, which can better indicate 

the presence of enteric viruses in waters contaminated with fecal material (Tyagi et al. 

2006). Phages are viruses that infect host bacterial cells. Like viral pathogens, phages are 

obligate intracellular parasites, and are dependent on host cells for propagation. Once 

released from host cells and excreted into environments, phages are unable to reproduce 

but may remain infectious for a relatively long time. Some phages infect members of the 

intestinal microflora of humans and animals, and are always found in the intestines of 

humans and various animals, and are excreted into environments associated with feces 

and fecal bacteria (Grabow 2001). Thus, the presence of such phages, referred to as 

coliphages, implies the presence of fecal bacteria supporting their propagation, or the 

presence of fecal contamination. Coliphages are harbored in feces in high concentrations 

and enter sewage or wastewater associated with feces. The concentrations of coliphages 

commonly present in raw sewage are in the range of 10
6
 - 10

8
 PFU per liter (Grabow 

2001). High numbers of coliphages commonly present in feces or raw sewage increase 

the possibility that positive results will be obtained when detecting phage indicators if 

fecal contamination occurs. Coliphages are not pathogenic, or fastidious to propagate, 

which enables simple and inexpensive approaches for their detection. Currently three 

groups of coliphages, namely Bacteroides phages, somatic phages and male-specific (F+) 

RNA phages, which infect bacteria that are naturally present in the intestines of humans 

and/or animals, have been proposed as indicators of fecal contamination.  
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Bacteroides phages. Bacteroides phages are a group of phages that infect bacteria of 

the genus Bacteroides, an obligate anaerobic gram-negative bacterium constituting a 

major component of the natural flora in the intestines of humans (Doñate et al. 2011). 

Bacteroides have limited value as indicators because they are intolerant to oxygen and 

are inactivated rapidly in aquatic environment, however, Bacteroides phages are more 

resistant to environmental stresses and have proved to be valuable indicators (Doñate et 

al. 2011). It has been reported that some strains of Bacteroides were found in feces of 

humans but not detected in feces of other animals, which provides the potential to track 

the source of fecal contamination by monitoring the presence of phages infecting such 

host-specific strains (Dutka et al. 1987; Tartera and Jofre 1987). The use of Bacteroides 

phages as indicators for fecal contamination in river catchments has been reported 

(Nnane et al. 2011). Because of their oxygen intolerance, strictly anaerobic conditions 

and complex media supplemented with antibiotics are required for the propagation of 

Bacteroides phages, and thus their detection by culture-based methods is complicated, 

labor-intensive and time-consuming (Grabow 2001). Additionally, Bacteroides phages 

are a heterogeneous group of phages, and the levels of phages varied when different host 

strains are used as bacterial hosts for their detection (Doñate et al. 2011). Even though the 

genus Bacteroides is found in large populations compared with coliform bacteria, 

Bacteroides phages are found in only 5% - 10% of individuals in human populations 

(Tartera and Jofre 1987). It is believed that the levels of Bacteroides phages present in 

water are underestimated, and difficulties to recover Bacteroides phages in water with 

low levels of fecal contamination may limit the application of this organism as a fecal 

indicator (Grabow 2001; Savichtcheva and Okabe 2006).  
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Somatic phages. Somatic phages comprise a group of phages that infect E. coli or 

related members of the family Enterobacteriaceae through the recognition of receptor 

sites located on the outer membranes of host cells (US EPA 2001a). Somatic phages are 

commonly found in high numbers in feces, sewage and wastewater, and generally are 

more resistant to unfavorable conditions and persist longer in the environment than 

bacterial indicators (Grabow 2001; Brezina and Baldini 2008). The detection of somatic 

phages is relatively simple compared to Bacteroides phages since the growth of host cells 

is not fastidious and the receptor sites for phage recognition on the surface of the outer 

membrane are expressed all the time (Leclerc et al. 2000). Studies on the correlation 

between the presence of somatic phages and the number of bacterial indicators suggested 

the use of somatic phages as alternative indicators of fecal contamination (Mandilara et al. 

2006). Somatic phages have been detected in natural water with low levels of fecal 

contamination, where the concentration of traditional fecal indicator bacteria is not 

quantifiable (Mandilara et al. 2006), implying the advantage of somatic phages as 

indicators over bacterial indicators in monitoring low levels of fecal contamination. 

Nevertheless, concerns have been expressed regarding the application of somatic phages 

as fecal indicators (Leclerc et al. 2000; Grabow 2001). These include:  

1) Somatic phages are a heterogeneous group of phages, with each strain having a 

different host range. With a specific host bacterium used for phage detection, not all the 

strains of somatic phages present in the samples can be detected by the plaque method. 

Alternative detection methods such as PCR, nucleic acid hybridization probes, or 

immunogenic methods are unable to detect somatic phages other than the target strains, 

and thus may give false-negative results;  
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2) Somatic phages are found in the feces of both humans and various animals. The 

human or animal-originated somatic phages are indistinguishable, and thus information 

on the source of fecal contamination cannot be obtained by tracking the origin of somatic 

phages;  

3) Even though it is generally believed that coliphages do not reproduce in aquatic 

environments, some host cells may metabolize and reproduce in water under favorable 

conditions to an extent that supports the infection and propagation of somatic phages, 

thus leading to an overestimation of the level of fecal contamination when they are used 

as indicators.  

F+RNA phages. F+RNA phages are a group of single stranded RNA phages 

infecting male strains of E. coli through interaction with F pili on the surface of host cells. 

All F+RNA phages have a single stranded RNA genome, ranging from 3466 to 4276 base 

pairs, packaged in an icosahedral protein capsid, approximately 26 nm in diameter 

(Langlet et al. 2008a). Since their discovery in the 1960s (Gesteland and Boedtker 1964; 

Rappaport 1965), F+RNA phages have been used as model organisms to study the 

infection cycle of viruses, interactions between RNA and proteins, and kinetics of virus 

assembly (Paranchych et al. 1970; Gott et al. 1991; Peabody 1993; Ni et al. 1995). 

F+RNA phages have also been widely used as surrogate organisms in assessing the 

resistance of viruses to various processing and environmental stresses (Allwood et al. 

2005; Simonet and Gantzer 2006; Bae and Schwab 2008).  

Compared to somatic phages, F+RNA phages can act not only as indicators of fecal 

contamination, they can also act as surrogates or index organisms of enteric viruses, 

because of the similarities between F+RNA phages and most enteric viruses in terms of 
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genome type, capsid size, morphology, origin and transmission route (Havelaar et al. 

1993; Dore et al. 2000). Unlike somatic phages, F+RNA phages are a homogeneous 

group of phages, belonging to the family Leviviridae. Strains of F+RNA phages are 

indistinguishable in terms of specificity between phages and host bacteria, which 

eliminates the possibility that only a portion of F+RNA phages present in a sample will 

be detected with the use of a specific strain of host bacteria. F+RNA phages infect host 

cells by recognizing receptor sites on sex (F) pili, a filamentous structure on the surface 

of host cells encoded by F plasmids. It is believed that F+RNA phages are unable to 

infect host bacterium outside the intestines of humans or animals since the F pilus is not 

expressed under non-intestinal environmental conditions. The family Leviviridae contains 

Group A and Group B, and is subdivided into four serogroups (or genogroups) according 

to serologic cross-reactivity or phylogenetic characteristics, with group A containing 

subgroups I and II while group B contains subgroups III and IV (Bollback and 

Huelsenbeck 2001; Vinje et al. 2004). An interesting phenomenon is that subgroups II 

and III are predominantly detected in the feces of humans, while subgroups I and IV are 

generally associated with fecal contamination of animal origin (Hsu et al. 1995; Schaper 

et al. 2002b; Lee et al. 2011), which provides a potential to track the source of fecal 

contamination by identifying subgroups of F+RNA phages present in the samples.  

1.5. Methods to detect F+RNA phages  

1.5.1. Plaque methods  

Since phage f2 (a strain of F+RNA phages) was isolated by the plaque method for 

the first time in the early 1960s (Loeb and Zinder 1961), plaque methods have been 

commonly used to isolate and detect F+RNA phages from various samples. Brion et al. 
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(2002) reported the use of a double agar layer (DAL) method to isolate F+RNA phages 

from freshwater samples, and the US Environmental Protection Agency (US EPA) has 

recommended a single or double-agar layer method as the standard method to detect 

F+RNA phages (US EPA 2001a; b). Plaque methods are based on the specific 

recognition between phages and host cells, and commonly used for the detection and 

isolation of phages. Clear areas (plaques) will form on a bacterial lawn when phages are 

incubated with the corresponding host cells on a soft agar plate, indicating phage 

infection and subsequent host cell lysis. Host strains commonly used for the isolation and 

detection of F+RNA phages include, E. coli K-12,  Salmonella enterica WG49, and E. 

coli Famp (Loeb and Zinder 1961; US EPA 2001a; Jones and Johns 2009). The 

possibility of these bacterial strains being infected by somatic phages cannot be excluded 

even though some of these bacterial strains are resistant to some somatic phages and 

more than 95% of the phages from environmental samples plaqued on these host strains 

are F+ specific phages (Debartolomeis and Cabelli 1991). Thus plaque methods are 

incapable of identifying F+RNA phages, but this does not hinder the detection of F+RNA 

phages as fecal indicators to assess the microbial quality of water, since susceptibility of 

these host strains to some of the somatic phages may increase the chance to detect fecal 

contamination when it occurs. Plaque methods usually require 8 - 12 hours, or even 

longer when low levels of F+RNA phages are present, to obtain results (US EPA 2001a; 

b).  

1.5.2. Probe hybridization methods  

Nucleic acid hybridization with specific probes has been widely reported for the 

detection, identification and genotyping of F+RNA phages from various environmental 
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samples (Hsu et al. 1995; Schaper and Jofre 2000; Sundram et al. 2009). The 

hybridization methods are based on the unique nucleotide sequences of F+RNA phage 

genomes, and require isolation of F+RNA phages, transfer of phage isolates onto 

membranes, denaturing phages to release phage RNA, fixation of nucleic acid on the 

membranes and then hybridizing phage RNA with specific oligonucleotide probes. Hsu et 

al. (1995) successfully identified more than 200 isolates of F+RNA phages from oyster, 

seawater, sewage and animal feces, and Sundram et al. (2009) discriminated the isolates 

of F+RNA phages from human and animal excreta by a probe hybridization method. 

Despite the efficacy and reliability of the probe hybridization to detect F+RNA phages, 

such methods are fastidious and labor intensive and thus may not be practically suitable 

for routine detection of F+RNA.  

1.5.3. Immunological methods  

Immunological methods are based on the specific recognition and binding between 

antigens and antibodies, and have been widely used for the detection and identification of 

F+RNA phages. The protein capsid of F+RNA phages is composed of a single type of 

coat protein, which is involved in the antigen-antibody reaction. The ability of coat 

protein antibodies to inactivate F+RNA phages has been investigated and the traditional 

immunological approach to detect and identify F+RNA phages is performed by mixing 

coat protein antibodies with phage isolates and then plating the mixture on host cells 

(Rappaport 1970). Coat protein antibodies are specific to the corresponding subgroups of 

F+RNA phages, and have been used to identify subgroups of F+RNA phages isolated 

from various environmental samples (Furuse et al. 1978). Love et al. (2007) developed an 

antibody-coated polymeric bead agglutination method to detect and differentiate 
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subgroups of F+RNA phages, which proved to be rapid and reliable, but it required at 

least 5 × 10
3
 - 1 × 10

5
 PFU/ml of phages to be present. Coat protein antibodies bind to 

both infectious and inactivated F+RNA phages and thus antibody-mediated agglutination 

of F+RNA phages doses not reveal their infectivity.  

1.5.4. RT-PCR methods  

Reverse transcription (RT) polymerase chain reaction (PCR) methods have been 

widely used for the detection of various microorganisms, especially for RNA viruses that 

are difficult to cultivate in an animal cell line or those for which a cell line is not 

currently available for their cultivation (Guevremont et al. 2006; Trujillo et al. 2006). RT-

PCR methods are rapid and sensitive when used to detect RNA viruses, and theoretically 

the presence of one molecule of target template is able to produce a detectable amount of 

RT-PCR product after several rounds of replication. Various RT-PCR methods have been 

developed to detect F+RNA phages from a wide range of environmental samples, and the 

use of subgroup-specific primer sets have been shown to be successful in identifying 

subgroups of F+RNA phages, which provides valuable information for tracking the 

source of fecal contamination (Dryden et al. 2006; Friedman et al. 2009; Friedman et al. 

2011). Additionally, RT-PCR methods have been successfully used for the quantification 

of F+RNA phages by the use of SYBR Green dye, which binds to double stranded DNA 

but not single stranded RNA or DNA; and specific TaqMan probes, which generate 

fluorescence only when bound to the target sequences, have also been used in these 

assays (Ogorzaly and Gantzer 2006; Haramoto et al. 2009b).  

RT-PCR methods for the detection of F+RNA phages are based on the reverse 

transcription of phage RNA and subsequent replication of the resulting complementary 
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DNA (cDNA). In addition to infectious phage particles, the presence of inactivated phage 

particles or even naked RNA may result in the production of positive RT-PCR signals. 

RT-PCR methods have been criticized as inadequate in quantifying infectious viruses 

because of the production of false-positive signals, since the loss of infectivity may not 

result in the loss of target sequence of the genome (Pecson et al. 2011). F+RNA phages 

introduced into surface water via fecal contamination are exposed to various adverse 

environmental stresses and their infectivity may decline over time. Genomes of F+RNA 

phages may exist in the absence of infectious pathogens or phages if historical fecal 

contamination has occurred. Thus, the use of RT-PCR alone for the detection of F+RNA 

phages may prove unreliable for predicting fecal contamination so as to assess the 

microbial quality of water.  

1.6. Project objectives  

The purpose of this research is to develop methods for the detection of F+RNA 

phages as indicators to predict fecal contamination of irrigation water, which can be an 

important source of contamination of fresh produce with enteric pathogens. There are 

four objectives for this project. The first objective is to determine the growth and survival 

characteristics of F+RNA phages in order to assess their suitability as indicators for fecal 

contamination and microbial source tracking. This includes: 

1) estimating the minimum temperature at which F+RNA phages can infect host 

cells and propagate.  

2) determining and comparing the latent period and burst size of F+RNA phages 

belonging to different subgroups. 
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3) investigating the effects of major factors on the survival of F+RNA phages and 

comparing their persistence in river water among subgroups.  

The second objective of this project is to develop methods for rapid detection of 

F+RNA phages, based on monitoring the activity of phage-mediated release of β-

galactosidase. This required that we: 

1) optimize a fluorescent and a luminescent method to detect F+RNA phages.  

2) investigate the potential to identify subgroups of F+RNA phages by the 

combination of the luminescent method with coat protein antibodies. 

3) elucidate the mechanism by which F+RNA phages are inactivated by the 

corresponding coat protein antibodies.  

The third objective of this project is to develop an efficient and easy method to 

concentrate phages, so that when combined with the phage detection method, it is 

possible to rapidly detect low numbers of F+RNA phages.  

1) Investigate the potential use of isolated F pili to concentrate F+RNA phages.  

2) Evaluate the use of EcoTrap medium and Disruptor filter to concentrate F+RNA 

phages from large volumes of water.  

3) Combine Disruptor filtration with the luminescent method for the rapid detection 

of low levels of F+RNA phages.  

The fourth objective of this project is to develop a real-time RT-PCR, combined with 

an enzyme treatment step, to differentiate infectious and inactivated F+RNA phages. For 

which we need to:  

1) determine the susceptibility of infectious F+RNA phages to RNase A or treatment 

with RNase A and proteinase K.  
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2) develop an enzyme treatment RT-PCR method to reduce or eliminate the 

incidence of false-positive signals encountered with RT-PCR alone.  

3) test the ability of the enzyme treatment RT-PCR to reduce false-positive signals 

when used to detect phages in environmental samples.  
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Chapter 2: Growth and survival characteristics of F+RNA phages 

2.1. Introduction  

F+RNA phages are recommended not merely as indicators of fecal contamination, 

but also provide the potential to track the source of fecal contamination (Hsu et al. 1995; 

Schaper et al. 2002b; Lee et al. 2011). To give reliable information on the occurrence of 

fecal contamination and the origin of fecal materials involved, it is necessary to 

understand the propagation and survival characteristics of F+RNA phages. Once excreted 

into the environment, phages will be exposed to various environmental stresses that affect 

their infectivity. Low numbers of, or even no infectious phages will be detected if they 

are inactivated rapidly by environmental stresses, leading to underestimation of the extent 

of fecal contamination. It is believed that phages are generally more resistant than 

bacteria to various environmental stresses and persist longer in the environment (Baggi et 

al. 2001; Allwood et al. 2005; O'toole et al. 2008), which bestows an advantage to 

coliphages over bacterial indicators when acting as indicators of fecal contamination. 

Previous studies have compared the resistance of F+RNA phages, fecal indicator bacteria, 

and enteric viruses to investigate the usefulness of F+RNA phages as indicators to 

monitor the presence of fecal contamination, and found that F+RNA phages were more 

conservative than fecal indicator bacteria in recycled water and chlorinated water, giving 

more reliable information on predicting the presence of enteric viruses (Allwood et al. 

2005; O'toole et al. 2008). F+RNA phages have also been widely employed as viral 

surrogates to validate the effectiveness of disinfection protocols to inactivate enteric 

viruses (Kim et al. 2008b; Black et al. 2010; Yavarmanesh et al. 2010; Furiga et al. 2011). 

However, limited information is available on the comparative persistence of subgroups of 
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F+RNA phages in surface water. Factors influencing the survival of viruses in aquatic 

environments mainly include temperature, pH, the presence of suspended solids, 

indigenous microbes and their enzymes, UV exposure and organic materials (Girones et 

al. 1989b; Allwood et al. 2005; Li et al. 2009; Romero et al. 2011). These factors may 

cause differential effects on the infectivity of subgroups of F+RNA phages and thus alter 

their relative prevalence in the environment, leading to biased or inaccurate interpretation 

in microbial source tracking studies based on the identification of subgroups of F+RNA 

phages (Schaper et al. 2002b).  

In addition to differential persistence, the propagation characteristics of subgroups of 

F+RNA phage may also affect their relative prevalence in the environment. The 

propagation profile of lytic phages is mainly characterized by their latent period and burst 

size. Latent period of lytic phages is described as the time span between phage adsorption 

to host cells and lysis of host cells. Burst size is considered as the average number of 

progenies produced in a single infected host cell. Large numbers of progenies will be 

produced, shed in the feces, and subsequently released into environments if the phage has 

a short latent period and large burst size. However, previous studies on the infection cycle 

of F+RNA phages focused on the interaction of coat proteins with phage RNA, phage-

host interactions, and effects of host cells, nutrient and cultivation conditions on their 

reproduction (Date 1979; Woody and Cliver 1997; Tsukada et al. 2009). Little 

information is available on comparison of infection profiles among subgroups of F+RNA 

phages. Even though previous studies have demonstrated the relative predominance of 

specific subgroups of F+RNA phages in natural waters polluted with point or non-point 

fecal contamination by investigating the distributions of subgroups of F+RNA phages in 
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human or non-human feces (Schaper et al. 2002b; Friedman et al. 2011), the correlation 

between the reproduction profile of subgroups of F+RNA phages and their relative 

predominance in natural samples has not been studied.  

In order to obtain more reliable assessment of the microbial quality of surface water 

by monitoring and tracking the source of fecal contamination based on detection and 

subgroup identification of F+RNA phages, it is necessary to understand the growth 

profile of subgroups of F+RNA phages and their comparative persistence in surface water. 

In this section, we investigated the infection profile of F+RNA phage belonging to 

different subgroups, and the effects of temperature, pH, suspended solids, UV irradiation, 

and indigenous microbes on the persistence of subgroups of F+RNA phages were also 

studied.  

2.2. Materials and methods  

2.2.1. F+RNA phages and host bacterium  

Purified isolates of F+RNA phages with known identity, belonging to different 

subgroups, were used in this section to study their infection profiles and their 

comparative persistence in surface water under different conditions, since subgroups of 

F+RNA phages are indistinguishable by the plaque method commonly used to determine 

the infectivity of phages. The reference phages for subgroups I, II, III, and IV in this 

study were MS2, GA, Qβ and SP, respectively. E. coli Famp (ATCC 700891), an 

engineered male strain of E. coli, which is resistant to ampicillin and streptomycin, was 

used as the bacterial host for the propagation and enumeration of F+RNA phages. 

Multidrug-resistance allows the selective growth of this male strain bacterium in the 

presence of ampicillin and streptomycin. These phages and host bacterium were kindly 
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provided by Dr. Lawrence Goodridge, McGill University, and their identity was 

confirmed by RT-PCR using specific primers.  

2.2.2. Phage propagation and enumeration  

Bacterial culture used for the propagation of F+RNA phages was prepared as 

described elsewhere (US EPA 2001a; b). Briefly, E. coli Famp was recovered by 

streaking onto tryptic soy agar (TSA, BD, Mississauga, ON, Canada) plates containing 15 

µg/ml of ampicillin/streptomycin followed by incubation at 37 ºC overnight. The 

recovered bacterium was inoculated into tryptic soy broth (TSB, BD, Mississauga, ON, 

Canada) containing the same antibiotics and incubated at 37 ºC for 8 - 12 hours to obtain 

exponentially growing cells. Host cells in exponential phase were used immediately for 

phage propagation/enumeration or stored at 4 ºC before use within 3 days.  

Phage propagation was performed by the antibiotic-supplemented double-agar-layer 

(DAL) method described elsewhere (Sílvio B Santos et al. 2009), with modifications. 

Phage suspension (8 - 10 log10 PFU/ml, 100 µl) from the stock, host cells (~8 log10 

CFU/ml, 200 µl) and antibiotics (50 µl, 1.5 mg/ml) were mixed with 5 ml of soft TSA 

(TSB supplemented with 0.5% agar) pre-warmed at 55 ºC, and spread onto TSA bottom 

plates. The plates were left at ambient temperature for 15 min to allow solidification of 

the soft agar and then inverted and incubated at 37 ºC overnight. The soft layer was 

scrubbed into a 50 ml centrifuge tube (Fisher Scientific, Toronto, Canada) followed by 

the addition of 10 ml of phosphate buffered saline (PBS, pH 7.2) and then centrifugation 

at 8,000 ×g for 10 min. The supernatant was filtered through a 0.22 µm syringe filter 

(Fisher Scientific, Toronto, Canada) to purify the phage suspension. Aliquots (500 µl) of 
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the phage suspension were supplemented with 50% glycerol and stored at -80 ºC. The 

working culture of phage suspension was store at 4 ºC for two weeks before use.  

To enumerate phages, the antibiotic-supplemented DAL method was performed as  

described, except that 1 ml of phage suspension was assayed. Phage suspensions were 

ten-fold serially diluted with PBS to ensure that plaques formed on the plates were 

enumerable and only plates with 30-300 plaques were used for plate counting. The phage 

concentration was expressed as plaque forming units (PFU)/ml. Phage enumeration was 

performed in triplicate, and the average was recorded as the titer of the tested phage 

suspension.  

2.2.3. Growth characteristics of F+RNA phages  

Infectivity of F+RNA phages at different temperatures. Infectivity of F+RNA 

phages at different temperatures was determined by the spot test method. Simply, E. coli 

Famp was inoculated into TBS containing antibiotics and incubated at 25, 28, 30, 32 or 

37 ºC overnight, whereupon values of optical density at 600 nm (OD600nm) between 0.32 - 

0.48 were achieved, which represents at least 8 log10 CFU/ml of cells in these bacterial 

cultures. Host cell-seeded soft TSA plates were prepared by mixing 200 µl of each 

bacterial cultures grown at different temperatures with 15 ml of soft TSA (pre-warmed at 

55 ºC) containing antibiotics, and then dispersing the mixture into 15 cm diameter Petri 

dishes (Fisher Scientific, Toronto, Canada), which were then left at room temperature for 

15 min to allow solidification of the soft agar. Phage suspension (7 log10 PFU/ml) was 

diluted with PBS and 10 µl each of the dilutions was dispensed onto the host cell-seeded 

plates. After 20 min placed at room temperature the plates were inverted and incubated at 
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the corresponding temperatures for 12 h. Clear zones on the bacterial lawn indicated 

infection of host cells by phages and thus confirmed the infectivity of F+RNA phages.  

Adsorption rate of subgroups of F+RNA phages to host cells. E. coli Famp was 

grown in TSB in the presence of antibiotics with shaking at 150 revolutions per minute 

(rpm) overnight to obtain exponential phase bacterial cultures with OD600nm of about 0.4, 

representing approximately 8.6 log10 CFU/ml of host cells. A portion of the bacterial 

culture was assayed by plate count to determine the concentration of host cells. Phage 

suspensions ranging from 140 to 10,600 PFU/ml were mixed with host culture at equal 

volumes, to obtain a multiplicity of infection (MOI) in the range of 3.5 × 10
-7

 - 2.7 × 10
-5

. 

The phage-host mixtures were placed at 37 ºC for 0, 10, or 20 min for phage adsorption, 

and then phage particles not adsorbed to host cells were removed by filtration through a 

0.22 µm syringe filter. The concentration of free phage particles was determined by the 

DAL method. It was confirmed in a preliminary study that there was little loss of F+RNA 

phages due to membrane attachment to the syringe filter when phage suspensions were 

passed through it.  

The attachment of F+RNA phages to E. coli Famp was examined by the use of a 

Philips CM10 (Philips Scientifics, Eindhoven, The Netherlands) transmission electron 

microscope (TEM). Phage suspension (200 µl, ~10 log10 PFU/ml) was mixed with an 

equivalent volume of host cells (~8 log10 CFU/ml), and then one drop of the phage-host 

suspension was added onto a carbon-coated copper grid and, 2 min later, stained with 2% 

(w/v) uranyl acetate (pH 4.5). Excess stain was removed using a piece of filter paper, and 

bacterial cells and F+RNA phages were observed through TEM with an accelerating 

voltage of 80 kV.  



44 
 

One-step growth of F+RNA phages. F+RNA phages were mixed to host cells in 

exponential growth phase grown at 37 ºC at a low MOI (50 -100 PFU phage particles and 

~ 10
8
 CFU host cells). After mixing phage and host cells, the phage-host culture was 

incubated at 37 ºC with shaking at 150 rpm for phage propagation. Phage titers in the 

phage-host mixture were determined every 10 min, by assaying aliquots (1ml) of the 

phage-host culture with the DAL method. High numbers of host cells in the mixture 

would ensure that all phage particles were involved in the infection of host cells and low 

numbers of phage particles would ensure that each infected host cell was infected by a 

single phage particle. Thus, phage titers at 0 min after infection (or more accurately 

before burst of any of the infected cells) represented the numbers of host cells infected by 

F+RNA phages. All the experiments were performed in triplicate, and phage titers at 10 

min in the phage-host mixtures were adjusted to 100 PFU/ml. Phage titers in the phage-

host mixture were adjusted according to the equation:          , where Tad was the 

adjusted phage titer at that time, Tr was the real phage titer determined by the DAL 

method at that time, and Ka was the adjust constant for each specific experiment. The 

value of Ka was calculated from the real phage titer at 10 min and the adjusted phage titer 

of 100 PFU/ml.  

2.2.4. Surface water collection and characterization  

River water used to study the persistence of F+RNA phages in surface water was 

collected from the Speed River in the downtown area of Guelph, Canada, using sterile 

plastic containers, transported on ice to the laboratory, where they were stored at 4 ºC and 

assayed within 48 h. The sample location was about 2.0 km upstream of the wastewater 

treatment plant in Guelph. Turbidity, total suspended solids, total organic carbon, and 
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aerobic bacterial count of the water sample were 17.8 nephelometric turbidity units 

(NTU)/L, 10.0 mg/L, 56.9 mg/L, and 3.70 log10 CFU/ml, respectively (analyses were 

performed by the Lab Services Division, University of Guelph). Preliminary studies 

performed by plating river water onto TSA plates containing ampicillin/streptomycin 

(15µg/ml) demonstrated that the native microbiota in the river water did not grow in the 

presence of the antibiotics used for phage propagation. Thus, the growth of E. coli Famp 

and the propagation of F+RNA phage are unlikely to be affected by microorganisms 

present in the river water. The number of naturally occurring F+RNA phages in 100 ml of 

water was determined by the plaque assay, and no F+RNA phage was found.  

2.2.5. Persistence of F+RNA phages in river water  

Effect of temperature on the persistence of F+RNA phages. Since temperatures 

was one of the major factors affecting the survival of viruses in aquatic environments, 

persistence of F+RNA phages at different temperatures was determined. F+RNA phages 

were inoculated into river water contained in glass flasks, to a final concentration of 

about 4 log10 PFU/ml. The spiked water samples were placed at 4, 15 or 25 ºC, and phage 

titers in 1 ml of water were determined every two days by the plaque assay described 

above. The values obtained by assaying the water sample immediately after inoculation 

were treated as phage concentrations on day 0. Each water sample was individually 

inoculated with one of the phages, and all the four phages were assayed in order to 

compare the persistence of subgroups of F+RNA phages.  

Effect of pH on the persistence of F+RNA phages. The pH of river water was 8.34, 

measured by the use of a Model 215 pH meter (Denver Instrument, New York, US). The 

pH of these water samples was adjusted to 7.02 or 5.53 by the use of 0.1 M HCl, and then 
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each of the four F+RNA phages was inoculated individually to concentrations of about 4 

log10 PFU/ml as described above. The spiked river water samples were placed at 25 ºC, 

and phage titers were tested as described above.  

Effect of indigenous microorganisms on the persistence of F+RNA phages. The 

survival of viruses in aquatic environments may be affected by the presence of 

microorganisms and their enzymes and metabolites, and the inactivating effects of 

indigenous microbiota in seawater has been reported in previous studies (Girones et al. 

1989a). Various naturally occurring microorganisms are present, and may influence the 

persistence of F+RNA phages in river water. To determine the influence of native 

microbiota (and their enzymes and metabolites) on the persistence of F+RNA phages in 

river water, F+RNA phages were spiked into decontaminated river water to a final 

concentration of about 4 log10 PFU/ml and placed at 25 ºC. Phage titers in the spiked 

samples were determined every 2 days as described above. Decontaminated river water 

was obtained by autoclaving raw river water to inactivate microorganisms and enzymes 

potentially present. The persistence of phages in decontaminated river water was 

compared with that in raw river water at 25 ºC to elucidate the effects of the native 

microbiota on the persistence of F+RNA phages.  

Effect of suspended solids on the persistence of F+RNA phages. It is generally 

accepted that adsorption of viral particles onto the surface of suspended solids protects 

viruses from unfavorable environmental stresses. When determining the influence of 

suspended solids on the persistence of F+RNA phages in surface water, decontaminated 

river water was passed through a 0.45 µm membrane filter (Fisher Scientific, Ottawa, ON, 

Canada) to remove suspended solids. The resulting suspended solid-free, decontaminated 
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river water was inoculated with F+RNA phages to a final concentration of about 4 log10 

PFU/ml and placed at 25 ºC. Phage titers in the spiked samples were measured as 

described above. Phage titers were compared with those observed in unfiltered, 

decontaminated river water to determine the effect of suspended solids on the persistence 

of subgroups of F+RNA phages.  

Effect of UV exposure on the persistence of F+RNA phages. UV inactivation of 

F+RNA phages was conducted by inoculating F+RNA phages in river water or distilled 

water, which was then dispersed into Petri dishes (10 cm in diameter) and exposed to UV 

radiation by the use of a FB-TIV-88A Transilluminator (Fisher Scientific, Toronto, 

Canada). The apparatus consisted of six 15-W medium wave (312 nm) UV tubes that 

were suspended horizontally in a metal box and emitted UV light, which was directed 

through a square opening. The UV intensity was variable from 20% to 100% and set at 

20% for all the experiments. The UV intensity was determined by placing a PMA2100 

Radiometer (Solar Light, Glenside, PA, US) at the same location as the water surface of 

the irradiated sample. The experiments were performed at room temperature, and the UV 

lamps were warmed up for at least 30 min before each experiment to ensure uniform UV 

output. The average UV doses absorbed by the spiked samples were calculated from the 

measured UV intensity and time of exposure. Phage titers in the spiked water samples 

after exposure to varying doses of UV irradiation were determined by the plaque as 

described.  

2.2.6. Data analysis  

All the experiments for phage enumeration were performed in triplicate. Statistical 

analysis was performed using SPSS 16.0 software (IBM, New York, US). Differences 
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were determined by analysis of variance (ANOVA), and considered significant when P < 

0.05.  

2.3. Results  

2.3.1. Growth characteristics of F+RNA phages  

Infectivity of F+RNA phages at different temperatures. The susceptibility of E. 

coli Famp, grown at different temperatures, to F+RNA phage infection was investigated 

to determine the effect of temperature on the infectivity of F+RNA phages. When 

F+RNA phages were spotted onto soft TSA plates seeded with E. coli Famp grown at 28 

or 29 ºC, clear zones were not observed on the bacterial lawn for phage Qβ or SP after 

incubation at the same temperatures, however, for phages MS2 and GA, turbid spots were 

observed on the bacterial lawn where high titers of phage suspensions were dispersed. 

When bacterial cells grown at 30 ºC were used to prepare host cell-seeded soft TSA 

plates, which were subsequently incubated at the same temperature, turbid areas were 

observed for all the four phages on the bacterial lawn where high concentrations of 

phages were dispensed. However, when the temperature, at which bacterial cells were 

grown and the host cell-seeded plates were subsequently incubated after the addition of 

phage suspensions, was increased to 32 ºC or above, clear spots were consistently 

observed on the bacterial lawn. Phage infection was not observed when host cell 

preparation and spot test were performed at 25 ºC. Spots formed on the bacterial lawn 

caused by the infection of host cells with F+RNA phages at different temperatures are 

shown in Figure 2.1. The transparency of the spots on the bacterial lawn where F+RNA 

phages were dispensed increased with the increase of temperature at which the host 

bacterial cells and phages were incubated.  
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Figure 2.1. Infectivity of F+RNA at different temperatures. E. coli Famp cells used to 

prepare host cell-seeded soft TSA plates were grown at A) 28 ºC; B) 29 ºC; C) 30 ºC; D) 

32 ºC, and these plates were incubated at the corresponding temperatures when after the 

addition of F+RNA phage suspensions.  
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Adsorption rate. The concentrations of host cells used to determine the adsorption 

rate of F+RNA phages were in the range of 2.9 - 4.5 × 10
8
 CFU/ml, while the initial 

concentrations of F+RNA phages were in the range of 330 - 10,700 PFU/ml. During the 

first 10 min after mixing F+RNA phages with host cells, 92.9 - 98.3% of F+RNA phages 

were adsorbed to host cells. In the following 10 min, phages adsorbed to host cells 

increased to 93.1 - 99.6%. Because of the difference in the concentrations of host cells 

used to determine the adsorption rate of F+RNA phages, adsorption rate constant was 

calculated according to the equation:  
    

  
        ; where k (ml/cell/min) is the 

adsorption rate constant, [B] is the concentration of bacterial cells (cells/ml), and [P] is 

the concentration of un-adsorbed phage particles (PFU/ml). The adsorption rate constants 

of phages MS2, Qβ, GA and SP were 5.93 × 10
-12

 ± 8.62 × 10
-13

, 6.63× 10
-12

 ± 1.05 ×10
-

12
, 1.93× 10

-11
 ± 3.21 ×10

-12
 and 1.43× 10

-11
 ± 1.15 ×10

-12
, respectively.  

As demonstrated in Figure 2.2, F+RNA phages attached to the side of F pili on the 

surface of host cells. Multiple phage particles were adsorbed onto a single pilus when 

high concentrations of F+RNA phages were mixed with host cells, and the number of 

phage particles adsorbed on a single pilus was dependent on the length of the pilus. The 

morphology of F+RNA phages, or their attachment to F pili was indistinguishable 

between different strains under TEM.  
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Figure 2.2. TEM images of F+RNA phages attached to F pili on the surface of host cells.  
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Latent period and burst size of F+RNA phages. One-step growth experiments 

were conducted in TSB at 37 ºC to determine the latent period and burst size of F+RNA 

phages, and the effect of Mg
2+

 on the propagation of F+RNA phages was also determined. 

In examining the effect of Mg
2+

 on growth of E. coli Famp, the initial concentration of E. 

coli Famp inoculated in TSB was 5.09 ± 0.07 or 5.08 ± 0.08 log10 CFU/ml, respectively, 

in the presence or absence of Mg
2+

. The growth of E. coli Famp in TSB at 37 ºC in the 

presence or absence of Mg
2+

 is shown in Figure 2.3. From the graph it was determined 

that the specific growth rates of E. coli Famp in TSB in the presence or absence of Mg
2+

 

were 0.609 (r
2
 = 0.9678) and 0.604 (r

2
 = 0.9686) log10 CFU/ml per hour, respectively. In 

terms of specific growth rate, Mg
2+

 showed no obvious effect on the growth of E. coli 

Famp in TSB.  

Host cells in exponential phase (obtained by inoculating ~4 log10 CFU/ml of E. coli 

Famp in TSB followed by incubation at 37 ºC for 7 - 8 h) were used in the one-step 

growth experiments, with an initial concentration in the range of 1.47 - 4.7 × 10
8
 CFU/ml. 

The initial phage titers in the one-step growth experiments were in the range of 1.37 - 

2.24log10 PFU/ml, thus MOI was in the range of 5.0 × 10
-8

 - 1.2 × 10
-6

. The results of 

one-step experiments conducted in TSB in the presence or absence of Mg
2+

 indicated that 

the propagation of F+RNA phages in E. coli Famp was affected by Mg
2+

. As shown in 

Figure 2.4, for phages MS2, Qβ and SP, the latent period was 10 min shorter in the 

presence of 10 mM Mg
2+

 than in the absence of Mg
2+

. However, for phage GA, the latent 

period was the same in the presence or absence of Mg
2+

. In the presence of Mg
2+

 (Fig. 

2.5a), the latent period of phages in group A (MS2 and GA), was approximately 40 min; 

that is 10 min longer than the latent period of F+RNA phages in group B (Qβ and SP). 
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However, in the absence of Mg
2+

, the latent period of phage MS2 was 50 min, while the 

latent period of the other three phages was approximately 40 min. Both in the presence or 

absence of Mg
2+

, the average numbers of phage particles released from an infected host 

cell, i.e., burst size, was calculated from the increases in phage concentrations between 10 

min and 90 min for all the four phages. In the presence of Mg
2+

, burst sizes of phages 

MS2, GA, Qβ and SP were 4,596 ± 598, 1,034 ± 364, 751 ± 142, and 800 ± 162, 

respectively. While in the absence of Mg
2+

, the burst sizes of phages MS2, GA, Qβ and 

SP were 1,182 ± 163, 362 ± 74, 455 ± 130, and 345 ± 83, respectively. The average 

number of phage particles released from an infected host cell increased approximately 

3.89, 2.86, 2.32 and 1.65-fold for phages MS2, GA, Qβ and SP, respectively, when TSB 

was supplemented with 10 mM Mg
2+

 for their propagation.  

 

 
 

Figure 2.3. Growth curves of E. coli Famp in TSB at 37 ºC in the (■) presence or (●) 

absence of Mg
2+

.  
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Figure 2.4. One-step growth of F+RNA phages A) MS2; B) GA; C) Qβ; and D) SP in 

the (■) presence or (●) absence of Mg
2+

.  
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Figure 2.5. One-step growth comparison between subgroups of F+RNA phages (●) 

MS2; (■) GA; (▲) Qβ; and (▼) SP in the A) presence or B) absence of Mg
2+

.  
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2.3.2. Persistence of F+RNA phages in river water  

Effect of temperature on the persistence of F+RNA phages in river water. The 

persistence of F+RNA phages in river water was dependant on temperature, and F+RNA 

phages were inactivated more rapidly in river water at higher temperatures (Fig. 2.6). 

Generally, the titers of F+RNA phages in raw river water declined by approximately 4 

log10 PFU/ml at 25 ºC over 6 days; when river water was placed at 15 ºC, a reduction of 

about 3 log10 PFU/ml in phage titers was observed over 12 days; a reduction of less than 

2 log10 PFU/ml in phage titers was observed when river water was kept at 4 ºC for 30 

days. The log10 reductions of the four phages at 25 ºC were significantly (P < 0.05) higher 

than that at 15 ºC, which in turn, was significantly (P < 0.05) higher than that at 4 ºC 

within a given period of time. Comparison of the persistence of F+RNA phages in river 

water at specific temperatures among the four subgroups is summarized in Table 2.1. At 

25 ºC, phage Qβ exhibited a significantly lower (P < 0.05) log10 reduction than the other 

phages, all of which behaved similarly at this temperature (P > 0.05). At 15 ºC, phage GA 

showed the lowest log10 reduction, and was significantly (P < 0.05) more stable than the 

other three phages. However, phage SP exhibited the greatest log10 reduction at 4 ºC after 

30 days, and this was significantly (P < 0.05) higher than that of phages MS2 and Qβ, 

which in turn, exhibited a significantly (P < 0.05) higher loss in phage titer than GA.  
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Table 2.1. Effect of temperature on the persistence of F+RNA phages in river water  

Incubation Temperature 

and duration 

Log10 Reduction (STDEV) of F+RNA Phages in PFU/ml 

MS2 GA Qβ SP 

4 ºC 

    4 days 0.30 (0.05) 0.22 (0.08) 0.29 (0.03) 0.09 (0.01) 

12 days 0.62 (0.01) 0.59 (0.01) 0.63 (0.02) 0.57 (0.02) 

30 days 1.50 (0.02) 1.43 (0.02) 1.53 (0.01) 1.90 (0.04) 

15 ºC 

    4 days 0.92 (0.03) 0.76 (0.02) 0.48 (0.01) 0.92 (0.02) 

15 days 2.90 (0.05) 2.68 (0.02) 3.00 (0.17) 2.81 (0.05) 

25 ºC 

    4 days 2.14 (0.05) 2.17 (0.02) 2.49 (0.06) 2.09 (0.02) 
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Figure 2.6. Persistence of F+RNA phages A) MS2, B) GA, C) Qβ and D) SP in river water at 

(●) 4, (■) 15, or (▲) 25 ºC. 
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Effect of pH on the persistence of F+RNA phages. The pH of river water was 8.35, 

and was adjusted to 5.53 or 7.02 to determine the effect of pH on the persistence of 

F+RNA phages in river water. Generally, F+RNA phages persisted longer in river water 

at decreasing pH in the range of 5.53 - 8.35, as shown in Figure 2.7. The comparative 

persistence of subgroups of F+RNA phages in river water under specific pH conditions is 

summarized in Table 2.2. At pH 8.35, phage Qβ was the least stable, whereas at pH 7.02, 

phage GA showed the greatest stability. However, at pH 5.53, phage GA exhibited the 

highest log10 reduction after 10 days, and this loss in titer was significantly greater (P < 

0.05) than observed for the other three phages. 

 

Table 2.2. Comparative persistence of F+RNA phages in river water at 

varying pH 

Incubation 

pH and 

duration 

Log10 Reduction (STDEV) of F+RNA Phages in PFU/ml 

MS2 GA Qβ Sp 

8.35         

4 days 2.14 (0.05) 2.17 (0.02) 2.49 (0.06) 2.09 (0.02) 

7.02 

    4 days 0.76 (0.05) 0.47 (0.03) 1.17 (0.02) 1.04 (0.01) 

6 days 2.18 (0.05) 1.59 (0.03) 2.40 (0.14) 2.37 (0.03) 

5.53 

    4 days 0.28 ( 0.05) 0.25 (0.01) 0.34 (0.01) 0.35 (0.04) 

6 days 0.54 (0.02) 0.72 (0.01) 0.47 (0.04) 0.57 (0.03) 

10 days 1.23(0.04) 2.76 (0.06) 1.32 (0.01) 1.18 (0.03) 
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Figure 2.7. Persistence of F+RNA phages A) MS2; B) GA; C) Qβ; and D) SP at pH (●) 5.53, 

(■) 7.02, or (▲) 8.35. 
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Effects of microorganisms and suspended solids on persistence of F+RNA 

phages. The effects of microorganisms and suspended solids on the persistence of 

F+RNA phages varied according to the phages. As shown in Table 2.3, except phage Qβ, 

all the other three subgroups showed slightly higher persistence in decontaminated river 

water, when indigenous microorganisms and their enzymes would be inactivated, than in 

raw river water. When suspended solids were removed from decontaminated river water, 

all the phages were less stable than in the presence of suspended solids, except phage Qβ. 

In both raw and decontaminated river water, phage Qβ exhibited the highest log10 

reduction after 4 days, which was significantly higher (P < 0.05) than phages MS2, GA 

and SP, the log10 reduction (PFU/ml) of which were similar over the same time course. 

However, following inactivation of the native microbiota and removal of suspended 

solids, phage GA exhibited the highest log10 reduction, which was significantly higher 

than that observed for phage SP, which in turn, was significantly higher (P < 0.05) than 

for phages MS2 and Qβ. 

 

Table 2.3. Effect of native microbiota and suspended solids on the persistence of 

F+RNA phages. 

Type of river 

water 

Log10 Reduction (STDEV) of F+RNA Phages in PFU/ml after 

4 days 

MS2 GA Qβ Sp 

Raw 2.14 (0.05) 2.17 (0.02) 2.49 (0.06) 2.09 (0.02) 

Autoclaved 2.08 (0.03) 1.99 (0.02) 2.93 (0.06) 2.06 (0.02) 

Autoclaved 

and filtered 
2.40 (0.04) 3.86 (0.14) 2.43 (0.01) 2.80 (0.00) 
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Effect of UV on persistence of F+RNA phages. F+RNA phages were spiked in 

river water or distilled water and then exposed to UV irradiation for 5, 10, 15 or 20 min 

to determine their resistance to UV, and each of F+RNA phages was studied individually 

to compare their relative resistance. The average UV intensity was measured to be 0.19 

mW/cm
2
,
 
and thus the UV dose was 57, 114, 171, or 228 mJ/cm

2
, respectively when the 

spiked water sample was exposed to UV irradiation for 5, 10, 15, or 20 min. F+RNA 

phages exhibited different resistance to UV irradiation in distilled water from that in river 

water. Generally, a higher reduction of F+RNA phages was observed in distilled water 

than in river water when exposed to a given dose of UV irradiation (Fig. 2.8). Both in 

distilled water and in river water, phage SP appeared to be the least resistant to UV 

irradiation, followed by phage GA, and phages MS2 and Qβ exhibited a similar 

resistance to UV. Linear regression was conducted to determine the dose of UV exposure 

required for the reduction of 1 log10 PFU/ml, of F+RNA phages. In distilled water, the 

dose of UV exposure required for the reduction of 1 log10 PFU/ml of phages was 143, 

106, 159 or 69 mJ/cm
2
 for MS2, GA, Qβ or SP, respectively; while in river water, 189, 

131, 231, or 91 mJ/cm
2
 of UV exposure was required to achieve 1 log10 PFU/ml of 

inactivation for MS2, GA, Qβ or SP, respectively.  
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Figure 2.8. Resistance of F+RNA phages (●) MS2, (■) GA, (▲) Qβ, and (▼) SP to UV 

irradiation in A) distilled water or B) river water. 
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2.4. Discussion  

F+RNA phages have been widely used as indicators of fecal contamination, or used 

in microbial source tracking (Sobsey et al. 2006; Ogorzaly et al. 2009). Knowledge of the 

growth and survival characteristics of F+RNA phages, and comparison of these 

characteristics among the four subgroups are needed to provide an accurate interpretation 

when they are used to track the source of fecal contamination. Growth characteristics of 

F+RNA phages may affect their abundance when excreted into environments, and 

differential growth characteristics of F+RNA phages among the four subgroups may 

contribute to their relative prevalence when fecal contamination occurs. Even though 

comparison of the persistence between F+RNA phages and enteric viruses have 

demonstrated that F+RNA phages survive for a long period in aquatic environments and 

prove a suitable surrogate for enteric viruses (Nappier et al. 2006; Katz and Margolin 

2007; Skraber et al. 2009), F+RNA phages decay over time once excreted into the 

environments. The relative prevalence of subgroups of F+RNA phages may change over 

time if big differences exist in the persistence of F+RNA phages among the four 

subgroups. 

Previous studies of the growth characteristics of F+RNA phages focused on the 

infection cycle of a single phage strain in different culture media (Inomata et al. 2012), or 

the effects of host cell intensities, competition from insusceptible cells and other 

coliphages on their propagation (Woody and Cliver 1997). In this study, we investigated 

the effect of temperature on the infectivity of F+RNA phages and compared the infection 

profiles of the four subgroups of F+RNA phages. The  inability of F+RNA phages to 

reproduce below 25 ºC (and poor ability below 29 ºC) indicated that propagation of 
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F+RNA phages was unlikely to occur in environmental water, the temperature of which 

rarely reaches such a high level (Woody and Cliver 1995). In addition, generally a 

minimum of approximately 4 log10 CFU/ml of host cells are required to ensure sufficient 

phage-host contact and subsequent phage infection and propagation (Woody and Cliver 

1997; Muniesa and Jofre 2004). However, bacterial cells present in surface water are not 

likely exceeding this level and the number of male strains of E. coli is even lower. The 

inability of F+RNA phages to reproduce in aquatic environments excludes the increase of 

F+RNA phages once excreted into surface water, and thus the presence of F+RNA 

phages in surface water confidently implies the occurrence of fecal contamination.  

In one-step growth experiments, low values of MOI (< 3.5 × 10
-7

) were used to 

ensure that each infected cell was attacked by a single infectious phage particle. Phage 

adsorption is dependent on the concentration of host cells, and in a dense bacterial 

suspension most of the phage particles are rapidly adsorbed to host cells. Subsequent 

adsorption of any phage particle remaining un-adsorbed is insignificant. With 1.37 - 2.24 

log10 PFU/ml of F+RNA phages mixed with 1.47 - 4.7 × 10
8
 CFU/ml of host cells, it is 

reasonable to assume that all the phage particles were rapidly adsorbed to host cells, 

namely, all the infectious phage particles will successfully attach to and infect a host cell, 

and that only one phage particle is attached to an infected host cell, which is subsequently 

ruptured. Thus, the number of plaque forming units (PFU) initially present in the phage-

host mixture represented the number of infected host cells in the one-step growth 

experiments. Previous studies on infection cycle of F+RNA phages mainly focused on 

phage Qβ (Woody and Cliver 1995; Tsukada et al. 2009; Inomata et al. 2012), the results 

of which are commonly used to represent the reproduction characteristics of F+RNA 
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phages. However, by conducting one-step growth experiments for each of the four phages, 

differences in burst size and latent period were found among the four phages belonging to 

different subgroups. This is consistent with the findings of previous studies that the burst 

size of Qβ was in the range of 90 – 1,500 while the burst size of phage MS2 was in the 

range of 1,000 – 2,000 (Rappaport 1965; Tsukada et al. 2009). The use of different 

strains of host bacteria and culture media may contribute to the difference in burst size 

between phages MS2 and Qβ. However, in our study, differences in burst size and latent 

period were observed among the four phages when E. coli Famp was used as the host 

bacterium for phage propagation in TSB, either in the presence or absence of Mg
2+

. The 

smaller burst size of phage SP than phage MS2 may provide an explanation for the 

significantly less abundance of subgroup IV than subgroup I reported in animal feces or 

environmental water contaminated with fecal materials of animal origin (Schaper and 

Jofre 2000; Brion et al. 2002; Ogorzaly et al. 2009).  

Previous studies have suggested that Mg
2+

 is required for the infection of F+RNA 

phages after adsorption (Inomata et al. 2012), which is consistent with our observation 

that the latent period of F+RNA phages (except phage GA) was approximately 10 min 

shorter in the presence than in the absence of Mg
2+

. In addition, we believe that Mg
2+

 

enhanced the correct assembly of F+RNA phages before host cell lysis and release of 

phage progenies because of the larger number of infectious phage particles produced by 

an infected host cell in the presence of Mg
2+

. Inomata et al. (2012) reported that 600 - 

1,000 particles of phage Qβ were produced by an infected bacterial cell while only 190 - 

200 of them were infectious. Our preliminary studies demonstrated that higher phage 

titers were observed when aliquots of F+RNA phage suspensions were assayed by the 
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plaque method in the presence than in the absence of Mg
2+

, which suggests the effect of 

Mg
2+

 on promoting the adsorption of F+RNA phage to host cells. A previous study has 

reported that complex formation between F+RNA phages and F pili required the presence 

of divalent ions (Valentine and Strand 1965), which indicated that Mg
2+

 may enhance the 

propagation of F+RNA phages in other stages (such as attachment to host cells and 

assembly of viral particles), in addition to penetration,  during the infection cycle.  

Previous studies related to the survival characteristics of F+RNA phages focused on 

using F+RNA phages as surrogates to evaluate the effectiveness of various inactivating 

processes, or comparing the persistence of F+RNA phages with enteric pathogens in 

aquatic environments to assess the usefulness of F+RNA phages as indicators to predict 

their presence (Nappier et al. 2006; Katz and Margolin 2007; Skraber et al. 2009). 

Limited information on the differential persistence of subgroups of F+RNA phages, 

especially in surface water, is available, even though the comparative resistance of 

subgroups of F+RNA phages to certain inactivating processes has suggested that the 

usefulness of F+RNA phages as tracers of fecal contamination may be hindered by their 

differential persistence among subgroups (Schaper et al. 2002a; Muniesa et al. 2009). 

This study investigated the comparative persistence of F+RNA phages (belonging to 

different subgroups) in surface water in order to avoid incorrect interpretation when they 

are used to track the source of fecal contamination. The effects of temperature, pH, 

indigenous microbiota and their enzymes, UV irradiation, and suspended solids on the 

persistence of F+RNA phages were determined since they are the major factors affecting 

the survival of viruses in surface water (Bae and Schwab 2008; Walshe et al. 2010; Seo et 

al. 2012). The conditions tested were controlled so as to observe their specific effects on 
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phage persistence; however, synergistic or antagonistic effects of different stresses may 

occur in natural aquatic environments. Competition between actual strains of phages was 

not evaluated in this study since the method used to determine phage infectivity was 

unable to distinguish strains of F+RNA phages.  

The results of this study provided information on the variability of the persistence of 

subgroups of F+RNA phages under different conditions, which may contribute to the 

distribution of subgroups of F+RNA phages in surface water. Among the parameters 

investigated, temperature, pH and UV irradiation were the main factors affecting the 

persistence of F+RNA phages in river water. The higher persistence of all the four phages 

at lower temperatures is consistent with the higher occurrence of enteric viruses and 

F+RNA phages in the winter (Dore et al. 2000; Lodder et al. 2010) and can be explained 

by the higher hydrolysis rate of proteins and enzyme activity of proteases at higher 

temperatures. Previous studies have reported that the inactivating effects of indigenous 

microorganisms on viruses were due to their production of proteases, but data on 

successful isolation and sub-cultivation of the functioning microorganisms in the 

laboratory is scarce (Girones et al. 1989a; Girones et al. 1989b). However, in this study, 

the persistence of F+RNA phages was not significantly (P > 0.05) increased when the 

microorganisms and potentially their enzymes were inactivated. The higher persistence of 

F+RNA phages at lower pH may be attributed to their less charged state, and thus the 

decreased ability to be adsorbed to solid particles. Aggregation occurs only when the pH 

is at or below the isoelectric points of F+RNA phages (Langlet et al. 2007). The 

isoelectric points of phages MS2, GA, Qβ and SP are 3.1, 2.1, 2.7, and 2.1, respectively, 

at 1mM ionic strength (Langlet et al. 2008a), which indicates that aggregation of phage 
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particles was not likely to occur in this study. Thus, the value of PFU truly reflected the 

number of infectious phage particles if not considering the adsorption of phage particles 

to suspended solids. Suspended solids are reported to have protective effects on the 

survival of viruses in aquatic environments (Rao et al. 1984), and in this study, lower 

persistence of phages (except Qβ) was observed in decontaminated river water when 

suspended solids were removed by filtration. However, the protective effects of 

suspended solids on the persistence of F+RNA phages in river water may be 

underestimated since more than one phage particle can be adsorbed to a single suspended 

solid particle, thus decreasing the number of PFU determined by the plaque assay. RT-

PCR methods may overcome such problems, however, it detects RNA from both 

inactivated and infectious phage particles, and thus the infectivity of F+RNA phages will 

not be ascertained. The presence of organic matter had a protective effect on the 

persistence of F+RNA phages in aquatic environments and this was confirmed by the 

higher persistence of F+RNA phages in humic acid (which is the major component of 

dissolved organic matter in river water) solutions than that in distilled water (data not 

show). The inactivating effect of UV suggests that the persistence of F+RNA phages 

could be affected by weather conditions since the sun emits UV radiation at all 

wavelengths and the UV intensity varies according to weather conditions. The higher 

resistance of F+RNA phages in river water than in distilled water to UV irradiation 

implied the protective effect of organic matters and suspended solids on F+RNA phages, 

at least against UV irradiation. And this may contribute to the difference in persistence of 

F+RNA phages in environmental water reported in previous studies in which different 
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makeup of water and weather conditions were involved (Long and Sobsey 2004; Romero 

et al. 2011).  

The comparative persistence patterns of the four subgroups of F+RNA phages varied 

under different conditions, which differed from previous findings suggesting that 

subgroup I showed the highest persistence under all inactivation conditions studied (fresh 

water, chlorination, ammonia, extreme pH, temperature and salt concentrations) (Schaper 

et al. 2002a). This may be caused by the different aquatic matrix, and different strains of 

F+RNA phages for each subgroup that were used. The varying persistence of subgroups 

of F+RNA phages at neutral pH may be related to their different surface properties since 

viruses possess a pH-dependant surface charge in polar media and the four phages have 

different isoelectric points (Michen and Graule 2010). The RNA sequences of the phages 

have been also reported to influence their electrohydrodynamic and aggregation profiles 

(Dika et al. 2011; Nguyen et al. 2011) and thus their comparative persistence patterns at 

different pHs. Even though the inactivating effects of indigenous microorganisms on the 

activity of viruses in some aquatic environments have been reported (Toranzo et al. 1983; 

Kamei et al. 1988; Girones et al. 1989b), the microbiota of the river water in this study 

did not exhibit any virus inactivating effect. In addition, besides inactivation of 

microorganisms and enzymes potentially present, heat treatment may also lead to other 

changes such as colloidal properties of the suspended solids in the river water. All of 

these may contribute to the similar persistence of F+RNA phages in river water before 

and after heat treatment. The largest difference in log10 reduction of phage GA before and 

after the removal of suspended solids was consistent with its lowest isoelectric point 

among the four phages. However, the protective effects of suspended solids on the 
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activity of F+RNA phages may be offset by the decline of plaque forming units (PFU) 

due to the adsorption of more than one phage particle onto a single suspended solid, 

which makes it difficult to quantify the effects of suspended solids on the activity of 

F+RNA phages.  

Comparative persistence patterns of the four phages varied at different temperatures, 

and the difference in the persistence of F+RNA phages under some conditions (e.g. 

persistence of phages MS2 and GA at 15 ºC) was statistically significant (P < 0.05) 

among subgroups. However, the difference in log10 reduction at any of these temperatures 

was less than 0.5 after 4 days. The log10 reduction of phage GA was higher than the other 

three phages by 1.40 - 1.58 at pH 5.53 after 10 days, but the difference in log10 reduction 

between the four phages was no more than 0.4 after 4 days. Since F+RNA phages are 

indicators of recent fecal contamination and the application of F+RNA phages in 

microbial sourcing tracking is based not on the proportion of subgroups of F+RNA 

phages but on the association of specific subgroups with human or animal feces, the 

effects of temperature or pH on the comparative persistence of subgroups of F+RNA 

phages will not exclude their use in tracking the source of fecal contamination. The 

difference in log10 reduction among the four phages after 4 days was as high as 0. 94 in 

heat-treated river water and as high as 1.46 when suspended solids were removed from 

the heat-treated water. However, river water rarely if ever, experiences such treatments 

and thus the difference will not hinder the use of F+RNA phages in tracking the source of 

fecal contamination of river water.  

The environmental parameters and compositional makeup of surface water may 

substantially vary between different geographical locations, and parameters not tested in 
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this study (e.g. hardness) may also affect the persistence of F+RNA phages. The 

characteristics of surface water in terms of their influence on the persistence of F+RNA 

phages should be considered so as to give more accurate information when assessing 

microbial quality, and the results should be carefully interpreted when tracking the source 

of fecal contamination if the pH of river water is in the acid range. In addition, strains of 

each subgroup of F+RNA phages other than those tested in this study may vary in their 

persistence in river water, and more information on the persistence patterns of various 

strains of F+RNA phages is needed to give a more reliable interpretation  on the source of 

fecal contamination.  
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Chapter 3: Rapid detection of F+RNA phages based on monitoring 

enzymatic activity of phage mediated release of β-galactosidase 

3.1. Introduction  

Current methods commonly used for the detection of F+RNA phages include plaque 

methods, reverse transcription polymerase chain reaction (RT-PCR), immunological 

methods, and hybridization probe methods (Beekwilder et al. 1996; USEPA 2001a; b; 

Ogorzaly and Gantzer 2006; Love and Sobsey 2007; Wolf et al. 2008). The plaque assay 

is based on the specific interaction between phages and host cells and is easy and 

inexpensive to perform. It is the oldest and most useful method for the detection of 

phages. Standardized procedures for qualitative and quantitative detection of F+RNA 

phages have been established (US EPA 2001a; b). However, it takes at least 8 - 12 hours 

to obtain a positive result, or even longer if an enrichment step is required to determine 

the presence of low numbers of F+RNA phages. RT-PCR methods are especially useful 

for viruses which are difficult to propagate in vitro or for which no cell line has been 

found to support their propagation (Duizer et al. 2004; Haramoto et al. 2009b). Specific 

primers have been developed to detect F+RNA phages in various types of samples and 

the resulting RT-PCR assays have proved rapid and effective (Ogorzaly and Gantzer 

2006; Wolf et al. 2008; Haramoto et al. 2009b). Even though RT-PCR methods are rapid 

and theoretically a single copy of template can generate sufficient numbers of products 

for detection after several rounds of replication, the sensitivity of RT-PCR methods is 

limited by the small sampling volumes (usually 100 - 500 µl of phage suspension is used 

for RNA extraction and 1 - 10 µl of RNA template is used for RT-PCR). Additionally, 

RT-PCR detects RNA from both infectious and inactivated viral particles (or naked 
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RNA), and thus is unable to reveal the infectivity of F+RNA phages present in the test 

samples. Immunological methods for the detection of F+RNA phages are based on the 

specific interaction between F+RNA coat proteins and coat-protein antibodies (Rappaport 

1970; Love and Sobsey 2007). F+RNA phages were detected within 60 sec by an 

antibody-coated polymeric bead agglutination method, but it required at least 3.7 - 5.0 

log10 PFU/ml of phages to be present (Love and Sobsey 2007). Hybridization methods 

are effective and reliable in detecting and identifying subgroups of F+RNA phages 

present in environmental samples such as water, and wastes as well as from shellfish 

(Hsu et al. 1995; Beekwilder et al. 1996). However, hybridization methods are labor-

intensive and time-consuming, requiring isolation of phages on plates, transferring 

plaques onto filter membranes, fixation of phage RNA and then addition of specific 

probes for hybridization.  

The methods described above for the detection of F+RNA phages either need a long 

time to obtain results or require large numbers of phages to be present, which limits their 

use in real-time assessment of the microbial quality of water, especially when low levels 

of fecal contamination occur. Thus, the time required to confirm the presence or absence 

of F+RNA phages in water used for irrigation will be inconvenient. In addition, F+RNA 

phages are indicators of recent fecal contamination, so that the microbial quality of water 

can only be assessed at (or shortly before) the point when water samples are collected. 

However, the state of microbial quality may change along with time, and fecal 

contamination may occur between sample collection and application of water for 

irrigation. The longer the wait for F+RNA phage detection methods to give results, the 

more likely that fecal contamination may occur after sample collection. Even though it 
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seems unlikely, at least currently, to obtain real-time assessment of microbial quality of 

water by monitoring fecal contamination, rapid approaches for the detection of low 

numbers of F+RNA phages will provide more reliable information on the microbial 

quality of water before its use in irrigation.  

Luminescent or fluorescent methods are commonly used for rapid detection of 

microorganisms. Because of the specific interactions between phages and their host 

bacteria, various luminescent or fluorescent approaches have been developed for the 

rapid detection of various bacteria by the use of engineered phages (Smartt et al. 2012). 

Reporter phages can be generated by labeling their genome, capsid proteins, or 

incorporating fluorescent or luminescent genes into their genome. The genome of phages 

can be fluorescently labeled with various dyes, and fluorescently labeled nucleic acid 

enables phages to be visualized under epifluorescence microscopy. Once the fluorescent 

phages adsorb to the surface of the host bacterial cells, the latter can be detected by the 

“haloes” of fluorescence surrounding them. Researchers have reported the detection of E. 

coli by the use of fluorescently labeled phage LG1 or phage T4 (Goodridge et al. 1999; 

Kenzaka et al. 2006). Phage components rather than the phage entity can also be utilized 

in fluorescent labeling of phage for the detection of target bacteria, and the fluorescently 

labeled phage components may act in the absence of intact viable phage to tag particular 

host cells (Smartt et al. 2012). Genetic techniques facilitate reconstruction of the phage 

genome by introducing foreign genes, which encode proteins with an activity that can be 

easily detected. A variety of genes have been investigated to construct reporter phage. 

These include fluorescent genes (e.g. green fluorescence protein) and luminescent genes 

(e.g. bacterial luciferase, or firefly luciferase) (Smartt et al. 2012). The reporter gene in 
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phage genome will be transcribed by the host cells upon infection. Since phages are 

obligate intracellular parasites and unable to metabolize outside host cells, host bacteria 

can be detected by monitoring the presence of reporter gene products. Tanji et al. (2004) 

reported the use of GFP-labeled T4 phage, with its lytic activity inactivated, for the 

detection of E. coli, while Brigati et al. (2007) reported the construction of a recombinant 

phage carrying the luxI gene from Vibrio fischeri for the detection of E. coli O157:H7. 

Hagens et al. (2011) introduced the celB gene (encoding thermal-stable β-glycosidase) 

from Pyrococcus furiosus into virulent phage A511 for the detection of Listeria. Despite 

the intense studies on detecting bacterial pathogens by fluorescent or luminescent 

methods, such methods have been rarely reported for the detection of phages, especially 

F+RNA phages.  

β-galactosidase is an intracellular enzyme produced by E. coli. The activity of this 

enzyme can be easily detected by the use of fluorescent or luminescent substrates, and the 

gene encoding β-galactosidase has been widely used as a reporter in molecular biology to 

study gene expression (Salehi et al. 2009). This enzyme provides a promising potential 

for the detection of F+RNA phages by a fluorescent or luminescent method. E. coli Famp 

produces β-galactosidase in the presence of lactose, however, this enzyme is endogenous 

and remains inside the bacterial cells during bacterial growth. F+RNA phages are lytic 

and cause lysis of host cells upon infection, leading to release of β-galactosidase into the 

surrounding environment. Thus, extracellular enzymatic activity of β-galactosidase 

indicates phage infection, and F+RNA phages can be detected by monitoring the 

enzymatic activity of β-galactosidase by the use of a fluorescent or luminescent substrate.  
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3.2. Materials and methods  

Phage MS2 was used as a reference for F+RNA phages when developing a 

fluorescent or luminescent method for their detection. Phage propagation and 

enumeration were performed as described in Chapter 2. E. coli Famp was grown in 

modified TSB (mTSB), containing 17.0 g casein digest, 3.0 g soybean meal digest, 5.0 g 

sodium chloride, 2.5 g dipotassium phosphate, and 5.0 g lactose per liter, when used to 

detect F+RNA phages by a fluorescent or luminescent method.  

3.2.1. Detection of enzymatic activity of β-galactosidase  

Fluorescent method. A fluorescent method to determine the enzymatic activity of β-

galactosidase was performed using 4-methylumbelliferyl-β-D-galactopyranoside (MUG-

GAL, Sigma Aldrich, Oakville, Canada) as substrate. The reaction mixture (200 µl) was 

prepared in a 96-well Flat Clear Bottom Black Polystyrene Microplate (Corning 

Incorporated, New York, US), and contained 180 µl of test solution and 20μl of MUG-

GAL (1 ng/ml). Production of fluorescence was monitored with a Victor Multilabel Plate 

Reader 1420 (PerkinElmer, Waltham, US), with excitation/emission wavelengths of 

355/460 nm. The reaction temperature was 37 °C. Triplicate assays were performed for 

each test solution, and negative controls were incorporated.  

Luminescent method. A luminescent method to detect the enzymatic activity of β-

galactosidase was performed using Galacton-Plus® Substrate (100× concentrate) and 

Light Emission Accelerator-II (Life Technologies Inc, Burlington, Canada). The 

Galacton-Plus® Substrate is a dual substrate, which is converted by β-galactosidase to a 

luminescent substrate, which in turn, acts as the substrate for Light Emission Accelerator-

II, resulting in emission of light. Galacton-Plus® Substrate concentrate was 100-fold 
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diluted with reaction buffer diluent (100 mM sodium phosphate, 1 mM Mg
2+

, pH 8.0). 

Test solution (50µl) was mixed with diluted Galacton-Plus® Substrate (50 µl) in a 96-

well microplate and incubated at 37 ºC for 30 min. Light Emission Accelerator-II (100 µl) 

was then added and the plate was immediately placed in the Victor Multilabel Plate 

Reader to monitor luminescence. Each well was read from the bottom at 20 s intervals for 

a total of 10 times, and the average of the 10 readings was regarded as the luminescence 

value of that well. Experiments were performed in triplicate.  

3.2.2. Factors affecting background level of enzymatic activity  

Culture medium, cell-free spent culture that had supported the growth of E. coli 

Famp and phage suspension may have effects on the background level of β-galactosidase. 

The influence of mTSB on the background levels of enzymatic activity was tested by 

preparing different concentrations (1:0, 1:1, 1:3, or 1:7) of the broth in distilled water. 

The β-galactosidase activity in these solutions was assayed by the fluorescent or 

luminescent method described above. Distilled water was used as a negative control, and 

the production of fluorescence or luminescence by different concentrations of mTSB was 

compared.  

Cell-free spent culture was obtained by removing bacterial cells from an E. coli 

Famp suspension produced following growth in mTSB at 37 ºC for 8 h or overnight. The  

bacterial suspension was treated by centrifugation at 8,000 ×g for 10 min or by filtration 

through a 0.22 μm pore size membrane (Fisher Scientific, Ottawa, Canada) to remove 

bacterial cells and debris. The cell-free spent culture was 10-fold serially diluted with 

fresh mTSB to obtain different concentrations of spent culture. Enzymatic activity of β-

galactosidase in these dilutions of cell-free spent culture was tested by the fluorescent or 
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luminescent method described above. Fresh broth was used as a negative control and the 

production of fluorescence or luminescence was compared.  

To determine the effect of phage suspension on the background level of β-

galactosidase activity, the enzymatic activity in different concentrations of freshly 

prepared phage suspension was tested. Phage suspension was prepared in the absence of 

lactose by the double agar layer (DAL) method described in Chapter 2. The freshly 

prepared phage suspension was diluted with PBS to obtain different concentrations of 

phage. The activity of β-galactosidase in these phage suspensions was tested by the 

fluorescent or luminescent method described above. PBS was used as a negative control 

and the production of fluorescence or luminescence by different concentrations of phage 

suspension was compared.  

Enzyme activity during bacterial growth without phage infection. During 

bacterial growth, alteration of cell physiology and permeability may occur due to 

exhaustion of nutrients or accumulation of metabolites, leading to the release of bacterial 

cell contents. β-galactosidase released into the culture medium that is not due to phage-

mediated bacterial cell lysis will increase the background noise and interfere with the 

detection of F+RNA phages by the assay. In order to overcome this problem, the kinetics 

of β-galactosidase release during host cell growth in the absence of F+RNA phages was 

investigated. Exponentially growing bacterial cells were harvested by centrifugation at 

3,000 ×g for 5 min and then resuspended in fresh mTSB. Bacterial cells were further 

suspended in fresh mTSB, and portions of the cell suspension (at appropriate dilutions) 

were assayed by plate count to determine the concentration of bacterial cells. Different 
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concentrations of purified bacterial cells in mTSB were incubated at 37 ºC and β-

galactosidase present during bacterial growth was tested.  

When testing enzymatic activity during bacterial growth with the fluorescent method, 

each 180 μl of the cell suspension at different concentrations (with fresh mTSB as 

negative control) was mixed with 20 μl of MUG-GAL solution in the wells of a 96-well 

plate. Fluorescence was monitored using the Victor multilabel plate reader as described 

above, except that fluorescence was monitored every 20 min for a total of 20 times. 

When testing enzymatic activity of β-galactosidase with the luminescent method, 

bacterial suspensions in mTSB were incubated at 37 ºC, aliquots (0.5 ml) of the bacterial 

suspensions were filtered through a 0.22 µm membrane filter every 60 min, and the 

enzymatic activity in the filtrate was tested by the luminescent method described above, 

for a total of 10 times.  

Minimum concentration of cells producing detectable levels of β-galactosidase. 

To determine minimum numbers of E. coli Famp cells producing detectable levels of β-

galactosidase, approximately 3 log10 CFU/ml of E. coli Famp in mTSB was grown at 37 

ºC for 8 h. The bacterial culture was centrifuged at 3,000 ×g for 5 min, and the pellet was 

suspended in, and then diluted with 50 mM Tris-HCl. The resulting suspensions were 

treated in a FS20 ultrasonic cleaner (Fisher Scientific, Toronto, Canada) for 5 min to 

rupture bacterial cells, and then centrifuged at 8,000 ×g for 10 min. β-galactosidase 

activity in the supernatant was tested by the fluorescent or luminescent method described 

above, and 50 mM Tris-HCl was used as a negative control. The concentration of 

bacterial cells was determined by assaying a portion of the bacterial suspension at 

appropriate dilutions by the plate count method before ultrasonic treatment. After 
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treatment, intact bacterial cells could not be observed under a Hund H600 microscope 

(Hund Wetzlar, Wetzlar, Germany), and bacterial cells were considered fully ruptured.  

3.2.3. Optimization of the assay  

Optimization of the fluorescent assay. When detecting F+RNA phages by the 

fluorescent method, a two-dimensional matrix formed by varying concentrations of host 

cells and phage was constructed in a 96-well plate. The reaction mixture contained 20 μl 

of MUG-GAL, 20 μl of phage suspension and 160 μl of host cells. Bacterial culture was 

purified as described above, and then 10-fold serially diluted with fresh broth and 

enumerated by plate counting. The concentration of host cells was the same in each row, 

but cell concentrations were varied within columns. Fresh broth was used instead of host 

culture in the last row as a negative control. Phage concentrations were the same in each 

column, but varied along rows.  Phosphate-buffered saline was used instead of phage 

suspension in the last column as a negative control. The production of fluorescence was 

monitored every 30 min as described above, for a total of 10 times.  

Optimization of the luminescent assay. To detect F+RNA phages by the 

luminescent method, phage suspension (0.5 ml) was mixed with host culture (0.5 ml) and 

pre-warmed mTSB (9 ml) containing ampicillin/streptomycin (15 µg/ml), and then 

incubated at 37 ºC to allow phage infection. Aliquots (0.5 ml) of the phage-host mixture 

were transferred into micro-centrifuge tubes (Fisher Scientific, Toronto, Canada) every 

60 min and centrifuged at 8000 ×g for 15 min. β-galactosidase activity in the supernatant 

was determined by the luminescent method described above. Different concentrations of 

host cells were applied in the phage-host infection mixture in order to optimize the 

concentration of host cells for F+RNA phage detection by this method. For a given 
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concentration of host cells, phage suspension at varying dilutions (including a negative 

control) was mixed to form phage-host mixtures. The range, and minimum numbers, of 

phage that were detected at each concentration of host cells were compared to determine 

the optimal concentration of host cells.  

3.2.4. Effect of Mg
2+

 on detection of F+RNA phages  

The effect of Mg
2+

 on the growth of, and β-galactosidase production by, E. coli 

Famp in mTSB was investigated. Briefly, E. coli Famp was inoculated into mTSB in the 

presence or absence of 10 mM of Mg
2+

 and incubated at 37 ºC, followed by 

determination of the concentration of bacterial cells by the plate count method at hourly 

intervals. This allowed a comparison to be made of the growth rate of E. coli Famp in the 

presence or absence of Mg
2+

. The effect of Mg
2+

 on the production of β-galactosidase by 

E. coli Famp was determined by comparing the minimum concentration of bacterial cells 

grown in the presence or absence of Mg
2+

 producing a detectable level of β-galactosidase, 

which was determined as described above by harvesting and rupturing cells in 

exponential growth phase that were obtained by incubating E. coli Famp in mTSB, in the 

presence or absence of Mg
2+

, at 37 ºC to an OD600 value of 0.5.  

The effect of Mg
2+

 on the detection of F+RNA phages was determined by the 

luminescent method. Phage suspension was mixed with exponentially growing host cells 

in mTSB in the presence or absence of 10 mM of Mg
2+

 and incubated at 37 ºC. Host cells 

used in the phage-host mixture were diluted with mTSB pre-warmed at 37 ºC to ensure 

that the concentration of host cells for phage detection was optimal and that the host cells 

remained in the exponential phase of growth. Enzymatic activity of β-galactosidase in the 

phage-host mixture was tested by the luminescent method at an hourly interval as 
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described above. At the same time, the optical density of the phage-host mixture at 600 

nm was monitored. Phage concentrations in the phage-host mixture were varied in order 

to compare the sensitivity of this method for the detection of F+RNA phages in the 

presence or absence of Mg
2+

.
 
 

3.2.5. Luminescent method to identify subgroups of F+RNA phages  

The ability of coat protein antibodies to selectively inactivate the corresponding 

subgroup of F+RNA phages was tested by the use of anti-MS2 coat protein antibody 

(EMD Millipore, Billerica, MA). A phage suspension with known titer was diluted with 

PBS and 50 µl of each of these phage dilutions were transferred to a PCR tube (Fisher 

Scientific, Toronto, Canada) followed by the addition of 1, 2, 3, 4, or 5 µl of anti-MS2 

coat protein antibody (1 µg/µl). The contents of the tube were thoroughly mixed by 

drawing through a pipette tip several times, and then the tube was incubated at room 

temperature for 5 min. Each 10 µl of antibody-treated phage suspension was spotted onto 

host cell-seeded soft TSA plates and incubated at 37 ºC as described in Chapter 2, to 

determine the infectivity of antibody-treated F+RNA phages. Phages GA, Qβ and SP 

were treated with anti-MS2 coat protein in the same way to test the ability of coat protein 

antibodies to selectively inactivate the corresponding subgroup of F+RNA phages.  

To identify subgroups of F+RNA phages by the luminescent method, 500 µl of 

phage MS2, Qβ, or MS2 and Qβ at an approximate concentration in the range of 10 - 

1000 PFU/ml were treated with 20 ng/µl of anti-MS2 coat protein antibody, and then 

mixed with 4.5 ml of exponentially growing E. coli Famp (~6.5 log10 CFU/ml) in mTSB, 

followed by incubation at 37 ºC. Enzymatic activity in the suspension was tested by the 
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luminescent method as described above. A negative control was included by replacing 

phage suspension with PBS.  

3.2.6. Mechanism of inactivation of F+RNA phages by coat protein antibodies  

The mechanism by which coat protein antibodies inactivate specific subgroups of 

F+RNA phages was determined by the strategy of oriented immobilization of anti-MS2 

coat protein antibody on a glass surface. Oriented immobilization was achieved by the 

use of protein G, which binds only to the Fc region of immunoglobulin, leaving the 

antigen-binding region of antibodies exposed. First, glass cover slides were thoroughly 

cleaned and then conjugated with amino groups by the use of 3-aminopropyl 

triethoxysilane (APTES) as described elsewhere (Qin et al. 2007). The presence of active 

amino groups on the glass surface was confirmed by tagging the amino groups on the 

glass surface with fluorescein isothocyanate isomer (FITC, Sigma Aldrich, Oakville, 

Canada), a commonly used fluorescent labeling agent that reacts with amino groups 

through thiol groups. Following labeling, slides were examined under an Olympus BX60 

fluorescent microscope (Olympus Canada Inc, Richmond Hill, Canada), as described 

elsewhere (Jang and Lim 2010). Amino groups on the glass surface were converted to 

carboxyl groups by the use of glutaraldehyde (Roque et al. 2009).  

To ensure oriented immobilization of anti-MS2 coat protein antibody onto the glass 

surface, protein G was first conjugated to the carboxyl coated glass by the 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide (EDC/NHS) method (Ryu et 

al. 2011), with modifications. Briefly, the carboxyl-coated glass slides were activated by 

10 mM EDC (Sigma Aldrich, Oakville, Canada ) and 25 mM NHS (Sigma Aldrich, 

Oakville, Canada) in 0.1 M 2-(N-morpholino) ethanesulfonic acid (MES, Sigma Aldrich, 
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Oakville, Canada) buffer (pH 6.0) for 30 min. Then 50 μg of protein G in 0.1 M 

phosphate buffer (pH 7.4) was incubated with the resulting glass slides for 2 h under 

rotation at room temperature. The protein G-conjugated slides were reacted with 30 μg of 

anti-MS2 coat protein antibody under rotation at 4 ºC overnight. After washing with 0.1 

M phosphate buffer to remove free anti-MS2 antibody and protein G, the glass slides 

were immersed into phage MS2 suspension (~10 log10 PFU/ml) and incubated at room 

temperature for 10 min to allow adsorption of phage particles to the immobilized 

antibody. After washing with PBS for 6 times to remove phage particles not adsorbed to 

the immobilized antibody, the glass slides were incubated with cells of E. coli Famp 

(~6.5 log10 CFU/ml) in mTSB at 37 ºC. The activity of β-galactosidase present in the 

culture was tested by the luminescent method as described above. A spot test was 

performed to confirm the presence of phage progenies in the suspension. A negative 

control was performed with blank glass slides.  

3.2.7. Statistical analysis  

Statistical analysis was performed by the use of SPSS 16.0 software (IBM, New 

York, US). Fluorescence or luminescence signals were considered detectable or 

significant when the values were higher by three times the standard deviation than that of 

the negative control.  

3.3. Results  

3.3.1. Factors affecting background level of β-galactosidase 

When determining the effects of fresh medium, cell-free spent culture and phage 

suspensions on the background level of β-galactosidase activity, an incubation period of 

30 min was performed to allow the reaction of β-galactosidase with the respective 
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substrate before monitoring the fluorescence or luminescence. An obvious influence of 

fresh broth on the production of fluorescence was observed when compared with distilled 

water (20334 ± 110 and 1703 ± 42 RFU (relative fluorescence unit), respectively), and 

the fluorescence intensity decreased when fresh mTSB broth was diluted with distilled 

water, as shown in Figure 3.1A. However, when enzymatic activity was determined by 

the luminescent method, little influence of fresh mTSB broth on light production was 

observed compared with distilled water (208 ± 11 and 206 ± 15 RLU (relative 

luminescence unit), respectively), as shown in Figure 3.1B.  
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A 

 
B 

 

Figure 3.1. Influence of mTSB on the background level of β-galactosidase, determined by the 

A) fluorescent or B) luminescent method. 
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An obvious influence of phage suspension on the background level of β-

galactosidase was observed when the fluorescent method was used to test enzymatic 

activity. As shown in Figure 3.2A, the intensities of fluorescence were related to the 

dilution rate of phage suspension. The intensity of fluorescence in the phage suspensions 

decreased when freshly prepared phage suspension was diluted with PBS, and reached an 

undetectable level when the phage stock was diluted 10,000-fold, compared with PBS 

(1888 ± 116 and 1704 ± 116 RFU, respectively). However, when the luminescent method 

was used to test β-galactosidase activity, an obvious impact on the luminescence was 

observed only in the undiluted phage suspension compared with PBS (766 ± 101 and 252 

± 15 RLU, respectively). When the freshly prepared phage suspension was diluted by 10-

fold or more, influence of the phage suspension on the production of luminescence was 

insignificant compared with PBS (Fig. 3.2B).   

The influence of cell-free spent culture, obtained when E. coli cells were removed 

after 8 hours of growth at 37°C, on background level of fluorescence was similar to that 

of fresh broth (14810 ± 905 and 13589 ± 903 RFU, respectively). However, when host 

cells were grown overnight, the influence of spent culture on the fluorescent signal 

(87639 ± 7116 RFU) was increased by about 6-fold. Similar to the fluorescent method, 

little effect of cell-free spent culture on the production of luminescence was observed 

compared with fresh mTSB broth when bacterial culture was harvested after 8 hours, 

while an obvious increase of luminescence was observed when the bacterial culture was 

incubated overnight.  
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Figure 3.2. Influence of phage suspension on background level of β-galactosidase, determined 

by the A) fluorescent or B) luminescent method. 
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Kinetics of release of β-galactosidase in the absence of phage infection. Even 

without phage infection, an increase in the activity of β-galactosidase occurred during 

bacterial growth, when assayed by both the fluorescent and luminescent method. For the 

fluorescent method, the increase of fluorescent intensity was related to the concentration 

of bacterial cells inoculated into the reaction mixture, and was observed earlier when 

higher concentrations of bacterial cells were used as the inoculum. As shown in Figure 

3.3, when less than 6.8 log10 CFU/ml bacterial cells were present, an increase of 

fluorescence was not detected within the first two hours. Also, an increase in 

fluorescence was not observed within the first three hours when the concentration of host 

cells decreased to 5.8 log10 CFU/ml and below.  

 

 
 

Figure 3.3. Fluorescence produced during the course of bacterial growth without phage 

infection, with initial bacterial titers of (●)7.8, (■) 6.8, (▲) 5.8 (▼) 4.8, (♦) 3.8 (○) 2.8, or (□) 

1.8 log10 CFU/ml, as well as (∆) negative control. 
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Two concentrations of E. coli Famp were used as inoculum when the luminescent 

method was used to determine the kinetics of β-galactosidase release during bacterial 

growth without phage infection. Bacterial concentrations were determined by plate count 

at the same time while detecting the enzymatic activity during bacterial growth. Similar 

to the results with the fluorescent method, an increase in luminescence was observed 

earlier in the sample that contained a higher concentration of bacterial cells before 

incubation. An increase in luminescence was observed after 8 hours of incubation when 

the initial concentration of bacterial cells was ~3.5 log10 CFU/ml, while in the sample 

containing ~2.5 log10 CFU/ml of E. coli prior to incubation, an increase in luminescence 

was observed after 9 hours (Fig. 3.4A). Regardless of the concentration of bacterial cells 

initially present in the sample, the increase in luminescence was always observed at the 

point when bacterial cells were entering the stationary growth phase, which occurred 

after 8 or 9 hours of incubation, when the initial concentration of bacterial cells was ~3.5 

or ~2.5 log10 CFU/ml, respectively (Fig. 3.4B).  
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B 

 

Figure 3.4. Kinetics of β-galactosidase release during the course of bacterial growth in the 

absence of phage, with initial bacterial titers of (●) 3.5 or (■) 2.5 CFU/ml. A) Activity of β-

galactosidase during the course of bacterial growth in mTSB without phage infection 

determined by the luminescent method; B) growth curves of E. coli Famp in mTSB.  
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By rupturing bacterial cells with ultrasound and then detecting enzymatic activity of 

β-galactosidase in the suspension, the minimum number of bacterial cells producing 

detectable levels of fluorescence was determined. A minimum of approximately 7.0 or 

6.0 log10 CFU/ml of bacterial cells was required to produce a sufficient level of β-

galactosidase detected by the fluorescent or luminescent method, respectively.  

Luminescence or fluorescence intensities produced by different concentrations of 

bacterial cells are summarized in Table 3.1.  

 

Table 3.1. Fluorescence or luminescence intensities produced by different concentrations of 

bacterial cells. 

  

Log10 

CFU/ml RLU (STDEV)   

Log10 

CFU/ml RFU (STDEV) 

Luminescent 

method 
7.8 143435 (10067) Fluorescent 

method 
9.0 407963 (52423) 

6.8 4945 (388) 8.0 58816 (5310) 

5.8 894 (57) 7.0 7017 (633) 

4.8 291 (32) 6.0 3243 (490) 

3.8 212 (12) Neg 2195 (77) 

Neg 206 (12)     
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3.3.2. Detection of F+RNA phages  

Fluorescent method. A fluorescent method was developed that was capable of 

detecting F+RNA phages in a wide range of concentrations (at least from 1 to 7 log10 

PFU/ml). The concentration of host cells influenced the sensitivity of this fluorescent 

method in detecting F+RNA phages and the optimum concentration of host cells for this 

method was between 6 and 7 log10 CFU/ml. When an optimal concentration (6.6 log10 

CFU/ml) of host cells was initially present in the reaction mixture, as low as 1 log10 

PFU/ml of F+RNA phages were detected within three hours, and positive results were 

obtained in less than two hours when the concentrations of phage MS2 were above 4 

log10 PFU/ml (Fig. 3.5). Generally the increase of fluorescence was observed earlier in 

the samples with higher phage concentrations. However, the fluorescence intensities in 

the samples with lower phage concentrations might exceed those with higher phage 

concentrations during the course of phage detection.  

When the concentrations of host cells initially present in the reaction mixture were 

below the optimum, a decrease in the sensitivity of the fluorescent method was observed, 

as shown in Figure 3.6. Phage MS2, with concentrations in the range of 2 - 7 log10 

PFU/ml, was detected within three hours when the concentration of host cells initially 

present in the phage-host mixture was 5.6 log10 CFU/ml (Fig. 3.6A). Intensities of 

fluorescence in the samples with lower phage concentrations exceeding that with higher 

phage concentrations were also observed during the course of phage detection. When the 

concentration of host cells initially present in the reaction mixture was further decreased 

phage MS2 with a concentration in the range of 1 - 7 log10 PFU/ml was not detected 

during the assay period (3 h). However, when the reaction mixture was incubated for a 
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longer period, an increase in fluorescence intensities was observed in some of the 

samples compared to the negative control (Fig. 3.6B).  

 

 
 

Figure 3.5. Detection of MS2 by the fluorescent method with an optimal host cell 

concentration (6.6 log10 CFU/ml) initially present in the phage-host mixture. Phage titers of (●) 

7, (■) 6, (▲) 5, (▼) 4, (♦) 3, (○) 2, and (□) 1 log10 PFU/ml, as well as (∆) negative control.  
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B 

 

Figure 3.6. Detection of phage MS2 by the fluorescent method with A) 5.6 or B) 3.6 log10 

PFU/ml of host cells (below optimal concentration) initially present in the phage-host mixture. 

Phage titers of (●) 7, (■) 6, (▲) 5, (▼) 4, (♦) 3, (○) 2, and (□) 1 log10 PFU/ml, as well as (∆) 

negative control.  
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As observed when host cells below the optimal concentration were used for phage 

detection, the sensitivity of the fluorescent method decreased when the concentration of 

host cells initially present in the reaction mixture was above the optimum (Fig. 3.7). 

Phage MS2, at concentrations in the range of 2 - 7 log10 PFU/ml, was detected within 

three hours. The fluorescence intensities in the samples with higher phage concentrations 

were always higher than those of samples with lower phage concentrations during the 

whole course of phage detection. This is different from the phenomenon that fluorescence 

intensities in samples with lower phage concentrations might exceed those with higher 

phage concentrations during the course of phage detection when an optimal (or below) 

concentration of host cells were initially present in the reaction mixture. 

 

 
 

Figure 3.7. Detection of phage MS2 with 7.6 log10 PFU/ml of host cells initially present in the 

reaction mixture. Phage titers of (●) 7, (■) 6, (▲) 5, (▼) 4, (♦) 3, (○) 2, and (□) 1 log10 

PFU/ml, as well as (∆) negative control. 
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B 

 

Figure 3.8. Detection of phage MS2 by the luminescent method in the A) absence or B) 

presence of Mg
2+

. The concentration of bacterial cells initially present in the phage-host 

mixture was 6.4 log10 CFU/ml. Phage titers of (●) 1600, (■) 160, (▲) 16, (▼) 1.6 PFU/ml, as 

well as (♦) negative control.  
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Luminescent method. As for the fluorescent method, the optimal concentration of 

bacterial cells in the phage-host reaction mixture for F+RNA phage detection was 

between 6 and 7 log10 CFU/ml when the luminescent method was used to test phage 

mediated release of β-galactosidase. With 6.4 log10 CFU/ml of host cells initially present 

in the phage-host reaction mixture, phage MS2 (with a concentration in the range of 1.6 -

1600 PFU/ml) was not detected in any of the samples during the first two hours. However, 

positive results were obtained in 3 hours when more than 16 PFU/ml of phage MS2 were 

present, and as low as 1.6 PFU/ml of phage MS2 were detected within 4 hours (Fig. 

3.8A). 

 

 
 

Figure 3.9. Growth curves of E. coli Famp in mTSB in the (●) presence or (■) absence of 

Mg
2+

. 
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In determining the effect of Mg
2+

 on the detection of F+RNA phages by the 

luminescent method, phage-host mixtures containing 6.4 log10 CFU/ml of E. coli Famp 

cells and 1.6, 16, 160, or 1600 PFU/ml of phage MS2 were assayed in the presence or 

absence of Mg
2+ 

(10 mM). The enzymatic activity was tested by the luminescent method 

and the absorbance of the phage-host reaction mixture at 600 nm was determined at the 

same time. As shown in Figure 3.8, Mg
2+

 enhanced the sensitivity of the luminescent 

method for the detection F+RNA phages. When the phage-host reaction mixture was 

supplemented with Mg
2+

, an increase in the luminescence intensity was observed within 

3 hours for the sample containing 1.6 PFU/ml of phage MS2, even though, as seen in the 

absence of Mg
2+

,  no increase in luminescence intensity was observed within 2 hours of 

incubation.  

The absorbance (OD600nm) of phage-host mixtures containing two concentrations (16 

or 1600 PFU/ml) of phage MS2, and a negative control (containing only bacterial cells) 

and in the presence or absence of Mg
2+

 was monitored at hourly intervals. As shown in 

Figure 3.9, no difference was observed in the growth rate of E. coli Famp in the presence 

or absence of Mg
2+

 when the OD600nm values of the bacterial suspensions were plotted 

against time. For the phage-host mixture containing 16 PFU/ml of phage MS2, the 

absorbance increased gradually and then declined after five hours in the presence of Mg
2+

; 

while in the absence of Mg
2+

, the absorbance increased throughout the length of the 

experiment (Fig. 3.10A). When the concentration of phage MS2 initially present in the 

phage-host mixture was 1600 PFU/ml, the OD600nm value of the phage-host mixture 

increased to approximately 0.1 after 3 hour and then declined to 0.05 after 6 hours in the 

presence of Mg
2+

, before increasing again; however in the absence of Mg
2+

, the 
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absorbance of the mixture increased to approximately 0.3 after 6 hours and then declined 

(Fig. 3.10B).  

 

 
A 

 

 
B 

 
Figure 3.10. Absorbance of phage-host mixture in the (●) presence or (■) absence of Mg

2+
 

during incubation. The concentration of host cells initially present was 6.4 log10 CFU/ml. A) 

16 PFU/ml of phage MS2 was initially present in the phage-host mixture; B 1600 PFU/ml of 

phage MS2 was initially present in the phage-host mixture.  
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3.3.3. Subgroup identification of F+RNA phages  

The ability of F+RNA coat protein antibodies to selectively inactivate the 

corresponding subgroups of F+RNA phages was determined by the use of anti-MS2 coat 

protein antibody. When the coat protein antibody was mixed with phage suspension, at 

least 10
6
 PFU/ml of phage MS2 was inactivated by the presence of 20 µg/ml of anti-MS2 

coat protein antibody (Fig. 3.11). To test the ability of anti-MS2 coat protein antibody to 

selectively inactivate subgroups of F+RNA phages, phages MS2, GA, Qβ or SP (~10
6
 

PFU/ml) were treated with 20 µg/ml of anti-MS2 coat protein antibody. As demonstrated 

in Figure 3.11, only phage MS2 was inactivated by the treatment with anti-MS2 coat 

protein antibody, as indicated by the occurrence of cell lysis (clear zones on the bacterial 

lawn) when anti-MS2 coat protein antibody-treated GA, Qβ or SP phages were added.  

The luminescent method was able to identify subgroups of F+RNA phages within a 

short period of time when combined with coat protein antibodies. When suspensions of 

phage MS2, Qβ, or MS2 and Qβ (at a concentration of ~ 10 PFU/ml) were treated with 

anti-MS2 coat protein antibody prior to their detection by the luminescent method, an 

increase in luminescence intensity was not observed for phage MS2 (Fig. 3.12). However, 

when phage Qβ was present, either alone or together with phage MS2, luminescence 

increased after 3 hours (Fig. 3.12).  
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Figure 3.11. Inactivation of F+RNA phages by coat protein antibodies. A), phage MS2 (~5 or 

6 log10 PFU/ml, 50 µl) was treated with 1, 2, 3, 4, or 5 µl of anti-MS2 coat protein antibody; 

B), phage MS2, GA, Qβ or SP (50 µl, ~6 log10 PFU/ml) was treated with 1µl of anti-MS2 coat 

protein antibody.  

 

 
 

Figure 3.12. Differentiation of phage MS2 and Qβ by the luminescent method combined with 

anti-MS2 coat protein. (●) MS2, (■) MS2 & Qβ, (▲) Qβ, and (▼)SP.  
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3.3.4. Mechanism of coat protein antibodies inactivating F+RNA phages  

Amino groups were successfully introduced onto a glass surface by the use of 

APTES, as demonstrated by production of fluorescence on the glass surface when tagged 

with FITC (Fig. 3.13), which has been commonly used to identify the presence of the 

reactive primary amines. Typically, the FITC had an optimal absorbance at around 480 

nm and exhibited an emission maximum at approximately 520 nm. Conjugation with 

amine groups via its thiol group would not essentially alter the fluorescent properties of 

FITC. The green fluorescence on the glass images under a fluorescent microscope 

indicated the presence of the primary amine.  

Two blank glass slides and two anti-MS2 coat protein antibody-coated glass slides 

were separately immersed in aliquots of phage MS2 suspension (~10 log10 PFU/ml) to 

allow adsorption of phage particles. When phage MS2 treated glass slides were incubated 

with host cells in mTSB after adequate washing to remove free or loosely bound phage 

particles, β-galactosidase was detected within three hours but only in the samples 

containing anti-MS2 coat protein antibody-coated glass slides (Fig. 3.14). β-galactosidase 

activity was not detected when anti-MS2 coat protein antibody coated glass slides were 

replaced by blank slides, even when the incubation time was extended to four hours. A 

spot test confirmed the presence of progeny phage particles in the samples containing 

anti-MS2 coat protein-coated glass slides, and the absence of phage progenies in the 

negative controls. The detection of β-galactosidase and phage progenies in the samples 

containing anti-MS2 coat protein-coated glass slides confirmed that the MS2 phage 

particles bound to coat protein antibody immobilized on glass surface remained infective. 
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Thus, the binding of F+RNA phages with coat protein antibodies itself was incapable of 

inactivating F+RNA phages.  

 

 
 

Figure 3.13. Presence of amino groups on glass surface. a) glass slide treated with FITC; b) 

amino group coated glass slide treated with FITC.  

 

 
 

Figure 3.14. Infectivity of phage MS2 adsorbed on anti-MS2 coat protein antibody-coated 

glass surface, tested by the luminescent method. (■) & (▲), anti-MS2 coat protein antibody-

coated glass slides; (▼) & (●), blank glass slides.  
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3.4. Discussion  

Fluorescent or luminescent methods have been widely used for rapid detection of 

microorganisms; however, most of the studies reported previously were focused on the 

detection of bacteria. Limited information is available on the detection of phages, 

especially F+RNA phages, by a fluorescent method or luminescent method. In this 

section, rapid approaches for the detection of F+RNA phages were developed based upon 

monitoring the enzymatic activity of phage-mediated release of β-galactosidase.  

Various factors present in the phage-host mixture may impact on the background 

level of fluorescence or luminescence, and thus may bias the results when a fluorescent 

or luminescent method is used to detect phages. Undiluted or less diluted phage 

suspensions exerted a significant influence on the background level of fluorescence, but 

only undiluted phage suspension exhibited significant influence on the background level 

of luminescence. Large amounts of bacterial cells were infected and lysed in the phage 

preparation, leading to release of cell contents into the assay medium. The influence of 

phage suspension on the background level of fluorescence or luminescence declined to an 

insignificant level when newly prepared phage suspension was diluted with PBS by more 

than 10,000 fold, representing phage concentrations approximately in the range of 6 - 7 

log10 PFU/ml. Although the presence of β-galactosidase in surface water cannot be 

excluded, the conditions of surface water are rarely, if ever, suitable for the production of 

this enzyme by E. coli, since production of this enzyme requires the presence of lactose. 

In addition, a minimum of approximately 7 or 6 log10 CFU/ml of bacterial cells were 

required to produce detectable levels of β-galactosidase, for the fluorescent and 

luminescent assay method, respectively. Bacterial cells present in surface water rarely 
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reach such high concentrations (Gregory and Frick 2000; Yang and Griffiths 2013), and 

thus the effect of bacterial cells potentially present in surface water on the detection of 

F+RNA phages is negligible. The effect of spent bacterial culture on the background 

level of fluorescence or luminescence was dependent on the physiology of the bacterial 

cells. When bacterial cells were in the exponential phase of growth, β-galactosidase 

remained inside the bacterial cells and thus the spent culture had little effect on the 

background level of fluorescence or luminescence. However, when bacterial cells were 

grown beyond the exponential growth phase, release of cell contents occurred due to 

alteration of physiology and permeability of the bacterial cells caused by the exhaustion 

of nutrient and/or accumulation of metabolites (Chen 2007). This has been confirmed in 

Figure 3.3 that, regardless of the initial concentration of bacterial cells, an increase in 

luminescence was observed when bacterial cells entered the stationary phase of bacterial 

growth in the absence of phage. Nutrient exhaustion and metabolite accumulation occur 

rapidly and larger numbers of cells would experience changes in physiology and 

perturbation of membrane permeability when higher numbers of host cells were initially 

present, while it would take a longer time for this to occur when lower numbers of 

bacterial cells were present (Landwall and Holme 1977; Chaloupka and Vinter 1996; 

Llorens et al. 2010). This could explain why an increase in fluorescence was observed 

earlier in samples with higher concentrations of bacterial cells during bacterial growth in 

the absence of phage. A previous study has also reported a slight increase of luminescent 

signal in a negative control when detecting somatic phages with a luminescent method 

based on monitoring phage-mediated adenylate kinase and adenosine 5' tri-phosphate 

when the phage-host mixture was incubated for a longer time (Luna et al. 2009). The 
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effect of spent culture, or more accurately non-phage-mediated release of β-galactosidase, 

on the detection of F+RNA phages by the fluorescent or luminescent method could be 

eliminated or reduced by the use of exponentially growing bacterial cells as hosts. In 

addition, incorporation of a negative control would allow for distinction of positive 

results.  

The culture broth used for phage infection and propagation in the fluorescent or 

luminescent method, mTSB, exhibited an obvious influence on the background level of 

fluorescence compared with distilled water, however, when the enzymatic activity was 

determined by the luminescent method, it showed that mTSB had little impact on the 

background level of luminescence. This indicates that components in mTSB have a direct 

impact on the production of fluorescence, but do not affect the activity of β-galactosidase, 

implying an advantage of the luminescent method over the fluorescent method for 

detecting F+RNA phages. The presence of vitamin B2, a fluorescent compound, in casein 

digest (a component of mTSB) could not be excluded since milk is a main source of 

vitamin B2 (Farah et al. 1992; Bacher et al. 2000). This compound may contribute to the 

effect of mTSB on background level of fluorescence.  

Both the fluorescent and luminescent methods were successful for rapid detection of 

the presence of F+RNA phages, and both methods were sensitive. Kim et al. (Kim et al. 

2009) reported a luminescence-based method for detection of lytic phage by the use of a 

bioluminescent strain of E. coli as a host, which was capable of detecting 2.4 log10 

PFU/ml
 
of phage T4. Luna et al. (2009) reported a luminescence-based method for the 

detection of somatic phages by monitoring phage mediated release of adenylate kinase 

and subsequent production of ATP, with a detection limit of 10 PFU/ml of phage φx174 
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within three hours, which is comparable to the sensitivity of the fluorescent method 

developed in this study. However, the luminescent method we developed is more 

sensitive than any methods previously reported for the detection of bacteriophages, with 

1.6 PFU/ml of F+RNA phages detected within 4 hours in the absence, and 3 hours in the 

presence, of Mg
2+

.  

The sensitivity of the fluorescent and luminescent method decreased when the 

concentration of host cells initially present in the phage-host reaction mixture was either 

below or above the optimum. This phenomenon can be explained by phage-host 

interactions. The amount of phage mediated release of β-galactosidase is directly 

correlated with the number of infected host cells, and thus both the number of phage 

particles that are capable of infecting host cells and the number of host cells that are 

available for phage infection affect the number of infected host cells and thus the amount 

of β-galactosidase subsequently released. When the concentration of host cells was above 

optimum, non-phage-mediated release of enzyme occurs quickly as discussed above, 

however, low numbers of phages are incapable of infecting sufficient host cells before the 

concentration of non-phage-mediated enzyme increases to a detectable level, thus making 

it impossible to distinguish between the negative control and samples containing low 

numbers of phages. In contrast, when higher phage titers are present in the samples, large 

numbers of cells that are sufficient to produce detectable levels of β-galactosidase can be 

infected before non-phage mediated release of enzyme reaches a detectable level, leading 

to an obvious increase of fluorescence or luminescence in phage-positive samples 

compared with the negative control.  
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When the concentration of bacterial cells initially present in the phage-host mixture 

is slightly below the optimum, sufficient phage-host contact and recognition may not be 

achieved in the beginning nor within a short period of time (during which reproduction of 

phages and host cells occurs) when the number of phage particles initially present is also 

low; on the other hand, higher values of multiplicity of infection (MOI) would be 

achieved when larger numbers of phage particles were initially present in the phage-host 

mixture, and thus increased the chance of phage-host recognition and enabled detection 

of β-galactosidase after a period of time that allows for the reproduction of phages and 

host cells. When the concentration of host cells initially present in the phage-host mixture 

is decreased further below the optimum, the level of bacterial cells that is sufficient to 

produce a detectable level of β-galactosidase will not be achieved even after several 

rounds of bacterial multiplication and the opportunity for contact between phage particles 

and host cells is insufficient even with higher values of MOI. This explains why β-

galactosidase was not detected when 3.6 CFU/ml of host cells were initially present in the 

phage-host mixture with phage concentrations in the range of 1 - 7 log10 PFU/ml. 

However, when incubated for a longer time, as shown in Figure 3.6B, bacterial cells will 

multiply and reach levels sufficient to produce a detectable level of β-galactosidase and 

allow sufficient phage-host contact. High values of MOI in the phage-host mixture 

generally allow the infection of large numbers of host cells, but at the same time, high 

phage titers would suppress an increase in the population of bacterial cells, which could 

subsequently be available for phage progenies (Abedon et al. 2003; Inomata et al. 2012). 

Thus, enzymatic activity of β-galactosidase in samples with lower numbers of phage 
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might exceed that with higher numbers of phages; however, the increase of enzymatic 

activity was always observed earlier in samples with higher phage concentrations.  

The luminescent method was shown to be more sensitive than the fluorescent 

method in detecting F+RNA phages, especially when the phage-host mixture was 

supplemented with 10 mM Mg
2+

. The effect of Mg
2+

 on improving the sensitivity of the 

luminescent method for detecting F+RNA phages may be related to its effect on the 

phage-host interaction. Results in Chapter 2 indicated that F+RNA phages propagate 

more effectively in E. coli Famp in the presence of Mg
2+

. In most cases, the latent period 

is shortened and burst size is increased when Mg
2+

 is present in the phage-host mixture 

(Chapter 2).  A shorter latent period indicates that more infectious cycles would occur in 

a given period of time, and larger burst size implies the release of more phage progenies 

that could subsequently infect more host cells. Thus, a shorter latent period and larger 

burst size would result in the infection of more bacterial cells in a given time with a given 

number of phage particles initially present, and, thus, an increase in the sensitivity of the 

luminescent method in the presence of Mg
2+

. Previous research on phage Qβ also 

demonstrated that Mg
2+

 and Ca
2+

 markedly affect the infection cycle of F+RNA phages 

(Inomata et al. 2012).  

This luminescent assay was successful in differentiating phage MS2 from Qβ when 

combined with anti-MS2 coat protein antibody. The rational of this antibody-combined 

luminescent method for subgroup identification of F+RNA phages relies on the selective 

inactivation of subgroups of F+RNA phages by the corresponding coat protein antibodies. 

Even though the maturation protein of F+RNA phage is responsible for recognizing 

receptor sites on the F pili of host cells and a complex containing maturation protein and 
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phage RNA is infectious and able to produce intact phage particles after infection 

(Katanaev et al. 1996), the contact between maturation protein and receptor sites on F pili 

might be prevented when coat protein antibodies bind to coat proteins in the proximity of 

the maturation protein since loss of activity was observed when F+RNA phages were 

bound to coat protein antibodies (Rappaport 1970). This is supported by our findings that 

phage MS2 remained infectious when attached to anti-MS2 coat protein antibody 

immobilized on glass surface. Immobilization of coat protein antibody on glass ensures 

that only one side of the phage particle contacts the glass surface via the immobilized 

antibody. The maturation protein is available for binding to F pili if it does not face 

toward the glass surface, and thus the phage particles attached to the glass surface remain 

infectious. This is consistent with a previous report that the fraction of phage MS2 

inactivated by anti-MS2 coat protein antibody was positively correlated with the number 

of antibody molecules bound per phage particle, and that more than 75% of phage 

particles remained infectious when an average of 1.5 antibody molecules were bound to 

each phage particle (Rappaport 1970).  

Serological cross-reactivity is one of the main criteria used for the classification of 

F+RNA phages into four different subgroups (Ogorzaly et al. 2009), and coat protein 

antibodies have traditionally been used to differentiate subgroups of F+RNA phages. We 

described a luminescent method combined with coat protein antibodies for identifying 

subgroups of F+RNA phages. The traditional methods to identify subgroups of F+RNA 

phages with coat protein antibodies require isolation of F+RNA phages and then testing 

the immunological reaction between the isolates and specific coat protein antibodies by 

the culture method, which usually requires at least 20 hours to give results (Rappaport 
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1970). Love and Sobey (2007) reported a latex agglutination method for rapidly typing 

subgroups of F+RNA phages by the use of antibody-coated polymeric beads, which 

agglutinate in the presence of specific subgroups of F+RNA phages. Their results were 

comparable with those produced the by the US EPA method 1601 (16 - 24 h for 

incubation is required) when a rapid (180 min) enrichment was combined with latex 

agglutination. However, at least 5 × 10
3
 - 1 × 10

5
 PFU/ml of F+RNA phages were 

required for visual agglutination or clumping of positive samples. The luminescent 

method in this study was able to identify subgroups of F+RNA phages at levels as low as  

~10 PFU/ml in three hours. Even though not tested, there is no reason to doubt that this 

method could identify subgroups of F+RNA phages present below 10 PFU/ml within 

three hours since as low as 1.6 PFU/ml of phage MS2 has been detected by the 

luminescent method within three hours.  

The β-galactosidase-based method, especially the luminescent method developed in 

this study was rapid and sensitive to detect F+RNA phages. Rapid detection reduces the 

time required to obtain results after sample collection, and thus provides more reliable 

information on the status of microbial quality of water when F+RNA phages are used as 

indicators to assess fecal contamination. Combined with coat protein antibodies, the 

luminescent method was capable of indentifying subgroups of F+RNA phages, and thus 

can be used to track the source of fecal contamination.  
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Chapter 4: Concentration step incorporated in the β-galactosidase-

based method for rapid detection of low numbers of F+RNA phages 

4.1. Introduction  

Even though large numbers of F+RNA phages are commonly found in wastewater or 

raw sewage, the numbers of F+RNA phages in the effluents of wastewater treatment 

plants are greatly reduced by wastewater treatment systems, especially when a filtration 

step was included (Ottoson et al. 2006; Aronino et al. 2009). Surface water may be 

contaminated with fecal material because of inefficiency or failure of wastewater 

treatment systems, discharge of untreated wastewater, runoffs from livestock farms, or 

activities of wild animals. However, even when surface water is polluted by such fecal 

contamination events, the numbers of F+RNA phages present in surface water are usually 

low due to the diluting effect of the water bodies. Low concentrations of F+RNA phages 

present in aquatic environments could lead to false negative results when small volumes 

of water are sampled to detect F+RNA phages. Thus, to avoid false negative results in 

detecting F+RNA phages, a concentration step is required to process large volumes of 

water and increase phage titers.  

Adsorption-elution methods are commonly used to concentrate viruses and have 

proven effective (Wen Li et al. 1998; Helmi et al. 2011). The adsorption-elution 

procedure includes passing water samples through a charged filter for the adsorption of 

viruses to filter materials, and then releasing viral particles adsorbed on the filter into a 

smaller volume by the use of an eluting solution. Both electropositive and electronegative 

filter media are available for concentrating viruses. Concentrating viruses by the use of 

negatively charged filters requires acidification or treatment with multivalent cations (e.g., 
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Mg
2+

 and Al
3+

 ) before passing water samples through the filter, to alter the surface 

charge of viral particles and enhance adsorption of viral particles to filter materials, since 

viruses usually possess negative surface charges at neutral pH and electrostatic repulsion 

between virus particles and the filter media would otherwise occur (Haramoto et al. 

2009a). Such pretreatment of water samples makes the concentration step complicated 

and limits the wide use of electronegative filters to concentrate viruses. Pretreatment of 

water samples is not needed when electropositive filters are used to concentrate viruses. 

Previous studies have demonstrated that high recoveries of viruses could be obtained by 

the use of positively charged filters (Zhang et al. 2009; Gibbons et al. 2010). The US 

EPA has proposed Zeta Plus 1MDS, a positively charged filter, as the standard method 

for concentrating enteric viruses (Haramoto et al. 2007; Bennett et al. 2010). When 

concentrating viruses from water by the adsorption-elution approach, a relatively large 

volume of eluting solution is needed to release viral particles from the charged material, 

which limits the increase of virus titers in the eluent. Thus, a secondary concentration 

step is usually performed after the adsorption-elution procedure so as to further increase 

virus titers. In addition, lack of commercial availability, high cost, or ineffectiveness of 

some charged filters for certain types of water limit the use of these charged filters in 

concentrating F+RNA phages, especially for routine monitoring of fecal contamination 

(Bennett et al. 2010).  

Alternative methods for concentrating viruses include ultracentrifugation, ultra-

filtration, and organic flocculation or polyethylene glycol precipitation (PEG) (Hammond 

et al. 1981; Lewis and Metcalf 1988; Hill et al. 2007), which are also commonly used for 

secondary concentration. Ultra-filtration membranes have pore sizes small enough to 
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prevent the passage of viral particles, but high pressure is needed to pass the aqueous 

phase through the membrane. Ultracentrifugation is commonly used in the laboratory to 

concentrate viruses and this approach has been proven successful in concentrating viruses 

from water or viruses extracted from various types of food (Toranzos et al. 1986; Shieh et 

al. 1999; Butot et al. 2007). However, the high expense of an ultracentrifuge and long 

time needed to pellet viruses limit its application in concentrating F+RNA phages from 

water, especially when large volumes of water needs to be processed and routine 

monitoring is performed. In organic flocculation, viruses present in beef extract could be 

precipitated by lowering the pH of the solution, and high titers of viruses could be 

obtained when the resulting pellet was suspended in a smaller volume of PBS with high 

pH (Williams and Fout 1992). Adjustment of pH is not needed when concentrating 

viruses using PEG precipitation (Lewis and Metcalf 1988). Despite the limitations such 

as high expense, long time needed, and inability to process large volumes of sample, 

these methods proved effective and reliable to concentrate viruses for their detection or 

characterization on a laboratory scale. However, for routine monitoring of fecal 

contamination of surface water by detecting F+RNA phages, inexpensive, rapid and 

easily performed methods that are capable of processing large volumes of water need to 

be developed so as to increase phage titers for their detection.   

In this section, we investigated the potential use of F pili to concentrate F+RNA 

phages, since F+RNA phages infect host cells by recognizing receptor sites on F pili and 

it has been demonstrated in Chapter 2 that up to hundreds of phage particles could be 

attached to the side of a single F pilus. Disruptor filter, a commercially available 

positively charged filter designed for water purification was also investigated to 
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determine its usefulness in concentrating F+RNA phages from surface water; along with 

EcoTrap media, which were designed for water purification. All the four subgroups of 

F+RNA phages were tested in order to compare their recovery efficiencies from water.  

4.2. Materials and methods  

4.2.1. Artificially contaminated water  

Artificially contaminated water was used to establish methods to concentrate 

F+RNA phages from surface water. Propagation and enumeration of F+RNA phages 

were performed as described in Chapter 2, and each of the four F+RNA phages was 

assayed individually. For the purpose of phage enumeration, F+RNA phages were spiked 

into distilled water, effluent of wastewater treatment plants or surface water to a 

concentration of approximately 2 - 4 log10 PFU/ml when determining the efficiencies of 

the methods to concentrate F+RNA phages.  

Effluent was collected from the wastewater treatment plant of Guelph, which 

received domestic, commercial, institutional and industrial wastewater from the City of 

Guelph and neighboring communities. The wastewater treatment system included 

screening and grit removal, primary treatment by sedimentation, secondary treatment by 

aeration of activated sludge, tertiary treatments utilizing rotating biological contactors 

(RBC), and sand filtration. Chlorination was incorporated in the sand filtration step, and 

de-chlorination was performed by the use of sodium bisulphate in the wastewater 

treatment plant prior to the discharge of the effluent into the Speed River. Surface water 

was collected from the Speed River in the downtown area of Guelph, Canada, using 

sterile plastic containers, as described in Chapter 2.  
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4.2.2. Application of F pili to concentrate F+RNA phages  

Isolation of F pili. F pili were separated from bacterial cells as described elsewhere 

(Karkhanis and Bhogal 1986; Ghorbani et al. 2011), with modification. First, E. coli 

Famp was grown in TSB at 37 ºC to an OD600nm value of 0.8, representing approximately 

9 log10 CFU/ml of bacterial cells. The bacterial suspension (100 ml) was centrifuged at 

5,000 ×g for 5 min, and the pellet was suspended in 10 ml of PBS, and then heated at 60 

ºC for 60 min in a water bath, with occasional shaking to ensure even heating. The 

bacterial cells were removed by centrifugation at 8,000 ×g for 10 min, and then the 

supernatant was centrifuged at 10,000 ×g for 20min. F pili isolated from bacterial cells 

were contained in the supernatant. The capacity of isolated F pili to adsorb F+RNA 

phages was tested by mixing isolated F pili with an equal volume of F+RNA phage (~9 

log10 PFU/ml) to allow phage adsorption, which was then examined under TEM as 

described in Chapter 2. F pili separated from bacterial cells were also examined under 

TEM.  

Immobilization of F pili onto alginate beads. One approach to immobilize F pili 

was performed utilizing alginate beads as described elsewhere (Ghorbani et al. 2011). 

Simply, 100 µl of the pili suspension was mixed with an equal volume of sodium alginate, 

which was then homogenized by stirring. The mixed solution was dripped into 40 ml of 

CaCl2 solution (3% W/V) from a 2 cm height to form Ca-alginate gel beads, which were 

hardened by stirring at 4 ºC in the CaCl2 solution for 20 min. The Ca-alginate gel beads 

were washed twice with 0.1 M Tris-HCl and stored at 4 ºC. The Ca-alginate beads (with 

or without F pili) were freeze-dried and their morphology was examined using a Hitachi 
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S-570 scanning electron microscopy (SEM, Hitachi High-Technologies Canada, Inc, 

Rexdale, Canada).  

Immobilization of F pili onto magnetic nano particels. An alternative approach to 

immobilize F pili was investigated by the use of magnetic nano particles (MNP) by the 

EDC/NHS method. The MNP were washed three times with distilled water with the aid 

of ultrasonic vibration in a FS20 ultrasonic cleaner (Fisher Scientific, Toronto, Canada) 

and a magnet and then dispersed in 100 ml of 80% ethanol, which was adjusted to pH 9.0 

with ammonium hydroxide, followed by homogenization with ultrasonic vibration. 

Tetraethyl orthosilicate (TEOS, 200 µl) was added to the suspension under ultrasonic 

vibration, followed by agitation under nitrogen gas for 4 hours (Deng et al. 2005). To 

introduce amino groups onto the silica-coated magnetic nano particles (SMPN), ~10 mg 

of SMNP in ethanol were washed three times with toluene (Sigma Aldrich, Oakville, 

Canada) and then suspended in 12 ml of N,N-dimethylformamide (DMF, Sigma Aldrich, 

Oakville, Canada) and 8 ml of toluene, followed by the drop-wise addition of 1 ml of 3-

aminopropyl triethoxylane (APTES, Sigma Aldrich, Oakville, Canada) with ultrasonic 

vibration. The suspension was stirred at room temperature under nitrogen gas flow for 24 

h. The resulting amine-coated magnetic nano-particles (AMNP) were washed three times 

with, and then store in 10 ml of, toluene. Amino groups on the AMNP were converted to 

carboxylic groups by adding 1 g of glutaric anhydride (Sigma Aldrich, Oakville, Canada) 

to 10 ml of the AMNP suspension, which was then stirred under nitrogen gas flow at 

room temperature for 2 hours (Jang and Lim 2010). Immobilization of F pili was 

performed by conjugating amino groups on the pili with carboxylic groups on the 
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carboxyl-coated magnetic nano particles (CMNP), by the EDC/NHS method as described 

in Chapter 3. The attachment of F pili on magnetic particles was examined under TEM.  

4.2.3. Concentrating F+RNA phages by the use of EcoTrap media  

EcoTrap media, provided by EcoVu Analytics Inc. (Ottawa, Ontario, Ca), were 

investigated for their ability to trap phage particles from water. However, little 

information was available about the chemical structure or properties of the EcoTrap 

media due to intellectual property (IP) issues.  

The ability of three types of EcoTrap media (S450000, S450010 and S450200) to 

adsorb F+RNA phages was determined by assaying 500 ml of artificially contaminated 

water. F+RNA phages were spiked into 500 ml of water to a final concentration of ~ 4 

log10 PFU/ml. EcoTrap medium (50 ml or adjusted to 50 ml with distilled water) was 

added to the artificially contaminated water and gently homogenized for 10 min for 

phage adsorption. After that, EcoTrap media were separated from the aqueous phase by 

centrifugation at 8,000 ×g for 5 min, sedimentation for 18 or 48 h, or filtration through a 

Whatman® general-purpose filter paper (Sigma Aldrich, Oakville, Canada). Phage titers 

in artificially contaminated water before and after treatment with the EcoTrap medium 

were determined by the plaque assay. Results were compared to determine the efficiency 

of the EcoTrap medium to remove F+RNA phages from water. Experiments were 

performed in triplicate.  

4.2.4. Concentrating F+RNA phage using Disruptor filter  

The Disruptor filter (Alhstrom Filtration LLC, Mt Holly Springs, US) is a positively 

charged filter, composed of boehmite (AlOOH) fibers grafted onto structural micro-glass 

fibers. The alumina fiber is 2 nm in diameter and approximately 250 nm in length, with a 
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surface area of more than 500 square meters for each gram of alumina fibers. The crystal 

structure of the mineral creates a natural electro-kinetic potential of Al
3+

 on the surface of 

the fiber, with the charge potential radiating to a maximum distance of 1 µm from the 

filters. The charge is not electrostatic, but instead is a charge potential that retains 

integrity between pH 5.0 and 9.5 in polar fluids. The Disruptor filter is a depth filter, with 

a depth of 0.8 mm and average pore size of 2 µm formed by the alumina fiber-coated 

micro-glass fibers. Such a large pore size allows for high flow rates at low pressure. The 

size of the Disruptor filter used in this study was 47 mm in diameter.  

The adsorption-elution approach was employed when concentrating F+RNA phages 

from water by the use of the Disruptor filter. Phage suspensions with known titers were 

inoculated into 10 L of water to reach final concentrations approximately ranging from 2
 

to 4 log10 PFU/ml. After mixing by agitation, phage titers in the artificially contaminated 

water were assayed by the plaque assay before Disruptor filtration. The spiked water was 

passed through a Disrupter filter (47 nm diameter) contained in a glass filter holder 

(VWR, Mississauga, Ca). The flow rate was adjusted by the application of vacuum, and 

controlled at about 10 L/h. After the filtration was completed, a total of 100 ml of triple 

strength nutrient broth, PBS buffer, 0.25 M glycine or sodium chloride solution was used 

as an eluting solution to release phage particles from the filter matrix. First, 70 ml of 

eluting solution was passed through the filter three times and then another 30 ml of fresh 

solution was applied to wash the filter. All the eluate was collected and mixed by 

agitation. Phage titers in the filtrate and eluate were determined by the plaque assay in 

triplicate. Different concentrations of sodium chloride were investigated in order to 

elucidate the effect of ionic strength on the recovery of F+RNA phages from the 
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Disruptor filter. The effect of pH on the recovery efficiency of F+RNA phages from the 

Disruptor filter was investigated by varying the pH (adjusted with 0.1 M sodium 

hydroxide) of 0.25 M glycine or triple strength nutrient broth used to release phage 

particles. An alternative approach to recover F+RNA phages from the Disruptor filter 

was performed by transferring the Disruptor filter disk after filtration into a stomacher 

bag containing 100 ml of eluting solution, followed by homogenization at 150 rpm by the 

use of a Stomacher® 400 Circulator (Seward, Port Saint Lucie, US) for 3 min. A portion 

of the contents in the stomacher bag were transferred into a 50 ml centrifuge tube and the 

Disruptor filter matrix was separated by centrifugation at 8,000 ×g for 5 min. The phage 

titer in the supernatant was determined by the plaque assay in triplicate. Distilled water, 

effluent from wastewater treatment plants, and surface water were used in preparing 

artificially contaminated water in order to test the capability of the Disruptor filter to 

concentrate F+RNA phages from different types of water.  

4.2.5. Luminescent-Disruptor filtration  

A luminescent-Disruptor filtration method to detect low numbers of F+RNA phages 

was evaluated by combining Disruptor-filtration with the luminescent method described 

in Chapter 3. Instead of releasing F+RNA phages from the filter matrix after filtration, 

the filter disk was transferred into a sterile stomacher bag containing approximately 6.5 

log10 CFU/ml of E. coli Famp cells suspended in 10 ml of mTSB (pre-warmed at 37 ºC), 

followed by homogenization at 150 rpm for 3 min, and then incubation at 37 ºC. Aliquots 

(0.5 ml) of the mixture was transferred into 1.5 ml micro-centrifuge tubes at an hourly 

interval and centrifuged at 8,000 ×g for 10 min. Enzymatic activity of β-galactosidase in 

the supernatant was determined by the luminescent method as described in Chapter 3. 
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Phage titers in the samples before Disruptor filtration were determined by the plaque 

assay, or calculated from the concentration and volume of the phage suspension used for 

inoculation if phage titer in the sample was less than 1 PFU/ml on average.  

4.2.6 Data analysis  

Phage adsorption or recovery efficiency was expressed by the number of phage 

particles adsorbed on the filter matrix or recovered by the eluting procedure as a 

percentage of phage numbers inoculated into the water sample. Statistical software SPSS 

16 (IBM, Armonk, New York, US) was used to perform the analysis. Analysis of 

variance (ANOVA) was performed, and the difference was considered significant when P 

was < 0.05.  

4.3. Results  

4.3.1. Adsorption of F+RNA phages to isolated F pili  

F pili were successfully separated from bacterial cells by treating bacterial 

suspensions at 60 ºC for 60 min, with little alteration in their morphology (determined by 

TEM) compared to that on the surface of intact cells. The length of isolated F pili 

observed under TEM was in the range of 300 - 3000 nm. Attachment of phage particles 

to the side of the isolated F pili was observed when they were mixed with F+RNA phages. 

The morphology of the complex of F+RNA phages and isolated F pili was 

indistinguishable from that of F+RNA phages attached to F pili on the surface of intact 

bacterial cells, as demonstrated in Figures 4.1 and 2.2. Either when F pili were isolated 

from, or on the surface of intact, bacterial cells, phage particles aligned one next to 

another on the side of F pili, and the average number of phage particles that could be 

attached to a single piece of F pilus was dependant on the length of the pilus.  
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Unfortunately, immobilization of pili was not demonstrated either by using alginate 

beads or magnetic nano particles.  

 

 
A 

 

 
B 

 
Figure 4.1. TEM image of F+RNA phages attached to isolated F pili. A) Isolated F pilus 

without phage attachment; B) phage MS2 attached to an isolated F pilus. 
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4.3.2. Capacity of Ecotrap media to remove F+RNA phages from water 

Three types of EcoTrap media, namely S450000, S450010 and S450200 were tested 

for their ability to remove F+RNA phages from water, which was artificially 

contaminated with phage MS2 to a concentration of approximately 4 log10 PFU/ml. The 

volume of EcoTrap medium used for adsorption of F+RNA phages ranged from 12.5 ml 

to 50 ml. Filtration through a filter paper, centrifugation, and sedimentation for 18 or 48 h 

were investigated to separate EcoTrap media from water samples after treatment. 

Clogging of the pores of the filter paper was observed when filtration was employed to 

separate EcoTrap media from water. Centrifugation at 8,000 ×g for 5 min was successful 

in separating EcoTrap media from water, but only a small volume could be processed by 

this approach. Suspended particles of EcoTrap media were still observed after 18 hours of 

sedimentation, but this problem was overcome by extending the time of sedimentation to 

48 hours. Thus, sedimentation for 48 hours was chosen to separate EcoTrap media from 

treated samples. Adsorption efficiency (Ea) was defined as the percentage of total phage 

particles spiked in water that were removed, calculated according to the equation: 

     
    

    
     , where Ca was the phage concentration of the supernatant after 

treatment and sedimentation, Cb was the phage concentration of artificially contaminated 

water before treatment, and V was the volume of water.  

When 50 ml of EcoTrap medium were added to 500 ml of inoculated water, an 

average of 87.87%, 99.99%, and 100% of phage particles were removed by EcoTrap 

media S450000, S450010 and S450200, respectively. S450010 and S450200 were 

significantly more efficient (P < 0.05) than S450000 at removing phage particles from 

water, while no significant difference was observed between S450010 and S450200. 
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When 25 ml of EcoTrap medium (adjusted to 50 ml with distilled water) were used for 

phage adsorption, 98.77%, 99.90% and 100% of phage particles were removed from the 

water samples, respectively, by S450000, S450010 and S450200. Both S450010 and 

S450200 were significantly more efficient (P < 0.05) than S450000; while the difference 

in adsorption efficiencies was insignificant (P > 0.05) between S450010 and S450200. 

However, when 12.25 ml of EcoTrap medium (adjusted to 50 ml with distilled water) 

were used for phage adsorption, 100%, 99.93% and 100% of phage particles were 

removed from the sample by S450000, S450010 and S450200, respectively. No 

significant difference (P > 0.05) in phage adsorption efficiencies was observed among the 

three types of EcoTrap medium. For both S450010 and S450200, phage adsorption 

efficiencies were consistent when 12.25, 25, or 50 ml of EcoTrap medium were added for 

phage adsorption; while for S450000, the adsorption efficiency was influenced by the 

volume of this medium used for phage adsorption, and higher phage adsorption 

efficiencies were obtained when smaller volumes of this EcoTrap medium was used.  

4.3.3. Concentrating F+RNA phages with Disruptor filter 

The ability of the Disruptor filter to concentrate F+RNA phages was determined by 

assaying 10 L of artificially contaminated water. The initial titers of F+RNA phages 

spiked into water ranged from 2 to 4 log10 PFU/ml. Phage removal efficiencies for the 

Disruptor filter were calculated as described above. Generally 99.45% - 99.83% of the 

phage particles spiked in water were removed when the artificially contaminated water 

was passed through a 47 nm diameter Disruptor filter. With the initial phage titer in the 

artificially contaminated water ranging from 2 log10 PFU/ml to 4 log10 PFU/ml, 

significant difference (P > 0.05) in phage removal efficiencies was not observed, 
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indicating that the Disruptor filter was capable of removing F+RNA phages from water in 

the presence of a wide range of phage concentrations.  

Phages MS2, GA, Qβ or SP were spiked in distilled water and assayed individually 

to investigate the ability of the Disruptor filter to adsorb F+RNA phages from water. 

Results showed that the phage removal efficiencies were consistent when concentrating 

phages MS2, GA, Qβ or SP. With initial phage titers of approximately 4 log10 PFU/ml in 

the feed samples, on average 99.67%, 99.65%, 99.60% and 99.48% of MS2, GA, Qβ and 

SP, respectively, were removed when the feed water was passed through the filter. The 

difference in phage removal efficiencies of Disruptor filter was insignificant (P > 0.05) 

among the four phages.  

When determining the ability of the Disruptor filter to concentrate F+RNA phages 

from the effluent of the wastewater treatment plant or surface water, the four phages were 

also assayed individually. The wastewater treatment plant effluent was clear but surface 

water collected from the Speed River had turbidities of 14.8 - 18.2 NTU per liter. An 

average of 99.62%, 99.48%, 99.72% or 99.58% of MS2, GA, Qβ or SP, respectively, 

spiked in effluent of wastewater treatment plant was removed after passing 10 L of 

surface water through the Disruptor filter. When phages were spiked in surface water, an 

average of 99.57%, 99.52%, 99.49% or 99.64% of MS2, GA, Qβ or SP, respectively, was 

removed after Disruptor filtration. Phage removal efficiencies by the Disruptor filter were 

not significantly different (P > 0.05) among the four phages or between the types of water 

sample.  

Effect of ionic strength on phage recovery efficiency. Phage recovery efficiency 

(Er) was defined as the percentage of total phage particles in the water sample that were 
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released from the filter material after the adsorption-elution step, calculated according to 

the equation:                   , where Ce was the phage concentration in the 

eluate and Ve was the volume of the eluate.  

The effect of ionic strength on phage recovery efficiency by Disruptor filtration was 

determined with phage MS2 and three different concentrations (0.1%, 3.0% or 10.0%) of 

sodium chloride were tested to release phage particles from the filter material. Results 

showed that sodium chloride solutions were ineffective at releasing F+RNA phages from 

the Disruptor filter. When 0.1%, 3.0% or 10.0% sodium chloride solution was utilized to 

release MS2 phage particles after Disruptor filtration, less than 1% of the phage particles 

present in the feed sample were recovered. High ionic strength alone was unable to 

enhance the release of F+RNA phages from the Disruptor filter. Results also 

demonstrated that PBS buffer was ineffective at releasing F+RNA phage particles from 

the Disruptor filter.  

Effect of pH on phage recovery efficiency. The effect of pH on phage recovery 

from the Disruptor filter was elucidated by varying the pH of 0.25 M glycine or triple 

strength nutrient broth (adjusted with 0.1 M sodium hydroxide) that was used to release 

phage MS2 after Disruptor filtration. Results indicated that 0.25 M glycine was an 

ineffective eluting solution regardless of pH. When 0.25 M glycine, with a pH value of 

5.90, 8.40, 9.50 or 9.64 was used as an eluting solution, less than 1% of phage particles 

spiked in the feed water were recovered from the Disruptor filter. Increasing the pH of 

0.25 glycine did not enhance its ability to release phage particles. In contrast, triple 

strength nutrient broth was effective at releasing F+RNA phage particles from the 

Disruptor filter. Between 21.08 - 44.32% of phage MS2 was recovered after Disruptor 
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filtration when the pH of triple strength nutrient broth used to release phage particles was 

adjusted with 0.1M sodium hydroxide to 7.39, 7.81, 8.86, 9.22 or 9.47. As shown in 

Figure 4.2, phage recovery efficiency was influenced by the pH of the triple strength 

nutrient broth, and higher phage recovery efficiencies were observed when triple strength 

nutrient broth with a higher pH value in the range of 7.39 - 9.47 was used to release 

phage MS2 after Disruptor filtration. Thus, in subsequent experiments, triple strength 

nutrient broth with a pH value of 9.47 was used to recover F+RNA phages after Disruptor 

filtration.  

An alternative approach was evaluated in which the filter disk was transferred to a 

stomacher bag containing 100 ml of triple strength nutrient broth (pH 9.47) and 

stomached to recover F+RNA phages. Results indicated that no obvious improvement of 

phage recovery was observed over the traditional adsorption-elution approach.  

 

 
 

Figure 4.2. Effect of pH on phage recovery efficiency. Phage MS2 was spiked into 10 L of 

distilled water to a concentration of ~4 log10 PFU/ml for Disruptor filtration. Triple strength 

nutrient broth with pH varying in the range of 7.39 - 9.47 was used to release phage particles.  
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When testing the efficacy of Disruptor filtration to concentrate phages GA, Qβ or SP 

from distilled water, phage titers spiked in the feed water were approximately 4 log10 

PFU/ml, as for phage MS2. An average phage recovery efficiency of 42.44%, 42.63%, or 

43.92% was observed for GA, Qβ and SP, respectively, when triple strength nutrient 

broth at pH 9.47 was used as the eluant, which was comparable with the phage recovery 

efficiency for phage MS2 (Fig. 4.3). Statistical analysis demonstrated that the difference 

in the recovery efficiencies among the four phages was insignificant (P > 0.05) when 

triple strength nutrient broth (pH 9.47) was used. When triple strength nutrient broth at 

pH 7.39 was used to elute phage Qβ from the Disruptor filter after filtration, an average 

of 20.42% of the phage particles spiked in the feed water were recovered, which was 

similar to the recovery efficiency for phage MS2 when the same eluting solution was 

used.  

 

 
 

Figure 4.3. Recovery efficiencies of different strains of F+RNA phages. Phages were 

spiked into 10 L of distilled water for Disruptor filtration, and triple strength nutrient 

broth at pH 9.47 was used to release phage particles after filtration. 
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Concentrating F+RNA phages from effluent of wastewater treatment plant or 

surface water. As when concentrating F+RNA phages from distilled water, F+RNA 

phages were spiked in 10 L of surface water or effluent from a wastewater treatment 

plant to concentrations of about 4 log10 PFU/ml before Disruptor filtration. The flow rate 

of wastewater treatment plant effluent passing through the Disruptor filter was similar to 

that obtained with distilled water, however approximately 80 min was required to filter 

10 L of surface water (collected from Speed River, with turbidity of 14.2 - 18.2). The 

average phage recovery efficiencies for MS2, GA, Qβ and SP were 41.74%, 41.28%, 

42.89% and 42.97%, respectively, when triple nutrient broth (pH 9.47) was used to 

recover phages after concentrating F+RNA phages from wastewater treatment plant 

effluent by Disruptor filtration. When the same procedure was used to concentrate 

F+RNA phages from river water, an average phage recovery efficiency of 43.75%, 

41.67%, 41.97% or 41.33% was obtained for MS2, GA, Qβ or SP, respectively. As 

demonstrated in Figures 4.3 and 4.4, the phage recovery efficiencies were consistent 

when triple strength nutrient broth at pH 9.47 was used to release phage particles after 

Disruptor filtration of distilled water, wastewater treatment plant effluent, or surface 

water. No significant difference in the phage recovery efficiencies was observed among 

the four phages when concentrating F+RNA phages from effluent of a wastewater 

treatment plant or surface water.  

Considering that phages were concentrated from 10 L of water and 100 ml of triple 

strength nutrient broth was used to release phage particles from the Disruptor filter, phage 

recovery efficiencies of 41.28% - 44.32% indicated that phage titers were increased more 

than 40-times when triple strength nutrient broth with a pH value of 9.47 was used to 
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recover phages after the adsorption-elution approach. Even when triple strength nutrient 

broth with pH 7.39 was used to elute phage particles from the filter matrix, an increase of 

20-fold in the titers of F+RNA phages was obtained. Reducing the volume of triple 

strength nutrient broth used to release phage particles from the filter material after 

filtration did not further increase the titers of F+RNA phages in the eluate (data not 

shown).   

 

 
 

Figure 4.4. Phage recovery efficiencies from surface water and effluent of wastewater 

treatment plant. F+RNA phages were inoculated into 10 L of river water or effluent of 

wastewater treatment plants. Triple strength nutrient broth at pH 9.47 was used to 

release phage particles after filtration.  
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4.3.4. Luminescent-Disruptor filtration  

Phage MS2 was used to evaluate the effectiveness of a luminescent-Disruptor 

filtration approach to rapidly detect low numbers of F+RNA phages. The titer of phage 

MS2 inoculated in distilled water was in the range of 0.16 - 14,800 PFU/100 ml before 

Disruptor filtration, while the titers of phage MS2 spiked in surface water were in the 

range of 0.16 - 15,100 PFU/100 ml. The concentration of host cells for phage-host 

interaction in the luminescent-Disruptor filtration assay was approximately 6.5 log10 

CFU/ml, obtained by diluting exponentially growing bacterial cells with pre-warmed 

mTSB, as described in Chapter 3. When Disruptor filtration was combined with the 

luminescent phage detection method, low numbers of F+RNA phages were detected 

within 3 hours, and this luminescent-Disruptor filtration assay was capable of detecting 

F+RNA phages at a wide range of concentrations. With phage MS2 inoculated either in 

distilled water or river water, a positive luminescent signal was obtained for all the test 

samples, in which phage titers ranged from 0.16 PFU/ 100 ml to 15,100 PFU/100ml (Fig. 

4.5). The variation in the properties of different types of water (distilled water and river 

water) did not influence the sensitivity of the luminescent-Disruptor filtration assay.  
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A 

 

 
B 

 
Figure 4.5. Detection of phage MS2 from A) distilled water containing (●) 15100, (■) 

1470, (▲) 154, (▼) 17, (♦) 1.6, (○) 0.16 PFU/100ml and from B) river water 

containing  (●) 14800, (■) 1520, (▲)162, (▼) 14, (♦) 1.6, (○) 0.16 PFU/100ml of 

phage, by the Luminescent-Disruptor filtration approach. (□) Negative control.  
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4.4.Discussion  

The presence of low numbers of viral particles in water is one of the main limitations 

for effective detection of viruses in aquatic environments and the small size of viruses 

makes it difficult to eliminate viral pathogens from water. However, the presence or 

absence of viruses is critical for the assessment of water quality and risk analysis in terms 

of public health. Phage MS2 has been widely reported as a virus surrogate in determining 

the effectiveness of membranes used to concentrate viruses and in evaluating procedures 

for virus elimination (Holowecky et al. 2009; Bennett et al. 2010; Pierre et al. 2010). In 

this section, we evaluated the potential use of F pili to concentrate F+RNA phages, and 

the effectiveness of three types of EcoTrap medium, as well as the Disruptor filter to 

concentrate F+RNA phages. Phages MS2, GA, Qβ and SP, belonging to subgroups I, II, 

III, and IV, respectively, were assayed individually to compare the concentration 

efficiencies among different subgroups of F+RNA phages. Distilled water, effluent from 

a wastewater treatment plant, and surface water were tested to evaluate the robustness of 

the Disruptor filter to concentrate F+RNA phages from different types of water. A 

luminescent-Disruptor filtration assay was established by combining Disruptor filtration 

with the luminescent method described in Chapter 3 for rapid detection of low numbers 

of F+RNA phages. To our knowledge, this is the first report describing a luminescent 

approach combined with Disruptor filtration to detect low numbers of F+RNA phages.  

The attachment of up to hundreds of phage particles to the side of a single F pilus 

provides the potential to utilize F pili for concentrating F+RNA phages. This approach 

may exhibit an advantage in selectively enriching F+RNA phages because of the 

specificity between F+RNA phages and the receptor sites on the side of F pili. The ability 
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of F pili to absorb F+RNA phages was not lost when they were separated from bacterial 

cells, which makes it possible to concentrate F+RNA phages by the use of isolated F pili 

if an immobilization approach is performed to fix F pili to a solid matrix, such as 

magnetic beads, via the tip of the F pili. Unfortunately, we have not successfully found an 

appropriate method to immobilize F pili.  

Adsorption-elution is a procedure commonly adopted to concentrate viruses from 

water. This technique is usually based on the electrostatic adsorption between charged 

filter materials and viral particles. Positively charged filters are more readily accepted 

due to the fact that viral particles possess a net negative charge on their surface and thus 

pre-treatment is not required to modify the water samples, even though both negatively 

and positively charged filter materials have been used to concentrate viruses from water 

(Victoria et al. 2009; Bennett et al. 2010). The Disruptor filter used in this study is 

electropositive and is capable of removing more than 99% of phage particles present at a 

wide range of concentrations, and in various types of water. The Al
3+

 ions on the surface 

of the fiber, which creates a natural electro-kinetic potential in the pH range of 5.0 - 9.0, 

play an important role in virus adsorption. Al
3+

 is commonly supplemented in water 

samples prior to filtration to enhance virus adsorption when negatively charged filter 

materials are used to concentrate viruses (Olszewski et al. 2005; Haramoto et al. 2009a). 

Li et al. (1998) developed an electropositive filter medium by incorporating aluminum 

hydroxide precipitate into silica gel, which has been shown to be effective in 

concentrating enteric viruses from tap water, and studies by Zhang et al. (2009) 

demonstrated that the concentration efficiency of this electropositive filter material could 

be enhanced by the addition of poly-aluminum chloride in water samples. One 
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explanation is that the multivalent state of Al
3+

 acts as an ionic bridge between the 

negatively charged filter materials and the charged viral particles, or directly interacts 

with the viral particles. Hydrophobic interactions may also contribute to the adsorption of 

phage particles to the Disruptor filter.  

There is limited information about the chemical and structural properties of the 

EcoTrap media used in this study. However, this does not hamper the potential use of 

these media in water treatment because of their effectiveness in removing viruses from 

water. EcoTrap S450200 was the most effective among the three types of EcoTrap media 

investigated, eliminating phage MS2 seeded in water samples to an undetectable level. 

For EcoTrap S450000, lower removal efficiencies were observed when larger volumes of 

the medium were added to water samples for phage adsorption. This is due to the 

presence of fine particles of Ecotrap S450000, which was not precipitated after the 

sedimentation process. Some phage particles could be attached to these fine particles and 

remain suspended in the water samples after sedimentation. Suspended particles have 

been observed when EcoTrap S450000 was added to the water sample, followed by 

sedimentation for 18 h. However, an obvious decrease in turbidity of the water was 

observed when the sedimentation process was extended to 48 h. Higher phage capture 

efficiency of EcoTrap S450000 obtained when this medium was separated from water by 

centrifugation confirmed that fine particles, which were difficult to precipitate, present in 

this medium contributed to its low efficiency in removing phage particles by 

sedimentation. When water was treated with EcoTrap S450010 or EcoTrap S450200, 

turbidity was not observed after 18 h sedimentation, which was in compliance with their 

high and stable phage adsorption efficiencies when varying volumes of the media were 
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added to the water samples. Even though EcoTrap media effectively removed F+RNA 

phages from water, it was inconvenient to release phage particles after adsorption.  

The poor phage recovery efficiencies of sodium chloride solutions to release phage 

particles from the Disruptor filter indicate the inability of simple ions to detach phage 

particles from the filter matrix. Varying the concentration of sodium chloride did not 

change the phage recovery efficiency in this study, which disagrees with a previous 

report that high ionic strength hampered the attachment of viruses to a filter matrix based 

on electrostatic interactions (Calgua et al. 2008). Some studies have reported that salt 

ions diminish virus recovery efficiency of a positively charged filter while the 

performance of negatively charged filters may be enhanced by the presence of salt ions 

(Bennett et al. 2010). This disagreement may be attributed to the use of different filter 

materials, viruses and ions involved in these studies. Releasing viral particles from 

adsorbing materials based on ion exchange has also been reported (Monjezi et al. 2010), 

however, this mechanism is obviously not responsible for the release of phage particles 

from the Disruptor filter. Previous studies have reported the use of eluting solutions with 

higher pH values to release viral particles adsorbed on positively charged filters (Mehnert 

et al. 1997; Mendez et al. 2004; Gutierrez et al. 2009). Higher pH of the eluting solutions 

will change the charge state on the surface of the filter, perturbing the electrostatic 

interactions between viral particles and filters, thus leading to the release of viral particles 

from the filter. However, in our study, less than 1% of phage particles inoculated in the 

feed water was recovered by 0.25 M glycine solution with pH values in the range of 5.90 

- 9.64, indicating that pH in this range had no effect on the ability of 0.25 M glycine to 

release viral particles from the Disruptor filter, and that mechanisms other than 
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electrostatic interaction may contribute to the adsorption of viral particles to the matrix of 

the filter.  

Triple strength nutrient broth is effective at recovering phage particles from the 

Disruptor filter, and the recovery efficiency is correlated to its pH. Effective desorption 

of phage MS2 from glass fibers coated with hematite nanoparticles has been reported by 

the use of beef extract (Gutierrez et al. 2009), which is a main component of nutrient 

broth. Beef extract was also effective at releasing phage MS2 from the Disruptor filter in 

our study (data not shown). The main difference between nutrient broth and sodium 

chloride or glycine solutions is the presence of organic macromolecules, which may 

contribute to the effectiveness of triple strength nutrient broth at releasing viral particles 

from the Disruptor filter. The organic macromolecules (e.g. proteins) are similar in 

chemical properties and charge state with that of viruses (or at least their coat proteins), 

conferring them with the ability to compete with viral particles for the active sites on the 

surface of the Disruptor filter. This explanation agrees with the findings by Lipson and 

Stotzky (1984) that chymotrypsin and ovalbumin competed with reovirus for sites on clay 

and thus reduced its adsorption to clay materials. Hydrophobic organic macromolecules 

present in the nutrient broth may attach to the Disruptor filter through hydrophobic 

interactions, substituting phage particles, which are reported to be hydrophobic, on the 

surface of the filter matrix (Langlet et al. 2009). This explains the inability of glycine 

solutions with varying pH values to release phage particles from the filter matrix, and 

indicates that electrostatic interaction is not the only mechanism by which viral particles 

are adsorbed to the Disruptor filter. Higher recovery efficiencies were observed when 

triple strength nutrient broth with higher pH values were applied in the eluting step, 
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indicating that pH is a factor influencing the ability of nutrient broth to release viral 

particles from the filter. Since the Disruptor filter has an isoelectric point of pH 9.4, 

increasing pH of the broth (in the range of 7.39 - 9.47) makes the filter matrix less 

positively charged when the broth was passed through it, thus lessening the strength of 

electrostatic interactions between the filter matrix and viral particles. Eluting solutions 

containing beef extract with higher pH values (usually between 8.0 and 9.5) to recover 

viral particles after the adsorption step have been commonly used in previous studies 

(Mehnert et al. 1997; Mendez et al. 2004; Gutierrez et al. 2009).  

Significant differences in the ability to concentrate viruses have been reported 

because of the methods, characteristics of water samples, virus numbers spiked in the 

sample and the viruses themselves (Mendez et al. 2004; Langlet et al. 2009; Zhang et al. 

2009). Different genome sizes and capsid proteins of various phages may result in 

differences in electrostatic charge on the surface of viral particles, contributing to the 

variations in the extent of adsorption of viral particles to the filter matrix (Langlet et al. 

2008b). Previous studies have reported that phage Qβ was eliminated to a lesser extent 

than phage MS2 by the membranes tested (Langlet et al. 2009). In this study, no 

significant difference (P > 0.05) was observed in the phage recovery efficiencies among 

the four subgroups of F+RNA phages. The slight difference in the biochemical and 

structural properties of the four subgroups of F+RNA phages have little, if any, effect on 

phage recovery efficiencies from the Disruptor filter when using triple strength nutrient 

broth (pH 9.47) to release phages from the filter matrix. This is confirmed by the similar 

recovery efficiencies for phage MS2 and phage Qβ when triple strength nutrient broth at 

pH 7.39 was used to release phage particles from the Disruptor filter. Thus, the relative 
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prevalence of the four subgroups of RNA phages before and after the concentration step 

will not be altered when Disruptor filter is used in an adsorption-elution procedure to 

concentrate F+RNA phages, giving meaningful information when F+RNA phages are 

used for microbial source tracking.  

M éndez et al. (2004) reported a recovery efficiency of 82% for somatic phages by 

the use of an acetate-nitrite cellulose filter. Similarly, Zhang et al. (2009) reported 110% 

and 92% recoveries, respectively, for poliovirus I and phage f2 when small volumes of 

water were processed with a positively charged filter developed in their study. It has also 

been reported that virus recovery rates declined when large volumes of water were 

assayed. Olszewski et al. (2005) reported virus recovery efficiencies of 50% from large 

volumes of water by the use of hollow fiber and tangential flow ultra-filtration systems. 

In our study, phage suspensions were spiked into large volumes (10 L) of water to 

determine the efficacy of the Disruptor filter to concentrate viruses because of the low 

numbers of F+RNA phages present in surface water. Phage recovery efficiencies ranged 

from 41.28% to 43.92% when triple strength nutrient broth at pH 9.47 was applied to 

release phage particles. This relatively low recovery rate is a reflection of the eluting step 

rather than the adsorption step considering that more than 99% viral particles were 

removed when the artificially contaminated water was passed through the Disruptor filter. 

We believe that phage recovery efficiencies from the Disruptor filter are underestimated 

because of the flocculation of phage particles during the adsorption-elution process. Viral 

particles come into close contact with each other when they are forced to pass through the 

filter due to hydrodynamic convergent fluxes in the vicinity of the pores (Langlet et al. 

2009), which increases the probability that viruses will encounter each other and promote 
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aggregation by hydrophobic interactions during filtration despite the repulsive 

electrostatic interactions between viral particles. However, there is no reason to rule out 

that loss of virus infectivity occurred when the viral particles were adsorbed to and then 

released from the charged filter materials (Liu et al. 2007), or that viral particles were not 

completely released from the filter matrix. The Disruptor filter is a depth filter and viral 

particles may be physically trapped in the filter matrix when passing through its long and 

tortuous path.  

After the adsorption-elution procedure, phage titers 40-fold higher than that in the 

feed water were obtained in the eluate. This will obviously increase the sensitivity of 

detection systems and enable detection of low numbers of viruses present in water 

samples. Phages were detected in the eluate after the adsorption-elution step when phage 

titers (calculated from the titer and volume of phage suspension used for inoculation) in 

the feed water were present at levels below 1 PFU/100ml (data not shown). Higher 

concentration efficiencies have been reported by the combination of a secondary 

concentration step after adsorption-elution (Hill et al. 2007; Polaczyk et al. 2008). This 

study aimed at rapid detection (with the concentration step included) of F+RNA phages, 

but methods used for secondary concentration require a long time for phage 

sedimentation or precipitation. Thus a secondary concentration step was not performed to 

further increase concentration efficiency. However, there is no reason to doubt that with a 

secondary concentration procedure, such as ultracentrifugation, the concentrations of 

F+RNA phages could be further increased. The Disruptor filter is commercially available, 

does not require specific equipment and is easy to use, which makes it potentially useful 

to concentrate F+RNA phages in field studies.  



145 
 

By combining the luminescent detection method with Disruptor filtration, F+RNA 

phages present in water samples at low numbers can be detected within a relatively short 

time. Disruptor filtration increased the concentration of phage particles in the phage-host 

reaction mixture, and phage particles adsorbed on the Disruptor filter may be released by 

modified TSB broth and thus are able to infect host cells. This agrees with the 

effectiveness of triple strength nutrient broth at releasing F+RNA phages from the 

Disruptor filter. Another possibility is that phage particles adsorbed on the Disruptor 

filter remained infectious. The luminescent-Disruptor filtration method for detection of 

F+RNA phages is rapid, sensitive and easy to perform, and can also be used for the 

detection of other lytic phages having host bacteria possessing intracellular compounds 

that can be assayed following lysis.  
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Chapter 5: Quantification of Infectious F+RNA Phages by enzyme-

treatment Real-time RT-PCR 

5.1. Introduction  

Reverse transcription (RT)-polymerase chain reaction (PCR), has been widely used 

for the detection of F+RNA phages from various environmental samples (Kirs and Smith 

2007; Haramoto et al. 2009b; Langlet et al. 2009). Based on the difference in genome 

sequences of subgroups of F+RNA phages, RT-PCR has been successfully utilized to 

identify subgroups of F+RNA phages. This can provide valuable information on tracking 

the source of fecal contamination since subgroups I and IV are generally found in animal 

feces, while subgroups II and III are predominantly associated with fecal contamination 

of human origin (Hsu et al. 1995; Bollback and Huelsenbeck 2001; Schaper et al. 2002b; 

Vinje et al. 2004; Lee et al. 2011). By the use of SYBR Green dye, which binds to double 

stranded DNA but not single stranded DNA or RNA, or by the use of specific TaqMan 

probes, which generate fluorescence only when bound to the target sequences, RT-PCR 

methods have successfully been used to quantify F+RNA phages (Ogorzaly and Gantzer 

2006; Haramoto et al. 2009b). Quantification of F+RNA phages by RT-PCR has been 

commonly used to assess the effectiveness of inactivating procedures (Langlet et al. 2009; 

Pecson et al. 2009). Since the loss of infectivity may not result in the loss of the target 

sequence of the genome, RT-PCR methods are inadequate to quantify infectious F+RNA 

phages because of the production of false-positive signals caused by the presence of 

inactivated phage particles or even naked RNA (Pecson et al. 2011).  

Enteric pathogens and indicator microorganisms, including F+RNA phages, 

introduced into the environment via fecal material are exposed to various adverse 
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environmental stresses and their infectivity declines over time. Genomes of pathogens 

and F+RNA phages may exist in the absence of infectious cells or particles if historical 

fecal contamination has occurred. The main risk posed to human health as a result of 

fecal contamination of food and water is the presence of infectious viral, bacterial or 

protozoal pathogens, and neither inactivated pathogens nor their naked genomes are able 

to cause diseases to humans. Thus, the presence of inactivated F+RNA phages or naked 

RNA is unsuitable as a predictor of the infectivity of pathogens potentially present. Thus, 

results of RT-PCR methods to detect F+RNA phages may overestimate the level of fecal 

contamination and, consequently, the risk of the presence of infectious pathogens.  

The limitation of PCR-based methods in detecting infectious viruses has been 

recognized by the scientific community and studies has been performed to evaluate the 

usefulness of PCR-based methods to quantify infectious viruses (Rodriguez et al. 2009; 

Pecson et al. 2011). Fittipaldi et al. (2010) reported a real-time PCR method to 

discriminate infectious phage T4 by the use of propidium monoazide. Their method was 

able to differentiate phage particles inactivated by a heat treatment at 110 ºC, but not at 

85ºC, from infectious phage. Shieh et al. (2008) evaluated an integrated cell culture RT-

PCR to detect naturally occurring enteroviruses in water and demonstrated that direct RT-

PCR could lead to more than 90-fold overestimation of naturally occurring infectious 

viruses in water.  

The genome of F+RNA phages is enclosed in a capid composed of a coat protein, 

which has a protective effect on the integrity of the viral genome. Inactivated and 

infectious F+RNA phages differ in the resistance of their protein capsids to proteolysis. 

Denaturation of coat protein is unavoidable if F+RNA phages are inactivated since the 
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capsid acts as the outer shell of viral particle and protects the genome, even though 

theoretically any damage to the genome or receptor sites on the capsid of F+RNA phages 

may lead to the loss of infectivity. Denatured protein exposes more sites available to 

proteases, and thus renders it more susceptible to proteolysis. Following degradation of 

the coat protein, the RNA genome should be more susceptible to RNase degradation than 

RNA of infectious phages in which the RNA genome is surrounded by the intact protein 

capsid (Nuanualsuwan and Cliver 2002). Thus, treatment of F+RNA phages with 

protease and RNase before RNA extraction followed by quantitative RT-PCR should 

detect mainly infectious phages since naked RNA or RNA of inactivated phage particles 

is more readily degraded.  

5.2. Materials and methods  

5.2.1. Susceptibility of infectious F+RNA phages to RNase   

The susceptibility of infectious F+RNA phages to RNase was tested by the use of 

phage MS2. Host cell-seeded plates containing RNase A (3 or 15 µg/ml) were prepared 

by mixing E. coli Famp cells (200 µl, ~ 8 log10 CFU/ml) in the exponential growth phase 

with RNase A (Thermo Scientific, Logan, US) and 15 ml of soft TSA (pre-warmed at 55 

ºC), and the mixture was dispersed into a 15 cm diameter Petri dish (Fisher Scientific, 

Toronto, Canada). Aliquots (10 µl) of phage suspension of varying titers were dispersed 

onto the RNase A-supplemented host cell-seeded plates, which were dried at room 

temperature for 20 min, and then incubated at 37 ºC overnight. A negative control was 

also performed by dispensing phage suspensions onto a host cell-seeded plate in the 

absence of RNase A.  
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Alternatively, 200 µl of phage MS2 (~7 log10 PFU/ml) were treated with 2 µl of 

RNase A (10 µg/µl ) at 37 ºC for 0, 10, 20, or 30 min, followed by the addition of 2 µl of 

RNaseOUT™ Recombinant Ribonuclease Inhibitor (40 U/µl, Life Technologies Inc, 

Burlington, Canada) to inactivate RNase A. The treated phage suspension was 10-fold 

serially diluted with PBS, and 10 µl of each of the dilutions were spotted onto a host cell-

seeded soft TSA plate and incubated at 37 ºC overnight. Phage suspension without RNase 

A treatment was considered as the 0 min treatment and used as a negative control.  

To test the susceptibility of F+RNA phages to the treatment with proteinase K and 

RNase A, 200 µl of phage MS2 (~ 7 log10 PFU/ml) was mixed with proteinase K from 

Engyodontium album (final concentration of 333 U/ml, Life Technologies, Burlington, 

Canada) and 2 µl of RNase A. After incubation at 37 ºC for 0, 10, 20 or 30 min, 2 µl of 

Ribonuclease inhibitor was added to inactivate RNase A. The treated phage suspension 

was diluted and spotted onto a host cell-seeded plate as described above. A negative 

control was performed using a phage suspension that was not treated with proteinase K or 

RNase A, and considered as the 0 min treatment.  Proteinase K was dissolved in PBS and 

freshly prepared for each experiment.  

5.2.2. Primers used to detect F+RNA phages  

Primers used for the detection of F+RNA phages were selected from previous studies 

(Ogorzaly and Gantzer 2006; Friedman et al. 2009), or designed by the use of Primer 3 

(http://simgene.com/Primer3), a free online software, based on the alignment of complete 

or partial sequences of F+RNA phages (MS2, fr, M12, R17, GA, BZ13, KU1, Qβ, M11, 

MX1, TW18SP, and NL95) and synthesized by the Laboratory Services Division, 

University of Guelph, Canada. The sequences of the primers used for F+RNA phage 
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detection are summarized in Table 5.1. Each of the chosen primer sets was designed to be 

specific to the corresponding subgroup of F+RNA phages with the capacity to detect as 

many strains within the subgroup as possible. The specificity of the primers was tested by 

aligning these primers with sequences of F+RNA phages available in GeneBank, 

National Center for Biology Information (NCBI), and also tested by RT-PCR using the 

Qiagen one-step RT-PCT kit (QIAGEN, Toronto, Canada) according to the 

manufacturer's instructions in a Mastercycler (Eppendorf, Hamburg, Germany), with 

phages MS2, GA, Qβ, and SP as reference phages for subgroups I, II, III, and IV, 

respectively. The RT-PCR products were sized electrophoretically on 2% agarose gels 

stained with ethidium bromide (2 µg/l) and visualized under UV with a Gel Doc
TM

 

system (Bio-Rad, Mississauga, Canada).  

 

Table 5.1. Primers used for the detection of F+RNA phages.  

Primers Sequence Tm 
Product 
length 

FRNA-I-R 5'-CTTGTTCAGCGAACTTCTTRTA-3' 53 
142 

FRAN-I-F 5'-CAAACCAGCATCCGTAGCC-3'  57 

FRNA-II-R GAAAACAAACCGTTGCCG-3' 53 

183 FRAN-II-F GGTTCAAGTTGCGGGATG-3' 55 

FRNA-III-R 5'-TTACGATTGCGAGAAGGCTG-3' 57 

115 FRAN-III-F 5'-CCGCGTGGGGTAAATCC-3' 57 

FRNA-IV-R TTCCAGCCRGGCTCGAT-3' 57 

183 FRAN-IV-F CGTGGAAGCATGCCTGT-3' 57 

 

5.2.3. Partial inactivation of F+RNA phages  

Suspensions of F+RNA phages at initial concentrations of approximately 6 - 7 log10 

PFU/ml were used for partial inactivation. The choice of working phage titers was 

intended to avoid complete inactivation of the phages in these suspensions. Methods used 
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for inactivation were heat treatment, UV irradiation and innate inactivation at room 

temperature. Partially inactivated phage suspensions were divided into four sub-samples 

for phage enumeration by the plaque method, RNA extraction by the use of Total RNA 

Purification Kit (Norgen Biotek, Thorold, Canada) according to the manufacturer's 

instruction, and enzyme treatment (both one-step and two-step) followed by RNA 

extraction, all of which were performed immediately after the inactivating treatment.  

Heat treatment. Heat treatment was performed at 55 ºC to avoid complete 

destruction of the phage coat protein. For all the four phages, a working phage suspension 

was 10-fold diluted into PBS that was pre-warmed at 55 ºC in a water bath, and incubated 

at the same temperature for 40 min. Preliminary studies indicated that a loss of 

approximately 1 - 2 log10 PFU/ml was achieved by this treatment. The phage suspension 

was immediately cooled on ice after heat treatment. The phage titer of the working 

suspension was determined by plaque assay prior to heat treatment.  

UV irradiation. Inactivation of F+RNA phages by UV irradiation was performed by 

the use of a FB-TIV-88A Transilluminator as described in Chapter 2, with modification.  

F+RNA phages were suspended in PBS and treated with UV irradiation for 20 min. The 

UV intensity was 0.19 mW/cm
2
, measured with a PMA2100 Radiometer (SOLAR 

LIGHT, Glenside, PA, US). Preliminary studies indicated that a loss of approximately 1.5 

- 3.0 log10 PFU/ml was achieved by this treatment. The phage suspensions were assayed 

by the plaque method prior to UV irradiation to determine the initial concentrations of 

infectious phages.  

Innate inactivation. Innate inactivation of F+RNA phages following incubation at 

room temperature was determined using phage suspensions in PBS and stored at room 
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temperature (25 ± 1 ºC) for 14 days. Preliminary studies indicated that a loss of 

approximately 0.5 - 1.5 log10 PFU/ml was achieved during this period. The initial phage 

titers of the working suspensions were determined by the plaque assay.  

5.2.4. Enzyme treatment  

Enzyme treatment with proteinase K and RNase A was performed in order to 

selectively degrade RNA of inactivated F+RNA phages. Both one-step and two-step 

enzyme treatments were tested.  

One-step enzyme treatment. The partially inactivated phage suspension (200 µl) 

was mixed with both proteinase K (final concentration of 333 U/ml) and RNase A (10 

µg/µl, 2 µl) and incubated at 37 ºC in a water bath for 30 min, followed by the addition of 

2 µl of Ribonuclease inhibitor (40 U/µl) to inactivate RNase A.  

Two-step treatment. For the two-step enzyme treatment, partially inactivated phage 

suspensions were first treated with proteinase K for 30 min, followed by the addition of 

phenylmethylsulfonyl fluoride (PMSF, Sigma, Oakville, Canada) at a final concentration 

of 5 mM to inactivate proteinase K. RNase A was added and the suspension incubated at 

37 ºC for a further 30 min, followed by the addition of 2 µl of Ribonuclease inhibitor to 

inactivate RNase A. The PMSF solution (1 M) was prepared in ethanol (Sigma, Oakville, 

Canada) because of its limited water solubility.  

5.2.5. RNA extraction  

Extraction of RNA from phage suspensions was performed using the Total RNA 

Purification Kit (Norgen, Thorold, Canada), according to the manufacturer's instructions. 

Briefly, the bacteriophage was lysed chemically with the lyzing solution provided to 

release RNA from the phage particles in a micro-tube and the contents of the tube were 
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loaded onto a small chromatographic column. After washing three times with the wash 

solution, the RNA was eluted with elution buffer. The extracted phage RNA was stored at 

−20 °C and assayed by real-time RT-PCR within two weeks.  

5.2.6. Standard curves  

Freshly prepared phage suspensions were used to construct standard curves to 

quantify F+RNA phages by real-time RT-PCR as described below. Phage suspensions 

were 10-fold serially diluted with PBS, and aliquots (1 ml) of the appropriate dilutions 

were assayed by the plaque method to determine phage titers (PFU/ml). At the same time, 

RNA was extracted from aliquots (200 µl) of these dilutions. The resulting RNA was 

assayed by a SYBR Green real-time RT-PCR assay and the Ct values (cycle threshold, 

the number of cycles in a real-time PCR process for the fluorescent signal to exceed 

threshold) were recorded. Experiments were performed in triplicate. The Ct values were 

plotted against the corresponding starting phage titers (logarithmic value) to obtain a 

standard curve. Standard curves for each of the F+RNA phages were established 

individually.  

5.2.7. Quantitative RT-PCR  

One-step real-time RT-PCR was performed, using the QuantiFast SYBR Green RT-

PCR Kit (QIAGEN, Toronto, Canada) to quantify F+RNA phages in the partially 

inactivated phage suspensions with or without enzyme treatment. The reaction mixture 

(25µl) contained: 12.5 µl of master mix, 0.25 µl of RT mix, 1 µl each of reverse and 

forward primers (10 p mol/µl), 2 µl of RNA template, and 8.25 µl of RNase-free water. 

The master mix contained HotStarTaq Plus DNA polymerase, QuantiFast SYBR Green 

RT-PCR buffer, dNTP mix, and fluorescent dyes. The reaction mixtures were prepared in 
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MicroAmp Fast 8-tube strips (Invitrogen, Burlington, Canada), and all the reagents were 

kept on ice to avoid temperature abuse. The real-time RT-PCR reaction was conducted in 

a ViiA
TM

 7 Real-time PCR system (Invitrogen, Burlington, Canada) and the thermal 

cycling conditions were as follows: reverse transcription at 50 ºC for 10 min, activation 

of HotStarTap Plus DNA polymerase at 95 ºC for 5 min, followed by 40 cycles of 

denaturation at 95 ºC for 10 s and combined annealing/extension at 56 ºC for 30 s. Finally, 

a melting curve analysis was performed, from 56 to 95 ºC, to confirm the specificity of 

the amplicon.  

5.2.8. Detection of naturally occurring F+RNA phages in environmental samples  

The ability of the enzyme treatments in combination with RT-PCR to quantify 

infectious F+RNA phages was tested with raw sewage and primary treated wastewater, 

which were collected from the Guelph wastewater treatment plant. Raw sewage and 

primary treated wastewater were filtered through a 0.45 µm membrane filter (Fisher 

Scientific, Toronto, Canada) and phage titers in the filtrate were tested by the plaque 

method, and RT-PCR with or without a 2-step enzyme treatment prior to RNA extraction. 

The results obtained by these methods were compared to verify the suitability of enzyme 

treatment RT-PCR to quantify infectious F+RNA phages naturally occurring in 

environmental samples.  

5.3. Results  

5.3.1. Sensitivity of F+RNA phages to RNase  

The titer of phage MS2 working stock was ~7 log10 PFU/ml and this was 10-fold 

serially diluted with PBS to produce phage suspensions of varying concentrations. When 

phage MS2 was spotted onto host cell seeded soft TSA plates containing RNase A, clear 
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zones were not observed on the bacterial lawn after incubation at 37 ºC overnight, in 

contrast to medium not containing RNase A (Fig. 5.1), indicating that F+RNA phages 

were unable to infect host cells in the presence of RNase A. The presence of 3 µg/ml of 

RNase A was able to prevent F+RNA phages (at least ~ 7 log10 PFU/ml) from infecting 

host cells.  

When phage MS2 was treated with RNase A for 10, 20, or 30 min, followed by the 

addition of RNase inhibitor to inactivate RNase A, clear zones were not observed on the 

bacterial lawn where undiluted phage suspensions were dispensed, which indicates the 

absence of infection of host cells by F+RNA phages. However, when the treated phage 

suspensions were diluted with PBS and aliquots (10 µl) of these dilutions were dispersed 

on the same plates, clear zones were formed on the bacterial lawn where 10
-1

, 10
-2

, 10
-3

, 

10
-4

, or 10
-5

 dilution of the treated phage suspensions were located (Fig. 5.2). These clear 

zones on the bacterial lawns indicated the infectivity of phage MS2 after such treatment, 

and thus the inability of RNase A to inactivate free F+RNA phages.  

 

 
 

Figure 5.1. Susceptibility of F+RNA phages to RNase A supplemented in host cell-seeded soft 

TSA plates. A) Negative control; B) 3 µg/ml of RNase A was supplemented in the host cell 

seeded plate; C) 15 µg/ml of RNase A was supplemented in the host cell-seeded plate. The 

numbers 0, -1, -2, -3, -4, -5 and -6 indicate 100, 10-1, 10-2, 10-3, 10-4, 10-5, and 10-6 

dilutions of the phage suspension, respectively.  
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When phage MS2 that was treated with proteinase K and RNase A was spotted on a 

host cell-seeded plate, clear zones were observed on the bacterial lawn after incubation 

(Fig. 5.3). As observed for the negative control, isolated plaques were formed on the 

bacterial lawn where the 10
-6

 dilution of treated (for 10, 20 or 30 min) phage suspension 

was dispersed, indicating that little decrease in phage infectivity was achieved after such 

treatment.  

 

 
 

Figure 5.2. Ability of RNase A to inactivate free F+RNA phages. Phage MS2 was treated with 

RNase A for A) 0; B) 10; C) 20; or D) 30 min followed by addition by Ribonuclease inhibitor 

to inactivate RNase A. Treated phage suspensions (or dilutions) were spotted onto a host cell-

seeded plate and incubated at 37 ºC. The numbers 0, -1, -2, -3, -4, and -5 indicate 10
0
, 10

-1
, 10

-

2
, 10

-3
, 10

-4
, and 10

-5
, respectively, dilutions of RNase A treated phage suspensions.  
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5.3.2. Specificity of primers  

The primer sets FRNA-I, FRAN-II or FRNA-IV target a conserved region in the 

replicase gene of phages representative of subgroups I, II, or IV, respectively, while 

primer set FRNA-III targets a conserved region in the coat protein gene of phages 

belonging to subgroup III. The target region was found in, but not limited to, phages MS2 

and fr, when aligning FRNA-I with sequences of subgroup I phages; phages GA, BZ13, 

and KU1 when aligning FRNA-II with sequences of subgroup II; Qβ, M11, MX1, and 

TW18 when aligning FRNA-III with sequences of subgroup III; and phages SP and 

NL95 when aligning FRNA-IV with sequences of subgroup IV. When testing the 

specificity of primers by RT-PCR, products were obtained only when the primers were 

used to amplify phage belonging to the corresponding subgroups. As shown in Figure 5.4, 

the primer set FRNA-I detected phage MS2, primer set FRNA-II detected phage GA, 

primer set FRNA-III detected Qβ, and primer set FRNA-IV detected phage SP. Cross-

reactivity of the selected primer sets among the different subgroups of F+RNA phages 

was not observed. The melting curve profiles of the four F+RNA phages also confirmed 

the specificity of these primers. Even though the RT-PCR products of primer sets FRNA-

II and FRNA-IV are of the same length and indistinguishable electrophoretically, 

different melting points were observed between phages GA and SP (Fig. 5.5).  
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Figure 5.3. Resistance of infectious phage MS2 to treatment with proteinase K and 

RNase A. Phage MS2 was treated with proteinase K and RNase A for A) 0; B) 10; C) 

20; or D) 30 min followed by the addition of Ribonuclease inhibitor to inactivate RNase 

A. Treated phage suspensions (or dilutions) were dispersed onto a host cell-seeded plate 

and incubated at 37 ºC. The numbers 0, -1, -2, -3, -4, -5, and -6 indicate 10
0
, 10

-1
, 10

-2
, 

10
-3

, 10
-4

, 10
-5

, and 10
-6

, respectively, dilutions of treated phage suspension.  

 

 
 

Figure 5.4. RT-PCR products of F+RNA phages. M, DNA ladder; 1, 5, 9, 13, phage 

MS2; 2, 6, 10, 14, phage GA; 3, 7, 11, 15, phage Qβ; 4, 8, 12, 16, phage SP.  
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5.3.3. Standard curves  

Four 10-fold dilution series, one for each F+RNA phage, were independently 

prepared and assayed by real-time RT-PCR to establish standard curves (Fig. 5.6). For 

each F+RNA phage, a linear relationship was observed when the average Ct values were 

plotted against the starting phage titers. The squared correlation coefficient (r
2
) for 

phages MS2, GA, Qβ and SP were 0.999, 0.990, 0.989 and 0.989, respectively. The PCR 

efficiency (E) was calculated according to the equation: E = 10
(-1/S)

 -1, where S is the 

slope of the standard curve (Kubista et al. 2006). The slope of the standard curve for 

phages MS2, GA, Qβ and GA was -4.0, -4.9, -4.1 and -4.3, representing PCR efficiencies 

of 82%, 70%, 86% and 81%, respectively. An example of the amplification plot is shown 

in Figure 5.7.   

 

 

 
Figure 5.5. Melting curves of F+RNA phages. A) MS2, melting point 83.90; B) GA, melting 

point 86.20; C) Qβ, melting point 84.87; D) SP, melting point 83.67.  
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Figure 5.6. Standard curves for subgroups of F+RNA phages using SYBR Green real-

time RT-PCR. A) Phage MS2(subgroup I); B) phage GA (subgroup II); C) phage Qβ 

(subgroup III); D) phage SP (subgroup IV). 
 

 
 

Figure 5.7. Real-time RT-PCR amplification plot of phage MS2.  
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5.3.4. Discrimination of infectious F+RNA phages  

Partially inactivated phage suspensions were used to determine the ability of the 

enzyme treatment real-time RT-PCT to quantify infectious F+RNA phages. Before 

partial inactivation, the titers of phage suspensions containing MS2, GA, Qβ and SP were 

6.6, 6.8, 6.2 and 6.3 log10 PFU/ml, respectively. After treatment with UV irradiation, heat 

at 55 ºC or innate inactivation, only a portion of the phage population in the phage 

suspensions was inactivated and the residual phage titers were in the range of 3.00 - 5.67 

log10 PFU/ml, when determined by the plaque assay (Table 5.2).   

 

Table 5.2. Phage titers detected in partially activated phage suspensions by the plaque assay, RT-

PCR, one-step enzyme treatment RT-PCR and two-step enzyme treatment RT-PCR.  

Phage  

Initial titer 

(log10 

PFU/ml) 

Treatment 
Phage titers after partial inactivation (log10 PFU/ml) 

RT-PCR 
One-step ET 

RT-PCR 

Two-step ET 

RT-PCR 

Plaque 

assay 

MS2 

 

 

 

 

6.6 

 

 

 

 

UV 6.47 ± 0.25 5.57 ± 0.31 4.27 ± 0.45 3.70 ± 0.20 

Room 

Temperature 
6.67 ± 0.25 6.17 ± 0.21 5.57 ± 0.12 5.10 ± 0.20 

55 ºC 6.60 ± 0.36 6.03 ± 0.15 5.27 ± 0.06 4.87 ± 0.21 

GA 

 

 

 

 

6.8 

 

 

 

 

UV 6.80 ± 0.10 5.93 ± 0.15 4.97 ± 0.15 4.53 ± 0.21 

Room 

Temperature 
6.87 ± 0.15 6.37 ± 0.06 5.97 ± 0.12 5.67 ± 0.12 

55 ºC 6.80 ± 0.26 5.97 ± 0.23 5.10 ± 0.26 5.07 ± 0.25 

Qβ 

 

 

 

 

6.2 

 

 

 

 

UV 6.30 ± 0.20 5.50 ± 0.26 4.13 ± 0.21 3.77 ± 0.15 

Room 

Temperature 
6.35 ± 0.21 5.93 ± 0.06 5.23 ± 0.15 4.63 ± 0.15 

55 ºC 6.27 ± 0.15 5.70 ± 0.17 4.70 ± 0.36 4.23 ± 0.15 

SP 

 

 

 

 

6.3 

 

 

 

 

UV 6.43 ± 0.15 5.53 ± 0.31 3.57 ± 0.23 3.00 ± 0.26 

Room 

Temperature 
6.33 ± 0.21 5.73 ± 0.15 5.33 ± 0.15 4.77 ± 0.15 

55 ºC 6.17 ± 0.06 5.30 ± 0.17 3.53 ± 0.32 3.20 ± 0.26 
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Immediately after exposure to the inactivation process, phage suspensions were 

assayed by RT-PCR, one-step enzyme treatment RT-PCR, two-step enzyme treatment 

RT-PCR and the plaque assay. Phage titers detected by the RT-PCR methods (both with 

and without enzyme treatment) were estimated using the RT-PCR standard curves. 

Despite the reduction of 1.20 - 3.43 log10 PFU/ml in phage titers (determined by the 

plaque assay) after partial inactivation by innate inactivation, UV irradiation or heat 

treatment at 55 ºC, a reduction in phage titer in these partially inactivated phage 

suspensions was not detected by RT-PCR alone. However, when the one-step enzyme 

treatment was performed prior to RNA extraction, a reduction of 0.42 - 0.90 log10 

PFU/ml in phage titers was detected by RT-PCR compared with those determined by RT-

PCR alone (Table 5.2). Phage titers in the partially inactivated phage suspensions 

obtained by one-step enzyme treatment RT-PCR were 0.70 - 2.53 log10 PFU/ml higher 

than those obtained by the plaque method. This implied that the one-step enzyme 

treatment RT-PCR decreased, but did not eliminate, false-positive signals. The two-step 

enzyme treatment RT-PCR was more effective at reducing the incidence of false-positive 

signals than one-step RT-PCR. However, as with the one-step enzyme treatment RT-PCR, 

it did not totally eliminate false-positive signals. With the two-step enzyme treatment 

performed prior to RNA extraction, a further decrease of 0.40 - 1.96 log10 PFU/ml in 

phage titer was detected by RT-PCR, compared with phage titers obtained by one-step 

enzyme treatment RT-PCR. Compared with results obtained by the plaque method, phage 

titers in the partially inactivated suspensions detected by two-step enzyme treatment RT-

PCR were 0.03 - 0.60 log10 PFU/ml higher. Phage titers in the partially inactivated 

suspensions obtained by RT-PCR (with or without enzyme treatment) plotted against 
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phage titers determined by the plaque assay are shown in Figure 8. Linear regression was 

performed to obtain the regression equation:       , where y was the phage titer 

obtained by RT-PCR with or without enzyme treatment, x was the phage titer determined 

by the plaque assay, A was the slop of the regression line, and B was a constant. The A 

values were 0.20, 0.35 and 0.94, and the B values were 5.63, 4.27 and 0.71, respectively, 

for RT-PCR, one-step ET RT-PCR and two-step ET RT-PCR.  

 

 

 

 
Figure 5.8. Phage titers in partially inactivated suspensions determined by (●) RT-PCR alone, 

(■) one-step ET RT-PCR and (▲) two-step ET RT-PCR against that obtained by plaque assay. 
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Different inactivation rates of F+RNA phages were achieved by UV irradiation, heat 

treatment at 55 ºC, or innate inactivation at room temperature. For all the four phages, the 

highest residual titers after partial inactivation, detected either by one-step or two-step 

treatment RT-PCR, were observed after innate inactivation at room temperature, followed 

by heat treatment and then UV irradiation. This was consistent with results obtained by 

the plaque assay, which indicated that the UV irradiation treatment caused the highest 

reduction in phage titer, followed by heat treatment and then innate inactivation, for all 

the phages tested. This confirmed that the enzyme treatment RT-PCR (either one-step or 

two-step enzyme treatment) was able to differentiate between infectious and non-

infectious phages; albeit to different extents.  

5.3.5. Naturally occurring F+RNA phages  

A total of 16 environmental samples (8 raw sewage and 8 primary treated wastewater 

samples) were collected and assayed to verify the ability of enzyme treatment RT-PCR to 

quantify infectious F+RNA phages. Phage titers were determined by the plaque assay, 

RT-PCR and two-step enzyme treatment RT-PCR, and the results are summarized in 

Table 5.3. The four subgroup-specific primer sets were tested individually in the RT-PCR 

or enzyme treatment RT-PCR, and the sum of phage titers obtained by the four primer 

sets was recorded as the titer of F+RNA phages in the environmental samples. The 

average phage titers in raw sewage were 3.32, 4.57 and 3.64 log10 PFU/ml when 

determined by the plaque method, RT-PCR and two-step enzyme treatment RT-PCR, 

respectively. While in primary treated wastewater samples, the average phage titers 

determined by the plaque assay, RT-PCR and two-step enzyme treatment RT-PCR, were 

2.95, 4.59 and 3.57 log10 PFU/ml, respectively. The titers of naturally occurring F+RNA 
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phages in these environmental samples were significantly (P > 0.05) higher when 

detected by RT-PCR than by the plaque method. When a two-step enzyme treatment was 

performed prior to RNA extraction, phage titers decreased significantly (P > 0.05) when 

compared with those obtained by RT-PCR without the enzyme pretreatment, but they 

were still significantly (P > 0.05) higher than those determined by the plaque assay.  

Table 5.3. Naturally occurring F+RNA phages in environmental samples.   

Sample type 
Sample 

NO. 

Average (STDEV) titer of F+RNA phages 

Plaque method RT-PCR 

Two-step ET 

RT-PCR 

Raw sewage 

1 3.23 (0.05) 4.23 (0.15) 3.68 (0.12) 

2 3.38 (0.09) 4.49 (0.18) 3.94 (0.23) 

3 3.42 (0.05) 4.80 (0.16) 3.79 (0.19) 

4 3.50 (0.06) 4.61 (0.23) 3.81 (0.19) 

5 3.19 (0.08) 5.04 (0.17) 3.61 (0.21) 

6 3.16 (0.11) 5.09 (0.13) 3.46 (0.13) 

7 3.56 (0.05) 3.91 (0.20) 3.39 (0.17) 

8 3.14 (0.13) 4.36 (0.16) 3.41 (0.16) 

Primary treated 

wastewater 9 3.01 (0.13) 4.26 (0.06) 3.74 (0.14) 

10 3.04 (0.14) 4.79 (0.17) 3.31 (0.22) 

11 2.92 (0.07) 4.78 (0.23) 3.89 (0.12) 

12 2.93 (0.07) 4.57 (0.22) 3.72 (0.14) 

13 2.82 (0.05) 4.99 (0.25) 3.44 (0.12) 

14 2.77 (0.09) 5.04 (0.22) 3.56 (0.12) 

15 3.20 (0.09) 3.99 (0.21) 3.45 (0.12) 

16 2.88 (0.05) 4.33 (0.28) 3.43 (0.16) 
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5.4. Discussion  

In this study, we evaluated an enzyme treatment real-time RT-PCR to quantify 

infectious F+RNA phages by the use of proteinase K and RNase A to selectively degrade 

naked RNA or RNA of inactivated phage particles prior to RNA extraction. F+RNA 

phages have been recommended as reliable indicators of fecal contamination and the 

phenomenon that subgroups II and III of F+RNA phages are predominantly associated 

with fecal contamination of human origin while subgroups I and IV are mainly found in 

animal feces provides the potential to track the source of fecal contamination by 

identifying subgroups of F+RNA phages (Hsu et al. 1995; Schaper et al. 2002b; Lee et al. 

2011). However, RT-PCR approaches have been commonly used to detect or identify 

subgroups of F+RNA phages in order to predict the level or source of fecal contamination 

by the use of subgroup-specific primers (Ogorzaly and Gantzer 2006; Kirs and Smith 

2007; Haramoto et al. 2009b). RT-PCR signals may result from infectious or inactivated 

phage particles or even naked RNA, and thus are not able to indicate their infectiousness. 

A previous study indicated that naturally occurring infectious viruses might be 

overestimated by more than 90-fold when RT-PCR alone was used for their detection 

(Shieh et al. 2008). Due to the fact that the risks of fecal contamination to human health 

are caused by the presence of infectious pathogens, differentiation of infectious from 

inactivated F+RNA phages is of great significance when they are used as indicators to 

predict the presence of contamination by enteric pathogens of fecal origin.  

The susceptibility of infectious F+RNA phages to RNase A (in the presence or 

absence of proteinase K) was tested in order to confirm that the RNA of infectious 

phages would not be degraded by the enzyme treatment step, which was intended to 
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selectively degrade RNA of inactivated phages (and naked RNA). Confluent bacterial 

growth on the host cell-seeded plates containing RNase A indicated that F+RNA phages 

were not able to infect host cells in the presence of RNase A. However, clear zones 

formed on the host cell-seeded plates (in the absence of RNase A) where dilutions of 

RNase A-treated phage suspension (RNase activity was inhibited by Ribonuclease 

inhibitor after treatment) was dispersed indicated that F+RNA phages were not 

inactivated by RNase A. A reasonable explanation of this phenomenon is that RNase 

degrades RNA of F+RNA phages only during the infection cycle (most probably the 

attachment stage or RNA ejecting stage), but has no effect on RNA of free phages, and 

this agrees with the findings of Totopova et al. (2011). These authors showed that the 

RNA-maturation protein complex is poised to leave the protein capsid when F+RNA 

phages are attached to the F pili of host cells. During the infection cycle, the genome 

(probably with the aid of maturation protein) of F+RNA phages will first leave the 

protein capsid and enter the host cell through the F pili once contact between phages and 

F pili is established (Toropova et al. 2011). This process will expose phage RNA to 

RNase if present, while in free phages, the RNA genome is enclosed in and protected by 

the coat protein capsid, and thus resistant to RNase degradation. RNase activity in the 

RNase A-treated phage suspension may not be completely inactivated by Ribonuclease 

inhibitor that was added after treatment, and thus infection of host cells by F+RNA 

phages was inhibited on host cell-seeded plates where undiluted RNase A-treated phage 

suspension was dispersed. The residual RNase activity decreased to a level that was not 

sufficient to degrade RNA of phages attaching to host cells when treated phage 

suspensions were diluted 10-fold, or more, with PBS. Thus, clear zones were formed on 
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the host cell-seeded plates when dilutions of RNase A-treated phage suspension were 

dispensed.  

The inability of RNase A, or a combination of RNase A and proteinase K, to 

inactivate free F+RNA phages implies that RNA of infectious phages in partially 

inactivated phage suspensions or environmental samples is unlikely to be degraded by the 

treatment with proteinase and RNase, and thus this enzyme treatment real-time RT-PCR 

would not underestimate the level of infectious F+RNA phages.  

Either in partially inactivated phage suspensions or environmental samples, higher 

phage titers were detected by RT-PCR alone than enzyme treatment RT-PCT, which in 

turn, detected higher phage titers than the plaque assay. Since F+RNA phages do not 

aggregate at pH values above their isoelectric points (2.1 - 3.9) (Langlet et al. 2007; 

Michen and Graule 2010), results obtained by the plaque assay represent the 

concentration of infectious single phage particles in the suspensions. Thus, comparison of 

the results obtained with the plaque assay, RT-PCR and enzyme treatment RT-PCR 

implies that an enzyme treatment step prior to RNA extraction could reduce signals 

encountered due to the presence of non-infectious phages (false positive) by the RT-PCR 

assay alone, although false-positive signals cannot be completely eliminated. However, a 

previous study by Nuanualsuwan and Cliver (2002) reported that vaccine poliovirus 1, 

feline calicivirus and hepatitis A virus, which were inactivated by UV irradiation, 

hypochlorite or heating at 72 ºC, could not be detected by RT-PCR when proteinase K 

and RNase A were added prior to RNA extraction. This may be attributed to the low 

initial titers (~10
3
 PFU/ml) of these viruses, the activity of which might be completely 

lost after inactivation.  
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Pecson et al. (2009) also reported the ability of one-step enzyme treatment RT-PCR 

to reduce, but not eliminate, false-positive signals when partially inactivated phage MS2 

was assayed. For the one-step enzyme treatment, in which a mixture of proteinase K and 

RNase A were used to selectively degrade RNA of inactivated phage particles, 

degradation of RNase A by proteinase K might occur at the same time. RNase activity 

may be lost before all the RNA of the inactivated phage particles was degraded. Thus, 

higher phage titers were obtained by one-step enzyme treatment RT-PCR than by two-

step enzyme treatment RT-PCR. Degradation of RNase A by proteinase K has been 

reported in a previous study (Rauber et al. 1978). The phenomenon observed in this study 

that residual RNase activity inhibited infection of host cells when an undiluted RNase A-

treated phage suspension was dispersed on host cell-seeded plates while infection of host 

cells was not affected when the phage suspension was treated with proteinase K and 

RNase A, also implied that RNase A was denatured by proteinase K. Inactivation of 

proteinase K prevented the degradation of RNase A that was subsequently added, thus the 

two-step enzyme treatment was more effective than one-step enzyme treatment at 

reducing false-positive RT-PCR signals caused by the presence of inactivated phage 

particles. Since the maturation protein of F+RNA phages was responsible for recognizing 

and attaching to host cells during infection (Paranchych et al. 1970; Shiba and Miyake 

1975; Toropova et al. 2011), any damage to the maturation protein may lead to loss of 

phage infectivity. Inactivated phage particles with denatured maturation protein but intact 

coat protein capsid may not be readily degraded by enzyme treatment, and this may 

contribute to the inability of the enzyme treatment (either one or two-step) RT-PCR to 

completely eliminate false-positive signals.  
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Even though a difference in the reduction of false-positive signals between 

inactivation treatments was reported in a previous study (Pecson et al. 2009), enzyme 

treatment (both one and two-step) RT-PCR used in this study did not demonstrate 

preferential reduction of false-positive signals with one inactivation treatment over 

another. The extent of false-positive signals reduced by two-enzyme treatment RT-PCR 

in environmental samples was generally related to the amount of inactivated phages 

present (difference between results by the plaque assay and RT-PCR, see Table 5.3), and 

this implies the usefulness of this method to quantify infectious F+RNA phages. 

Compared with integrated cell culture-RT-PCR, which combined RT-PCR with a culture 

cell line and thus was able to determine the infectivity of only culturable viruses (Shieh et 

al. 2008), enzyme treatment RT-PCR could be adapted to determine the infectivity of 

viruses that are difficult to cultivate or those for which a cell line is not currently 

available. Even though higher phage titers were detected than by the plaque assay, 

enzyme treatment RT-PCR, especially two-step enzyme treatment RT-PCR, significantly 

reduced false-positive signals caused by the presence of inactivated phages. Thus, 

enzyme treatment RT-PCR can better reflect the infectivity of F+RNA phages than RT-

PCR alone and thus give more reliable information on the presence of fecal 

contamination.  
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Chapter 6: General Discussion and Future Direction 

F+RNA phages have been recommended as indicators of fecal contamination of 

water, and the phenomenon that subgroups II and III of these phages are predominantly 

associated with fecal contamination of human origin while subgroups I and IV are mainly 

found in animal feces provides the potential to track the source of fecal contamination by 

identifying subgroups of F+RNA phages (Hsu et al. 1995; Schaper et al. 2002b; Lee et al. 

2011). Rapid and effective methods for the detection of low numbers of F+RNA phages 

will provide reliable information when assessing the microbial quality of water. This 

research program investigated the propagation profiles and survival characteristics of 

F+RNA phages in surface water, and methods for their rapid detection, efficient 

concentration, and differentiation of infectious and inactivated particles of F+RNA 

phages were evaluated. The inability of F+RNA phages to infect host cells at 

temperatures below 25 ºC indicates that they are unlikely to propagate in aquatic 

environments, the temperature of which rarely reaches such a high level (Woody and 

Cliver 1995). This excludes the possibility that phage numbers will increase once they are 

excreted into the environment, and thus the presence of F+RNA phages truly indicates 

the occurrence of fecal contamination. Even though F+RNA phages are a homogeneous 

group of phages and commonly one of these strains is used as a reference to investigate 

their propagation profiles (Rappaport 1965; Woody and Cliver 1995), the propagation 

profiles of this group of phages differ in terms of latent period and burst size among 

different subgroups. These differences may contribute to the relative prevalence of 

subgroups of F+RNA phages found in feces or environmental samples.  
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The higher persistence of F+RNA phages in river water at lower temperatures in the 

range of 4 - 25 ºC provides evidence to support the observation that the occurrence of 

enteric viruses and F+RNA phages is higher in the winter. This may be due to the higher 

hydrolysis rate of proteins and enzyme activity of proteases at higher temperatures, which 

would result in more rapid degradation of phage and virus coat proteins, resulting in their 

inactivation (Dore et al. 2000; Lodder et al. 2010). The presence of organic material and 

suspended solids may exert protective effects against UV exposure, and thus F+RNA 

phages were more resistant to UV irradiation in river water than in distilled water. The 

relative persistence patterns of subgroups of F+RNA phages differ under different 

conditions, and in some cases the difference is statistically significant. Except in heat-

treated river water, the difference in reduction of phage particles among representatives 

of the four subgroups of phage is less than 0.4 log10 PFU/ml after four days. Since 

F+RNA phages are indicators of recent fecal contamination and the use of F+RNA to 

track the source of fecal contamination is based on the association of specific subgroups 

of F+RNA phages with human or animal feces, not on the proportion of these subgroups 

present (Griffin et al. 2000; Ogorzaly and Gantzer 2006; Friedman et al. 2009), we 

suggest that this difference will not hinder their use for microbial source tracking. The 

characteristics of surface water may vary between different geographical locations and 

their influence on the persistence of F+RNA phages should be considered so as to give a 

more reliable interpretation of their value as indicators to track the source of fecal 

pollution.  

 This study evaluated the use of a fluorescent and a luminescent method for the rapid 

detection of F+RNA phages, which is based on monitoring phage-mediated release of β-
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galactosidase from an E. coli host. Non-phage-mediated release of this enzyme might 

result in high background levels of enzyme, which would impact the detection limit of 

the assay. This problem can be overcome by the use of host cells in exponential growth 

phase for phage propagation, and by using optimal concentrations of host cells for phage 

infection, which were found to be between 6 and 7 log10 CFU/ml, both by the fluorescent 

and luminescent method. The luminescent method was more sensitive than the 

fluorescent method, and was able to detect as low as 1.6 PFU/ml of F+RNA phages in 

three hours in the presence, and four hours in the absence of Mg
2+

. The increase in the 

rate of propagation of F+RNA phages in the presence of Mg
2+ 

enhanced the sensitivity of 

the luminescent method developed to detect F+RNA phages in the presence of Mg
2+

. It 

has been suggested that Mg
2+

 is required for F+RNA phage infection after adsorption 

(Inomata et al. 2012), however, we believe that this ion also enhances the recognition 

between F+RNA phages and receptor sites on the host cells, and also the correct 

assembly of progeny phage particles before host cell lysis.  

Rapid detection of F+RNA phages would allow fecal contamination to be detected in 

a meaningful time frame, and thus provide more reliable information on the current status 

of microbial quality of irrigation water. Combined with coat protein antibodies, the 

luminescent method was able to identify subgroups of F+RNA phages, and thus can be 

used to track the source of fecal contamination. Binding to coat protein antibodies itself 

did not inactivate F+RNA phages, however, coat proteins attached to receptor sites in the 

vicinity of the maturation protein, which may hinder its access to F pili, and, 

consequently, make the phages noninfectious.   



174 
 

The attachment of up to hundreds of phage particles to a single pilus provides the 

potential to use F pili to concentrate F+RNA phages, but, unfortunately, it was not 

possible to immobilize the pili on an inert matrix by the methods studied. However, the 

Disruptor filter was able to effectively remove F+RNA phages from both distilled water 

and environmental water, and the phages adsorbed on the filter material could be easily 

recovered by elution of the filter with triple strength nutrient broth. Increasing the pH of 

the nutrient broth made the Disruptor filter less-charged when passed through it, and thus 

higher phage recovery efficiencies were obtained. Similar recovery efficiencies obtained 

for the four phages belonging to different subgroups indicated that this method did not 

change their relative prevalence after concentration, and thus would provide reliable 

information when using F+RNA phages to track the source of fecal contamination. The 

ability of the luminescent method, in combination with Disruptor filtration, to detect low 

numbers of F+RNA phages (as low as 0.16 PFU in 100 ml of water) within a relatively 

short time frame (3 hours), makes it possible for near-real-time prediction of low levels 

of fecal contamination and thus reduces the incidence of false-negative results.  

Even though the false-positive signals encountered by RT-PCR alone and caused by 

the presence of inactivated phage particles or naked RNA were not completely eliminated, 

enzyme treatment with proteinase K and RNase A in combination with quantitative RT-

PCR significantly reduced their incidence. The inactivation of RNase A by proteinase K 

(Rauber et al. 1978) may contribute to the lower efficiency of the one-step enzyme 

treatment RT-PCR to reduce false-positive signals compared with the two-step enzyme 

treatment RT-PCR, where degradation of RNase A subsequently added was avoided by 

the inactivation of proteinase K. Even though F+RNA phages were unable to infect host 
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cells in the presence of RNase A, treatment with RNase A (or proteinase K and RNase A) 

did not inactivate free infectious phages. This implies that RNA of infectious phages will 

not be degraded during enzyme treatment, and thus the level of infectious phages will not 

be underestimated by the enzyme treatment RT-PCR. RT-PCR alone detects both 

infectious and inactivated phage particles and thus does not reveal infectivity. Detection 

of F+RNA phages by the enzyme treatment RT-PCR gives more reliable information on 

the infectivity of these phages, and thus the risk of fecal contamination due to the 

presence of infectious pathogens.  

Future work on the use of F+RNA phages to predict or track the source of fecal 

contamination should include the study of other strains of F+RNA phages in terms of 

their propagation profiles and survival characteristics so as to give more reliable 

interpretation on the distribution and relative prevalence of different subgroups. Also, 

immobilization of subgroups of F pili could be investigated to selectively concentrate 

F+RNA phages, since F pili are composed of repeating subunits of a single protein (Ihler 

and Minkley 1986). Selective concentration of F+RNA phages based on specific 

interaction between phages and F pili (or the structural protein subunits) may provide an 

alternative strategy to differentiate infectious from inactivated phage particles if 

combined with RT-PCR, since the maturation protein is necessary for the F+RNA phages 

to bind to F pili and infect host cells.  

In conclusion, the results of the propagation profiles of F+RNA phages indicate that 

this group of phages are unlikely to reproduce in aquatic environments and thus are 

reliable indicators of fecal contamination. The difference in their persistence in river 

water among subgroups would not hinder their use to track the source of fecal material. 
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The luminescent method was able to detect low numbers of F+RNA phages, in 

combination with Disruptor filtration, within a relatively short time frame. This method 

can be adapted to detect other lytic phages whose host cells produce a compound upon 

lysis that is measurable. When combined with phage coat protein antibodies, the 

luminescent method can also be used to identify subgroups of F+RNA phages. The 

enzyme treatment RT-PCR significantly reduced false-positive signals encountered by 

RT-PCR alone, providing more reliable information on the infectivity of F+RNA phages 

and thus the infectivity of enteric pathogens potentially present.  
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