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ABSTRACT 

    To protect public health, detection methods have been developed to monitor drinking 

water for pathogens.  The goal of this dissertation is to evaluate and utilize novel methods 

that enhances detection and further reduces the risk of waterborne pathogens. 

    The study in Appendix A developed a method to monitor the microbial quality of 

treated drinking water at the tap utilizing point-of-use (POU) filter.  Tap water supplies 

were monitored in vending machines throughout Southern Arizona using solid block 

carbon (SBC) filters as a monitoring tool.  Out of 48 SBC filters 54.2% were positive for 

at least one organism.  The number of filters positive for total coliforms, E. coli, 

Enterococci, and enterovirus was 13, 5, 19, and 3, respectively, corresponding to 27.1%, 

10.4%, 39.6%, and 6.3% of the total filters.  These results suggest that the SBC filter can 

be used to monitor large volumes of treated drinking water and detect the incidence of 

indicators and pathogens.   

    The study in Appendix B evaluated the fate of infectious prions in multiple water 

sources quantitatively utilizing a method that only detects infectious prions.  A reduction 

of PrP
Sc

 was observed at 25°C and 37°C ranging between 0.41-log10 and 1.4-log10 after 1 

week.  After 8 weeks at 25°C and 37°C, inactivation ranged between 1.65-log10 and 2.15-

log10.  A maximum rate of inactivation in water occurred at 50°C, ranging from 2.0-log10 

and 2.51-log10 after one week.  The results from all types of water suggest that dissolved 

organic matter and temperature influence PrP
Sc

 infectivity.         
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    The study in Appendix C evaluated real-time sensors for monitoring microbial 

contaminants.  Most sensor parameters evaluated exhibited an increase in sensor response 

to an increase in E. coli concentrations.  Responses to E. coli concentrations at or below 

10
3
 cfu/mL were very low due to near background levels, and responses to concentrations 

above 10
6
 cfu/mL exceeded threshold levels for sensors that use light scattering methods 

due to saturation in the flow cell.   The data produced effectively shows that the sensors 

evaluated could be used to monitor microbial intrusion events in water distribution 

systems.   
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INTRODUCTION 

Biological Safety and Security of Drinking Water in the United States 

    Although essential for centuries, water has also been the source of many epidemics 

with a high mortality rate.  However, it was not until the late 1800s that scientists like 

John Snow, Robert Koch, and Louis Pasteur realized that microorganisms were the cause 

of waterborne disease and outbreaks.  From this discovery, the public began to 

understand and appreciate the impact of clean drinking water on improved human health.  

As a consequence many changes have been made to improve the drinking water quality 

and decrease the incidence of waterborne disease outbreaks.  In the United States (U.S.), 

a major change was made in 1971, when the Center for Disease Control (CDC), the U.S. 

Environmental Protection Agency (USEPA), and the Council of State and Territorial 

Epidemiologist (CSTE) began collecting data from waterborne disease outbreaks.  Since 

then, the data has shown that the number of outbreaks has decreased over time.   In the 

first fifteen years since 1971 there were 20 or more outbreaks per year, whereas between 

years 1987 and 2006 most years report fewer than 20 outbreaks per year (Yoder et al., 

2008).  Though this trend is encouraging, the fact that outbreaks continue to occur is 

unacceptable.  Even when treated drinking water meets federal requirements under the 

Safe Drinking Water Act (SDWA), pathogenic microorganisms are still able to survive in 

spite of multiple treatment barriers and the presence of a disinfectant residual in the 

drinking water.  Since participation in the waterborne disease outbreak surveillance 

system is voluntary, it is probable that the true impact of waterborne diseases is even 



11 
 

higher than the documented cases represent since much waterborne disease is unreported; 

public health agencies report only an estimated 10-30% of US waterborne disease 

outbreaks in the U.S. (Craun et al., 2001).  Yet drinking water-related illness estimates 

from all water sources are as high as 19.5 million illness cases per year in the U.S. 

(Reynolds et al., 2008). 

    From 2003 through 2004, thirty-six waterborne-disease outbreaks associated with 

drinking water were reported in the U. S. caused by human pathogens including protozoa, 

viruses, and bacteria resulting in 2,760 documented illnesses and 4 deaths (Liang et al., 

2006).  Approximately 52% of the waterborne contamination events occurred at the point 

of use (i.e., premise plumbing); approximately 42% of those were due to source water 

contamination, treatment inadequacies, or contamination in the municipal distribution 

system (DS) (Liang et al., 2006).  In the last decade, the overall number of reported 

outbreaks associated with community water systems has decreased however the number 

of outbreaks associated with DSs has increased (Blackburn et al., 2004).  This trend is 

partly due to the rapid advancement of the deteriorating DS pipes in the U.S. since most 

DS networks have reached and exceeded their estimated life span limit (NRC, 2006).  In 

response to the increase in waterborne outbreaks associated with DSs, this review will 

evaluate the safety and water quality of drinking water with respect to waterborne 

microorganisms in the DSs. 
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Federal Regulations for Drinking Water 

    Water treatment was initially designed to accommodate the desire to improve the 

aesthetic qualities of drinking water such as taste and odor.  Records in the Greek and 

Sanskrit reveal water treatment methods were adopted dating back as early as 4000 B.C. 

with filtration to remove turbidity (USEPA, 2000).  This primitive method that removed 

suspended particles also had the added benefit of removing many large pathogenic 

organisms from the water allowing for increased human longevity.  In 1914, the Federal 

Government began to regulate drinking water for interstate carrier systems such as ships 

and trains through standards set by the U.S. Public Health Service.  Because treatment to 

meet standards was not required for community and non-community systems, a survey 

conducted by the U.S. Public Health Service in 1969 showed that over half of the 

treatment facilities had major deficiencies (USEPA, 2000).  This and other findings 

concerning the poor drinking water quality in the U.S. led to numerous drinking water 

regulations to ensure protection from microbial contaminants.  One of the first 

regulations was the Safe Drinking Water Act (SDWA) in 1974, followed by the 

amendments that followed in 1986 and 1996 (Public Laws 93-523, 99-339, 100-572, 104-

182).  Under the SDWA the National Interim Primary Drinking Water Regulation in 

1975 was the first regulation that established drinking water standards (USEPA, 1979).  

The Total Coliform Rule in 1989 set the maximum contaminant level goal and maximum 

contaminant levels for total coliforms in drinking water systems giving a means to 

monitor water quality as they are indicator organisms for possible contamination 

(USEPA, 1989a).  In the same year, the Surface Water Treatment Rule (SWTR) was 
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promulgated to control the levels of Giardia spp., enteric viruses, and Legionella, but in 

1998 the USEPA updated the SWTR for DSs in communities that serve over 10,000 

people to include the Interim Enhance Surface Water Treatment Rule (IESWTR) for the 

control of Cryptosporidium (USEPA, 1989b; USEPA, 1998).  In 2002, the regulations for 

IESWTR were also required for communities of less than 10,000 people under the Long 

Term 1 Enhanced SWTR (LT1ESWTR) (USEPA, 2002a).   Subsequently, the Long 

Term 2 Enhanced SWTR (LT2ESWTR) in 2006 was included for public water systems at 

high risk (filtered water systems with high levels of Cryptosporidium and unfiltered 

systems that do not treat for Cryptosporidium) for Cryptosporidium contamination 

(USEPA, 2006a).  The intention of LT2ESWTR was to also limit the amount of harmful 

disinfection by-products in the water as a result of chlorine disinfection (USEPA, 2006a).  

The most recent standard for drinking water is the Groundwater Rule (GWR) which 

regulates groundwater or combined ground and surface water.  The GWR is a prevention 

approach that will identify and correct deficiencies within public water systems (USEPA, 

2006b).  The regulations set for all drinking water treatment systems are able to minimize 

outbreaks but do not eliminate the potential for future outbreaks.  

Water Distribution Systems as Living Ecosystems 

    In the U.S. there is approximately 1 million miles of piping in the DS networks 

(Reynolds et al., 2008).   When drinking water leaves a treatment facility it is required to 

have a disinfectant residual between 0.2 and 4 mg/L (USEPA, 1989b, USEPA, 2001a).  

However, once the water has left the plant, the residual can decrease which potentially 



14 
 

leads to increase levels of microorganisms present in the drinking water.  The 

microorganisms that survive the disinfectant residual under certain biological and 

physical conditions can attach and began developing a biofilm on the inner surface of the 

pipes within the DS.  The pipes within the DS are replaced on an average rate of once 

every 200 years (Grigg et al., 2005) and because of this, the microbial communities are 

well established in the pipes of the DS networks. 

    Heterotrophic bacteria (HB) are indigenous microorganisms in water and are used to 

determine water quality and treatment efficiency.  Pepper et al. (2004) quantified HB 

concentrations in treated drinking water and found that the average concentration of HB 

in chlorinated groundwater was 2.7×10
1
 cfu/mL.  Water collected from a household 

premise plumbing coming out of the kitchen tap had an average HB concentration of 

3×10
2
 cfu/mL.  This data suggests an increase in HB, and that in the average community 

drinking water system, the water quality degrades as it travels from the public to 

household DSs (Pepper et al, 2004).  While it is best to use the treated drinking water 

within a 24 hour period, in most cases this does not occur allowing for the creation of 

static water (Geldreich, 1996).  Static water allows suspended particles and 

microorganisms to settle and grow within the pipes, and explains the decrease in the 

drinking water quality in the household DS or premise plumbing.    

    Several studies have identified HB down to the species level in a DS or DS model and 

found that the significant HB are gram-positive, beta, gamma, and alpha-proteobacteria 

(Williams et al., 2004; Tokajian et al., 2005; Scott and Pepper, 2010; Hoefel et al, 2005;  
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Ultee et al., 2004;  Santo Domingo et al., 2003).  These studies have identified a wide 

variety of microorganisms found in the DS (Table 1) some of which have been detected 

in studies (Table 2).  The genera of detected microorganisms with the potential to 

adversely affect human health were: Sphingomonas,  Methylobacterium, Pseudomonas, 

Aeromonas, Mycobacterium, Pseudamonas, Microbacterium,  Bacteriodes, Legionella, 

Staphylococcus, Bacillus, and Escherichia.   

    In the Williams et al. (2004) study, alpha-proteobacteria was the dominant group of 

organisms in the chlorinated drinking water, while beta-proteobacteria was most 

abundant in chloraminated suggesting that the disinfectants affect the microbial diversity.  

Scott and Pepper (2010) studied drinking water from a variety of water qualities based on 

taste and odor.  The range of HB concentrations in the various drinking water samples 

ranged from 5 to 2.4×10
5
 cfu/mL, however the total bacterial count, which includes non-

cultural organisms, was at least one log higher ranging from 5.7×10
3
 to 2.0×10

5
 cfu/mL 

(Scott and Pepper, 2010).  Almost 46% were in the β-proteobacteria phylum while was 

gamma-proteobacteria, alpha-proteobacteria, and delta-proteobacteria were 

approximately 28%, 24%, and 2% respectively (Scott and Pepper, 2010).  Similar 

bacterial diversity was found in Ultee et al. (2004) with total counts between 3.5×10
3
 and 

2.2×10
4 

cells/mL and the majority of microorganism coming from the β-proteobacteria 

phylum (Ultee et al., 2004).  This study however, analyzed drinking water over nine 

months and determined that there was seasonal and locational variance in the sampling 

sites (Ultee et al., 2004).      
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Biological Contaminants in Drinking Water 

    Today, the conventional drinking water treatment of surface and groundwater in 

industrialized countries consists of six steps: disinfection, coagulation, flocculation, 

sedimentation, filtration, and a final disinfection (Maier et al., 2009).  Applying this 

controlled multi-barrier drinking water treatment process meets federal water safety 

requirements for potable consumption by inactivation and/or removal of pathogenic 

microorganisms, but this process does not inactivate or remove all microorganisms 

(LeChevallier et al., 1991).  Indicator microorganisms are used to monitor the efficiency 

of the drinking water treatment because they are easy to culture and enumerate, and 

inexpensive (Maier et al, 2009, Payment et al, 2003).  More importantly, indicator 

microorganisms suggest that there is potential contamination of enteric pathogens 

because they both reside in warm blooded animals and are found in fecal matter (Maier et 

al., 2009).  Enteric pathogens that enter the water are termed waterborne pathogens, and 

if they are able to evade the multiple barrier treatment processes, they may cause 

gastrointestinal illnesses following human consumption of the contaminated water.  The 

waterborne and pathogens that commonly cause waterborne outbreaks include viruses, 

protozoa, and bacteria (Table 3).  Microorganisms that are indigenous in the water and 

cause illnesses are termed waterbased pathogens.  The severity of illness for both 

waterborne and waterbased pathogens varies depending on the strain and species of the 

organism; and also with the age and the health of the immune system of the infected 

individual.  Due to the advancements in epidemiologic and detection methods there are 

also emerging waterborne or waterbased pathogens that can be transmitted through water 
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(Table 4).  Prions have also recently raised concern as an emerging waterborne 

contaminant but they are unlike typical pathogens.  Prions are infectious proteins that can 

cause brain encephalitis and evidence suggests that prions can potentially be transmitted 

to humans via water.   

Microbial Contamination in Distribution Systems  

    The number of waterborne disease outbreaks caused by a deficiency in the DS has 

increased in the last decade (Reynolds et al., 2008).  It has been reported that between the 

years 2003 and 2004, 42.9% of the regulated drinking waters that caused waterborne 

disease outbreaks had a deficiency in the DS (Liang et al., 2006).  A deficiency in the DS 

can be caused by one or more of the following: treatment deficiencies; poor management; 

broken or leaking pipes; cross-connections; and backflow events. 

    Treatment deficiencies occur when pathogens get past the treatment barriers within the 

treatment plant.  The smallest pathogens such as virus and some bacteria are more likely 

to get through the treatment barriers.  These pathogens can get through the filtration step 

if they are smaller than the filter pore size, and are able to survive disinfection if they are 

protected by suspended particles or present in biofilms.  LeChevallier et al., (1991) 

showed that high removal efficiencies do not guarantee that water would be free of 

microbes, especially if the source water quality was poor.  If the water quality is poor, it 

can not only have a high density of pathogens, but a high particle density, overwhelming 

the filtration treatment process and allowing larger pathogens, such as parasites, to enter 

the finished water supplies (LeChevallier, 1991).  Additionally, the chances of pathogens 
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escaping the treatment barriers are increased following heavy rainfall events, which may 

overwhelm the treatment plants (USEPA, 1992).  A disinfectant residual is also used as a 

treatment barrier to inactivate and control microbial growth in the DS post treatment.  

However, disinfectant residual levels are only useful against those pathogens that are 

sensitive to disinfectants.  The organisms most resistant to disinfection are protozoan 

cysts followed by viruses and bacteria (Maier et al., 2009).  Moreover, when the water 

leaves the treatment plant and travels through the pipes, residual chlorine levels dissipate 

and the microbial water quality can decrease and is compounded by factors such as 

temperature, the disinfectant level, and hydraulic conditions vary in the DS (Ainsworth, 

2004).    

    The potential for deliberate intrusion events has become more important than ever 

since the terrorist attack on September 11, 2001.  This catastrophic event has made water 

security a priority in the U.S. because it is now acknowledged that humans or animals 

could intentionally contaminate post-treated water via intrusion events (USEPA, 2002b).  

Accidental intrusion events can also occur.  For example, hygiene is a major factor in the 

management of pipes that are serviced or repaired, as risk increases for microbial 

contamination during this time (Ainsworth, 2004).  An epidemiological study conducted 

by Nygard et al. (2007) observed that the risk of contracting a gastrointestinal illness is 

almost twice a high than it would normally be when the DS needs to be serviced or 

repaired.  Thus it is important that the personnel follow standard protocol when entering 

the DS area, as there is the potential to expose the pipes to several sources or materials 

that may contaminate the DS. 
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    Unfortunately, the need to maintain and repair pipes as they grow older increases.  

Some existing pipes are up to 140 years old, though the average life expectancy of pipes 

is between 75 and 120 years (Haas, 1999; AWWA, 2001; AWWSC, 2002).  Because 

pipes are deteriorating, on average there are 488 main breaks or leaks per year in systems 

serving over 500,000 people (Haas, 1999).  If they are not repaired in a timely manner, 

broken or leaking pipes can provide many other potential pathways for contamination.  

The beginnings of a broken or leaking pipe are usually caused by age or temperature 

effects (USEPA, 2002b).  Leak detection programs used by water utilities which are a 

staple of good management practices however; with this program, 10% of the total water 

production still goes undetected or is lost (LeChevallier et al., 2003).  A break in the pipe 

leads to a leak, and the subsequent negative pressure events creates a pathway for 

pathogens to enter the DS.   

    Gullick et al. (2004) monitored eight different DSs in a pressure monitoring program, 

and observed fifteen negative pressure events in four of the eight DSs.  The events were 

attributed to either shutdowns or high demands, which are more likely to affect high 

elevation and/or low pressure areas (Gullick et al., 2004).  Another study examining 

negative pressure events took samples of soil and water immediately external to the DS 

and found that about half of the samples contained total and fecal coliform bacteria 

(Karim et al., 2003).  More than half the samples were positive for viruses, suggesting 

that when a negative pressure event occurs, the water saturates the soil, aiding in the 

transportation of microorganisms into the pipes (Karim, 2003).  Power outages or pump 

shutdowns have also been demonstrated to cause negative pressure events (LeChavellier 
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et al, 2003).  Additionally, it has been proposed that there are negative pressure events 

during operations such as valve closure speed, placement of air relief and other surge 

control devices, pump operation, hydrant flushing, and the use of residential booster 

pumps (Funk et al., 1992, Karim et al. 2003).   

    Pathogens can also enter the pipes through cross-connections and backflow events.  A 

cross-connection is a connection that allows the introduction of a non-potable source or 

substance into a potable drinking water source (USC FCCCHR, 1993).  Once the 

contaminant is in the DS, a backflow event can occur, reversing the water flow and 

enhancing the movement of the contaminant into the DS, which increases its potential for 

mixing with potable drinking water (USEPA, 2001c). 

Microbial Growth in Distribution Systems 

    There are biotic and abiotic factors that influence the survival of waterborne pathogens 

in drinking water within the DS and these factors vary for each organism.  Biotic factors 

include physical characteristics such as the size, shape, cell wall thickness, and 

competition.  Abiotic factors include temperature, oxygen, pH, salinity, organic matter, 

sediments, disinfectant type, and disinfectant residual (Geldreich, 1996; Maier et al., 

2009).   In general, viruses and protozoa survive the longest in drinking water in the order 

of years whereas bacteria survival, which varies depend on the genus, can survive up to 

three months (Feachem et al., 1983). 

    The combination of biotic and abiotic factors enables microorganisms within the DS to 

develop, proliferate, and resist disinfectant residuals in the DS.  LeChevallier et al. (1996) 



21 
 

identified the conditions that allow coliforms to grow in finished drinking water systems.  

Such conditions include filtration, temperature, disinfectant type, disinfectant level, 

assimilable organic carbon (AOC) level, corrosion control, and operational 

characteristics.  In this study it was determined that there is a large amount of microbial 

growth at temperatures above 15˚C (LeChevallier et al. 1996).  Results show an 18-fold 

increase in coliform occurrence for filtered systems with free-chlorine residuals when the 

temperature are greater than 20˚C (LeChevallier et al., 1996).   However, a greater 

number of systems with higher water temperatures use chloramines to control microbial 

growth and are thus able to keep the level of coliforms low compared to free-chlorinated 

systems (LeChevallier et al., 1996).  AOC levels can affect growth making bacterial 

levels 19 times higher when the AOC levels are greater than 100 μg/L in free-chlorinated 

systems (LeChevallier et al., 1996).   

    Microbial resistance to inactivation in the DS has been observed and is partly due to 

the type of disinfectant used in the drinking water.  The two disinfectants that are 

commonly used are free-chlorine and chloramines (LeChevallier et al., 1988).  

Disinfection by free-chlorine affects the surfaces, age of the biofilm, encapsulation, and 

nutrient effects (LeChevallier et al., 1988).  Chlorine is viewed as being the most 

effective disinfectant when compared to chloramine (USEPA, 1999) despite its’ potential 

for causing adverse health effects from disinfection by-products and a high decay rate.  

Results from a pilot scale experiments suggest that a chlorine residual between 0.2 and 

0.5 mg/L can inactivate an intrusion of bacteria within twenty-four hours (Besner et al., 

2008).    Conversely, disinfection by chloramines can only affect surfaces (LeChevallier 
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et al., 1988) but does not have any harmful effects at high concentrations.  Furthermore, 

the decay rate of chloramine is much lower and in consequence allowing the residual to 

last longer in the DS.  Differences in the characteristics between chlorine and 

chloramines can also be seen with the interaction that a disinfectant residual has with the 

biofilms in the DS.   

    When suspended bacteria attach to the surfaces in a DS they can create a biofilm.  The 

biofilm is able to resist disinfection due to the disinfectant’s inability to uniformly attack 

the cell membrane for maximum results.   Although there is microbial resistance to the 

disinfectant residual Momba et al. (1999) demonstrated that at almost the same 

concentration, a monochloramine residual was more effective in the prevention of cell 

attachment on the pipe surface than was the chlorine residual.  Some organisms can even 

have as much as a 150-fold increase in disinfection resistance once they attach to the 

internal surface of a pipe in the DS (LeChevallier et al., 1988).  Norton et al. (2000) 

shows biofilms can rapidly form in the presence between 1 to 2 mg/L of a free chlorine 

residual.  A chlorine residual in the drinking water can not only lead to resistance but can  

cause also bacterial selection and increased resistance for gram-positive bacteria due to 

the protection of the organisms’ thick cell wall (Norton et al., 2000).   

    Biofilm formation can significantly affect microbial levels depending on the type of 

pipes used for the DS.  Most pipes installed before 1960 were made of cast iron (Grigg, 

2005) but now there are a wide variety of options available which include: ductile iron; 

cast iron lined with cement; steel; reinforced concrete; asbestos combined with Portland 
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cement; polyvinylchloride; polyethylene; and polybutylene (Geldreich, 1996).  Pipe 

materials used in the DSs vary, but the interaction that a microorganism will have with 

the pipe is usually not considered.  The Norton et al. (2000) study found that the type of 

pipe material influences the rate of biofilm development; their data showed that after one 

week, levels of biofilm formation on iron pipe surfaces was more than 100-fold higher 

than levels on chlorinated polyvinyl chloride (cPVC) surfaces, for biologically treated 

water.  Baribeau et al., (2005) examined chlorine and chloramine disinfectant residuals 

with developed biofilms in polycarbonate and cast iron pipes.  In this study, results 

revealed that eleven weeks after an E. coli spike, E. coli was still detected in all pipes 

except for the chloraminated polycarbonate pipe.  Evidence has also shown biofilms 

attaching to sediments.   Sediments can come from either source water as silt, inorganic 

or organic matter, corrosion, or heavy scale development and accumulate in a DS 

providing shelter and nutrients for microbes (Geldreich, 1996).  Many physical 

characteristics in the water can influence corrosion such as pH, total dissolved solids, and 

trace metals among others but it is demonstrated in LeChevallier et al. (1993) that 

corrosion rates are increased by disinfectant residuals.  Corrosion rates increase with both 

free chlorine and monochlorine but less with monochlorine and in consequence decrease 

disinfection efficiency (LeChevallier et al., 1993).  With corrosion of unlined iron pipes 

comes an increases the surface area of the pipes providing different types of corrosion 

such as cracks, crevices, and pitting which all protect bacteria from disinfection 

(LeChevallier et al., 1993; Norton et al, 2000).  Using a Larson index, which chemically 

quantifies the disposition of pitting (Larson and Skold, 1957), LeChevallier et al. (1993) 
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determined that free chlorine has a higher tendency for pitting than monochlorine.  In 

addition, free chlorine exhibits an exponential relationship with corrosion and with the 

Larson index, whereas monochlorine exhibits a log-linear relationship (LeChevallier et 

al., 1993).            

Smart Water Distribution Systems 

    It is required that all water utilities comply with the regulations under the SDWA but 

in order to exceed these requirements and further ensure safe drinking water, water 

utilities can adopt the AWWA G200 standards (AWWA/ANSI, 2004).  These standards 

cover every aspect of a DS which include: water quality; DS management programs; 

facility operation and maintenance; documentation; and human resources 

(AWWA/ANSI, 2004).  Enforcing the G200 standards is a voluntary action as it going 

above and beyond the basic required regulations.  Therefore, if there is microbial 

contamination event, public health is at high risk because the requirements for monitoring 

drinking water are insufficient.  Currently, water utilities are not required to have an early 

warning detection system, the point of origin does not need to be determined, and the 

number and samples and sampling locations required does not determine the extent of the 

contamination event in the DS (NRC, 2006).  Sensors have the ability to monitor the 

water and can determine the state of the DS by measuring various water quality 

parameters at many strategic locations in a DS network.  Monitoring the water quality in-

line and real-time post treatment with sensors can be applied to the development of an 

early warning system (EWS) and is looked on favorably by water utilities around the U.S.    
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    An EWS is based on a rapid response of a change in water quality utilizing in-line 

sensitive methods detecting a variety of contaminants and has the ability to operate and 

control remotely via a supervisory control and data acquisition (SCADA) system 

(USEPA, 2005).  When an EWS is utilized in a DS network, it can potentially detect 

microbial intrusion events that may occur, alert public health officials, and greatly reduce 

risk by limiting public exposure.  Many commercial companies have developed either 

single or multi-parameter in-line sensors that measure water quality parameters.  Sensors 

that detect and specifically identify microorganisms in a large scale application can be 

difficult, and thus there are a limited number of biological sensor technologies available 

for real time detection such as: immunoassays; detection of bacterial ATP; flow 

cytometry or micro-flow based technology, and bioparticulate light scattering technology 

(USEPA, 2005).  Additionally, there are some emerging sensor technologies that can 

detect biological activity in water such as the: lateral flow assay, labels, magnetic beads, 

flow-through columns, raman spectroscopy, microelectrode arrays, DNA microarrays, 

and photoluminescent biochips (USEPA, 2005).      

    DS modeling is also an essential part of an EWS and includes mathematical models 

that can replicate the behavior of an event whether it was an event in the past or a 

proposed intrusion event and predict what may happen during the course of the event 

(NRC, 2006).  DS models including hydraulic and water quality models can help in the 

decision making process when it comes to managing a DS (NRC, 2006).  For example, 

the USEPA developed EPANET and EPANET-MSX which is software that models DS 

piping simulating the complexities of both the hydraulic and water quality behavior in the 
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DS network (USEPA, 2008).  The USEPA’s National Homeland Security Research 

Center (NHSRC) has also created the Threat Ensemble Vulnerability Assessment 

(TEVA) Research Program.  This program was developed to protect and improve the 

response to DS intrusions through early warning systems (Moreley et al., 2007).  Through 

TEVA, utilities can assess the number of sensors needed, the type of sensors needed, the 

placement of the sensors, data analysis of sensors used, and economic effects for 

contamination events (Morley et al., 2007).  Much research is still needed in all areas of 

an EWS, but once these monitoring programs are implemented, they can greatly reduce 

risk to public health during a microbial intrusion event.  

Conclusions 

    Though it may appear that DSs are simply pipes underground used to deliver drinking 

water, it becomes more complex upon complete examination.  Microorganisms naturally 

live in source waters that are used for drinking water such as surface water or 

groundwater.  Some of these microorganisms are water-based and indigenous while 

others are waterborne due fecal contaminants from humans and/or animals.  Many 

microorganisms from source waters do not have ill affects to humans, but those that do 

can be fatal regardless of whether they are frank or opportunistic pathogens.  The source 

waters eventually become drinking water and therefore it is crucial to ensure the safety of 

human health with proper protection, control, and management of the drinking water in 

the DSs.  
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Table 1. Number of the Bacterial Species Phylogentically Indentified in a DS 

Author α-proteobacteria Β-proteobacteria γ- proteobacteria Gram positive bacteria 

Williams et al. 19 11 6 1 

Tokajian et al. 12 5 6 13 

Scott and Pepper 9 5 4 2 

Hoefel et al.  1 1  

Ultee et al. 5 11 3 8 

Santo Domingo et al. 6 5 2 5 

Norton et al. 1 3 1 2 

(Hoefel et al., 2005;Norton et al., 2000; Santo Domingo et al., 2003 Scott and Pepper, 2010; Tokajian et al., 2005; Ultee et al., 2004; Williams et al., 2004)  
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Table 2. Organisms identified in more than one DS study 

α- proteobacteria β- proteobacteria γ- proteobacteria Gram positive bacteria 

Sphingomonas Burkholderia Nevskia Mycobacerium 

Bradyrhizobium Acidovorax Xanthomonas Microbacterium 

Hyphomicrobium Aquaspirillum Legionella Rhodococcus 

Caulobacter Hydrogenophaga Pseudomonas Norcardia 

Methylobacterium Pseudomonas Aeromonas Bacillus 

Porphyrobacter Zoogloea Stenotrophomonas  

Rhizobium Variovorax   

Novoshpingobium Pseudomonas   

Sphingobium    

Bosea    

Xanthrobacter    

(Hoefel et al., 2005;Norton et al., 2000; Santo Domingo et al., 2003; Scott and Pepper, 2010; Tokajian et al., 2005; Ultee et al., 2004; 

Williams et al., 2004)  
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Table 3. Common Waterborne Pathogens Causing Waterborne Outbreaks in the U.S 

between 1994-2004.  

Protozoa Bacteria Viruses 

G. lamblia E. coli Enteroviruses 

C. parvum Salmonella spp. Norovirus 

C. hominis Shigella spp.  

 C. jejuni  

 V.cholerae   

 Y. enterocolitica  

 L. 

pneumophilia* 

 

*Water-based pathogen included in the reports of waterborne outbreaks 

 (Kramer et al., 1996; Levy et al., 1998; Barwick et al., 2000; Lee et al., 2002;  Blackburn et al., 2004; Liang et al., 2006) 
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Table 4. Potential Emerging or Re-emerging Waterborne and Waterbased Pathogens 

Type Protozoa Bacteria Viruses 

Waterborne C. parvum Acrobacter Adenovirus 

 C. cayetanesis Campylobacter spp. Astroviurs 

 G. lamblia H. pylori Coxsackieviruses 

 Microsporidia E. coli Echoviruses 

 T. gondii Y. enterolitica Hepatitis viruses 

   Noro/Caliciviruses 

   Rotaviruses 

Waterbased Acanthamoeba A. hydrophila  

  Legionella spp.  

  M. avium complex  

  P. aeruginosa  

(Modified from National Research Council, 2004) 
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PRESENT STUDY 

    Water is a vital part of human survival yet it is one of the most common sources of 

transmission for infectious diseases.  Water leaving a drinking water treatment facility 

must follow the regulations under the Safe Water Drinking Act.  However, once the 

drinking water enters the distribution system there are many variables that can negatively 

affect the water quality such as microbial intrusion events or conditions that allow 

pathogens to grow.  This study examines methods that can monitor and detect biological 

contaminants in drinking water within the distribution system.  The methods, results, and 

conclusions of this study are presented in the papers appended to this dissertation.  The 

following is a summary of the most important findings in these appendices.   

    The first manuscript or appendix A examines developed a method to monitor the 

microbial quality of treated drinking water at the tap utilizing point-of-use (POU) filter 

systems that are placed in water vending machines.  Seeded experiments, using E. coli 

and bacteriophage MS-2 were performed on: i) new filters; ii) artificially aged filters; and 

iii) filters that had been used in the field (naturally aged filters) to evaluate the efficiency 

of recovery of these organisms from the three-component filter set (30 micron, 5 micron, 

solid block carbon (SBC)) by evaluating each filter independently.  SBC filters had the 

highest recovery of the organisms, averaging recovery of 27% and 5% for E. coli and 

MS-2, respectively.  Subsequently, tap water supplies were monitored in vending 

machines throughout Southern Arizona using SBC filters as a monitoring tool.  A total of 

48 filters from 41 unique site locations were surveyed for the presence of total coliforms, 
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E. coli, Enterococci, Cryptosporidium, enteroviruses, and noroviruses.  Organisms were 

detected following the passage of large volumes of water ranging from 1,000 to 170,000 

liters through the filters.  Out of 48 SBC filters 54.2% were positive for at least one 

organism.  The number of filters positive for total coliforms, E. coli, Enterococci, and 

enterovirus was 13, 5, 19, and 3, respectively, corresponding to 27.1%, 10.4%, 39.6%, 

and 6.3% of the total filters.  No filters were positive for noroviruses or Cryptosporidium.  

These results suggest that the SBC filter can be used to monitor large volumes of treated 

drinking water and detect the incidence of indicators and pathogens that may be present 

at low concentrations. 

    The second manuscript or appendix B examined the fate of infectious prions in water.  

Known concentrations of infectious prions (PrP
Sc

) were added to deionized water, tap 

water, and treated wastewater.  Water samples were incubated at 25°C and 37°C for 8 

weeks.  Samples were also incubated at 50°C for one week.  A reduction of PrP
Sc

 was 

observed at 25°C and 37°C ranging between 0.41-log10 and 1.4-log10 after 1 week.  After 

8 weeks at 25°C and 37°C, inactivation ranged between 1.65-log10 and 2.15-log10.  A 

maximum rate of inactivation in water occurred at 50°C, ranging from 2.0-log10 and 2.51-

log10 after one week.  The results from all types of water suggest that dissolved organic 

matter was instrumental in protecting PrP
Sc

, allowing the prions to remain infectious for a 

longer period of time.  It also appears that survival of PrP
Sc

 was temperature dependent 

since the number of infectious prions decreased as the temperature increased.  Our data 

show that infectious prions are susceptible to inactivation in water.  
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    The third manuscript or appendix C evaluated real-time sensors for monitoring 

microbial contaminants.  Water quality sensors including: the HACH Guardian Blue 

Monitoring Platform; the JMAR BioSentry unit; the S::CAN spectro::lyser technology; 

and the GE 5310 total organic carbon unit are evaluated using Escherichia coli (E. coli) 

to determine the sensors sensitivity to a microbial contaminant.  Sensitivity was 

examined in deionized water and tap water, while suspending E. coli in either growth 

media or a buffer solution for concentrations ranging from 10
3
 to 10

6
 cfu/mL.  Most 

sensor parameters evaluated exhibited an increase in sensor response to an increase in E. 

coli concentrations.  Responses to E. coli concentrations at or below 10
3
 cfu/mL were 

very low because it is near the sensor background levels and responses to concentrations 

above 10
6
 cfu/mL exceeded the threshold for sensors that use light scattering methods 

due to saturation in the flow cell.   The data produced effectively shows that the sensors 

evaluated could detect microbial water quality changes and thus be utilized in part of an 

early warning system for monitoring intrusion events in water distribution systems.   
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Abstract 

    The objective of this study was to develop a method to monitor the microbial quality of 

treated drinking water at the tap utilizing point-of-use (POU) filter systems that are 

placed in water vending machines.  Such vending machines have high volume water 

throughput and allow for an evaluation of the occurrence of human enteric pathogens and 

fecal indicator bacteria in tap water over extended time periods.  Seeded experiments, 

using E. coli and bacteriophage MS-2 were performed on: i) new filters; ii) artificially 

aged filters; and iii) filters that had been used in the field (naturally aged filters) to 

evaluate the efficiency of recovery of these organisms from the three-component filter set 

(30 micron, 5 micron, solid block carbon (SBC)) by evaluating each filter independently.  

SBC filters had the highest recovery of the organisms, averaging recovery of 27% and 

5% for E. coli and MS-2, respectively.  Subsequently, tap water supplies were monitored 

in vending machines throughout Southern Arizona using SBC filters as a monitoring tool.  

A total of 48 filters from 41 unique site locations were surveyed for the presence of total 

coliforms, E. coli, Enterococci, Cryptosporidium, enteroviruses, and noroviruses.  

Organisms were detected following the passage of large volumes of water ranging from 

1,000 to 170,000 liters through the filters.  Out of 48 SBC filters 54.2% were positive for 

at least one organism.  The number of filters positive for total coliforms, E. coli, 

Enterococci, and enterovirus was 13, 5, 19, and 3, respectively, corresponding to 27.1%, 

10.4%, 39.6%, and 6.3% of the total filters.  No filters were positive for noroviruses or 

Cryptosporidium.  These results suggest that the SBC filter can be used to monitor large 

volumes of treated drinking water and detect the incidence of indicators and pathogens 
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that may be present at low concentrations.  These data show that post-treated water often 

contains water quality indicator and pathogenic organisms at the tap and therefore 

monitoring with this method would be beneficial to the community as it allows for an 

assessment of exposure to pathogens and associative risks.  This monitoring tool will also 

aid in the tracking of outbreaks and the determination of the microbial pathogen load 

during all stages of an outbreak as a filter can be installed and retrieved at the point-of-

use at anytime during an outbreak.  
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1. Introduction   

    Since the late nineteenth and early twentieth centuries municipal drinking water 

treatment has primarily focused on the removal of pathogens in public drinking water 

supplies (1).  Today there are two types of drinking water systems that predominate in the 

U.S.:  public water systems, subject to federal quality standards and treatment guidelines; 

and individual water systems, not currently regulated and largely untreated.  There are 

approximately 167,012 public water systems in the United States that use ground and 

surface water sources, supplying drinking water through distribution systems to 283 

million people (2).  Public water systems serve 93.9% of the U.S. residential population, 

and also parks, restaurants, schools, and  office buildings(2). 

    In 1908, chlorine was introduced as a method of disinfection to improve the water 

quality in the U.S., and since then the incidence of waterborne disease outbreaks has 

dramatically decreased.  However, under the current regulations there is still the potential 

for microbial contamination of the post-treated water.  In the last decade, the overall 

number of reported outbreaks associated with community water systems has decreased 

but the proportion of outbreaks associated with distribution systems has increased (3).  

Little is known about the extensiveness of distribution system inadequacies and whether 

they are sporadic or continuously occurring (4). There are many different routes by which 

microorganisms can enter the distribution system and contaminate post-treated drinking 

water including: treatment deficiencies, contamination of main pipes due to construction, 
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water and sewer pipes inadequately separated, broken or leaking pipes, cross-connection 

or backflow event, intrusion events (i.e., bioterrorism), or bacterial re-growth (2, 5, 6).   

    Waterborne disease outbreaks have been documented following external contamination 

in the distribution system despite the presence or requirement of residual disinfectant 

(7,8) and continues to occur even though Federal standards and regulations are met and 

enforced, such as the Safe Drinking Water Act (SDWA), Total Coliform Rule (TCR), 

Surface Water Treatment Rule (SWTR), and others.  Waterborne disease outbreak data 

has been collected from the Center for Disease and Control (CDC), the U.S. 

Environmental Protection Agency (EPA) and the Council of State and Territorial 

Epidemiologist (CSTE) since 1971.  Between 2003 and 2004, 36 waterborne disease 

outbreaks associated with drinking water were reported in the United States. These 

outbreaks, caused by human pathogens including protozoa, viruses, or bacteria, resulted 

in 2,760 documented illnesses and 4 deaths (2).  All deaths were associated with tap 

water and occurred due to a respiratory infection from the bacteria Legionella 

pneumophila serogroup 1(2).  During the 2003-2004 survey, approximately 52% of the 

contamination events occurred due to deficiencies that were unregulated or at the point-

of-use (i.e., premise plumbing), while approximately 42% were due to deficiencies in the 

source water, treatment facilities, or the municipal distribution system (2). 

    Participation in the waterborne disease outbreak surveillance system is voluntary and 

many outbreaks are not reported (9).   The true impact of waterborne diseases is 

estimated to be much higher than what is represented by documented cases.  It has been 
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estimated that only 10-30% of U.S. waterborne disease outbreaks are reported (9).  

Drinking water related illness estimations, from all water sources, are reported to be as 

high as 19.5 million cases per year in the U.S. (10). 

    Due to the potential for contamination of post-treated drinking water in the distribution 

system, there is a need for improved monitoring of municipal water at the point-of-

consumption, to allow for an evaluation of the occurrence of, and potential exposure to, 

microbial contaminants in potable water.  This study evaluates the usefulness of point-of-

use (POU) filters from vending machines to collect water quality indicators and human 

pathogens from drinking water over periods of 1-3 months.  During their lifetime, these 

devices will filter volumes ranging from 1,000 to 170,000 L. This approach allows for the 

assessment of pathogen exposure in drinking water over extended periods of time and to 

set up a network of survey sites to evaluate known contamination events.  This approach 

can also potentially monitor low levels of pathogens due to the large water volume 

analyzed. 

    Monitoring water through vending machine filters provides an overview of the finished 

water product at the point of consumption and over a range of time, compared to the 

“snapshot” analysis of a single water sample collection. The widespread availability of 

POU filters, across the nation, provides a continual source of filters for expanded survey, 

either as a routine monitoring tool for utilities or following a suspected contamination 

event. 
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2. Methods 

Sampling Sites 

    Water vending machines were targeted throughout Southern Arizona. Machines were 

located in shopping malls and convenience store parking lots and all were fed by a 

municipal water source following distribution to the point-of-consumption. Water 

flowing into the vending machines typically undergoes pre-filtration through a three-

component filter set, followed by reverse osmosis and ultraviolet light disinfection. 

Originally, all three pre-filters (30 µm, 5 µm, SBC (10 µm nominal pore size)) in the 

machines were sampled and evaluated for fecal indicator bacteria and human pathogenic 

viruses to determine which was the most efficient at capturing targeted microbes. A total 

of 48 filters were collected from 41 unique site locations.  

Seeded Studies 

    To determine the recovery efficiency of the vending machine filter sets, seeded studies 

using known concentrations of contaminants were performed with E. coli and 

bacteriophage MS-2, a human virus surrogate (Figure 1).  Flow rates were maintained at 

approximately 3.75 L/min.  Seeded experiments included: new filters; naturally aged 

filters; and artificially aged filters. Naturally aged filters were obtained from the field at 

the end of their lifetime use. New filters were artificially aged in the laboratory by 

passing 16,000 liters of finished tap water through the three-component filters over the 

course of 6 days.  
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    For the seeded study, filter effluents or eluates were used to capture E. coli bacteria 

which were subsequently cultured on selective and differential mFC media at 44.5˚C for 

24 h (11). Filters were backwashed with 2 successive passages of a 1 L volume of 3% 

beef extract containing 1% Tween 80.  Bacteriophage MS-2 was cultured with an E. coli  

host using the standard agar overlay technique in Tryptic Soy Agar and counting for 

plaques on media after 24 h of incubation at 37˚C (12).  Each variable was evaluated in, 

at least, duplicate experiments.  

Field Studies 

    For the field survey, spent SBC filters were collected during routine, scheduled unit 

maintenance, ranging from 1-3 months and following filtration of 1,000 to 170,000 L of 

tap water and eluted with 3% beef extract containing 1% Tween 80, as in the seeded 

studies.  The eluate was first used to assay for microbial organisms, including total and 

fecal coliforms (mFC, BD, Franklin Lakes, NJ) and E. coli  (Colisure, IDEXX 

Laboratories, Inc, Westbrook, ME) and Enterococci (Enterolert, IDEXX Laboratories, 

Inc,Westbrook, ME).  The eluate was then concentrated to a volume using organic 

flocculation (11), and further concentrated using ultrafiltration (Amicon Ultra-15 10kDa, 

Ultracel-10 membrane, Millipore, Billerica, MA).  Samples were assayed via direct PCR 

to detect norovirus (13); and ICC/PCR using either BGMk or PLC/PRF/5 cells to detect 

viable enteroviruses and adenoviruses (14, 15,16); and IMS-IFA for Cryptosporidium 

(17). 

 



52 
 

3. Results and Discussion  

    In order to assess the usefulness of in-line vending machine filters as a tool for real-

time monitoring of water quality at the point-of-use, the seeded study focused on the 

evaluation of the recovery efficiency of the filters to retain human pathogenic microbes 

from the inlet tap water supply over time.  To determine the efficiency of recovery from 

the filters, a total of 10 full seeded experiments were conducted with seeded water that 

was passed through the 30 micron, 5 micron, and SBC filters sequentially, similar to the 

sequence of filters in the vending machines.  Two replicate experiments were performed 

with new filters; three replicate experiments with artificially aged filters (aged by passage 

of  ~16,000L of tap water); and four replicate experiments with naturally aged or spent 

filters retrieved from commercial water vending machines. 

    The recovery efficiency of E. coli and MS-2 is generally higher when the filters are 

aged than when they are new (Table 1).  Data also shows that recoveries with the SBC 

filter was generally higher and produced more consistent results over replicate 

experiments, compared to the 30 µm and 5 µm filters (Table 1).  The reason for high 

recovery from the SBC filters may be due to the accumulation of particulates and organic 

matter present in water over time that attaches to the carbon in the filter, increasing the 

efficiency to trap microbes that may also be attached to the particulate matter. In addition, 

these particulates can be weakly attached to the filter and therefore any organisms that 

attach to the particulates can be easily recovered from the filter during the elution 

process, therefore increasing recovery.    
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    Recovery efficiency of organisms from SBC filters may be low due to several factors: 

i) filters do not retain organisms, ii) organisms that are retained may become embedded 

in the filter and therefore not recovered, and iii) inactivation of organisms.  Therefore 

recovery levels could actually be much higher than the values that were documented 

which may explain the large standard deviations.  Recovery efficiencies might be 

improved by using whole filter extractions rather than elution methods. In addition, an 

enrichment step might be used to resuscitate injured or viable but non-culturable 

microbes.  Because the SBC filters generally retained the most organisms and showed 

less variability among replicates, this filter was utilized for subsequent field studies. 

    In the field study a total of 48 filters were surveyed for the presence of total coliforms, 

E. coli, Enterococci, enteroviruses, noroviruses, and Cryptosporidium.   Only the filters 

that were positive for total coliforms were assayed for the presence of Cryptosporidium, 

enteroviruses, and noroviruses.  For total coliforms, 27.1% (13/48) of the filters were 

positive, 10.4% (5/48) were positive for fecal coliforms and of this 60% (3/5) were 

positive for E. coli, 39.6% (19/48) for Enterococci, and 6.3% (3/48) for enteroviruses 

(Figure 2). All filters were negative for Cryptosporidium and noroviruses.  It was found 

that the most common association with organisms was between total coliforms and 

Enterococci with 6 filters containing both types of organisms (Figure 2).  All samples 

positive for human enteroviruses were also positive for either total or fecal coliforms or 

E. coli (Figure 2).  Additionally, the data suggests that the occurrence of filters positive 

for Enterococci is higher than any other measured indicator, which is probably due to 

their increased resistance to chlorination and environmental stress (18).  Measured 
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concentrations of indicators and pathogens in the municipal tap water were low, ranging 

from 7.5E-06 to 7.7E-02 MPN/100 ml total coliforms, 1.3E-05 to 6.9E-02 MPN/100 ml 

E. coli or fecal coliforms, 3.2E-05 to 3.3E-03 MPN/100 ml Enterococci, and >8.3E-05 to 

1.3E-03MPN/100 ml enteroviruses (Tables 2-5).  Based on our seeded recovery 

efficiency experiments, contamination of the inlet water is thought to be higher than what 

is actually measured in filters from vending machines. Therefore, theoretical exposure 

values are calculated to present a more conservative tap water exposure estimate 

assuming that on average an individual ingests 2L of drinking water per day (19).  

    The incidence of coliform bacteria, E. coli, and Enterococci indicates that either water 

treatment of source water is deficient and requires investigation, or that the water is 

getting contaminated during distribution to the end user. Total coliforms are not an 

indicator of fecal contamination or of a health risk, but do provide basic information of 

the relative quality of the delivered water compared to the source and treated water 

supplies. E. coli is considered a specific indicator of fecal pollution and is always present 

in the feces of humans, other mammals and birds.  Enterococci species are considered a 

strong indicator of fecal contamination from warm blooded animals and generally 

thought to be a specific indicator of human fecal pollution (18).   

    According the National Primary Drinking Water Regulations outlined in the USEPA’s 

Safe Drinking Water Act, the maximum contaminant level goal (MCLG) for human 

enteric viruses is zero for any volume of drinking water (20).  The actual maximum 

contaminant limit (MCL) is based on water treatment rules requiring treatment effective 
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for the 99.99% removal or inactivation of enteric viruses from surface water or 

groundwater sources under the influence of surface water.  In addition, due to concerns of 

ground water systems that are susceptible to fecal contamination, the Final Groundwater 

Rule was published in November, 2006, requiring that public water systems utilizing only 

groundwater sources are also required to meet the MCL for viruses if the system is 

determined to be at risk for contamination or tests positive for fecal indicators during 

regular compliance monitoring (21).  EPA standards for drinking water are based on a 

risk assessment approach with an acceptable risk of one illness per 10,000 people per 

year (22), where an individual’s daily ingestion rate is estimated at 2 L (19). Assuming 

that ingestion of a single active virus could cause infection, and that about half of those 

infections could be expected to result in illness, enteroviruses detected in municipal tap 

water have the potential to cause infection and unacceptable levels of disease within the 

community (23).  

    Although indicator organisms were prevalent, pathogenic organisms were occasionally 

found implying that the community in which the filters were positive for enteroviruses 

were potentially exposed and at risk of infection.  Overall it must also be taken into 

consideration that the detection and number of organisms counted in the tap water are an 

underestimation due to factors such as; inefficient recovery from filters, organisms being 

able to passing through filters, organisms being viable but non-culturable, die off of 

organisms, and common limitations of PCR for environmental samples.  Nevertheless, it 

should be noted that these organisms were detected following the passage of large 

volumes of water ranging from 1,000 to 170,000 liters through the filters.   
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    The purpose of this study was to develop a method to monitor drinking water at the tap 

utilizing POU filters from commercial water vending machines.  Our results show  that 

monitoring of filters from water vending machines are a useful means to evaluate large 

volumes of municipal finished water for the presence of fecal bacterial indicators and 

pathogens over time and at the point of consumption. Water quality data at the point-of-

use provides better information for assessing the potential exposure of consumers to 

waterborne pathogens where contamination may occur post-treatment, at cross 

connections or in the distribution system. 

    Since the SBC filter is at the point-of-use it can evaluate the incidence of pathogens in 

municipal tap water and may also help in tracking the extent and progression of 

outbreaks.  Pathogen exposure data collected from drinking water at the end-use will 

provide much needed information for risk assessment and risk reduction estimates. Most 

of all, these data suggest that POU treatment devices can aid in the removal of 

contaminants, protecting our communities from contaminated water. 
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                    Tank                            30 µ filter                     5µ filter                      SBC filter                                                                                                                            

Figure 1.  Schematic of sampling points for the seeded studies.  The influent in these 

studies contained known concentrations of E. coli and MS-2 bacteriophage.  

Samples were collected and assayed in duplicate for organisms at points 1 thru 7.  

a,b,c, and d are sampling ports. 
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Figure 2. Filters positive for organisms surveyed in field study
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Figure 3. Number of filters that share an association with a pathogen or indicator 

organism. 
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Table 1. Mean % Recovery of Organisms from Filters in Seeded Study 

Aged Filters E.coli MS-2 

30 Micron 6.1+/-4.3 10.2+/-7.4 

5 Micron 33.6+/-40.1 4.8+/-7.8 

SBC 26.8+/-21.8 4.6+/-5.0 

New Filters   

30 Micron ND 1.9+/-0.1 

5 Micron 11.2 +/- 14.1 0.2+/-0.1 

SBC 3.4+/-1.0 0.4+/-0.6 

ND= none detected 
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Table 2. Total coliforms detected in municipal treated tap water 

Sample 

(Filter#) 

Total 

coliforms 

MPN/100 ml 

concentrate* 

Total 

coliforms 

MPN/100 ml 

Total 

coliforms 

MPN/2L† 

Total 

coliforms 

Theoretical 

MPN/2L‡ 

4 1.0E+00 4.4E-04 8.9E-03 3.3E-02 

6 3.2E+01 2.1E-03 4.3E-02 1.6E-01 

14 1.0E+00 VU VU NA 

18 2.0E+00 5.9E-05 1.2E-03 4.4E-03 

21 4.2E+00 3.4E-04 6.7E-03 2.5E-02 

34 3.6E+01 6.0E-04 1.2E-02 4.5E-02 

35 >2.0E+02 >3.8E-03 >7.7E-02 >2.9E-01 

39 >2.0E+02 >2.2E-03 >4.5E-02 >1.7E-01 

40 4.3E+01 VU VU NA 

44 1.0E+00 1.2E-05 2.4E-04 9.1E-04 

45 >1.0E+02 VU VU NA 

46 9.0E+00 7.5E-06 1.5E-04 5.6E-04 

47 2.7E+03 7.7E-02 1.5E+00 5.8E+00 
VU- Volume of water that passed through the filter in the field was unknown to vendor 

NA-Not Applicable 

>- All wells positive in a 51 well tray, therefore concentration in excess of 200.5 MPN/100 mL 
*-Number of organism detected per volume of beef extract 

†-Number of organisms detected per equivalent volume of water assayed 

‡-Theoretical value based on percent recovery from SBC
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Table 3. E. coli Detected in municipal treated tap water 

 

Sample 

(Filter#) 

E.coli 

MPN/100 ml 

concentrate* 

E. coli MPN/ 

100 ml 

E.coli 

MPN/2L† 

E.coli 

Theoretical 

MPN/2L‡ 

19 4.2E+00 VU VU NA 

35 5.1E+01 9.8E-04 2.0E-02 7.3E-02 

45 >1.0E+02 VU VU NA 

47 2.4E+03 6.9E-02 1.4E+00 5.1E+00 

48 1.0E+00 1.3E-05 2.5E-04 9.5E-04 
VU- Volume of water that passed through the filter in the field was unknown to vendor 

NA-Not Applicable 

>- Determined by presence/absence assay  
*-Number of organism detected per volume of beef extract 

†-Number of organisms detected per equivalent volume of water assayed 

‡-Theoretical value based on percent recovery from SBC 
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Table 4. Enterococci Detected in municipal treated tap water
 

Sample 

(Filter#) 

Enterococci 

MPN/100 ml 

concentrate* 

Enterococci 

MPN/100 ml 

Enterococci 

MPN/2L† 

Enterococci 

Theoretical 

MPN/2L‡ 

1 3.0E+00 3.3E-03 6.6E-02 2.5E-01 

2 2.0E+00 1.8E-03 3.6E-02 1.3E-01 

4 2.0E+00 8.9E-04 1.8E-02 6.6E-02 

6 3.1E+00 2.0E-04 4.1E-03 1.5E-02 

8 1.0E+00 8.5E-05 1.7E-03 6.3E-03 

11 2.0E+00 3.2E-05 6.5E-04 2.4E-03 

12 4.2E+00 6.7E-05 1.3E-03 5.0E-03 

14 3.1E+00 VU VU NA 

15 1.0E+00 VU VU NA 

19 1.0E+00 VU VU NA 

21 2.0E+00 1.6E-04 3.2E-03 1.2E-02 

22 1.0E+00 1.9E-04 3.7E-03 1.4E-02 

25 2.0E+00 1.0E-04 2.0E-03 7.6E-03 

26 4.2E+00 3.2E-04 6.4E-03 2.4E-02 

27 1.0E+00 5.1E-05 1.0E-03 3.8E-03 

34 8.7E+00 1.4E-04 2.9E-03 1.1E-02 

35 7.5E+00 1.4E-04 2.9E-03 1.1E-02 

37 2.1E+01 6.3E-04 1.3E-02 4.7E-02 

39 >2.0E+02 >2.2E-03 >4.5E-02 >1.7E-01 
VU-Volume of water that passed through the filter in the field was unknown to vendor 

>- All wells positive in a 51 well tray, therefore concentration in excess of 200.5 MPN/100 mL 

NA-Not Applicable 
*-Number of organism detected per volume of beef extract 

†-Number of organisms detected per equivalent volume of water assayed 

‡-Theoretical value based on percent recovery from SBC 
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Table 5. Enteroviruses detected in municipal treated tap water
1
 

Sample 

(Filter #) 

Enterovirus 

MPN/ml 

concentrate* 

Enterovirus 

MPN/100 ml 

Enterovirus 

MPN/2L† 

Enterovirus 

Theoretical 

MPN/2L‡ 

45 ≥1.0E+00 VU VU NA 

46 ≥1.0E+00 ≥8.3E-05 ≥1.7E-03 ≥3.6E-02 

48 ≥1.0E+00 ≥1.3E-03 ≥2.5E-02 ≥5.5E-01 
VU-Volume of water that passed through the filter in the field was unknown to vendor 
NA-Not Applicable 

*-Number of organism detected per volume of beef extract concentrate 

†-Number of organisms detected per equivalent volume of water assayed 

‡-Theoretical value based on percent recovery from SBC 

 

  

                                                           
1
 ICC/PCR assay was conducted for enteroviruses in municipal treated tap water.  Therefore when viruses 

were detected there was at least one virus/mL of concentrate present.  This value was used to calculate the 

minimum number of virus per equivalent volume of water assayed. 
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Abstract 

    The objective of this study was to evaluate the fate of infectious prions in water.  Prion 

diseases such as bovine spongiform encephalopathy also known as “mad cow disease”, 

can be spread by ingestion of animal tissue and feces, suggesting transmission via water 

may be possible.  Prions have also recently been detected in surface waters. Few studies 

have evaluated the fate of prions in water and most have used assays that were not 

capable of determining whether or not the prions were infectious.  In this study, known 

concentrations of infectious prions (PrP
Sc

) were added to deionized water, tap water, and 

treated wastewater.  Water samples were incubated at 25°C and 37°C for 8 weeks.  

Samples were also incubated at 50°C for one week.  Using the standard scrapie cell assay 

(SSCA), samples were exposed to the highly susceptible CAD-2A2D5 neuroblastoma 

cells (CAD5 cells).  Following this, the ELISPOT (Enzyme Linked Immuno-Spot) 

reaction was performed to determine not only qualitatively the presence of prions, but 

also the quantity of infectious prions that survived incubation.  A reduction of PrP
Sc

 was 

observed at 25°C and 37°C ranging between 0.41-log10 and 1.4-log10 after 1 week.  After 

8 weeks at 25°C and 37°C, inactivation ranged between 1.65-log10 and 2.15-log10.  A 

maximum rate of inactivation in water occurred at 50°C, ranging from 2.0-log10 and 2.51-

log10 after one week.  The results from all types of water suggest that dissolved organic 

matter was instrumental in protecting PrP
Sc

, allowing the prions to remain infectious for a 

longer period of time.  It also appears that survival of PrP
Sc

 is temperature dependent 

since the number of infectious prions decreased as the temperature increased.  Previous 

studies report that prions were very resistant to degradation; however, the methods used 
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did not distinguish whether or not prions were infectious. Our data show that infectious 

prions are susceptible to inactivation in water.       

 

Keywords 

Prions, infectivity, water, wastewater, survival, temperature    
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1. Introduction 

    Cellular prions (PrP
C
) are proteins that are normally found in the human body, but 

particularly neuronal cells.   The PrP
C
 function is not completely understood but it 

contains 209 amino acids that form alpha-helices in the majority of prion structure, and is 

anchored into the cell surface by a glycosyphosphatidyl inositol (GPI) moiety (Prusiner, 

2004).  Infectious prions (PrP
Sc

) are also composed of the same 209 amino acids, 

however they are largely composed of beta-sheets within the prion structure.  This 

difference in structure is thought to result in the prion associated diseases that can be 

fatal.  If a PrP
Sc

 is in the vicinity of a PrP
C
, it can induce a conversion of the structure to 

form a PrP
Sc

.  An accumulation of PrP
Sc

 can cause the transmissible spongiform 

encephalopathy (TSE) disease that can be transmitted from host to host in a single species 

or across species.  There are many types of TSE diseases affecting both animals and 

humans such as scrapie commonly affecting sheep and goats, Chronic Wasting Disease 

(CWD) affecting deer and elk in the United States, or the most infamous form of TSE 

called bovine spongiform encephalopathy (BSE) also known as “mad cow disease” 

which caused an epidemic in the U.K. during the 1990’s.  The BSE epidemic increased 

public health concerns not only because it infected over 180,000 cows, but because it is 

also the probable cause of the human version of TSE called variant Creutzfeldt-Jacob 

disease (vCJD) (Bruce et al., 1997).  It is thought that vCJD was transmitted from cow to 

human via ingestion of infected cow parts and consequently lead to the introduction of 

increased stringency in guidelines for cattle that is to be consumed by humans worldwide.   
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    PrP
Sc

 sources such as animal carcasses and animal biological materials (saliva, blood, 

urine, and feces) can be naturally introduced into the environment (Gonzalez-Romero et 

al., 2008; Mathiason et al., 2006; Safar et al., 2008).  There is also potential for the 

introduction of PrP
Sc

 by humans via landfill leachate or slaughterhouse wastewater.   

Once in the environment there is concern that PrP
Sc

 can be transported by water and 

expose humans to PrP
Sc

 infection.  There is even evidence that supports this theory from 

a study conducted by Nichols et al. (2009).  Results in this study show that prions were 

detected in water runoff and wastewater in Colorado, USA (Nichols et al., 2009).   

Therefore it is critical to evaluate the fate of prions in wastewater and potable water.    

    Most studies that determine the fate of PrP
Sc

 in the environment either use soil or 

biosolids as the matrix and mode of transmission.  There is evidence that PrP
Sc

 adsorb to 

soil components such as clays and organic material.   In one study, prions were found to 

persist in soil for more than three years (Brown and Gajdusek, 1991).  Thus, it has been 

proposed that soils may be a prion reservoir (Ma et al., 2007).  Ma et al. (2007) revealed 

that PrP
Sc

 sorption to quartz is pH dependent and is highest near the average isoelectric 

point (pI) of 4.6 for PrP
Sc

 due to hydrophobic attractions.  Hamster adapted scrapie strain 

showed maximal hydrophobic attractions between pI 3.8 and 6.5, and a major peak at 

4.07 (Schmerr et al., 1998).  Other physiochemical properties of prions and the 

characteristics of the soil particle surface affect electrostatic and hydrophobic interactions 

(Cooke et al., 2007).   
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    The clay mineral montmorillonite (Mte) is a common soil mineral and binds to the 

TSE agent (Johnson et al., 2006).  Johnson et al. (2006) observed that Mte binds to 

infected brain homogenate (BH) and that Mte-bound prions retain higher infectivity by 

observation of clinical symptoms in Syrian hamsters.  Results indicate that the numbers 

of hamsters surviving treated with Mte+ PrP
Sc

 were smaller than the numbers of hamsters 

treated with only PrP
Sc

 concluding that adsorption of PrP
Sc

 to Mte+ may inhibit migration 

in the soil column (Johnson et al., 2006). 

    Hinckley et al. (2008) also conducted an oral infectivity assay using Syrian hamsters 

by spiking activated sludge with PrP
Sc

 to determine if the PrP
Sc

 that adsorbed onto the 

solids were still infectious.  In the simulated biological wastewater treatment process, 

PrP
Sc

 were only detected in the solid portion of the wastewater after the sample was 

flocculated and allowed to settle.  This suggested that prion protein infectivity is still 

retained after contact with activated sludge solids (Hinckley et al., 2008). 

    When it comes to the fate of PrP
Sc

 in the environment, there are very few studies that 

involve water as the matrix and mode of transmission.  Hinckley et al. (2008) 

demonstrated that conventional wastewater treatment involving mesophilic anaerobic 

digestion of sewage sludge did not reduce prions numbers due to the extremely resistant 

properties of prion proteins.  In general, the available studies in a water matrix have 

shown a decrease of PrP
Sc

.   Morales-Belpaire and Gerin (2008) showed a decrease in 

amyloid fibrils through the detection of thioflavin-T florescence over time in the presence 

of wastewater sludge flocs.  The Maluquer de Motes et al. (2008) investigation of 
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infectious prions in sewage resulted in a one log reduction in 13.5, 27.9, and 32.6 days in 

bovine-passaged, mouse passaged, and sheep scrapie, respectively using Western blot 

method for detection.  The results from these studies are encouraging, however, they only 

qualitatively measured the reduction of prions and did not evaluate whether the PrP
Sc

 

were still infectious.  To obtain a more complete picture of PrP
Sc

 in water, the objective 

of this research was to quantitatively determine the influence of time, temperature, and 

various water qualities on the survival of PrP
Sc

 in water.  In addition to quantifying PrP
Sc

, 

the infectivity of the PrP
Sc

 was also measured using a cell-based assay.  Waters were also 

subjected to a variety of pre-treatments prior to incubation with PrP
Sc

 to evaluate the 

influence of particulates and indigenous bacteria.  

 

2. Methods 

2.1. Water Samples 

    Water and wastewater samples were collected in sterile 1 L plastic polypropylene 

containers.  Phosphate buffered saline (PBS) (Sigma-Aldrich, cat #P3813) and the 

cell culture media, OBGS (Opti-MEM (Invitrogen, Carlsbad, CA), 9.1% bovine 

growth serum (HyClone, Logan, UT) , 1% Penicillin- 5,000 IU/mL, Streptomycin- 

5mg/mL (MP Biomedicals, Solon, OH)), were used as controls for comparison (Table 

1).  Tap water (TW) samples were collected at the University of Arizona which 

originates from deep wells in the Tucson basin.  Treated wastewater (TWW) samples 

were collected from the Ina Road Wastewater Treatment Plant after dechlorination 
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(by the treatment plant with 40% sodium bisulfite) and right before it is released into 

the Santa Cruz River.  The TWW samples were then subjected to additional 

treatments prior to the inoculation of prions.  These treatments involved filtration to 

remove organic and/or inorganic particulates via: a 0.22 µm pore size filter (VWR, 

cat#28145-477); a 5 µm pore size filter (Millipore, cat#SLSV025LS); or autoclaving 

at 121°C for 15 min before incubation to inactivate microbes (Table 2).  After 

incubation, the TWW was either passed through a 5 µm pore size filter or heated at 

50°C for 10 min to inactivate microorganisms in the sample that may cause microbial 

contamination once sample is exposed to cells in the cell culture procedure as stated 

in 2.2.1 (Table 2, Figure 1).  All samples except for the specific treatments in TWW 

samples were subjected to a 5 µm pore size filtration after incubation to prevent 

contamination of the cell culture by fungi and bacteria (Table 2).  For each water 

sample and treatment pH, conductivity, total dissolved solids (TDS), turbidity, and 

chlorine were measured according to Standard Methods (Eaton and Franson, 2005) as 

shown in Tables 3-5.  Due to a limited supply of brain homogenate the only 

experiments performed in duplicates were at 25°C for 1 week (Table 3).   

2.2. Experimental Protocol 

    After water samples were treated appropriately, they were inoculated with 10% 

infected mouse brain homogenate (BH) that contains the Rocky Mountain Laboratory 

(RML) prion strain (Chandler, 1961 and Race et al., 1987) to achieve a final 

concentration of 10
6
 infected prions/mL (concentration of 10% BH determined by 

TCID50 method).  One milliliter aliquots were used for each pre-determined time 
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interval.  After incubation at specific time intervals, the sample was either filtered 

through a 5 µm pore size filter or heated for 10 min at 50°C.  The sample was then 

stored at -80°C prior to further analysis (Figure 1).   

2.2.1. Cell Culture 

 CAD-2A2D5 cells (CAD5 cells), passage 3, were maintained according to 

Section 3.14.1 and 3.14.2 of Mahal et al. (2008).  The samples are exposed to the 

CAD5 cells by first adding 90 µL that contains 5,000 cells suspended in OBGS into 

each well of a 96-plastic cell culture well plate.  Samples were subsequently serially 

diluted (100:900µL) up to 10
-6

 in OBGS.  Two hundred microliters of each dilution 

was then added into four wells (final concentration of 5% antibiotics in each well) 

and incubated for four days.  On the fourth day, the monolayer was suspended by 

gently pipetting up and down, and subsequently 20,000 cells from each well were 

transferred into the corresponding well on an ELISPOT plate.     

2.2.2. ELISPOT Assay 

    The assay was performed according to Section 3.6 of Mahal et al. (2008). The 

Reed-Muench formula was used to obtain the TCID50 titer and quantify the number of 

PrP
Sc

 in the sample (Reed and Muench, 1938).  

 

3. Results and Discussion 

    To determine the fate of PrP
Sc

 in water, known concentrations of cell culture infective 

PrP
Sc

 were added to water samples with distinct water qualities which included DI, TW, 



77 
 

as well as TWW with 8 different treatments.  PBS and OBGS were used as the controls 

for comparison.  The samples were subjected to various temperatures and incubation 

times to determine the survival of PrP
Sc

 in each sample.  PBS, TW, TWW, and TWW+ 

0.22 µm at 25°C were incubated for 8 weeks and assayed after 0, 1, 2, 4, and 8 weeks 

(Figure 2).  All samples at 25°C were repeated with an incubation time period of one 

week.   PBS and TW at 37°C was also incubated for 8 weeks and assayed at 0, 1, 2, 4, 

and 8 weeks (Figure 2).  OBGS, DI, and TW were incubated for 1 week at 50°C and 

assayed at 0, 1, 3, 5, and 7 days (Figure 3).         

 3.1. Influence of Time 

 After 8 weeks when subjected to 25°C and 37°C, the range in inactivation of the 

PrP
Sc

 was between 1.65-log10 and 2.15-log10 (Figure 4).  In one week at 25°C, the sample 

that had the greatest PrP
Sc 

reduction was TW and the sample with the least was reduction 

was TWW (Figure 5).  The behavior after the inoculation of PrP
Sc

 in most samples 

resulted in approximately 99% inactivation within one week at 25°C and 37°C (Figure 2).   

After an additional 7 weeks of incubation the remaining PrP
Sc

 inactivated slowly (Figure 

2).  There was only a minimum of 0.5 log10 reduction in the latter 7 weeks suggesting that 

there was a small fraction of PrP
Sc

 that was highly stable and less susceptible to 

inactivation at 25°C and 37°C.  Nonetheless, there was still a continual decrease after 8 

weeks suggesting that PrP
Sc

 will degrade completely after a finite period of time.  Other 

studies have also shown a decrease in infectious prions as a function of time (Morales-

Belpaire and Gerin, 2008; Hinkley et al., 2008; Maluquer de Motes et al., 2008).  For 
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example, results in Maluquer de Motes et al. (2008)  showed that there was only limited 

survival of infectious prions by demonstrating that infectious prions were only stable in 

sewage and marine water environments for 2-4 months,  however unlike the current 

study, the methods used in these studies did not quantify the number of  PrP
Sc

 that were 

still infectious.     

 3.2. Influence of Temperature 

 Inactivation of PrP
Sc

 was observed at 25°C and 37°C with rates ranging between 

0.41-log10 and 1.4-log10 after 1 week (Figure 5).  Samples after 1 week at 50°C were 

inactivated between 2.0-log10 and 2.51-log10 (Figure 5).  There was no difference in 

inactivation between the DI water and TW samples even though the TW sample had 

small chlorine residual.  Overall results showed the greatest PrP
Sc 

reduction at 50°C 

(Figure 5).  Additionally PrP
Sc

 at 37°C induced a lower inactivation rate than at 25°C 

after one week; however, over 8 weeks there was no difference between the two 

temperatures (Figure 2).  This suggests that there does not appear to be a significant 

difference in the behavior of PrP
Sc

 between 25°C and 37°C over an extended period of 

time.  At 50°C there was a steady increase in inactivation over 7 days (Figure 3).  After 7 

days, inactivation was at least one log greater at 50°C than inactivation rates at 25°C and 

37°C over the same period of time (Figure 5).  Studies in biosolids have also shown that 

inactivation of PrP
Sc

 are also temperature dependent (Takizawa, 2009; Kirchmayr et al., 

2006).  Kirchmayr et al. (2006) showed a measurable decrease of PrP
Sc

 concentrations at 

55°C under anaerobic conditions whereas at 35°C under the same conditions there was no 
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measurable decrease.  An actual quantitative decrease of PrP
Sc

 was reported in Takizawa 

(2009) revealing that there is a 2.43-log10 and 3.41-log10 reduction for mesophilic and 

thermophilic conditions respectively (Takizawa¸ 2009).              

    It is commonly believed that PrP
Sc

 are highly resistant to extreme conditions (Wiggins, 

2009).  However, results of this study show that high temperatures have a significant 

effect on the infectivity of PrP
Sc

 when only exposed for a short period of time and is 

clearly seen when the sample was exposed to heat at 50°C for 10 min after incubation 

(Figure 1).  The intention of this step was solely to decrease contaminating fungi and 

bacterial growth when the sample was exposed to CAD5 cells.  Instead this step not only 

inactivated fungi and bacteria, but it also resulted in loss of infectivity of the PrP
Sc

 

(Figure 6).     

 3.3. Influence of Water Quality 

 Significant differences in inactivation were observed with various water qualities.  

The results show that inactivation is greater in PBS, DI, and TW when compared to any 

TWW or pre-treatment (Figure 5).  This suggests that dissolved organic matter was 

influencing the inactivation rate and may have protected the prions from inactivation.  

The same behavior has been also demonstrated is soil where Pucci et al. (2008) revealed 

that prions adsorbed to organic matter rather than soil.  There was also a decrease in prion 

sorption when organic matter was removed from the soil samples using the low 

temperature ashing (LTA) technique compared to the untreated soil samples (Pucci et al., 

2008).  This phenomenon in the TWW samples was further explored to see if particulates 
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and microbes also played a part in inactivation by experimenting with various TWW pre-

treatments.  The TWW pre-treatments suggest that particulates do not influence the 

behavior of PrP
Sc

 as shown by a comparison of TWW+0.22 and TWW+5, which reduces 

the amount of particulate matter (Figure 5).  These two treatments have a substantial 

difference in turbidity measurements yet they both have the same rate of inactivation 

after one week at 25°C (Figure 5).  Microbes also do not seem to have an influence on the 

behavior of PrP
Sc

 as shown by a comparison of TWW and TWW+A (Figure 5).  

Heterotrophic plate bacteria numbers for TWW were 1.1× 10
5
 cfu/mL before incubation 

and increased by 2 logs in 1 week to 3.3×10
7
 cfu/mL (Table 6), but since results show 

that TWW+A resulted in a slightly higher inactivating rate for PrP
Sc

, microbes do not 

seem to affect the inactivation rate of PrP
Sc

.  Kirchmayr et al. (2006) also showed similar 

results in biosolids where there was a greater reduction of PrP
Sc

 in sterile biosolids than 

raw untreated biosolids.  Some studies indicate that certain bacteria have the potential to 

degrade PrP
Sc

 (Scherbel et al., 2007; Muller-Hellwig et al., 2006); however, prion 

infectivity tested by in vivo bioassay of Syrian hamsters still remains even in the absence 

of a Western blot signal (Scherbel et al., 2007).   

 3.4 Risk of Infection 

 Gale et al. (1998) conducted a risk assessment analysis in aquatic environments only 

taking into account adsorption and dilution as environmental factors influencing PrP
Sc

 

coming from a rendering plant that processes 2,000 cull cattle carcasses per week.  In a 

worst case scenario the risk was a 50% chance of infection in 45 million years (Gale et al, 
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1998).  The results from this study would significantly decrease the risk when taking into 

account the influence of time, temperature and water quality.  Water samples used in this 

study represent best case scenario with TW and worst case scenario with TWW.  The 

concentrations of PrP
Sc

 used are much higher and do not represent the potential 

concentrations of natural or by man-made contamination of the environment.  

Furthermore, the PrP
Sc

 used in this study is a scrapie prion model derived from mice that 

may not behave as a natural prion capable of infecting humans.  Nonetheless, there is 

evidence that BSE prions are less stable in raw wastewater than scrapie prions (Maluquer 

de Motes et al., 2008).  Therefore, in each scenario, there is at least 99% inactivation in 1 

week, which from a public health perspective suggests that there is very little risk of 

infection to humans if a water source was contaminated.  

4. Conclusions 

 The SSCA allowed for the determination of the quantity and infectivity of PrP
Sc

 

in water. 

 There is approximately a 99% inactivation rate of PrP
Sc

 in one week in all water 

samples exposed to 25°C, 37°C, and 50°C. 

 An increase in temperature increased the reduction of prion infectivity.  

 The maximum rate of inactivation in water occurred at 50 °C ranging from 2.0-

log10 and 2.51-log10 after one week incubation.  

 PrP
Sc

 infectivity decreased over time as results show a steady decrease over 8 

weeks. 
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 Particulates and microorganisms in water did not appear to influence infectious 

prion from inactivation  

 Dissolved organic matter appeared to be protecting infectious prions and 

inhibiting degradation. 
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Figure 1. Experimental flowchart 
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Figure 2. Inactivation of PrP
Sc

 at 25ºC and 37ºC 
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Figure 3. Inactivation of PrP
Sc

 at 50ºC 
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Figure 4. Inactivation of PrP
Sc

 after 8 weeks 
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Figure 5. Inactivation of PrP
Sc

 after 1 week 
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Figure 6. Influence of sample processing following incubation of PrP
Sc

 inactivation: heat 

versus filtration  
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Table 1. Water types used in the study 

Sample Location 

Control Sterile Phosphate buffered saline (PBS) or OBGS media 

Deionized Water (DI) University of Arizona 

Tap Water (TW) University of Arizona (groundwater source) 

Treated Wastewater 

(TWW) 

Dechlorinated final effluent water from Ina Road 

Wastewater Treatment Plant, Tucson, Arizona  
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Table 2. Sample processing for treated wastewater (TWW) before and after 

incubation with PrP
Sc

 

Treatment Before 

Incubation 

After 

Incubation 

TWW NT 5 

TWW+ 0.22 0.22 5 

TWW+5 5  5 

TWW+A A 5 

TWW+A+5 A + 5 5 

TWW/H NT H 

TWW+A/H A H 

TWW+A+5/H A + 5 H 
0.22= 0.22 µm filter 

 5= 5 µm filter 

 A=autoclaving at 121°C for 15 min 
 H= Heat at 50°C for 10 min 

 NT= no treatment 
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Table 3. Water quality and PrP
Sc

 inactivation for samples incubated at 25°C* 

Sample Inactivation in 

1 Week 

(Log10 N/No) 

Inactivation 

in 8 Weeks 

(Log10 N/No) 

pH Conductivity 

(µS/cm) 

TDS  

(mg/L) 

Turbidity 

(NTU) 

DI  1.26 ± 0.36  6.43 0.06 48.51 0.10 

PBS  1.26 ± 0.36 1.66 7.40 16.82
Δ 

8365.30 0.07 

TW  1.43 ± 0.12 2.15 7.85 ± 0.00 990 ± 325 646 ±  235 0.28 ± 0.15 

TWW 0.58 ± 0.12  7.32 ± 0.09 1045 ± 7 650 ± 14 5.60 ± 1.41 

TWW+0.22 1.00 ± 0.00 2.15 7.37 ± 0.02 1060± 14 657 ± 24 0.46 ± 0.18 

TWW+5 1.00 ±  0.00  7.23 ± 0.11 1040 ± 28 615 ± 63.64 1.45 ± 0.63 

TWW+A 0.76 ± 0.35  9.10 ± 0.07 955 ± 7.07 610 ± 0.00 22 ± 2.55 

TWW+A+5 0.41 ± 0.58  9.19 ± 0.16 980 ± 0.00 620 ± 0.00 9.56 ± 1.76 

TWW/H 1.08 ± 0.11  7.32 ± 0.09 1045 ± 7 650 ± 14.14 5.60 ± 1.41 

TWW+A/H 0.84  9.15 960 610 20 

TWW+A+5/H 0.16  9.30 980.00 620.00 10.80 

*Chlorine was not detected in samples, 

DI= deionized water 

 PBS=phosphate buffered saline 
T= tap water 

TWW= treated wastewater 

 TDS= total dissolved solids 
 Δ=units are in mS/cm 
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Table 4. Water quality and PrP
Sc

 inactivation for samples incubated at 37°C* 

Sample Inactivation in 

1 Week 

(Log10 N/No) 

Inactivation in 

8 weeks 

(Log10 N/No) 

pH Conductivity 

(µS/cm) 

TDS 

(mg/L) 

Turbidity 

(NTU) 

PBS  0.51 1.84 7.4 16.82
Δ
 8365.30 0.07 

TW  1 1.95 7.9 1220 320 0.38 
*Chlorine was not detected in samples 

PBS= phosphate buffered saline 
TW=tap water, TDS= total dissolved solids 

 Δ=units are in mS/cm 
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Table 5. Water quality parameters and PrP
Sc

 inactivation for samples incubated at 50°C 

Sample Inactivation in 1 Week 

(Log10 N/No) 

pH Conductivity 

(µS/cm) 

TDS 

(mg/L) 

Turbidity 

(NTU) 

Chlorine 

(mg/L) 

OBGS 2.24 7.68 14.06
 Δ

 8348.40 10.1 0.0 

DI 2.51 6.43 0.06 48.51 0.10 0.0 

TW 2 8.1 520 320 0.3 0.8 
OBGS=Opti-MEM, 9.1% bovine growth serum 
 1% penicillin/streptomycin, DI=deionized water 

 TW=tap water 

 TDS=total dissolved solids 
 Δ=units are in mS/cm 
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Table 6. Heterotrophic plate count bacteria within treated wastewater*  

Water Sample Before inoculation 

(cfu**/mL) 

After incubation  

(cfu**/mL) 

TWW  1.1×10
5
 3.3×10

7
 

TWW + 5  5.3×10
4
 1.6×10

7
 

*Cultured from second replicate in Table 3 

**colony forming units 
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Abstract 

    Recent concerns over the potential for bioterrorism and infrastructure resiliency have 

stimulated the development of sensors for real-time monitoring of biological 

contaminants in water distribution systems.  Private and government water utilities are 

responding to these concerns and putting in place commercially available sensors.  These 

sensors need to be evaluated independently (without bias) for optimization of their use, 

evaluation of their claimed capabilities, and their potential for integration into a 

supervisory control and data acquisition (SCADA) system.  This research effort evaluated 

real-time sensors for their ability to monitor microbial contaminants in water distribution 

systems through rigorous evaluation protocols in a field scale test-bed laboratory 

specifically constructed for this purpose.  Water quality sensors including the HACH 

Guardian Blue Monitoring Platform; the JMAR BioSentry unit; the S::CAN 

spectro::lyser technology; and the GE 5310 total organic carbon unit were evaluated 

using intrusion of Escherichia coli (E. coli) to determine the sensor’s response to a 

microbial contaminant.  Detection capabilities were examined with the contaminating E. 

coli bacteria suspended in deionized water or tap water with concentrations ranging from 

10
3
 to 10

6
 cfu/mL.  Most sensors were responsive to an increase in E. coli concentrations 

with an observed useful dynamic range between 10
3
 cfu/mL to 10

6
 cfu/mL.  Below this 

range, sensors provided signals not distinguishable from noise while exceeding the 

threshold caused saturation and mis-classification by some sensors.  The data effectively 

shows that select sensors can detect microbial water quality changes and thus be utilized 
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in part of an early warning system for monitoring intrusion events in water distribution 

systems.   

Keywords: online monitoring, drinking water, pathogens 
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1. Introduction 

    Access to high quality water through sustainable treatment and effective water 

distribution systems (DSs) is essential to contemporary life in developed countries.  Due 

to increasing demand and decreasing supply, the challenge of providing safe drinking 

water in the United States is becoming increasingly urgent.  Unfortunately, many DSs are 

antiquated and are falling into disrepair, potentially resulting in unacceptable water 

quality for consumers (1, 2).  To monitor for microbial contaminants most municipal DSs 

rely on indicator organism tests (i.e. fecal coliform or E. coli tests) that take up to 24 

hours to obtain results and are incapable of real-time detection of pathogens that can 

produce results within minutes.  As a consequence, distribution systems are relatively 

unprotected and vulnerable to intentional, natural, or accidental contamination from 

microbial agents (3).  The lack of real-time monitoring of DSs exposes the public to 

potentially severe health effects.  Infectious organisms such as Salmonella sp., 

Cryptosporidium sp., enteric viruses, and many others are capable of transmission 

through DSs from intrusion events (4).  Natural events such as the 1989 hemorrhagic E. 

coli O157:H7 outbreak of Cabool Missouri or the Milwaukee Cryptosporidium outbreak 

in 1993 has exposed these ignored vulnerabilities (5, 6).  

    Many changes in the world including rapid population growth, changing climate, 

decreasing water availability and increasing reliance on alternative forms of water (i.e. 

reclaimed water, brine water, seawater, and aqueduct water) have introduced greater 

complexities to DSs that require diligent monitoring.  Therefore there is a need for 
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integrated and intelligent sensors to operate in real-time, with the ability to recognize and 

diagnose day-to-day and perhaps minute-to-minute water quality disturbances. When 

contamination events are recognized in real-time, a rapid response can minimize the 

impact on these contamination events and limit the potential for adverse public health 

effects.  

    To date there are a limited number of studies that have evaluated the use of 

commercial sensors for real-time monitoring in DSs.  Sensors monitoring the DS often 

focus on chemical contaminants, microbial contaminants, or a combination of both 

depending on the type of sensors that are available.  Byer and Carlson (2005) performed a 

study evaluating the response of arsenic, cyanide, and two pesticides on water quality 

parameters such as chlorine residual, turbidity, pH, conductivity, and total organic carbon 

(TOC).  Their results showed that cyanide had a measurable influence on all the sensors, 

whereas arsenic’s was primarily on sensors for conductivity and turbidity (7).  One of the 

pesticides induced a large response in the chlorine residual while both pesticides 

influenced TOC (7).  In all, this study demonstrated that sensors monitoring several 

general water quality parameters can detect contamination events in a DS (7). 

    In the most extensive published study to date, Hall et al. (2007) evaluated six single 

parameter sensors and three multi-parameter sensors that measured free chlorine, 

turbidity, pH, specific conductance, TOC, oxidation reduction potential (ORP), chloride, 

ammonia, and nitrate.  The study assessed the response to contaminants qualitatively 

using non-chlorinated secondary wastewater effluent, potassium ferricyanide, a pesticide 
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formulation, an herbicide formulation, arsenic trioxide, nicotine, aldicarb, and E. coli K-

12 strain in growth media (8).  E. coli at a concentration of 10
5
 cells/mL in growth media 

was introduced into the sensor array; three additional experiments were performed with 

only growth media (8).  Results showed that no single sensor was able to respond to all 

the contaminants used, although the specific conductivity, TOC, free chlorine, chloride, 

and the ORP sensors did respond to a large number of contaminants (8).  The magnitude 

of the sensor response also depended on the concentration of the contaminant (8).  The 

total chlorine, free chlorine, TOC, ammonia-nitrogen, and turbidity sensor all responded 

to E. coli with growth media (8).  When challenged with only growth media, the total 

chlorine, free chlorine, ORP, turbidity, and TOC sensors responded (8).  However, the 

sensor responses were similar whether E. coli was present or absent indicating that the 

sensors were primarily responding to the growth media for the E. coli used during the 

experiments (8).   

    Another study conducted by Helbling and VanBriesen (2008) evaluated a free chlorine 

sensor to determine its efficacy as an indicator for a contamination event.  The 

experiments used 10
5
, 10

6
, and 10

7
 cells/mL injections of E. coli in chlorine demand free 

phosphate buffer (9).  The magnitude of the free chlorine decay was 60% and 20% for 

10
7
 and 10

6
 cells/mL, respectively; however, there was very little decay for E. coli at 10

5
 

cells/mL.  

    These studies that evaluated commercial sensors in a DS show that the magnitude of 

the response depends on the sensor’s ability to detect the contaminant and the 
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concentration of the contaminate itself.  Only a few published studies demonstrate how 

sensors respond to microbial contaminants, which highlights a challenge for detecting 

microbial intrusion events.  A great majority of commercial sensors detect the chemical 

composition of water; there are few available sensors for detecting microorganisms in 

real time.  Nevertheless, these studies show that there is potential for using such 

commercially-available sensors to monitor water in a DS.  The objective of this study 

was to evaluate the potential for real-time monitoring of E. coli as a microbial 

contaminant using a variety of water quality sensors by determining the sensitivity and 

thresholds of the sensors in the Real Time Monitoring Laboratory at the University of 

Arizona, Tucson, AZ, USA.  

2. Methods 

Experimental Setup 

    The water distribution system at the Real Time Monitoring Laboratory was constructed 

of ¾-inch and 1-inch diameter PVC pipes and ¼-inch diameter microtubing in an open 

system.  Tap water in Tucson, Arizona originates from groundwater and is delivered by 

the city of Tucson Water public utility.  Water runs continuously (24/7) through a 10 

micron carbon block filter to prevent biofilm production and then through the sensors.  

Deionized (DI) water as a control or tap water (filtered with a 1 micron microfiber filter) 

were used during all experiments.  The DI water was ultra pure water produced via a 

reverse osmosis system and then stored in a tank until needed.  Prior to use, the stored 
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water was passed through 2 deionizer tanks and 5 sequential filters with, respectively, 

pore sizes of 10, 1, 0.6, 0.2, and 0.04 micron.   

Sensors evaluated in experiments include (Figure 1): 

HACH Monitoring Platform: Non-Specific Sensors  

(HACH, PO Box 389, Loveland, CO 80539)   

This multi-parameter unit utilizes in-line sensors.  The parameters include: pH; 

total organic carbon (TOC); free chlorine; turbidity; electrical conductivity; 

pressure; and temperature.  TOC is measured with a non-dispersive infrared 

(NDIR) method by adding 0.6 M phosphoric acid and 0.6 M sodium persulfate to 

the water sample to produce TOC.  Subsequently the TOC is oxidized by UV 

light to make CO2 and this gas/liquid mixture is separated and the gas read by an 

NDIR detector.  The output is directly proportional to the original TOC in the 

sample.  

BioSentry™ Technology: Light Scattering 

(JMAR, 10905 Technology Place, San Diego, CA 92127) 

The BioSentry is an in-line sensor that allows for continuous real-time monitoring 

of microbial contaminants by using a Multi-Angle Light Scattering (MALS) 

technology.  The sensor contains a laser beam that strikes individual cells or 

particles in water, resulting in unique light scattering patterns.  Such patterns 

depend on the size and morphological characteristics of the target particle.  Data 

obtained is compared to patterns with a computerized database of patterns from 

known pathogens, which are then placed into 4 identifying categories: rods, 
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spores, protozoa, and unknown (applied for particles of an appropriate size for the 

prior categories but not classified specifically as being a member of the three 

categories).  The data output is shown in counts/minute for each category and can 

be converted to organisms/mL (org/mL) allowing comparison with standard 

microbial units such as colony forming units/mL (cfu/mL).   

S::CAN spectro::lyser Technology: Light Scattering 

s::can Measuring Systems LLC, PO Box 36402, Cincinnati, OH 45236) 

The S::CAN is a multi-parameter sensor that uses UV-Visible spectroscopy to 

generate a broadband picture of overall water quality.  The foundation is that any 

new contaminant in the water will be detected as a deviation from the baseline or 

reference signal.  The reference signal is normally generated from historical 

samples that allow for the system to be trained to a standard composition.  This 

training is essential for real-time monitoring to reduce the incidence of false 

alarms.  The sensor produces spectral data between 200 and 700 nm referenced to 

pre-set algorithms for several water quality parameters and alarms triggers.  

Output measurements from the S::CAN analyzed for this study includes turbidity, 

dissolved organic carbon (DOC), total organic carbon (TOC).   

 

 

GE 5310 Online Total Organic Carbon (TOC) unit  

(GE Analytical Instruments, 6060 Spine Rd, Boulder, CO 80301) 



109 
 

 
 

The GE TOC unit is a single parameter sensor that measures TOC with selective 

membrane conductometric technology.  This process separates organic molecules 

with an ultraviolet light reactor into Cl
-
, CO2, and SO4.  These molecules pass into 

a CO2 transfer module containing a membrane that only allows CO2 to pass 

through.  The CO2 can then be further separated into H
+
 and HCO3.  Thereafter 

the TOC is measured as it accumulates in the conductivity cell.   

Experimental Design 

    For all experiments a baseline output from all sensors was established for 30-60 

minutes by passage of either DI or tap water.  Subsequently, sensors were challenged 

with E. coli (ATCC, #15597) as the bacterial surrogate to evaluate the response of a 

microbial intrusion within a DS.  E. coli was grown in tryptic soy broth (TSB) (BD, 

cat#211825) to late log phase.  The experiments either used the log phase E. coli 

suspended in growth media or in a phosphate buffer solution (PBS) (Sigma, cat# P3813).  

The latter is hereafter termed “clean/ed” (Figure 2) as growth medium components were 

removed.  The E. coli was cleaned by centrifugation (three times at 4000 rpm for 25 

minutes).  Following each centrifugation, the supernatant was removed and cells were 

freshly vortexed with fresh PBS.  The E. coli suspension was diluted into a 50 L carboy 

containing 45 L of water to achieve a final concentration of 10
3
, 10

4
, 10

5
, or 10

6
 cfu/mL 

(Figure 2).  The 45 L water sample was mixed with a water pump for 5 minutes prior to 

the start of the experiment.  The experiment began by pumping the water sample through 

the DS into in-line sensors that were arranged in parallel so that each sensor contacts the 



110 
 

 
 

same contaminated water at essentially the same time (Figure 3).  During the injection, 

the pressure and temperature remained constant with a water flow rate of 1.2 L/min for 

30 min to create a steady state injection.   Fifteen milliliter water samples were obtained 

at sampling point #1 during the 10, 15, 20, 25, and 30 min time points and were 

subsequently diluted and plated on tryptic soy agar (TSA) (BD, cat#236920) (Figure 3).  

The plates were incubated for 24 hr and colonies were counted to confirm the bacterial 

concentration in the water samples.  The samples were also stained with acridine orange 

direct count (AODC) to determine the total cell count (10).  To confirm the bacterial 

concentration in the tap water an additional set of tap water experiments were conducted 

subsequent to introducing 10% Na2S203•5H2O at 1mL/L of tap water and mixing for 5 

min before E. coli was added to the water, to neutralize the chlorine in the tap water 

(Figure 2). 

    The BioSentry sensor was also evaluated with respect to the effects of turbidity to 

determine whether the BioSentry could differentiate turbidity causing particles from 

microorganisms.  These experiments were performed by adding 0.5, 2.5, 5, 7, 10, and 15 

mL of a 4000 (nephelometric turbidity units) NTU turbidity standard (Ricca Chemical, 

cat#8830-32) to 45 L of DI water.  The effects of the turbidity standard measured at 0.3 

NTU with E. coli concentrations at 10
4
 and 10

5
 cfu/mL was also examined for any 

increase in BioSentry response above the E. coli concentration due to the turbidity added 

to DI water.  The turbidity suspensions were injected through the DS for 20 min, and the 

data for turbidity measurements were also acquired from the S::CAN, and confirmed with 

an HFScientific in-line turbidity meter.   
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    All experiments at each specific concentration of E. coli suspension and water type 

were performed in replicates with n ≥ 2 (Figure 2).  The values used in the analysis of the 

data were an average of the values at the peak of the injection.  Each experiment was also 

normalized and normalized values were averaged.   Normalized values were calculated as 

follows: 

ΔI= (I-Io)/Io 

Where: 

I = Average value at peak 

Io = Baseline value at the beginning of experiment 

3. Results and Discussion  

    Monitoring water in the DSs for microbial intrusions has been a challenge for water 

utilities as the current requirements and standard monitoring tests do not have the ability 

to monitor the water in real-time.  Many contaminants that can cause degradation to the 

water quality in DS are not monitored, and contamination events are difficult to detect 

due to infrequent sampling requirements (11).  Currently there is no available technology 

that will specifically identify a microorganism in real-time; however, there are 

commercial sensors available that can detect water quality changes at a sufficient 

sampling rate as to be considered “real-time”.   

    The objective of this study was to utilize commercial sensors that can monitor in-line 

and give data in real-time to determine the sensitivity and threshold levels for detection of 
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a microbial intrusion in a DS using E. coli as the microbial contaminant.  To achieve this 

goal, the BioSentry, the HACH monitoring platform, the S::CAN spectro::lyser, and the 

GE TOC sensors were all evaluated in parallel.  Data output ranges from every 25 

seconds to every 4 minutes and among the sensors evaluated, the BioSentry is the only 

sensor with the potential to specifically detect microbial contaminants, whereas the other 

sensors detect general water quality parameters.  Experiments were performed by 

inoculating DI and tap water with E. coli suspended in either growth media or PBS at 

concentrations between 10
3
 through 10

6
 cfu/mL and injecting this water in a field scale 

test-bed DS for 30 minutes to achieve a steady state of the target concentration in the DS.  

Cultural and AODC methods were conducted to confirm the concentration entering the 

sensors, and subsequently compared with the rods category output from the BioSentry.  

Since it is impossible to confirm the concentration of E. coli during injection in tap water 

which has a chlorine residual, the tap water data analyzed from the BioSentry is from the 

neutralized tap water experiments.  Nevertheless, results show that there was no apparent 

difference in the BioSentry output between the chlorine neutralized tap water and normal 

chlorine residual tap water experiments (Figure 4).   

    The BioSentry output correlated very well with the cultural and AODC method when 

E. coli was introduced into the DS.  In DI water, the correlation for the BioSentry counts 

was high resulting in an R
2
 value of 0.99 when compared to both the cultural and AODC 

method for clean E. coli (Table 1).  The correlation for E. coli with media in DI water 

was also high resulting in an R
2
 value of 0.94 and 0.98 for the cultural and AODC 

method respectively (Table 1).  Additionally, the R
2
 value was 0.99 for BioSentry in tap 
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water when E. coli was suspended in growth media.  However, when E. coli was cleaned, 

the R
2
 value dropped which resulted with a 0.78 and 0.61 correlation coefficient for the 

cultural and AODC method, respectively (Table 1).  The drop in the correlation may have 

been due to the high osmotic stress of the cleaned E. coli cells resulting in the death of 

the cells.  The washing process may have reduced the cells’ ability to maintain osmotic 

pressure, and when put into tap water, cell death may have occurred before the tap water 

samples were quantified via the cultural and AODC methods.  Overall, similar high 

correlations were also seen in a study performed by the EPA (12).  Although the 

maximum concentration used in the EPA study was 2.5×10
4
 cfu/mL and the E. coli 

concentrations were compared only to the unknown category output from the BioSentry, 

this study exhibited an R
2
 value equaling one when comparing the BioSentry output to 

the E. coli concentrations (12).   

    When examining each concentration individually, the BioSentry output for E. coli 

injections at 10
5
 cfu/mL and 10

4
cfu/mL quantitatively coincided with the cultural and 

AODC methods (Figure 4, 5, 6, 7).  However, the BioSentry output was lower than the 

cultural and AODC method when 10
6
 cfu/mL was introduced which is most likely due to 

the sensor becoming saturated at this concentration (Figure 4, 5, 6, 7).  Additionally, E. 

coli with media in tap water showed that the BioSentry output was higher at 10
3
 cfu/mL 

due to a background level most likely from indigenous microorganisms and particulates 

(Figure 4).  This phenomenon at the low end was investigated further by performing 

turbidity experiments.  To determine how the BioSentry reacted to particulates, different 

volumes of a 4000 NTU turbidity standard was added to 45 L of DI water and injected 
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through the DS (Table 2).  The lowest level of turbidity suspension was measured at 0.3 

NTU which corresponded to 1.3×10
4
 org/mL for the BioSentry and the sensor appeared 

to saturate at 1.0 NTU which was around 1.0×10
5
 org/mL for the BioSentry (Table 2, 

Figure 8).  Subsequent experiments tested the 0.3 NTU suspensions with the addition of 

E. coli at concentrations of 10
4
 and 10

5 
cfu/mL (Figure 9).  The turbidity experiments 

indicated that the BioSentry appeared to identify particulates as microorganisms (Figure 

8, 9). 

    Other comparisons were made between all TOC sensors used in this study.  The TOC 

measurements are provided by the real-time data acquired from the HACH, the S::CAN, 

and the GE TOC unit.  Each of the three TOC sensors uses a different method for 

measuring TOC and as a consequence, results have shown that the data received from 

each TOC sensor was different even though the concentration of the E. coli injection was 

the same (Figure 10, Figure 11).  Complications also arose with the HACH TOC making 

a portion of the output data invalid but some generalizations can be made with the data 

gathered from all the TOC sensors.   

    In DI water, there was no apparent difference in the response to E. coli in media for 

concentrations between 10
3
 and 10

4
 cfu/mL.  There was an apparent response for 

concentrations between 10
5
 and 10

6
 cfu/mL; however this only applied to the HACH and 

GE units.  The S::CAN appeared to only have an apparent response to E. coli 

concentrations above 10
6
 cfu/mL when E. coli was with media.  When E. coli was 

cleaned, there only appears to have been an apparent response to concentrations above 
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10
6
 cfu/mL for all sensors in DI water.  In tap water, there were apparent differences 

between all concentrations when E. coli was with media for the HACH and GE units, but 

there was only a response to 10
6
 cfu/mL under the same conditions for the S::CAN sensor 

(Figure 10).  When E. coli was cleaned there was only an apparent response to E. coli 

above 10
6
 cfu/mL for the HACH and GE units, yet there was no difference in response 

for all concentrations with the S::CAN sensor (Figure 11).  Overall the results for the 

TOC sensors suggest that the sensors response at concentrations below 10
6
 cfu/mL are 

due to media, and responses above 10
6
 cfu/mL are due to either media and/or organic 

matter from a high bacterial load.  Similar conclusions have also been made in other 

studies for TOC sensors (8, 12).   

    The data obtained from all sensors was normalized to make comparisons across 

different E. coli concentrations and sensors that measure different water quality 

parameters for a particular parameter (Table 2, 3).  This normalized data was used to 

determine if there was a change in response to an increase in E. coli concentrations 

(Table 4, 5).  The water quality during certain experiments may have affected parameters 

such as the HACH conductivity and turbidity parameters.  The values in these parameters 

fluctuated as the E. coli concentration increased (Table 2, 3).  Nonetheless, most sensors 

and parameters analyzed showed an increase in response to an increase in E. coli 

concentrations suspended in media or PBS whether sensors measure in DI or tap water 

(Table 4, 5).  There are a few parameters that decrease with an increase in E. coli 

concentration.  When E. coli with media was injected into the DS, chlorine and 

conductivity values decreased in tap water (Table 4).  On the other hand, when E. coli 
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was cleaned and added to the DS, there was a decrease in conductivity in both the DI and 

tap water experiments (Table 5).  Furthermore, there was also a decrease in chlorine and 

the S::CAN TOC sensor (Table 5).  A decrease in chlorine was expected as it has also 

occurred in other studies that used chlorine as a parameter for detection of microbial 

contamination (8, 9, 12, and 13).  However, a decrease in chlorine in this study is limited 

to concentrations above 10
3
 cfu/mL when E. coli is suspended with media and 10

5
 

cfu/mL with clean E. coli.  These results are similar to those of Helbling and VanBriesen 

(2007) where a decrease was only seen above 10
5 

cfu/mL with clean E. coli.  There was 

also an unexpected decrease in the S::CAN TOC, but this may have been due to the UV 

spectroscopic method in which the S::CAN sensor measured TOC.   

    This study was successful in determining the sensitivity threshold levels for four 

commercial sensors when E. coli was introduced into water within a DS.  The majority of 

the parameters measured during this study exhibited an increase in response to an 

increase in E. coli concentration, but there are some important factors that should be 

taken into account when analyzing the data.  It should be noted that most of the sensors 

during this study did not respond to E. coli concentrations below 10
3
 cfu/mL because this 

concentration could not be distinguished from the background particulates and 

indigenous organisms in the water (even in deionized water).  The sensors utilizing a 

light scattering method tended to become saturated when the E. coli concentration was 

over 10
6
 cfu/mL.  The BioSentry was fairly accurate when measuring E. coli 

concentrations that were introduced into the water; however it was found that the sensor 

would not distinguish between a particulate and a microorganism and therefore it is 
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critical to investigate the cause of an increase in the data output concentration.  The TOC 

sensors also showed no response when E. coli concentrations were below 10
6
 cfu/mL if 

water is inoculated with clean E. coli.   

    Despite the diversity of sensor responses and measurements, the data from this study 

determined the sensitivity and threshold levels to each concentration of a microbial 

intrusion in real-time.  Hence these sensors could be implemented into a supervisory 

control and data acquisition (SCADA) system that would facilitate in the detection of 

water quality changes through algorithms, which can then be useful for modeling 

programs to help protect public health from a microbial intrusion event.   

    While sensor development has been performed for a sizeable number of laboratory 

based sensors to detect a variety of water contaminating organisms (14, 15, and 16) it is 

uncommon for these devices to operate in an on-line or real-time mode.  The sensors 

tested here are not an exhaustive list of the commercially available devices, but represent 

a cross-section of technologies and detection schemes.  Appropriate targets for future 

sensor development would be to improve upon the 10
3
 cfu/mL detection limit observed 

here, to provide species-level discrimination, and to perform continual measurements 

with a frequency on the order of <5 minutes.   

 

 

 



118 
 

 
 

Acknowledgements 

    This work is supported by the National Science Foundation Water Environmental 

Technology Center, the University of Arizona Water Sustainability Program, and the 

National Institute of Environmental Health Science sponsored Southwest Environmental 

Health Sciences Center No. P30 ES06694. 

 

 

 



119 
 

 
 

Table 1. Correlation coefficient (R
2
) values comparing conventional and BioSentry 

measurements   

                DI Water    Tap Water (Neutralized) 

Method Media Clean Media Clean 

Cultural 0.95  0.99  0.99  0.78  

AODC 0.98  0.99  0.99  0.61  
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Table 2. Sensor values for E. coli in tap water 

 

 

Target 

Concentration 

(cfu/mL) 

BioSentry 

 (org/mL) 

GE  

(mg/L) 

HACH 

Turbidity 

(NTU) 

HACH 

Conductivity 

(µS/cm) 

HACH 

TOC 

(mg/L) 

HACH 

Chlorine 

(mg/L) 

S::CAN 

Turbidity 

(FTU) eq 

S::CAN 

DOC 

(mg/L) eq  

S::CAN 

 TOC 

(mg/L) eq 

Clean 

  

  

  

  

  

  

  

1×103 

 

2.39×104 ±8.07×103 0.18±0.01 0.13±0.02 615.24±11.41 IN 0.80±0.00 0.38±0.05 0.35±0.0 4.53±0.01 

1.19 0.02 -0.23 0.34  -0.06 0.20 0.41 6.92 

1×104 4.76×104 ±1.82×104 0.13±0.00 0.42±0.26 712.72±5.40 IN 0.83±0.00 0.39±0.01 0.34±0.01 4.56±0.03 

3.35 -0.09 2.28 0.14  -0.03 0.41 0.52 5.34 

1×105 

 

1.54×105 ±1.37×104 0.18±0.00 0.21±0.02 712.54±0.62 IN 0.81±0.00 0.41±0.01 0.39±0.0 4.61±0.0 

14.34 0.20 0.62 0.14  -0.05 0.47 0.60 2.64 

1×106 

 

1.88×105 ±2.59×104 0.43±0.01 0.38±0.06 702.17±2.53 IN 0.65±0.02 0.81±0.01 0.77±0.0 NM 

20.66 1.21 -0.36 0.15  0.01 3.66 2.03 NM 

Media 

  

  

  

  

  

  

  

1×103 

 

1.45×104 ±1.47×104 0.19±0.05 0.07±0.05 636.01±136.34 1.83±0.68 0.83±0.00 0.38±0.05 0.37±0.03 4.53±0.04 

0.53 -0.04 0.05 0.14 -0.03 0.00 0.09 0.27 7.01 

1×104 

 

1.39×104 ±4.84×103 0.27±0.00 0.10±0.01 845.56±1.63 3.61±0.05 0.76±1.37 0.39±0.02 0.36±0.0 4.52±0.01 

1.08 0.26 -0.04 0.34 .03 -0.09 0.09 -12.87 6.45 

1×105 

 

3.03×104 ±1.03×103 0.68±0.02 0.09±0.00 871.83±13.67 4.48±0.43 0.56±0.02 0.41±0.01 0.39±0.0 4.55±0.01 

4.74 1.63 -0.06 0.21 0.10 -0.32 0.24 -11.94 6.41 

1×106 

 

1.78×105 ±1.23×104 3.88±0.05 0.14±0.02 777.02±46.94 6.92±0.39 0.56±0.01 0.81±0.01 0.63±0.01 4.80±0.0 

20.96 11.81 0.07 0.07 0.39 -0.32 1.77 -18.66 6.78 

IN=measurement invalid 

NM= not measured due to saturation 

Top number=average±standard deviation 
Bottom number= normalized value 
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Table 3. Sensor values for E. coli in DI water 

 

  Target 

Concentration 

(cfu/mL) 

BioSentry 

 (org/mL) 

GE 

 (mg/L) 

HACH 

Turbidity 

(NTU) 

HACH 

Conductivity 

(µS/cm) 

S::CAN 

Turbidity 

(FTU) eq 

S::CAN  

DOC 

(mg/ L) eq 

S::CAN  

TOC 

(mg/L) eq 

Clean 

  

  

  

  

  

  

  

1×10
3
 

 

4.74×10
3
±5.09×10

3
 0.03±0.00 0.24±0.00 1.18±0.03 0.19±0.02 0.20±0.01 0.26±0.00 

3.19 -0.10 0.00 3.64 0.05 -0.03 -0.01 

1×10
4
 

 

3.51×10
4
±3.94×10

4
 0.04±0.01 0.14±0.00 0.58±0.01 0.18±0.03 0.20±0.01 0.26±0.00 

22.27 0.04 0.00 3.07 0.18 0.02 0.04 

1×10
5
 

 

6.30×10
4
 ±1.10×10

4
 0.07±0.02 0.14± 0.12 7.29±3.52 0.26±0.09 0.23±0.03 0.29±0.03 

27.48 0.26 0.53 17.41 0.06 0.06 0.13 

1×10
6
 

 

2.89×10
5
 ±7.30×10

4
 0.56±0.36 0.24±0.01 24.68±14.05 1.38±0.74 0.50±0.14 0.98±0.60 

176.34 5.53 6.77 1.18 3.85 1.27 1.25 

Media 

  

  

  

  

  

  

  

1×10
3
 

 

3.31×10
3
 ±1.07×10

3
 0.10±0.04 0.39±0.20 2.21±1.21 0.20±0.08 0.20±0.01 0.26±0.03 

0.86 -0.10 0.01 1.84 -0.07 0.03 0.04 

1×10
4
 

 

9.37×10
3
 ±6.3×10

2
 0.13±0.00 0.23±0.01 1.38±0.04 0.26±0.00 0.20±0.00 0.25±0.00 

2.66 2.10 0.02 3.04 0.04 0.06 0.05 

1×10
5
 

 

1.15×10
5
 ±4.65×10

4
 0.98±0.03 0.12±0.09 1.67±0.87 0.31±0.01 0.25±0.00 0.33±0.01 

10.7 15.55 0.86 1.65 0.33 0.16 0.31 

1×10
6
 

 

3.48×10
5
 ±1.01×10

5
 9.47±0.37 0.21±0.01 12.91±1.07 0.94±0.03 0.76±0.01 0.98±0.04 

98.90 68.80 3.48 22.10 3.15 2.81 2.03 

Top number average±standard deviation 

Bottom number= normalized value 

 



 
 

Table 4. Sensor response to an increase of E. coli suspended with growth media 

Sensor DI Water Tap Water 

BioSentry + + 

GE + + 

HACH-Turbidity +  

HACH-Conductivity NC - 

HACH-TOC IN + 

HACH-Chlorine NA - 

S::CAN-Turbidity + + 

S::CAN-DOC + + 

S::CAN-TOC + - 
(+)= increase in response  
(-)=decrease in response  

NA=not applicable 

NC= no change  
IN= measurement invalid 
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Table 5. Sensor Response to an increase of E. coli cleaned 

Sensor DI Water Tap Water 

BioSentry + + 

GE + + 

HACH-Turbidity +  

HACH-Conductivity - - 

HACH-TOC IN IN 

HACH-Chlorine NA - 

S::CAN-Turbidity + + 

S::CAN-DOC + + 

S::CAN-TOC + - 
(+)= increase in response  
(-)=decrease in response  

NA=not applicable 

IN= measurement invalid 
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Figure 1. In-line sensors in parallel at the University of Arizona’s Water Village’s 

intermediate field scale test bed water distributions system. 
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 Figure 2. Flowchart of E. coli experiments for the Water Village’s intermediate field 

scale test bed water distributions system. 
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Figure 3. Sensors arranged in parallel within Water Village’s intermediate field scale test 

bed water distributions system. 
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BioSentry/N= Neutralized tap water 
BioSentry/Cl= Tap water with chlorine residual  

Figure 4. Tap water with E. coli suspended in media inoculated into the Water Village’s 

intermediate field scale test bed water distributions system 
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BioSentry/N= Neutralized tap water 
BioSentry/Cl= Tap water with chlorine residual  

Figure 5. Tap water with cleaned E. coli inoculated into the Water Village’s intermediate 

field scale test bed water distributions system 
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Figure 6. DI water with E. coli suspended in media inoculated into the Water Village’s 

intermediate field scale test bed water distributions system  
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Figure 7. DI Water with cleaned E. coli inoculated into the Water Village’s intermediate 

field scale test bed water distributions system  
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Figure 8. DI Water with turbidity standard inoculated into the Water Village’s 

intermediate field scale test bed water distribution system.  
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Figure 9. DI Water with turbidity standard and E. coli suspended in media inoculated into 

the Water Village’s intermediate field scale test bed water distributions system. 
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Figure 10. Tap Water with E. coli suspended in media inoculated into the Water Village’s 

intermediate field scale test bed water distributions system.  
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Figure 11. Tap water with cleaned E. coli inoculated into the Water Village’s 

intermediate field scale test bed water distributions system.  
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