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Abstract 

Sunlight-Mediated Inactivation Mechanisms of Enterococcus faecalis and Escherichia coli   

in Waste Stabilization Ponds 

by 

Khalid Kadir 

Doctor of Civil and Environmental Engineering 

University of California, Berkeley 

Professor Kara Nelson, Chair 

 
 

 Sewage treatment is a pressing global problem, with both environmental as well as 
human health impacts.  In areas where piped sewerage systems are viable, waste stabilization 
pond systems are one possible method for the treatment of wastewater.  Pond systems are often 
advantageous due to ease of construction and operation as well as their low cost and high 
effectiveness.  With regards to human health, the most important aspect of sewage treatment is 
the removal and inactivation of pathogens.  Pathogen inactivation in pond systems has been 
attributed to multiple factors including sedimentation, predation, temperature, pH, and sunlight.  
This research investigates the sunlight-mediated inactivation of pathogens in surface waters, with 
a primary focus on wastewater treatment pond systems.  Two common fecal bacterial indicator 
organisms were studied:  the gram-positive Enterococcus faecalis and gram-negative 
Escherichia coli. 
 Laboratory experiments were conducted in 150-mL batch reactors that were filled with 
different aqueous solutions, including deionized water, D2O, waste stabilization pond water, or 
combinations of these waters.  These solutions were spiked with E. faecalis or E. coli, exposed to 
simulated sunlight, and loss of culturability was monitored over time.  Temperature, pH, 
dissolved oxygen concentration, and irradiance were carefully controlled and monitored.  
Furthermore, some experiments involved the addition of photosensitizers or quenchers of radical 
oxygen species (ROS), while in others we measured the concentrations of ROS in the reactors. 
 We began by identifying and describing the role of oxygen, exogenous sensitizers, light 
intensity and light wavelength upon the sunlight-mediated inactivation of E. faecalis and E. coli. 
We found that, while in DI water the presence of UVB wavelengths increased inactivation of 
both E. faecalis and E. coli, in pond water, the presence of the UVB wavelengths did not 
increase the rate of E. faecalis inactivation.  Pond water constituents played a dual role, as either 
photosensitizers increasing inactivation rates (E. faecalis) or as light-attenuators, decreasing 
inactivation rates (E. coli).  Inactivation rates of both E. faecalis and E. coli were correlated to 
dissolved oxygen concentrations, though differently.  Decreasing dissolved oxygen below air 
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saturation always decreased inactivation rates, however increasing above air saturation was not 
as straightforward.  In waste stabilization pond water, where oxygen increases during the day due 
to algal photosynthesis, raising dissolved oxygen above air saturation increased inactivation of E. 
coli slightly, however E. faecalis inactivation remained constant. 
 Next we characterized the effects of pH on the sunlight-mediated inactivation of E. 
faecalis and E. coli, studying inactivation in the absence and presence of sunlight.  E. coli 
inactivation in pond and DI water had the same trend, with small changes in inactivation rates 
between more moderate pH, but above and below extremes (pH<4 or pH>9) sharp increases in 
inactivation rates.  E. faecalis, however, was more sensitive to small changes in pH, particularly 
in pond water. 
 We then investigated which ROS were involved in inactivation of E. faecalis and E. coli.  
Photosensitizers produce reactive oxygen species following the absorption of light and the 
transfer of light-energy to oxygen through a number of different pathways.  Although our focus 
was upon exogenous mechanisms, endogenous mechanisms could not be excluded because in the 
presence of exogenous sensitizers damage by both exogenous and endogenous mechanisms can 
occur simultaneously.  While we found evidence for the involvement of 1O2 in endogenous 
inactivation of both E. faecalis and E. coli, the importance of other species, while likely, remains 
unclear.  As expected, no evidence was found to support a role for ROS produced exogenously in 
the inactivation of E. coli.  A combination of quencher and D2O experiments, together with ROS 
measurements in pond water, provided strong evidence for the importance of exogenous 1O2 in 
E. faecalis inactivation.  In addition, E. faecalis was significantly more sensitive than E. coli to 
inactivation by 1O2 produced by the synthetic sensitizer rose bengal, which followed the same 
pattern as their sensitivity to pond water constituents. 
 To apply our results from laboratory microcosms to actual treatment systems, we 
developed a simple model based on our empirical data.  The model takes into account the effects 
of dissolved oxygen concentration, pH, and pond water sensitizers as well as the effects of light 
attenuation on sunlight mediated inactivation.  We applied the model to scenarios that might 
occur in natural settings, and discuss the strengths and limitations of our approach. 
 Three mechanisms have been proposed to describe sunlight-mediated inactivation: direct 
UVB damage to DNA, indirect endogenous inactivation caused by UVB light, and indirect 
exogenous inactivation involving all wavelengths of sunlight up to 550 nm.  While the first 
mechanism is a likely part of sunlight-mediated inactivation, it did not dominate the inactivation 
of either bacteria in this study.  The second mechanism, while previously attributed to UVB 
light, should be expanded to include UVA and visible wavelengths, as these caused E. faecalis 
inactivation in our DI water wavelength experiments.  The third mechanism dominated E. 
faecalis inactivation and was driven by the UVA and visible wavelengths, though E. faecalis 
inactivation occurred through all three mechanisms.  E. coli, on the other hand, was not subject 
to the third, exogenous mechanism in our microcosms.  Instead E. coli inactivation was 
dominated by endogenous mechanisms, and these mechanisms were driven by the UVB and 
UVA wavelengths.  A final mechanism was described that does not fit into the three mechanisms 
above; exogenous production of H2O2, which then crosses into cells and causes endogenous 
microbial damage.  This mechanism was not important in our pond water microcosms because 
H2O2 concentrations were low due to high scavenging by pond water constituents, but it may be 
important in other waters.  Only E. coli appears susceptible to such a mechanism.
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Chapter 1:  Introduction 
 
 
1.1 Motivation 

 
The lack of access to clean water and sanitation, two of the basic needs of every human 

being, is a global problem.  The statistics are stark:  almost 1 billion people lack access to 
improved water supplies, 2.4 billion lack access to improved sanitation, and each year diarrheal 
diseases are the cause of death for 2 million people, 90% of whom are under the age of five 
(WHO 2006; WHO 2010).  As with any development intervention, there is no panacea that will 
fit every situation.  Sanitation projects are bound by both physical and technical geographies as 
well as social and cultural geographies.  The latter will often be more pressing than former; a 
solution that will work in one space may prove impossible in another.  Social and cultural 
bounds are particularly important, as sanitation comes with attitudes ranging from perceptions of 
sewage as a filthy waste to be disposed of, to viewing it as a useful resource.  The technical 
options for sewage disposal also form a broad spectrum, ranging from the problematic practice 
of discharging raw sewage into natural waters to more sustainable practices such as on-site 
treatment and reuse.  The technical feasibility of any sanitation initiative will be determined 
largely by the amount of capital available and the current level of infrastructure.  In situations 
where piped sewage systems exist or the installation of such systems is possible, wastewater 
treatment ponds, a method for the treatment of sewage that relies on natural processes, are one 
possible solution.  Pond systems are often advantageous as they are relatively simple to 
construct, easy to operate, inexpensive, and effective. 

As far as human health is concerned, the most important aspect of sewage treatment is the 
removal and inactivation of pathogenic microorganisms.  Pathogen removal and inactivation is 
important because the presence of viable pathogens can have direct and immediate negative 
impacts upon the public health of those in contact with the water.  Since effluent from sewage 
treatment, whether used for irrigation or directly discharged into natural water bodies, is 
commonly later mixed with bathing and drinking water supplies, the inactivation of pathogens 
during the sewage treatment process is essential, as is the inactivation that occurs in the natural 
water bodies themselves. 

Perhaps the most crucial yet poorly understood aspect of pond systems is their high level 
of pathogen inactivation.  Multiple factors are thought to play a role in pathogen inactivation in 
these systems, including sedimentation, predation, temperature, pH, and sunlight.  These 
processes can be divided into two groups:  dark-processes and light-processes.  This research 
was undertaken to study the light-processes of pathogen inactivation in surface waters with a 
focus on wastewater treatment pond systems. 
 
 
1.2 Natural Wastewater Treatment Systems 
 
1.2.1 Waste Stabilization Ponds and Wetlands 
 Wastewater treatment ponds have many names including simply pond, oxidation pond, 
lagoon, sewage pond, and the common technical designation, waste stabilization pond.  One 
name that is not commonly used is wastewater treatment plant, although the purpose of these two 
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systems is the same:  to remove nutrients, pathogens, and chemicals from wastewater prior to 
discharging it into the natural environment.  Ponds are a natural, low cost, and low maintenance 
technology for wastewater treatment. 
 Pond systems usually consist of multiple, shallow basins in series where wastewater is 
treated by natural processes involving bacteria and algae.  One common design involves a 
primary anaerobic pond, followed by a facultative pond, and finally a maturation pond (Mara 
2005).  The anaerobic pond is designed for the removal of organic matter including most of the 
suspended solids as well as some of the soluble biochemical oxygen demand (BOD).  These are 
the deepest ponds, usually 2-5 m, with retention times of 1-3 days.  Due to odor concerns, 
systems are often designed without anaerobic ponds, and instead a primary facultative pond is 
used, however anaerobic pond systems require less land area. 
 Facultative ponds are shallower, 1-2m deep, and particularly good at removing soluble 
BOD.  Facultative ponds are the largest ponds, with retention times ranging from 2-5 weeks, and 
are designed based upon surface loading rates of 100 – 400 kg BOD/ha d (Mara 2005).  These 
ponds are aerobic in their top layer and can be anaerobic in deeper areas.  The top layer contains 
high concentrations of algae, giving the pond a green color, producing large amounts of oxygen 
during daylight hours, aiding in bacterial treatment of BOD.  An estimated 30% of influent BOD 
leaves a primary facultative pond as methane (Marais 1970) while the much of the remaining 
leaves the pond after conversion into algae.  Due to the nature of algal metabolism, pH and 
dissolved oxygen have diurnal variations, both increase during the day and decrease at night, 
with pH increasing to over 10 and dissolved oxygen concentrations greater than 20 mg/L 
(Shilton 2005). 
 The final set of ponds, maturation ponds, are designed specifically for pathogen removal.  
While these ponds may remove some BOD, BOD removal is not the main focus.  Maturation 
ponds are usually around 1 m deep with retention times of around 7 days, and may be designed 
as numerous ponds in series to achieve the desired degree of pathogen removal.  Similar to 
facultative ponds, maturation ponds have high algal concentrations resulting in diurnal pH and 
dissolved oxygen variations.  The lower depth of maturation ponds enables greater exposure to 
sunlight as well as higher temperatures, aiding the pathogen inactivation process. 
 In addition to this more conventional pond setup, more advanced designs have focused on 
reducing the land-area requirement, the most commonly cited drawback of treatment ponds.  
Advanced Integrated Waste Stabilization Pond Systems (AIWPS), originally designed by 
Professor William Oswald at The University of California, Berkeley in the 1940’s and 50’s, add 
two new components to traditional pond designs to decrease the land requirement.  First, an 
Advanced Facultative Pond (AFP) contains a 4-8 m deep fermentation pit into which the influent 
wastewater enters from the bottom.  This pit is designed such that solids remain inside and 
undergo rapid anaerobic decomposition into gas, primarily methane, due to a combination of 
highly anaerobic conditions, temperature, and pressure.  Second, following this AFP is an oval-
shaped High Rate Pond (HRP), only 0.2 – 1 m deep, with a hydraulic retention time of 2-8 days.  
Paddlewheels keep the water in this pond moving at ~15 cm/s, promoting algal growth and 
preventing settling.  This design is very efficient at nutrient removal, greatly decreasing the land 
area required.  Due to the large amounts of algae produced in the HRP, it is usually followed by 
an algal settling pond with a 1-2 day hydraulic retention time, prior to a standard maturation 
pond (Craggs, Zwart et al. 2004). 
 While ponds are a well established method for the treatment of wastewater, constructed 
wetlands have more recently been recognized for their potential as part of a treatment sequence.  
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Though not ideal for treating raw wastewater, constructed wetlands are commonly used as a 
‘polishing’ step in wastewater treatment.  Most generally, constructed wetlands differ from pond 
systems due to the presence of emergent vegetation.  This vegetation provides surfaces for 
biofilms to grow, and it is here that much of the biological treatment occurs.  These systems are 
commonly divided into two categories:  free water surface (FWS) and subsurface wetlands (SSF) 
(Kadlec and Knight 1996; Mitsch and Gosselink 2000; Sundaravadivel and Vigneswaran 2001). 
 FWS wetlands, as the name implies, have water above ground, usually around 0.5 m 
deep, with plants growing out of the sediment layer in addition to floating and submerged plants.  
Ideal for treating secondary or tertiary wastewater, FWS wetlands are aerobic in their upper 
layers and tend towards anaerobic at the sediment.  Plant stems, leaves, and roots (of floating 
plants) all provide surface area for the growth of biofilms, where the treatment occurs.  In 
addition to treatment, a major advantage of surface wetlands is the provision of wildlife habitat, 
in addition to recreational and educational space (Kadlec and Knight 1996). 
 SSF wetlands can be either horizontal or vertical flow, and water travels through porous 
media such as a gravel bed containing the roots of emergent plants.  The planted media remains 
mostly anaerobic, as oxygen is supplied by the plants through their roots and is quickly used up 
by the attached biofilm.  SSF have the advantage of lower land requirements, no odor problems, 
and little risk of exposure to contaminated water, since the water flows underground, however 
inlet clogging can be an issue (Kadlec and Knight 1996; Sundaravadivel and Vigneswaran 2001). 
 
1.2.2 Pathogen Removal and Inactivation Mechanisms in Natural Treatment Systems 
 Pathogen treatment mechanisms in natural systems can be broken down into two 
categories:  removal and inactivation.  Removal processes remove the pathogen from the water 
column, and include sedimentation, filtration, and predation.  Sedimentation is dependent on the 
size and density of the organism or the particle to which it is associated, as well as the hydraulics 
of the system.  Filtration occurs in wetland systems, and involves the attachment of organisms to 
biofilms on plant or media surfaces.  This process is dependent on organism size, surface area, 
surface characteristics, and system hydraulics.  Predation is when a pathogen is consumed by 
another higher trophic level organism.  This process can occur in the water column, in biofilms, 
or in the sludge, and common predators include amoeba, ciliates, rotifers, and shellfish.  While 
predation can lead to inactivation, this is not always the case.  Following removal, pathogens 
may be concentrated in sludge, biofilms, or algae, or inside of filter-feeders such as shellfish.  As 
removal mechanisms do not always involve inactivation, these locations may be reservoirs for 
viable pathogens and require further treatment.  In addition, pathogens removed from the water 
column can be reintroduced through resuspension of sludge or sloughing of biolfim. 
 The goal of inactivation processes are to render an infectious agent non-infectious.  
Inactivation mechanisms in natural treatment systems may be broken down into two categories:  
dark and light-mediated processes.  Dark processes are those processes that do not depend on 
light to occur.  They may occur where there is light, but they are not dependent on this light.  In 
addition to the previously discussed predation, dark inactivation mechanisms include 
physicochemical stress such as starvation, temperature, pH, ammonia, oxygen, and chemical 
compounds.  Combinations of these stressors may prove synergistic, such as combinations of 
temperature and pH in the water column or in sludge, or ammonia and pH in sludge (Pecson and 
Nelson 2005). 
 Light mediated inactivation processes are the focus on this research, and more detail on 
what is already known is provided in the Background section (Chapter 2).  In a basic sense, light 
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is capable of damaging microorganisms because it contains energy.  This energy can break bonds 
directly, lead to the formation of ROS, or even simply raise temperature, all of which can 
contribute to inactivation.  In pond and wetland systems, a key parameter is the depth to which 
sunlight travels.  In the pond water used for our experiments, for example, UVB (280-320 nm) 
and UVA (320-400 nm) light was attenuated in the first few centimeters, while penetration of 
photosynthetically active radiation (PAR, 400-700 nm) was much deeper.  The relative 
penetration of each wavelength can be determined using Beer’s Law, given the absorption 
spectrum of the water (see Chapter 8.3.2 for a description of this calculation) (Figure 1.1).    
Light processes are limited by the penetration of light into the water, and in wetlands light 
processes are limited to open-water areas, and would not be expected in planted zones or 
subsurface wetlands. 
 

 
Figure 1.1: Absorption of sunlight in Napa pond water.  100% of incident light 

reaches the surface, and throughout the depth the amount of light decreases.  
Shorter wavelengths of light decrease more quickly than longer wavelengths.  

Important to note is that the shorter wavelengths (300 nm and 350 nm) have lower 
intensities at the earth’s surface as well.  

 
 
1.3 Pathogens and Their Indicators 
 
1.3.1 Pathogens 
 The term “pathogen” is derived from the Greek “!"#$%&'()"”, birth of pain.  A pathogen 
is a biological agent that causes disease or illness to its host.  Waterborne pathogens are of four 
types:  virus, bacteria, protozoa, and helminth.  Viruses are small (18-200 nm), obligate, 
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intercellular parasites that can survive outside of hosts but cannot reproduce.  The structure of 
viruses includes a protein capsid with a net negative surface charge surrounding either DNA or 
RNA, notably lacking a lipid membrane.  Common human waterborne viruses include Rotavirus, 
Hepatitis A., Norovirus, Enterovirus (polio), and Adenovirus.  Bacteria are larger (0.3-2 µm), 
single-celled prokaryotes, with an outer lipid membrane and a net negative surface charge.  Most 
bacteria have a cell wall and many have appendages such as flagella or pili.  Common human 
bacterial pathogens include Salmonella typhi, Vibrio Cholerae, Shigella, Campylobacter, and 
Leptospira. 
 Protozoa are free living unicellular eukaryotes, generally 3-20 µm in size, capable of 
growth and reproduction outside of any host.  While protozoan need water to survive, they can 
form cysts tht are highly resistant to inactivation.  The most common waterborne protozoan 
pathogens include Cryptosporidium, Giardia, and Entamoeba.  Physically the largest waterborne 
pathogens (20-100 µm, eggs), helminths are more complex than the previous three organisms.  
Helminths, more commonly referred to as worms, are multi-cellular eukaryotes with a very high 
prevalence worldwide.  Helminth eggs are present in the feces of infected individuals in large 
numbers, and are generally highly resistant to inactivation.  The most common helminth 
pathogens include Ascaris, Dracunculiasis (Guinea worm), Taenia (tape worm), Hookworm. 
 While specific removal rates will depend on system design, location, and even quality of 
the wastewater, in general pond and wetland systems are very effective in the removal and 
inactivation of these different pathogens (Table 1.1).  Due to the quiescent nature of the water in 
these systems, protozoa and helminths are removed primarily through sedimentation, while 
bacteria and viruses are subject to a wide variety of mechanisms. 

 
Table 1.1: A general understanding of the ability of pond and wetland systems to 
remove and/or inactivate the different categories of pathogens.  System design as 

well as location (climate) will have a large impact on the ability to remove or 
inactivate the different pathogens. 

(adapted from Gerba, Thurston et al. 1999; Maynard, Ouki et al. 1999; Karim, Manshadi et al. 2004) 
 

Organism type Wastewater 
Treatment Pond Wetlands 

Viruses High 
(lower than bacteria) 

not well 
characterized 

Bacteria High 
(1-6 log) 

Medium 
(1-3 log) 

Protozoa High High 

Helminths High 
(3 log, or complete) High 

 
1.3.2 Indicator Organisms 
 In lieu of isolating pathogens individually, indicator organisms are generally used 
instead.  Indicator organisms are generally non-pathogenic themselves, and instead indicate the 
presence of fecal matter and hence the possible presence of pathogens.  Indicators are used as 
they are easier to isolate, identify, and enumerate than most pathogens.  The presence of 
indicator organisms represents the possible presence of many different pathogens rather than one 
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test/ pathogen.  Ideal properties of indicator organisms include the following (adapted from 
Bonde 1963; Bonde 1966; Maier, Pepper et al. 2000): 
 

• easy to isolate, identify, and enumerate 
• present whenever pathogens are present, and vise versa 
• concentration should be related to the ‘degree’ of fecal pollution 
• multiply/replicate at a rate comparable to pathogen 
• ideally indicative of the source of pollution (i.e. human or animal) 
• more resistant to inactivation and longer survival in the environment than pathogen 
• non-pathogenic 

 
As no single indicator satisfies all of these criteria completely, different indicators have come to 
be used for different applications.  Total coliform bacterial have been the historical standard for 
drinking and recreational waters, however this group includes some non-fecal bacteria as well.  
Fecal coliforms, a subset of total coliform, are more specific to feces as the name implies though 
still not exclusively fecal in origin.  Fecal coliforms are the most commonly used indicator in 
wastewater related applications.  Still further, Escherichia coli is a single species of fecal 
coliform bacteria used in recreational water applications. 
 In addition to the coliforms, Fecal Streptococci, including Enterococcus and 
Streptococcus, are currently used in the United States to estimate the safety of recreational water 
quality.  These bacteria are used in part due to better correlations between bacterial presence and 
health risk.  Finally, coliphage viruses, a type of bacteriophage that infects E. coli, are used as 
indicators of human viruses. 
 An important characteristic of these indicator organisms:  all of these indicators are 
excreted by warm-blooded animals in addition to humans.  Particularly in natural systems, this 
opens up the possibility of false-positives, where indicators are found but these indicators 
originate from animal sources not human.  A table of indicator and pathogen concentrations 
commonly found in untreated domestic wastewater is below (Table 1.2). 

 
Table 1.2: Concentrations of selected indicator microorganisms and pathogens 

commonly found in untreated domestic wastewater.  Note the high concentrations 
of bacteria, particularly coliform bacteria, relative to the concentrations of 

helminths and viruses.  Concentrations  of pathogens in less developed countries 
will be higher than in the more developed. 

(adapted from Metcalf & Eddy 1991; Gleick 2000; Maier, Pepper et al. 2000) 
 

Organism Concentration 
(number/100ml) 

Total Coliform 107-1010 
Fecal Coliform 105-107 
Fecal streptococci 104-106 
Enteric virus 103-105 
Coliphage 102-103 
Giardia cysts 101-104 
Cryptosporidium oocysts 101-103 
Helminth ova 100-104 
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1.4 Research Objectives 
 

The goal of this research was to elucidate the light-mediated mechanisms of pathogen 
inactivation in natural treatment systems.  The information gained from this research will 
contribute to improved prediction of pathogen inactivation in surface water systems, as well as 
optimization of engineered natural treatment systems.  The specific objectives of this research 
were to: 

 
1. Identify and describe the key parameters involved in the sunlight-mediated inactivation 

of Enterococcus faecalis and Escherichia coli, as well as the relative importance of 
endogenous versus exogenous mechanisms in algal-rich waste stabilization pond water.  
Variables considered included dissolved oxygen concentration, light wavelengths, and 
sunlight intensity. 

2. Determine whether hydroxyl radical (HO•), singlet oxygen (1O2), superoxide (O2•-), or 
hydrogen peroxide (H2O2) are involved in exogenous inactivation of Enterococcus 
faecalis and Escherichia coli. 

3. Characterize the effects of pH in the sunlight-mediated inactivation of Enterococcus 
faecalis and Escherichia coli. 

4. Develop an empirical model to describe Enterococcus faecalis and Escherichia coli 
inactivation in natural systems that accounts for wavelength-specific effects on 
inactivation, as well as dissolved oxygen concentration and pH. 

 
 This research was designed to improve the scientific understanding of the role of sunlight 
in microbial inactivation.  In addition, this work hopes to connect this scientific foundation to a 
better understanding of what might be expected in real-world treatment systems.  Chapter 2 
provides a detailed background of what is currently known about the inactivation of 
microorganisms due to sunlight, including a survey of the work that has been done on pond 
systems.  Chapter 3 then details the methods used throughout this research. 
 Chapters 4 through 6 address the first three research objectives listed above.  The results 
in these chapters are based on small scale laboratory experiments using a solar simulator.  
Chapter 4 identifies the main variables involved in the sunlight-mediated inactivation of the two 
bacteria species, providing insight into the role of dissolved and particulate water constituents as 
well as the relative importance of different wavelengths of sunlight and the importance of 
dissolved oxygen.  Chapter 5 turns the focus to the role of reactive oxygen species involved in 
exogenous photoinactivation.  Detailed quencher experiments in addition to measurements of 
ROS concentrations are used to determine the key species involved in sunlight-mediated 
inactivation.  Then, in Chapter 6 the relationship between pH and sunlight-mediated inactivation 
of the two bacteria is characterized.  While some discussion of experimental results is included in 
each chapter, Chapter 7 ties these sections together, providing an overarching discussion of the 
central findings and attempts to draw a more complete picture of the dynamic photoinactivation 
processes occurring in natural treatment systems.  Chapter 8 then takes the information learned 
in the previous chapters and applies that to the development of an empirical model.  The model 
was developed in an attempt to understand how the results from this research might apply to 
what happens in complex natural systems. 
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 Chapter 9 takes a different approach than the previous chapters.  Rather than addressing 
basic microbiological and chemical foundations of pathogen inactivation natural treatment 
systems, it is a step back, examining inhibitions to the use of such systems.  The focus of this 
chapter is on the role of expertise in international development and poverty alleviation. 
 Finally, Chapter 10 returns to the biological and chemical sciences, providing the general 
conclusions of this work as well as suggestions for future research directions. 
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Chapter 2: Background 
 
 
 The role of sunlight in the production of reactive oxygen species (ROS) and subsequent 
transformation of pollutants in natural and engineered waters has long been a focus of 
environmental science research.  The presence of numerous ROS including hydroxyl radical 
(HO•), singlet oxygen (1O2), superoxide (O2•-), hydrogen peroxide (H2O2), and organic peroxy 
radicals (ROO•) in sunlit natural waters is now well recognized (Blough and Zepp 1995; 
Schwarzenbach, Gschwend et al. 2003).  The production of these species in water results from 
photochemical transformations following the absorption of light, both UV and visible, by various 
chromophores (or sensitizers) in the presence of oxygen (Zepp 1988; Blough and Zepp 1995).  
Sensitizers present in natural waters are thought to include dissolved organic material and algal 
cell components (Zepp and Schlotzhauer 1983; Cooper, Zika et al. 1989; Hoigne, Faust et al. 
1989). 
 Research into the effects of light upon microorganisms is typically found in the fields of 
microbiology and photobiology.  In each field, this work has generally focused on the effects of 
light, often of limited wavelength ranges, upon internal cellular components.  It is the 
combination of these two fields, as they apply to environmental engineering, that is the focus of 
this work.  This research is driven by the recognition that, like other microorganisms, pathogens 
in water may be subject to internal sunlight-mediated damage and like other water pollutants 
they may be subject to externally sensitized photochemical transformation.  This combination of 
mechanisms is particularly important to natural wastewater treatment systems, where an 
abundance of potential external sensitizers exist and a major goal is the removal and inactivation 
of pathogens.  Experiments undertaken in these systems however, both separating and combining 
the direct and indirect effects of sunlight to understand the relative importance of each, are 
sparse. 
 
 
2.1 Sunlight and Microorganisms 
 
 The effect of sunlight upon microorganisms is a key factor affecting the fate of pathogens 
in polluted waters (Fujioka, Hashimoto et al. 1981; Davies and Evison 1991; Davies-Colley, Bell 
et al. 1994; Sinton, Finlay et al. 1999; Boehm, Grant et al. 2002; Sinton, Hall et al. 2002; Noble, 
Lee et al. 2004).  The best understood harmful effect of sunlight on microorganisms involves the 
direct absorption of UVB wavelengths (280-320 nm) by DNA or RNA, resulting in the 
formation of lesions such as pyrimidine dimers and single strand breaks (Harm, 1980; Jagger, 
1985).  It is common for the effects of sunlight on microorganisms to be attributed solely to this 
UVB effect.  As a result, the majority of the scientific literature on natural treatment systems 
describes the light driven mechanism as “UVB sunlight” only, precluding the potential effects of 
other wavelengths and other mechanisms.  While UVB light can lead to the inactivation of 
pathogens, a quantitative approach has not been used to compare the contribution of UVB light 
relative to other wavelengths in the inactivation process.  The importance of understanding the 
relative role of UVB light is particularly high in turbid waters, such as those found in pond 
systems, as the small amount of UVB light is quickly attenuated (usually within the first couple 
of centimeters) and thus may not be important in the overall level of pathogen inactivation.  
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Longer wavelengths of light, however, penetrate much deeper into ponds (e.g., in Napa pond 
water, 99% of 500 nm noon summer sunlight is attenuated within approximately 15 cm), making 
them potentially more important. 
 In addition to the well characterized direct UVB damage to DNA, it has been suggested 
for some time and more recent work has shown that UVA light also damages DNA directly 
(Eisenstark, Scandalios et al. 1989; Mouret, Baudouin et al. 2006; Jiang, Rabbi et al. 2009).  
Although DNA absorbs UVB light much more strongly than UVA (Sutherland and Griffin 
1981), quantitatively UVA light may be important due to the greater amount present in sunlight 
at the earth’s surface.  Moreover, DNA may not be the only target of direct sunlight damage:  
both UVB and UVA wavelengths may damage other cellular components directly, including 
thiolated tRNA (Blanchetot, Hajnsdorf et al. 1984; Favre, Hajnsdorf et al. 1985; Jagger 1985), 
catalase (Cheng, Kellogg et al. 1981), proteins (Hoerter, Arnold et al. 2005), or various enzymes 
(Eisenstark, Scandalios et al. 1989).  In order to for damage to occur light must be absorbed by 
the target, and so any chromophore is a potential target.  This absorbed light produces an electron 
transition, exciting an electron from a bonding or non-bonding orbital to an anti-bonding orbital.  
Such excited states are generally unstable and an excited molecule will either physically relax to 
its ground state or undergo chemical transformation.  Relaxation can be nonreactive, with energy 
lost through vibration or luminescence, or reactive, transferring the energy to another species 
through a process know as Type II photosensitization.  Chemical transformation, on the other 
hand, involves changes in chromophore structure such as imtermolecular rearrangement, 
isomerization, dimerization, or electron transfer (Type I photosensitization).  These chemical 
changes can result in photobleaching and the destruction of chromophoric capabilities 
(Schwarzenbach, Gschwend et al. 2003). 
 Sunlight can also damage microorganisms indirectly, resulting in the formation of the 
previously described ROS, through processes less well understood than the direct mechanisms.  
These species can form inside (endogenously) or outside (exogenously) of cells.  Endogenously, 
the formation of ROS is thought to be sensitized by cellular components including porphyrins, 
flavins, steroids, quinones, and carotenoids (Harm 1980; Tuveson and Sammartano 1986).  More 
recent studies have identified the enzyme chorismate mutase as a possible endogenous 
chromophore leading to ROS production and subsequent inactivation (Berney, Weilenmann et al. 
2006).  Exogenous chromophores include the previously mentioned ROS sensitizers, dissolved 
organic material and algal cell components (Zepp and Schlotzhauer 1983; Cooper, Zika et al. 
1989; Hoigne, Faust et al. 1989). 
 The numerous ways ROS might lead to inactivation are complex, and while any cellular 
component is a potential target for ROS damage, particular focus has been placed upon DNA, 
proteins, and membranes (Tyrrell and Keyse 1990; Imlay 2003).   Endogenously, UVA damage 
has been found to decrease electron transport chain function, and loss of culturability was closely 
correlated with a loss of membrane potential and glucose uptake in E. coli (Berney, Weilenmann 
et al. 2006) as well as Shigella flexneri and Salmonella typhimurium (Bosshard, Berney et al. 
2009).  Exogenous damage would presumably be limited to the cell wall or membrane.  
However, although an ROS may form endogenously or exogenously, damage may or may not 
occur at the location of formation.  The distance an ROS is able to travel before causing damage 
is in part limited by the ROS lifetime.  In the case of highly reactive species such as HO•, 
damage is likely to occur in very close proximity to the site of formation, as HO• reacts with 
most organic compounds at diffusion limited rates (Schwarzenbach, Gschwend et al. 2003).  At 
the other end of the spectrum, H2O2 is a long-lived, uncharged species that is able to cross cell 
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membranes, though not without limits (Seaver and Imlay 2001).  Therefore, at least in the case of 
H2O2, exogenously produced ROS may result in endogenous damage. 
 An additional factor that must be taken into account when studying the effects of light on 
aquatic microorganisms is the potential synergistic effects of multiple wavelengths of light.  In 
some preliminary work on wavelength synergy in endogenous inactivation, Webb et al. (1982) 
found that exposure to certain wavelengths of light caused damage to E. coli DNA, while other 
wavelengths damaged cell repair mechanisms.  Specifically, they found that exposure to 405nm 
light produced single-strand DNA breaks in an oxygen-dependent process.  Cellular inactivation, 
however, increased after prior exposure to 365 nm light, which they believed damaged cellular 
repair mechanisms.  This work demonstrates the potentially complex nature of the interactions 
between light and microorganisms and indicates the need for detailed studies of photoaction 
spectra to understand the importance of different wavelength bands in the inactivation process. 
 
 
2.2 pH and Sunlight 
 
 There are two potential mechanisms through which pH changes could affect sunlight-
mediated damage to microorganisms:  by interacting with sunlight inactivation mechanisms or 
by affecting the microorganism directly.  The effects upon sunlight inactivation mechanisms are 
limited to indirect exogenous pathways.  The reason is that bacteria exert tight regulation over 
cytoplasmic pH and as such require control over the permeability of the cell membrane to 
protons (Booth 1985).  Neutrophillic bacteria, including E. faecalis and E. coli, maintain their 
internal pH between 7.5 and 8.0 (Booth 1985).  Exogenously, three processes might be affected 
by changes in pH which could then alter the rate of sunlight-mediated inactivation: (1) the 
sunlight absorption characteristics of an ROS-producing chromophore; (2) the ability of a 
chromophore to pass absorbed light energy on to oxygen and create ROS; (3) the relative 
reaction rate of an ROS with bacterial cell components. 
 While the direct effects of pH upon microorganisms can be of two types (acid or alkaline 
stress), the mechanisms of damage are often similar.  Among these direct effects, three key 
mechanisms stand out:  (1) cellular Transport Mechanism Damage; (2) cellular Membrane 
Damage; (3) DNA Damage.  Each of these is described further below.  Damage to cellular 
transport mechanisms disrupts the processes through which chemicals are transported into and 
out of the cell, and can occur in multiple ways.  Cells maintain a pH gradient across the cell 
membrane for the active transport of nutrients into the cell and removal of waste from the cell.  
Changes in extracellular pH affect this gradient and damage or disable this transport mechanism 
(Kodukula, Prakasan et al. 1988).  In addition cell membranes contain proteins which aid in the 
transport of nutrients and waste.  With changes in external pH the specific activity of membrane 
proteins can be affected again damaging the cells ability to transport material in and out of the 
cell.  At extreme pH values these proteins may even denature, completely destroying their 
activities (Kodukula, Prakasan et al. 1988; Voet and Voet 2004).  Finally, changes in extra 
cellular pH can result in a change in the ionization state of extracellular compounds, including 
inorganic molecules such as NH3 (Pecson and Nelson 2005).  This can result in the lack of 
transport of necessary cellular materials or the free passage into the cell of potentially toxic 
elements (Kodukula, Prakasan et al. 1988). 
 Cellular membrane damage due to pH extremes causes an increase in cell permeability, 
rendering a cell unable to maintain internal pH homeostasis and/or losing cell wall integrity 
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(Booth 1985; Halliwell 1987; Mendonca, Amoroso et al. 1994; Sharma, Taormina et al. 2003).  
Under acidic stress the hydrophilic head groups of phospholipids (the most abundant membrane 
lipids) may become protonated, neutralizing their charge.  This results in a separation of the lipid 
bilayer, rendering the cell more permeable.  Some cells have the ability to protect against lipid 
bilayer separation by changing their membrane fatty acids to monounsaturated fatty acids (more 
double bonds in the fatty acids) and longer chain fatty acids, rendering them stiffer and less 
permeable (Brown, Ross et al. 1997; Chang and Cronan 1999; Quivey, Faustoferri et al. 2000; 
Cotter and Hill 2003).  Alkaline stress upon gram-negative bacteria results in the hydrolysis of 
the lipopolysaccharide membrane and thus an increase in cell permeability (Safavi and Nichols 
1993; Safavi and Nichols 1994). 
 The final mechanism in which high and low extra cellular pH can damage bacteria is in 
the form of DNA damage.  In alkaline conditions, when intracellular pH is forced upwards, 
hydroxyl ions react with DNA resulting in strand splitting and the subsequent inhibition of DNA 
replication and cellular activity.  These interactions may also result in lethal mutations in the 
DNA (Siqueira and Lopes 1999).  DNA damage due to acidic extracellular pH results from the 
entry of non-ionized weak acids into the cell, at which point they become ionized (due to the 
higher cytoplasmic pH) and act upon cellular macromolecules.  Damage may occur due to the 
protonization of a DNA base followed by cleavage of the glycosyl bond, resulting in subsequent 
loss of purines and pyrimidines from the DNA (Cotter and Hill 2003). 
 These mechanisms of pH damage, though independent from sunlight-mediated 
inactivation mechanisms, may contribute to an overload of stresses exerted upon a bacterium.  
For example cells utilize energy to maintain homeostasis through multiple processes including 
buffering of the cytoplasm, biochemical production of acids and bases, and active transport of H+ 
or OH- (Booth 1985).  The subjection of a cell to multiple stresses, individually manageable but 
when combined able to damage a cell, could lead to inactivation through a simple process of 
total energy depletion. 
 
 
2.3 Waste Stabilization Pond Systems 
 
 Early research on pathogen removal and inactivation in pond systems tended to focus on 
one single factor, most commonly temperature, in attempts to describe the inactivation of 
bacterial pathogens in ponds (Maynard, Ouki et al. 1999).  Later temperature was shown to be 
only an indirect factor, as ponds operating at similar temperatures were shown to have very 
different bacterial die-off rates (Pearson, Mara et al. 1987).  Despite this, the Marais model 
(Marais 1974), a function of only temperature, is still commonly used to model disinfection in 
pond systems (Mara 2005).  While temperature remains an important factor, it is now clear that 
inactivation is far more complex than any single factor.  To this end, researchers have focused on 
a host of variables, including pH (Parhad and Rao 1974; Pearson, Mara et al. 1987; Mayo 1995; 
Troussellier, Bonnefont et al. 1998), dissolved oxygen (Curtis, Mara et al. 1992; Mayo 1995; 
Reed 1997), and sunlight (Curtis, Mara et al. 1992; Mayo 1995; Davies-Colley, Donnison et al. 
2000).  The effects of sunlight are of particular interest in pond-based natural wastewater 
treatment systems, as sunlight is known to play an important role in determining the microbial 
quality of surface waters (Gameson and Saxon 1967; Calkins, Buckles et al. 1976). 
 Before discussing pathogen inactivation in pond systems, it is useful to first understand 
their unique physical and chemical characteristics.  In comparison to most natural water bodies, 
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ponds have unique physical and chemical dynamics, with pH, DO, and temperature varying 
temporally and spatially within pond systems.  As WSP systems are highly eutrophic 
environments, algal concentrations are generally very high, and algal metabolism has a profound 
effect on pH and DO.  During the day, when algae photosynthesize, pH can rise above 10, with 
values over 11 not unusual (Parhad and Rao 1974; Kayombo, Mbwette et al. 2000; Pearson, 
Athayde et al. 2005) and DO levels increase to over 20 mg/L (Pipes 1962; Paterson and Curtis 
2005).  At night however, in the absence of light, algal respiration decreases these parameters, 
and a pond can become anaerobic, while pH returns to around 7 (Paterson and Curtis 2005).  
These extremes are more common near the water surface, and pH, DO, and temperature are all 
stratified throughout the depth of a pond (Pearson, Athayde et al. 2005).  In addition to these 
physical and chemical variations, ponds have complex hydraulics that vary between pond 
systems and can vary over time with sludge accumulation in a system (Shilton and Harrison 
2003).  The hydraulics of a pond system can have dramatic effects on pathogen removal, in 
particular as a result of short-circuiting and settling characteristics (Davies-Colley, Craggs et al. 
2005). 
  
2.3.1 Inactivation in Pond Systems: The Role of Sunlight 
 The first detailed research attempting to elucidate the mechanism of inactivation by 
natural sunlight on microorganisms in ponds was done by Curtis et al. (1992).  Through simple 
beaker experiments they concluded that fecal coliform bacteria in ponds were damaged by light 
of wavelengths > 425 nm through an oxygen-mediated exogenous photosensitization process.  
Moreover, they found increased damage with elevated pH levels.  However, in these experiments 
the importance of UVB wavelengths relative to longer wavelengths of sunlight was unresolved. 
 Later work conducted by Davies-Colley et al. (1997) attempted to determine the 
contribution of the different wavelengths of sunlight to the inactivation of various indicator 
organisms.  They found that, while a wide range of wavelengths inactivated enterococci, 
Escherichia coli and faecal coliform bacteria were predominantly affected by UVB.  To 
reconcile this difference with the research by Curtis et al. (1992), they suggest that the 
inactivation of these microorganisms by UVB may be quantitatively more significant than the 
longer wavelengths.  Further research by Davies-Colley et al. (1999; 2000) attempted to 
investigate the effects of pH, dissolved oxygen, and potential photosensitizing constituents on the 
sunlight inactivation rate of these indicators in pond water.  They found increased inactivation 
with increasing levels of oxygen for enterococci, E. coli, and F-RNA phage but not F-DNA 
phage.  E. coli appeared to be the only organism that was affected by pH, with higher 
inactivation rates at higher pH, similar to the results of Curtis et al. (1992). 
 More recently, Kohn et al. (2007; 2007) studied sunlight-mediated inactivation of MS2 
coliphage, a commonly used model for enteric human viruses.  Using this virus has the 
advantage of limiting endogenous mechanisms, as the protein capsid is unlikely to have efficient 
ROS sensitizers (Davies 2003).  In buffered DI water, no inactivation occurred without UVB 
wavelengths; with full spectrum sunlight they attributed damage to absorption of UVB by 
nucleic acids.  In pond water, however, they found direct UVB mechanisms quantitatively less 
important than indirect exogenous mechanisms, identifying 1O2 as the most important ROS in 
MS2 inactivation.  In addition, from 6.5< pH < 9.3, no pH effect upon inactivation was observed 
(Kohn and Nelson 2007).  In later work with four different humic acids, they showed [1O2]internal, 
the concentration measured in close proximity to NOM, 30-1500 times higher than [1O2]bulk, and 
in pond water this increased to 2600 times higher than [1O2]bulk.  Together with this, they found 
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MS2 inactivation closely correlated with [1O2]internal and concluded that the association of NOM 
with the viruses was a key parameter in inactivation (Kohn, Grandbois et al. 2007). 
 In an attempt to classify the different mechanisms of sunlight-mediated inactivation, 
Davies-Colley et al. (1999; 2000) proposed three possible scenarios.  The first proposed 
mechanism is oxygen-independent direct damage to DNA caused by UVB sunlight.  This first 
mechanism dominated F-DNA phage inactivation (Davies-Colley, Donnison et al. 1997).  The 
second proposed mechanism involves the absorption of shorter wavelengths of sunlight, 
primarily UVB, by cellular components and the oxygen-dependent formation of ROS inside of 
cells, subsequently damaging internal cellular targets, primarily DNA.  They suggested that at 
near neutral pHs, E. coli inactivation is dominated by this mechanism, as well as the more 
general group of fecal coliform bacteria (Davies-Colley, Donnison et al. 1999).  The final 
proposed mechanism, involving the full spectrum of sunlight, is the oxygen-dependent formation 
of ROS outside of cells.  In this mechanism sunlight is absorbed by dissolved and particulate 
matter in the water column, and the targets of ROS damage are presumed to be external 
structures of microorganisms.  Enterococci and F-RNA phage inactivation was found to occur 
through this mechanism (Davies-Colley, Donnison et al. 1997; Davies-Colley, Donnison et al. 
1999; Sinton, Hall et al. 2002).  At high pH levels, E. coli were also found susceptible to this 
mechanism (Davies-Colley, Donnison et al. 1999).  The overall conclusion of this work was that 
mechanisms of sunlight-mediated damage are organism specific, but from a design perspective 
increasing sunlight would be beneficial in all cases (Davies-Colley, Donnison et al. 1999; 
Davies-Colley, Donnison et al. 2000). 
 
2.3.2 Inactivation in Pond Systems: The Role of Oxygen 
 While previous researchers have explored the relationship between oxygen and pathogen 
inactivation in ponds, none has provided a complete understanding.  Oxygen alone is not 
considered damaging to fecal coliforms, and the emphasis on the role of oxygen in pond systems 
has focused on the relationship between oxygen and sunlight-mediated damage (Curtis, Mara et 
al. 1992).  The relationship between dissolved oxygen and sunlight-mediated inactivation is 
based on the understanding that sunlight can damage microorganisms through the formation of 
ROS, and that the formation of ROS might be related to dissolved oxygen concentrations in pond 
systems.  Working with numerous bacterial indicators, Pearson et al. (1987) believed oxygen to 
be unimportant relative to other physio-chemical parameters and later work by Mayo (1995) 
found no relationship between dissolved oxygen and faecal coliform die-off. 
 In a series of microcosm experiments, Curtis et al. (1992) found oxygen to work 
synergistically with light, increasing faecal coliform inactivation.  However in their experiments 
oxygen levels within the reactors were not held constant, and increased throughout the 
experiment due to algal metabolism, with the final values being the only ones reported.  
Furthermore, some reactors were essentially supplemented with nutrients and sealed in the dark 
to render them anaerobic, followed by the addition of DCMU to control oxygen production by 
algal photosynthesis during exposure to sunlight.  While an innovative method for controlling the 
oxygen concentration, it is likely that this process drastically changed the concentration, type, 
and state of potential sensitizers in solution.  By varying the oxygen levels,  Davies-Colley et al. 
(1999) found that increasing oxygen increased E. faecalis inactivation rates when exposed to full 
spectrum sunlight in pond water.  While an important finding, these experiments could not 
separate the effects of exogenous and endogenous inactivation mechanisms, making it 
impossible to know the precise role of oxygen. 
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 Working on drinking water, Reed (1997) demonstrated the critical role of oxygen in 
sunlight-mediated inactivation without the presence of external sensitizers.  He concluded that 
cellular components act as endogenous sensitizers producing ROS, and that E. faecalis was more 
susceptible to oxygen-dependent sunlight damage than E. coli (Reed 1997).  Webb and Brown 
(1979; 1979), in the development of preliminary action spectra for inactivation of E. coli, found 
that inactivation below 313 nm was oxygen-independent, while at longer wavelengths an 
oxygen-dependent process dominated.  They believed the oxygen-dependent damage to involve 
chromophores other than components of DNA (Webb and Brown 1979). 
 
2.3.3 Inactivation in Pond Systems: The Role of pH 
 Previous researchers have found increasing E. coli inactivation with increasing pH in 
pond water exposed to full spectrum sunlight (Curtis, Mara et al. 1992; Davies-Colley, Donnison 
et al. 1999).  These experiments were conducted within narrow pH ranges, with Davies-Colley et 
al. (1999) studying the widest, 7.5 ! pH ! 10.  Davies-Colley et al. (1999) conducted similar 
experiments with E. faecalis and observed no pH effect.  They attributed this to different 
inactivation mechanisms: they believed endogenous indirect mechanisms dominated E. coli 
inactivation at lower pH and exogenous membrane damage dominated at higher pH, while E. 
faecalis inactivation resulted from exogenous membrane damage at all pH levels (Davies-Colley, 
Donnison et al. 1999; Davies-Colley, Donnison et al. 2000).  Curtis et al. (1992) urged that the 
effects of pH be studied in isolation as well as for synergistic effects with other variables. 
 
 
2.4 Repair of Sunlight Damage 
 
 Important to consider in any discussion of sunlight-mediated inactivation is the potential 
for microbial repair of the damage.  This is particularly relevant to natural systems, as during the 
night bacteria in these systems may have the potential to repair damage that occurred during 
daylight.  Multiple repair mechanisms have been identified including excision, occurring in the 
dark and requiring cells to expend energy (Baron 1997), as well as photo-repair, either involving 
the photolyase enzyme whose synthesis requires UVA and visible light (Kelner 1951; Sancar 
1994) or direct photoreactivation by near-UV (Eisenstark, Scandalios et al. 1989), and 
postreplicative repair, part of the “SOS” response (Sinton, Hall et al. 2002). 
 As repair mechanisms take up to 24 hours to be fully activated, cells that have undergone 
previous sunlight-mediated damage and survived are often more resilient to future damage 
(Sinton, Hall et al. 2002).  In addition, each organism has different capabilities for repair, with E. 
coli repair mechanisms well documented (Harm 1980; Jagger 1985; Eisenstark, Scandalios et al. 
1989) whereas there is conflicting evidence for E. faecalis (Sinton, Hall et al. 2002).  As might 
be expected, viruses are not capable of repair except when inside of a host cell that can mediate 
repair (Baron 1997). 
 
 
2.5 Microbiological Characteristics 
 
2.5.1 Escherichia coli 
 Escherichia coli are gram-negative, rod-shaped, facultative anaerobic coliform bacteria 
that are a natural part of the intestinal flora of most mammals and birds.  E. coli has been used as 
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an indicator of fecal contamination of waters and food for almost a century, though some species 
are human pathogens themselves (Ishii and Sadowsky 2008).  As indicator organisms, E. coli is 
currently the international standard indicator for drinking water quality (WHO 2008). 
 Of particular interest to conducting research on sunlight-mediated inactivation 
mechanisms, previous research has found either stationary phase as the most light-resistant 
(Berney, Weilenmann et al. 2006) or no difference between stationary and exponential phase E. 
coli (Reed 1997).  In addition, the use of laboratory strains and laboratory growth conditions may 
fail to reproduce adaptive traits that might exist in pond systems or polluted surface waters (Fux, 
Shirtliff et al. 2005).  Specifically in the case of E. coli, laboratory strains do not have the ability 
to colonize inert surfaces, forming a protective biofilm, a trait common in wild-type E. coli 
strains (Vidal, Longin et al. 1998). 
 
2.5.2 Enterococcus faecalis 
 Enterococcus faecalis are gram-postive, cocci-shaped, facultative anaerobic bacteria that 
are a natural part of the intestinal flora of most mammals and birds (Aarestrup, Butaye et al. 
2002; Facklam, Carvalho et al. 2002).  While most Enterococci in general are fermentative, E. 
faecalis is able to respire, however respiration requires heme (Huycke 2002).  Enterococci have 
been used as indicators of fecal contamination of waters and food for almost a century, and some 
species are now recognized as human pathogens themselves (Aarestrup, Butaye et al. 2002).  As 
an indicator organism, enterococci are currently the international standard indicator for 
recreational waters (WHO 2003), because their presence has been linked to waterborne illnesses 
(Pruss 1998).  Enterococci are known to have extraordinary tolerance to oxidative stress, as well 
as high temperature and pH tolerance with the ability to grow between 10ºC and 45ºC and 4.8 < 
pH < 9.6 (Huycke 2002).  Recent studies have found that, under the right conditions, enterococci 
can reproduce in the environment, bringing into question their usefulness as indicators of fecal 
contamination (Yamahara, Walters et al. 2009). 
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Chapter 3: Methods 
 
 

Experiments were conducted in custom-manufactured, 150-mL batch reactors that were 
filled with different aqueous solutions, spiked with E. faecalis or E. coli, exposed to simulated 
sunlight, and loss of culturability was monitored over time.  
 
 
3.1 Chemicals and Reagents 

 
Batch reactors contained deionized (DI) water, D2O (99.8%, Acros), pond water, or 

combinations of these waters.  Some experiments included Fluka humic acid (FHA; Fluka), 
Suwannee river humic acid (SRHA; International Humic Substances Society), or Rose Bengal 
sodium salt (Sigma) added to DI water as a sensitizer.  Pond water samples were obtained from 
the third or the fourth pond (‘third’ or ‘fourth’ indicating the location of the pond in a series of 
four ponds) of the Soscol Water Recycling Facility (SWRF), a municipal wastewater treatment 
facility in Napa, CA, between March 2005 and July 2009.  The SWRF consists of parallel 
treatment trains, an activated sludge and a waste stabilization pond system, that are combined for 
subsequent tertiary treatment to produce California Title-22 certified reclaimed wastewater.  
During dry weather, the majority of flow is treated through the activated sludge system, while 
during wet weather the flow is split and processed through either the series of ponds or the 
activated sludge plant.  The ponds fulfill the goals of primary treatment, through the settling of 
wastewater solids, as well as secondary treatment, including the removal of biological oxygen 
demand (BOD), nutrients (nitrogen and phosphorous), and pathogens.  The 340-acre pond 
system was designed by the late Dr. William Oswald, though over time modifications to the 
original system took place included recycling of settled algae into the primary pond (resulting in 
heavy solids loading) as well as a decrease in pond depth throughout the system from 2.5 to 1.25 
meters.  Currently the system consists of four ponds in series. 

Solutions were buffered with 20 mM of either citrate (pH ! 5, Na3C6H5O7, Fisher), 
phosphate (6 ! pH ! 8, NaH2PO4, Fisher), or carbonate (9 ! pH, NaHCO3, Fisher) and the ionic 
strength of DI water and/or D2O was adjusted to 10 mM NaCl (Fisher) to minimize bacterial 
clumping and sticking to the walls of reactors.  Throughout this work the designations “DI 
water” and “D2O” refer to these buffered and ionic strength adjusted solutions.  Pond water was 
stored in the dark at 4° C and when filtrations were required (pre-filter (pore size > 1 µm), 0.8 
µm, 0.45 µm, 0.2 µm; Millipore) these were performed sequentially within two hours of 
collection.  Pond water samples were used within three weeks of sampling.  Phosphate buffered 
dilution water (pH=7.5) was used for sample dilutions during experiments. 

Reagents for E. faecalis included Brain Heart Infusion Broth (Difco) and mEnterococcus 
Agar (Difco), with reagent contents and preparation methods outlined in USEPA approved 
Standard Methods #9230C (Eaton, Clesceri et al. 2005).  All E. coli growth solutions included 10 
g/L Bacto Tryptone (BD), 1 g/L yeast (EM Science), 8 g/L NaCl (Fisher), 0.015 g/L 
streptomycin sulfate (Fisher), 0.015 g/L ampicillin sodium salt (Fisher), 0.3 g/L CaCl2 (EMD), 
and 1 g/L dextrose (EMD); plates for enumeration also included 15 g/L granulated agar (Fisher); 
preparation methods are outlined in USEPA approved Standard Methods #9224C (Eaton, 
Clesceri et al. 2005). 
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ROS quenchers included sodium formate (99%, Fisher), dimethyl sulfoxide (DMSO; 
99.9%, Fisher), pyruvate (Sodium Pyruvate; Fisher), superoxide dismutase from bovine 
erythrocytes (SOD; Sigma), L-Histidine (98%, Acros), and poly-L-histidine (5-15KD, MP 
Biomedicals).  Reagents for H2O2 analysis included ethylenediaminetetraacetic acid disodium 
salt (Acros), 2,2-dipyridyl (99%, Aldrich), horseradish peroxidase (Sigma), N,N-diethyl-1,4-
phenylendiamine sulfate (97%, Aldrich), perchloric acid (Fisher), and sulfuric acid (Fisher).  
Liquid chromatography eluents were acetonitrile (Fisher) and formic acid (88%, Fisher).  Probe 
compounds for ROS concentration determination were furfuryl alchohol (99%, Aldrich) for 1O2 
and phenol (99%, Fisher) for HO•. 
 
 
3.2 Bacteria 
 
 E. faecalis (ATTC #19433) and E. coli (ATTC #700891) were grown from a single 
colony to stationary phase in open flasks at 37° C.  Stationary phase was determined by 
producing a standard OD600 curve for each species (see Figure 1 for sample curve).  Prior to 
inoculation into the reactors the bacteria were centrifuged at 6800 ! g for 3 min (Eppendorf 
Centrifuge, Model 5417C) and resuspended in buffered dilution water to remove any traces of 
growth media.  The initial bacterial concentration in the reactors was approximately 107 
CFU/mL.  Samples were diluted and plated using spread plate methods within 1 h of sampling.  
E. faecalis procedures were similar to USEPA approved Standard Methods #9230 (Eaton, 
Clesceri et al. 2005), with incubation at 34°C for 48 h immediately following plating on 
mEnterococcus agar.  E. coli plates were prepared similar to USEPA approved Standard 
Methods # 9224C (Eaton, Clesceri et al. 2005), with incubation for 20-28 hours at 37°C.  
Duplicate plating for t=0 samples, frequent sampling, as well as the plating of numerous 
dilutions for each sample ensured the accuracy of plate counts.  Time series (culturability curves) 
were typically based on 10-14 data points (four was the minimum, at some extreme pH levels 
where loss of culturability occurred quickly). 
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Figure 3.1: OD 600 curve for Enterococcus faecalis (ATTC #19433).  Note the 
lag phase growth up to 300 min, followed by exponential phase to 500 min, and 

finally stationary phase after 500 min. 
 
 
3.3 Experimental Setup 

 
Sunlight was simulated using an Oriel 1000 W Solar Simulator (Spectra Physics, model # 

91194).  Irradiance was measured using spectroradiometers (International Light, RPS 200 and 
RPS 380).  Air Mass 1.5 Global (AM1.5G) and Atmospheric Attenuation filters were used to 
modify the solar spectrum (Spectra Physics, models # 81088, 81017 respectively) and Air Mass 
1.5 Global (AM1.5G) and UVB/C filters to block out all light below 320 nm (Spectra Physics, 
model # 81088, 81050 respectively).  Total simulated full-spectrum (280-700 nm) irradiance was 
typically 332 W/m2, total simulated irradiance with the UVB/C blocking filter was typically 313 
W/m2, and total irradiance measured in Berkeley, CA on 6/21/05 with the sun at its zenith was 
423 W/m2.  Sample spectra can be seen in Figure 2.  Unfortunately the UVB/C filter also blocked 
approximately 25% of the UVA light. 

Simulator experiments were performed in a dark-room, to avoid any interference from 
other light sources.  The simulator was mounted on the wall above our microcosms, and the 
collimated beam intersected the water surface of our microcosms at a 90° angle.  The distance 
from the simulator lens to the water surface in our reactors was 60 cm. 
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Figure 3.2: Solar simulator spectra with ATM filters (orange line) and UVB 
blocking filters (purple line) as well as a solar spectrum taken at noon on the 
summer solstice in Berkeley, CA (38°N, 6/21/05, 12pm) (blue line) and an 

absorption spectrum of a typical pond water sample (green line, right axis).  Black 
vertical lines are shown to delineate the UVB, UVA, and visible portions of the 

wavelength spectrum. 
 
Custom designed and fabricated glass reactors (5.5-cm diameter, 10-cm depth) were used 

to expose 150-mL solutions to simulated sunlight while controlling dissolved oxygen levels and 
temperature.  Reactors were painted black to prevent reflection of light.  Dissolved oxygen (DO) 
levels were held constant by continuously bubbling nitrogen, air, or an oxygen/nitrogen mixture 
containing double the amount of oxygen found in air (42%) resulting in DO levels of 
approximately 1, 9, and 17 mg/L, respectively.  DO levels were monitored before and after 
experiments (Thermo Orion, Model 835A).  Temperature was controlled (T = 20 ± 1°C) by 
placing the reactors in a custom designed water bath with recirculating water from a chiller 
(Thermo Electron Corporation, NESLAB Merlin M25 Recirculating Chiller), and was monitored 
at the start and end of each experiment.  pH was monitored (pH ± 0.2) regularly (Beckman 
Coulter, Model F295) and adjusted as needed with 1M NaOH and 1M HCl.  Monitoring and 
adjustment was particularly important when bubbling with nitrogen and oxygen/nitrogen 
mixtures, since these mixtures contained no carbonate.  Before starting experimentation, reactors 
were bubbled and pH was adjusted following equilibration with the bubbling gasses and 
monitored regularly throughout the experiments.  No significant pH changes were observed, and 
drop-wise addition of 1 M NaOH and 1 M HCl ensured maintenance of pH ± 0.2.  During 
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experiments, 0.5-mL samples were collected and plated immediately following sampling.  UV 
and visible absorption spectra were measured at the beginning and end of each experiment 
(Perkin Elmer, Lambda 14 spectrophotometer).  Reactors for dark controls were exposed to 
identical conditions but covered with aluminum foil. 
 
3.3.1 Quencher Experiments 

Known ROS quenchers were used to understand the effect of ROS upon inactivation, and 
thus determine its role in the inactivation process.  The quenchers used included:  sodium 
formate (150 mM) and DMSO (10mM, 100 mM) for HO•; pyruvate (0.45 mM) for H2O2; SOD 
(25 U/mL) for O2•-; and L-Histidine (2 mM, 20 mM) and poly-L-histidine (2 mM histidine-
equivalent) for 1O2. 
 
3.3.2 Wavelength Experiments 

Numerous glass cutoff filters (WG320, GG400; Schott AG) (KOPP9345, Kopp Glass 
Inc.) (L37, L42; Hoya Corp.) were employed in attempts to understand the contribution of 
different wavelengths upon inactivation (see Figure 3 for spectra).  The filters exhibit cutoffs at 
specific wavelengths, defined as the wavelength at which 50% of incoming light is blocked.  
Below this cutoff wavelength more light is blocked and above the cutoff less is blocked.  Filters 
were placed on top of individual reactors during experiments. 

 
Figure 3.3:  Solar simulator spectra with various glass cutoff filters.  Filters are 

labeled with the wavelength at which 50% of incoming light is blocked. 
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3.4 ROS Measurements 

 
To measure the steady-state concentrations of 1O2 and HO•, a probe compound known to 

preferentially quench the ROS of interest was added:  furfuryl alcohol  (50 µM, kq = 1.2*108 M-

1s-1 (Haag, Hoigne et al. 1984)) for 1O2 and phenol (10 µM, kq = 1.4*1010 M-1s-1 (Kochany and 
Bolton 1991)) for OH•.  Reactors were set up identically to inactivation experiments, including 
the addition of bacteria, and 0.5-mL samples were taken at regular intervals into 2-mL amber 
glass vials which were then crimp-sealed and stored in the dark at 4°C until completion of the 
experiment.  The concentrations of these probe compounds was measured over time on an 
HPLC/UV (Gynkotek, Model 480) with a reverse-phase C18 column (Altech, Alltima C18LL 
5u) with a guard column.  Formic acid (10 mM) and acetonitrile were used as eluents, and the 
detection wavelength for both compounds was 220 nm.  The decrease in concentration of each 
probe compound was measured over time.  To measure steady state ROS concentrations, these 
decreases must be linear, and the slope of this line must be significantly different from zero.  The 
detection limit for the measurement of 1O2 was < 10-14 M and for HO•, 10-16 M.  These detection 
limits were based on the ability to measure linear decreases in concentrations significantly 
different from zero over the time-scales studied. 

H2O2 is not a short-lived species, and thus accumulates over time.  Concentrations of 
H2O2 were determined using the colorimetric method described by Bader et al. (1988) and 
modified by Voelker and Sulzberger (1996).  In brief, horseradish peroxidase is used to oxidize 
N,N-diethyl p-phenylene diamine (DPD) to a colored product in the presence of H2O2.  The 
absorbance at 552 nm is measured on a spectrophotometer, and [H2O2] is quantified based on this 
absorbance.  In our experiments, standard curves were linear from 500 µM down to 1 µM, 
making this our lower detection limit.  Samples with concentrations greater than 500 µM were 
diluted to within this range prior to measurement.  In addition, we attempted to measure the rate 
of O2•- formation following the addition of superoxide dismutase its subsequent dismutation into 
H2O2 (Zika, 1980; Cooper, 1983).  The detection limit for this method is the same as that for 
H2O2. 
 
 
3.5 Data Analysis 
 
 All calculations were performed on Microsoft Excel 2004 for Mac (Microsoft 
Corporation).  First-order rate constants (k1 obs) and 95% confidence intervals were obtained via 
linear regressions on plots of ln (CFU/mL) vs. time irradiated (h).  Because some curves 
exhibited a shoulder, a two-parameter model was also fit to the data: N = N0[1 – (1 – exp(kt))m], 
where k = first order rate constant and m is a fitting parameter (Wegelin, Canonica et al. 1994).  
Lag times were calculated as tlag = (ln(m))/k. 
 Additional analyses were performed by determining the amount of light energy 
transmitted through the reactors.  To understand what this “energy transmitted” means, it may be 
useful to imagine dividing the reactors into horizontal slices.  The amount of light energy 
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received by any slice in a reactor is equivalent to the amount of light energy transmitted through 
the previous slices.  In this way, each slice acts as a light-blocker for the subsequent slices.  In 
reality the reactors were well mixed, so this energy transmitted must be averaged over the depth 
of the reactor.  The light energy transmitted is then energy which can lead to endogenous 
inactivation or the formation of exogenous ROS.  Light energy transmitted was determined using 
the same method as Kohn et al. (2007), with first order rate constants (k1 energy obs) and 95% 
confidence intervals obtained via linear regressions on plots of ln (CFU/mL) vs light energy 
transmitted (J/m2).  As with Kohn et al. (2007), all wavelengths were weighted equally as the 
wavelength dependence of ROS quantum yields is not known.  In addition, scattering inside our 
reactors would increase the path length of light, however these calculations do not account for 
this. 
 At the outset of this study we considered multiple methods to ensure the quality of our 
data.  Traditionally, inactivation experiments have involved triplicate plating of each sample and 
error is calculated based upon the average of the three plate counts and the subsequent 
confidence intervals around this average.  The goal of triplicate plating, however, effectively 
reduces the total number of samples that can be taken due to the time required to perform plating.  
This was particularly limiting in our experiments, as each sample required processing shortly 
after it was taken.  Importantly, we found that taking only a few samples did not always give an 
accurate view of the dynamics of inactivation.  Moreover, when testing our methods, triplicate 
plating did not significantly change our average plate count, and for each sample we plated 
multiple dilutions, thereby increasing the robustness of our counts.  Rather than triplicate plating 
and displaying what would be extremely small error bars around each data point, we instead 
decreased the interval between sampling periods to give a more complete view of the 
inactivation dynamics.  Decreasing the interval between samples, and increasing the total number 
of samples taken, also enabled better curve-fitting for the determination of rate constants.  
Following this, the rate-constant error presented in this work does not represent measurement 
error from our plate counts. As discussed above, this error represents “goodness of fit” to linear 
regressions, specifically 95% confidence intervals.  In Chapter 7, where relative rates were 
compared, standard error propagation was performed when necessary (Bevington and Robinson 
2002).  To make comparisons between individual rate constants, analysis of covariance 
(ANCOVA) were performed and statistical significance was evaluated as p < 0.05; both F- as 
and p-values are reported.  The use of ANCOVA tests are somewhat limited, as they compare the 
difference between two linear regressions.  When comparing inactivation dynamics that do not 
fit well to first-order inactivation, for example data with shoulders, ANCOVA tests may under-
represent the difference in inactivation dynamics.  While first-order regressions may not be 
significantly different using an ANCOVA, the time to a specific amount of inactivation, (i.e. 
t99.9% inactivation) may in fact be different due to shoulders. 
 A final consideration in our data revolves around the reproducibility of our results.  The 
majority of the experimental results presented in this work were repeated numerous times.  
Whenever we saw an effect of something, this effect was confirmed with more than one 
experiment.  Often preliminary experiments were performed to determine the effect, if any, of a 
given treatment as well as to determine what dilutions would need to be plated and how long 
final experiment’ should be run (i.e. how many hours).  Qualitatively, these preliminary 
experiments have always resulted in identical trends to the final experiments, the results of which 
are presented here.
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Chapter 4: The Role of Dissolved Oxygen, Exogenous Sensitizers, 

Light Intensity, and Light Wavelength 
 
 
 In this chapter we identify and describe the role of oxygen, exogenous sensitizers, light 
intensity and light wavelength upon the sunlight-mediated inactivation of E. faecalis and E. coli.  
It is our hypothesis that these variables will have different effects on E. faecalis and E. coli 
inactivation. 
 
 
4.1 Enterococcus faecalis 
 
4.1.1 Dark Inactivation 
 Throughout this project, for each set of conditions dark controls were performed to 
ensure inactivation was indeed light-mediated.  The results of each dark control experiment are 
not shown, as the vast majority did not result in any inactivation.  Sample dark control results are 
represented in Figure 4.1.  In the case where dark inactivation was evident, those results are 
reported. 
 

 
Figure 4.1:  Dark inactivation of E. faecalis in DI water (solid blue line) and pond 

water (dashed green line).  All dark controls were similar, with no inactivation 
except where noted otherwise. 
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4.1.2 Direct, Endogenous, and Exogenous Photoinactivation 
To determine the potential mechanisms of E. faecalis photoinactivation and their relative 

importance, experiments in both DI and pond waters were performed with both full spectrum 
sunlight and sunlight without the UVB portion (Figure 4.2).  Inactivation in DI water with UVB 
light (kobs = 2.83 ± 0.73 h-1) occurred faster than without (kobs = 1.44 ± 0.32 h-1) (ANCOVA: 
F(1,22)=18.91, p=0.00026).  This increased inactivation rate in DI water upon the addition of 
UVB light is a result of two mechanisms:  direct absorption of UVB light by DNA and 
subsequent damage leading to inactivation and absorption of both UVB and longer wavelengths 
of light by internal cell components and subsequent production of ROS leading to indirect 
inactivation.  Since the UVB-blocking filter also decreased the amount of UVA light (Figure 
3.2), the difference in the inactivation rates may be a result of damage by some UVA as well as 
UVB wavelengths. 

 

 
Figure 4.2:  Inactivation of E. faecalis in both DI water (blue circles) and pond 

water (green squares) with both full spectrum simulated sunlight (solid lines) and 
simulated sunlight without the UVB portion (dashed lines).  Note the faster 

inactivation in pond water versus DI water, and the lack of UVB effect in pond 
water. 

 
Experiments performed with the UVB-blocking filter show that indirect inactivation 

occurred in both DI water (kobs = 1.44 ± 0.32 h-1) as well as pond water (kobs = 3.43 ± 0.98 h-1).  
The increased inactivation in pond water compared to DI water (ANCOVA: F(1,20)=24.6, 
p=75.*10-5) demonstrates that the sensitization properties of the pond water constituents were 
more significant than the light attenuation due to these constituents.  Moreover, in pond water the 
addition of UVB light did not significantly increase the rate of inactivation (kobs = 3.56 ± 0.97 h-1) 
(ANCOVA: F(1,13)=0.05, p=0.8229), indicating that longer wavelengths were quantitatively 
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much more important than shorter.  Given the shallow depth of our reactors we expect this result 
to be particularly significant in actual pond systems, as the penetration of UVB light is much 
lower than non-UVB wavelengths and so the depths to which non-UVB mediated inactivation 
could occur are much greater (99% of light at 300 nm is absorbed Napa Pond water in 
approximately 10 cm).  Further consideration of the impacts of light attenuation is presented in 
Chapter 8. 
 
4.1.3 The Importance of Oxygen 
 To determine the importance of oxygen in indirect photoinactivation, experiments in both 
DI and pond waters were performed at various DO levels.  Reactors were sparged with either 
nitrogen, air, or an oxygen/nitrogen mixture containing double the amount of oxygen found in 
the atmosphere (42%) resulting in DO levels of approximately 1, 9, and 17 mg/L, respectively.  
It is important to remember that while all experiments were performed with simulated sunlight, 
some were with filters which blocked the UVB wavelengths (Figure 3.2), preventing direct DNA 
inactivation as well as any indirect mechanisms resulting from these lower wavelengths.  As with 
earlier results, to analyze the statistical significance of the results presented in this section, 
ANCOVA analysis were performed comparing individual rate constants.  To maintain clarity, 
the results of these ANCOVA are not included within the text of this discussion and instead can 
be found in Appendix B. 
 In DI water, full-spectrum sunlight caused faster inactivation than UVB-blocked sunlight 
at each dissolved oxygen level (Figure 4.3).  In DI water sparged with nitrogen, inactivation 
occurred both with and without the UVB wavelengths (Figure 4.3).  An unexpected find was that 
the inactivation due to UVB light in the absence of oxygen was slower than inactivation without 
UVB but with oxygen (Figure 4.3). 
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Figure 4.3:  Inactivation of E. faecalis in DI water exposed to full spectrum 

simulated sunlight (orange lines) or UVB-blocked simulated sunlight (blue lines).  
Reactors were sparged with nitrogen (squares), air (circles) or a double-oxygen 
mixture (triangles).  Inactivation rate increased with increased dissolved oxygen 

concentration in both full spectrum and UVB-blocked simulated sunlight. 
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Figure 4.4:  Inactivation of E. faecalis in pond water exposed to full spectrum 
simulated sunlight (green lines) or UVB-blocked simulated sunlight (red lines).  
Reactors were sparged with nitrogen (squares), air (circles) or a double-oxygen 

mixture (triangles).  Inactivation rate remained constant when oxygen 
concentration increased above air saturation. 

 
 In pond water, the addition of the UVB wavelengths had no significant effect on 
inactivation rates at or above air-saturated dissolved oxygen levels (Figure 4.4).  However below 
air saturation, adding UVB increased the rate of inactivation (Figure 4.4).  At each level of 
dissolved oxygen, both with and without the UVB portion of sunlight, the rate E. faecalis 
inactivation in pond water was faster than in DI water (Figures 4.5 and 4.6).  Whether exposed to 
full spectrum or UVB-blocked sunlight, rates of inactivation in DI water increased with 
increasing oxygen levels (Figure 4.3), while in pond water the rate of inactivation increased with 
increasing DO level up to air saturation and above air saturation the rate remained constant 
(Figure 4.4).  While the decreased inactivation rate below air saturation in pond water exposed to 
full spectrum simulated sunlight was not significantly different than air or double-oxygen 
sparged (See ANCOVA results, Appendix B), repeated experiments maintained qualitatively 
similar results, with a longer time to 5-log inactivation for this treatment. 
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Figure 4.5:  Inactivation of E. faecalis in DI water (blue lines) and pond water 
(red lines) exposed to UVB-blocked simulated sunlight.  Reactors were sparged 

with nitrogen (squares), air (circles) or a double-oxygen mixture (triangles).  
Inactivation was faster in pond water than in DI water at each dissolved oxygen 

level tested.  (Same data as Figures 4.3 and 4.4) 
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Figure 4.6:  Inactivation of E. faecalis in DI water (blue lines) and pond water 
(red lines) exposed to full spectrum simulated sunlight.  Reactors were sparged 

with nitrogen (squares), air (circles) or a double-oxygen mixture (triangles).  
Inactivation was faster in pond water than in DI water at each dissolved oxygen 

level tested. (Same data as Figures 4.3 and 4.4) 
 
 That oxygen is important in the sunlight-mediated inactivation of E. faecalis confirms the 
conclusions of previous researchers (Reed 1997; Davies-Colley, Donnison et al. 1999).  More 
specifically however, we found oxygen to be important in indirect processes, both endogenous 
and exogenous.  Our findings from DI water experiments that direct endogenous inactivation (N2 
sparged, with UVB light, Figure 4.3) occurred more slowly than indirect endogenous 
inactivation (air sparged, no UVB light, Figure 4.3) is even more significant when we consider 
that the UVB-blocking filter blocked not only UVB light which could contribute to both direct 
and indirect inactivation, but also decreased the amount of UVA light.  Moreover, sparging with 
nitrogen did not completely remove all oxygen from the system (1 mg/L remained), oxygen that 
could contribute to indirect mechanisms.  All of these results put together implies that the 
importance of indirect inactivation is vastly more important than direct UVB inactivation, even 
in clear DI water. 
 In the case of exogenous processes, even at very low DO levels inactivation in pond 
water is markedly higher than in DI water (Figure 4.5), emphasizing the important role of 
exogenous sensitizers.  In addition, in our results a threshold appears beyond which increasing 
DO does not affect inactivation (Figure 4.4).  This threshold is most likely a result of either a 
limitation in the number of sensitizers that might result in ROS production, or in sensitizers 
physically located in places where they may then damage E. faecalis upon ROS production.  If 
we assume that 1O2 is the primary cause of exogenous damage, then we might conclude that this 
exogenous process is NOM-limited at higher dissolved oxygen levels.  However there may be 
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other important species involved in the inactivation mechanism and this may not be the entire 
story.  The role of different ROS in sunlight-mediated inactivation are presented in Chapter 5.  
 As decreasing dissolved oxygen concentration decreases inactivation rates, it is clear that 
oxygen can be a limiting factor in inactivation, particularly in the absence of exogenous 
sensitizers (Figure 4.3).  In pond water containing numerous exogenous sensitizers, the decrease 
in indirect inactivation at low oxygen levels results in an increase in the relative importance of 
the UVB portion of sunlight upon inactivation rates, as it is first at these low oxygen levels that 
we see any increased inactivation due to the addition of UVB light in pond water (Figure 4.4).  
However it is important to remember that a very low portion of natural sunlight reaching the 
earth is in this UVB range, and this light is quickly attenuated, particularly in colored waters 
containing potential sensitizers. 
 
4.1.4 Sensitizers and Their Concentrations 

To understand the effects of different sensitizers upon the rate of indirect exogenous 
inactivation, experiments were performed using filtrates of pond water with exposure to 
simulated sunlight excluding the UVB wavelengths.  While sequentially removing smaller and 
smaller particles may alter the production and quenching of ROS, it also changes the amount of 
light transmitted through each reactor.  To help separate these effects, consider first what would 
happen if pond water particles served only as light blockers (not ROS sensitizers).  Changes in 
light transmitted would only change the potential for endogenous inactivation.  Since the bacteria 
themselves absorb very little light when compared to pond water constituents (Figure 4.7), the 
number of photons that are transmitted through each well-mixed reactor would then be roughly 
equal to the number that each bacterium experiences within the reactor.  These photons-
transmitted, which are experienced by the bacteria directly, could result in endogenous 
inactivation.  Plots of inactivation versus photons transmitted effectively normalize for 
endogenous inactivation.  If particles in the water column absorbed light but did not act as 
sensitizers, we would expect inactivation curves plotted versus photons transmitted (Pt,avg) to fall 
onto one line.  Thus, any increase in the rate of inactivation when determined from plots versus 
Pt,avg must be due to an increase in exogenous inactivation.  Furthermore, Chapter 5 presents 
results showing that wavelengths above the UVA range do not significantly contribute to 
endogenous inactivation.  It is for this reason that the results of these experiments are presented 
as plots versus UVA photons transmitted (Pt-UVA,avg). 
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Figure 4.7:  Absorption spectra for raw pond water (dark green), 0.2 µm filtered 

pond water (light green), and DI water (blue), all spiked with bacteria prior to 
exposure to simulated sunlight.  Note that bacteria in DI water did absorb some 

light, though the amount was very small when compared to pond water. 
 

In pond water filtrate experiments, inactivation rates tended to decrease as nominal filter 
pore size decreased when plotted versus time (Figure 4.8).  This relationship can be seen more 
clearly when plotted versus Pt-UVA,avg (Figure 4.9), indicating that all size fractions contributed to 
exogenous inactivation.  While some researchers believed dissolved humic substances to be the 
primary photosensitizers leading to inactivation of faecal coliforms (Curtis, Mara et al. 1992), 
others found dissolved and particulate constituents important in Enteroccoci inactivation 
(Davies-Colley, Donnison et al. 1997).  In our experiments we studied numerous particle size 
fractions and found all of these size fractions, both dissolved and particulate, played a role in the 
inactivation process.  As pond water consists largely of algae, algal exudates, and dissolved algal 
cell lysates, it is likely that these substances play an important role in the photosensitization 
process.  Similar results were also found for MS2 coliphage (Kohn and Nelson 2007).  That these 
substances have been shown to increase the photolysis of organic chemicals (Zepp and 
Schlotzhauer 1983) supports this explanation. 
 



 

 33 

 
Figure 4.8:  Inactivation of E. faecalis in DI water and multiple pond water 
filtrates verses time.  Inactivation rate decreased with increased filtration. 

 

 
Figure 4.9:  Inactivation of E. faecalis in DI water and multiple pond water 
filtrates verses the number of UVA photons transmitted through the reactor.  

Inactivation rate decreased with increased filtration. 
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Figure 4.10:  Inactivation of E. faecalis in pond water diluted with DI water 

verses time.  Inactivation decreased as the percentage of pond water decreased. 
 

 
Figure 4.11:  Inactivation of E. faecalis in pond water diluted with DI water 

verses the number of UVA photons transmitted through the reactor.  Inactivation 
decreased as the percentage of pond water decreased. 



 

 35 

 
To further understand the effects of pond water constituents and their concentrations, 

experiments containing pond water mixed with DI water were performed with simulated sunlight 
filtered to exclude the UVB wavelengths.  With mixtures containing greater than 25% pond 
water, inactivation rates of the mixtures was not much different than those with 100% pond 
water (Figure 4.10).  Up to this 25% threshold, as concentrations of pond water increased, 
inactivation rates increased (Figures 4.10 and 4.11), so much so that even the presence of 2.5% 
pond water caused faster inactivation than DI water. 

These results may be explained in a number of different ways.  Again, consider that pond 
water constituents serve a dual role as sensitizers of ROS as well as blockers of light:  they 
increase exogenous mechanisms but decrease endogenous mechanisms.  That the 25% to 100% 
pond water reactors witnessed no change in inactivation rates may simply be a result of the 
interplay between these mechanisms:  as the rate of exogenous mechanisms decrease, 
endogenous are increasing as the bacteria are exposed to greater amounts of sunlight.  As 
mixtures drop below 25% pond water, the sum of these two mechanisms begin to drop, until with 
plain DI water we have only endogenous inactivation.  Another explanation lies in the degree of 
bacterial particle association.  It is possible that at greater than 25% pond water the number of 
particles far outnumbers adsorption sites on the bacterial cells.  However as the percentage of 
pond water drops below 25, open spaces begin to occur, decreasing the amount of localized ROS 
production and decreasing exogenous inactivation rates. 

In addition to looking at pond water concentrations and filtrates, some limited 
experimentation was performed with UVB-blocked simulated sunlight on other potential 
sensitizers including Aldrich Humic Acids (AHA) and Suwannee River Humic Acids (SRHA).  
Concentrations of each humic acid were chosen for a combination of reasons: the ability to 
dissolve the dried humic acid in DI water and the amount of dissolved humic acid needed to see 
inactivation different from DI water.  Interestingly, when plotted versus time, these sensitizers 
demonstrated the two possibilities of light-absorbing water constituents:  SRHA acted primarily 
as a blocker of light, decreasing E. faecalis inactivation when compared to DI water (ANCOVA: 
F(1,32)=52.86, p=2.9*10-8), while AHA modestly increased the rate of inactivation when 
compared to DI water, although first order rate constants were not statistically different 
(ANCOVA: F(1,35)=1.54, p=0.22228) (Figure 4.12).  The reasons for this difference could be 
numerous, including different ROS sensitization capabilities and different adsorption 
characteristics with E. faecalis. 
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Figure 4.12:  Inactivation of E. faecalis over time in reactors containing DI water 

(blue circles), Suwannee Humic Acid (red squares), or Aldrich Humic Acid 
(green triangles).  Inactivation in Suwannee humics was slower than in DI water, 

while in Aldrich humics inactivation was faster. 

 
Figure 4.13:  Inactivation of E. faecalis versus the number of photons transmitted 
through reactors containing DI water (blue circles), Suwannee Humic Acid (red 

squares), or Aldrich Humic Acid (green triangles). 
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Figure 4.14:  Inactivation of E. faecalis versus the number of UVA photons 

transmitted through reactors containing DI water (blue circles), Suwannee Humic 
Acid (red squares), or Aldrich Humic Acid (green triangles).  Note how all of the 

inactivation curves collapse on top of one another. 
 

When inactivation curves are plotted versus light transmitted – to normalize for 
endogenous inactivation - we can see a more complex story.  After exposure to a given number 
of UVA and visible photons, SRHA continues to act as a light-blocker with slower inactivation 
than in DI water, while the presence of AHA results in faster inactivation than DI water alone 
(Figure 4.13).  Furthermore when inactivation versus the number of photons is determined based 
upon only the UVA wavelengths, the wavelengths most important for endogenous E. faecalis 
inactivation, the inactivation rates of SRHA and DI water appear the same – the two curves 
collapse onto one another – while AHA falls even further below these two (Figure 4.14).  This 
analysis indicates the particular importance of UVA wavelengths in endogenous inactivation 
mediated by these humic acids.  When considering total light transmitted, it appears as though to 
reach a given amount of E. faecalis inactivation SRHA requires a greater number of total 
photons compared to DI water (Figure 4.13).  However when only UVA light considered, 
exposure to a given number of photons results in the same level of inactivation in these two 
waters (Figure 4.14).  In the case of AHA, however, when normalizing for endogenous 
inactivation by considering only UVA light transmitted we saw faster inactivation in AHA than 
DI water (Figure 4.14).  When bacteria experience a given amount of UVA light, E. faecalis 
inactivation is faster in the presence of AHA leading us to conclude that AHA, unlike SRHA, 
acts as an exogenous sensitizer producing ROS leading to inactivation. 

In each of these experiments a key variable that has yet to be investigated is the degree of 
particle association between potential sensitizers and bacterial cells.  The association of 
sensitizers and bacteria may play a key role in the ability of a sensitizer to cause inactivation as it 
does for MS2 coliphage (Kohn and Nelson 2007).  Since ROS are highly reactive and short 
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lived, the formation of these ROS in close proximity to the target bacteria would increase the 
likelihood of reactions between these two, thereby increasing the ability of a sensitizer to 
inactivate the bacteria.  Therefore, when investigating the effectiveness of a potential 
photoinactivating species, its potential to act as a photosensitizer leading to the production of 
ROS, its degree of association with the organism of interest, and its light absorption spectrum are 
all important variables. 
 
4.1.5 Intensity and Inactivation 
 To understand the relationship between light intensity and inactivation, experiments 
using simulated sunlight filtered to exclude the UVB wavelengths were performed with covers 
placed over the reactors.  These covers allowed different amounts of light to enter into each 
reactor, ranging from 50% to 100% of the incident light, but did not change the light spectrum.  
These experiments were performed to determine whether or not there might be an intensity 
threshold, below which inactivation would not occur.  It is conceivable that a threshold exists 
below which bacteria are able to defend against and repair sunlight-mediated damage, preventing 
inactivation.  Our experiments in both DI and pond waters show evidence of no such threshold.  
When plotted versus the total light received, inactivation curves at the different light intensities 
all combine onto one line (Figures 4.15 and 4.16).  As the intensity of our simulator is less than 
midsummer noon sunlight at our location (Figure 3.2), and no threshold exists down to 50% 
simulator light intensity, we don’t expect such a threshold to be an complicating factor in any of 
our experiments. 
 

 
Figure 4.15:  Inactivation of E. faecalis in DI water versus total light received in 

reactors exposed to a range of light intensities.  Note how all of the curves 
collapse onto one another.  
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Figure 4.16:  Inactivation of E. faecalis in pond water versus total light received 

in reactors exposed to a range of light intensities.  Note how all of the curves 
collapse onto one another. 

 
 Interestingly, there appears to be a linear relationship between inactivation and the total 
amount of light received up to 50% intensity (Figures 4.15 and 4.16).  This could be modeled as 
a UV fluence/dose relationship (Inactivation = I*t), similar to UVC disinfection methods, with I 
as the light intensity and t as time.  We did not explore levels below 50% intensity as the time 
required to conduct such experiments would be prohibitive (experiments at 50% intensity in DI 
water required 17 hours to achieve 4-log inactivation).  Previous research has found light dose 
reciprocity, that inactivation is related to total light received independent of the intensity, was 
valid for E. coli (Berney, Weilenmann et al. 2006) and S. typhimurium (Bosshard, Berney et al. 
2009) from 50 to 700 W/m2.  However at very high or low light intensities as well as when 
exposure was split with a break in the middle, similar to natural cycles, reciprocity failed 
(Bosshard, Berney et al. 2009).  No research was found concerning sunlight-mediated 
inactivation of E. faecalis and reciprocity.  Our full-intensity experiments were performed at 
~310 W/m2, therefore if we assume E. faecalis has similar reciprocity dynamics as the bacteria 
tested by previous researchers, we might reasonably expect reciprocity from 20% to 200% 
intensity. 
 
4.1.6 The Role of Light Wavelength 
 Action spectra are a tool used to describe the relative effectiveness of energy at different 
wavelengths in producing a response or causing a reaction.  For our purposes, action spectra are  
useful to represent which wavelengths are involved in the photoinactivation of microorganisms.  
We conducted a number of experiments to study the relative ability, if any, of different 
wavelengths of light to inactivate E. faecalis.  The experiments were completed using cutoff 
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filters which removed 50% of incoming light at the specified cutoff wavelength, as well as light 
below that wavelength (Figures 3.3 and 4.17).  It is important to note that the cutoffs were not 
vertical, and some light below the cutoff was allowed through the filter.  In addition, the lowest 
cutoff wavelength of 270 nm was equivalent to full-spectrum simulated sunlight, as no light at 
these UVC wavelengths is present in the solar spectrum at the earth’s surface.  Finally, using 
these wavelength cutoff filters not only removed light around and below the specified 
wavelength but also decreased the total irradiance up to 20% (see Figure 4.17).  As presented 
earlier, E. faecalis inactivation rates were linearly related to total irradiance within this intensity 
range (see Chapter 4.1.5).  Based on this linearity, E. faecalis inactivation rates are presented 
together with rates that are normalized based on irradiance.  If all light wavelengths had the same 
effect on inactivation, normalizing inactivation rates by intensity would have made all of the 
rates equal. 
 

 
Figure 4.17: Solar simulator spectra with various glass cutoff filters.  Filters are 

labeled with the wavelength at which 50% of incoming light is blocked.  Note that 
light below the cutoff wavelengths passes through the filters.  

 
 Results from inactivation experiments with wavelength cutoff filters demonstrated that 
wavelengths in the UVB, UVA, and visible ranges all contribute to both exogenous and 
endogenous E. faecalis inactivation (Figure 4.18).  In the case of endogenous, inactivation due to 
wavelengths above 370 nm was very slow, while in pond water even up to the highest cutoff 
filter tested, 420 nm, inactivation remained significant (Figure 4.18).  In fact in pond water 
exposed to simulated sunlight with the 420 nm cutoff filter, inactivation rates were similar to 
those in DI water with the 320 nm cutoff filter (Figure 4.18).  The importance of these longer 
wavelengths in pond water indicate that in natural systems, even at depths where UV light cannot 
reach, E. faecalis inactivation should still occur.  In addition, pond water experiments had higher 
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inactivation rates than DI water experiments at every cutoff wavelength (Figure 4.18).  This is 
consistent with what we have seen in past E. faecalis experiments, namely that the sensitization 
properties of the pond water constituents were more significant than the light attenuation due to 
these constituents. 
 Both pond and DI water inactivation rates decrease in a roughly linear fashion until the 
370 nm cutoff, after which inactivation rates remain relatively constant (Figure 4.18).  This leads 
us to conclude that below 370 nm, both endogenously and exogenously, the lower the 
wavelength the better the E. faecalis inactivation potential, while wavelengths above 370 nm 
have similar inactivation potential.  This may be explained in part by the absorption spectra of 
the waters we are testing – at lower wavelengths these waters absorb more light (Figure 4.7), a 
precondition for the subsequent formation of ROS.  More interestingly, this pattern may also be 
indicative of different mechanisms leading to inactivation.  Inactivation at lower wavelengths is 
likely more complex, involving multiple processes and ROS, while at the higher wavelengths the 
process may become more simple.  At these higher wavelengths singlet oxygen a likely 
candidate.  The energy required to excite oxygen from its ground triplet to its lowest energy 
singlet state is 94 kJ/mol (Wilkinson, Helman et al. 1995).  While this corresponds to the energy 
in 1269 nm light (E = hc/!, where h = Planck’s constant = 6.626*10-34 Js, c = speed of light = 
2.998*109 m/s, and 1 mol = 6.022*1023), direct transition upon exposure to light is strictly 
forbidden, and formation  of the singlet state occurs instead through photosensitization processes 
which are not 100% efficient (Schweitzer and Schmidt 2003; Clo, Snyder et al. 2007).  In natural 
waters, wavelengths up to 600 nm are generally considered important in the photosensitized 
production of 1O2 (Haag, Hoigne et al. 1984; Schwarzenbach, Gschwend et al. 2003).  While we 
did not perform experiments with cutoff wavelengths higher than 420 nm as these would have 
been prohibitively long (using the 420 nm cutoff filter required over 31 hours to reach 3-log 
inactivation), we might expect inactivation rates to decrease above 600 nm. 
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Figure 4.18: Inactivation rates of E. faecalis exposed to simulated sunlight with 
various cutoff filters in pond water (green squares) and DI water (blue circles), 

both intensity-corrected (open symbols) and uncorrected (closed symbols).  Error 
bars represent 95% confidence intervals. 

 
 
4.2 Escherichia coli 
 
4.2.1 Dark Inactivation 
 As with E. faecalis, for each set of conditions dark controls were performed to ensure 
inactivation was indeed light-mediated.  The vast majority did not result in any inactivation; 
sample dark control results are represented in Figure 4.19.  In the case where dark inactivation 
was evident, those results are reported. 
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Figure 4.19: Dark inactivation of E. coli in DI and pond waters.  All dark controls 

were similar, with no inactivation except where noted otherwise. 
 
4.2.2 Direct, Endogenous, and Exogenous Photoinactivation 

To determine the potential mechanisms of E. coli photoinactivation and their relative 
importance, experiments in both DI and pond waters were performed with both full spectrum 
sunlight and sunlight without the UVB portion (Figure 4.20).  Inactivation in DI water with UVB 
light (kobs = 1.94 ± 0.38 hr-1) occurred faster than without (kobs = 0.38 ± 0.10 hr-1) (ANCOVA: 
F(1,24)=47.94, p=3.7*10-7).  Similarly, inactivation in pond water with UVB light (kobs = 1.01 ± 
0.16 hr-1) occurred faster than without (kobs = 0.22 ± 0.06 hr-1) (ANCOVA: F(1,32)=99.9, 
p=2.3*10-11).  In complete contrast to E. faecalis (Figure 4.2), the decreased inactivation rates in 
pond water when compared to DI water both with UVB (ANCOVA: F(1,29)=26.15, p=1.8*10-5) 
and without (ANCOVA: F(1,27)=9.55, p=0.00459) demonstrate that the sensitization properties 
of the pond water constituents were less significant than the light attenuation due to these 
constituents. 
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Figure 4.20:  Inactivation of E. coli in both DI water (blue circles) and pond 

water (green squares) with both full spectrum simulated sunlight (solid lines) and 
simulated sunlight without the UVB portion (dashed lines).  Inactivation was 
faster in DI water than pond water, and the addition of the UVB wavelengths 

greatly increased the rate of inactivation in both waters. 
 

These results are in line with the results of previous work, namely that E. coli is 
particularly sensitive to UVB inactivation relative to the longer wavelengths (Curtis, Mara et al. 
1992; Davies-Colley, Donnison et al. 1999).  However, different from Curtis et al. (1992), we 
found external sensitizers decreased rather than increased inactivation.  In addition, in contrast to 
Davies-Colley et al. (1999; 2000) we found wavelengths outside of the UVB range capable at 
inactivating E. coli, albeit much less effectively than the lower wavelengths.  Our results indicate 
that in our system E. coli is dramatically less sensitive to exogenous inactivation mechanisms 
than E. faecalis, either because of it’s resistance to external ROS damage or because of different 
particle association characteristics resulting in its experiencing lower exogenous ROS 
concentrations. 

 
4.2.3 The Importance of Oxygen 
 As with E. faecalis, experiments in both DI and pond waters were performed at various 
DO levels to determine the importance of oxygen in indirect photoinactivation.  An identical 
setup was used, with DO levels of constant at approximately 1, 9, and 17 mg/L.  Once again 
experiments were performed with simulated sunlight, both full spectrum as well as filtered to 
block the UVB wavelengths (Figure 3.2).  As before, to maintain clarity in the text the statistical 
analyses of the results presented in this section are included in Appendix B.  As plots of E. coli 
inactivation over time often contained a shoulder prior to inactivation, comparisons of first-order 
inactivation rates are of limited usefulness.  The discussion below takes into account this 
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limitation, and when differences are described that were not statistically confirmed via 
ANCOVA comparisons (Appendix B), they have been confirmed through repeated 
experimentation with qualitatively similar findings. 
 In sunlight without the UVB portion, in both DI and pond waters E. coli inactivation rates 
increased with increasing DO level (Figure 4.21).  However when exposed to full spectrum 
sunlight, in pond water, inactivation rates increased with increasing DO, while in DI water 
inactivation for air and double-oxygen sparged were the same, while nitrogen sparged was 
slower (Figure 4.22).  In addition, for both full spectrum as well as UVB-blocked sunlight, at 
each DO level the rate of inactivation in pond water was slower than the rate in DI water 
(Figured 4.21 and 4.22).  In fact in full spectrum sunlight, even the fastest inactivation of E. coli 
in pond water (double-oxygen sparged) was slower than the slowest in DI water (nitrogen 
sparged) (Figure 4.22). 

 

 
Figure 4.21: Inactivation of E. coli in DI water (blue lines) and pond water (red 
lines) exposed to UVB-blocked simulated sunlight.  Reactors were sparged with 

nitrogen (squares), air (circles) or a double-oxygen mixture (triangles).  
Inactivation rates increased with increased dissolved oxygen level and were faster 
in DI water than in pond water for each individual dissolved oxygen level tested. 
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Figure 4.22:  Inactivation of E. coli in DI water (blue lines) and pond water (red 
lines) exposed to full spectrum simulated sunlight.  Reactors were sparged with 

nitrogen (squares), air (circles) or a double-oxygen mixture (triangles).  All 
inactivation rates in DI water were faster than the rates in pond water, 

independent of dissolved oxygen level. 
 

 In both DI and pond waters, full-spectrum sunlight caused much faster inactivation than 
UVB-blocked sunlight at each dissolved oxygen level, such that even the slowest rate with full-
spectrum sunlight was faster than the fastest with UVB-blocked sunlight (Figures 4.23 and 4.24).  
Also in both DI and pond waters, when sparged with nitrogen inactivation occurred both with 
and without the UVB wavelengths (Figures 4.23 and 4.24). 
 That oxygen is an important variable in E. coli inactivation complements the work of 
previous researchers who have found sunlight-mediated inactivation strongly dependent on 
oxygen for faecal coliforms in general (Curtis, Mara et al. 1992) as well as E. coli specifically 
(Webb and Lorenz 1970; Reed 1997; Davies-Colley, Donnison et al. 1999).  In the absence of 
external sensitizers, Webb and Lorenz (1970) found E. coli inactivation oxygen-independent 
below 313nm, but oxygen-dependent above.  While our results were not targeted in the same 
fashion, we do see a similar trend.  The effect of oxygen on inactivation in DI water was lower 
when UVB was present (Figure 4.23).  In addition to the must faster inactivation rates with full 
spectrum sunlight, the decreased oxygen-dependence of E. coli inactivation in the presence of 
UVB light in both DI and pond waters provides evidence for the dominance of UVB 
mechanisms.  It is not possible, however, to completely separate what portion of this UVB effect 
is due to direct versus indirect damage.  Even though we were not able to remove all of the 
oxygen from our system, we were able to demonstrate an oxygen-limitation even in the presence 
of UVB light (Figure 4.23), indicating that direct UVB is not the only important mechanism. 
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Figure 4.23:  Inactivation of E. coli in DI water exposed to full spectrum 

simulated sunlight (orange lines) or UVB-blocked simulated sunlight (blue lines).  
Reactors were sparged with nitrogen (squares), air (circles) or a double-oxygen 

mixture (triangles).  All inactivation rates with full spectrum light were faster than 
the rates with UVB-blocked light, independent of dissolved oxygen level.  (Same 

data as Figures 4.21 and 4.22) 
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Figure 4.24:  Inactivation of E. coli in pond water exposed to full spectrum 

simulated sunlight (green lines) or UVB-blocked simulated sunlight (red lines).  
Reactors were sparged with nitrogen (squares), air (circles) or a double-oxygen 

mixture (triangles).  Inactivation rates increased with increased dissolved oxygen 
level, and all inactivation rates with full spectrum light were faster than the rates 
with UVB-blocked light, independent of dissolved oxygen level.  (Same data as 

Figures 4.21 and 4.22) 
 

4.2.4 Sensitizers and Their Concentrations 
As with E. faecalis, to understand the effects of sensitizers upon indirect exogenous 

inactivation rates, experiments were performed using filtrates of pond water with exposure to 
UVB-blocked simulated sunlight (Figure 4.25).  In the case of E. coli we have already 
demonstrated that endogenous mechanisms appear to dominate inactivation in our system, and so 
we would expect that plots verses photons transmitted would fall onto one line, since we do not 
expect exogenous mechanisms to cause any differentiation. 

Indeed our results closely resemble this expected scenario, with the different filtrates 
having very similar inactivation rates when plotted versus total photons transmitted (Figure 
4.26).  That there does seem to be a slight trend of increasing inactivation with increased 
filtration might be explained in a few ways.  First, while endogenous mechanisms dominate E. 
coli inactivation in our systems, this does not completely eliminate the possibility that some 
exogenous inactivation may occur.  Second, for plots versus photons transmitted to fall onto one 
line, all of the light absorbed in the system must be absorbed by exogenous chromophores.  This 
is an ideal case, which was not entirely witnessed in our systems:  the bacteria did absorb some 
light, and although this was much less than the light absorbed by pond water constituents, it was 
not zero (Figure 4.7). 
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Figure 4.25:  Inactivation of E. coli in DI water and multiple pond water filtrates 

verses time.  Inactivation rates for all of the filtrations were very similar. 
 

 
Figure 4.26:  Inactivation of E. coli in DI water and multiple pond water filtrates 
verses the number of photons transmitted through the reactor.  Inactivation rates 

for all of the filtrations were very similar. 
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An alternative approach would be to view plots of inactivation versus photons absorbed 

(Pa,avg).  Any photon of light absorbed has the potential to produce ROS leading to inactivation.  
While this process is not totally straightforward, as photons of different wavelengths have 
different capacities to lead to the production of ROS, it is still a useful tool to understand our 
results.  In plots versus photons absorbed, the rate of E. coli inactivation decreases with 
decreased filtration (Figure 4.27):  as more photons are absorbed by pond water constituents, less 
inactivation occurs.  Unlike E. faecalis, the absorption of more light does not lead to more 
inactivation, and the exogenous processes are not as important in E. coli inactivation.  In a sense, 
these photons that are absorbed by pond water constituents are ‘wasted’, in that they do not 
increase the inactivation rate of E. coli. 

 

 
Figure 4.27:  Inactivation of E. coli in DI water and multiple pond water filtrates 
verses the number of photons absorbed in the reactor.  Inactivation decreased with 

decreased filtration. 
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Chapter 5: Evidence for the Involvement of ROS 
 
 

In Chapter 4 we presented results showing that E. faecalis inactivation occurred more 
quickly in pond water than DI water whereas E. coli inactivation occurred more slowly in pond 
water than DI water.  These results suggest that exogenous inactivation played an important role 
in sunlight-mediated inactivation of E. faecalis but not E. coli.   In this chapter we attempted to 
determine which ROS were involved in the exogenous inactivation mechanism.  As expected, no 
evidence was found to support a role for ROS produced exogenously in the inactivation of E. 
coli.  Although our focus was upon exogenous mechanisms, endogenous mechanism could not 
be excluded because in the presence of exogenous sensitizers damage by both exogenous and 
endogenous mechanisms can occur simultaneously.  To investigate indirect inactivation, all 
experiments were performed with simulated sunlight filtered to exclude the UVB wavelengths 
(to prevent direct inactivation).  While blocking the UVB wavelengths also reduced some of the 
indirect inactivation, inclusion of the UVB wavelengths would have included direct inactivation, 
complicating the interpretation of these experiments. 
 
 
5.1 Enterococcus faecalis 
 
5.1.1 Singlet Oxygen (1O2) 

Measurements of [1O2]ss in pond water were on the order of 10-13 M.  Interestingly, in 
pond water sparged with oxygen/nitrogen mixtures, [1O2]ss followed the same pattern as the rate 
inactivation: increasing with increased DO levels up to air saturation and above air saturation 
remaining roughly constant (Figure 5.1).  Results of statistical comparisons indicate the strength 
of this trend (Table 5.1).  Note that even when bubbled with pure nitrogen, not all of the oxygen 
was removed from the reactors, and so the possibility of 1O2 playing a role in inactivation 
remains even at these low DO concentrations.  It is possible that the formation of 1O2 was 
dissolved oxygen limited in our nitrogen-sparged reactors, resulting the lower [1O2]ss.  This 
explanation is consistent with recent work by Cory et al. (2009), in which they found the uptake 
of dissolved oxygen directly correlated to the formation of singlet oxygen by Suwanee River and 
Pony Lake fulvic acids. 
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Table 5.1:  Results from two-way ANCOVA comparisons, indicating the 
statistical significance of E. faecalis inactivation rates and [1O2] in reactors 
sparged with nitrogen, air, or double-oxygen mixtures.  Inactivation rates are 
presented in Figure 5.1. 
 

  Air Double-O2 

N2 
F(1,14)=23.26 

p=0.00027 
F(1,14)=28.08 

p=0.00011 

[1 O
2] 

Air --- F(1,11)=0.03 
p=0.86834 

    

N2 
F(1,15)=4.59 
p=0.04901 

F(1,15)=7.13 
p=0.01746 

E.
 fa

ec
al

is 
In

ac
tiv

at
io

n 

Air --- F(1,15)=0.07 
p=0.79894 

 
 

 
Figure 5.1:  Singlet oxygen concentration (blue circles) and E. faecalis 

inactivation rate constant (red squares) in pond water at multiple dissolved 
oxygen levels.  Error bars represent 95% confidence intervals 
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To determine whether 1O2 is able to inactivate E. faecalis, experiments were performed 
with the addition of Rose Bengal, a 1O2 producing sensitizer.  Of note is that Rose Bengal is 
partially membrane permeable, and in fact locates inside of the membrane (Dahl, Valdesaguilera 
et al. 1989; Kochevar, Lambert et al. 1996; Demidova and Hamblin 2005) so inactivation could 
be a result of either endogenously membrane-bound or exogenously produced 1O2 or a 
combination of both.  At even very low concentrations of Rose Bengal (0.1 µM), over 4 logs of 
inactivation occurred in less than 15 minutes of simulated sunlight exposure, while dark controls 
remained unaffected.  At this Rose Bengal concentration, [1O2] was measured to be 6.74*10-13 M.  
Again it is crucial to remember that while pond water constituents are expected to produce 
exogenous 1O2, Rose Bengal is partially membrane permeable, so it is not an appropriate model 
sensitizer for pond water constituents.  Nonetheless, it is clear that 1O2 can inactivate E. faecalis. 

To further study the role of 1O2 in, quencher experiments were performed with the 
addition of histidine (a membrane permeable quencher of 1O2) to pond and DI water as well as 
polyhistidine (membrane impermeable, consisting of approximately 60 histidine monomers) to 
pond water (Figure 5.2).  The addition of 2mM of histidine significantly decreased sunlight-
mediated inactivation in DI water, however 20 mM was required to see an effect in pond water 
(Figure 5.3).  In the case of polyhistidine, a significant decrease in inactivation was evident with 
the addition of 2 mM to pond water.  The addition of polyhistidine to DI water resulted in an 
increase in inactivation, which was also observed in dark controls.  This apparent increase in 
inactivation in the dark is believed to be due to the large polymer polyhistidine causing 
aggregation, which reduced the  colony forming units (CFU) rather than causing actual 
inactivation.  That this phenomenon was not experienced in pond water is likely due to the 
overwhelming number of pond water constituents binding to the polymer, preventing any large 
agglomerations of bacteria. 
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Figure 5.2:  Inactivation of E. faecalis in DI (blue circles) and pond water (green 
squares) with the addition of singlet oxygen quenchers histidine (open circles) or 

polyhistidine (open squares). 

 
Figure 5.3: Inactivation of E. faecalis in pond water with (open red circles) and 

without (filled green squares) the addition of 20 mM histidine. 
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Based upon ANCOVA, the inactivation rate of E. faecalis in DI water was slower with 
the addition of 2 mM histidine (F(1,29)=18.17  p=0.0002) and the inactivation rate in pond water 
was slower with the addition of 2 mM polyhistidine (F(1,27)=175.82  p=2.4*10-13) or 20 mM 
histidine (F(1,14) = 5.5; p = 0.034).  The larger amount of histidine required to decrease 
inactivation in pond water may have occurred for a number of reasons.  First, pond water 
constituents have the dual role of attenuating light, which decreases endogenous inactivation, and 
sensitizing the formation of ROS, which may cause exogenous inactivation.  As previously 
discussed, the higher rate of inactivation in pond water over DI water microcosms indicates 
exogenous inactivation mechanisms dominate light attenuation in WSP systems.  Upon its 
introduction into these systems, histidine will partition into and outside of bacterial cells.  That 
portion of histidine inside of cells will quench only endogenous inactivation pathways.  Since 
exogenous processes dominate in our pond water reactors, endogenous quenching by histidine 
may not be significant.  This means, effectively, that less of the histidine added acts as an 
effective 1O2 quencher, and the same concentration that would have an effect in DI water would 
be expected to have less of an effect in pond water. 

  Second, the location of histidine versus polyhistidine relative to the formation sites of 
exogenous 1O2 may play an important role.  As histidine is dissolved in the bulk solution it may 
not quench exogenously formed 1O2 prior to this 1O2 reacting with a bacterial cell in close 
proximity.  While histidine may decrease bulk concentrations of 1O2, as previously noted, 
inactivation may be more closely related to concentrations in close proximity to the sensitizers 
themselves (Kohn, Grandbois et al. 2007).  The addition of small amounts of histidine to our 
reactors may not significantly decrease localized concentrations of 1O2, and it is first the higher 
concentrations of hisitdine that affect localized concentrations.  Since polyhistidine, on the other 
hand, is a large sticky polymer, it is likely that pond water particles attach to this polymer.  With 
these sites of formation closely linked to the sites of quenching, the bacteria would experience 
lower [1O2] than in a system with histidine.  In fact it is possible that the lower rate of 
inactivation in pond water reactors with polyhistidine is not due to direct 1O2 quenching but 
because of competitive adsorption dynamics, where polyhistidine competes with bacterial cells 
for adsorption sites, decreasing the amount of 1O2 formed by particles in direct contact with 
bacteria. 

To better understand the effects of histidine and polyhistidine, experiments to measure 
bulk [1O2] in reactors containing pond water were performed.  These experiments were 
performed without the addition of bacteria to our microcosms.  Bulk concentrations of 1O2 are 
shown in Table 5.2 below. 

 
Table 5.2:  Singlet oxygen concentrations in waste stabilization pond water 

exposed to simulated sunlight without the UVB portion.  Reactors contained pond 
water with and without quenchers of singlet oxygen. 

 

Reactor Pond Water Pond + 20 mM 
Histidine 

Pond + 2 mM 
Polyhistidine 

[1O2]  
(*1013 M) 1.57 0.39 0.63 

95% CI 0.10 0.11 0.06 
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A quick comparison between these [1O2] and the dynamics of inactivation provides further 
evidence for the role of 1O2 in the inactivation of E. faecalis.  First, as expected, the addition of 
either histidine or polyhistidine to pond water decreased [1O2].  Second, with the decrease in 
[1O2] we also saw a decrease in the rate of E. faecalis inactivation.  In a separate measurement 
performed on a different sample of pond water, [1O2] decreased from 1.64*1013 M in pure pond 
water to 1.26*1013 M in pond water with 2 mM histidine.  Recall that the addition of 2 mM 
histidine to pond water we did not decrease the inactivation rate of E. faecalis.  This small 
change in the bulk [1O2] may not have been significant enough to affect localized concentrations 
around the sensitizers, and inactivation may be more closely related to these localized 
concentrations. 

To further study the role of 1O2, experiments using D2O were conducted.  As water is the 
most important quencher of 1O2 and the natural lifetime of 1O2 in D2O is approximately 13 times 
longer than in water (Rodgers and Snowden 1982), faster rates of inactivation should occur in 
D2O if singlet oxygen is an important species in the inactivation process.  In these complex 
systems with numerous potential quenchers of 1O2, the actual rate increase expected in D2O is not 
straightforward.  Using DNA as an example, a potential target for endogenous damage in our 
experiments, the reaction rate of 1O2 with naked DNA is only 1.4 times faster in D2O than in H2O 
at pH=7 (Wilkinson, Helman et al. 1995).  Therefore while we expect increases in inactivation 
rates in D2O solutions due to higher 1O2 concentrations, the actual rate increase cannot be 
predetermined.  Further complicating this picture, the location of 1O2 formation and the sites of 
damage are key unexplored factors.  The association of bacteria with the sensitizers where 1O2 is 
formed may result in preferential quenching with these bacteria, effectively increasing the 
reaction rate of 1O2 with the bacteria due to the close physical proximity.  The switch from H2O 
to D2O does not change the formation rate of 1O2, and if damage is occurring in close proximity 
to where 1O2 is formed, the change in solvent may have a minimal effect if any on the 
concentration of 1O2 experienced by the bacteria. 

First, to demonstrate the role of 1O2 in endogenous inactivation, experiments performed 
in DI water and D2O were compared (Figure 5.4).  Without the presence of external sensitizers or 
UVB light, all inactivation must be due to indirect endogenous mechanisms.  The higher rate of 
inactivation in D2O is therefore evidence of endogenous 1O2 playing a role in inactivation.  The 
inactivation rate in D2O was 1.8 times higher than the rate in H2O, similar in scale, though 
slightly higher, to the previously discussed increased 1O2 quenching rate of DNA in D2O versus 
H2O.  While the increased inactivation in D2O does provides evidence that 1O2 has a role in 
endogenous inactivation, the extent of 1O2 importance remains unclear.  In particular, the bacteria 
were grown in H2O prior to placement in D2O, and the amount of cytoplasmic and periplasmic 
H2O that was replaced by D2O remains unknown. 
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Figure 5.4:  E. faecalis inactivation in mixtures of DI water, D2O, and pond 
water.  Inactivation in pond water is faster than in D2O which is faster than 

inactivation in DI water. 
 

Second, to demonstrate the role of 1O2 in exogenous inactivation, more indirect 
experimentation and analysis was required.  First, the effects of exogenous sensitizers were 
demonstrated, followed by the effect of 1O2 in the exogenous process. 
 To illustrate the effects of exogenous sensitizers, both DI water and D2O were mixed with 
pond water (7.5%) and these mixtures compared to pure solutions. The increased inactivation 
rates of the mixtures over the pure solutions (Figure 5.4 and Table 5.3) can be attributed to 
exogenous mechanisms.  Furthermore, these measures are conservative: the presence of pond 
water serves to decrease the amount of light seen by bacteria, decreasing the amount of 
endogenous inactivation compared to solutions of pure DI and D2O.  While this comparison 
demonstrates the importance of exogenous sensitizers, it does not speak to the importance of 
exogenous 1O2. 
 

Table 5.3:  Inactivation rates of E. faecalis in reactors containing mixtures of DI 
water, D2O, and waste stabilization pond water. 

 
Reactor DI Water D2O 92.5% D2O 

7.5% DI 
92.5% DI 
7.5% WSP 

92.5% D2O 
7.5% WSP 

WSP 
Water 

k [hr-1] 1.24 2.25 1.95 1.87 2.71 2.87 
95% CI 0.14 0.32 0.26 0.38 0.84 1.14 

 
 The importance of 1O2 can be demonstrated in the difference between inactivation rates in 
the two pond water mixtures.  Given the nature of our experiments and the small differences 
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between inactivation rates, we realize the following analysis would not have statistical strength.  
Nonetheless, additional experiments performed under similar conditions have produced 
qualitatively similar results, and this analysis, while not direct proof of 1O2 role in inactivation, 
provides another piece of evidence consistent with this explanation. 
 The difference between inactivation rates in the DI/WSP and D2O/WSP mixtures (Table 
5.3) is due to increased 1O2 concentrations.  However this increased 1O2 could be endogenous or 
exogenous.  To verify exogenous 1O2, yet another step must be taken:  the effects of endogenous 
alone must be determined, and this must be smaller than the total 1O2 effect.  The effects of 
endogenous alone can be found by comparing inactivation rates in pure DI water to D2O mixed 
with 7.5% DI water: the effects of increased 1O2 due to the use of D2O in this combination can 
only be endogenous.  We can then compare these two differences to demonstrate the role of 
exogenous 1O2.  As an equation, this would look like: 
 

X = [kD2O/WSP - kDI/WSP] - [kD2O/DI - kDI] 
 
 where: 

[kD2O/WSP - kDI/WSP] = total effect of 1O2, endogenous and exogenous 
[kD2O/DI - kDI] = the effect of endogenous 1O2 alone 
 

 and if: 
X > 0  ! Indicates exogenous 1O2 is important 
X < 0  ! Indicates exogenous 1O2 is not important 

 
In our system, the results are: 
 
  X = [2.71 – 1.87] – [1.95 – 1.24] = 0.84 – 0.71 = 0.13 
 

X > 0  !  Consistent with exogenous 1O2 
 

While our results indicate that exogenous 1O2 is important, the result does not have statistical 
significance, and we cannot be certain that the net difference presented above is different from 
zero.  However the effect is in the right direction, and therefore consistent with exogenous 1O2 
being important.  It is important to note that this comparison, as before, is conservative.  The 
addition of pond water to our reactors provided some light shielding, as our 7.5% pond water 
mixtures attenuated 20% of total irradiance halfway through the reactor, decreasing the light 
available for endogenous inactivation.  Pure pond water attenuated approximately 50% of the 
incoming light halfway through each reactor.  Therefore the effect of endogenous 1O2 in pure 
water would in reality be higher than the effect in water supplemented with pond water.  In 
addition, in pure pond water endogenous inactivation will be much lower than in our 7.5% 
dilutions, as there will be more light blocking in the pure pond water.  This would lead us to 
expect the relative importance of exogenous to be much greater when compared to endogenous.  
Moreover, diluting D2O with pond water decreases the 1O2 concentrations that would occur in 
pure D2O, thereby decreasing any effects on inactivation that this 1O2 may have both 
endogenously and exogenously.  Theoretically, diluting D2O with 7.5% H2O should lower the 
[1O2] by a factor of 2 compared to pure D2O (increasing [1O2] by a factor of 7 over pure H2O), 
however this assumes that the only pathways for quenching are with the solvent (Wilkinson, 
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Helman et al. 1995).  Presumably, diluting with pond water would further decrease this 
concentration as the number of potential quenchers is greatly increased.  In pure D2O, the 
theoretical [1O2] should be 13 to 15 times greater the [1O2] in pure H2O (Rodgers and Snowden 
1982; Wilkinson, Helman et al. 1995).  Our systems were not pure solutions, however, as they 
contained high concentrations of bacteria. 
 Finally, to compliment our investigation of the effect of wavelength on E. faecalis 
inactivation (Chapter 4.1.6), we also performed experiments focused on the effect of wavelength 
on 1O2 production.  Similar to E. faecalis inactivation, [1O2]ss decreased with higher cutoff 
wavelengths (Figure 5.5).  Recall that E. faecalis inactivation rates were linearly related to total 
irradiance (see Chapter 4.1.5) and so [1O2] ss presented below are both actual measurements as 
well as normalized concentrations based on irradiance.  If all light wavelengths had the same 
capacity to form 1O2, normalizing concentrations by intensity would have resulted in a horizontal 
line with equal [1O2] across all wavelengths.  Normalized [1O2] also decreased with higher cutoff 
wavelengths (Figure 5.5) indicating that lower wavelengths of light have a greater capacity to 
produce 1O2 in pond water.  This trend indicates that shorter wavelengths are more effective in 
the production of 1O2 in pond water.  Once again, this may be in-part explained by the absorption 
spectra of pond water (Figure 4.7), with greater absorption at the lower wavelengths.  The 
implications of this will be discussed in Chapter 7. 
 

 
Figure 5.5: Actual (filled green triangles) and normalized (open red squares) 

steady-state singlet oxygen concentrations in pond water exposed to simulated 
sunlight with various cutoff filters.  Error bars represent 95% confidence 

intervals. 
 
 Based on the experimental results presented in this section, it is concluded that 1O2 is a 
key ROS involved in the sunlight-mediated inactivation of E. faecalis. The evidence that 1O2 
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produced endogenously contributes to inactivation is strong, although in pond water endogenous 
inactivation may not contribute much to overall inactivation.  Due the to difficulty in separating 
the roles of endogenous versus exogenously-produced 1O2, as well as the complex WSP matrix, 
it is difficult to provide direct evidence for the role of exogenous singlet in pond water.  
Nonetheless, the exogenous singlet concentrations, as well as the polyhistidine and D2O 
experiments are consistent with a mechanism in which exogenously produced 1O2 plays an 
important role in the inactivation process of E. faecalis in sunlit pond water. 

 
5.1.2 Hydroxyl Radical (HO•) 

Concentrations of [HO•]ss in pond water were below our detection limit of 10-16 M.  
Experiments in both DI water and pond water using formate as a quencher of HO• proved 
inconclusive (Figures 5.6 and 5.7).  Further HO• quencher experiments using DMSO as a 
membrane permeable quencher and Mannitol as a membrane impermeable quencher found both 
of these ineffective in reducing the rate of  E. faecalis inactivation (Figure 5.8). 

 

 
Figure 5.6:  Inactivation of E. faecalis in DI water (blue) and DI water containing 

ROS quenchers SOD (red), formate (purple), or pyruvate (orange). 
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Figure 5.7:  Inactivation of E. faecalis in pond water (green) and pond water 
containing ROS quenchers SOD (red), formate (purple), or pyruvate (orange). 

 

 
Figure 5.8:  Inactivation of E. faecalis in DI (circles) or pond water (squares) 
with or without hydroxyl radical quenchers mannitol (orange) or DMSO (red). 
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 As the exogenous concentrations of [HO•]ss in our pond water systems were below our 
detection limit we did not expect it to be an important species in the exogenous inactivation 
process.  Concentrations this low are unlikely to be of importance in pathogen inactivation in 
these waters as HO• is not a very selective photooxidant and reacts with many organic 
compounds at diffusion limited rates(Schwarzenbach, Gschwend et al. 2003).  Previous research 
has shown that dissolved organic matter is an important scavenger of HO•, limiting HO• driven 
degredation of pollutants (Brezonik and Fulkerson-Brekken 1998; Vione, Falletti et al. 2006).  
Thus, the presence of large amounts of dissolved organic matter in pond water is likely to 
preclude significant interaction between HO• and microorganisms in the system.  While our 
quencher experiments confirmed this conclusion, as with previous quencher experiments, if the 
sites of radical formation and damage were in close physical proximity to one another, it is 
possible that the presence of quenchers in the bulk solution would not have prevented this 
damage from occurring.  Likely pathways for the exogenous formation of HO• include a Fenton-
mediated process, photolysis of dissolved organic matter, and nitrate photolysis (Zafiriou, 
Joussotdubien et al. 1984; Zepp, Hoigne et al. 1987; Mack and Bolton 1999; Vione, Das et al. 
2010).  However previous work has found nitrate-driven formation of HO• important in only 
clear, shallow waters (Zepp, Hoigne et al. 1987) and the photolysis of dissolved organic matter 
leading to HO• formation important only where concentrations of nitrate were low (Takeda, 
Takedoi et al. 2004; Vione, Falletti et al. 2006), leaving the Fenton-mediated process the most 
likely route for exogenous HO• formation in pond water. 
 Our quencher experiments also cast doubt upon any potential role of endogenously 
formed HO• in the inactivation process.  However locations of radical formation and damage are 
particularly important in this case, first because of HO• reacts at diffusion limited rates with 
most compounds, and second because of the chelation of iron with DNA.  The formation of HO• 
through the Fenton mechanism, the most likely endogenous formation pathway in our system, 
requires Fe(II) (Haber and Weiss 1932; Imlay, Chin et al. 1988).  When Fe(II) is chelated to 
DNA the possibilities for DNA damage are increased.  Moreover, while we would expect HO• 
formation to occur through the Fenton reaction process, previous research has found that at 
neutral pH levels Fe(IV) is the primary species formed through this route (Bossmann, Oliveros et 
al. 1998; Hug and Leupin 2003; Keenan and Sedlak 2008).  This too casts doubt on the 
likelihood of a key role for HO• in our systems, though raises the possibility that ferryl species 
could be involved.  Finally, previous researchers found E. faecalis susceptible to what they 
believed to be a Fenton-mediated process only under anaerobic conditions, whereas in the 
presence of oxygen this susceptibility disappeared (Verneuil, Maze et al. 2006).  They attributed 
this to the regulation of intercellular iron concentrations by E. faecalis under aerobic conditions 
through Fe(II) oxidation, preventing the endogenous formation of HO• via the Fenton reaction. 
 Although we were unable to identify any role of HO• in the sunlight-mediated E. faecalis 
inactivation, our results are not conclusive.  Exogenously, the presence of large concentrations of 
dissolved organic matter, a known sink for HO•, combined with the diffusion-limited reaction 
rates of HO• with most compounds make exogenous HO• an unlikely species in sunlight-
mediated inactivation.  In our experiments, the very high reaction rates between HO• and most 
compounds leave us doubtful that our quenchers were able to significantly reduce the rate of 
HO• reactions with other competing species.  As with 1O2, if the locations of ROS formation and 
damage are in close proximity to one another, the usefulness of quencher experiments is further 
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inhibited.  Endogenously, due the to the complexities of measuring and quenching HO•, we are 
unable to asses the importance of endogenous HO• in E. faecalis inactivation. 
 
5.1.3 Hydrogen Peroxide (H2O2) 
 Measurements of H2O2 accumulation in all waters remained below our detection limit of 
1 µM over the periods during which inactivation was measured.  When H2O2 was added to pond 
water, concentrations decreased over time in both light experiments and dark controls, most 
likely due to biological activity (Figure 5.9, 5.10).  In DI water, concentrations of added H2O2 
remained constant over time in both the light and dark, indicating the E. faecalis did not remove 
externally added H2O2 (data not shown).  Supplementation of our microcosms with up to 500 µM 
H2O2 in DI or pond water had no effect on inactivation rates of E. faecalis in the dark (Figure 
5.11) and did not increase the inactivation rate of E. faecalis in the light (Figures 5.12 and 5.13).  
Finally, in quencher experiments using pyruvate (a strong H2O2 quencher), no decrease in the 
inactivation rate of E. faecalis was observed in DI or pond water (Figures 5.6 and 5.7). 
 

 
Figure 5.9:  Hydrogen peroxide concentrations in pond water containing E. 
faecalis held in the dark.  No change in concentration occurred in DI water. 
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Figure 5.10:  Hydrogen peroxide concentrations in pond water containing E. 

faecalis exposed to simulated sunlight without the UVB portion.  No change in 
concentration occurred in DI water. 

 
Figure 5.11:  Dark inactivation of E. faecalis in DI water (blue circles) and pond 
water (green squares) with (filled symbols) and without (open symbols) hydrogen 

peroxide supplementation. 
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Figure 5.12:  Inactivation of E. faecalis exposed to simulated sunlight without the 

UVB portion in DI water supplemented with increasing concentrations of 
hydrogen peroxide. 

 
Figure 5.13:  Inactivation of E. faecalis exposed to simulated sunlight without the 

UVB portion in pond water supplemented with increasing concentrations of 
hydrogen peroxide.  Note that concentrations of hydrogen peroxide decreased 

with time in pond water (only the initial concentration is reported). 



 

 66 

 
 In addition to producing extracellular H2O2 (Huycke, Abrams et al. 2002; Moy, 
Mylonakis et al. 2004), E. faecalis is known to have a high tolerance to H2O2 stress (Flahaut, 
Laplace et al. 1998).  While E. faecalis is know to contain the enzyme catalase, which 
decomposes hydrogen peroxide into water and oxygen, it is unable to synthesize the haem 
required for catalase activity (La Carbona, Sauvageot et al. 2007).  As our growth medium did 
not contain this cofactor we would not expect catalase activity in our cultures of E. faecalis.  
Moreover, as the concentration of H2O2 decreased in the pond water, the pond water appeared to 
offer a protective effect against exogenous H2O2 rather than any destructive effect leading to 
faster inactivation.  This reduction of H2O2 in pond water is likely do to biological activity 
including algal (Zepp, Skurlatov1 et al. 1987) and microbial (Cooper and Zepp 1990; Petasne 
and Zika 1997) scavenging.  Algae and cyanobacteria are known to contain either AsA 
peroxidase or catalase with which they are able to scavenge H2O2 (Miyake, Michihata et al. 
1991; Obinger, Regelsberger et al. 1998).  The inability of pyruvate to reduce inactivation rates 
and supplementation with additional H2O2, to systems both with and without exogenous 
sensitizers, to increase these rates suggests a minimal role if any for H2O2 in the sunlight-
mediated inactivation of E. faecalis. 
 
5.1.4 Superoxide (O2•-) 
 The use of superoxide dismutase as a quencher of O2•- did not decrease the rate of 
inactivation of E. faecalis in either DI or pond water (Figures 5.6 and 5.7).  However, it is 
possible that the addition of SOD did not decrease the concentration of O2•- in our reactors.  In 
pond water, we expect O2•- to have a short lifetime due to the combination of uncatalyzed 
bimolecular dismutation (at pH=7.5, kobs ! 10-6 M-1s-1) as well as metal-catalyzed dismutation 
(kobs ! 10-6 to 10-9 M-1s-1) (Bielski, Cabelli et al. 1985).  Since the reaction of O2•- with SOD (kobs 
! 10-9 M-1s-1) (Bielski, Cabelli et al. 1985) occurs at rates similar to its fastest reaction rates with 
some metals, SOD may not have increased the dismutation rate.  We also measured the 
concentration of H2O2 before and after addition of SOD, since the product of dismutation is 
H2O2.  We did not detect any H2O2 in pond water either before or after addition of SOD (data not 
shown).  These results are also difficult to interpret because H2O2 had a short lifetime in our pond 
water reactors, as discussed in the previous section.  
 Although we cannot rule out that O2•- produced exogenously contributes to E. faecalis 
inactivation by sunlight, other research on O2•- interactions in microbiology suggest that it is 
unlikely to play a significant role.  E. faecalis is actually known to produce extracellular O2•- as a 
part of its infectious cycle (Huycke et al., 2002).  In addition, O2•- is relatively non-reactive with 
and impermeable to cell membranes (Verneuil et al., 2006).  Furthermore, previous researchers 
have shown that O2•- is incapable of directly damaging biomolecules (Brawn and Fridovich, 
1980; Lesoko et al., 1980), although it is known to contribute to oxidative stress by reducing 
DNA-bound Fe(III) leading to its subsequent oxidation by H2O2 resulting in HO• formation and 
DNA damage (Keyer and Imlay 1996).  This together with our quencher experiments lead us to 
believe that O2•- is not an important exogenous species in the sunlight-mediated inactivation of 
E. faecalis. 
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5.2 Escherichia coli 
 
5.2.1 Singlet Oxygen (1O2) 

In contrast with E. faecalis, in pond water sparged with oxygen/nitrogen mixtures, [1O2]ss 
did not follow the same trend as the rate inactivation: [1O2]ss increased with increased DO levels 
up to air saturation and above air saturation remained constant (Figure 5.1), while E. coli 
inactivation increased with increasing DO (Figure 4.21). 

To determine whether 1O2 is able to inactivate E. coli, experiments were performed with 
the addition of Rose Bengal, a 1O2 producing sensitizer.  As described earlier, Rose Bengal is 
partially membrane permeable, so inactivation could be a result of either endogenously or 
exogenously produced 1O2 or a combination of both.  At even relatively high concentrations of 
Rose Bengal (0.5 µM) very little inactivation of E. coli resulted from the addition of Rose 
Bengal (Figure 5.14).  [1O2] were measured as 27.1*10-13 during the first three hours of exposure, 
while after this period photobleaching slowly reduced the capacity of Rose Bengal to produce 
1O2.  At the lower [1O2] tested, photobleaching completely eliminated the ability of Rose Bengal 
to produce 1O2 after 2.5 hours.  Comparing this to our plots of inactivation produces some 
interesting insights.  At higher concentrations of Rose Bengal, increased inactivation occurred up 
to fours hours of exposure, while at lower concentrations, after the 2.5 hours during which Rose 
Bengal produced increased concentrations of 1O2, inactivation leveled off (Figure 5.14).  This 
leads us to concluded that 1O2 is capable at inactivating E. coli at the concentrations tested, 
however this effect is significantly smaller than that seen with E. faecalis. 

 

 
Figure 5.14:  Inactivation of E. coli in DI water supplemented with increasing 
concentrations of Rose Bengal exposed to simulated sunlight without the UVB 

portion. 
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Similar to E. faecalis, quencher experiments were performed with the addition of 
histidine to pond and DI water as well as polyhistidine to pond water.  The addition of 2mM of 
histidine significantly decreased sunlight-mediated inactivation of E. coli in DI water 
(ANCOVA: F(1,10)=5.65, p=0.03883) (Figure 5.15), however no effect of histidine was 
observed in pond water, even up to 20 mM concentrations, nor with polyhistidine (Figure 5.16). 

The decreased inactivation rate of E. coli in DI water following the addition of histidine 
indicates that 1O2 plays a role in the endogenous sunlight-mediated inactivation of E. coli.  In the 
case of E. coli in pond water, previous results indicated that exogenous processes are not very 
important, as E. coli, inactivation in pond water was slower than in DI water (Figure 4.20).  
Consistent with this, supplementation of pond water with histidine did not affect E. coli 
inactivation.  While we may expect histidine in pond water to enter into bacterial cells and 
decrease endogenous inactivation, as it is partially membrane permeable, this process may not be 
straightforward.  Histidine may bind to the large amounts of organic matter present in pond 
water, preventing significant amounts from entering inside of bacterial cells and affecting 
endogenous inactivation.  This bound histidine would then quench exogenous 1O2 having no 
effect on endogenously dominated inactivation rates.  While Curtis et al. (1992) found histidine 
protected fecal coliforms from sunlight-mediated inactivation in pond water, the difference 
between our results and theirs may be attributed to a number of factors.  First and most 
importantly, they used concentrations of histidine as high as 100 mM.  We found that 
concentrations of histidine greater than 20 mM significantly blocked incoming light, so any 
protective effect may have been due to this light attenuation rather than ROS scavenging.  
Second, as our experiments have found the effect of pond water constituents upon E. faecalis and 
E. coli are dramatically different, we cannot be certain that all fecal coliforms will have the same 
response to sunlight as E. coli.  Finally, their experiments were performed without DO or pH 
control and in full spectrum sunlight, conditions very different from our laboratory setup. 

The lack of a role for exogenous 1O2 was reinforced with experiments using 
polyhistidine, as no decrease in inactivation was evident with the addition of 2 mM polyhistidine 
to pond water.  Based on the experimental results presented here, we conclude that while 1O2 is 
an important endogenous species leading to sunlight-mediated E. coli inactivation, exogenous 
1O2 does not play a significant role in inactivation in pond water. 
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Figure 5.15:  Inactivation of E. coli exposed to simulated sunlight without the 

UVB portion in DI water with (orange squares) and without (blue circles) 
histidine, a singlet oxygen quencher. 

 
Figure 5.16:  Inactivation of E. coli exposed to simulated sunlight without the 

UVB portion in pond water with and without the addition of singlet oxygen 
quenchers histidine or polyhistidine. 
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5.2.2 Hydroxyl Radical (HO•) 

Our findings regarding the role of HO• in the sunlight-mediated inactivation of E. coli 
mirror those of E. faecalis.  Similar to experiments with E. faecalis, HO• quencher experiments 
found DMSO and Mannitol ineffective in reducing the rate of E. coli inactivation (Figure 5.17 
and 5.18).  These results are consistent with those of Curtis et al. (1992), who found that these 
same quenchers did not decrease inactivation of fecal coliforms exposed to full spectrum 
sunlight.  As described before (see Chapter 5.1.2), the very high reaction rate between HO• and 
many other compounds and the presence of large amounts of dissolved organic material in pond 
water precludes any role of HO• in exogenous inactivation.  Therefore, given what we know 
about the nature of HO• and the results of our quencher experiments, we can conclude that at 
least in the bulk phase, as our reactors are well mixed, HO• is not an important ROS in sunlight-
mediated E. coli inactivation. 

 
Figure 5.17:  Inactivation of E. coli exposed to simulated sunlight without the 
UVB portion in DI water with and without hydroxyl radical quenchers DMSO 

(orange) or mannitol (red). 
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Figure 5.18:  Inactivation of E. coli exposed to simulated sunlight without the 

UVB portion in pond water with and without hydroxyl radical quenchers DMSO 
(orange) or mannitol (red). 

 
5.2.3 Hydrogen Peroxide (H2O2) 
 Measurements of H2O2 accumulation in all waters remained below our detection limit of 
1 µM over the periods during which inactivation was measured.  In fact, following 
supplementation of H2O2 in both DI and pond waters microcosms with E. coli, concentrations 
decreased over time in both light experiments and dark controls (Figures 5.19, 5.20, 5.21, and 
5.22).  Since decreases in [H2O2] in pond water (Figure 5.20) did not occur much faster than in 
DI water (Figure 5.19), these decreases may be attributed to primarily bacterial scavenging, 
though as in seen in E. faecalis experiments, algal scavenging may also play a role (Figure 5.9).  
In DI water dark controls, supplementation with up to 900 µM H2O2 resulted in no inactivation, 
while an increase to 2000 µM resulted in dark inactivation (Figure 5.23).  In DI water in the 
light, below 80 µM, H2O2 supplementation had no discernable effect on inactivation rates, while 
above 400 µM inactivation rates increased significantly (Figure 5.24).  In pond water dark 
controls, supplementation with up to 1800 µM H2O2 resulted in no inactivation (Figure 5.25).  In 
pond water in the light, below 85 µM, H2O2 supplementation had no discernable effect on 
inactivation rates, while at 500 µM and above inactivation rates increased significantly (Figure 
5.26).  While we did not see any effect of low concentrations of H2O2 on inactivation rates in the 
light in either pond water or DI water, we were only able to study the effects of initial 
concentrations since H2O2 disappeared quickly in our reactors. 
 These results suggest that the effect of H2O2 on sunlight-mediated inactivation is an 
additive effect.  E. coli is susceptible to H2O2 damage in the absence of sunlight, and sunlight in 
the absence of H2O2, the two combined result in faster inactivation than either separately.  The 
rate at which this reduction in H2O2 occurred in the dark was faster than in the light (Figures 5.19 



 

 72 

and 5.21), most likely because the bacteria, the primary scavengers of H2O2, were being killed in 
the light and so no longer scavenging. 
 While H2O2 scavenging by E. coli was much faster than scavenging in pond water, as 
established in our E. faecalis experiments, pond water does decreases H2O2 concentrations 
(Figure 5.9).  As a result, there would appear to be more of an exogenous protective effect 
against H2O2 rather than any destructive effect leading to faster E. coli inactivation.  In the field it 
would be difficult to know which scavenger would dominate, since the concentrations of E. coli 
are much lower in natural treatment systems than in our reactors and so algal scavenging would 
be relatively more important than in our bacteria-supplemented microcosms.  Moreover, the 
capability to scavenge H2O2 may be strain-dependent, and our lab-strain of E. coli may not 
represent those strains found in natural environments.  As previously discussed, in the case of E. 
coli, pond water already appears to have more of a protective effect by blocking light.  These 
H2O2 results indicate that the presence of algae further increases that protective effect by 
scavenging H2O2. 

 
Figure 5.19:  Hydrogen peroxide concentrations in DI water containing E. coli 

held in the dark. 
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Figure 5.20:  Hydrogen peroxide concentrations in pond water containing E. coli 

held in the dark. 

 
Figure 5.21:  Hydrogen peroxide concentrations in DI water containing E. coli 

exposed to simulated sunlight without the UVB portion.  Concentrations decrease 
with time more slowly than in the dark. 
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Figure 5.22: Hydrogen peroxide concentrations in pond water containing E. coli 

exposed to simulated sunlight without the UVB portion. 

  
Figure 5.23: Dark inactivation of E. coli in DI water with and without hydrogen 

peroxide supplementation.  Note that concentrations of hydrogen peroxide 
decreased with time (only initial concentrations reported). 



 

 75 

 
Figure 5.24:  Inactivation of E. coli exposed to simulated sunlight without the 

UVB portion in DI water supplemented with increasing concentrations of 
hydrogen peroxide.  Note that concentrations of hydrogen peroxide decreased 

with time (only initial concentrations reported). 

 
Figure 5.25:  Dark inactivation of E. coli in pond water with and without 

hydrogen peroxide supplementation.  Note that concentrations of hydrogen 
peroxide decreased with time (only initial concentrations reported). 
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Figure 5.26:  Inactivation of E. coli exposed to simulated sunlight without the 
UVB portion in pond water supplemented with increasing concentrations of 

hydrogen peroxide.  Note that concentrations of hydrogen peroxide decreased 
with time (only initial concentrations reported). 

 
5.2.4 Superoxide (O2•-) 
 The use of superoxide dismutase as a quencher of O2•- did not decrease the rate of 
inactivation of E. coli in either DI or pond water (Figure 5.27).  As before, however, it is possible 
that the use of SOD did not decrease the concentration of O2•- in our pond water.  Our result is 
consistent with the results of Curtis et al. (1992), who found that SOD did not decrease the 
inactivation of fecal coliforms in pond water exposed to full spectrum sunlight.  Similar to our E. 
faecalis conclusions, as O2•- damage most likely occurs through the formation of HO• and our 
previous experiments found no role for exogenous HO• in sunlight-mediated inactivation, we do 
not believe O2•- is an important exogenous species.  Combined with our quencher experiments, 
this leads us to believe that O2•- is not an important species in the sunlight-mediated inactivation 
of E. coli. 
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Figure 5.27:  Inactivation of E. coli exposed to simulated sunlight without the 

UVB portion in pond water (squares) and DI water (circles) with (open symbols) 
and without (closed symbols) SOD. 
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Chapter 6: The Effects of pH 
 
 
 In this chapter we characterized the effects of pH on the sunlight-mediated inactivation of 
E. faecalis and E. coli.  We studied the effect of pH upon bacterial inactivation in the absence 
and then presence of sunlight.  In addition, we performed experiments both with and without 
exogenous sensitizers and sought evidence for synergistic effects of pH and sunlight on 
inactivation. 
 
 
6.1 Inactivation Patterns 
 
 This portion of our study focused upon indirect inactivation mechanisms, as it is not 
expected that pH would have a significant affect on direct inactivation mechanisms.  To isolate 
these indirect mechanisms, we used simulated sunlight excluding wavelengths below 320nm.  As 
many inactivation curves appeared to have shoulders, inactivation curves with a lag time 
followed by a linear slope were fit to the data (Table 6.1).  The shoulder model only provide an 
improved fit over the simpler 1st order model for E. coli at moderate pH and E. faecalis at more 
extreme pH levels (i.e. lag times were significantly different than zero with 95% confidence 
intervals).  Note the relatively large lag times for E. coli (~ 3-9 h) compared to E. faecalis (~ 1 h 
or less).  The different characteristic shapes of the inactivation curves for these two organisms 
indicates that the mechanisms of sunlight inactivation affecting these two organisms might not 
be the same.  The differences may be a result of the different structures of these bacteria, as E. 
coli is gram negative while E. faecalis is gram positive.  In addition, there is the possibility of 
different repair mechanisms within these bacteria or different types of damage.  While the data in 
Table 6.1 (from two-parameter model) were useful for describing the inactivation curves, it is 
difficult to compare inactivation at different pHs, and for the two organisms, using two 
parameters.  Therefore, two different single parameter approaches were also used to characterize 
the inactivation curves: (1) the time to 99.9% inactivation (t99.9) and (2) a regular 1st order model 
(k1 obs).  Plots of t99.9 (not shown) and k1 obs versus pH (e.g., Figure 6.1) had similar shapes and 
relative values, therefore, only k1 obs values were used. 
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Table 6.1:  Lag times and linear slopes calculated using shoulder model curve fit 

parameters. 
 
   3 4 5 6 7 8 9 10 11 
            

lag time (hr) -- 0.24 -- -- -- -- -- 1.11 1.15 Pond 
Water k [hr-1] 13.85 9.47 8.46 4.87 3.25 2.70 3.26 2.71 6.15 

           
lag time (hr) -- 1.31 1.03 0.59 -- -- 0.97 1.08 1.36 E.

 fa
ec

al
is 

DI 
Water k [hr-1] 7.67 3.87 2.76 1.99 1.69 1.33 1.31 2.25 4.16 

            
lag time (hr) -- 3.21 9.27 9.22 6.61 6.62 6.03 -- -- Pond 

Water k [hr-1] 9.76 1.80 0.94 0.60 0.38 0.48 0.64 1.39 6.54 
           

lag time (hr) -- 3.68 3.37 7.93 7.67 8.70 4.61 -- -- E.
 c

ol
i 

DI 
Water k [hr-1] 9.20 3.24 1.08 0.76 0.72 0.79 1.04 2.16 11.99 

* Cells labeled “- -“ were not significantly different from zero with 95% confidence intervals. 
 
 
 The effect of pH on the inactivation rate constants of E. faecalis and E. coli are shown in 
Figures 6.1 and 6.2, respectively.  For each of these bacteria, the inactivation in dark controls 
was similar in DI and pond waters.  Significant inactivation in the dark was only observed at pH 
3 and 11 for E. faecalis (11-h time period; Figure 6.1) and at pH 3, 10, and 11 for E. coli (30 h 
time period; Figure 6.2).  E. faecalis light-driven inactivation in pond water was faster than in DI 
water at all pH levels, while E. coli was the opposite, with inactivation in DI water somewhat 
faster than in pond water at all pH levels. 
 As these experiments were undertaken under simulated sunlight without the UVB 
portion, inactivation resulted from only indirect mechanisms.  In the case of DI water 
experiments, any inactivation must be due to indirect endogenous mechanisms, as no exogenous 
sensitizers were present, whereas in pond water experiments both endogenous and exogenous 
mechanisms are possible.  The pH of the water can potentially affect either the endogenous or 
the exogenous inactivation mechanisms.  The following discussion will separate these two 
mechanisms, looking first at DI water experiments (endogenous effects) followed by pond water 
experiments (exogenous effects). 
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Figure 6.1:  Inactivation of E. faecalis in DI water (blue circles) and pond water 

(red squares) over a range of pH levels.  Error bars represent 95% confidence 
intervals of the 1st order linear fit 

 
Figure 6.2:  Inactivation of E. coli in DI water (blue circles) and pond water (red 
squares) over a range of pH levels.  Error bars represent 95% confidence intervals 

of the 1st order linear fit. 
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6.2 pH and Endogenous Photoinactivation 
 
 Both E. coli and E. faecalis are neutrophilic bacteria with internal pH levels close to 
neutral, e.g., 7.6-7.8 (Padan, Zilberstein et al. 1976) in the case of E. coli.  The optimum pH 
levels in our DI water experiments (defined as the pH at which the lowest inactivation rate was 
observed) were pH=9 for E. faecalis (Figure 6.3) and pH=7 for E. coli (Figure 6.4).  At these pH 
values, E. coli and E. faecalis would not be expected to experience pH stress.  At pH values 
increased or decreased from these optimum levels, inactivation increased (in the sunlight).  
These trends are consistent with a combined-stress model to explain inactivation.  The organisms 
are subjected to two separate stresses (e.g., sunlight and pH) which they are able to defend 
against to varying degrees.  Eventually they are overcome, lacking the energy to defend against 
one or the other stress, and inactivation occurs.  The effect of both stresses together results in 
faster inactivation than either stress alone.  Such a model is similar to the “hurdle” concept 
employed in food safety.  When a pathogen is subjected to multiple barriers, it may be able to 
overcome some individually, but when combined these hurdles lead to inactivation (Leistner 
1992; Leistner 2000; McMeekin, Presser et al. 2000). 
 

 
Figure 6.3:  Inactivation of E. faecalis in DI water (blue circles) and pond water 

(red squares) over a range of pH levels.  Error bars represent 95% confidence 
intervals of the 1st order linear fit. (Same data presented in Figure 6.1) 
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Figure 6.4:  Inactivation of E. coli in DI water (blue circles) and pond water (red 
squares) over a range of pH levels.  Error bars represent 95% confidence intervals 

of the 1st order linear fit. (Same data presented in Figure 6.2) 
 
 Plotted together, it becomes evident that the curves of inactivation rate vs. pH for these 
two organisms differ slightly (Figure 6.5).  Across moderate pH levels (4 < pH < 10), 
inactivation rate constants for E. coli vary as described above, however this variation is bounded 
within a small magnitude and is generally not statistically significant.  On the other hand changes 
in E. faecalis inactivation rate constants, while proportionally similar to E. coli, encompass a 
much larger magnitude and are statistically different from one another for pH changes greater 
than one (see Figure 6.3).  The differences between these organisms are likely a result of their 
different physiologies – E. coli is a gram-negative bacterium and therefore contains an outer 
membrane that E. faecalis lacks.  One of the primary purposes of this outer membrane is to act as 
a permeability barrier, protecting the cell from external stress (Costerton, Ingram et al. 1974).  
Previous research on photooxidative damage caused by porphyrins added externally found 
similar results, with gram-positive cells much more susceptible to photoinactivation while gram-
negative cells susceptible only after weakening the outer membrane (Bertoloni, Salvato et al. 
1984; Nitzan, Gutterman et al. 1992; Merchat, Bertolini et al. 1996).  The shape of the E. coli 
curve indicates that mild fluctuations are defensible, but at more extreme pH levels the bacteria 
is overwhelmed, perhaps due to breakdown of this outer membrane.  In the case of E. faecalis, 
with no outer membrane to provide protection, there is steadily increased damage as pH strays 
from the optimum.  In summary, at the less extreme pH levels that may be found in natural 
systems, E. faecalis is less pH-tolerant when exposed to pH and sunlight together, and more 
susceptible to mild pH fluctuations than E. coli.  Furthermore, in of pond water E. faecalis is 
more sensitive to deceases in pH than in DI water, most likely due to exogenous ROS inflicting 
membrane damage, increasing the susceptibility of E. faecalis to these external pH changes.  As 
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previously discussed (see Chapter 4), E. coli is not as susceptible to exogenous sensitizers, and 
endogenous sunlight-mediated inactivation mechanisms dominate in both DI and pond waters.  
Consistent with this, there are no differences in the way that pH changes affect E. coli 
inactivation rates in DI and pond waters. 
 At the most extreme pH levels, E. faecalis inactivation occurred in the dark, and dark 
inactivation rates at these extremes remained lower than sunlight-mediated inactivation rates at 
even moderate pH levels (see Figure 6.1).  E. coli dark inactivation at these two extremes were 
relatively much higher, in fact these rates were higher than all sunlight-mediated inactivation 
rates at more moderate pH levels (see Figure 6.2).  The high levels of dark inactivation at 
extreme pH levels are further evidence that above and below critical pH levels, E. coli is 
overwhelmed by the effects of pH alone and while sunlight provides an additional assault, the 
primary cause of inactivation is pH. 
 

 
Figure 6.5:  Inactivation of E. faecalis and E. coli in DI water (circles) and pond 

water (squares) over a range of pH levels.  Note the different characteristic shapes 
for the two bacteria.  (Same data as presented in Figures 6.1 and 6.2, for clarity, 

error bars are omitted from this figure.) 
 
 The mechanisms of acid and alkaline stress are often similar.  One key type of stress is 
related to a cell’s ability conserve and produce ATP, its energy currency.  Under acidic extremes 
bacteria use ATP to maintain homeostasis by extruding protons from the cytoplasm, while under 
alkaline conditions they do the opposite, pulling protons into the cell (Booth 1985; Cotter and 
Hill 2003), processes which are limited by the amount of ATP available.  Under alkaline stress, 
when the pH outside of the cell is higher than inside, E. coli has no delta-pH to contribute to the 
proton motive force to respire and synthesize ATP (Rowbury 1993), and relies solely on direct 
metabolic pathways for energy production.  E. faecalis, on the other hand, does not respire in the 
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absence of heme (Winstedt, Frankenberg et al. 2000; Huycke 2002), and so as such does not rely 
on the proton motive force for energy production.  Finally, like any other stress response, the 
numerous defense mechanisms employed by a cell under acidic or alkaline conditions utilize 
precious energy stores, limiting the amount of stress any cell can undergo.  This depletion of 
energy becomes more significant when additional stresses are applied, such as sunlight.  In our 
systems this combination of stresses could overwhelm the ATP stores of the bacteria, leading to 
inactivation. 
 In addition, changes in extracellular pH can affect the pH gradient across the cell 
membrane, damaging or disabling cellular transport mechanisms (Kodukula, Prakasan et al. 
1988).  Cellular membrane activity can also be altered by changes in external pH, further 
damaging cellular transport mechanisms, and at extreme pH values membrane-bound proteins 
may denature, totally disabling transport mechanisms (Kodukula, Prakasan et al. 1988; Voet and 
Voet 2004).  In our experiments, the rapid inactivation at extreme pH levels even in the dark 
(Figure 6.5) may be evidence of this protein denaturing.  Membrane damage at pH extremes may 
also render cells permeable, unable to maintain pH homeostasis (Booth 1985; Halliwell 1987; 
Mendonca, Amoroso et al. 1994; Sharma, Taormina et al. 2003).  Even if the cell membrane is 
not damaged, changes in extracellular pH might alter the ionization state of extracellular organic 
molecules, rendering the cell unable to transport necessary compounds or enabling passage of 
potentially toxic elements (Kodukula, Prakasan et al. 1988).  While this would not affect 
inactivation rates in DI water, it may be an important endogenous, pH-driven mechanism in our 
pond water experiments. 
 
 
6.3 pH and Exogenous Photoinactivation 
 
 As previously noted, bacteria exert tight regulation over cytoplasmic pH (Booth 1985), 
therefore the mechanisms in which pH changes affect sunlight-mediated inactivation inside of 
cells are limited to indirect mechanisms.  Since internal pH remains constant, the endogenous 
mechanisms through which sunlight damages cells are not subject to changing pH.  However, pH 
changes may affect sunlight inactivation mechanisms outside of cells.  Changes in pH may alter 
the sunlight absorption characteristics of an ROS-producing sensitizer, the ability of a sensitizer 
to pass absorbed light energy on to oxygen and create ROS, the reaction rate of ROS, or the 
physical-chemical association between sensitizers and microorganisms. 
 In pond water experiments, plots of reaction rate constants versus pH have roughly 
similar shapes to the DI water experiments (Figures 6.3 and 6.4).  However in the case of E. 
faecalis, as pH decreased below pH=7, the inactivation rate increased more quickly in pond 
water than in DI water (Figure 6.3).  This difference between DI and pond waters may be 
attributable to pH altering the sensitizer properties in one of the four ways mentioned above, 
increasing the effectiveness of exogenous sunlight inactivation mechanisms.  Specifically, 
previous researchers have found that at moderate pH levels (5 ! pH ! 9) the rates of singlet 
oxygen quenching remain fairly constant, while at pH > 9 these rates decrease (Zepp, Baughman 
et al. 1981; Haag and Hoigne 1986).  At pH < 5 one study found a sharp jump in singlet 
formation (Zepp, Baughman et al. 1981) while another found only a slight increase (Haag and 
Hoigne 1986) and attributed these differences to different sensitizing efficiencies of dissolved 
organic matter.  That pH is able to alter the rates of formation and quenching of singlet oxygen 
may be one of the reasons for the different effects of pH upon E. faecalis inactivation in pond 
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and DI water.  Finally, previous research with MS2 coliphage found strong correlations between 
particle association and inactivation rates, with viruses experiencing higher concentrations of 
singlet oxygen and greater inactivation rates when associated more closely with NOM (Kohn, 
Grandbois et al. 2007).  Moreover, these authors found that decreases in pH increased MS2 
inactivation rates, and attributed inactivation rate increases to enhanced particle association 
(Kohn, Grandbois et al. 2007).  It is possible that changing the pH in our pond water experiments 
altered the association between bacteria and sensitizers. 
 One interesting exception was that the inactivation rate of E. faecalis in pond water 
decreased at pH=10.  At pH ! 10, considerable particle coagulation was observed in pond water.  
Such coagulation would alter the ability of chromophores to react with oxygen and produce ROS 
as well as alter the association characteristics of bacteria and particles and therefore the potential 
for ROS to react with bacteria.  That inactivation rates did not continue to decrease for E. 
faecalis at pH=11 nor did we see decreased in E. coli inactivation rates at pH=10 or 11 is likely a 
result of direct pH effects dominating inactivation and sunlight taking a smaller role.  Moreover 
in the case of E. coli, as indirect exogenous mechanisms are not as important, we would not 
expect a weakening of these mechanisms to have a considerable effect upon inactivation rates. 
 Previous researchers believed that the UVA portion of sunlight is of primary importance 
in the inactivation E. coli at pH > 8.5, with the target of damage presumed to be the cell 
membrane (Davies-Colley, Donnison et al. 1999).  To assess the importance of UVA light across 
pH, inactivation rates based upon the amount of light experienced by the bacteria are presented.  
The amount of UVA light transmitted through the reactors was determined based on the 
absorption spectra of the waters and the light incident on the reactors, and this light transmitted 
was converted to photons transmitted.  In pond water microcosms, as the number of photons 
absorbed by the bacteria is minimal relative to pond water constituents, this ‘photons 
transmitted’ approximates the number of incident photons on the bacteria.  In DI water, the 
photons transmitted are approximately equal to the total light incident upon the reactors.  Using 
this analysis method we were able to show that, considering only UVA light, inactivation rates of 
E. coli in DI and pond waters were actually similar (Figure 6.6), illustrating the dominance of 
endogenous UVA inactivation mechanisms for E. coli.  The same cannot be said of E. faecalis 
(Figure 6.7), as inactivation curves for DI and pond waters based upon UVA photons transmitted 
remain different, indicating that inactivation cannot be described by endogenous UVA action 
alone.  Our results differ from those of Davies-Colley et al. (1999), as we found E. coli 
inactivation dominated by endogenous UVA mechanisms at all pH levels while they concluded 
that the UVA wavelengths were only important in E. coli inactivation at pH > 8.5, and these 
wavelengths were involved in exogenous inactivation rather than endogenous.  Since our pH 
experiments were done without the UVB wavelengths while theirs at pH < 9.5 were done with 
full spectrum sunlight, it is difficult to make direct comparisons at more moderate pH levels 
where they found endogenous UVB mechanisms dominated (Davies-Colley, Donnison et al. 
1999).  However their conclusion that UVA-driven exogenous mechanisms are important at pH 
> 8.5 differs from our evidence that the effects of the UVA wavelengths on E. coli inactivation is 
endogenous. 
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Figure 6.6:  Inactivation of E. coli in DI water (blue circles) and pond water (red 
squares) versus UVA photons transmitted over a range of pH levels.  Error bars 

represent 95% confidence intervals of the 1st order linear fit. 

 
Figure 6.7:  Inactivation of E. faecalis in DI water (blue circles) and pond water 
(red squares) versus UVA photons transmitted over a range of pH levels.  Error 

bars represent 95% confidence intervals of the 1st order linear fit.
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Chapter 7:  Discussion 
 
 
 The purpose of this chapter is to combine the results from previous chapters in an 
overarching discussion of sunlight-mediated inactivation.  Much of what has been presented 
earlier is now tied together in new ways to more clearly explain the complex dynamics of 
inactivation.  In particular, comparisons are now made between the two bacteria that have been 
the focus of this work, E. faecalis and E. coli.  The figures presented in this chapter are not new 
data, rather they are results taken from previous chapters and presented in a different fashion.  In 
the figures, error bars are shown indicating the 95% confidence intervals of the linear regression 
fits to the experimental data.  Where direct pair-wise comparisons were made, two-way 
ANCOVA were performed and the corresponding F and p-values are reported.  To maintain 
clarity in the text, results of ANCOVA analysis for dissolved oxygen experiments are presented 
in Appendix B.  The discussion of results presented here take into account both the ANCOVA 
analyses as well as the limitations of comparing first-order rate constants for all of our data.  
 
 
7.1 Reactive Oxygen Species 
 
 Perhaps our most interesting and at the same time complex findings revolve around the 
role of reactive oxygen species in the photoinactivation process.  The primary emphasis of our 
experiments was to determine if any ROS produced exogenously contributed to microbial 
inactivation.  Since E. faecalis inactivation occurred more quickly in the presence of exogenous 
sensitizers (Figure 4.2) while E. coli inactivation rates decreased due to these same sensitizers 
(Figure 4.20), we expected exogenously produced ROS to be important for E. faecalis but not E. 
coli inactivation.  Although we were not aiming to fully understand endogenous inactivation 
processes, exogenous processes cannot be studied in isolation since the endogenous process 
cannot be ‘turned off’.  Therefore in our experiments, inactivation in the presence of exogenous 
sensitizers could still involve both exogenous as well as endogenous processes.  With regard to 
these endogenous processes, the only membrane-permeable quencher that decreased inactivation 
was histidine.  Since histidine added to DI water decreased both E. faecalis (Figure 5.2) and E. 
coli (Figure 5.15) inactivation, it is likely that 1O2 is an important endogenous species.  However, 
its importance relative to other endogenous ROS remains unclear, and was beyond the scope of 
this research. 
 Through our experiments we also found 1O2 a likely ROS involved in exogenous 
inactivation, this time only in the case of E. faecalis.  A combination of pond water ROS 
measurements, exogenous quencher experiments, and D2O experiments provided strong evidence 
for the importance of exogenous 1O2.  While we did not find such clear evidence for the 
involvement of other ROS, these results cannot be considered entirely conclusive.  As ROS are 
extremely short lived, sites of damage must be in close proximity to sites of formation, making 
both measurements of ROS and quencher experiments very difficult. 
 Experiments with Rose Bengal, a 1O2 producing sensitizer, resulted in profoundly 
different sensitivity to 1O2 mediated inactivation of E. faecalis, E. coli, and MS2 coliphage (MS2 
data from Kohn and Nelson 2007) (Figure 7.1).  Note that the y-axis on the figure is log-scale, 
and E. faecalis inactivation rates per mole of 1O2 produced by Rose Bengal are over an order of 
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magnitude greater than MS2 inactivation rates per mole, themselves an order of magnitude 
greater than E. coli.  The relative sensitivity of these microorganism to 1O2 matches their relative 
sensitivity to inactivation in the presence of pond water constituents:  inactivation rate increases 
in pond water over DI water were larger for E. faecalis than MS2 coliphage, and E. coli 
inactivation rates in pond water were lower than rates in DI water (Figure 7.2).  While these data 
are not direct evidence of 1O2 leading to inactivation of E. faecalis in pond water, they are 
consistent with such an explanation. 

 
Figure 7.1: Inactivation rate per mole of steady-state singlet oxygen 

concentration for E. faecalis (blue), MS2 Coliphage (green), and E. coli (red) 
exposed to full spectrum simulated sunlight in the presence of Rose Bengal.  Error 
bars represent 95% confidence intervals. (MS2 data from Kohn and Nelson 2007) 
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Figure 7.2: Relative increase in inactivation rate in pond water over DI water for 

E. faecalis (blue), MS2 Coliphage (green), and E. coli (red) exposed to UVB-
blocked simulated sunlight (shaded) or full spectrum simulated sunlight (solid).  

No significant inactivation of MS2 occurred in DI water without UVB light.  
Error bars represent 95% confidence intervals. (MS2 data from Kohn and Nelson 

2007) 
 
 The very different susceptibilities of E. faecalis and E. coli to exogenous 1O2 produced by 
RB may be a result of either differences in sensitizer-association characteristics, different 
susceptibilities to 1O2, or some combination of these.  Dahl et al. (1988) showed that gram-
negative bacteria are much less susceptible to RB-produced 1O2 than gram-positive, and they 
believed these differences were due to differential dye penetration into the cell walls of the two 
bacteria types.  However Bezman et al. (1978), by attaching RB to polystyrene beads and 
studying inactivation, showed that inactivation of E. coli by RB did not require penetration into 
the cell interior.  Furthermore, Khajehpour et al. (2004), working with the enzyme trypsin, found 
that enzyme-bound RB was not responsible for 1O2 production as the triplet-state of RB was 
quenched by the enzyme to which it was bound.  Instead, they attributed RB in solution as the 
source of 1O2.  Finally, Demidova and Hamblin (2005) found that photosensitizers that attached 
to bacteria were much more effective at inactivation, and gram-positive cells were more sensitive 
than gram-negative to each of the photosensitizers they studied.  Furthermore, they found that 
RB was more effective at inactivating the gram-positive bacteria Staphylococcus aureus than the 
gram-negative E. coli, and attributed this to the ability of RB to enter into the gram-positive cell 
but not the gram-negative cell (Demidova and Hamblin 2005).  While the exact mechanism of 
1O2 mediated inactivation is not clear, both the sensitivity to 1O2 damage as well as the degree of 
association with 1O2 producing sensitizers are key factors in an organisms susceptibility to 1O2 
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mediated damage.  More specifically, however, this literature demonstrates that gram-negative 
bacteria, including E. coli, were much less sensitive to 1O2 than gram-positive bacteria. 
 The wavelength-dependence of E. faecalis inactivation in pond water was similar to the 
wavelength dependence of singlet oxygen steady-state concentration in pond water, each 
decreasing with increasing cutoff wavelength (Figure 7.3).  These trends indicate that shorter 
wavelengths are more effective in both the inactivation of E. faecalis as well as the production of 
1O2 in pond water.  Once again, while not direct evidence of 1O2 leading to inactivation of E. 
faecalis in pond water, the similar trends of inactivation and [1O2] with respect to cutoff 
wavelength are consistent with such an explanation. 
 A key conclusion from this work: it is very likely that 1O2 is a key exogenous species 
involved in E. faecalis inactivation and is produced by sunlight wavelengths even in the visible 
range.  The importance of 1O2 has profound implications for ‘real-world’ situations, where 
shorter wavelength light penetration may be limited. 

 
Figure 7.3: Inactivation rates of E. faecalis exposed to simulated sunlight with 

various cutoff filters in pond water (green squares) as well as steady-state singlet 
oxygen concentrations in pond water (red triangles).  Error bars represent 95% 

confidence intervals.  (Data from Figures 4.18, and 5.5) 
 
 Through our experiments we discovered an interesting correlation between H2O2 
scavenging capabilities and the sensitivity to H2O2 supplementation for E. faecalis and E. coli.  
Specifically, we found that E. coli had the ability to scavenge H2O2 (Figure 5.19), neutralizing 
the danger posed by this ROS, and was more sensitive to inactivation in UVB-blocked sunlight 
in the presence of H2O2 (Figure 5.24).  E. faecalis, on the other hand, did not appear to have the 
ability to scavenge H2O2 nor any increased sensitivity to UVB-blocked sunlight in the presence 
of H2O2 up to 500 µM (Figure 5.12).  The ability of E. coli to scavenge H2O2 has likely evolved 
from its susceptibility to this ROS, in order to survive it required a method of protection (Imlay 
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2008).    E. faecalis, as it is not as susceptible to H2O2 mediated damage, had no need to 
scavenge H2O2. 
 H2O2 is unique among ROS as it is an uncharged, long-lived species, with half lives on 
the order of 7 to 150 hours in natural waters (Petasne and Zika 1987; Cooper and Lean 1989).  
As an uncharged species, H2O2 is able to freely cross cell membranes (Imlay 2008), and so 
exogenous formation of H2O2 could result in endogenous damage.  Moreover, due to the 
relatively long half-life of H2O2, formation in the light could cause damage in the dark.  Based 
upon our results, H2O2 may be an important species in E. coli inactivation in sunlight waters.  
However, while [H2O2]ss in natural waters has been measured as high as 10 µM (Cooper, Zika et 
al. 1989), testing the effects of such low concentrations proved difficult due to scavenging by E. 
coli and pond water constituents.  Since our experiments studied much higher concentrations 
than those found in natural waters, it is not possible to apply our results to these natural 
situations.  Moreover, the scavenging of H2O2 by the bacteria of interest makes the design of 
experiments to replicate natural conditions quite difficult. 
 
 
7.2 UV Light, Oxygen, and Sensitizers 
 
 In DI water, both E. faecalis and E. coli were consistently inactivated faster in full 
spectrum light than UVB-blocked light (Figure 7.4), and inactivation rates of each were 
correlated to dissolved oxygen concentrations, though differently.  Relative inactivation rates for 
these two bacteria are presented in Figures 7.4 (DI Water) and 7.5 (Pond Water).  As discussed 
earlier, in DI water exposed to simulated sunlight without the UVB portion, inactivation 
increased with increasing DO concentration (Figures 4.3 and 4.21).  These differences were more 
pronounced for E. faecalis than E. coli, particularly the increase from air saturated to double-
oxygen saturated DI water (Figure 7.4).  In the presence of UVB wavelengths, E. faecalis 
inactivation again increased with increased DO, however E. coli inactivation increased up to air 
saturation and then remained constant (Figures 4.3, 4.21, and 7.4).  Interestingly, in air-saturated 
DI water exposed to full spectrum simulated sunlight, inactivation rates for E. faecalis and E. 
coli were nearly identical (Figure 7.4). 
 These results demonstrate that both organisms were susceptible to indirect endogenous 
inactivation, as both were inactivated in DI water with UVB-blocked simulated sunlight (Figure 
7.4).  Moreover, E. faecalis was more sensitive than E. coli to indirect endogenous mechanisms.  
In addition, E. faecalis was less affected by the blocking of UVB wavelengths, and so less 
sensitive to UVB-dominated mechanisms.  In fact the strong oxygen dependence of E. faecalis 
inactivation, even in the presence of UVB light, indicates that indirect mechanisms dominated.  
E. coli on the other hand, had less of an oxygen dependence when exposed to the UVB 
wavelengths, with no increase in inactivation above air saturation, leading us to conclude that 
direct UVB inactivation was relatively more important for E. coli than E. faecalis. 
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Figure 7.4: Relative inactivation rates of E. faecalis (blue) and E. coli (red) in DI 

water exposed to full spectrum simulated sunlight (solid) or UVB-blocked 
simulated sunlight (shaded).  Inactivation rates are relative to the inactivation of 
E. faecalis exposed to full spectrum simulated sunlight in DI water.  Error bars 

represent 95% confidence intervals.  (Data from Figures 4.3, 4.4, 4.21, and 4.22) 
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Figure 7.5: Relative inactivation rates of E. faecalis (green) and E. coli (orange) 

in pond water exposed to full spectrum simulated sunlight (solid) or UVB-
blocked simulated sunlight (shaded).  Inactivation rates are relative to the 

inactivation of E. faecalis exposed to full spectrum simulated sunlight in pond 
water.  Error bars represent 95% confidence intervals.   

(Data from Figures 4.3, 4.4, 4.21, and 4.22) 
 
 This story becomes more complicated in the presence of exogenous sensitizers.  In some 
cases exogenous sensitizers increased inactivation rates, acting as photosensitizers, while in 
others their primary role was as light blockers, decreasing inactivation rates.  E. faecalis in WSP 
effluent is an example of the former:  inactivation of E. faecalis in pond water was faster than in 
DI water, with or without the UVB wavelengths of light (Figure 7.6).  In fact blocking the UVB 
wavelengths of light did not significantly decrease the rate of inactivation in pond water, 
providing further evidence for the dominance of the longer wavelengths.  E. coli, however, was 
the opposite, with slower inactivation in pond water (Figures 7.7), indicating its lack of 
sensitivity to the exogenous inactivation processes in pond water.  Furthermore, the presence of 
UVB wavelengths had a profound effect, greatly increasing the rate of E. coli inactivation. 
 Comparing relative inactivation rates of these two organisms in pond water demonstrates 
the dramatically different responses (Figure 7.5).  One plausible explanation for the different 
responses to pond water constituents is based on each individual organisms sensitivity to 
exogenous inactivation.  This explanation is complicated, however, as not all sensitizers had the 
same effect on E. faecalis; the dominant effect of Suwanne River Humic Acid was as a light 
blocker (Figure 7.8).  The type and location of the sensitizer, as well as the susceptibility of the 
organism to exogenous inactivation mechanisms are all important factors in the inactivation 
process.  Davies-Colley et al. (1999) also found varied responses when studying the effects of 
exogenous sensitizers on inactivation.  Similar to our results, they observed higher E. faecalis 
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inactivation rates in pond water compared to DI water, whereas E. coli inactivation rates were 
the same in pond and DI waters (1999).  Their experimental results for E. coli inactivation in DI 
water, however, consist of only three data points (Davies-Colley et al, 1999, Figure 5).  While 
they do not state it in their interpretations, if indeed E. coli inactivation rates in DI water were 
identical to those in pond water, this would indicate that pond water constituents were important 
exogenous sensitizers.  Recall that pond water constituents act as light-blockers and 
photosensitizers simultaneously, and so it is possible that the combination of these two processes 
balanced one another out, and the end result was inactivation rates in DI and pond waters ending 
up the same.  They key point is that, in such a case, pond water constituents do play an important 
role in the mechanisms of inactivation, though this may not be directly evident by looking at 
inactivation rates alone. 
 

 
Figure 7.6: Relative inactivation rates of E. faecalis in DI water (blue) and pond 

water (green) exposed to full spectrum simulated sunlight (solid) or UVB-blocked 
simulated sunlight (shaded).  Inactivation rates are relative to the inactivation of 
E. faecalis exposed to full spectrum simulated sunlight in DI water.  Error bars 

represent 95% confidence intervals.  (Data from Figures 4.3 and 4.4) 
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Figure 7.7: Relative inactivation rates of E. coli in DI water (red) and pond water 

(orange) exposed to full spectrum simulated sunlight (solid) or UVB-blocked 
simulated sunlight (shaded).  Inactivation rates are relative to the inactivation of 

E. coli exposed to full spectrum simulated sunlight in DI water.  Error bars 
represent 95% confidence intervals.  (Data from Figures 4.21 and 4.22) 
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Figure 7.8: Relative inactivation rates of E. faecalis exposed to UVB-blocked 

simulated sunlight in pond water (green), DI water (blue), and DI water 
supplemented with Suwanee humic acids (maroon) and Aldrich humic acids 
(purple).  Inactivation rates are relative to the inactivation of E. faecalis in DI 

water.  Error bars represent 95% confidence intervals. 
(Data from Figures 4.4 and 4.12) 

 
 
7.3 pH 
 
 In addition to dissolved oxygen, pH can play a role in the sunlight-mediated inactivation 
of these organisms.  The relationship between E. coli and sunlight-mediated inactivation over a 
wide pH range (3 ! pH ! 11) was generally broader and flatter than E. faecalis, with pond and 
DI water having identical trends (Figure 6.2).  Beyond certain extremes (pH<4 or pH>9) sharp 
increases in inactivation were witnessed, however these increases coincided with high levels of 
dark inactivation as well.  Since E. coli was dominated by endogenous sunlight inactivation 
mechanisms and internal pH is not expected to change significantly, this pH response makes 
intuitive sense.  External pH changes, while an additional stress, may not change the mechanisms 
through which sunlight inactivates E. coli. 
 E. faecalis, on the other hand, was more sensitive to pH changes, particularly in pond 
water (Figure 6.1).  In pond water it is likely that exogenous mechanisms damage the cell well 
making the bacteria more susceptible to external pH stress. In addition, enterococci are gram-
positive bacteria and therefore lack an outer membrane, an additional source of protection 
against external pH stress.  In both DI and pond water, it is likely that pH contributed to the 
overall sum of stressors exerting themselves on the bacteria.  The subjection of a cell to multiple 
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stresses, individually manageable but when combined able to damage a cell, could lead to 
inactivation through a simple process of total energy depletion. 
 Davies-Colley et al. (1999; 2000) also investigated the effects of pH upon E. coli and 
enterococci inactivation in pond water, however they restricted their experiments to a narrower 
pH range (8 ! pH ! 10).  Within this pH range, they found E. coli inactivation highly sensitive to 
pH, while enterococci inactivation was constant, independent of pH (Davies-Colley, Donnison et 
al. 2000).  While their results are somewhat different than ours, focusing upon the narrower 
scope of their experiments exposes many similarities.  First, their enterococci experiments 
demonstrated less than two-log of inactivation, and in our experiments with E. faecalis, within 
the first two-log of inactivation the differences in inactivation rates were not as pronounced (data 
not shown).  Their E. coli results are in fact similar to ours (Figure 6.4), however when viewed 
relative to E. coli inactivation across a larger range on pH the different inactivation rates in this 
narrow pH range become much less significant (Figure 6.2).  Our work, then, provides a much 
more comprehensive analysis of the effects of pH upon the inactivation of these two organisms. 
 
 
7.4 Sunlight Inactivation Mechanisms in Waste Stabilization Ponds 
 
 Previous researchers proposed three mechanisms to describe sunlight-mediated 
inactivation: direct UVB damage to DNA, indirect endogenous damage caused by UVB light, 
and indirect exogenous damage involving all wavelengths of sunlight up to 550 nm (Davies-
Colley, Donnison et al. 2000).  Using this categorization, they attributed enterococci inactivation 
to the third mechanism, independent of pH (Davies-Colley, Donnison et al. 1997; Davies-Colley, 
Donnison et al. 1999).  Fecal coliforms and E. faecalis, on the other hand, were more complex:  
at near-neutral pHs the second mechanism dominated, while at high pH E. coli was susceptible 
to the third mechanism (Davies-Colley, Donnison et al. 1999).  While these mechanisms provide 
a useful starting point, based on our results we would propose some alterations to the 
mechanisms as well as the susceptibility of E. faecalis and E. coli to these mechanisms. 
 While the first mechanism, direct damage caused by the UVB wavelengths, is a likely 
inactivation mechanism, it did not dominate inactivation of either of the bacteria used in this 
study.  In experiments with full spectrum sunlight in the absence of exogenous sensitizers, 
inactivation of both E. faecalis and E. coli were oxygen-dependent (see Figure 7.3, solid bars), 
indicating that direct absorption of UVB light by DNA was not the primary cause of inactivation.  
These inactivation dynamics in the presence of UVB light do not negate the occurrence of this 
first mechanism, rather it is likely that the bacteria in these experiments are subjected to the first 
as well as the second inactivation mechanism simultaneously, and the oxygen-dependency 
affects only the second. 
 The second inactivation mechanism proposed by Davies-Colley et al. (2000) is an 
endogenous mechanism, also UVB-light driven.  They attributed faecal coliform and E. coli 
inactivation at neutral-pH to this mechanism.  Our results indicate that this mechanism is not 
restricted to the UVB wavelengths, however, as oxygen-dependent E. faecalis and E. coli 
inactivation occurred in the absence of UVB-light and exogenous sensitizers (Figure 7.3, shaded 
bars).  Based upon our cutoff-filter studies, even light in the visible range is able to inactivate E. 
faecalis in the absence of exogenous sensitizers, though UVB and UVA light dominate (Figure 
4.18).  Based upon these results, we would propose to expand the definition of this second 
category to include UVA and lower-wavelength visible light as well.  In addition, we found that 



 

 98 

E. coli inactivation due to this mechanism was not restricted to near-neutral pH, as inactivation 
rates in pond water were consistently slower than in DI water from 3 ! pH ! 11 (Figure 6.2). 
 The third mechanism proposed by Davies-Colley et al. (2000) is an exogenous process 
which they attributed to UVB, UVA, and visible light up to 550 nm.  They believed inactivation 
of enterococci in pond water was primarily due to this mechanism, as well as faecal coliforms 
and E. coli inactivation at pH > 9.5.  While our work did not isolate wavelengths as high as 550 
nm, we can confirm that wavelengths into the visible range have a role in E. faecalis inactivation 
(see Figure 4.18).  Though wavelengths in the visible range were capable of inactivating E. 
faecalis in both DI and pond water, inactivation rates in pond water were markedly higher than 
in DI water (Figure 4.18).  In the case of E. coli inactivation, however, we found that the 
presence of pond water constituents decreased inactivation rates, independent of pH (Figure 6.2), 
and this third mechanism was not a significant cause of E. coli inactivation.  While Curtis et al. 
(1992) believed exogenous sensitizers to be dissolved humic substances, our results indicated 
that numerous particle size fractions contribute to inactivation (Figure 4.8). 
 In summary, our results indicate that in pond water exposed to sunlight, E. faecalis 
inactivation, while occurring through all three mechanisms, is dominated by the third, exogenous 
mechanism and this mechanism is driven by wavelengths in the UVA and visible ranges.  E. coli 
inactivation, on the other hand, is dominated by endogenous mechanisms, and these mechanisms 
are driven by the UVB wavelengths (with some contribution by UVA) through a combination of 
the first two mechanisms.  The third mechanism, exogenous photoinactivation, did not play a 
role in E. coli inactivation in our microcosms. 
 Another sunlight-driven inactivation mechanism not addressed in this categorization 
involves H2O2.  As previously discussed, H2O2 is an uncharged species and following exogenous 
formation, H2O2 may cross cell membranes causing endogenous damage.  This mechanism 
therefore involves exogenous photosensitizers (mechanism 3) causing endogenous microbial 
damage (mechanism 2).  Since we found that E. coli is sensitive to high concentrations of 
externally added H2O2, we cannot rule out that this mechanism may be important for E. coli 
inactivation at the much lower concentrations that may be present in natural waters, although 
H2O2 is most likely not an important mechanism in wastewater ponds due to scavenging by pond 
water constituents. 
 
 
7.5 Experimental Artifacts 
 
 The majority of the experimental results presented in this work represent experiments that 
were repeated numerous times.  While the results represent final experiments, the designs of 
these final experiments were based upon preliminary experiments performed to test if treatments 
had any effect as well as calculate dilutions and experiment-length.  Whenever an experiment 
was performed and an effect was seen, these experiments were repeated to confirm the effect.   
Preliminary experiments always resulted in identical trends to the final experiments, the results 
of which are presented here.  However, while we have confidence in the results our experiments, 
applying these results to more general conditions remains tenuous as our experiments were 
performed under specific conditions.  As with any laboratory work, these specific conditions 
introduce a series of artifacts.  While a complete consideration of the artifacts introduced by our 
experimental methods depends upon the conditions to which they are being compared, some of 
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the most important issues are considered below.  More detailed consideration of the assumptions 
and limitations of our experiments follows in Chapter 8.4.2. 
 Perhaps the most important artifact of our experimental method has been the use of 
laboratory strains of E. faecalis and E. coli, under very specific growth conditions, with plating 
on selective plates.  Our bacteria were grown under aerobic conditions at constant temperature, 
in rich broth media, providing them with ideal conditions for replication up to stationary-phase.  
In addition to the uniqueness of our lab-strains, these growth conditions are far from the growth 
conditions these bacteria would experience in natural environments or the human intestine.  In 
our pH experiments, we transferred these bacteria directly into our reactors at various pH levels, 
abruptly introducing this pH shock.  While a rapid shock may occur in natural conditions, these 
changes may also occur more slowly, enabling bacteria to adapt and more adequately defend 
against this stress.  We plated both of our bacteria on selective agar.  While this selective plating 
was important for our pond water experiments, since pond water contains numerous bacteria that 
grew on non-selective plates, it may not be appropriate to directly compare our work to that of 
other researchers.  The presence of selective additives to the plates introduces additional stress, 
and already damaged bacteria may have more difficulty growing under these conditions.  Finally, 
the relative importance of different light wavelengths was a function of the absorption 
characteristics of the specific pond water used for our experiments, and our reactor geometry.  
These issues are explored in further depth in the next chapter.
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Chapter 8: Modeling Sunlight Inactivation in Waste Stabilization 

Ponds 
 
 
 To apply our results from laboratory microcosms to actual treatment systems, we 
developed a model based on our empirical data.  In this chapter we describe the various 
modeling parameters, how they were determined, and their strengths and limitations.  We then 
apply our model to some scenarios that might occur in natural systems and discuss the 
implications of our findings. 
 
 
8.1 Intensity 
 
 As rates of E. faecalis inactivation were proportional to light intensity in both DI and 
pond waters when light spectrum did not change (i.e. all wavelengths decreased proportionally) 
(Figures 4.15, 4.16), to adjust for changes in light intensity in our model we applied the 
following coefficient: 
 

kadj = kobs * LI  where: LI = I/Io 
 
Where kadj is the inactivation rate adjusted for intensity, kobs is the inactivation rate measured at 
Io, LI is the intensity adjustment coefficient, I is the total light intensity, and Io is total light 
intensity used to determine kobs.  I and Io should be in the same units such that the intensity 
adjustment coefficient, LI, is unitless.  While our experiments only tested the relationship 
between intensity and inactivation for E. faecalis in air-saturated DI and pond waters exposed to 
UVB blocked sunlight, for the purposes of exploring our model we have assumed this 
relationship holds true for all bacteria and across all wavelengths. 
 
 
8.2  Empirical Fitting:  DO and pH 
 
 To adjust inactivation rates for changes in DO and pH, we fit normalized inactivation 
rates determined from DO and pH experiments to empirical equations.  The data were 
normalized based on what we will henceforth call “standard conditions”: the inactivation rate of 
the bacteria in air-saturated water at pH=7.5 exposed to UVB blocked simulated sunlight.  Each 
water, then, has it’s own “standard condition”.  At a given DO or pH, these empirical equations 
provide a coefficient which, when multiplied by the inactivation rate measured at “standard 
conditions”, provides an adjusted inactivation rate.  Stated in another way: given the inactivation 
rate at “standard conditions”, the new inactivation rate would then be this “standard” rate 
multiplied by the coefficient.  As an equation, the relationship takes the following form: 
 

kadj = kstd * LDO * LpH 
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Where kadj is the inactivation rate adjusted for DO and pH, kstd the inactivation rate at “standard 
conditions”, and LDO and LpH are unitless adjustment coefficients for DO and pH, respectively, 
based on our empirical data fitting. 
 
8.2.1  Dissolved Oxygen 
 The adjustment coefficients for DO were determined from plots of DO versus relative 
inactivation rate for E. faecalis (Figure 8.1) and E. coli (Figure 8.2), where inactivation rates 
were normalized as described previously.  Logarithmic curve-fittings were applied, and the 
empirical coefficients were determined as: 
 

E. faecalis 
 DI Water:  LDO = 0.401218037031644*ln[DO] + 0.153795460109391 
 Pond Water:  LDO 0.179689220589586* ln[DO] + 0.546319121862387 
 
E. coli 
 DI Water:  LDO = 0.348575527261463*ln[DO] + 0.165952004291796 
 Pond Water:  LDO = 0.503246181468403*ln[DO] + 0.014371239516599 

 
 

 
Figure 8.1: Relative inactivation rates of E. faecalis exposed to UVB-blocked 

simulated sunlight in DI (blue circles) and pond (green squares) waters versus DO 
concentration.  Inactivation rates were normalized based upon the inactivation 

rate of E. faecalis in air-saturated water.  Logarithmic curve fittings were applied 
to the data, with the results and R2 values shown. 
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Figure 8.2: Relative inactivation rates of E. coli exposed to UVB-blocked 

simulated sunlight in DI (blue circles) and pond (green squares) waters versus DO 
concentration.  Inactivation rates were normalized based upon the inactivation 

rate of E. coli in air-saturated water.  Logarithmic curve fittings were applied to 
the data, with the results and R2 values shown. 

 
8.2.2  pH 
 The adjustment coefficients for pH were determined from plots of pH versus relative 
inactivation rate for E. faecalis (Figure 8.3) and E. coli (Figure 8.4), where inactivation rates 
were normalized as described previously.  Polynomial curve-fittings were applied, and the 
empirical coefficients were determined as: 
 

E. faecalis 
DI Water:  LpH = 0.000233349218522*(pH)6 - 0.012342577735929*(pH)5 + 0.263209121796134*(pH)4 - 

2.878845831194650*(pH)3 + 17.023629030800700*(pH)2 - 51.927550675302400*(pH) + 
65.885731148065800 

Pond Water:  LpH = 0.002166557921237*(pH)6 - 0.091777687751193*(pH)5 + 1.570925473163860*(pH)4 
- 13.869129850969700*(pH)3 + 66.542610170913500*(pH)2 - 165.232480259390000*(pH) + 
169.969595535397000 

 
E. coli 

DI Water:  LpH = 0.008368723584965*(pH)6 - 0.345820992809081*(pH)5 + 5.860564908816910*(pH)4 - 
52.104691072587900*(pH)3 + 256.384215890119000*(pH)2 - 662.969704665579000*(pH) + 
707.114051840593000 

Pond Water:  LpH = 0.007662749743744*(pH)6 - 0.335248592220722*(pH)5 + 6.030996781627790*(pH)4 
- 57.010173343879200*(pH)3 + 298.343050776242000*(pH)2 - 819.232680288109000*(pH) + 
923.767353158796000 
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Figure 8.3: Relative inactivation rates of E. faecalis exposed to UVB-blocked 

simulated sunlight in DI (blue circles) and pond (green squares) waters versus pH.  
Inactivation rates were normalized based upon the inactivation rate of E. faecalis 

at pH=7.5.  Polynomial curve fittings were applied to the data, with the results 
and R2 values shown. 
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Figure 8.4: Relative inactivation rates of E. coli exposed to UVB-blocked 

simulated sunlight in DI (blue circles) and pond (green squares) waters versus pH.  
Inactivation rates were normalized based upon the inactivation rate of E. coli at 
pH=7.5.  Polynomial curve fittings were applied to the data, with the results and 

R2 values shown.  
 
 
8.3 Inactivation and Wavelength 
 
 To model the effects of light wavelength upon inactivation, sensitivity coefficients (P!) 
were created to assign a wavelength factor to each individual wavelength.  Multiplying each 
sensitivity coefficient times the irradiance at that wavelength provides an inactivation rate for a 
given wavelength.  Taking the sum of these products over all wavelengths provides a first-order 
observed inactivation rate.  The inactivation rate can be represented as: 
 

kobs = !! (I! * P! * "!) 
 
Where kobs is the observed inactivation rate (1/hr) at I!, I! is the irradiance (W/(m2*nm)) at 
wavelength !, "! is the wavelength interval (nm), and P! is sensitivity coefficient (m2/W*h) at 
wavelength !. 
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8.3.1 Sensitivity Coefficients 
 Sensitivity coefficients were determined by choosing an exponential function to represent 
the importance of each wavelength.  The function took the form: 
 

P! = a*en*! + b 
 
Where P! is the sensitivity coefficient (m2/W*h) at wavelength !, and a, n, and b are the 
modeling coefficients, unique for each organism.  Coefficients a and n determined the shape of 
the curve, while b determined the y-intercept.  Coefficients for each microorganism were 
selected based on a two primary criteria: the shape of the exponential curve and the inactivation 
rate as determined by the equation above.  Curve shapes were qualitatively chosen to mimic 
inactivation of each organism as it relates to wavelength (i.e. the importance of UVB compared 
to higher wavelengths in a given type of water).  In addition, the results from photoaction spectra 
studies by coworkers (Fisher, Schuech et al. manuscript in progress; Love, Fisher et al. 
manuscript in progress) helped to develop the appropriate curve-shapes, particularly the y-
intercept.  Model-calculated inactivation rates were matched with rates measured in our 
experiments, after adjusting to account for reactor depth (see Chapter 8.3.3).  In addition to 
developing a model for E. faecalis (Figure 8.5) and E. coli (Figure 8.6), we also developed this 
model for MS2 coliphage (Figure 8.7) based upon inactivation data from Kohn and Nelson 
(2007). 
 

 
Figure 8.5: Sensitivity coefficients versus wavelength for E. faecalis in DI (blue) 

and pond (green) waters. 
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Figure 8.6: Sensitivity coefficients versus wavelength for E. coli in DI (blue) and 

pond (green) waters. 

 
Figure 8.7: Sensitivity coefficients versus wavelength for MS2 coliphage in DI 

(blue) and pond (green) waters. 
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 As previously noted, the shapes of these curves were determined in part qualitatively 
from what we have learned about the effects of different wavelengths of sunlight on these 
organisms, as well as their observed inactivation rates in DI and pond water.  The following 
considerations were taken into account in determining the shapes of the curves in Figures 8.5-7 
above.  E. faecalis inactivation occurred faster in pond water than DI water at all wavelengths 
and although shorter wavelengths were more capable of inactivation than longer, wavelengths 
into the visible range were important in both DI and pond waters (Figure 4.18).  In the case of E. 
coli, inactivation in DI water was consistently faster than in pond water, and the shorter 
wavelengths were more important, particularly the UVB portion of sunlight (Figure 4.20).  Based 
upon the results of our coworkers (Fisher, Schuech et al. manuscript in progress), we also know 
that wavelengths into the visible range are important in E. coli inactivation, however to a much 
lesser extent than for E. faecalis.  Finally, previous researchers have shown MS2 coliphage 
inactivation in DI water involved only the UVB wavelengths, however in pond water all 
wavelengths contributed (Kohn and Nelson 2007; Love, Fisher et al. manuscript in progress). 
 
8.3.2 Irradiance and Depth 
 As light penetrates into natural waters it is attenuated, however that attenuation is not 
equal across all wavelengths.  The amount of light that reaches any given depth is dependent on 
both the absorption spectrum of the water as well as the intensity of the incoming light.  The 
relationship between these variables is described by Beer’s law: 
 

I(!) = Io(!) * 10-"(!)*z 
 
Where I(!) is the intensity (W/(m2*nm)) at wavelength ! and depth z (cm), Io(!) is the light 
intensity (W/(m2*nm)) at the water surface at wavelength !, and "(!) is the absorption 
coefficient (1/cm) of the water at wavelength !.  Given the intensity of the incident light and the 
absorption spectrum of the water, the spectrum of light reaching any depth can be calculated.  A 
plot of intensity over a range of depths in our pond water receiving light from the solar simulator 
is presented in Figure 8.8.  Note how the shorter wavelengths of light are attenuated at shallower 
depths, while the visible wavelengths penetrate deeper into the pond water.  For the purposes of 
our model we selected a characteristic pond water absorbance from our experiments.  In addition, 
although a little light was absorbed in DI water in our reactors, because it is not a good 
representation of natural waters, no modeling of these conditions was undertaken. 
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Figure 8.8: Simulated sunlight intensity versus wavelength at multiple depths in 
our pond water.  The intensity at each depth was determined using Beer’s Law. 

 
8.3.3 Inactivation Rates 
 Combining the analysis from the previous two sections, we can determine sunlight-
mediated inactivation rates at a specific pond depth and wavelength (k!,z) based upon the amount 
of light reaching that depth and the inactivation sensitivity coefficients.  Recall that inactivation 
rate is simply the sum of P!*I! over all wavelengths.  Plots of depth-specific inactivation rates 
(k!,z) versus wavelength at various pond depths are presented for E. faecalis (Figure 8.9), E. coli 
(Figure 8.10), and MS2 coliphage (Figure 8.11) below.  In addition, the inactivation rates in DI 
water are plotted on these charts. 
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Figure 8.9: Inactivation rates of E. faecalis versus wavelength at various pond 
depths (colors) and in DI water (black).  The total inactivation rate at any given 

depth is the area under the curve for that depth. 

 
Figure 8.10: Inactivation rates of E. coli versus wavelength at various pond 

depths (colors) and in DI water (black).  The total inactivation rate at any given 
depth is the area under the curve for that depth. 
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Figure 8.11: Inactivation rates of MS2 coliphage versus wavelength at various 
pond depths (colors) and in DI water (black).  The total inactivation rate at any 

given depth is the area under the curve for that depth. 
 
 This analysis can be taken a step further to calculate sunlight-mediated inactivation rates 
in an entire pond by calculating a weighted-average of k!,z values over the entire depth of the 
pond.  We divided pond depth into 0.1 cm slices and continued with 1 nm wavelength intervals.  
As an equation, this step would look like the following: 
 

kobs,pond = (!z [k!,z * "z]) / ztot 
 

= { !z [ (!! (I! * P! * "!)) * "z ] } / ztot 
 
Where kobs,pond is the depth-averaged first-order inactivation rate (1/hr) for the entire pond, k!,z is 
the first order inactivation rate (1/hr) at depth z (cm), "z is the depth interval (cm), and ztot is the 
total pond depth (cm).  Plots of kobs,pond versus total pond depth demonstrate the effects of pond 
depth on sunlight-mediated inactivation rates (Figure 8.12). 
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Figure 8.12: Total pond inactivation rate (kobs,pond) versus total pond depth. 

 
 
8.4 Modeling Discussion 
 
8.4.1 Model Implications and Application 
 In our modeled relationship between inactivation rates at multiple pond depths and 
wavelength, peaks appear at 320 nm indicating that 320 nm light has the greatest contribution to 
inactivation up to 1-2 cm for E. faecalis (Figure 8.9) and up to 5 cm for both E. coli and MS2 
coliphage (Figures 8.10 and 8.11).  In the E. faecalis model there is also a peak at ~480 nm 
(Figure 8.9), however this peak is an artifact of the solar simulator output, and in natural sunlight 
we would not expect this peak (see Figure 3.2 for a comparison of simulator and sunlight 
irradiances).  Under natural sunlight we would also expect the overall importance of visual light 
to increase, as our simulator under-represented this portion of sunlight relative to the UV ranges 
(Figure 3.2). 
 Previous workers, focusing on marine waters, identified 305 nm as the most important 
wavelength contributing to UV inactivation in marine waters (Smith and Baker 1979).  They 
came to this conclusion through the use of a generic sensitivity coefficient, based upon a variety 
of DNA-containing biological systems (Setlow 1974).  Davies-Colley et al. (1997; 1999), based 
on their understanding that UV wavelengths were the most important in sunlight-mediated 
inactivation, focused on 340 nm light to account for light attenuation in pond systems.  Our 
model improves on these earlier attempts by considering each organism individually as well as 
the differential wavelength penetration into the waters.  A limitation of our model lies in the 
creation of these P-curves, which may not correctly represent actual wavelength sensitivities.  
However the methodology shown here can continue to be applied as updated input information is 
available. 
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 Applying our model to pond design enables the incorporation of a more mechanistic 
understanding of inactivation into design considerations.  Specifically, currently microorganism 
removal in WSP is designed based on faecal coliform removal using an equation proposed by 
Marais (1974): 
 

Ne = Ni / (1+kB!) 
 

and kB = 2.6 * (1.9)T-20 
 

Where: Ne = Effluent concentration of fecal coliforms 
  Ni = Influent concentration of fecal coliforms 
  kB = first-order removal rate constant 
  ! = pond hydraulic retention time 
  T = Average air temperature (°C) of the coolest month 
 
Note that the inactivation rates determined from our laboratory experiments can not be directly 
applied to this model, as they were determined under specific conditions:  reactors with fixed 
surface area and depth.  Instead these must be converted to first-order, depth-dependent rate 
constants through this model.  As determined by the Marais equation, removal is dependent on 
temperature and pond detention time alone, no direct consideration is given to pond depth or 
surface area (and hence sunlight exposure).  Using our model, we are able to incorporate sunlight 
into the design equation, enabling the design of pond dimensions for microorganism removal 
(Figure 8.13).  For the purposes of this application, we assumed 12 hours of constant sunlight 
equal to the intensity of our solar simulator.  In reality sunlight intensity varies throughout the 
day, and while in our location the maximum intensity is higher this would be vary considerably 
between locations.   The model could be optimized based upon sunlight measurements taken at a 
pond’s location throughout the day.  Our E. coli model for a pond depth of 1.75 m approximates 
similar inactivation rates to the Marais equation, which is based upon fecal coliform removal 
(Marais 1974).  Our model, however, demonstrates the advantage of shallower depths while the 
Marais equation assumes inactivation is independent of depth. 
 
 



 

 113 

 
Figure 8.13: Model application to pond design: the effect of pond depth on 

inactivation. 
 
  The model as applied above does not include considerations for changes in DO and pH, 
while in actual ponds these vary diurnal, reaching DO > 20 mg/L and pH > 10 (Parhad and Rao 
1974; Kayombo, Mbwette et al. 2000; Craggs, Zwart et al. 2004; Pearson, Athayde et al. 2005).  
The highest levels of pH and DO occur simultaneously, due to algal photosynthesis, and at the 
same time as sunlight intensity is at its daily maximum (Davies-Colley, Donnison et al. 1999; 
Craggs, Zwart et al. 2004). 
 While a complete accounting for the diurnal variations in pH, DO and light intensity 
would require a more sophisticated model, it is still possible to demonstrate how these changes 
affect inactivation in our model.  Estimates for morning and midday values of solar intensity, 
DO, and pH are presented in Table 8.1.  These parameters are applied to our model, 
demonstrating their effects on inactivation of E. faecalis (Figure 8.14) and E. coli (Figure 8.15) 
in a 1 m deep pond with an HRT of 7 days, using the previously described design equation.  
Starting with the baseline model conditions, the effects of changes in each parameter are 
displayed individually as well as the combined effect of changes in all three.  The combined 
effects represent a low-light, morning condition in comparison to the maximum inactivation rates 
that might occur in a pond at midday.  In reality, there would be a gradual change in solar 
intensity starting at zero before dawn.  The low-light, “morning” condition is provided to 
demonstrate the effects of pH, DO, and intensity as they are accounted for in our model. 
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Table 8.1: Estimates for sunlight intensity, dissolved oxygen concentration and 
pH for a pond in the morning and at midday.  These estimates are used to 
demonstrate the range inactivation possibilities in a pond during one day. 

 
 Morning 

(Low Inactivation) 
Midday 

(Max Inactivation) 
Baseline 

Conditions 
Intensity (W/m2) 70 420 330 

DO (mg/L) 5 25 8.5 
pH 7 11 7.5 

 
 

 
Figure 8.14: Modeling of morning and midday E. faecalis inactivation rates. The 

effects of light intensity, DO, and pH are represented individually as well as 
combined, based on the values listed in Table 8.1. 
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Figure 8.15: Modeling of morning and midday E. coli inactivation rates.  The 
effects of light intensity, DO, and pH are represented individually as well as 

combined, based on the values in Table 8.1. 
 
 According to our model, the amount of E. faecalis inactivation in a pond over the course 
of one day is primarily determined by changes in light intensity (Figure 8.14).  Fluctuations in 
DO and pH, at the levels found in ponds, do not appear to have a large effect upon E. faecalis 
inactivation.  Inactivation of E. coli, on the other hand, is much more sensitive to fluctuations in 
pH (Figure 8.15).  Rising pH and light intensity have the largest impact upon E. coli inactivation 
during the course of one day (Figure 8.15).  Comparing these two organisms reveals an 
interesting finding.  Similar to our inactivation experiments, in the morning log-inactivation of E. 
faecalis (0.68) is much higher than E. coli (0.12).  However around midday, when pH and DO 
are highest, log-inactivation of E. coli (1.78) is slightly higher than E. faecalis (1.73).  The 
difference between morning and midday inactivation illustrates the importance of a multi-
parameter design model, incorporating both the characteristics of different microorganisms as 
well as the unique characteristics of waste stabilization pond systems.  While we did not account 
for differences in the solar spectrum between the sun and our simulator, we would expect such 
changes to affect the relative inactivation rates of E. faecalis and E. coli.  As natural sunlight 
contains greater amounts of visible light when compared to our simulator (Figure 3.2), we would 
expect E. faecalis inactivation to occur relatively faster, since E. faecalis is more susceptible to 
light in the visible range than E. coli. 
 Craggs et al. (Craggs, Zwart et al. 2004), upon modeling E. coli disinfection in a High 
Rate Pond, concluded that sunlight exposure accounts for most of the disinfection.  Although 
they stated that DO and pH were “second-order” factors in the ranges they studied, the pH range 
in their system was limited to 8.3 < pH < 9 (Craggs, Zwart et al. 2004).  Moreover, the solar 
irradiation in their system peaked at over 1200 W/m2 and their pond was only 20cm deep 
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(Craggs, Zwart et al. 2004).  The combination of factors they studied emphasize the role sunlight 
intensity:  low depth, high irradiance, and very limited pH range.  In a different pond system with 
larger pH fluctuations or lower light intensity, the relative importance of sunlight might decrease. 
 To evaluate their conclusions, we matched our model to their pond characteristics (HRT 
= 2 days, depth = 20 cm) and determined the effect of solar intensity, DO, and pH on their pond 
by comparing their low light conditions to the maximum conditions they reported (Table 8.2, 
Data from Craggs, Zwart et al. 2004).  Based on our model, we would come to the same 
conclusions:  sunlight is the most important factor in inactivation (Figure 8.16).  In fact applying 
these conditions to E. faecalis would lead us to the same conclusions (Figure 8.17).  The specific 
parameters they studied underrepresented the potential role that pH plays in inactivation in pond 
systems.  Consistent with their findings, however, we also found DO to be of secondary 
importance, relative to pH and sunlight, in E. coli inactivation.  In addition, in their experiments 
they measured approximately 1-log reduction in E. coli each day (Craggs, Zwart et al. 2004).  
These measurements are consistent with what we would have expected based upon our model, as 
they match the midpoint between our “low light” and “maximum light” conditions (Figure 8.16).  
Interestingly, based upon our model, we would have expected almost twice as much E. faecalis 
inactivation in their system (Figure 8.17). 
 

Table 8.2:.  Pond conditions in a High Rate Pond and model-baseline conditions.  
These conditions were measured by Craggs et al. (2004) in sunlight inactivation 
modeling experiments. 

 
 Low Light Maximum 

Light 
Baseline 

Conditions 
Intensity (W/m2) 300 1200 330 

DO (mg/L) 5 20 8.5 
pH 8.5 9.3 7.5 
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Figure 8.16: Modeling of low-light and maximum-light E. coli inactivation rates 
in a High Rate Pond.  The effects of light intensity, DO, and pH are represented 

individually as well as combined, based on the values in Table 8.2.  The 
parameters are based upon on Craggs et al. (2004). 

 
Figure 8.17: Modeling of low-light and maximum-light E. faecalis inactivation 

rates in a High Rate Pond.  The effects of light intensity, DO, and pH are 
represented individually as well as combined, based on the values in Table 8.2.  

The parameters are based upon Craggs et al. (2004). 
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8.4.2 Assumptions and Limitations 
 As with any model, our model includes assumptions and there are limits to its 
applicability.  The foremost limitation of our model is that it is based upon empirical data gained 
in laboratory experiments under very specific, controlled conditions, with laboratory bacterial 
strains, and pond water from a single source.  To loosely apply this model to natural sunlight, 
under more variable conditions, and to wild-type bacteria is certain to be inaccurate. 
 As our model is empirically based, there are limits based upon what experimentation was 
performed to make the model.  Specifically, the relationships between dissolved oxygen 
concentrations and inactivation rates are only valid for 1 ! [DO] ! 20 mg/L.  In the same vein, 
the relationships developed between pH and inactivation rates are valid in the range 3 ! pH ! 11.  
While we tested the effects of each of these individually, we did not test for synergistic effects.  
Davies-Colley et al. (1999) found that high DO ([DO] > 17 mg/L) together with high pH 
(pH>9.5) inactivated E. coli faster than the sum of each of these individually. 
 In addition to the empirical basis for our modeling parameters, the equations describing 
each organism’s sensitivity to different light wavelengths are based upon an exponential 
function.  While this fit is similar to what we have found in our experiments, it is not built 
directly upon empirical data nor constructed mechanistically.  Related to this, another 
assumption in our model is that the linear intensity relationship we found for E. faecalis applies 
to both E. coli and MS2 coliphage, and to a broader range of intensities than our experiments 
tested.  While this relationship is plausible, it is also possible that below a certain threshold, 
bacteria are able to defend against some of the sunlight-mediated inactivation mechanisms, or 
repair the damage caused by these processes. 
 Our model is based upon experiments conducted with pond water from a single treatment 
plant, and as our experiments have demonstrated, not all exogenous sensitizers have the same 
effect (Figure 7.8).  In addition, adjustment coefficients for DO and pH are based upon 
experiments conducted in the absence of UVB light.  While it is plausible that the relationships 
in the presence of UVB would be similar, we cannot be certain that this is the case. 
 Another limitation of our model rests in our calculations of depth-specific light 
intensities.  Two aspects of intensity not considered in the model are the solar zenith angle and 
light scattering inside of the pond.  The zenith angle of the sun is location and season dependent, 
and to incorporate this would require introducing much more complexity to our model.  As solar 
intensity is affected by atmospheric conditions, even accounting for the zenith angle would not 
enable a confident estimation of intensity at a specific location and time.  Incorporation of the 
zenith angle would effectively decrease the depth to which sunlight would travel, as the light 
incident on the pond surface would not be at 90°, as was the case for our reactors. 
 Light scattering would also decrease the depth to which light travels into a water body, 
however the effect of scattering may not be significant in pond systems.  Scattering and 
absorption are the two main processes affecting the attenuation of light in natural waters, and 
these are properties of the water independent of the incident light (Kirk, 1981a).  When light is 
scattered, there is no loss of quantum energy, and the light undergoes either reflection, refraction, 
or diffusion (DC, 2005).  Davies-Colley et al. (2005) found that particles suspended in the water 
column, particularly algae, are able to scatter light; however, this scattering primarily occurs at 
small angles to the incident photon direction.  In studies specific to waste stabilization ponds, 
Curtis et al. (1994) determined that scattering did not significantly alter light attenuation in pond 
systems, and attenuation was dictated by absorbance almost entirely.  Furthermore, they 
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concluded that changes in turbidity would not affect light attenuation in ponds significantly 
(Curtis 1994).  They also noted that the reflectance of algal rich waters was very low, with only 
2% of incident light reflected back in the direction from which it came (Curtis 1994).  The 
finding that scattered light does not leave the pond is particularly significant for our studies, as 
the energy present in these photons can still go on to inactivate pathogens, through either direct 
or indirect mechanisms.  The minor role of scattering in pond systems, combined with the 
continued availability of scattered light to lead to microbial inactivation, lead us to believe that 
the exclusion of scattering from our model is not a large source of error. 
 Finally, when applying this model to pond design, we have assumed a well-mixed, 
uniform pond, and that the absorption and sensitization properties are the same throughout.  In 
actual systems algal concentrations will vary with depth, and this variation will also change 
throughout the day as sunlight penetrates deeper into the water, providing energy for algal 
growth at lower depths.  In addition to the assumption of a well-mixed pond, we have not 
considered the effects of pond hydraulics such as short-circuiting.  Removal of pathogens and 
indicator organisms in pond systems is directly related to pond hydraulics, with short-circuiting 
adversely affecting removal rates (Camp 1946; Brissaud, Lazarova et al. 2000; Lloyd, Vorkas et 
al. 2003; Bracho, Lloyd et al. 2006).  Based on tracer studies together with computational fluid 
dynamics modeling, various researchers have found that a combination of baffling to create more 
plug-flow-like characteristics as well as careful design of inlet and outlet structures to reduce 
short-circuiting improve pathogen and indicator removal performance (Shilton and Harrison 
2003; Shilton and Mara 2005; Bracho, Lloyd et al. 2006).  To develop this model further, an 
important future step should include considerations of non-ideal pond hydraulics. 
 While this model is by no means a complete picture of sunlight-mediated inactivation, it 
is still a useful tool for understanding the role of different variables on the inactivation process.  
Moreover, it provides a tool to aid in pond design, enabling a designer to consider the effects of 
pond depth upon sunlight-mediated inactivation in pond systems. 
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Chapter 9: The Limits of Alternative Sanitation Options: 

Expertise, Politics, and Perceptions 
 
 
 Why is it that alternative wastewater treatment technologies such as wastewater treatment 
ponds have not seen larger implementation, despite their apparent appropriateness for the 
developing world?  In this chapter I will explore the institutional limitations to the application of 
alternative wastewater treatment technologies in the developing world.  I argue that the 
seemingly technical challenge of sanitation provision is in reality a political process, and the 
technicalization of this political process forms a barrier to the use of alternative treatment options 
such as wastewater treatment ponds. 
 As the problem of sanitation in the developing world is tied directly to that of poverty, I 
will frame this discussion on sanitation within the larger scope of poverty alleviation.  I begin 
with a brief background on the need for sanitation in developing countries and some of the 
technical options available to fill this need.  Following the background I will lay out some of the 
limitations to the use of pond systems.  Specifically I will address the rule of expertise and the 
process of rendering technical as well as the power of perceptions as they apply to pond systems.  
I will then conclude with some final analysis and suggestions for future work. 
 The purpose of this work is not to provide a comprehensive analysis of past sanitation 
interventions, nor to provide an anthropological evaluation of a single specific wastewater 
treatment plant.  The goal of this work is instead to apply a previously developed analysis to a 
new realm.  In applying some of the theoretical frameworks around international development 
expertise to the specifics of sanitation engineering, I hope to provide the engineers and planners 
that approach these challenges with a new perspective on institutional limitations to their work 
and perhaps enable them engage these projects with a new and more comprehensive approach.  
 
 
9.1 Background and Motivation 
 
 The lack of access to clean water and sanitation, two of the basic needs of every human 
being, is a global problem.  The statistics are stark:  1.1 billion people lack access to improved 
water supplies, 2.4 billion lack access to improved sanitation, and each year diarrheal diseases 
are the cause of death for 2 million people, 90% of whom are under the age of five (WHO 2006).  
As with any development intervention, there is no panacea that will fit every situation.   
Sanitation projects are bound by both physical and technical geographies as well as social and 
cultural geographies.  The latter will often be more pressing than the former; a solution that will 
work in one space may prove impossible in another.  Social and cultural bounds are particularly 
important, as attitudes towards sanitation range from perceptions of sewage as a filthy waste to 
be disposed of, to viewing it as a useful resource.  Technical options for sewage disposal also 
span a broad spectrum, one which includes the problematic practice of discharging raw sewage 
into natural waters, high-technology oriented activated sludge treatment plants and more 
sustainable practices of on-site treatment and reuse. 
 In situations where piped sewage systems exist or the installation of such systems is 
possible, options for the treatment of this sewage include activated sludge plants, trickling filters, 
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and waste stabilization pond/wetland systems (von Sperling 1996).  While highly effective for 
treating sewage, activated sludge systems are high-technology oriented designs, that are energy 
intensive and require expensive operation and maintenance (Nelson and Murray 2008).  
Trickling filters, one of the most commonly used treatment systems in the developing world, 
require less energy than activated sludge plants yet remain expensive both in construction and 
operation (von Sperling 1996).  Waste stabilization ponds and wetlands are methods for the 
treatment of sewage that rely on natural processes.  Pond systems in particular have high 
potential for implementation in developing countries, as they are relatively simple to construct, 
easy to operate, inexpensive, and effective in the treatment of wastewater.  The oft-mentioned 
drawback to pond and wetland systems are their large land requirements, land is particularly an 
issue in urban areas where the value of land is often a premium. 
 A large portion of the centralized wastewater treatment infrastructure constructed in the 
developing world has employed ‘conventional’ treatment plants in the form of activated sludge 
systems.  This has occurred despite the existence of ‘alternative’ options such as pond systems.  
Often treatment systems have been simply copied from systems in developed nations or built by 
local engineers that received their training in developed nations.  Many of these systems were 
eventually abandoned due to high operation and maintenance cost (Muyibi 1992; Carter, Tyrrel 
et al. 1999).  This situation may be imagined as the outcome of a rational process in which the 
various treatment options were evaluated and the advantages and disadvantages of each carefully 
weighed for each project.  However this then begs the question:  why the repeated failure?  An 
alternative perspective may view this as an example of prioritizing certain forms of knowledge 
over others resulting in what may be termed the hegemony of a technology.  The following 
section will address the ways in which this hegemony is a product of institutionalized limitations. 
 
 
9.2 Institutional Limitations 
 
9.2.1 Rule of Experts 
 In his book “Rule of Experts:  Egypt, Techno-Politics, Modernity” Timothy Mitchell 
describes the formation and eventual logic of modern forms of expertise.  Mitchell states in his 
introduction that “...the politics of national development and economic growth was a politics of 
techno-science which claimed to bring the expertise of modern engineering, technology, and 
social science to improve the defects of nature...” (Mitchell 2002).  Mitchell views expertise not 
as better or more accurate knowledge, but rather as reformatted knowledge, “...that has been 
translated, moved, shrunk, simplified, redrawn...” and as a result opened up a gap between 
knowing and not knowing (Mitchell 2002).  Through different forms of calculation, the expert 
then brings into being forms of governance that are dependant upon the specific ways the objects 
of governance are seen and known.  Viewing development through the practice of experts may 
therefore aid in understanding how certain forms of development interventions came to be 
practiced over others. 
 To begin, Mitchell locates the place of modern expertise within artificial binarisms that 
are opened up in modern politics, such as the opposition of nature to technology.  “The world is 
divided into nature and science, the material and the technological, a realm of objects and a 
realm of ideas” (Mitchell 2002).  This resulted in the world becoming “...simplified into what 
seemed nature on one side, and human calculation and expertise on the other” (Mitchell 2002). 
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 The formation of binarisms that open the space for expertise is evident in the field of 
sanitation provision in the developing world.  These binarisms include such couplings as 
‘treatment plant’ versus ‘pond’, echoing the ideas of science versus nature, as well as 
‘conventional’ versus ‘alternative’ treatment methods.  Binarisms even exist at the level of 
‘treated’ versus ‘untreated’ wastewater, implying that some active treatment must be undertaken 
lest the water remains ‘untreated’ and therefore unacceptable.  These distinctions purport some 
separation from nature, as though the treatment plant is a realm where humans are involved in 
the active process of treating raw wastewater while a pond is a passive place in which this water 
can be deposited.  In reality treatment plants are little more than effective ways of utilizing 
natural processes to treat sewage, while ponds are incredibly biologically active sites with large 
diurnal fluctuations.  
 Following this, Mitchell examines how these binarisms, which are in reality uncertain 
and imperfect divisions rather than fundamental oppositions, result in the formation of expertise.  
These seemingly natural boundaries, such as nature versus science, in fact determine the kind of 
solutions that then follow:  more scientific resource management, technological solutions to 
natural limits (Mitchell 2002).  Science is placed in opposition to nature, and technical expertise 
is then credited with the ability to overcome the obstacles to social improvement (Mitchell 
2002).  Furthermore, these binarisms enable expertise to command knowledge as an objective 
quantity to be examined externally.  However this fails to recognize that these objects of analysis 
are in fact in part formed by the discourse that describes them (Mitchell 2002).  For example 
Mitchell shows how in practice “...science did not direct the engineers work as a preformed 
intelligence.  The projects themselves formed the science” (Mitchell 2002).  However this 
artificial externalization of expertise is necessary to maintain its legitimacy. 
 The formation of binarisms in the arena of sanitation likewise enables the formation of 
expertise.  Once the distinction has been made between treated and untreated wastewater, there 
becomes a process to move from one to the next.  This process then becomes the realm of 
experts.  What it means for water to be treated is itself defined by experts who then propose 
solutions to the problem.  The object of analysis is formed by the discourse that describes the 
object in the first place.  As technical experts carry out this analysis, technical answers are then 
professed as the solution to social ills – ‘treatment plants’ must be built to solve the problem of 
the inadequate sanitation that is causing disease.  Framing this as an active process of complex 
human intervention ignores other less technical, seemingly passive options such as ponds.  
Moreover, practice can be seen to perform profession.  Treatment plants are arenas of constant 
change and variation.  They do not run automatically, rather there is constant subjective feedback 
between the actions of operators and the metrics used to measure plant performance.  The idea 
that there is some set technical intervention that will result in another set desired output is 
inaccurate.  The results of treatment plant operations are in fact sites of experimentation, the 
results of which are regularly presented at technical conferences.  This is nothing more than a 
process through which practice forms science.   
 Finally, Mitchell explores the ways in which modern forms of expertise attach to a logic 
in which reason is the ruling force.  He asks the question:  “What strategies, structures, and 
silences transform the expert into a spokesperson for what appear as the forces of development, 
the rules of law, the progress of modernity, or the rationality of capitalism?” (Mitchell 2002).  In 
other words, how is it that the expert becomes the expert?  Mitchell proposes that the developed 
world places itself as the detached center of rationality and intelligence, the possessor of that 
which the undeveloped world is lacking.  This lacking is then pointed to as the cause of the 
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problems in the undeveloped world (Mitchell 2002).  However questions of power and inequality 
are necessarily ignored, as they would render that status of the developed world’s experts as 
independent and objectively observing an external object. 
 In the arena of sanitation the ‘technical expert’ becomes an expert through a very specific 
type of, often westernized, education focusing on biological, physical, and chemical sciences.  
The engineer is taught what it means for wastewater to be clean, and specific methods through 
which it can be cleaned.  However in that process fundamental issues are often left unaddressed 
– there remains an important silence.  This silence depoliticizes the issue of sanitation, keeping it 
purely in the realm of technical expertise.   
 The issue of land use and the choice of sanitation intervention illustrate this silence 
effectively.  The most common objection to the use of ponds for wastewater treatment is the 
relatively extensive land requirement when compared to activated sludge plants.  This land, it is 
argued, is being kept for agricultural use, and to remove the land from agricultural production 
would disrupt food production.  Throughout this reasoning there lies the implication that the poor 
would be adversely affected a the poor are the most food insecure members of the population.  
However numerous realities are ignored in such arguments.  First, the question needs to be 
asked, what is being grown on this land?  Mitchell illustrates the situation in Egypt, typical of 
many developing countries, in which the problem of food shortages was not a problem land 
shortages – rather it was due to a shift in production from staple foods to more expensive items 
as a result of the prevailing domestic and international regime (Mitchell 2002).  Land shortages 
existed because land was being used to grow grains used in meat production – a product 
produced for consumption by the wealthy.  To appropriate this land for wastewater treatment 
would adversely affect the wealthy.  A second question that must be asked is who controls this 
land?  Problems of land shortages must address how the land is concentrated, and how it came to 
be concentrated.  Once again, any solutions to this concentration of land will adversely affect the 
wealthy to benefit the poor.  The final question that should be asked is who is the primary 
beneficiary of wastewater treatment?  There is little question that the impacts of inadequate 
sanitation fall primarily on the poor (Bosch, Hommann et al. 2003).  The picture now becomes 
clearer:  land would be taken away from uses that benefit the wealthy and put into use which 
would benefit the poor. 
 Depoliticizing the issue of sanitation fails to recognize the very mechanisms that resulted 
in the current problem, including land and resource dispossession, as well as the beneficiaries of 
these outcomes.  Questions of social inequality and powerlessness are transferred into issues of 
efficiency and control, and the fundamental underling political realities are then ignored.  It is 
not asked whose cost efficiencies are achieved, or who increases their amount of control 
(Mitchell 2002). 
 
9.2.2 Technical Rendering 
 In her book “The Will to Improve: Governmentality, Development, and the Practice of 
Politics”, Tania Murray Li locates the expert as one party among many sharing in what she terms 
the “will to improve”.  Rather than providing a conspiratorial critique, she locates this “will to 
improve” as emerging from benevolent, even utopian, intentions, with the objective of 
trusteeship rather than dominance over others (Li 2007).  In placing themselves in the role of 
trusteeship, Li argues that such experts claim to know how others should live, what is best for 
them, and that  “the claim to expertise in optimizing the lives of others is a claim to power . . .” 
(Li 2007).  This claim to power has been described by others as a form of  elite politics.  It is a 
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politics which “. . . shrouds critical decisions in what would appear to be the logic of technical 
imperatives . . .” and erects barriers to popular participation (Fischer 1990).  These barriers are 
erected as a form of control, an exercise of power, restricting the power to participate to experts. 
 Once identifying the claim of expertise as a claim to power, Li goes on to show how this 
power is enacted by experts through a process of “rendering technical”.  Rendering a problem 
technical begins at the outset with the identification of a problem.  This process of 
problematization defines boundaries, separating trustees “. . . with the capacity to diagnose 
deficiencies in others, and those who are subject to expert direction” (Li 2007).  Problems are 
identified based on the availability of solutions, and the technical expert trained with a specific 
set of solutions identifies problems through the possibility of these solutions. 
 In the realm of sanitation, the engineer gains power first and foremost by defining what 
qualifies as ‘adequate sanitation’ and then how this might be achieved.  They own a territory of 
sorts, the space of ideas and prescriptions surrounding sanitation knowledge, and from this space 
they are able to make assertions about the ways in which people live and should live.  While 
there is no reason to doubt intentions –sanitation engineers no doubt share the ‘will to improve’ – 
there remains an assertion of power in the process of exercising this will.  The barriers to entry 
into this field, an advanced university degree, assure that this remains an elite politics, as only 
those with expert training are able to engage and participate.  With this training, sanitation 
experts view problems with specific lenses, drawing control volumes within which solutions are 
devised.  In reality however, it is not just the solutions, but also the ways in which problems and 
solutions are defined are contained within the engineer’s control volume (Figure 9.1). 
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Figure 9.1: An engineering approach to problem solving: drawing a control 
volume.  Even the definitions of problems and solutions are reality within the 

control of the technical expert.  Anything outside of the control volume does not 
figure into the solution mechanism. 

 
 Most importantly, rendering technical is simultaneously a process of depoliticization.  In 
diagnosing problems and prescribing solutions, technical experts exclude the structures of 
political-economic relations, focusing “. . . more on the capacities of the poor than on the 
practices through which one social group impoverishes another” (Li 2007).  Political problems 
are recast in the “. . . neutral language of science . . .” where debate is confined to technical 
specialists (Dreyfus, Rabinow et al. 1983).  This depoliticization is a routine and subliminal 
process with experts doing precisely what they are trained to do: frame problems in technical 
terms (Li 2007).  James Ferguson aptly named this process the “anti-politics machine”, which 
reposes “. . . political questions surrounding land, resources, jobs, or wages as technical 
‘problems’” (Ferguson 1990). 
 Sanitation expertise completely removes politics from the equation in the definition of 
problems and the production of solutions.  Experts with specific technical training define what 
counts as ‘dirty’ and ‘clean’ water, and the solutions to move from one to the other are implicit 
in these definitions.  Problems and their solutions are cast in the neutral language of science, 
implying common goals with technical routes to their achievement:  who would not want 
something ‘dirty’ to be ‘clean’?  Outside of such control volumes are all areas outside of the 
power and control of the technical expert (Figure 9.2).  In fact the biochemical metrics used to 
delineate water which is ‘dirty’ from water which is ‘clean’ are created in part based upon the 
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mechanisms through which the transition from one to the other occurs.  Substances which cannot 
be measured or quantified do not count in the definition of dirty water. 

 

 
 

Figure 9.2: An alternative perspective on control volumes:  rendering technical.  
Only technical considerations are involved in the design of solutions, while 

political and social realities are ignored. 
 

 In sanitation interventions, politics, history, and power are removed from view in the 
formation of solutions, and in place of these scientific ingenuity is presented as the only 
limitation.  A simple, yet effective pond treatment system does not come into consideration, and 
instead advanced mechanical options are devised to overcome the problem of “not enough land”.  
To ask “why?” would be to step outside of the control volume and address questions of history 
and inequality, thereby infusing the discussion around “dirty” water with the divisive language of 
rights.  Such questions would transfer the cool language of science into the hotbed of politics, 
outside of the realm of technical experts. 
 Ferguson takes this understanding a step further, pointing out that this practice of 
exclusion – the recasting of political questions in technical terms – is in fact an intervention in 
itself with political effects (Ferguson 1990).  At times interventions are very deliberate measure 
to maintain the status-quo, such as focusing upon improved farming techniques rather than 
tackling issues of land dispossession and distribution (Li 2007).  However focusing on “. . . 
hidden motives for profit or domination narrows analysis unnecessarily, making much of what 
happens in the name of improvement obscure” (Li 2007).  Ferguson points out that well-
meaning, “failed” development projects are repeated over and over again because they do serve 
purposes, though not always the ones laid out in the plans of experts (Ferguson 1990).  These 
unplanned “side-effects” go on to form politics, being themselves and exercise of power, 
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reinforcing certain structures over others (Ferguson 1990).  In this way within a framework of 
“technocracy”, expertise is manifested as a tool of political power, and shapes the way politics 
are understood (Fischer 1990). 
 The actors involved in the construction of such mechanical plants are numerous, with 
specialized expertise required at each stage.  In fact once constructed, such plants require the 
continuous involvement of expert operators in addition to expensive physical and chemical 
inputs.  The numerous opportunities for profit may result in a knee-jerk suspicion of profiteering 
and corruption.  While these incentives are certainly possible, it is unfair and limiting to assume 
these as primary motivations. 
 Development interventions have political implications, and sanitation interventions are no 
exception.  The unwillingness to address the issue of land is itself a political act, one which at its 
least maintains the status quo and at its most sanctions processes of land dispossession and 
inequality.  Vested powers – in particular those who own land – are not challenged with the 
implementation of mechanical plants, while pond systems might serve as a direct challenge.  
Moreover, in deciding to implement technical solutions such as mechanical treatment plants, the 
power of expertise is consolidated and ‘best practices’ are normalized.  Certain ways of doing 
become accepted and routine, and the search for technical solutions to problems that might 
otherwise be conceived of in political terms becomes normative practice. 
 
9.2.3 Power of Perception 
 In her paper “Indore’s Habitat Improvement Project:  success of failure?” Gita Verma 
analyzes a slum sanitation upgrading project which from a political perspective was touted as 
overwhelmingly successful, but from within the slum appeared as a complete failure.  Verma 
attributes these failures in the project to flawed and failed assumptions carried throughout the 
project (Verma 2000).  However more interesting than simply the reasons why the project failed 
to produce the results desired is why this project was touted as a success, to the point where it 
won numerous awards, both nationally and internationally. 
 In her analysis of the slum project, Verma begins by demonstrating how the project was 
celebrated year after year despite continuously worsening conditions on the ground (Verma 
2000).  She explains this contradiction by documenting who received the accolades and thus 
benefited from the project as oppose to who the project was intended to benefit.  The awards 
mattered to three groups:  government agencies, funding agencies, and the corporate sector 
(Verma 2000).  These groups are generally the sites from which centralized sanitation 
development originates, and their focus on the abstraction of awards rather than project realities 
points to ‘the power of perception’.  Rather than having concerns with realities, these groups 
concerned themselves with the external perceptions of these realities.  The focus of this project 
was no longer located in the reality of Indore’s slum inhabitants, but rather in the perceptions of 
national politics of India (in the case of government actors), the discourse of the international 
development community (in the case of funding agencies), and the bank accounts of private 
capitalists (in the case of the corporate sector). 
 Verma goes on to show how the granting of these awards had serious consequences for 
institutional knowledge in the broader field of slum upgrading.  She found that ‘slum 
networking’, the method used in the Indore project, had gained currency among various 
government agencies, though none of the individuals within these agencies had actually visited 
the slum (Verma 2000).  Again the power of perception can be seen operating in lieu of reality.  
This perception carries a rather insidious danger:  a project that is perceived to be working but is 
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in reality failing may be copied in new locations with the same failures.  With perception 
overcoming reality, there is no institutional accountability, and so no possibility of improvement 
for future projects (Verma 2000). 
 Next Verma demonstrates how giving awards can in fact damage the current process as 
well as future projects.  In the case of Indore, the granting of awards to one of two local NGO’s 
involved in the project resulted in a cycle of finger pointing between these organizations.  This 
blaming continued to occur when these groups attempted to discuss future development projects 
in the district (Verma 2000).  The damage done to the relationship between these groups will 
certainly have consequences far beyond this project as a result of the process of awarding, a 
process which magnified the gulf between the external perceptions and internal realities of the 
Indore project. 
 The final consideration in her analysis are the people around whom the entire project was 
based:  the beneficiaries, or as Verma describes them, the ‘persons affected’.  “...the awards have 
celebrated their miseries and led to the condoning of errors of commission and omission against 
them” (Verma 2000).  At the end of it all, these were the losers; the ones around whom the entire 
project was conceived were the very same ones who were not taken into account throughout the 
project. “Slum dwellers in Indore must sadly feel that projects carried out and celebrated in the 
name of the urban poor are meant less for the poor and more for other stakeholders” (Verma 
2000). 
 Why are the external perceptions of a project more important than the internal realities?  
Analyzing development projects in this framework, considering the importance of external 
perceptions in the decision making process, may be a useful method to understand how projects 
are created and implemented beyond their apparent and purported purposes. 
 The power of perception certainly has the potential to be an authoritative force in the 
field of sanitation.  The framing of ponds within professional practice as an ‘alternative’ 
treatment method as oppose to the ‘conventional’ method of activated sludge sets up a secondary 
position for pond systems.  The common name for ponds – waste stabilization ponds – does not 
indicate that they actually treat wastewater, as a ‘wastewater treatment plant’ would.  The word 
‘pond’ itself is lay term for nothing more than a small body of water, and does not carry any 
technical implications.  On the other hand ‘activated sludge’ is a highly technical term used by 
‘experts’ which implies some form of progressive modernity as oppose to pre-modern or old-
fashioned ponds.  This use language around the different treatment technologies informs 
perceptions at the government, funding, and community level, the importance of which should 
not be understated. 
 Ponds to not make for good public relations campaigns or obvious governmental triumph.  
When an activated sludge plant is built there are numerous buildings, often with unusual forms 
such as egg-shaped sludge digesters, which look fantastic in reports and newspaper articles 
(Figure 9.3).  These designs are often on the cutting edge of technology in both design and 
construction, but even more simply they are highly visible, towering above the ground, drawing 
attention to themselves.  Ponds are the other hand are an absence, and in fact they are often built 
with berms around them so not even the water surface is visible from the ground level, making 
them difficult to photograph (Figure 9.4).  As a seemingly empty space, they do not bring 
attention to themselves, and instead appear passive and as though they are not doing anything, 
merely occupying space. 
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Figure 9.3:  Sludge digesters at a mechanical wastewater treatment plant.  These 

large egg-shaped forms, not common in other buildings, are typical for processing 
sludge from wastewater. 

(Source: Goldberg/Esto 2008) 
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Figure 9.4: One in a series of wastewater treatment ponds in Napa, California.  
The photograph was taken from on top of a berm along the edge of the pond.  
Note how the pond looks passive and the water reflects what is above, hiding 

anything happening below the surface. 
(Source:  Author’s photograph, Napa, California) 
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 The processes that occur in activated sludge plants are physically separated and involve 
numerous mechanical and chemical components (Figure 9.5).  These plants are great for tours, 
showing off processes with skilled technical operators explaining each stage and showcasing the 
triumph of human control over nature.  Ponds on the other hand do not require high-skilled 
technical operators, and the complicated processes occur underwater, beyond the scrutiny of the 
human eye (Figure 9.6).  Though the same processes occur in both facilities, in ponds the 
processes are outside of human control and instead left to nature.  In fact in ponds the processes 
are totally invisible to humans, leaving the false impression that they are not happening.  These 
visible realities go far in affecting the perception of ponds.  Activated sludge plants are then 
places where something is actively happening, something is being done to the wastewater, while 
ponds are seemingly passive locations where wastewater is simply deposited. 
 
 
 

 

A Presence 
 
Physical Separation 
 
Human Control 
 
Public Relations 

Figure 9.5:  Aerial view of a Canadian activated sludge wastewater treatment 
plant.  Note how the different processes are separated, each under human control. 

(Source: City of Saskatoon 2010) 
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An Absence 
 

Processes Invisible 
 

Nature’s Control 
 
 

 

Figure 9.6: Aerial view of wastewater pond system in southern France.  Note the 
simplicity, and how the ponds where wastewater is treated look very similar to the 

Mediterranean sea they are situated next to. 
(Source: Ramadan and Ponce 2010) 

 
 The importance of the perception of waste stabilization ponds can be more important than 
the realities that lie behind those perceptions.  Ideas of ponds as passive, not-new, and low-tech 
(and by association low-quality) can have profound consequences on the institutional barriers to 
even the consideration of pond systems for wastewater treatment.  These perceptions can take 
precedence over of the stated goals of a project, and may serve the goals of those planning and 
implementing the project at the expense of those served. 
 
 
9.3 Conclusions 
 
 A considerable number of the centralized wastewater treatment infrastructure projects in 
the developing world have been expensive, energy intensive, high technology oriented designs, 
such as activated sludge plants, requiring western-trained designers and technicians.  Alternative 
effective technologies exist which are technologically simpler, lower cost, and lower 
maintenance such as pond systems, however these alternatives are often not considered or 
quickly passed over.  While the reasons for this are no doubt complex and situational, the 
seemingly technical challenge of sanitation provision is in reality a political process, and the 
technicalization of this political process forms a barrier to the use of alternative treatment options 
such as wastewater treatment ponds. 
 In this work I have attempted to show how previously developed analysis in development 
studies might be applied to the provision of sanitation.  The motivation behind this, in part, stems 
from an understanding that “. . . ideas and discourses have important and very real social 
consequences” (Ferguson 1990).  Within the engineering sciences, this is a discourse that is 
virtually non-existent.  Interventions in the field of international development are necessarily 
ideologically based and contain, among others, political motivations.  This led Ananya Roy, in 
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her work on planning epistemology, to argue that “. . . the provision and distribution of 
infrastructure is not a technical issue but rather a political process” (Roy 2005).  It is hoped that, 
with this reality in mind, the engineers working on sanitation projects in developing countries 
will bring with them a new perspective on institutional limitations to their work which might 
enable them engage these projects with a new and more comprehensive approach. 
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Chapter 10:  Conclusions and Future Research 
 
 
10.1 Research Summary and Conclusions 
 
 The goal of this research was to investigate the mechanisms of sunlight-mediated 
inactivation of Enterococcus faecalis and Escherichia coli, with particular emphasis on 
exogenous inactivation mechanisms, in waste stabilization ponds.  This investigation was carried 
out through carefully controlled laboratory experiments, using a solar simulator to provide a 
constant-intensity surrogate for solar radiation.  This research was undertaken because, while 
often overlooked, sunlight is a key factor in determining the microbial quality of natural waters,  
and increasing our understanding of sunlight’s role in microbial inactivation may help to design 
more effective natural water treatment systems. 
 Our foremost conclusion is that sunlight is important in both E. faecalis as well as E. coli 
inactivation.  While traditionally the effects of sunlight have been attributed to the UVB 
wavelengths, more recently researchers have recognized the importance of longer wavelengths 
(Curtis, Mara et al. 1992; Davies-Colley, Bell et al. 1994).  In our experiments we found that, 
while in DI water the presence of UVB wavelengths increased inactivation of both E. faecalis 
and E. coli, in pond water the presence of the UVB wavelengths did not increase the rate of E. 
faecalis inactivation (Figures 4.2 and 4.20).  Pond water constituents played a dual role, as either 
photosensitizers increasing inactivation rates (E. faecalis) or as light-attenuators, decreasing 
inactivation rates (E. coli).  The effects of exogenous sensitizers upon microorganisms may be 
related to a number of factors, including the degree of association between a microorganism and 
sensitizers, the susceptibility to exogenous inactivation mechanisms, the capacity to repair 
exogenous damage, or finally, the properties of the sensitizer itself.  Not all sensitizers are 
equally effective in causing inactivation.  We found that while pond water constituents increased 
E. faecalis inactivation rates significantly, Aldrich humic acids increased inactivation rates only 
slightly, and Suwannee River humic acids decreased inactivation, acting primarily as light 
blockers (Figure 4.12). 
 Photosensitizers produce reactive oxygen species following the absorption of light and 
the transfer of this energy to oxygen through a number of different pathways.  A key focus of 
this work was to identify the ROS involved in photoinactivation, and while our primary 
emphasis was on exogenous processes, it was not possible to study exogenous processes in 
isolation since the endogenous process cannot be ‘turned off’.  The only ROS we were able to 
positively identify in endogenous inactivation was 1O2.  1O2 was implicated in both E. faecalis 
(Figure 5.2) and E. coli (Figure 5.15) endogenous inactivation through quencher experiments 
with histidine.  The importance of other species, while likely, remain unclear. 
 1O2 was also a likely species in exogenous inactivation, and since only E. faecalis was 
susceptible to exogenous mechanisms (pond water decreased E. coli inactivation), our 
experiments focused on this species.  A combination of quencher and D2O experiments, together 
with ROS measurements in pond water provided strong evidence for the importance of 
exogenous 1O2.  Moreover, in experiments with Rose Bengal, a 1O2 producing sensitizer, E. 
faecalis was significantly more sensitive to inactivation by RB produced 1O2 than either E. coli 
or MS2 coliphage (Figure 7.1), and sensitivity to RB produced 1O2 for these organisms had the 
same pattern as their sensitivity to pond water constituents (Figure 7.2).  While this is not direct 
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evidence of exogenous 1O2 leading to inactivation of E. faecalis in pond water, it is consistent 
with such an explanation.  The final piece of evidence consistent with a mechanism involving 
exogenous 1O2: E. faecalis inactivation in pond water was similar to the wavelength dependence 
of singlet oxygen steady-state concentration in pond water, each decreasing with increasing 
cutoff wavelength (Figure 7.3).  While shorter wavelengths of sunlight were more effective in 
both E. faecalis inactivation as well as 1O2 production in pond water, wavelengths into the visible 
range were involved in both processes as well. 
 Together with sunlight, inactivation rates of both E. faecalis and E. coli were correlated 
to dissolved oxygen concentrations, though differently.  Decreasing dissolved oxygen below air 
saturation always decreased inactivation rates, however increasing above air saturation was not 
as straightforward.  In waste stabilization pond water, where oxygen increases during the day due 
to algal photosynthesis, raising DO above air saturation increased inactivation of E. coli slightly, 
however E. faecalis inactivation remained constant (Figure 7.5).  In a pond treatment system 
then, if DO drops below air saturation, inactivation of these two bacteria can be expected to 
decrease, while above air saturation the effects of increasing DO may be small. 
 pH also affected sunlight-mediated inactivation rates of both microorganisms.  E. coli 
inactivation in pond and DI water had the same trend, with small changes in inactivation rates 
between more moderate pH, but above and below extremes (pH<4 or pH>9) sharp increases in 
inactivation rates (Figure 6.2).  E. faecalis, however, was more sensitive to small changes in pH, 
particularly in pond water (Figure 6.1). 
 Three mechanisms have been proposed to describe sunlight-mediated inactivation: direct 
UVB damage to DNA, indirect endogenous inactivation caused by UVB light, and indirect 
exogenous inactivation involving all wavelengths of sunlight up to 550 nm (Davies-Colley, 
Donnison et al. 2000).  While the first mechanism is a likely part of sunlight-mediated 
inactivation, it did not dominate the inactivation of either bacteria in this study.  The second 
mechanism, while previously attributed to UVB light, should be expanded to include UVA and 
visible wavelengths, as these caused E. faecalis inactivation in our DI water wavelength 
experiments (Figure 4.18).  The third mechanism dominated E. faecalis inactivation and was 
driven by the UVA and visible wavelengths, though E. faecalis inactivation occurred through all 
three mechanisms.  E. coli, on the other hand, was not subject to the third, exogenous mechanism 
in our microcosms.  Instead E. coli inactivation was dominated by endogenous mechanisms, and 
these mechanisms were driven by the UVB wavelengths.  We also found E. coli sensitive to 
H2O2, and so a final mechanism, not addressed in this categorization, may be important in E. coli 
inactivation: exogenous production of H2O2, which then crosses into cells causing endogenous 
microbial damage. 
 
 
10.2 Implications for Indicator Organisms 
 
 An additional and important implication of this work concerns the use of indicator 
organisms for the assessment of water quality.  While we found E. coli more resistant to 
inactivation in pond water than E. faecalis (Figure 7.5), previous researchers have found the 
opposite in saline and shallow fresh waters, though in fresh waters the difference was not as 
pronounced (Fujioka, Hashimoto et al. 1981; Davies-Colley, Bell et al. 1994; Sinton, Finlay et al. 
1999; Sinton, Hall et al. 2002).  Sinton et al. (2002) concluded that enterococci in WSP water 
suffer from photooxidative damage, while E. coli is able to repair this damage and is therefore a 
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better indicator of water quality.  In later work, Sinton et al. (2007) found E. coli a conservative 
indicator for the bacterial pathogens Campylobacter jejuni as well as Salmonella enterica, 
though to a lesser degree.  They believed C. jejuni was susceptible to exogenous photoxidation, 
similar to E. faecalis (Sinton, Hall et al. 2007).  Also similar to E. faecalis, other researchers 
have found that MS2 is also susceptible to exogenous sensitizers (Kohn and Nelson 2007), as 
well as the viral pathogens polio and adenovirus (Silverman and Nelson unpublished research). 
 The different responses of microorganisms to sunlight is evidence of the necessity for 
multiple indicators or direct pathogen monitoring.  In DI water exposed to full-spectrum light, E. 
feacalis and E. coli had comparable inactivation rates (Figure 7.4), a result that could lead to the 
assumption that sunlight affects these bacteria in the same way.  However, in the presence of 
exogenous sensitizers, the difference between these bacteria become apparent (Figure 7.5).  That 
microorganisms have different responses to sunlight under different conditions makes the 
usefulness of any single indicator limited.  Therefore, as a conservative measure, the use of 
multiple indicators when studying sunlight-exposed waters is recommended. 
 
 
10.3 Future Research 
 
 This study required breaking down highly complex natural systems into features that 
were investigated in isolation to understand fundamental chemical and biological processes.  In 
conducting this research several questions were identified that we believe warrant further 
research.  Addressing these additional research questions would help to build a more complete 
picture of what is happening in the natural environment.  Eventually it is hoped that 
understanding these individual processes would enable the construction of a comprehensive 
model of pathogen inactivation in natural treatment systems.  The following research areas are 
recommended: 
 

• Sensitizer-Association Dynamics:  One of the key questions raised in trying to 
understand exogenous inactivation mechanisms revolved around dynamics of association 
between sensitizers and microorganisms.  Simply put, ROS concentrations in close 
proximity to sensitizers are orders of magnitude higher than in bulk solution (Latch and 
McNeill 2006; Kohn, Grandbois et al. 2007), and so the degree of particle association for 
a given organism will be a key determining factor in the organism’s susceptibility to 
exogenous sunlight-mediated inactivation.  Particle association studies should focus on 
multiple water sources, given the different types of particles that may exist in different 
waters.  In addition, numerous particle size fractions should be taken into account, as our 
work found that all size fractions of pond water constituents contributed to inactivation.  
Finally, from a treatment perspective it would be used to look into the possibility of 
altering particle association dynamics, potentially increasing sunlight-mediated 
inactivation. 

 
• Location and Type of Sunlight Damage:  To understand how organisms are affected by 

sunlight-mediated inactivation, it would be beneficial to know the sites and type of 
damage.  It is assumed that damage from different mechanisms would be different, so 
both endogenous and exogenous as well as wavelength-specific studies are important.  
Knowing more about the forms of sunlight-mediated damage would enable a better 
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understanding of how different classes of organisms might be affected, for example 
gram-positive versus gram-negative, or bacteria versus viruses.  In addition, knowledge 
of damage sites would help to clarify the effects of other parameters related to 
inactivation, such as pH.  For example, if exogenous damage to an organism occurred on 
its outer membrane, this might lead to increased susceptibility to pH variation when 
exposed to sunlight.  Finally, the type of damage is directly related to an organism’s 
capacity to repair that damage, bringing us to our next area of future research. 

 
• Sunlight Damage Repair Mechanisms:  Bacteria may have the capacity to repair the 

damage caused by sunlight.  This is particularly important in natural treatment systems, 
as in most cases sunlight exposure only occurs for a limited number of hours followed by 
periods of darkness.  In addition, the intensity of sunlight is not constant, and so the times 
that organisms are exposed to sunlight-mediated inactivation mechanisms may be short.  
Periods of non-exposure provide organisms a recovery opportunity, safe from both direct 
inactivation mechanisms as well as any of the short-lived ROS.  Understanding the 
capacity of an organism to repair sunlight-mediated damage is therefore a crucial element 
in any attempt to model inactivation dynamics in these systems. 

 
• Exogenous Action Spectra:  While we have undertaken preliminary action spectra 

studies, more detailed work with more sophisticated experimental designs would help to 
both remove some of the uncertainty in our results as well as provide a more complete 
picture of the role of wavelength in the sunlight-mediated inactivation process.  
Specifically, these studies should utilize a more carefully controlled light source and a 
more accurate characterization of the output from this source.  This control is particularly 
important in studying the UVB wavelengths, as very low levels of output may still be 
significant.  In addition a more detailed spectra, consisting of smaller bandwidth slices 
than those used in this work, would provide a better characterization enabling more 
detailed modeling of an actual system.  This would require more refined wavelength 
cutoff filters to provide sharp cutoffs and hone in on the effects of specific wavelength 
bands.  It would be useful to conduct these experiments with multiple organisms and in 
multiple water sources as well, to gain a more complete understanding of what might be 
expected in natural settings. 

 
Wild-type Indicator Organisms and Actual Pathogens:  Organisms differ in their 
response to sunlight-mediated damage.  While this work has focused on laboratory strains 
of two traditional indicator organisms, Enterococcus faecalis and Escherichia coli, it is 
not clear that these are the best indicators of sunlight-mediated damage.  To begin, it 
would be useful to conduct future work on multiple indicator organisms as well as actual 
pathogens to clarify the usefulness of the various indicators.  In addition, the use of 
laboratory strains limits the applicability of results to natural scenarios.  Wild-type strains 
of these organisms would likely provide a better indication of natural scenarios, 
particularly because these strains may be pre-selected for resistance to sunlight-mediated 
damage if they have undergone prior exposure. 
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Appendix A:  Challenges of Solar Simulator Work 
 
 
A.1 Producing and Measuring Sunlight  
 
A.1.1 Bulb Output and Intensity 
 Perhaps the largest challenge of working with simulated sunlight is in producing sunlight 
accurately, consistently, and of high enough intensity.  In our work we used a Oriel 1000 W 
Solar Simulator (Spectra Physics, model # 91194), ideally providing us with an 8” x 8” 
collimated beam of simulated sunlight.  To mimic the solar spectrum two filters were required, 
the Air Mass 1.5 Global (AM1.5G) and Atmospheric Attenuation filters (Spectra Physics, 
models # 81088, 81017 respectively).  Using this combination of filters, while providing an 
approximation, did not match the solar spectrum completely (see Figure 3.2).  The UVB 
wavelengths closely followed the sun in Berkeley in both shape and intensity, however the UVA 
was shaped slightly different and was lower in intensity, while the visible range was much lower 
than our sun.  The solar spectrum, however, varies dramatically by location, time, and 
atmospheric conditions, and the Berkeley spectrum we are using for comparison is not 
representative of all sunlight.  In addition, the inclusion of the UVB/C-blocking filter (Spectra 
Physics, model 81050) decreased UVA output by approximately 25%, primarily in the lower 
UVA wavelengths (see Figure 3.2). 
 The implications of the differences between our simulator and the solar spectrum are 
potentially immense.  Visible light processes may be undervalued, as proportionately there are 
greater amounts of visible light at the earth’s surface than what are represented by the simulator.  
Undervaluing visible light processes is not entirely paralyzing however, as UV light is much 
more powerful than visible (in terms of inactivation of microorganisms), and so weakness in the 
UV range would be more of a concern. 
 These intensity issues highlight another problem of working with solar simulators:  bulb 
degradation.  While the Xenon bulbs for our simulator were rated for 1000 hours of use, actual 
usage times varied greatly (between 250-900 hours).  In addition, running the simulator at greater 
than 1000 W (specifications allow 10% increases) quickly decreases bulb life.  Over the lifetime 
of each bulb the intensity decreased, and not evenly across wavelength bands (Figure A1).  
While measurement issues confounded our understanding of this degradation (more on 
measurement below), it appeared as though the lower UV wavelengths weakened more quickly 
than the visible.  
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Figure A.1:  Degradation of a solar simulator bulb.  Percentage decreases are 

listed at the top.  Note the greater decrease in UVA irradiance when compared to 
the visible ands. 

 
A.1.2 Measuring Irradiance 
 While no solar simulator will perfectly mimic natural sunlight, which is itself constantly 
changing, as long as the light coming from the simulator can be measured it is still possible to do 
meaningful experiments.  Measuring the irradiance from a light source accurately is a key 
component of analyzing experimental data.  The ability to measure this output is particularly 
important in the lower, more powerful wavelengths. 
 In our experiments we used two International Light spectroradiometers (RPS 200 and 
RPS 380), enabling us to measure irradiance from 200nm up to 780 nm.  While these were very 
easy to use, portable, and fast, we had difficulties measuring these important lower wavelengths 
of simulated sunlight.  At very low irradiance levels (< 0.05 W/m2nm), and in the UVC 
wavelengths (<280 nm) we found the readings unreliable.  Specifically, at these lower 
wavelengths the spectroradiometers measured output that could not have been there (Figure A.2), 
as if this light had been in the output it would have very quickly killed all biological life in our 
reactors.  At the lower irradiance levels the spectroradiometers were ‘noisy’, and it was not clear 
what if any actual light was output at these lower wavelengths (Figure A.3).  Interestingly, we 
did not see this ‘noise’ when the simulator was off or when measuring natural sunlight. 
 While we might speculate on the reasons for these issues – perhaps some sort of electrical 
or magnetic interference from the solar simulator affecting the spectroradiometers – more 
importantly we must consider what the implications are for research and data analysis.  The UVB 
wavelengths are of particular importance in biological systems, and even very low irradiance at 
these wavelengths may be important. 
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Figure A.2: Solar simulator output measured from 200 – 360 nm.  Note the 

measurement noise, particularly below 240 nm. 
 

 
Figure A.3: Solar simulator output measured from 240 – 340 nm, focused on the 

lower irradiance range.  Note the measurement noise in these low wavelength 
ranges. 
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A.1.3 Beam Collimation 
 As the simulator aged we began to experience problems with beam collimation.  The 
beam became broader than the 8” x 8” square, and output was not consistent throughout the 
illuminated area.  As the beam lost collimation the distance from the simulator lens to the 
reactors became a crucial metric, as increased distance meant lower output as well as a broader, 
less precise beam.  Throughout the duration of this work beam collimation did not become a 
debilitating issue, preventing us from running experiments.  Eventually the simulator will require 
extensive servicing to remedy this issue, involving returning to unit to the manufacturer.  While 
the precise cause remains unknown, it is possible that either extensive cleaning of the internal 
lenses or replacement of the parbolic mirror will be required. 
 
 
A.2 Working with Pond Water 
 
 Working with water from natural sources introduces a host of complications into any 
controlled experimentation.  The most obvious issue is the unknown composition of the water, 
though this is something difficult to control for.  Additional issues we faced were pond water 
variability and degradation. 
 
A.2.1 Variability 
 We attained our pond water samples from Napa, California’s Soscol Water Recycling 
Facility, a wastewater treatment plant with activated sludge and waste stabilization pond 
treatment systems running in parallel.  Seasonally the input to the ponds varied and in the dry 
summer months most of the water was treated in the activated sludge facility, while during the 
rainy winter season the majority of the flow was treated in the ponds.  In addition to the 
evaporation during the dry summers and rainwater addition in the winter, this treatment regime 
meant that the hydraulic retention time of the pond systems was constantly in flux.  In the 
summer months very long retention times dominated, while in the winter HRTs were shorter.  In 
addition to the seasonal variation is HRT, during one year the plant took the primary pond offline 
for dredging.  Our samples were always taken from the final pond, but this effectively changed 
from the fourth to the third pond during this period. 
 All of these fluctuations resulted in pond water with varying composition, in turn 
affecting our experimental design.  A first and crucial step to deal this was to always run reactors 
with plain pond and DI water in addition to any treatments in each experiment.  This enabled us 
to understand the effect of any treatments within an experiment by comparing them to these 
control reactors, as well as draw conclusions across experiments control reactors as baselines.  A 
second step was to plan experiments out in batches, and to collect pond water and perform a full 
batch of experiments using one sample pond water. 
 
A.2.2 Degradation 
 Following on the issues surrounding variability, we also had to consider the degradation 
of our samples over time while we stored them.  The pond water was sealed and placed in the 
dark on ice immediately following sampling, and subsequently stored in a fridge at 4ºC in the 
dark until it was used for experimentation.  
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 This procedure was devised following extensive testing on different storage techniques 
and durations.  The storage technique proved to be the best from a wide range of possibilities 
including freezing, pH buffering, sealed at room temperature in the dark, and open to air at room 
temperature exposed to sunlight.  Inactivation rates of E. faecalis in pond water were consistent 
for up to 4 to 5 weeks of storage in the dark at 4ºC, at which point the rates greatly increased.  As 
a conservative measure we limited our use of pond water to three weeks following sampling.  
This increase in inactivation rate following degradation would have flagged any suspect 
experiments immediately, as we always ran plain pond water reactors in addition to any 
treatments. 
 
A.2.3 Filtration 
 Though a seemingly straightforward process, working with pond water filtrates 
introduces its own set of complications.  Simply put, the filtration apparatus must be carefully 
chosen as not to introduce anything into the filtered water.  While this may seem obvious, we 
encountered issues when working with a stainless steel filter holder (Millipore, XF2004725).  
Using this apparatus to filter pond water resulted in much higher inactivation rates for reasons 
that are still not clear.  Inactivation rates were higher than unfiltered pond water or pond water 
filtered with plastic or glass filters holders.  We assume that this setup must have leached 
something into the filtered water, possibly iron, that either affected the sunlight-mediated 
inactivation process or affected the bacteria themselves.  This surprising artifact emphasizes the 
importance of carefully controlling experiments for all potential side effects, even when 
performing seemingly innocuous task such as membrane filtration. 
 
A.2.4 Dissolved Oxygen 
 A final consideration complicating the use of natural waters, particularly eutrophic waters 
such as waste stabilization pond water, is the importance of controlling dissolved oxygen.  As 
our experimental results have show, dissolved oxygen concentration has a direct effect on 
inactivation rates.  Natural waters, however, may not have fixed dissolved oxygen 
concentrations.  In the case of pond effluent, when exposed to simulated or natural sunlight algal 
photosynthesis releases oxygen into the water.  In the dark the opposite happens, and algal 
respiration lowers the dissolved oxygen concentration.  Working with this water requires some 
method of controlling dissolved oxygen, affecting experimental design significantly.  In our 
experiments we chose to bubble air into the reactors, and custom-made reactors for this purpose.  
However this required relatively large reactors and limited the number of reactors that could be 
run in a single experiment. 
 
 
A.3 Working with ROS Quenchers 
 
 Another challenge we faced with solar simulator work was in the use of quenchers of 
reactive oxygen species.  As indirect photoinactivation mechanisms can involve multiple ROS, 
ROS quencher experiments proved to be a crucial tool to understand which species were 
involved.  The primary challenge in working with quenchers and sunlight involved the light 
absorbing characteristics of these quenchers.  As quencher experiments were performed without 
the UVB wavelengths, our concern lay primarily in the UVA and visible ranges.  If quenchers 
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act as light blockers, they may reduce inactivation through means other than the quenching of 
ROS, complicating the interpretation of results. 
 The absorbance of histidine at high concentrations (> 20 mM) in pond water increased 
over time in the UVA range.  Lower concentrations did not have this effect, nor was this effect 
seen in DI water.  This limited the useful concentration of histidine in our experiments to 20mM.  
In addition, vigorous bubbling of reactors with histidine caused foaming at the water surface, 
reflecting light back out of the reactors.  This same effect occurred with DMSO, a hydroxyl 
radical quencher, to such an extent that our initial results led us to believe that hydoxyl radical 
was a key species in E. faecalis inactivation.  However upon further testing, we came to realize 
this was a result of the reactor foaming, as the same result did not occur when the bubbling was 
reduced to prevent foaming. 
 When adding anything to the water it is important to understand what effects it may have 
that may complicate the results of experiments.  The sorts of issues we have faced with 
quenchers could come about from anything that is added.  In fact at the outset of this work we 
attempted to use the common biological buffer HEPES, only to find that it absorbed light in the 
visible, UVA, and UVB ranges.  Working with light brings into play variables that are not often 
considered in biological or chemical research, requiring researchers to be particularly thorough 
in experimental design. 
 
 
A.4 E. coli Strains 
 
 In all of our E. coli experiments we used an ampicillin and streptomycin resistant strain 
(ATTC #700891).  The primary reason for selecting this strain was our use of waste stabilization 
pond effluent in some of the reactors.  As expected, the pond water contained E. coli and we did 
not want this wild-type strain to introduce error into our results.  To work around this problem, 
we plated our samples on LB plates containing the antibiotics ampicillin and streptomycin.  This 
enabled us to ensure that the only strain of E. coli we were plating was the same as that which we 
introduced to our reactors. 
 In addition to the Famp strain we tested the MG 1655 strain of E. coli as well as the R 
483 strain, a derivative of the MG 1655 that is streptomycin resistant.  Both MG1655 strains 
were inactivated much faster than Famp in DI water, while in pond water both the R483 and 
Famp were similar up to 12 hours (Figure A.4).  In addition, plating R483 on plates with 
streptomycin had very little effect on colony counts (Figure A.4).  The increased inactivation 
rates of MG 1655 strains compared to Famp illustrate the challenge of selecting and appropriate 
indicator for sunlight-mediated inactivation. 
 In the end we chose to work with the Famp strain as oppose to the R 483 as it was easier 
to work with in the laboratory.  The R 483 strain was temperamental, and we were unable to 
consistently grow the bacteria to the same concentration in stationary phase.  In addition R483 
sunlight-mediated inactivation rates were not very consistent, as the bacteria were highly 
sensitive to plating technique. 
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Figure A.4:  Inactivation of multiple strains of Escherichia coli over time.  

Bacteria were plated on LB plates (closed symbols) or LB plates containing 
antibiotics (open symbols).  Note the much faster of MG1655 and R483 

inactivation in DI water when compared to Famp. 
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Appendix B:  ANCOVA Results 
 
 
 In this appendix we provide the results from ANCOVA tests performed from our 
experiments studying the effects of dissolved oxygen concentration on inactivation (Chapter 
4.1.3 and 4.2.3).  These tests were performed to determine which inactivation rates are different 
at 95% confidence level. 
 
 
Guide to the tables: 
 

 
Dissolved oxygen concentration changed 
     All other variables constant 

 
Dissolved oxygen concentration constant, various treatments  
     e.g. Pond vs. DI Water, Full Spectrum vs. UVB-Blocked, etc 

 
Enterococcus faecalis vs. Escherichia coli 
     All other variables constant 

Black 
Text 

Linear regression slopes significantly different  
    ANCOVA (p < 0.05) 

Red 
Text 

Linear regression slopes not significantly different  
     ANCOVA (p > 0.05) 

 
 



 

 160 

B.1 Enterococcus faecalis  

N
2

A
ir

D
b

O
N

2
A

ir
D

b
O

N2Air
F(1
,2
8
)=
1
2
6
.8
1

p
=
6
.6
e-1

2

DbO

F(1
,2
3
)=
3
1
4
.3
9

p
=
6
.6
e-1

5
F(1
,2
0
)=
8
.0
1

p
=
0
.0
1
0
3
4

N2

F(1
,2
4
)=
1
3
6
.8
7

p
=
2
.1
e-1

1

Air

F(1
,1
8
)=
4
2
.7
3

p
=
3
.8
e-6

F(1
,1
3
)=
2
3
.2
6

p
=
0
.0
0
0
2
7

DbO

F(1
,1
3
)=
4
0
.9
3

p
=
2
.4
e-5

F(1
,1
4
)=
2
8
.0
8

p
=
0
.0
0
0
1
1

F
(1

,1
1

)=
0

.0
3

p
=

0
.8

6
8

3
4

N2

F(1
,2
8
)=
3
5
.7
1

p
=
2
e-6

Air

F(1
,2
3
)=
6
.2
2

p
=
0
.0
2
0
3

DbO

F(1
,1
5
)=
3
0
.6
8

p
=
5
.7
e-5

N2

F(1
,1
6
)=
1
2
.8
3

p
=
.0
0
2
4
9

Air

F
(1

,1
0

)=
0

.3
6

p
=

0
.5

5
9

6
9

DbO

F
(1

,1
0

)=
0

.4
4

p
=

0
.5

2
2

6
3

NoUVBFull Spectrum

DIPond DIPond

D
I

P
o

n
d

N
o

U
V

B



 

 161 

 

N
2

A
ir

D
b

O
N

2
A

ir
D

b
O

N2AirDbON2AirDbON2

F(1
,2
3
)=
6
6
.0
8

p
=
3
.3
e-8

Air

F(1
,2
0
)=
3
2
2
.1
4

p
=
8
.4
e-1

4
F(1
,1
8
)=
1
6
.1
2

p
=
0
.0
0
0
8
1

DbO

F(1
,2
0
)=
1
1
1
.6
2

p
=
1
.2
e-9

N2

F(1
,1
5
)=
1
7
.6
7

p
=
0
.0
0
0
7
7

F
(1

,1
2

)=
3

.5
7

p
=

0
.0

8
3

1
7

Air

F(1
,1
2
)=
9
.4
1

p
=
0
.0
0
9
7
5

F
(1

,1
2

)=
4

.6
1

p
=

0
.0

5
2

9
F
(1

,9
)=

0
.0

0
p

=
0

.9
5

0
0

5

DbO

NoUVBFull Spectrum

DIPondDIPond

F
u

ll S
p

e
ctru

m

D
I

P
o

n
d



 

 162 

B.2 Escherichia coli 
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B.3 Enterococcus faecalis vs. Escherichia coli 
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