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The Effect of Chlorine and Chloramines on the Viability and Activity of Nitrifying Bacteria
Anna Zaklikowski

Abstract

Nitrification is a significant concern for drinking water systems employing chloramines for
secondary disinfection. Ultilities have implemented a range of disinfection strategies that have varying
levels of effectiveness in the prevention and control of nitrification events, including optimizing the
chlorine-to-ammonia ratio, maintaining chloramine residual throughout the distribution system,
controlling pH, and temporal switching to free chlorination. Annual or semi-annual application of free
chlorination is practiced by 23% of chloraminating systems on a temporary basis as a preventative
measure, even though it has the undesirable consequences of temporarily increasing disinfection
byproducts, facilitating coliform detachment, and altering water taste and odor.

Although temporal free chlorination and other nitrification control methods have been widely
studied in the field and in pilot-scale systems, very little is known about the stress responses of nitrifying
bacteria to different disinfection strategies and the role physiological state plays in the resistance to
disinfection. It is well known that many commonly studied bacteria, such as Escherichia coli, are able to
better resist disinfection by free chlorine and chloramines under nutrient limitation through regulation of
stress response genes that encode for DNA protection and enzymes that mediate reactive oxygen species.
We compared the genomes of E. coli and the ammonia-oxidizing bacterium Nitrosomonas europaea, and
found that many of the known stress response mechanisms and genes present in E. coli are absent in N.
europaea or not controlled by the same mechanisms specific to bacterial growth state. These genetic
differences present a general susceptibility of N. europaea to disinfection by chlorine compounds.

Using an experimental approach, we tested the hypothesis that N. europaea does not develop
increased resistance to free chlorine and monochloramine during starvation to the same degree as E. coli.
In addition, N. europaea cells were challenged with sequential treatments of monochloramine and
hypochlorous acid to mimic the disinfectant switch employed by drinking water utilities. Indicators of
activity (specific nitrite generation rate) and viability (LIVE/DEAD® BacLight™ membrane-integrity
based assay) were measured to determine short-term effectiveness of disinfection and recovery of cells
over a twelve day monitoring period. The results of disinfectant challenge experiments reinforce the
hypothesis, indicating that the response of N. europaea to either disinfectant does not significantly change
during the transition from exponential phase to stationary phase. Exponentially growing N. europaea
cells showed greater susceptibility to hypochlorous acid and monochloramine than stationary phase E.
coli cells, but had increased resistance compared with exponential phase E. coli cells. Following
incubation with monochloramine, N. europaea showed increased sensitivity to subsequent treatment with
hypochlorous acid. Complete loss of ammonia-oxidation activity was observed in cells immediately
following treatment with hypochlorous acid, monochloramine, or a combination of both disinfectants.
Replenishing ammonia and nutrients did not invoke recovery of cells, as detected in activity
measurements during the twelve day monitoring period. The results provide evidence for the
effectiveness of both free chlorine and chloramines in the inhibition of growth and ammonia-oxidation
activity in N. europaea. Furthermore, comparison of viability and activity measurements suggest that the
membrane integrity-based stain does not serve as a good indicator of activity. These insights into the
responses of pure culture nitrifying bacteria to free chlorine and monochloramine could prove useful in
designing disinfection strategies effective in the control of nitrification.
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1 Literature Review

1.1 Introduction

A recent survey of U.S. drinking water systems indicated that 29% of utilities presently
use chloramines for secondary disinfection (Seidel et al., 2005). When questioned why
chloramines were selected for secondary disinfection, the most popular reasons given were
improved distribution system residual maintenance (90.6%) and reduced disinfection byproduct
formation (76.4%). In order to meet compliance with the recently promulgated Stage 2
Disinfectants and Disinfection Byproducts Rule (D/DBPR), the EPA predicts that an additional
10.3% of surface water systems serving over 10,000 consumers will convert from free chlorine
to chloramines (EPA, 2006). This regulation builds upon the 1998 Stage 1 D/DBPR that set the
maximum contaminant levels for the disinfection byproducts (DBPs) trihalomethanes and
haloacetic acids of 80 pug/L and 60 pug/L, respectively, based on running annual averages (RAA)
of distribution system samples (EPA, 1998). The Stage 2 D/DBPR built upon Stage 1 by
changing compliance from a system-wide average to site-specific locational running annual
averages (LRAA) (EPA, 20006).

Although chloramines offer the benefits of increased residual stability and decreased
potential to form DBPs, utilities express concern over several negative consequences associated
with the disinfectant. These concerns include distribution system bacteriological water quality,
corrosion, and of greatest relevance to this study, nitrification (Seidel et al., 2005). Nitrification
is the biological conversion of ammonia to nitrite and nitrate. The prevention and control of
nitrification is a significant concern for chloraminating utilities because nitrification events tend
to coincide with reduced disinfectant residual and enhanced heterotrophic bacterial growth
(Wolfe et al., 1988; Cunliffe, 1991). Several strategies are currently employed by utilities to
avoid nitrification events, including optimizing the chlorine-to-ammonia ratio, maintaining a
disinfectant residual, controlling pH, reducing distribution system residence time, improving
water storage tank mixing, and implementing corrective or periodic breakpoint chlorination. Of
these, temporal breakpoint chlorination has the least number of studies devoted to elucidating its
effectiveness in controlling nitrification. Field and pilot-scale studies suggest that the control
strategy is only effective as a short-term measure (Odell et al., 1996; Zhang and DiGiano, 2002;

Pintar and Slawson, 2003). Furthermore, breakpoint chlorination is detrimental to water quality



as it results in the creation of considerably higher levels of disinfection byproducts when
compared with chloramination.

Although disinfection resistance of heterotrophic bacteria in drinking water systems has
been widely studied, little is known about how nitrifying bacteria respond to disinfectants. In
particular, information on how stress responses play a role in facilitating resistance has received
limited attention in distribution system cultures, and no studies have been done on this topic to
date with nitrifying bacteria. The following literature review is intended to summarize common
chlorine-based disinfection practices, known bacterial stress responses to disinfectants, the
biological process of nitrification, and the physiological responses of nitrifying bacteria to

environmental stressors.

1.2 Comparison of Chlorine and Chloramines as Disinfectants

Chlorine was first used as a disinfectant in public water supplies in 1908 at Bubbly Creek
(Chicago). As dramatic reductions in typhoid frequently accompanied its application, chlorine
became widely implemented as a drinking water treatment measure. Following the proliferation
of chlorine treatment, chloramination, the combination of chlorine and ammonia added either
sequentially or simultaneously, was introduced in 1917 in potable water systems. At that time,
the addition of ammonia was believed to prolong the disinfectant residual and reduce
chlorophenolic taste and odors. Due to shortages of ammonia during WWII and recognition that
the addition of ammonia weakened chlorine as a disinfectant, chloramines lost favor (Haas,
1999). However, recent concerns over the creation of disinfection byproducts when free chlorine
and organic matter react and the promulgation of the 1998 EPA Disinfectants and Disinfection
Byproducts Rule have revitalized interest in chloramines for use as a secondary disinfectant
(EPA, 1998; Dodds et al., 1999; Haas, 1999; Seidel et al., 2005).

Although chloramines have weaker biocidal properties when compared with free
chlorine, they offer many other advantages that make them an attractive alternative as a
secondary disinfectant that can maintain a residual throughout the distribution system (Haas,
1999). These advantages include improved taste and odor, lower levels of disinfection
byproducts, increased residual stability, and superior ability to reduce total coliform and HPC
bacteria throughout the distribution system (Neden et al., 1992; Norton and LeChevallier, 1997).

Also, despite its inferiority in the disinfection of planktonic bacteria, it has been demonstrated



that monochloramine is comparable to if not better than free chlorine when considering
inactivation of biofilm bacteria (LeChevallier et al., 1988a; LeChevallier et al., 1988Db;
LeChevallier et al., 1990; LeChevallier et al., 1993; Williams and Braun-Howland, 2003).
Furthermore, utilities that have difficulty maintaining a free chlorine residual throughout their
distribution systems have found that it is less expensive to add ammonia to finished water rather

than boost chlorine levels throughout the system (Neden et al., 1992).

1.3 Chemistry of Chlorine and Chloramines

Table 1.1 presents a summary of the reactions involved in the formation and
autodecomposition of chlorine and chloramines. Hypochlorous acid (HOCI) is produced by
dissolving chlorine gas (Cl,) in water, resulting in the formation of HOCI, chloride ions, and
protons as indicated by Equation 1.1. Hypochlorous acid is a weak acid that decomposes
according to the reaction given in Equation 1.2, forming protons and the hypochlorite ion, OCI’,
with a pK, of 7.6 at room temperature (Snoeyink and Jenkins, 1980).

The chemistry of chloramines is considerably more complex. Free chlorine reacts
ammonia to form monochloramine, NH,Cl (Eq. 1.3). Addition of more HOCI produces
dichloramine, NHCI, (Eq. 1.5) and trichloramine, NCl; (Eq. 1.8). The ratio of free chlorine and
ammonia, as well as the solution pH, dictate the distribution of the three species.
Monochloramine, which is the most biocidal form of chloramines, dominates at pH > 8 and
chlorine-to-ammonia (Cl,:N) ratios <5 by weight. Monochloramine auto-decomposes through a
combination of hydrolysis and acid-catalyzed disproportionation reactions that result in the
formation of dichloramine (Vikesland et al., 2001). Di- and tri-chloramines are created in
Cl,:NH3;-N ratios ranging between 5 and 10. Free chlorine is detected when the Cl,:NH;3-N ratio
exceeds 10:1 (pH 7.5), which is referred to as the “breakpoint.” These equations and the
associated rate coefficients are described by Equations 1.3 through 1.7. The decomposition of
monochloramine typically results in the end products ammonia, chloride, nitrogen gas (Eq. 1.10)
and/or nitrate (Eq. 1.11) (Vikesland et al., 1998).

Upon entering the distribution system, chlorine compounds undergo complex reactions
with organic and inorganic compounds associated with distribution system materials, biofilms,

and the bulk liquid (LeChevallier et al., 1993). Natural organic matter (NOM) and metals may



exert an oxidant demand resulting in the decay of disinfectants and interference with the

inactivation of microorganisms (Vikesland and Valentine, 2000; Duirk et al., 2002).

Table 1.1: Summary of Chlorine and Chloramine Reactions

Rate Coefficient/
Equilibrium
Constant

Reaction (@25°C) Reference
Chlorine Reactions
1.1 ClL, +H,0 —» H'+ HOCI +CI' Snoeyink and Jenkins, 1980
1.2 HOCI — H" + OCI pK.=7.6 Snoeyink and Jenkins, 1980
Chloramine Formation and Autodecomposition Reactions
1.3 HOCI + NH; — NH,CI + H,O ki3=1.5x10""M"'h"  Isaac and Morris, 1981
1.4  NH,CI + H,O — HOCI + NH; ky4=7.6x107h" Isaac and Morris, 1981
1.5 NH,CI + HOCI — NHCl, + H,O kis=1.0x10°M"'h"  Margerum et al., 1978
1.6  NHCI, + H,0 — NH,CI + HOCl ki 6=2.3x10"h" Margerum et al., 1978
1.7 NHCI, + NH; — 2NH,Cl k7 =2.2x10°M?h"  Hand and Margerum, 1983
1.8  2NH,Cl — NHCIl, + NH;
1.9 NH,CI + HOCI — NCI; + H,0
1.10 3NH,Cl — N, + NH; + 3H" + 3CI Vikesland et al., 1998
1.11  4NH,CI + 3H,0 — 4CI + 3NH;+ NO; + 5SH* Vikesland et al., 1998

Breakpoint Chlorination Reaction

1.12  2NH; + 3HOCI — N, + 3H,0 + 3H" + 3CI

Chloramine and chlorine reactions with NOM, nitrite, and iron

Jafvert and Valentine, 1992

1.13 NH,CI + NOM-r; = NOM-r;0x + NH," + CI' Duirk et al., 2002

1.14 NH,CI + NO, + H,0 — NH," + NO5 + CI Margerum et al., 1994

1.15 HOCl+NO, - NOy +H'+ CI Johnson and Margerum, 1991

1.16 2Fe(Il) + NH,Cl + 6H,0 — 2Fe(OH)s(s) + NH; + CI' + Vikesland and Valentine,
SH* 2000

1.4 Nitrification and Nitrification Control in Drinking Water Systems

The presence and persistence of nitrifying bacteria in chloraminated water systems has
been well documented in the literature (Wolfe et al., 1988; Wolfe et al., 1990; Cunliffe, 1991;
Wilczak et al., 1996; Regan et al., 2003). Wilczak and coworkers (1996) reported the results of a

survey that indicated 68% of utilities using chloramines experienced nitrification. Concurring

with the results of this survey, a study conducted by David Cunliffe (1991) between November

1989 and 1990, involving the collection of water samples from five chloraminated water

supplies, identified nitrifying bacteria in 64% of all samples and 20.7% of samples containing

more than 5.0 mg/L-Cl, monochloramine. A more recent survey conducted in 2004 found that

of 100 utilities employing chloramines, only 30 reported problems with nitrification, suggesting



that experience may have led to better control and prevention of nitrification events (Seidel et al.,
2005).
1.4.1 Nitrifying Bacteria and Nitrification

Nitrification is a two-step process involving the aerobic oxidation of ammonia to nitrite
and nitrate. Nitrifiers are autotrophic bacteria that use inorganic carbon (CQO,) as their primary
carbon source (Matin, 1978). Because inorganic carbon assimilation is an incredibly energy-
demanding process, these microorganisms grow at a very slow rate (Wood, 1986). Two distinct
groups of nitrifying bacteria carry out this process, the ammonia-oxidizing bacteria (AOB) and
the nitrite-oxidizing bacteria (NOB). As described in the following equation, the AOB oxidize

ammonia to nitrite, utilizing ammonia as its energy source.
1
NH." + 5 0, 2 NO> + H,0 + 2H* Equation 1.17

The second step of nitrification involves the oxidation of nitrite to nitrate and is undertaken by

the NOB, which use nitrite as their energy source (Eq. 1.18).

1
NO; + 5 0, 2 NOy Equation 1.18

Of the AOB, Nitrosomonas europaea is the most widely studied and is the only nitrifying
microorganism for which the genome has been sequenced to date (Chain et al., 2003). Like
other AOB, N. europaea converts ammonia into nitrite through the combined action of two
enzymes: ammonia monooxygenase (AMO) and hydroxylamine oxidoreductase (HAO). In the
first step, AMO catalyzes the reaction in which ammonia is oxidized to hydroxylamine (NH,OH)
and water using oxygen. In the second step, HAO catalyzes the reaction where hydroxylamine is
converted to nitrous acid (HNO») and four protons (H") (Wood, 1986). The first step requires
two electrons whereas four electrons are generated in the second reaction, resulting in the net
release of two electrons (Hooper et al., 1997). Due to its ubiquitous presence in the environment
and the large amount of information available regarding its structure and function, N. europaea
was chosen to represent nitrifying bacteria for the experiments performed for this research
project, which were designed to better understand stress responses to drinking water disinfectants
(Chain et al., 2003).

1.4.2 Diversity of Nitrifying Bacteria in Chloraminated Drinking Water Systems
Recent work has focused on describing the diversity of nitrifying microorganisms that

colonize chloraminated water systems. Employing molecular techniques to identify nitrifying



populations inhabiting a distribution system, Regan et al. (2003) characterized ammonia-
oxidizing bacteria by the ubiquitous presence of members residing in the Nitrosomonas genus,
more specifically dominated by Nitrosomonas oligotropha. Despite assertions that the ability of
chloramines to oxidize nitrite precludes the presence of NOB, in this same study Nitrospira were
detected in most samples and Nitrobacter were found in a small fraction (Regan et al., 2003).
The same group of researchers observed similar results when classifying nitrifying communities
within a pilot-scale system, demonstrating the consistency of nitrifier community structure and
the appropriateness of using pilot- and bench-scale systems to represent the full-scale (Regan et
al., 2002). These findings are in line with the physiological nature of N. oligotropha, as it tends
to be inhibited by high concentrations of ammonia (>50 mM) and is more competitive at low
concentrations of ammonia (<10 pM) in comparison with other members of Nitrosomonas
(Koops et al., 1991; Bollmann et al., 2002).
1.4.3 Impact of Nitrifying Bacteria on Water Quality

While some bacteria have the potential to directly impact public health by acting as
pathogens, autotrophic nitrifying bacteria pose a significant indirect threat because of a multitude
of negative effects their presence has on the overall water quality of a distribution system.
Nitrification involves the autotrophic conversion of inorganic carbon to organic carbon in the
form of biomass, which serves as a carbon and energy source for heterotrophs in the organic C-
limited environment that is characteristic of drinking water systems. Their ability to facilitate
further biological growth is a potential public health threat and can result in the corrosion of
distribution system materials. In the process of deriving energy from ammonia, nitrifying
bacteria release hydrogen ions and oxidize ammonia to nitrite. This can result in degrading and
compromising the integrity of chloramines as a potent disinfectant in the following two ways: 1)
the depletion of excess ammonia and decrease in pH shifts the equilibria of chloramines from the
monochloramine form to di- and tri-chloramines, which have reduced biocidal efficacy (Ward et
al., 1984), and 2) production of nitrite exerts a disinfectant demand resulting in the depletion of
disinfectant residual and in the process liberates free ammonia which becomes available for
further biological oxidation (Valentine, 1985; Margerum et al., 1994). In addition, the di- and
tri- species of chloramines have been associated with taste and odor problems that are a nuisance

to consumers (Krasner et al., 1985).



1.4.4 Methods Employed in the Prevention and Control of Nitrification

Many preventative and corrective strategies have been applied to control nitrification in
chloraminated distribution systems. Methods include optimization of the chlorine-to-ammonia
ratio, increasing and maintaining disinfectant residual, addition of free chlorine throughout
system to recombine excess ammonia, control of the biocide-to-food ratio, pH control, reduction
of distribution system residence time/water age, water storage tank mixing, draw-down, and
reconfiguration, reduction of TOC, and lastly periodic free chlorination (Wolfe et al., 1988;
Wolfe et al., 1990; Wilczak et al., 1996; Harrington et al., 2002; Pintar and Slawson, 2003;
Wilczak et al., 2003; Powell, 2004; Seidel et al., 2005). According to a survey conducted by
Seidel and coworkers (2005), the most common control strategy reported by utilities practicing
chloramination was optimization of the chlorine:ammonia ratio (68%), followed by
tank/distribution system flushing (54%), pH control (36%), and reduction of distribution system
residence time (36%).

Several utilities that have witnessed nitrification in their systems and integrated measures
to correct problems and prevent future growth have shared their experiences. When the Tampa
Bay Water Authority switched to chloramines in 2002 in order to comply with the D/DBPR, they
experienced myriad water quality problems related to biological growth in the system (Powell,
2004). In an effort to understand and remediate these issues, the Authority implemented an
extensive water quality-monitoring program and initiated changes to the management of the
distribution system. Operations and maintenance changes included drawing down storage tanks
at least 50% on a daily basis and reconfiguring tanks to “first in-first out” to facilitate better
mixing, adding booster chlorination to tanks to recombine excess ammonia and increase
disinfectant residual levels, routine unidirectional flushing of pipelines, and replacement of
galvanized pipe lines. Despite the significant expenditure of money and increase in staff
associated with implementing this program, biological water quality did not substantially
improve as observed through HPC, coliform and mycobacteria levels, chemical indicators of
nitrification, and customer odor complaints (Powell, 2004). The Metropolitan Water District of
Southern California reported similar problems with nitrification, particularly in reservoirs
throughout their system, after switching from free chlorine to chloramines (Wolfe et al., 1988;
Wolfe et al., 1990). When episodes were first observed, they responded by removing the

affected reservoirs from service and applying breakpoint chlorination. Further preventative



measures included optimizing the chlorine-to-ammonia ratio, shortening reservoir detention
times, regularly flushing the distribution system and reservoirs and using periodic free
chlorination if necessary, and continuing to monitor disinfectant residual levels and nitrogen
species as an early-warning system.

A pilot-scale study completed by Harrington et al. (2002) showed that nitrification could
be avoided when the total chlorine residual was maintained above 2.2 mg/L and the biocide-to-
food ratio was greater than 1.9 mg Cl,/mg free NH3-N. In the same study, when enhanced
coagulation (pH 6, 38% average TOC removal) was compared to conventional coagulation
(ambient pH, 26% average TOC removal) using alum, the authors observed that the enhanced
TOC removal led to a delay in the onset of nitrification during a 4-day residence time and when
the residence time was reduced to 1 day, no nitrification events were observed. Upon varying
the treated water pH between 7.9 and 8.9, the study found that pH 8.5 resulted in the fastest onset
of nitrification.

1.4.5 Practice of Corrective or Periodic Breakpoint Chlorination in Chloraminated Systems

Of all the control strategies discussed, breakpoint or free chlorination is typically thought
of as a last resort when other measures fail to control nitrification; however, many utilities have
incorporated periodic breakpoint chlorination into their arsenal of nitrification prevention
strategies (Wolfe et al., 1988; Cunliffe, 1991; Skadsen, 1993; Odell et al., 1996; Seidel et al.,
2005). Out of the 100 chloraminating utilities surveyed in 2004, 23 reported “yes” to using a
periodic free chlorination practice (Seidel et al., 2005). Of the utilities that regularly practice
free chlorination, the most common frequency was once per year, the most common duration of
application was one month, and the most common times of the year were September, August,
and March. When applying free chlorine, the median target residual concentrations were 2.0
mg/L at the plant effluent, 1.5 mg/L at the average residence time location, and 1.25 mg/L at the
maximum residence time location.

Breakpoint or free chlorination is accomplished in a chloraminated water system by
adding chlorine in a way that oxidizes excess ammonia to nitrogen, resulting in the destruction of
chloramines and creation of free chlorine. One possible reaction resulting from breakpoint
chlorination is described in Table 1.1, Equation 1.12. The temporal use of free chlorination is
thought to be effective in controlling or terminating growth associated with nitrification by

removing the nitrifiers’ source of food, ammonia, and replacing the chloramines with the more



potent disinfecting ability of free chlorine (Wolfe et al., 1990; Odell et al., 1996). Although
there have been scattered reports by full-scale systems on the success of periodic or corrective
free chlorination, there are few lab or pilot-scale studies devoted to evaluating its effectiveness
(Wolfe et al., 1988; Skadsen, 1993; Odell et al., 1996; Norton and LeChevallier, 1997; Pintar and
Slawson, 2003). Zhang and DiGiano (2002) observed that when a chloraminating utility
switched to free chlorine for a period of one month, the HPC levels decreased at least one order
of magnitude, but when chloramines were resumed the HPC levels returned to the levels
observed before the switch. This indicates that although residual chlorine was a more effective
disinfectant, it most likely did not impair the biofilm microbial community to a great extent. In a
bench-scale study conducted by Pintar and Slawson (2003), the authors showed that applying
corrective or periodic free chlorination for a brief period of time (1-week) led to the inhibition of
AOB activity. However, after a one-week lag period, increases in nitrifying bacteria (Most
Probably Number method (MPN)) and nitrite were observed, suggesting that this practice may
only be effective in the short-term.

Despite any perceived benefits resulting from a periodic free chlorination practice, one
must consider the drawbacks. First, the transition periods which mark the switch to free chlorine
and return to chloramines result in a brief period of time where a strong disinfectant residual is
absent from the system, which poses a threat to public health. Chlorine must be added at a ratio
of 10:1 with ammonia-nitrogen, depending on pH and the presence of other substances that exert
an oxidant demand, before the breakpoint is passed and free chlorine is present. Within the
transition zone that exists between the dominance of the monochloramine species and the
dominance of free chlorine, di- and tri-chloramines are created, both of which have weaker
disinfecting properties and are associated with unpleasant taste and odor (Ward et al., 1984;
Krasner et al., 1985). Another concern is the potential formation of disinfection byproducts,
particularly trihalomethanes and haloacetic acids, during the free chlorination period.

In review of the preceding information regarding periodic breakpoint chlorination, there
is a combined lack of understanding of its true value, a deficiency of research studies devoted to
determining its effectiveness and response by nitrifying bacteria, and a concern over the
associated consequences to human health and water quality. This deficiency necessitates a
comprehensive investigation into the effectiveness of periodic free chlorination to determine its

impact on water quality and ability to inactivate or inhibit biological growth with specific



attention to nitrifying bacteria. Moreover, such knowledge could prove beneficial in identifying

ways to optimize or improve this disinfection practice.

1.5 Disinfection Resistance in Drinking Water Systems

Resistance of both nitrifying bacteria and heterotrophic bacteria to disinfection by
chlorine, chloramines, and other common drinking water disinfectants has been well established
in full-scale distribution systems (Wolfe et al., 1990; Cunliffe, 1991; Zhang and DiGiano, 2002;
Zhang et al., 2002). In a chloraminated system in Australia, nitrifying bacteria were detected
using an MPN method in 64% of all samples collected as well as 21% of samples containing
residual monochloramine exceeding 5 mg/L Cl, (Cunliffe, 1991). Factors influencing the
survival and resistance of bacteria include temperature, pH, disinfectant residual, distribution
system pipe material, and attached or suspended growth (Ward et al, 1984; LeChevallier et al.,
1988a; LeChevallier et al., 1993; Harrington et al., 2002; Pintar and Slawson, 2003). The
following section describes the modes of action and relative effectiveness of chlorine
compounds, as well as the factors that influence resistance to the disinfectants.

1.5.1 Chlorine Compounds: Bacterial Targets, Modes of Inactivation and Inhibition, and

Mechanisms of Resistance

The mechanism(s) by which free chlorine and chloramines inactivate bacteria is not well
understood and has been associated with a wide variety of reactions. Chlorine compounds are
electrophiles, and thus their mode of damage is through the oxidation of reduced compounds in
the cell. Reaction rates of both chlorine-based disinfectants are more favorable with amino acids
than with nucleic acids (Jacangelo and Olivieri, 1985; Barrette et al., 1987; Jacangelo and
Olivieri, 1987). It is known that a primary target of chlorine compounds, including both free
chlorine and chloramines, is sulthydryl (thiol) groups associated with amino acids, such as
cysteine, cystine, and methionine (Knox et al., 1948; Jacangelo and Olivieri, 1985; Thomas et
al., 1986; Jacangelo et al., 1987; Peskin and Winterbourn, 2001). In general, free chlorine has a
much greater reaction rate compared with monochloramine and has been shown to react with a
much wider range of biochemicals (Jacangelo and Olivieri, 1987).

As glutathione is the most abundant thiol group-containing compound in many Gram-
negative bacteria, it is expected that glutathione cycling plays an important role in the resistance

of bacteria to oxidative compounds (Fahey et al., 1978). Reduced glutathione (GSH) serves as a
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sacrificial nucleophile, readily reacting with chlorine and chloramines resulting in the production
of its oxidized disulfide form, GSSG (Peskin and Winterbourn, 2001). Chesney and coworkers
(1996) demonstrated that E. coli mutants deficient in glutathione are approximately twice as
sensitive to inactivation by hydrogen peroxide, hypochlorous acid, and monochloramine. In the
same study, it was observed that the oxidized form of glutathione, GSSG, was almost as effective
in protecting E. coli cells as GSH against hypochlorous acid stress.

The degree to which thiol oxidation is reversible has been established as a factor in the
recovery of cells injured by chlorine and chloramines (Jacangelo et al., 1987; Watters et al.,
1989). Jacangelo and coworkers (1987) reported that if the molar ratio of thiol groups to NH,Cl
exceeded 2, then the oxidation could be reversed. Conversely, at ratios less than 2:1, the reaction
was irreversible and proceeded beyond the GSSG form. It has been observed that coliforms
treated with the reducing agent sodium sulfite following exposure to monochloramine exhibited
greater recovery, suggesting that the reversibility of thiol damage by monochloramine may have
influenced recovery (Watters et al., 1989). In contrast, the damage resulting from treatment with
hypochlorous acid did not appear to be reversible (Watters et al., 1989). In a separate study,
hypochlorous acid-induced damage was found to be reversible within 100 ms of exposure
(Barrette et al., 1987). In E. coli and other bacteria, the reduction of GSSG is accomplished by
glutathione oxidoreductase (gorA), which is not present in the genome of N. europaea (Chain et
al., 2003). Because N. europaea and most likely other nitrifying bacteria lack the ability to
recycle glutathione, they must generate new GSH following exposure to oxidants. This handicap
is a weakness in N. europaea and may render the organism more sensitive to treatment with and
prolonged exposure to chlorine compounds.

Glutathione may also be a factor in the commonly observed phenotype of increased
resistance to oxidants that many bacteria develop following starvation (Saby et al., 1999; Dukan
and Touati, 1996; Berg et al., 1982). Fahey et al. (1978) observed that levels of glutathione
significantly increased during the transition from exponential to stationary phase. Employing a
glutathione-deficient E. coli mutant, Saby et al. (1999) found that in the mutant strain no
increased resistance to chlorine was developed during starvation, in contrast to the wild-type
strain, which had greater sensitivity prior to starvation. This observed difference was in spite of
a decrease in both total and reduced glutathione that was measured following starvation. The

authors also noted that in both the wild-type and glutathione-deficient mutant, the percent of
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reduced glutathione decreased following starvation. These studies demonstrate that in E. coli,
glutathione plays an important role in the increased resistance to chlorine and chloramines during
nutrient limitation and the onset of stationary phase.

In addition to the protective action afforded by glutathione, bacteria harness several
genetic systems that assist in protecting them from oxidative stress. Among these include the
OxyR, SoxRS, and RpoS systems, each of which regulates the expression of numerous genes,
such as catalases and superoxide dismutases, that are important to the defense against oxidants,
(Cabiscol et al., 2000; Dukan et al., 1996; Lange and Hengge-Aronis, 1991). A summary of the
known genes involved in the defense against oxidative stress in E. coli is presented in Table 1.2.
In addition, the table identifies the presence or absence of these genes in N. europaea. Research
into the genetic mechanisms of oxidative stress response in bacteria has primarily focused on the
mitigation of reactive oxygen species (ROS). In E. coli, the OxyR and SoxRS systems are
known to mediate peroxide (H,O;) and superoxide (O;"), respectively, and are activated when
cells are stressed (Cabiscol et al., 2000).

Table 1.2: Presence of oxidative stress response genes in N. europaea and E. coli’

Gene Function/Name Presencein  Presence in
Name N. europaea  E. coli K-12
Glutathione Protection
gshB glutathione synthetase Yes Yes
gor glutathione oxidoreductase No Yes
dps DNA binding protein Dps No Yes
OxyR System
0XYR oxyR system regulatory protein OxyR No Yes
katG hydroperoxidase/catalase Yes Yes
ahp alkyl hydroperoxide reductase Yes Yes
grxA glutaredoxin No Yes
trxC thioredoxin No Yes
oxyS regulatory RNA No Yes
SoxRS System
SOXR soxRS system regulatory protein SoxR No Yes
s0xS soxRS system regulatory protein SoxS No Yes
sodA manganese superoxide dismutase No Yes
micF affects expression of a major outer membrane protein No Yes
rpoS regulated genes
rpoS stationary-phase sigma factor S No Yes
katE hydroperoxidase/catalase No Yes
sodC copper-zinc superoxide dismutase No Yes
xthA exonuclease III Yes Yes

Chain et al., 2003; The Institute for Genomic Research, 2006
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Dukan and Touati (1996) investigated the response of E. coli to stress by hydrogen
peroxide and chlorine compounds to determine what similarities and/or differences exist in the
genetic mechanisms of stress response between the two oxidants. The study hypothesized that
because hydroxyl radicals can be released in vitro during the Fenton-type reaction of
hypochlorous acid with ferrous iron, some of the same proteins induced by hydrogen peroxide
stress may also be involved in the protection of cells from chlorine compounds. In general, the
results demonstrated that resistance to hypochlorous acid was mitigated by many of the same
genes associated with hydrogen peroxide stress resistance.

The role of the alternative sigma factor RpoS was investigated, which is the central
regulator of stationary-phase genes in many bacteria and plays an important role in the resistance
to hydrogen peroxide stress during starvation and stationary phase (Dukan and Touati, 1996;
Lange and Hengge-Aronis, 1991). Wild-type and rpoS mutants of E. coli were compared in their
response to hypochlorous acid challenge at exponential and stationary growth states. Survival
was greatest with the wild-type strain challenged during stationary phase, while stationary-phase
rpoS mutants had the greatest sensitivity to chlorine. Wild-type cells challenged during
exponential phase were more susceptible than cultures grown into stationary phase, but slightly
more resistant to chlorine shock compared with rpoS mutants. Thus, the findings confirmed the
significance of the sigma factor in general protection against oxidative stress and increased
resistance during stationary phase. Genes involved in protection against hydrogen peroxide and
regulated by RpoS during stationary phase, including dps, which encodes a DNA-binding
protein, and katE and katG, which encode catalases, were also found to confer resistance to
hypochlorous acid (Dukan and Touati, 1996; Cabiscol et al., 2000). Mutant strains lacking dps
and rpoS exhibited similar susceptibility to hypochlorous acid, suggesting that dps has a more
profound role than other genes under regulation by rpoS. However, since the rpoS, dps, katE,
and katF genes are absent from the genome of N. europaea, it is expected that the N. europaea is
more vulnerable to killing by disinfectants in comparison with E. coli and other bacteria that
express rpoS (Chain et al., 2003). In addition, the differential response observed in E. coli
between growth states is not anticipated in N. europaea. This specific hypothesis is tested in the
research presented later in this thesis.

During exponential phase, exposure of E. coli to hydrogen peroxide stress is mediated by

the transcriptional activator OxyR, which controls the expression of genes encoding glutathione
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reductase (gorA), catalase (katG), alkyl hydroperoxide reductase, (ahp), and Dps (Cabiscol et al.,
2000). Dukan and Touati (1996) demonstrated that, by employing an oxyR2 constitutive
mutant, oxyR resulted in increased resistance to HOCI stress in E. coli. To elucidate the specific
genes under the control of oxyR responsible for the HOCI resistance, mutations in dps, ahp, and
katG were introduced into the oxyR2 constitutive mutant and challenged with HOCI. None of
the three mutants showed increased sensitivity compared with the parent mutant, indicating that
other genes must be accountable. The authors also found that preliminary exposure to sublethal
doses of H>O, conferred increased resistance to lethal doses of HOCI. Comparing the response
of wild-type E. coli to an oxyR mutant confirmed the role of oxyR in the elevated resistance
observed. Similar experiments involving the pretreatment of cells with HOCI and subsequent
challenge with H,O, revealed that although HOCI pretreatment enhanced resistance to H,O,, the
resistance could not be attributed to the induction of oxyR. The experiments suggest that oxyR
most likely does not mediate HOCI stress in bacteria possessing oxyR; however, if oxyR were to
be induced through alternative means, the gene could be assist in protection against HOCI. It is
also interesting to note that the activation of OxyR has been shown to be associated with the
oxidation of glutathione and is reversible upon reduction of the disulfide bond, suggesting that
OxyR plays an important role in maintaining the thiol-disulfide balance in cells (Zheng et al.,
1998). The genome of N. europaea reveals that the organism lacks a gene similar to oxyR,
though it does possess katG and ahpC (Chain et al., 2003).

A third system involved in oxidative stress response, and in particular, protection against
superoxide, is the SoxRS regulon, which regulates a number of genes, including those encoding
Mn-SOD (sodA), endonuclease IV, and micF RNA, which affects the expression of a major outer
membrane protein (Cabsicol et al., 2000). In a separate study led by Dukan and colleagues
(1996), it was observed that application of sublethal doses of HOCI was mitigated by the
induction of soxR and soxRS-controlled micF in E. coli. This finding is important in elucidating
chlorine-induced cell death, as previous reports have linked chlorine inactivation with increases
in membrane permeability and the associated leaking of macromolecules (Venkobachar et al.,
1977). The genes soxR, soxS, and micF are absent from the genome of N. europaea, suggesting
that N. europaea may be more sensitive to superoxide stress in comparison with E. coli (Chain et

al., 2003; Genome Channel, Oak Ridge National Laboratory, TN).
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In a study conducted by Wood and Sorensen (2001), the results did not indicate an
elevation of catalase and superoxide dismutase (SOD) specific activity levels in N. europaea in
the presence of hydrogen peroxide. Furthermore, the levels of catalase and SOD only showed a
maximum 2-fold increase in N. europaea during the transition from exponential to stationary
phase, which is significantly less compared with other AOB (Wood and Sorensen, 2001).
However, in comparison with E. coli, N. europaea had higher levels of SOD specific activity
(71£3 compared with 42+1 units/mg protein) and significantly greater catalase specific activity
levels (1535£75 compared with 60%12 units/mg protein) (Wood and Sorensen, 2001). The
knowledge that N. europaea lacks many of the stress response genes possessed by E. coli that are
regulated as a function of growth state led us to investigate the hypothesis that N. europaea does
not develop increased resistance to disinfection during starvation and stationary phase.

1.5.2  Role of Bacteria Physiological State in the Response to Antimicrobial Agents

Several studies have shown that microbial resistance to disinfection agents is a function
of growth state and/or nutrient availability. Bacterial growth state can be defined by the
availability of nutrients (i.e., nutrient-rich or nutrient-limited), growth rate (i.e., exponential,
stationary) or type of growth (i.e., attached “biofilm” or suspended “planktonic’). As the
majority of microorganisms that inhabit water systems typically exist as biofilms growing under
nutrient-limited conditions, growth state must be considered when determining the efficacy of a
disinfectant (LeChevallier et al., 1987; LeChevallier et al., 1988a; LeChevallier et al., 1990).

When evaluating the role of nutrient availability and growth rate in microbial stress
response, researchers typically employ one, or more, of the following approaches: 1) batch
culture, 2) continuous culture, or 3) resuspension of cells in nutrient-limited or nutrient-
supplemented media. The advantages to growing cells in batch are that it is quicker and simpler
in comparison with continuous growth. In contrast, continuous cultures provide the ability to
control bacterial specific growth rate (u) and balanced growth conditions but over generations
can be susceptible to the development of mutations (Notley-McRobb et al., 2002). The lack of
operational control in a batch culture can affect consistency of experimental results. Both of
these techniques allow for the control of growth phase and nutrient concentration in suspended
cultures. The third technique, resuspension into nutrient-limited or nutrient-supplemented
media, allows the investigator to compare nutrient availability among cultures of the same

growth phase.
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Stewart and Olson (1992) concluded that when cells of Klebsiella pneumoniae were
challenged with monochloramine, nutrient availability had the greatest impact on resistance,
compared with growth temperature and growth phase. When treated with monochloramine, cells
from the mid-log and stationary phases required similar CTg9 (Concentration x time for 99%
inactivation) values of 4.810.1 and 4.6+0.2 mg-min/L, respectively. However, when cells were
grown in Ristoph medium that was undiluted, diluted 1:1000 and 1:10,000, the average CTogg
values were 4.6, 9.6, and 24 mg-min/L, respectively. When challenging Staphylococcus aureus
cells taken from exponential-phase, 6 h-post-exponential phase, and 7 days into stationary phase
with hydrogen peroxide, Watson et al. (1998) reported similar results, finding the exponential-
phase cells and stationary phase cells maintained the same resistance. However, the cells treated
6 hours after exponential phase showed the greatest susceptibility. Despite these findings,
Dukan and Touati (1996) found that stationary-phase E. coli K-12 cells exhibited increased
resistance to hypochlorous acid compared with exponential phase up to 0.5 mg/L. Employing
wild-type and rpoS mutant strains of E. coli, the authors attributed the increase in resistance to
the presence of stationary-phase global regulator rpoS. Berg et al. (1982) reported increased
resistance of E. coli to chlorine dioxide when grown at submaximal growth rate. The
disagreement between these studies may suggest that the bacterial response to various
disinfectants may be different or that stress response among various species is expressed
differently.

Other studies have investigated the impact of starvation on disinfectant resistance and
survival. Lisle and coworkers (1998) observed that as the duration of starvation was increased,
E. coli O157:H7 developed greater resistance to hypochlorous acid. Another study conducted by
Watson et al. (1998) found that although S. aureus grown under nutrient-limited conditions
suffered a 2- or 3-log loss of viability within 2 days of starvation, the remaining cells developed
increased resistance to acid shock and oxidative stress, administered through hydrogen peroxide.
The same study also explored the role of proteins in survival during starvation. The authors
found that when cells were suspended in glucose-free media and treated with the protein
synthesis inhibitor chloramphenicol at time intervals 0, 1, 2, and 24 hours, proteins synthesized
during the first hour of starvation had the greatest effect on survival, but observed losses in

viability after 30 days. However, cells treated at times 1, 2 and 24 hours showed similar
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survival, but were still outlived by the control after 55 days, indicating that proteins important to
survival continue to be synthesized after the first day of starvation.

Within the drinking water community, it is widely accepted that microorganisms existing
as a biofilm harness superior resistance to disinfectants when compared with planktonic bacteria
in drinking water distribution systems (LeChevallier et al., 1988a; LeChevallier et al., 1988b;
Williams and Braun-Howland, 2003). The overall ability of biofilms to withstand disinfectants
is not well understood and remains a subject of debate. However, several distinct mechanisms
for the increased resistance of biofilms have been proposed. Stewart (2003) presented three
hypotheses for biofilm resistance, all stemming from the role of diffusion: 1) the inability of
disinfectants to physically penetrate biofilms due to rapid reactivity of disinfecting agents, 2)
nutrient limitation in biofilm cluster interior leads to slower growing cells or a “persister cell”
phenotype results in increased defense against disinfectants, and 3) quorum sensing in cluster
interior triggers expression of protective genes. Donlan and Costerton (2002) reviewed several
alternative explanations for the increased resistance of biofilms, noting that because of the
slowing growth of biofilms, the general uptake of antimicrobial agents may be slower. They also
cited the production of general stress resistance sigma factor rpoS during environmental stress as
providing defense. In support of the diffusion hypothesis, they noted that the secretion and
presence of exopolymeric substances (EPS) acts as a diffusional barrier limiting the permeation
of disinfectants and exerting a disinfectant demand.

LeChevallier et al. (1988a) reported that attachment of bacteria to surfaces affords
bacteria the greatest protection against disinfection. The authors observed that when growing
cells of Klebsiella pneumoniae on glass slides, resistance (CTgy) to hypochlorous acid and
monochloramine increased 150-fold and 2-fold, respectively. Moreover, when comparing 2-day
old biofilms to 7-day old biofilms, the more mature biofilm exhibited greater resistance to the
same dose of hypochlorous acid while no difference was recognized when considering
monochloramine shock. Likewise, upon comparing planktonic and 24-h-old biofilm cells of
Pseudomonas aeruginosa to monochloramine, Cochran et al. (2000) reported disinfection rate
constants of 0.551 mg'min™ and 0.29 mg 'min™" for planktonic and biofilm cells, respectively.
Furthermore, they observed similar responses between cells grown as thin biofilms on alginate
beads and as thick biofilms on glass slides, concluding that biofilm resistance is not due to

diffusion limitations but the expression of new genes affected by physiological changes
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associated with manifesting the biofilm state. In contrast, De Beer and coworkers (1994) were
able to measure the direct penetration of chlorine into P. aeruginosa and K. pneumoniae biofilms
using a microelectrode and reported limited penetration and patterns where chlorine overlapped
with nonrespiring zones, thus substantiating the diffusion hypothesis.
1.5.3 Stress Response in Nitrifying Bacteria

Very little work has been conducted to elucidate stress response capabilities in nitrifying
bacteria. In the 2002 paper, “Kinetics of Nitrosomonas europaea inactivation by chloramines,”
Oldenburg et al. reported inactivation rate constants of 2.5x10™ L/(mg Cl,*min) at pH 7 and
2.4x10™ L/(mg Cly*min) at pH 9 using the LIVE/DEAD® BacLight™ stain viability-based
assay. Upon comparing the results of the LIVE/DEAD stain, which is based on membrane
integrity, to the MPN procedure, which is culture-based, the authors found that survival of
challenged N. europaea cells was much greater as detected through the stain compared with the
MPN technique.

Several studies have been conducted to investigate the effects of starvation on the activity
and recovery of nitrifying bacteria. Stein and Arp (1998) reported that ammonia limitation did
not significantly affect ammonia-oxidizing activity based on oxygen uptake rate measurements
in N. europaea. They observed that incubation of 24 hour-starved N. europaea with 15 mM
ammonium resulted in an 85% loss of ammonia oxidation activity, while incubation with 50 mM
ammonium only led to a 35% loss (Stein and Arp, 1998). It was also noted that AMO levels
increased until nitrite reached steady state concentrations, after which they decreased over the
remainder of the incubation period (Stein and Arp, 1998). In a separate study, it was observed
that after periods of starvation ranging from 1 to 10 weeks, N. europaea rapidly recovered
ammonia oxidation activity, converting ammonia to nitrite within 48 to 96 hours (Bollman et al.,
2002). In a more recent investigation also led by Bollman (2005), levels of amoA mRNA were
measured in the AOB Nitrosospira briensis following starvation. Within 10 minutes of
supplementation with fresh ammonia, Nsp. briensis regained 100% of ammonia-oxidizing
activity (Bollman et al., 2005). During starvation, amoA mRNA levels slightly decreased, but
were observed to increase after resuscitation with ammonia (Bollman et al., 2005). To our
knowledge, no researchers have reported on the recovery of ammonia oxidation activity, either
through the measurement of amo or through direct detection of nitrogen species, in pure cultures

of nitrifying bacteria following exposure to chlorine compounds. The understanding that AOB
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are able to quickly recover the ability to oxidize ammonia following long periods of starvation
led us to investigate the degree to which ammonia-oxidizing activity in N. europaea is inhibited
by disinfectants.

In one of few, if not the only, studies into the mechanisms of oxidative stress resistance in
nitrifying bacteria, Wood and Sorensen (2001) tested the AOB N. europaea, Nitrosospira
multiformis, and Nitrosospira AV (Apple Valley) for the presence of the oxidative stress
enzymes catalase and superoxide dismutase (SOD) and compared specific activity levels for both
enzymes with levels in the heterotrophs E. coli and P. aeruginosa. When comparing organisms
during late-log phase, N. europaea exhibited the highest specific activity levels for catalase, with
levels approximately 25 times higher than the other AOB, only exceeded by P. aeruginosa. For
SOD, all AOB exhibited comparable specific activity levels and were in the same range as E.
coli, with P. aeruginosa again possessing the highest levels. In addition, they compared catalase
and SOD activity in AOB among different batch culture growth states. In N. europaea, catalase
and SOD were produced at only slightly (maximum 2-fold) lower specific activities in
exponential phase than in stationary phase during the growth cycle, whereas in Nsp. multiformis,
a 30-fold increase in catalase levels and 4-fold increase in SOD specific activities were observed
during the transition from exponential phase to stationary phase. These observations were
consistent with measures of isozyme bands, as N. europaea constitutively expressed one catalase
isozyme and the SOD isozyme pattern was uniformly distributed over the entire growth cycle.
Nsp. multiformis, on the other hand, retained two catalase isozymes over the entire growth cycle
and produced two additional catalase isozymes after entering the stationary phase. Surprisingly,
no change in SOD isozyme patterns was observed despite increases in SOD specific activity. In
their discussion of the results, the authors compared catalase in Nsp. multiformis to the
stationary-phase catalase, KatE, in E. coli which is under the control of RpoS, speculating that a
similar system may control catalase in AOB. To investigate the effect of reactive oxygen species
on enzyme specific activities, cell suspensions of N. europaea and Nsp. multiformis were
harvested in late-exponential phase and supplemented with 40 uM H,0O, for 4 hours. The
researchers did not observe a change in catalase or SOD specific activity during the incubation
period. Overall, this research and the review of the N. europaea genome suggests that although
N. europaea contains significant levels of enzymes important to oxidative stress response, it

most likely does not moderate the expression of genes as a function of growth state.
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1.6 Scope of Research

From the review of literature, it is evident that research into the effectiveness of chlorine-base

disinfectants is needed for the following reasons:

1.

Despite any proven long-term advantages, many chloraminated systems practice
breakpoint chlorination on a routine basis. To determine the merit of this
disinfection practice, research was conducted to investigate both short-term
sensitivity and long-term inhibition and recovery with N. europaea under controlled
laboratory conditions.

Research into the inactivation and inhibition of bacteria by chlorine and chloramines
has mainly focused on bacteria of public health concern and related strains, and to
understanding the in vitro mediation of reactive oxygen species. Though nitrifying
bacteria do not have a direct public health concern, they have the potential to impact
public health indirectly through the formation of nitrate and nitrite, and losses in
disinfectant residual. Previous research on the control of nitrifying bacteria and
nitrification has examined the effects of pH and variation of the chlorine-to-
ammonia ratio. The preceding review of literature has only uncovered a few papers
that have reported on the general response of nitrifying bacteria to chlorine and
chloramines. To our knowledge, no work has been published on the genetic
mechanisms in nitrifying bacteria responsible for resistance to chlorine compounds.
The detrimental impact nitrifiers have in drinking water systems combined with the
general lack of understanding regarding the physiological response of nitrifying
bacteria to drinking water disinfectants substantiates the need for more work to be
done to clarify the similarities and differences that exist between nitrifying bacteria
and commonly studied heterotrophic bacteria. As growth conditions and growth
state have been shown to greatly influence disinfection resistance, the role of batch
culture growth phase in the response to chlorine and monochloramine is a simple
and logical place to start. Also, as the genome of N. europaea has recently been
sequenced (Chain et al., 2003), this presents a great opportunity to explain any

differences and/or similarities between the autotroph and other sequenced, heavily
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studied bacteria when assessing the results of disinfectant challenge experiments.
To provide a basis for comparison, select experiments employing N. europaea were
repeated with the widely studied heterotroph E. coli as a control bacterium.
Knowledge of the existence of certain oxidative stress mechanisms (catalase, SOD) and
absence of others (RpoS) over the course of the growth cycle in nitrifying bacteria justifies the
need to study the response of these organisms to disinfectants using a holistic experimental
approach. To investigate general stress responses of the AOB N. europaea to common

disinfectants hypochlorous acid and monochloramine, the following matrix of experiments was

undertaken:
Table 1.3: Experiment Matrix of Research Conducted for this Thesis.
Organism Chem. | Chem Conc. Biomass Growth | Monitoring Biological and
(mg/L-Cl,) Conc. (Agy) States Period (hr) Chemical Analysis
Tested’
N. europaea | HOCI 0,0.6,1.2, 0.24,0.15 ML, LL, 8 L/D, total cells counts,
SY NH;, NO,, Total/Free
Chlorine
N. europaea | NH,Cl | 2.0, 3.0,4.0 0.24,0.15 ML, LL, 8 L/D, total cells counts,
SY NH;, NO,, Total/Free
Chlorine
N. europaea | NH,Cl 2.0 0.24 SY 4 L/D, total cells counts,
(Switch) HOCI1 1.2 0.24 4 NH;, NO,, Total/Free
Chlorine
E. coli K-12 | HOCI 1.2 0.24 ML, LL, 8 L/D, total cells counts,
SY plate counts, NH3,
Total/Free Chlorine
E. coli K-12 | NH,Cl 3.0 0.24 ML, LL, 8 L/D, total cells counts,
SY plate counts, NH3,
Total/Free Chlorine
Notes:

ML:Mid-Log, LL: Late-Log, SY: Stationary
L/D: LIVE/DEAD® BacLight™ bacterial viability kit
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2.1 Abstract

It is common among chloraminating systems to employ a periodic breakpoint chlorination
practice to prevent and control nitrification. Limited evidence demonstrates the true
effectiveness of this practice, and little is known about the resistance and susceptibility of
nitrifying bacteria to chlorine-based disinfectants. This paper summarizes the results of an
experiment that involved sequentially treating the ammonia-oxidizing bacterium, Nitrosomonas
europaea, with the disinfectants monochloramine and hypochlorous acid. Cells were incubated
for four hours following addition of each disinfectant and samples were periodically taken to
analyze for chemical concentration as well as activity and viability. At the completion of the
second exposure period, cells were resuspended in their initial growth media and monitored for
an additional twelve day period. Furthermore, the relationship between monochloramine dose
and nitrite generation rate was investigated to determine the initial and residual concentrations of
disinfectant that resulted in loss of ammonia-oxidizing activity. Ammonia-oxidizing activity was
100% inhibited at monochloramine doses exceeding 0.5 mg/L NH,CI-Cl, and when any
disinfectant residual could be detected. The results of the disinfectant switch experiment suggest
that N. europaea is more susceptible to inactivation by hypochlorous acid when previously
exposed to monochloramine. Despite resuspension of injured cells in fresh growth media,
recovery of ammonia-oxidizing activity was not observed over the twelve day duration during
which the cells were monitored.

2.2 Introduction

In order to comply with increasingly stringent regulations concerning the formation of
disinfection byproducts, many utilities have switched their secondary disinfectant from free
chlorine to chloramines or anticipate doing so in the near future (EPA, 2006). In comparison
with free chlorine, chloramines offer the benefits of increased residual maintenance, decreased
potential to form trihalomethanes and haloacetic acids, improved control of taste and odor, and
superior inactivation of coliform and HPC bacteria (Neden et al., 1992; Norton and LeChevallier,
1997). On the other hand, a major problem associated with the use of chloramines is its
breakdown to ammonia and the subsequent biological oxidation of ammonia to nitrite and

nitrate, known as nitrification. A survey conducted in 1996 reported that 68% of chloraminating

29



utilities experienced episodes of nitrification, based on the detection of increased nitrate
concentrations in distribution systems (Wilczak et al., 1996). A more recent survey found that
only 30% of chloraminating systems reported problems with nitrification, suggesting that time
and experience may have led to better control (Seidel et al., 2005). The increased presence of
nitrifying bacteria and the production of nitrite associated with nitrification result in the
degradation of the disinfectant residual, making systems vulnerable to undesirable biological
growth and increased public health risk (Wolfe et al., 1988; Cunliffe, 1991). Thus, the
prevention and control of nitrification is a significant concern for chloraminating utilities.

Several strategies are currently employed by utilities to avoid nitrification events,
including optimization of the chlorine-to-ammonia ratio (Odell et al., 1996; Wolfe et al., 1988),
maintaining disinfectant residual, pH control (Skadsen, 1993; Harrington et al., 2002), reduction
of distribution system residence time (Odell et al., 1996; Harrington et al., 2002), distribution
system flushing (Odell et al., 1996), improved mixing of water storage tanks (Powell et al.,
2004), and corrective or periodic temporal free chlorination (Wolfe et al., 1988; Odell et al.,
1996). Of these, temporal free chlorination has the least number of studies devoted to
elucidating its effectiveness in controlling nitrification. Field and pilot-scale studies suggest that
the control strategy is only effective as a short-term measure (Odell et al., 1996; Zhang and
DiGiano, 2002; Pintar and Slawson, 2003). During free chlorination periods, chloraminating
systems have reported increases in coliform and HPC bacteria and disinfection byproducts
(Skadsen, 1993; Odell et al., 1996). Despite these consequences and the lack of research
supporting its effectiveness, a recent survey found that 23% of chloraminating utilities employ
free chlorination on an annual or biannual basis (Seidel et al., 2005).

The temporal replacement of chloramines with free chlorine is thought to be effective in
eliminating ammonia-oxidizing bacteria (AOB), as these bacteria have been shown to harness
resistance to chloramines that is more than an order of magnitude greater than with free chlorine
(Wolfe et al., 1990). The long-term inhibition and recovery of ammonia-oxidizing activity in
AOB following disinfectant exposure is not well understood. However, it has been observed that
nitrifying bacteria are able to recover ammonia-oxidizing capability immediately following long
periods of starvation (Batchelor et al., 1997; Stein and Arp, 1998; Tappe et al., 1999; Bollmann
et al., 2002; Bollmann et al., 2005). Also, it has been suggested that the Most Probable Number

(MPN) method, which is commonly used to detect nitrifying bacteria in drinking water systems,
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greatly underestimates cell viability when compared with a membrane integrity-based viability
stain (Oldenburg et al., 2002). Thus, it is important to distinguish between activity and viability
when quantifying nitrifying bacteria in water systems and when designing strategies to suppress
their growth.

To investigate the effectiveness of breakpoint chlorination practices on the viability,
activity, and recovery of nitrifying bacteria, a disinfectant switch experiment was conducted
using pure cultures of the AOB Nitrosomonas europaea. N. europaea was selected because of
its ubiquitous presence in the environment and because it is the only nitrifying bacterium that has
a sequenced genome (Chain et al., 2003). Also, members of Nitrosomonas have been observed
in both field and pilot-scale water systems employing chloramines (Regan et al., 2002; Regan et
al., 2003). Batch experiments were conducted by incubating cells treated with 2.0 mg/L NH,Cl-
Cl, for 4 hours followed by another 4-hour long incubation period with 1.2 mg/L. HOCI-Cl,.
Throughout the two disinfectant exposure periods, nitrification activity was measured using the
nitrite generation rate (NGR) method and viability was measured using a stain that detects
membrane integrity. In addition, recovery of chemically-challenged bacteria was monitored for
two weeks following the disinfectant switch experiment using NGR and the viability-based

assay.

2.3 Methods

2.3.1 Growth Conditions

N. europaea (ATCC 19718, ATCC, Manassas, VA) was grown under sterile conditions
in batch 5 L vessels in the dark at 28°C, maintained by a temperature-controlled water jacket.
Cultures were continuously aerated and mixed using magnetic stirrers. The N. europaea cells
were grown in 5 L of a medium composed of 0.2 g/L. MgSO4-7H,0, 20 mg/L CaCl,-2H,0, 87
mg/L Ko;HPOy, 2.52 g/ EPPS, 10 pg/L Na,MoO4-2H,0, 17.2 ug/L. MnSO4-H0, 0.4 pg/L
CoCl,-7H,0, 170 pg/L CuCl,-2H0, 10 pg/L ZnSO4-7H,0, 100 ug/L chelated iron, 250 pg/L
phenol red and 1.32 g/L. (NH4),SO4. A growth curve was prepared by measuring nitrite and
performing cell counts using the methods described below.

Seven days into stationary phase (marked by the complete depletion of ammonia in the
culture media), the cells were treated with 150 mg/L (NH,4),SO4-N to elicit ammonia-oxidation

activity. Twelve hours following the ammonia spike, cells were concentrated (17,700xg) and
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washed one time with sterile ammonia-free phosphate buffered saline (PBS) solution (7.6 g/L
NaCl, 0.97 g/LL Na,HPOy, 0.38 g/L. NaH,POy, 0.033 g/ NaHCOs [pH 7.2]). The pH of 7.2,
which was used in all disinfectant challenge experiments, was chosen as it is typical of drinking
water systems and is a pH at which the hypochlorous acid and monochloramine species, both of
which are known to have superior biocidal efficacy in comparison with OCI" and di and
trichloramine species, dominate. The washed cells were then resuspended in PBS to a final
absorbance at 600 nm (Aggo) of 0.24 using a spectrophometer (Spectronic 20, Bausch and Lomb,
Philadelphia, PA).
2.3.2 Chemical Preparation

All chemicals employed as reagents in analysis or in the preparation of stock solutions
were analytical grade (Fisher Scientific, Pittsburgh, PA). Stock solutions of hypochlorous acid
(HOCI) were prepared immediately before use by dilution of reagent sodium hypochlorite (stock
concentration, ~680 mg/L Cl,) in sterile deionized water. For preparation of monochloramine
stock solution, reagent sodium hypochlorite was added drop-wise to a rapidly stirred sterile
solution containing 300 mg/L. NH4CI-N and 10 mM sodium bicarbonate. The final solution had
a pH and a chlorine-to-ammonia mass ratio of 4:1. Total chlorine concentration for each stock
solution was determined using the methods described below.
2.3.3 Experimental Design

N. europaea cell suspensions were treated with monochloramine to a final concentration
of 2.0 mg/L Cl, and incubated on magnetic stirrers for 4 hours. The cells were then sedimented
(17,700xg), washed with PBS, and resuspended in fresh sterile PBS to the same Agg of 0.24.
They were then treated with hypochlorous acid to a final concentration of 1.2 mg/L Cl, and
allowed to incubate for an additional 4 hours. The experiment conditions (chemical
concentrations and duration of exposure) were selected based on preliminary experiments that
showed that these concentrations were sufficient to cause 10-30% inactivation in stationary
phase cultures of N. europaea after 4 hours of exposure (Appendix A). Thus, this level of
inactivation allows for comparison of all experiment conditions while sparing an adequate
number of cells to allow for potential recovery. Appropriate abiotic and biotic controls were
used to confirm disinfectant initial and residual concentrations and to compare indicators of
activity and viability. The experimental and biotic controls are hereafter referred to using the

key provided in Table 2.1. For each exposure period, samples were removed at times 0, 10
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minutes, 2 hours, and 4 hours, and analyzed for free and total chlorine, total microscopic cell
counts, viable cell counts (by the staining technique described below), nitrite generation rate,
ammonia, and nitrite. Chemical analysis was performed on the supernatant of samples that had

first been centrifuged at 29,000xg for 10 minutes to separate biomass.

Table 2.1: Key to Experiments Performed During This Study.

Experiment/ Experiment Chemical Dose (mg/L Cl,)
Control Code NH,Cl Exposure Period HOCI Exposure Period
Experiment MC,HA | » 2.0 1.2
Control #1 MCyHA, 0 0
Control #2 MCyHA, » 0 1.2
Control #3 MC,HA, 2.0 0

MC: Monochloramine (NH,CI)
HA: Hypochlorous acid (HOCI)

At the completion of the hypochlorous acid exposure period, 50 mL of the remaining
sample was sedimented (29,000xg) and resuspended in the same volume of the initial growth
media described above. Over a 12-day period, aliquots were removed approximately every 48
hours and used for NGR tests as well as total and viable cell counts. The overall disinfectant
switch and recovery experiment was performed twice to confirm consistency in results.

A separate experiment was designed to determine the effect of monochloramine dose on
the inhibition of ammonia-oxidizing activity in N. europaea. Cell suspensions were treated with
monochloramine stock solution to final concentrations of 0.25, 0.5, 0.75, 1.0, and 1.5 mg/L Cl,.
At 30 minutes and 5.5 hours, the following analyses were performed: total and free chlorine,
total and viable cells counts, and nitrite generation rate. All analyses were also performed on a
biotic control that did not receive disinfectant treatment.

2.3.4 Live/Dead Viability Assay
Viability was determined by using the LIVE/DEAD® BacLight™ Bacterial Viability Kit

(Molecular Probes, Inc., Eugene, OR), which consists of two stains that distinguish viability
through bacterial membrane integrity. SYTO-9 (480/500 nm excitation/emission maxima),
which fluoresces green in cells, diffuses and binds to DNA in all cells, whereas propidium iodide
(PI) (490/635 nm excitation/emission maxima), which fluoresces red in cells, can only diffuse
into cells with compromised membranes. As PI has a much greater fluorescence than SYTO-9,

compromised cells are identified by their red fluorescent signal. Therefore, cells with intact and
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damaged cell membranes are associated with green and red fluorescence signals, respectively.
Aliquots (0.3 uL) of each stain were mixed and added to 200 uL samples and allowed to
incubate in the dark for 30 minutes prior to visualization. Biomass samples were aliquoted in 7
uL volumes on glass microscope slides and visualized using an epifluorescence microscope
(Zeiss Axioscope 2 Plus, Thornwood, NY, USA) and camera system (Zeiss AxioCam MRm,
Thornwood, NY, USA) at 40x magnification. For each sample, ten pictures were taken at
random. Viable and nonviable cells were counted in each image using the image processing and
analysis software, ImageJ (version 1.33u, National Institutes of Health, USA), and the average
live fraction (viable/total) was calculated from the ten images. Percent loss in viability was
calculated using the following equation, where T refers to the live fraction prior to the beginning

of the switch experiment:

Live Fraction, —Live Fraction;

% Lossin Viability =[ Live Fracti
ive Fraction

] x100% Equation 2.1

2.3.5 Nitrite Generation Rate

Nitrite generation rate (NGR) curves were developed by spiking 10-mL aliquots of cell
suspension in 50 mL Falcon tubes with sterile NH4Cl to a final concentration of 20 ug/L-N. The
incubation tubes were placed on magnetic stirrers and mixed continuously. Aliquots (1.2 mL)
were withdrawn at time intervals 0, 15, 30, 45, and 60 minutes and processed by sedimenting at
10,000xg. Centrates were stored at -20°C for later use in nitrite analysis. Specific nitrite
generation rate (SNGR) was determined by normalizing the NGR to the viable cell concentration
for the corresponding sample. Percent inhibition, defined as loss of ammonia-oxidizing activity,
of SNGR was calculated using the following equation, where T, denotes the SNGR at Time 0
prior to beginning the switch experiment:

sNGR —sNGR;
sNGR ;.

% Inhibition = ( JX 100% Equation 2.2

2.3.6 Chemical Analyses

Nitrite samples were stored at —20°C for no more than 28 days and analyzed using a
colorimetric procedure (method 4110 B) as described in Standard Methods (APHA, 1998). Free
and total chlorine residuals were determined using the DPD Ferrous Titrimetric Method (method

4500-C1 E) and the DPD Colorimetric Method (method 4500-C1 G; APHA, 1998). Ammonium
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was determined using the Phenate Method (method 4500-NH3; APHA, 1998). All chemical

analyses were performed in duplicate.

2.4 Results and Discussion

2.4.1 Effect of Monochloramine Exposure

Results for the cell suspensions of N. europaea treated for 4-hours with monochloramine
were similar to those observed in previous work (Harrington et al., 2002) and are shown in
Figure 2.1A. The kinetics appeared to be biphasic, with the majority of viability loss occurring
during the latter 2 hours of disinfectant exposure. Viability in cells receiving monochloramine
(conditions MC,HA | ; and MC,HA)) decreased from 96%, which represents conditions prior to
disinfectant exposure, to 52% at the completion of the 4-hour incubation period. No loss in
viability was observed for conditions MCoHA( and MCyHA », which did not receive
monochloramine treatment. Ten minutes following addition of monochloramine stock solution,
the total chlorine residual was 1.7 mg/L Cl, and declined throughout the 4-hour exposure period
to a final concentration of 1.0 mg/L Cl, (Fig 2.2A).

Prior to chemical addition (t=0), the specific nitrite generation rate of the N. europaea
cell suspensions averaged 0.15 mg NO,-N/(10"? live cells-min) for all conditions (Figure 2.3A).
For the cells that did not receive treatment with monochloramine (MCoHA and MCoHA »),
sNGR slightly declined over time but was maintained at 0.10 mg NO,-N/(10" live cells-min) for
the duration of the 4-hour monitoring period. Cells receiving treatment with monochloramine
(conditions MC,HA | ; and MC,HA)) were inhibited 100% as indicated by SNGR measurements
(Fig. 2.3).

2.4.2 Effect of Hypochlorous Acid Exposure

In general, results from the disinfectant switch experiment showed that following
exposure to monochloramine, N. europaea was more sensitive to subsequent treatment with
hypochlorous acid (Fig. 2.1B). After NH,Cl treatment and resuspension in PBS but prior to
HOCI challenge, cells in the MC,HA | ; and MC,HA, assays showed a slight increase in viability.
In condition MC,HA | », N. europaea viability decreased approximately 89% from an initial
viability of 72% to a final viability of 11%, within ten minutes of challenge with 1.2 mg/L
HOCI-CI, (Fig 2.1B). Over the course of the entire HOCI exposure period, 99% of the initial
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viable count had been inactivated. In contrast, MCyHA |, which had been incubated in
disinfectant-free PBS before challenge with hypochlorous acid, experienced only 31% loss of
viability over the 4-hour duration. The differences in the responses observed in MC,HA | » and
MCyHA ; indicate that N. europaea does not develop resistance to HOCI following exposure to
NH,Cl but, rather, becomes increasingly sensitive. It is noteworthy that the chlorine residual
was quickly depleted in experiments employing hypochlorous acid, as less than 0.2 mg/L Cl,
could be detected through total chlorine analysis (Fig 2.2B). This is due to the highly reactive
nature of free chlorine and the organic demand associated with the biomass. Preliminary tests
demonstrated that N. europaea cell suspensions (Agn=0.24) exert a free chlorine demand of 29
mg/L Cl, before the breakpoint is satisfied and a residual can be measured (data not shown).
Because sufficient ammonia was not present to account for the total chlorine measured, a portion
of the low concentration of total chlorine that was detected throughout the experiment was likely
the result of the reaction of free chlorine with organic N-compounds that had been released by
damaged cells (ammonia data presented in Appendix A). Although organic chloramines are
known to have weak biocidal properties, the continued gradual loss of viability observed in
MCyHA ; could be associated with the presence of organic and/or inorganic chloramines (Ward
et al., 1984).

As expected, MC,HA | ; remained completely inhibited throughout the 4-hour
hypochlorous acid exposure period as detected through sSNGR measurements (Fig. 2.3B).
Similar to viability results shown in Figure 2.1B, biotic control MCyHA | ; was also inhibited
100% throughout the 4-hour period. Furthermore, biotic control MC,HA did not regain
ammonia-oxidizing capability throughout the second 4-hour period. The sNGR for MCoHA,
declined by 81% from 0.1 to 0.02 mg NOZ—N/(1012 live cells-min) for the 4-hour duration. Thus,
short-term starvation resulted in inhibition of ammonia-oxidizing activity, concurring with
previous reports of AOB starvation (Stein and Arp, 1998; Bollmann et al., 2002). Nevertheless,
the SNGR of the uninhibited control (MCyHA() was always greater than the other assay

conditions.
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Figure 2.1: Viability of N. europaea throughout 4-hour exposure periods following
sequential treatment with monochloramine (A) and hypochlorous acid (B): MCyHA,
(O), MCyHA 2 (V), MC;HA, (O), and MC;HA; ().
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Figure 2.2: Total chlorine residual concentration monitored throughout the 4-hour
exposure periods following sequential treatment with monochloramine (A) and
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Figure 2.3: Activity of N. europaea throughout 4-hour exposure periods following

sequential treatment with monochloramine (A) and hypochlorous acid (B): MCyHA,

(0), MCyHA 2 (V), MC;HA, (O), and MC,HA; ; (<).

The results demonstrate that N. europaea does not develop increased resistance to
subsequent challenge with free chlorine after periods of incubation with monochloramine. In
other work by our group, exponential and stationary phase cultures of N. europaea challenged

with hypochlorous acid and monochloramine were shown to have increased resistance to both
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disinfectants compared with exponentially growing E. coli cells (Chapter 3). However, when
compared with stationary phase E. coli cells, N. europaea was observed to have greater
susceptibility to the same concentrations of both chlorine compounds. It has been reported that
N. europaea possesses the stress response enzymes catalase and superoxide dismutase at levels
in excess of those found in E. coli (Wood and Sorenson, 2001). Therefore, although N. europaea
has key enzymes associated with the protection against oxidative stress, the results suggest that
nitrifying bacteria may not have the ability to regulate protective mechanisms in a manner that
would boost resistance to continued or repeated chlorine challenge.
2.4.3 Recovery of N. europaea Following Disinfectant Exposure

Results from the twelve-day recovery period during which the cells were resuspended in
their initial growth media show that cells that had been treated with either disinfectant or both
did not regain ammonia-oxidation capability (Fig. 2.4). Unfortunately, because monitoring was
only continued for 12 days following the experiment, conclusions cannot be made regarding the
extent to which the cells were inhibited and which disinfectant was more effective in the long-
term inhibition of N. europaea. Biotic control MCyHA,, which did not undergo any disinfectant
treatment, immediately began oxidizing ammonia, despite nutrient starvation for the duration of
the switching experiment. The immediate recovery is consistent with previous studies that
observed similar results in N. europaea following prolonged periods of starvation (Batchelor et

al., 1997; Stein and Arp, 1998; Tappe et al., 1999; Bollmann et al., 2002; Bollmann et al., 2005).
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Figure 2.4: Activity of N. europaea monitored over 12-day recovery period:

MCoHA, (O), MCyHA, (V), MC,HA, (O), and MC,HA; ().

The inability of N. europaea to recover from disinfectant-related injury may be
associated with the oxidation of sulthydryl groups to disulfide bonds, resulting in the inhibition
of proteins (Jacanagelo and Olivieri, 1985; Knox et al., 1948). In coliforms, the recovery from
injury has been associated with the ability to reduce previously oxidized disulfide bonds (Watters
et al., 1989). In bacterial cells, glutathione, the most abundant non-protein thiol, has been shown
to be important in the protection against chlorine compounds by serving as a sacrificial
nucleophile (Fahey et al., 1978; Chesney et al, 1996). N. europaea, unlike most heterotrophic
bacteria, does not possess glutathione oxidoreductase (gorA), which is the enzyme responsible
for the reduction of oxidized glutathione (Chain et al., 1996). Thus, the absence of this enzyme
critically limits the ability of nitrifying bacteria to recover from oxidative stress. Furthermore,
the inability of nitrifying bacteria to reduce oxidized glutathione may render them more

vulnerable to subsequent exposure to chlorine compounds, as more time is required to generate

new glutathione.
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2.4.4 Effect of Monochloramine Dose on the Inhibition of Activity

The data presented in Figure 2.5 show that nitrification was completely inhibited as
measured by sSNGR at a monochloramine dose of 0.5 mg/L Cl,. Disinfectant residual was not
detected at or below the dose of 0.5 mg/L NH,CI-Cl,. At a dose of 0.25 mg/L. NH,CI-Cl,,
nitrification was inhibited 16% at 30 minutes and 79% at 5.5 hours, when compared with the
biotic control. In the biotic control, SNGR decreased from 0.053 to 0.018 mg NOZ—N/(1012
viable cells-min) from 30 minutes to 5.5 hours, indicating that starvation and incubation in PBS
reduced nitrification activity over time. These results demonstrate that despite any loss of
activity associated with starvation, inhibition associated with disinfectant exposure increased
over time. At the same time, monochloramine doses at or below 0.75 mg/L. NH,CI-Cl, did not
cause significant loss of cell viability (greater than 10%) as determined by the LIVE/DEAD
stain. Overall, the results of this study indicate that the LIVE/DEAD stain is not a good indicator
of cell activity when comparing viability results to SNGR results.

When considered in the context of outcomes from field studies, these results suggest that
the effect of monochloramine on the viability and activity of pure culture AOB grown under
laboratory-controlled optimum growth conditions is greater than in the environment. Previous
field studies have shown that nitrification in drinking water pipes and reservoirs can occur at
combined chlorine concentrations up to 5 mg/L Cl, and at water temperatures lower than 10°C
(Cunliffe, 1991; Wilczak et al., 1996). In contrast, Harrington and coworkers (2002) reported
that nitrification did not occur at total chlorine residuals above 2.2 mg/L CI, or biocide-to-food
ratios above 1.9 mg Cl,:mg NH3-N. Several factors have been cited to explain the reason for
increased resistance in the field, including growth as a biofilm, presence of extracellular
polysaccharides, influence of pipe material, and reaction with organic and inorganic materials

(LeChevallier et al., 1988a; LeChevallier et al., 1988b; LeChevallier et al., 1990).
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Figure 2.5: Dose-response of N. europaea treated with monochloramine sampled at 30
minutes (A) and 5.5 hours (B) following treatment: specific nitrite generation rate (SNGR)

(O), live fraction ( ® ), and combined chlorine residual (A).
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2.5 Conclusions

A direct comparison of hypochlorous acid and monochloramine was performed to
evaluate their ability to reduce the activity and viability of N. europaea. The results reveal that
although HOCI has a greater rate of inactivation, both disinfectants were highly effective at
disrupting ammonia-oxidizing activity in N. europaea at typical drinking water doses.
Experiments with monochloramine show that nitrite production is completely inhibited when any
chemical residual is present at doses exceeding 0.5 mg/L NH,CI1-Cl,.

The results from the disinfectant switching experiment demonstrate that N. europaea is
more susceptible to inactivation by hypochlorous acid following previous exposure to
chloramines. Although a significant portion of the N. europaea cells survived disinfectant
challenge, nitrification was not observed throughout a 12-day recovery period when cell
suspensions were supplemented with ammonia and nutrients, and SNGR and viability were
monitored. In the field of drinking water treatment, disinfection strategies are typically designed
to kill organisms in order to eliminate their threat to public health. Unlike viruses and
pathogenic bacteria, AOB pose an indirect public health risk through their impact in deteriorating
water quality. Thus, it is important to make the distinction between viability and activity when
designing disinfection strategies that are effective in controlling AOB growth without requiring
extreme treatment changes that have other undesirable impacts to drinking water quality. The
results of this study demonstrate that although hypochlorous acid has the ability to injure N.
europaea at a faster rate than monochloramine, the two disinfectants are comparable in their

overall abilities to inhibit nitrification and prevent the recovery of N. europaea.
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3.1 Abstract

The effect of microbial growth state in the response of Nitrosomonas europaea and Escherichia
coli to common chlorine-based drinking water disinfectants was investigated. Cells were
harvested at mid-log, late-log, and stationary batch growth states and challenged with
hypochlorous acid and monochloramine solutions in concentration ranges reflective of typical
distribution system residuals. Viability was determined using the membrane integrity-based
LIVE-DEAD® BacLight™ assay. For all growth states tested, N. europaea was minimally
impacted following treatment with 0.6 mg/L HOCI-CI, but suffered 1-log (90%) loss of viability
immediately after exposure to 2.0 mg/LL HOCI-Cl,. In contrast, addition of 2.0 mg/L NH,CI-Cl,
resulted in a more gradual average membrane disruption of 40%, 44%, and 16% over the course
of an 8-hour monitoring period for mid-log, late-log, and stationary growth states, respectively.
The greatest decrease in viability occurred during the first ten minutes of hypochlorous acid
exposure with a slower rate of viability loss observed over the duration of the monitoring period.
By comparison, viability losses due to monochloramine exposure followed a linear trend. E. coli
cells were substantially less susceptible to membrane damage during stationary phase than in
exponential growth phase for both NH,CI-Cl, (3.0 mg/L) and HOCI-CI, (1.2 mg/L). Survival
exceeded 95% in stationary-phase E. coli cultures over the 8-hour monitoring period after
treatment with either disinfectant. Conversely, cells harvested during exponential phase treated
with either chlorine compound resulted in an approximately 2-log decrease in viability over the
course of the monitoring period. E. coli viability curves followed very similar trends for both
HOCI and NH,Cl experiments, with logarithmic loss of viability characterizing the first ten
minutes of exposure and a continued gradual loss of viability observed throughout the remainder
of the monitoring period. Our experimental results indicate significant differences in chlorine-
based viability responses in N. europaea and E. coli. Such differences may be linked to different
stress and starvation response pathways coded in the respective genomes of these bacteria.

3.2 Introduction

Drinking water distribution systems can support a diverse microbial ecology. Despite
low and fluctuating concentrations of ammonia in chloraminated drinking water systems, the
presence of nitrifying bacteria in these systems has been commonly reported (Wolfe et al., 1998;
Skadsen, 1993; Wilczak et al., 1996; Regan et al., 2003). Ammonia-oxidizing bacteria (AOB)

use ammonia and inorganic carbon as their energy and carbon sources, respectively, converting
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them into nitrite and cellular constituents. In drinking water, nitrite may be oxidized to nitrate by
reacting with a disinfectant or by the activity of nitrite-oxidizing bacteria (NOB). The decay and
lysis of these microorganisms in drinking water distribution systems could also result in the
generation of biodegradable organic matter, which in turn may facilitate heterotrophic biological
growth. Biological activity in distribution systems impairs overall water quality directly (by the
presence of microorganisms in the bulk water) and indirectly (by consumption of disinfectant
residual via reaction with nitrite and organic matter, thereby increasing the possibility of
additional biological growth).

In particular, the growth of nitrifying bacteria, which is associated with depleted
disinfectant residual and enhanced growth of heterotrophic bacteria, represents a significant
challenge to chloraminating water utilities (Wolfe et al., 1988; Cunliffe, 1991). Various
disinfection application strategies for preventing and controlling nitrification have been
recommended, including maintaining chloramine residual, pH control, optimization of the
chlorine-to-ammonia ratio, and temporal free chlorination (Wolfe et al., 1988; Lieu et al., 1993;
Skadsen, 1993; Odell et al., 1996; Harrington et al., 2002). Although the effectiveness of these
strategies has been demonstrated in both field and pilot scale studies, the physiological response
of nitrifying bacteria to chlorine-based disinfectants is not well understood.

As drinking water distribution systems are characterized as low-nutrient environments
containing variable concentrations of reactive oxygen species associated with the addition of
chlorine-based disinfectants, it is important to consider the effect of growth conditions and
growth state when evaluating microbial susceptibility to oxidative stress (LeChevallier et al.,
1988). Studies devoted to investigating the role of growth conditions and growth state in
drinking water disinfection have mainly focused on other bacteria of public health concern, such
as Escherichia coli and Klebsiella sp. (Stewart and Olson, 1992a; Stewart and Olson, 1992b;
Dukan and Touati, 1996; Power et al., 1997; Lisle et al., 1998; Saby et al., 1999). In general,
there have been few studies devoted to understanding the response of nitrifying bacteria to
chlorine-based disinfectants at different growth conditions. Given their significant contribution
to the biological and chemical interactions in water distribution systems, it is important to
investigate the role of growth state on the susceptibility of nitrifying bacteria to chlorine species.

Researchers have consistently reported that stationary-phase or starved bacteria exhibit

significantly increased resistance to oxidative stress when compared with exponentially growing
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cells (Berg et al., 1982; Dukan and Touati, 1996; Saby et al., 1999). The survival advantage
afforded during stationary phase is likely associated with the increased production of the sigma
factor RpoS, which is the central regulator of stationary-phase genes in many bacteria and plays
an important role in stress response during starvation and stationary phase (Lange and Hengge-
Aronis, 1991; Dukan and Touati, 1996). However, rpoS has not been detected in the genome of
the ubiquitous and widely studied ammonia-oxidizing bacterium, Nitrosomonas europaea, which
is the only nitrifying bacterium whose genome has been sequenced to date (Chain et al., 2003).
In addition, N. europaea lacks OxyR, which is a key protein in the regulation of many multigene
stress defense networks in bacteria during exponential phase (Dukan and Touati, 1996; Chain et
al., 2003). OxyR by itself is not activated by HOCI and thus does not offer any additional
protection (Dukan and Touati, 1996). However, Dukan and Touati (1996) hypothesized that
because HOCI has the potential to form reactive oxygen species via fenton-like reactions with
the surrounding environment, HOCI could indirectly activate OxyR. Therefore, the absence of
this gene could be significant in assessing the stress resistance potential of nitrifying bacteria in
iron pipes. In contrast to OxyR, N. europaea does possess the iron-containing superoxide
dismutase, sodB (Chain et al., 2003). In E. coli, sodB has been shown to be activated by Fur, the
iron-responsive global regulator that aids in the protection of cells subjected to hypochlorous
acid stress in both exponential and stationary phases (Dukan and Touati, 1996; Dubrac and
Touati, 2000). Despite the absence of genes known to protect against oxidative stress, it has
been reported that late-log phase catalase and superoxide dismutase specific activity levels in N.
europaea are 26 and 1.7 times, respectively, the levels found in E. coli (Wood and Sorensen,
2001). The same study did not find significant increases in enzyme specific activity in N.
europaea during the transition from exponential phase to stationary phase, suggesting that
increased resistance to oxidative stress is not likely to develop during stationary phase.

Based on the differences in their genomes, E. coli appears to be much better equipped to
handle chemical-induced stress under oligotrophic conditions than N. europaea. Therefore, we
tested the hypothesis that N. europaea develops little, if any, resistance to chlorine-based
disinfectants during the transition from exponential phase to stationary phase. The objective of
this study was to determine the effects of hypochlorous acid and monochloramine on the
viability of N. europaea and E. coli at different batch culture growth states and biomass

concentrations.
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3.3 Methods

3.3.1 Growth Conditions

Pure cultures of N. europaea (ATCC 19718, ATCC, Manassas, VA) were grown under
sterile conditions in batch 5 L vessels in the dark at 28°C, maintained by a temperature-
controlled water jacket. Cultures were continuously aerated using sterile lab air filtered through
0.22 um vent filters and mixed using magnetic stirrers. The growth medium was composed of
0.2 g/ MgS04-7H,0, 20 mg/L CaCl,-2H,0, 87 mg/L K,HPO,, 2.52 g/L EPPS, 10 pg/L
Na;Mo00O4-2H,0, 17.2 pg/LL MnSO4-H0, 0.4 ng/L CoCl,-7H,0, 170 pg/L CuCl,-2H,0, 10 pg/L
ZnS04-7TH,0, 100 pg/L chelated iron, 250 ug/L phenol red and 1.32 g/L. (NH4),SO4. Growth
curves were developed by periodically measuring nitrite and performing cell counts. Nitrite
samples were stored at -20°C for no more than 28 days and analyzed using a colorimetric
procedure (method 4110 B) as described in Standard Methods (APHA, 1998). Cell counts were

performed using a Helber bacteria single round cell count chamber manufactured by Weber
Scientific International (Middlesex, UK) and the LIVE/DEAD® BacLight™ stain described

below. Counts were performed using an epifluorescence microscope (Zeiss Axioscope 2 Plus,
Thornwood, NY, USA). Pure cultures of E. coli strain K-12 (ATCC 29947) were grown under
sterile conditions in 5 L vessels in the dark at 37°C in 2 L of Luria Bertani (LB) media,
comprised of 10 g/L NaCl, 10 g/L peptone, and 5 g/L yeast extract. Cells were aerated in a
sterile manner and mixed by magnetic stirrers. A growth curve was developed based on
microscopic cell counts, as described above. A simple correlation between cell counts and
optical density (Aeop) was established by measuring transmission with a spectrophotometer
(Spectronic 20, Bausch and Lomb, Philadelphia, PA) at 600 nm and converting to absorbance.
3.3.2 Chemical Preparation

All chemicals employed as reagents in analysis or in the preparation of stock disinfectant
solutions were analytical grade (Fisher Scientific, Pittsburgh, PA). Stock solutions of
hypochlorous acid (HOCI) were prepared immediately before use by dilution of reagent grade
sodium hypochlorite (stock concentration, ~680 mg/L Cl,) in sterile deionized water. For
preparation of monochloramine stock solution, reagent grade sodium hypochlorite was added
drop-wise to a rapidly stirred sterile solution containing 300 mg/L. NH4CI-N and 10 mM sodium

bicarbonate adjusted to pH 9, achieving a chlorine-to-ammonia mass ratio of 4:1. Total and free
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chlorine concentration of both stock solutions was determined using the DPD Ferrous Titrimetric
Method (APHA, 1998).
3.3.3 Experiment Design

Experiments were performed at three different phases of the batch growth curve: mid-log,
late-log, and one week old stationary phase. For N. europaea, nitrite concentrations and cell
counts were used to identify growth phase. For E. coli, cell counts and time elapsed from
inoculation served as indicators of growth phase. Table 3.1 outlines the criteria used to
determine batch culture growth state for both organisms. Growth curves for both N. europaea

and E. coli are provided in Appendix B.

Table 3.1: Indicators of Batch Culture Growth Phase.

Batch Growth State N. europaea E. coli

Mid-Log 1.5x10° cells/mL (+0.3x10° Time: 8 hours (x10 mins)
cells/mL), 140 mg/L NH;-N 4x10°® cells/mL (i2X108 cells/mL)
oxidized (50 mg/L)

Late-Log 2x10° cells/mL (+0.3x10° cells/mL), | Time: 8.5 hours (£10 mins)
280 mg/L NH;-N oxidized (50 1.3x10° cells/mL (+2x10®
mg/L) cells/mL)

Stationary 2.5%10° cells/mL (+0.3x10° Time: 24 hours (+30 mins)
cells/mL), 280 mg/L NH;-N 2.6x10° cells/mL (+2x10®
oxidized (50 mg/L), or 7 days (3 cells/mL)
days) into stationary

For each experiment, batch cultures were harvested at the desired growth phase, washed
once by centrifuging at 17,700xg for 10 minutes and resuspended in sterile ammonia-free
phosphate buffered saline (PBS) solution (7.6 g/L. NaCl, 0.97 g/LL Na,HPOy, 0.38 g/L. NaH,POs,
0.033 g/LL NaHCOs [pH 7.2]). The pH of 7.2, which was used in all disinfectant challenge
experiments, was chosen as it is typical of drinking water systems and is a pH at which the
hypochlorous acid and monochloramine species dominate. The final concentration of the
washed cells was adjusted to a consistent final Ay of 0.24 (approximately 4x108 cells/mL for N.
europaea or 2x10° cells/mL for E. coli). All experiments were conducted at 25°C.

Experiments were performed to evaluate the influence of disinfectant type, concentration,
and batch culture growth phase on the susceptibility of N. europaea and E. coli to exposure to
chlorine-based disinfectants. In addition, in select experiments, the influence of N. europaea cell
concentration on membrane integrity damage by both chlorine compounds was also determined

(section 3.3.4). Concentrated stock solutions of hypochlorous acid and monochloramine were
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applied drop-wise via pipette to rapidly stirred 350 mL cell suspensions to facilitate even
dispersion and exposure. Disinfectant was administered to achieve final concentrations of 0.6,
1.2, and 2.0 mg/L Cl, for hypochlorous acid and 2.0, 3.0, and 4.0 mg/L Cl, for monochloramine.
Disinfectant doses were selected to reflect typical concentrations observed in drinking water
distribution systems (Seidel et al., 2005). Viability experiments were repeated with E. coli at all
three batch growth states using only one concentration of each disinfectant: 1.2 mg/LL HOCI-Cl,
and 3.0 mg/L NH,CIl-Cl,. Following disinfectant treatment, cell suspensions were divided into
five 50 mL sterile Falcon centrifuge tubes with a stir bar, inverted, and placed on a magnetic
multi-stirrer apparatus. The tubes served as sacrificial vessels to be collected at regular intervals
for use in biological and chemical analyses. Samples were taken prior to disinfectant addition
(Time=0) and 10 minutes, 2 hours, 4 hours, 6 hours, and 8 hours following disinfectant treatment
for use in the following analyses: free and total chlorine (DPD Colorimetric Method, APHA,

1998), total cell counts (Helber bacterial cell count chamber, Weber Scientific, Hawksley),
viable cell counts (LIVE/DEAD® BacLight™ bacterial viability kit, Molecular Probes, Inc.,

Eugene, OR), ammonia (Phenate Method, APHA, 1998), and nitrite for N. europaea experiments
(Colorimetric Method, APHA, 1998). Chemical analyses were performed on the supernatant of
samples that had first been centrifuged at 29,000xg for 10 minutes to separate biomass. All
chemical analyses were performed in duplicate.

All E. coli experiments and N. europaea experiments employing 1.2 mg/L. HOCI-Cl, and
2.0 mg/L. NH,CI-Cl, were performed two times to confirm consistency in results (data presented
in Appendix A). Biotic controls (without added chlorine species) were monitored for all
biological and chemical parameters throughout the experiments. In all experiments, controls
showed no loss of viability relative to that measured at the starting point throughout the 8-hour
monitoring period (data not shown).
3.3.4 Effect of Biomass Concentration in the Response of N. europaea to Chlorine

Compounds

To evaluate the role of biomass concentration on the effectiveness of disinfectant dose,
additional experiments were conducted at a biomass concentration corresponding with Agpo=0.15
(approximately 2x10® cells/mL). The susceptibility of biomass at the diluted concentration was
directly compared to the response of cells from the same culture at the higher absorbance of 0.24.

These experiments were conducted using cultures in late-log phase and at a hypochlorous acid
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concentration of 1.2 mg/L HOCI-CI, and monochloramine concentrations of 2.0 and 3.0 mg/L
NH,CI-Cl,. All other experimental conditions were the same as described in section 3.3.3.
3.3.5 Role of Reactive Oxygen Species in the Response of N. europaea to Chlorine

Compounds

To evaluate the role of reactive oxygen species (ROS) in the susceptibility of N.
europaea to chlorine compounds, experiments employing 1.2 mg/LL HOCI-CI, and 3.0 mg/L
NH,CI-Cl, were repeated with and without the addition of antioxidant N-acetyl cysteine (NAC).
NAC is a thiol compound that has been used in previous investigations of the effects of oxidative
stress in microbes to bind ROS (Staleva et al., 2004). Table 3.2 summarizes the experiments and
corresponding controls that were used in ROS experiments. The same protocol was followed as
described in section 3.3.3 with the exception that samples were removed and analyzed at Time=0
and 15 minutes, 6.5 hours, and 19.5 hours following disinfectant addition, with t=0 representing
the time immediately preceding the addition of disinfectant. NAC was administered 2 minutes

following disinfectant addition to a total concentration of 5 mM.

Table 3.2: Key to ROS Experiments

Experiment/ Experiment Chemical Dose
Control Code NAC (mM) HOCI or NH,Cl Conc. (mg/L)
1 NAC\HAMC, 0 0
2 NACsHAMC, 5 0
3 NAC\HA|,MC, 0 1.2 mg/L HOCI-Cl,
4 NACsHA | ,MCy 5 1.2 mg/LL HOCI-Cl,
5 NAC\HA\MC; 0 3.0 mg/L NH,CI-Cl,
6 NACsHAMC; 5 3.0 mg/L. NH,CI-Cl,

NAC: N-acetyl cysteine
MC: Monochloramine (NH,CI)
HA: Hypochlorous acid (HOCI)

3.3.6 Membrane Integrity and Activity Measurements in E. coli

A direct comparison of membrane integrity and activity-based measures of inhibition in
E. coli was conducted using mid-logarithmic and stationary cultures at 3.0 mg/L NH,CI-Cl,.
Cells were washed and concentrated in sterile PBS to a final biomass concentration Aggo=0.24 as
described previously in section 3.3.3. A 900 mL aliquot of cell suspension was added to each of
two sterile 1000 mL glass bottles and placed on magnetic stirrers. At Ty, one bottle was

amended with monochloramine stock solution to a final concentration of 3 mg/L Cl,. The other

54



bottle served as an untreated control. At T=30 minutes, each 900 mL volume was divided in
half, and each 450 mL portion was supplemented with 50 mL of either sterile Luria Bertani (LB)
stock solution (30 g/L LB) to measure exogenous oxygen uptake rate or PBS to measure
endogenous oxygen uptake rate. Samples were immediately removed and tested for the
following biological and chemical analyses: oxygen uptake rate, total cell counts, LIVE/DEAD®
cell counts, total and free chlorine, and ammonia. Remaining sample was monitored and
analyses were repeated until full recovery of respiratory activity was observed.

3.3.7 LIVE/DEAD® Viability Assay
Viability was determined by using the LIVE/DEAD® BacLight™ Bacterial Viability Kit

(Molecular Probes, Inc., Eugene, OR). The Live/Dead assay involves two fluorescent DNA-
binding stains that detect viability as a function of membrane integrity. SYTO-9 (480/500 nm
excitation/emission maxima) diffuses and binds to DNA in all cells, whereas propidium iodide
(PI) (490/635 nm excitation/emission maxima) can only diffuse into cells with compromised
membranes. Detection of cells with compromised membranes is possible due to the fact that PI
fluorescence is much higher than SYTO 9 fluorescence. Therefore, cells with intact and
damaged cell membranes are associated with green or red fluorescence signals, respectively.
Aliquots (0.3 uL) of each stain were mixed and added to 200 uL samples and allowed to
incubate in the dark for 30 minutes prior to visualization. Biomass samples were aliquoted in 7
uL volumes on glass microscope slides and visualized using an epifluorescence microscope
(Zeiss Axioscope 2 Plus, Thornwood, NY, USA) and camera system (Zeiss AxioCam MRm,
Thornwood, NY, USA) at 40x magnification. For each sample, ten pictures were taken at
random locations. Viable and nonviable cells were counted in each image using the image
processing and analysis software, ImageJ (version 1.33u, National Institutes of Health, USA).
For each image the live fraction was calculated as the ratio of live cells to the sum of live and
dead cells. For each sample, the average live-cell fraction from ten images was determined.

Percent loss in viability was calculated using the following equation:

Live Fraction, - Live Fraction;

% Lossin Viability = ( Jx 100% Equation 3.1

Live Fraction,_
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3.3.8 Specific Nitrite Generation Rate

Nitrite generation rate (NGR) curves were developed by spiking 10-mL aliquots of cell
suspension with sterile NH4Cl to a final concentration of 20 ug/L-N which were then placed on
magnetic stirrers for continuous mixing. Aliquots (1.2 mL) were withdrawn at time intervals 0O,
15, 30, 45, and 60 minutes and processed by sedimenting at 10,000xg. Centrates were stored at -
20°C for later use in nitrite analysis. Specific nitrite generation rate (SNGR) was determined by
normalizing the NGR to the viable cell concentration for the corresponding sample. Percent
inhibition, defined as the loss of ammonia-oxidizing activity, was calculated using the following

equation, where T denotes the SNGR at Time 0, prior beginning the switch experiment:

sNGR; —sNGR;
sNGR ;.

% Inhibition g, = [ ]x 100% Equation 3.2

3.3.9 Specific Oxygen Uptake Rate

Oxygen uptake rate (OUR) was used to determine activity of E. coli per Method 2710 B
(APHA, 1998). Biomass samples were added to 50 mL cylindrical glass bottles, each containing
a stir bar, and sealed with a dissolved oxygen (DO) probe, eliminating any headspace (Orion
model 97-08-99, Orion Research, Inc., Beverly, MA). Samples containing LB growth media and
the endogenous controls (not containing LB media) were monitored for oxygen uptake in
parallel. DO readings were monitored continuously over time using a computerized data
acquisition system (LabView version 6.0, National Instruments, Austin, TX). DO measurement
was terminated after a minimum of 20 minutes or a DO drop of 2 mg/L. The specific oxygen
uptake rate (sSOUR) was calculated by dividing the slope of the oxygen uptake curve by the
viable cell concentration (live cell fraction x total cell concentration). Percent inhibition, defined
as the loss of respiratory activity, was determined using the following equation:

SOUR (onrror ~ SOUR ugirep
SOUR conrror

% Inhibition g, = ( jx 100% Equation 3.3

3.3.10 ANOVA Statistical Analysis

Statistical comparison of viability trends between all three growth states for N. europaea
and E. coli was performed using one-way analysis of variance (ANOVA) in Excel (Microsoft
Office XP). Analysis was performed on data that was divided into two time periods: 0-10

minutes and 10 minutes-8 hours. The null hypothesis was defined as a difference between
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growth states. F and F.; values were computed and differences in trends were identified as

statistically significant when F>F_;.

3.4 Results and Discussion

3.4.1 Effect of Disinfectant Type and Concentration

As expected, hypochlorous acid (HOCI-Cl,) was more effective in reducing viability in
N. europaea in comparison with monochloramine (NH,CI-Cl,) (Figures 3.1A-C and 3.2A-C).
The kinetics of hypochlorous acid viability loss can be grouped into two phases for HOCI doses
of 1.2 and 2.0 mg/L Cl,, with rapid inactivation occurring during the first 10 minutes following
chemical addition and the remainder of the 8-hour monitoring period characterized by a
continued gradual loss of viability (Figures 3.1A-C). The majority of disinfectant (HOCI-Cl,)
residual was depleted within the first ten minutes following chemical addition (data presented in
Appendix A). Because measured total ammonia could not account for the full combined
chlorine residual detected, assuming the reaction occurs in a 5:1 mass ratio of Cl,:N, it is
possible that a portion of the combined chlorine was associated with organic nitrogen released
from the biomass. It is unlikely that the additional death observed is due to the presence of
organic chloramines as they have very weak biocidal properties (Donnermair and Blatchley,
2003). Therefore, different explanations for the viability loss that was observed after the free
chlorine had been reacted include the presence of low concentrations of inorganic chloramines,
the formation of organic chloramines, and/or the formation of intracellular reactive oxygen
species (Dukan and Touati, 1996).

Since NH,Cl is a more stable disinfectant, a combined chlorine residual was present
throughout the exposure period for all doses applied in the monochloramine experiments
(Appendix A). Chick-Watson kinetics of monochloramine inactivation were comparable to
constants reported by Oldenburg et al. (2002), who found at pH 7 and assuming the
dimensionless coefficient of dilution n=1, the average inactivation rate constant, k, was 2.5x107
L mg" min™ (95% confidence interval = 0.9x107). In this study, k values ranged from 0.4x107
to 2.6x107 (L mg’ min™), and the average inactivation rate constant was 1.2x107 (95%
confidence interval=0.28x10), assuming n=1 and pH=7.2 (data provided in Appendix D). In
experiments where the highest monochloramine dose was applied (4 mg/L Cl,), a small fraction

of N. europaea cells (5-20%) remained viable throughout the experiment despite the presence of
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a residual exceeding 2 mg/L NH,CI-Cl,. The observed tailing effect supports the theory of a
small “persister” population that harnesses superior resistance to disinfectant residual (Kussell et
al., 2005).

Although only the kinetics of monochloramine inactivation of N. europaea have been
reported (Oldenburg et al., 2002), it has been documented that AOB isolated from a drinking
water system are 13 times more susceptible to free chlorine than to monochloramine (Wolfe et
al., 1990). Data presented in this study showed only 2 to 3 fold higher susceptibility to
hypochlorous acid compared with monochloramine over the 8-hour monitoring period. For
typical distribution systems, the monochloramine residual concentration is typically twice the
free chlorine residual concentration (Zhang and DiGiano, 2002). Therefore, the net impact of
both free chlorine and monochloramine residuals in distribution systems on nitrifying bacteria is
expected to be comparable.

Different doses of hypochlorous acid and monochloramine were tested to determine the
impact of disinfectant concentration on N. europaea survival. Hypochlorous acid was applied in
doses ranging from 0.6 to 2.0 mg/L Cl, while monochloramine treatments ranged from 2.0 to 4.0
mg/L Cl,. Upon exposure to 0.6 mg/L HOCI-Cly, N. europaea cells remained completely viable
throughout the 8-hour monitoring period (Figure 3.1A). Conversely, 2.0 mg/LL HOCI-Cl,
resulted in greater than 90% viability loss over the course of the monitoring period for all growth
states tested (Figure 3.1C). Results from experiments of N. europaea treated with 2.0 to 4.0
mg/L. NH,Cl-Cl, appeared to be similar to those employing hypochlorous acid in the range of 0.6
to 2.0 mg/L ClI, (Figures 3.2A-C). The main difference is that total chlorine residual was
detected throughout the monitoring period for all monochloramine doses and throughout this
time, inactivation followed Chick-Watson kinetics; i.e., the residual steadily declined to half the
initial concentration by the end of the 8-hour period (data presented in Appendix A). For all
three growth states tested, cell suspensions receiving 2.0 mg/L. NH,CI-Cl, retained 60% to 90%
viability at the end of the monitoring period, despite a total chlorine residual of approximately 1
mg/L. Eight hours following treatment with 4.0 mg/L NH,CI-Cl,, the live fraction measured 3%,
8%, and 23% for growth states mid-log, late-log, and stationary, respectively.

In E. coli experiments, viability trends between hypochlorous acid and monochloramine
were quite similar at the respective concentrations tested, with the majority of death occurring

during the first ten minutes of exposure at a rapid rate (Figs. 3.3A-B). Continued loss of viability
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Figure 3.1: Viability of N. europaea treated with HOCI-CI, doses of 0.6 mg/L. (A), 1.2

mg/L (B), and 2.0 mg/L (C) at the following growth states: stationary ((J), late-log
(V), and mid-log (O).
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was observed throughout the remainder of the observation period at a much lower rate of

viability loss and was more pronounced in experiments involving monochloramine. For both

HOCI and NH,Cl, the results indicate 87% reduction in viability at mid-log and 47% reduction in

viability at late-log during the first ten minutes of exposure. Greater than 96% viability loss was

observed over the course of the entire experiment for both chemicals at the mid-log growth state.

Over the 8-hour exposure period, late-log cultures treated with HOCI and NH,Cl suffered 71%

and 97% reduction in viability, respectively. The exception in the case of both disinfectants was

stationary phase, which did not appear to be affected by either chemical.
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3.4.2 Effect of Growth State

In general, growth state was a much greater influence in the susceptibility of E. coli to
hypochlorous acid and monochloramine in comparison with N. europaea (Figures 3.1A-C and
3.2A-C). In experiments employing 0.6 mg/L. HOCI-Cl,, N. europaea cells remained viable in
all growth states throughout the duration of the monitoring period and thus the impact of growth
state could not be distinguished (Figure 3.1A). Ten minutes following the addition of 1.2 mg/L
HOCI-Cl,, percent loss in viability for mid-log, late-log, and stationary growth states was 24 %,
6%, and 17%, respectively (Figure 3.1B). In the case of 2.0 mg/LL. HOCI-Cl,, viability loss for
mid-log, late-log, and stationary growth states following ten minutes of disinfectant addition was
84%, 68%, and 55%, respectively (Figure 3.1C). For both 1.2 and 2.0 mg/L doses, the viability
trends for the three growth states tested were not substantially different throughout the remainder
of the 8-hour monitoring period. However, for both concentrations, mid-log phase cells showed
the greatest sensitivity to hypochlorous acid in both short-term (10 minutes) and long-term (2-8
hours) measurements when compared with late-log and stationary phases (Figs. 3.1B-C).
Similar to the results of hypochlorous acid challenge, cell suspensions treated with
monochloramine during stationary phase were slightly less sensitive than exponentially growing
cells for all doses tested (Figures 3.2A-C). Unlike the results from free chlorine challenge, late-
log N. europaea cells appeared to be more susceptible in comparison with mid-log cells. Despite
minor differences noted between growth states for N. europaea to either disinfectant, ANOVA
analysis indicated that these differences were not statistically significant (data presented in
Appendix E).

Disinfectant challenge experiments employing 1.2 mg/L HOCI-CI, and 3.0 mg/L NH,CI-
Cl, were repeated in E. coli K-12 at all three growth states to compare the response of N.
europaea to the widely studied and characterized heterotroph (Figs. 3.3A-B). E. coli was
selected for two reasons: (1) it is a model indicator organism in drinking water and estuarine
systems (Hutham, 1974), and (2) previous studies have established its increased resistance to
disinfection during starvation and have identified the genes and regulatory systems that play a
protective role in stress response (Dukan and Touati, 1996). Results clearly indicate that actively
growing cells are substantially more sensitive to killing by both disinfectants in comparison with
starving, stationary phase cells. The difference in viability was dramatic, with complete

preservation of viability observed in stationary-phase cells throughout the monitoring period,
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while immediate death, exceeding an order of magnitude, was witnessed in exponentially
growing cells treated with the same doses of both disinfectants. ANOV A analysis confirmed
that the difference observed between growth states in E. coli experiments was statistically
significant (data presented in Appendix E).

Despite the ability of E. coli to survive monochloramine challenge during stationary
phase, the degree of inhibition, measured through sOUR tests, was similar to that of cells
challenged during exponential phase (Table 3.3). Following 30 minutes of incubation with
monochloramine, stationary phase cells were inhibited 90.0% while log phase cells suffered a
92.4% loss of respiratory activity. Samples were allowed to incubate in LB media until
recovery, detected through the LIVE/DEAD assay, LB plate counts, and SOUR measurements,
was observed. Interestingly, in spite of a greater initial degree of viability loss and inhibition, the
log phase cells recovered faster than stationary phase cells. Administration of monochloramine
to stationary-phase cells elicited a viable-but-nonculturable state (VNC) as demonstrated through
a positive response in the live-dead assay but a relative lack of response in plate counts.
Although viability of stationary phase E. coli cells treated with monochloramine exceeded 95%
in all LIVE/DEAD measurements, growth on LB plates was not observed until 47 hours after
incubation with LB media, which corresponded to a great recovery of respiratory activity. In
contrast, exponential phase E. coli cells grew on LB plates immediately following
monochloramine treatment, but recovery was still 4-log lower than the microscopic cell count
(membrane-based) viability method. The improved recovery of chlorinated E. coli cells using
the LIVE/DEAD stain over colony counts has been previously observed by other researchers
(Boulos et al., 1999). These results demonstrate the importance of detecting cell viability by
distinguishing indicators such as respiratory activity, culturability, and membrane permeability,
when evaluating disinfectant efficacy and when applying methods for the detection and
quantification of bacteria in drinking water systems. Although inhibition of N. europaea was not
investigated in this experiment, other studies have reported that exposure to chlorine compounds
results in a significant or complete loss of ammonia-oxidizing activity in nitrifying bacteria

(Kelly and Love, In Review; Chapter 2).
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Table 3.3: E. coli viability, culturability, and activity following treatment with NH,Cl

sOUR
NH.CI Time Viable (mg O % sOUR %
Conc. (hrs after Total Cell Cell /hr*total  Inhibition (mg O: Inhibition
Growth (mg/L NH.CI Count Viable Count Plate Count 10" (total /hr*viable (viable
State Cly) addition) (cells/mL) Fraction (cells/mL) (CFU/mL)** cells) cells) 10" cells) cells)
Stationary 0 0.5 1.9E+08 98% 1.9E+08 1.0E+08 0.63 0.64
55 3.3E+08 100% 3.3E+08 2.6E+08 0.85 0.86
23.5 8.2E+08 100% 8.2E+08 2.7E+08 0.08 0.08
47.5 9.9E+08 100% 9.9E+08 4.3E+08 0.01 0.01
Stationary 3 0.5 2.6E+08 98% 2.5E+08 0.0E+00 0.06 90.0% 0.06 90.0%
55 1.7E+08 100% 1.7E+08 0.0E+00 0.07 91.7% 0.07 91.8%
23.5 1.8E+08 95% 1.7E+08 0.0E+00 0.07 16.0% 0.07 12.1%
47.5 6.1E+08 98% 6.0E+08 1.4E+08 0.18 -2071.3% 0.18 -2119.6%
Late-Log 0 0.5 3.2E+08 99% 3.1E+08 1.8E+08 0.48 0.48
5.5 6.5E+08 99% 6.4E+08 4.6E+08 0.23 0.23
23.5 9.6E+08 100% 9.6E+08 7.7E+08 0.02 0.02
Late-Log 3 0.5 2.6E+08 60% 1.5E+08 5.8E+04 0.02 95.4% 0.04 92.4%
5.5 2.3E+08 53% 1.2E+08 1.1E+05 0.04 84.5% 0.07 70.8%
23.5 1.1E+09 87% 9.7E+08 3.9E+08 0.11 -553.3% 0.13 -648.4%

Several genetic factors may explain the difference in the response of E. coli and N.
europaea to challenge by chlorine compounds. E. coli contains more known genetic machinery
to resist oxidative stress compared with N. europaea, and it has the ability to regulate gene
expression more effectively when in a starved or stressed state (Chain et al., 2003; Cabiscol et
al., 2000). For example, E. coli possesses the alternative sigma factor RpoS, which controls the
expression of starvation genes during stationary phase that also function to protect cells from
damage by oxidative stress. Among the genes expressed is dps (DNA protecting under
stationary phase), a gene absent in N. europaea that encodes for a DNA-binding protein and has
been shown to protect E. coli cells against attack by hypochlorous acid and hydrogen peroxide
stress (Dukan and Touati, 1996).

It has been shown that thiol (-SH’) compounds are primary targets for chlorine and
chloramines (Knox et al., 1948; Jacangelo and Olivieri, 1985). Glutathione is the most abundant
intracellular thiol compound in E. coli and many other gram-negative bacteria (Fahey et al.,
1978). In its reduced form, GSH, it and has been attributed to a two-fold increase in resistance to
chlorine and chloramines by serving as a sacrificial nucleophile (Chesney et al., 1996; Saby et
al., 1999; Jacangelo and Olivieri, 1985). The cycling and regulation of the low-molecular weight
thiol glutathione may help explain the differences between N. europaea and E. coli observed in

the response to chlorine compounds among the growth states tested. Unlike E. coli and many
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bacteria, N. europaea lacks the glutathione oxidoreductase, gorA, which is involved in the
reduction of oxidized glutathione (GSSG) (Chain et al., 2003; Chesney et al., 1996). Because N.
europaea does not have the ability to reduce oxidized glutathione, cells may be rendered more
sensitive to prolonged or repeated exposure to chlorine compounds (Watters et al., 1989).
Glutathione cycling may also be a factor in the increased resistance of E. coli to chlorine induced
oxidative stress during starvation as it has been shown that total glutathione (GSH+1/2GSSG)
levels increase from exponential to stationary phase in E. coli (Fahey et al., 1978). However,
contrary to these results, Saby et al. (1999) found that levels of total glutathione and the fraction
associated with reduced GSH decrease in E. coli following starvation, despite increases in
resistance to hypochlorous acid demonstrated through GSH-deficient mutant studies.

Direct comparison of the responses of the two organisms indicates that N. europaea is
more resistant to hypochlorous acid and monochloramine stress at all growth phases than
exponential phase E. coli. The differences observed are likely associated with levels of catalase
and superoxide dismutase (SOD) in the respective organisms. It has been reported that V.
europaea possesses significantly greater specific activity levels of catalase and SOD than E. coli
(Wood and Sorensen, 2001). Thus, although N. europaea does not appear to have the ability to
develop increased resistance to chlorine compounds in starvation as observed through the results
and the review of its genome, the AOB harnesses stress response mechanisms that aid its
survival.

3.4.3 Effect of Biomass Concentration

Inactivation of N. europaea was found to be influenced by biomass concentration in
hypochlorous acid experiments but not in monochloramine experiments. In experiments
employing hypochlorous acid, a greater degree of viability loss was observed in the more dilute
cell suspensions, with the majority of inactivation occurring during the first few minutes
following disinfectant addition (Figure 3.4A). Monochloramine doses applied in concentrations
of 2 and 3 mg/L Cl, did not elicit different responses when comparing the two biomass
concentrations tested (Figure 3.4B). These experiments reinforce the concept that viability loss
is a function of total chlorine residual concentration.

Because hypochlorous acid reacts rapidly to completion, it is possible that the degree of
chemical exposure was not equal among cells. In a separate study, inhibition of ammonia

oxidation in N. europaea was measured in parallel with the LIVE/DEAD viability assay
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following treatment with 1.2 mg/LL HOCI-Cl,, and cell suspensions were found to lose 100% of
ammonia oxidation activity (Zaklikowski et al., 2006). Thus, although the reaction dynamics of
hypochlorous acid with cell membrane and macromolecular components could not be
determined, prior work clearly shows that ammonia-oxidizing activity in N. europaea is

completely inhibited following exposure to both hypochlorous acid and free chlorine.

Live Fraction

Live Fraction

0 100 200 300 400 500
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Figure 3.4: Biomass concentration was shown to influence susceptibility of N.
europaea to chemical challenge by HOCI (A) but not by NH,Cl (B). Biomass
concentrations, measured as Ag, were (.24 (closed symbols) and 0.15 (open
symbols). HOCI was added at a concentration of 1.2 mg/L. Cl, (squares). NH,Cl
was added at concentrations of 2 mg/L Cl, (circles) and 3 mg/L Cl, (triangles).
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Figure 3.5: Effect of ROS-binding chemical NAC on the viability (A) and activity
(B) of N. europaea exposed to HOCI and NH,Cl: NACy\HAMC, ((1),NACsHAMC,
(), NACyHA;MC, (O), NACsHA ., MC, (@), NAC\HAMC; (V), NACsHAMC;
(V).

3.4.4 Role of Reactive Oxygen Species in the Susceptibility of N. europaea to Chlorine
Compounds
In both hypochlorous acid and monochloramine, the primary mechanism(s) of
inactivation have not been elucidated. Inactivation through cell membrane damage has been
proposed as the mode of inactivation by chlorine (Venkobachar et al., 1977). Many studies have
found that glutathione and other thiol-containing compounds are direct targets by chlorine and

chloramines and lead to loss of viability (Knox et al., 1948; Jacangelo and Olivieri, 1985; Saby
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et al., 1999). Another study proposed that chlorine and chloramine-induced cell death could be
the result of the formation of ROS via a Fenton-type reaction (Dukan and Touati, 1996).

Experiments employing NAC were intended to distinguish factors involved in N.
europaea viability losses that were observed in Figures 3.1, 3.2, and 3.4. The losses in viability
witnessed in hypochlorous acid experiments (Figure 3.1) that were in spite of free chlorine
depletion and the differences in viability reduction observed in biomass concentration
experiments (Figure 3.4) alone were not enough to elucidate the modes of inactivation. When
ROS-binding chemical NAC was added following reaction of hypochlorous acid
(NACsHA | ,MCy), no difference in viability loss was observed as detected through the
LIVE/DEAD stain in comparison to the control (NACyHA | ,MCy) (Figure 3.5A). The results
suggest that the formation of intracellular ROS cannot be implicated in the continued viability
loss noted in hypochlorous acid experiments.

Upon addition of NAC to N. europaea cell suspensions treated with NH,Cl
(NACsHA()MC»), viability did not decline to the same degree as the control during the first 6.5
hours of the monitoring period (NACyHA(MC3). In both NACoHA(MC; and NACsHA\MCs,
viability was completely maintained after 6.5 hours of exposure and for the remainder of the
monitoring period. Because the NAC oxidized all residual monochloramine immediately after
addition, it is unclear whether the difference observed is the result of quenching ROS or the
direct oxidation of NH,Cl. The continued loss of viability that occurred in NACsHA\MC;
between sample times 15 minutes and 6.5 hours suggests that other factors not related to the

presence of a disinfectant residual or ROS play a role in cell death.

3.5 Conclusions

Given that bacterial cells exist primarily in a state of nutrient limitation in the drinking
water environment it is recommended that the following key findings be taken into account when
developing experimental protocols aimed at studying nitrification and heterotrophic biological
growth in distribution systems:

1) In the stationary phase, N. europaea exhibits significantly greater susceptibility to both

hypochlorous acid and monochloramine in comparison with E. coli. At disinfectant

concentrations commonly applied in the field (1.2 mg/L HOCI-CI, and 3.0 mg/L NH,CI-

68



Cly), E. coli did not lose viability as detected through the LIVE/DEAD membrane-based
stain.
2) In contrast to inactivation results, enumeration on LB plates and sOUR results
indicated that stationary phase E. coli cells were inhibited by monochloramine to a
similar degree as exponentially growing E. coli cells and showed poorer recovery in the
culturing of colonies. In addition, stationary phase E. coli required approximately twice
as much time to recover from monochloramine.
In support of our hypothesis and the evidence from the organisms’ respective genomes, the
results clearly indicate that growth state is a tremendously important factor in the recovery and
susceptibility of E. coli to chlorine compounds, whereas in N. europaea, growth phase does not

serve as a significant influence.
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4 Statement of Engineering Significance

In the drinking water field, the selection of a disinfectant is not always straight forward
and is oftentimes surrounded by controversy. Concerns include bactericidal efficacy, formation
of carcinogenic byproducts, potential leaching of toxic lead from pipe materials and fixtures, and
taste and odor. Each of these issues is critical to public health and the perception of water
quality.

In the US, chlorine and chloramines are added to potable water to provide residual
disinfection throughout the drinking water distribution system. In 1998, the US EPA
promulgated the Stage 1 Disinfectants and Disinfection Byproducts Rule (D/DBPR), which
required that public water utilities meet new standards for disinfection byproducts. Earlier this
year, the rule was amended (Stage 2 D/DBPR) to mandate that compliance be based on location-
specific samples as opposed to an average across the distribution system. In response to the
Stage 1 and Stage 2 rules, many utilities have switched or anticipate switching their secondary
disinfectant to chloramines. This is due to the difficulty in preventing the formation of
trihalomethanes and haloacetic acids that result from the reaction of free chlorine with natural
organic matter.

A major challenge for utilities that employ chloramines is the prevention and control of
nitrification, which leads to the degradation of the disinfectant residual and promotes the growth
of heterotrophic bacteria. Much effort has been put forth to monitor the circumstances that lead
to nitrification events and to develop and optimize disinfection strategies that are effective in
mitigating such events. Despite improvements in nitrification detection methods and the ability
to control nitrification, research has provided little insight into the physiological state of nitrifiers
in the drinking water environment. Researchers are restricted by the availability of molecular
tools and other methods that allow for the characterization and quantification of nitrifying
bacteria in situ or the reproduction of environmental conditions in a lab setting. Studying such
complex environments at the macro and micro levels is a significant challenge as it is difficult to
isolate variables, including the impacts of biological competition and community dynamics, pipe
substratum, along with other environmental factors, in order to make conclusions.

The work presented in this study showed that pure cultures of N. europaea grown and

tested in a controlled laboratory setting have increased sensitivity to both free chlorine and
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chloramines compared with what has been reported for wild-type nitrifying bacteria in the field.
For example, we found that a dose of monochloramine of 0.5 mg/L Cl, was sufficient to
completely shut down ammonia oxidizing activity, whereas biological ammonia oxidation in
field samples has been noted in the presence of monochloramine residuals exceeding 5 mg/L Cl,
(Cunliffe, 1991). Moreover, we did not detect evidence of the recovery of ammonia-oxidizing
activity in cells surviving sublethal concentrations of both free chlorine and monochloramine,
which were monitored for two weeks following treatment. The differences observed between
field and lab-scale studies suggest that other factors must play a role in the ability of nitrifying
bacteria to grow in the presence of disinfectants. Furthermore, the results show that although
free chlorine may be more effective as a short term treatment in the inactivation of bacteria,
surviving bacteria are likely inhibited to a similar degree by both disinfectants.

The other major finding is the consistent response of N. europaea to free chlorine and
monochloramine at different points along the batch growth curve. In contrast, heterotroph E.
coli was significantly more sensitive to both disinfectants during exponential phase compared
with stationary phase, which is consistent with previous observations in the literature. The
experimental results were further validated by comparisons of differences in the genomes
between the two organisms studied, which indicated that N. europaea lacks many of the known
genetic systems that are important in E. coli and other heterotrophs in the protection against
oxidative stress. These observations demonstrate that in both bacteria studied, growth state is not
a consideration in comparing or selecting free chlorine and monochloramine. However, the
physiological and genetic responses of bacteria, both nuisance and pathogenic, must be further
elucidated to improve our understanding of disinfection resistance and guarantee the integrity of

culture-based quantification methods.
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Table A-

N. europaea Disinfectant Switch (9/11/05) (Figure 2.1-3)

Cell Count NH3 Free Chlorine Total Chlorine %
2 | Experiment Time (cells/mL) Conc. (mg/L NH3-N) Conc. (mg/LCI2) Conc. (mg/LCI2) mg NO2-N/(10"2 | Inhibition/
g Condition |Chem.| (hr) Avg | StDev |Total Avg|Total SD Avg StDev Avg StDev live cells'min) | Recovery
MCOHAO 0 0 4E+08 | 7.1E+07| 0.039 0.009 1.4E-03 0.06 0.02 0.05 0.02 0.141
mg/L |0.1667 0.038 0.008 0.050 7.7E-04 0.04 0.03 0.07 0.03 99% 2% 2% 0.101 28%
NH2CI- 2 0.018 0.008 0.049 1.1E-03 0.04 0.00 0.04 0.00 98% 2% -1% 0.099 30%
Cl2 4 | 4E+08 [6.4E+07| 0.019 0.005 0.050 0.0E+00 0.04 0.02 0.05 0.00 99% 2% -2% 0.091 35%
0 0 4E+08 | 8.1E+07| 0.032 0.005 0.016 1.2E-03 0.06 0.02 0.07 0.01 99% 1% -3% 0.100 29%
mg/L | 0.167 0.038 0.006 0.019 7.6E-04 0.08 0.01 0.07 0.01 98% 2% 2% 0.053 62%
HOCI- 2 0.022 0.003 0.022 1.3E-04 0.10 0.02 0.09 0.01 98% 1% -1% 0.065 54%
Cl2 4 | 4E+08 [6.5E+07| 0.022 0.006 0.023 1.7E-03 0.05 0.01 0.06 0.01 97% 2% -1% 0.019 86%
Recov| 0 [4E+08]|3.4E+07 98% 2% 0.222
ery 46 | 6E+08 |1.1E+08 99% 1% 0.227
94 | 4E+08 | 6.9E+07 99% 1% 0.280
142 | 5E+08 |9.6E+07 97% 2% 0.319
197 | 4E+08 |1.1E+08 97% 3% 0.775
240 | 4E+08 | 6.8E+07 98% 2% 1.151
288 | 4E+08 |6.1E+07 98% 3% 1.248
MCOHA1.2 0 0 | 4E+08 [6.4E+07| 0.036 0.000 0.035 5.6E-04 0.05 0.01 0.08 0.02 97% 1% 0.120
mg/L | 0.1667 0.034 #DIV/0! 0.048 1.1E-03 0.07 0.01 0.07 0.00 98% 2% 1% 0.095 21%
NH2CI-| 2 0.022 0.003 0.049 6.1E-04 0.02 0.00 0.04 0.00 98% 3% 1% 0.075 37%
Cl2 4 3E+08 |6.1E+07| 0.021 0.005 0.050 6.2E-04 0.04 0.02 0.05 0.00 99% 2% -2% 0.101 16%
1.2 0 4E+08 | 5.6E+07| 0.039 0.004 0.016 8.7E-04 0.04 0.02 0.05 0.02 98% 2% -1% 0.090 25%
mg/L | 0.167 0.051 0.004 0.006 2.3E-04 0.11 0.01 0.25 0.01 67% 11% 30% 0.000 100%
HOCI- 2 0.046 0.001 0.005 9.3E-04 0.03 0.02 0.09 0.00 51% 8% 48% 0.000 100%
Cl2 4 3E+08 | 8.4E+07| 0.042 0.005 0.007 2.9E-03 0.04 0.00 0.04 0.00 46% 11% 53% 0.001 99%
Recov 0 3E+08 | 4.6E+07 8% 7% 0.016
ery 46 | 4E+08 | 7.0E+07 28% 9% 0.000
94 | 2E+08 |4.5E+07 35% 4% 0.000
142 | 3E+08 | 8.6E+07 36% 7% 0.010
197 | 4E+08 |8.1E+07 33% 9% 0.018
1 240 | 3E+08 |6.5E+07 50% 9% 0.033
8 288 | 3E+08[6.0E+07 9% | 13% 0.002
= [ MC2HA0 2 0 | 4E+08 [3.7E+07| 0.030 0.004 0.036 7.1E-04 0.05 0.00 0.05 0.01 97% 2% 0.161
S mg/L |0.1667 0.538 0.004 0.043 4.4E-04 0.06 0.03 1.72 0.02 95% 4% 2% 0.000 100%
NH2CI- 2 0.533 0.006 0.042 8.8E-04 0.05 0.02 1.35 0.00 92% 5% 6% 0.003 98%
Cl2 4 | 5E+08 [8.6E+07| 0.552 0.000 0.041 1.5E-04 0.07 0.02 1.07 0.00 62% 8% 36% 0.002 99%
0 0 | 4E+08 [5.7E+07| 0.055 0.009 0.004 5.8E-04 0.06 0.01 0.06 0.01 72% 14% 26% 0.000 100%
mg/L | 0.167 0.053 0.008 0.003 1.3E-03 0.06 0.01 0.06 0.00 69% 14% 29% 0.000 100%
HOCI- 2 0.052 0.014 0.002 0.0E+00 0.06 0.02 0.06 0.01 62% 15% 37% 0.000 100%
Cl2 4 | 4E+08 [2.7E+07| 0.045 0.013 0.003 1.6E-03 0.05 0.04 0.05 0.01 59% 11% 39% 0.000 100%
Recov 0 4E+08 | 5.7E+07 47% 8% 0.003
ery 46 | 4E+08 |6.1E+07 39% 10% 0.002
94 | 3E+08 | 7.8E+07 33% 18% 0.001
142 | 5E+08 | 7.9E+07 49% 10% 0.003
197 | 5E+08 |8.7E+07 48% 9% 0.002
240 | 4E+08 | 6.5E+07 47% 8% 0.000
288 | 4E+08 |7.4E+07 42% 10% 0.000
MC2HA1.2 2 0 4E+08 | 7.9E+07| 0.031 0.001 0.037 1.1E-03 0.05 0.02 0.06 0.01 96% 3% 0.172
mg/L | 0.1667 0.522 0.003 0.043 1.5E-04 0.03 0.01 1.74 0.01 95% 4% 1% 0.000 100%
NH2CI-| 2 0.541 0.006 0.043 1.0E-03 0.03 0.01 1.33 0.02 91% 5% 5% 0.002 99%
Cl2 4 4E+08 | 4.8E+07| 0.543 0.001 0.043 3.0E-04 0.09 0.04 1.07 0.02 52% 9% 46% 0.000 100%
1.2 0 4E+08 | 9.4E+07| 0.053 0.004 0.004 2.8E-03 0.04 0.02 0.05 0.03 72% 21% 25% 0.000 100%
mg/L | 0.167 0.044 0.010 0.005 7.0E-04 0.05 0.00 0.26 0.00 11% 4% 89% 0.008 95%
HOCI- 2 0.057 0.009 0.004 1.7E-03 0.05 0.00 0.18 0.00 3% 2% 97% 0.000 100%
Cl2 4 | 4E+08 [5.3E+07| 0.065 0.006 2.3E-03 0.08 0.00 0.18 0.02 1% 1% 99% 0.000 100%
Recov 0 3E+08 | 5.2E+07 5% 2% 0.022
ery 46 | 4E+08 | 8.4E+07 28% 12% 0.002
94 | 5E+08 |1.2E+08 95% 4% 0.000
142 | 6E+08 | 7.0E+07 91% 8% 0.000
197 | 5E+08 | 5.6E+07 91% 4% 0.000
240 | 4E+08 |5.6E+07 89% 7% 0.001
288 | 3E+08 |5.5E+07 79% 12% 0.000
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Table A-3: N. europaea Dose-Response (Figure 2.5)

NH2CI Cell Count Free Chlorine | Total Chlorine sNGR

Conc. |Time (cells/mL) Conc. (mg/LCI2) [ Conc. (mg/LCI2) mg/(min*10712
Condition (mg/L- (hr) Avg StDev Avg StDev Avg StDev live cells)
Biotic Control 0 0.5 |5.04E+08(9.5E+07| 0.02 0.01 0.02 0.01 5.26E-02
0 5.5 |5.04E+08(9.5E+07| 0.02 0.01 0.01 0.00 96% 1.77E-02
0.25 mg/L NH2CI-CI2 0.25 0.5 |4.14E+08(7.7E+07| 0.07 0.00 0.00 0.00 94% 4.41E-02
0.25 5.5 |4.14E+08(7.7E+07| 0.03 0.00 0.01 0.00 95% 3.70E-03
0.50 mg/L NH2CI-CI2 0.5 0.5 | 4.6E+08 (5.5E+07| 0.05 0.04 0.05 0.03 97% 2.26E-03
0.5 5.5 | 4.6E+08 [5.5E+07| 0.07 0.02 0.00 0.00 97% 0.00E+00
0.75 mg/L NH2CI-CI2 0.75 0.5 | 5.1E+08 (7.1E+07| 0.04 0.01 0.24 0.02 86% 0.00E+00
0.75 5.5 [ 5.1E+08 [7.1E+07| 0.02 0.00 0.02 0.02 92% 0.00E+00
1.0 mg/L NH2CI-CI2 1 0.5 (4.14E+08(7.3E+07| 0.09 0.00 0.45 0.01 90% 0.00E+00
1 5.5 [4.14E+08|7.3E+07| 0.04 0.01 0.04 0.01 86% 1.91E-03
1.5 mg/L NH2CI-CI2 1.5 0.5 |5.02E+08(4.4E+07| 0.06 0.01 0.87 0.02 55% 0.00E+00
1.5 5.5 |5.02E+08(4.4E+07| 0.06 0.05 0.33 0.03 67% 2.33E-03
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Table A-4: N. europaea challenge with 0.6 mg/L. HOCI-CI, (Figure 3.1A)

Organism N europaea* N europaea N europaea* N europaea* N europaea
Chem. HOCI-CI2 HOCI-CI2 HOCI-CI2 HOCI-CI2 HOCI-CI2
Chem. Conc. (mg/L) 0.6 0.6 0.6 0.6 0.6
Grow th State Mid-Log Late-Log Late-Log Stationary Stationary
Date 3/24 3/6 2/15 3/12 2/4
A600 0.24 0.24 0.24 0.24 0.24

Rep REP1 REP1 REP2 REP1 REP2

Time (min) AVG SD AVG SD AVG SD AVG SD AVG SD

c 0 0.96 0.02 0.94 0.03 0.97 0.05 0.96 0.02 0.91 0.05
K] 10 0.95 0.03 0.96 0.03 0.94 0.08 0.94 0.03 0.85 0.11
g 120 0.96 0.02 0.96 0.03 0.85 0.07 0.95 0.05 0.87 0.07
L¢I1-> 240 0.91 0.04 0.90 0.04 0.95 0.02 0.95 0.03 0.75 0.11
2 360 0.93 0.06 0.91 0.04 0.96 0.03 0.92 0.03 0.90 0.06
- 480 0.94 0.05 0.91 0.03 0.93 0.03 0.93 0.04 0.90 0.04
: 0

-‘% 10 1.0% -2.6% 3.6% 2.4% 7.5%

2 120 -0.1% -2.9% 12.0% 1.9% 4.8%

§ 240 4.9% 4.0% 2.4% 1.5% 17.6%

—f 360 3.3% 3.2% 1.2% 5.0% 1.7%

& 480 2.3% 2.6% 3.7% 4.0% 1.4%

€ 0 3E+08 | 7E+07 | 4E+08 | 8E+07 | 5E+08 | 1E+08 | 4E+08 | 6E+07 | 4E+08 | 6E+07
g 10 3E+08 | 7E+07 | 4E+08 | 8E+07 | 3E+08 | 8E+07 | 4E+08 | 1E+08 | 4E+08 | 9E+07
9 120 3E+08 | 6E+07 | 3E+08 | 8E+07 | 4E+08 | 8E+07 | 4E+08 | 8E+07 | 4E+08 | 1E+08
g 240 3E+08 | 4E+07 | 3E+08 | 4E+07 | 3E+08 | 7E+07 | 5E+08 | 7E+07 | 3E+08 | 4E+07
2 360 3E+08 | 8E+07 | 3E+08 | 5E+07 | 3E+08 | 5E+07 | 5E+08 | 1E+08 | 3E+08 | 6E+07
- 480 3E+08 | 5E+07 | 4E+08 | 7E+07 | 4E+08 | 7E+07 | 3E+08 | 6E+07 | 3E+08 | 8E+07
=5 0 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.01
3 10 0.00 0.03 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.04
§, 120 0.00 0.00 0.00 0.03 0.00 0.03 0.00 0.00 0.00 0.01
% 240 0.00 0.03 0.00 0.02 0.00 0.02 0.00 0.00 0.00 0.01
3 360 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.01
i 480 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00
- 0 0.00 0.01 0.00 0.02 0.00 0.00 0.00 0.02 0.00 0.00
>3 10 0.05 0.04 0.00 0.01 0.28 0.04 0.00 0.01 0.13 0.01
5 120 0.00 0.00 0.00 0.02 0.00 0.01 0.00 0.02 0.00 0.03
% 240 0.00 0.01 0.00 0.04 0.00 0.02 0.05 0.05 0.00 0.00
‘6: 360 0.00 0.03 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00
= 480 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.05 0.00 0.00
Q 0 0.05 0.01 0.02 0.00 0.03 0.01 0.01 0.00 0.02 0.00
E 10 0.04 0.02 0.03 0.00 0.03 0.02 0.02 0.01 0.03 0.00
-4 120 0.05 0.00 0.03 0.00 0.03 0.00 0.02 0.00 0.02 0.00
g 240 0.03 0.00 0.02 0.00 0.03 0.02 0.01 0.00 0.02 0.00
) 360 0.04 0.00 0.03 0.00 0.02 0.00 0.01 0.00 0.02 0.00
,2 480 0.04 0.00 0.03 0.01 0.01 0.01 0.00 0.00 0.03 0.00
- 0 0.02 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.00
E) 10 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.01 0.00
5 120 0.01 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.03 0.00
E 240 0.01 0.00 0.01 0.00 0.07 0.00 0.00 0.00 0.03 0.00
(o] 360 0.02 0.00 0.01 0.00 0.08 0.00 0.00 0.00 0.05 0.00
< 480 0.02 0.00 0.01 0.00 0.09 0.00 0.01 0.00 0.06 0.00

*Indicates repeat experiment not used in results
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Table A-5: N. europaea challenge with 1.2 mg/L. HOCI-CI, (Figure 3.1B)
Organism N europaea* N europaea N europaea* Neuropaea N europaea
Chem. HOCI-CI2 HOCI-CI2 HOCI-CI2 HOCI-CI2 HOCI-CI2
Chem. Conc. (mg/L) 1.2 1.2 1.2 1.2 1.2
Growth State Mid-Log Mid-Log Late-Log Late-Log Late-Log
Date 3/24 5/31 3/6 5/22 3/31
A600 0.24 0.24 0.24 0.24 0.24
Rep REP1 REP2 REP1 REP2 REP3
Time (min) AVG SD AVG SD AVG SD AVG SD AVG SD
c 0 0.95 0.03 0.97 0.03 0.96 0.02 0.99 0.02 0.98 0.02
o 10 0.72 0.07 0.70 0.11 0.90 0.04 0.85 0.10 0.80 0.07
“g 120 0.64 0.07 0.62 0.06 0.81 0.06 0.52 0.08 0.62 0.06
I-E 240 0.47 0.13 0.51 0.07 0.73 0.11 0.41 0.06 0.70 0.10
2 360 0.40 0.17 0.39 0.06 0.68 0.11 0.28 0.22 0.59 0.09
- 480 0.43 0.18 0.25 0.18 0.65 0.13 0.34 0.15 0.67 0.11
c 0
-% 10 24.0% 27.6% 6.3% 14.2% 18.1%
2 120 33.2% 35.9% 15.3% 47.0% 36.7%
g 240 50.4% 47.0% 23.9% 58.4% 28.7%
—f 360 57.9% 59.9% 29.4% 721% 40.1%
o 480 54.4% 73.8% 32.0% 65.8% 31.0%
= 0 2E+08 | 6E+07 | 4E+08 |7.1E+07| 3E+08 | 7E+07 | 5E+08 |9.5E+07| 4E+08 |6.7E+07
3 10 3E+08 | 8E+07 | 4E+08 |6.3E+07| 4E+08 | 8E+07 | 5E+08 |7.5E+07| 4E+08 |6.2E+07
9 120 3E+08 | 6E+07 | 4E+08 |7.3E+07| 4E+08 | 6E+07 | 5E+08 |6.1E+07| 4E+08 |1.1E+08
8 240 3E+08 | 4E+07 | 4E+08 |7.4E+07| 3E+08 | 6E+07 | 4E+08 |8.2E+07| 4E+08 |5.6E+07
‘3 360 3E+08 | 6E+07 | 4E+08 |5.0E+07| 4E+08 | 5E+07 | 4E+08 |1.5E+08| 4E+08 |8.2E+07
- 480 4E+08 | 6E+07 | 4E+08 |1.0E+08| 4E+08 | 5E+07 | 4E+08 |9.3E+07| 4E+08 |1.0E+08
=5 0 0.00 0.03 0.05 0.02 0.00 0.01 0.02 0.03 0.00 0.02
D 10 0.00 0.03 0.04 0.02 0.00 0.00 0.02 0.01 0.00 0.01
5 120 0.00 0.00 0.02 0.01 0.00 0.03 0.02 0.00 0.00 0.00
% 240 0.00 0.01 0.01 0.01 0.00 0.01 0.03 0.01 0.00 0.02
3 360 0.00 0.00 0.01 0.02 0.00 0.00 0.02 0.00 0.00 0.01
i 480 0.00 0.03 0.02 0.00 0.00 0.00 0.05 0.00 0.00 0.00
=5 0 0.00 0.03 0.00 0.02 0.00 0.03 0.00 0.00 0.00 0.01
k=) 10 0.22 0.00 0.08 0.04 0.06 0.02 0.08 0.01 0.27 0.04
é 120 0.00 0.02 0.00 0.02 0.00 0.02 0.00 0.01 0.02 0.04
% 240 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.03 0.01 0.01
.5= 360 0.00 0.01 0.00 0.02 0.00 0.01 0.00 0.03 0.00 0.04
- 480 0.00 0.01 0.00 0.02 0.00 0.01 0.00 0.02 0.00 0.02
Q 0 0.03 0.01 0.03 0.02 0.02 0.00 0.04 0.00 0.05 0.02
E 10 0.04 0.00 0.06 0.02 0.03 0.00 0.06 0.00 0.04 0.00
z 120 0.09 0.01 0.11 0.02 0.03 0.00 0.08 0.01 0.06 0.01
g 240 0.07 0.01 0.10 0.06 0.03 0.00 0.06 0.01 0.06 0.01
o 360 0.05 0.00 0.03 0.01 0.04 0.00 0.06 0.00 0.06 0.00
I2 480 0.05 0.00 0.03 0.00 0.04 0.00 0.08 0.00 0.07 0.00
- 0 0.02 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00
) 10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
§, 120 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
z 240 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
g 360 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
480 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

*Indicates repeat experiment not used in results
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Table A-5 (cont’d): N. europaea challenge with 1.2 mg/L. HOCI-CI, (Figure 3.1B)

Organism Neuropaea Neuropaea Neuropaea* Neuropaea* Neuropaea Neuropaea
Chem. HOCI-CI2 HOCI-CI2 HOCI-CI2 HOCI-CI2 HOCI-CI2 HOCI-CI2
Chem. Conc. (mg/L) 1.2 1.2 1.2 1.2 1.2 1.2
Grow th State Late-Log Late-Log Late-Log Stationary Stationary Stationary
Date 2/15 5/22 3/31 3/12 2/4 5/20
A600 0.24 0.15 0.15 0.24 0.24 0.24
Rep REP4 REP1 REP2 REP1 REP2 REP3
Time (min) AVG SD AVG SD AVG SD AVG SD AVG SD AVG SD
- 0 0.98 0.02 1.00 0.00 0.98 0.03 0.94 0.02 0.87 0.06 0.96 0.02
] 10 0.97 0.02 0.48 0.12 0.64 0.11 0.78 0.05 0.94 0.05 0.83 0.06
g 120 0.78 0.15 0.14 0.17 0.14 0.11 0.63 0.14 0.71 0.11 0.60 0.10
I-; 240 0.70 0.18 0.04 0.04 0.07 0.06 0.66 0.09 0.77 0.07 0.67 0.07
2 360 0.81 0.02 0.11 0.09 0.01 0.03 0.60 0.18 0.62 0.09 0.63 0.07
- 480 0.72 0.10 0.02 0.03 0.66 0.14 0.67 0.13 0.56 0.07
c 0
-2 10 0.9% 52.2% 35.0% 171% -7.8% 13.1%
.g 120 19.9% 85.8% 85.5% 32.6% 18.7% 37.1%
E’, 240 28.0% 95.8% 93.3% 29.3% 11.4% 30.0%
% 360 17.2% 88.7% 99.2% 35.7% 29.0% 34.1%
& 480 26.7% 97.9% 100.0% 29.9% 22.7% 40.9%
£ 0 3E+08 | 7E+07 | 2E+08 |3.2E+07| 2E+08 |3.7E+07| 4E+08 | 1E+08 | 3E+08 | 7E+07 | 3E+08 |9.1E+07
3 10 3E+08 | 4E+07 | 3E+08 |6.9E+07| 2E+08 |4.9E+07| 4E+08 | 9E+07 | 4E+08 | 9E+07 | 4E+08 |8.5E+07
9 120 3E+08 | 6E+07 | 3E+08 |4.8E+07| 2E+08 |6.2E+07| 4E+08 | 8E+07 | 3E+08 | 7E+07 | 5E+08 |9.5E+07
8 240 4E+08 | 7E+07 | 3E+08 |7.6E+07| 2E+08 |6.2E+07| 3E+08 | 7E+07 | 4E+08 | 8E+07 | 4E+08 |5.2E+07
'6: 360 4E+08 | 9E+07 | 2E+08 |5.6E+07| 2E+08 |5.0E+07| 5E+08 | 9E+07 | 3E+08 | 3E+07 | 4E+08 |5.9E+07
- 480 2E+08 | 6E+07 | 2E+08 |3.5E+07 4E+08 | 1E+08 | 4E+08 | 9E+07 | 4E+08 |5.2E+07
=5 0 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.02
E) 10 0.00 0.00 0.02 0.00 0.00 0.01 0.00 0.01 0.13 0.01 0.01 0.00
E 120 0.00 0.04 0.01 0.02 0.00 0.02 0.00 0.01 0.00 0.03 0.01 0.00
% 240 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00
] 360 0.00 0.04 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.00
s 480 0.00 0.00 0.03 0.01 0.00 0.07 0.00 0.00 0.01 0.01
=5 0 0.00 0.02 0.00 0.02 0.00 0.02 0.00 0.02 0.00 0.08 0.00 0.01
I 10 0.52 0.01 0.18 0.01 0.23 0.01 0.14 0.08 0.30 0.09 0.01 0.00
E 120 0.06 0.03 0.12 0.01 0.14 0.01 0.00 0.02 0.01 0.00 0.00 0.02
8 240 0.05 0.01 0.17 0.12 0.12 0.02 0.05 0.00 0.00 0.01 0.00 0.00
2 360 0.00 0.00 0.03 0.02 0.05 0.02 0.00 0.00 0.00 0.01 0.00 0.02
= 480 0.00 0.01 0.06 0.02 0.00 0.00 0.00 0.00 0.00 0.00
g 0 0.03 0.00 0.04 0.00 0.04 0.01 0.00 0.02 0.00 0.02 0.01
g 10 0.04 0.00 0.05 0.00 0.04 | 0.01 0.01 0.00 0.04 | 0.00 0.04 0.01
2 120 0.05 0.01 0.05 0.00 0.04 0.00 0.02 0.00 0.05 0.00 0.06 0.00
% 240 0.04 0.01 0.05 0.00 0.06 | 0.01 0.02 0.00 0.07 | 0.00 0.08 0.03
= 360 0.04 0.01 0.06 0.01 0.05 0.00 0.02 0.00 0.05 0.00 0.10 0.03
Ig 480 0.04 0.01 0.06 0.01 0.00 0.00 0.07 0.01 0.07 0.02
=5 0 0.02 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00
) 10 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
E 120 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.00
E 240 0.08 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.00
(z) 360 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.01 0.00 0.00
480 0.08 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00

*Indicates repeat experiment not used in results
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Table A-6: N. europaea challenge with 2.0 m;

HOCI-Cl, (Figure 3.1C)

Organism N europaea* N europaea* Neuropaea*
Chem. HOCI-CI2 HOCI-CI2 HOCI-CI2
Chem. Conc. (mg/L) 2 2 2
Growth State Mid-Log Late-Log Stationary
Date 3/24 3/31 5/20
A600 0.24 0.24 0.24
Rep REP1 REP1 REP1
Time (min) AVG SD AVG SD AVG SD
c 0 0.98 0.02 0.99 0.01 0.99 0.02
] 10 0.16 0.10 0.32 0.11 0.45 0.09
‘Q 120 0.01 0.02 0.05 0.03 0.21 0.10
I-E 240 0.00 0.01 0.02 0.02 0.15 0.08
2 360 0.01 0.02 0.02 0.02 0.30 0.11
- 480 0.04 0.06 0.06 0.03
c 0
-% 10 83.8% 67.5% 54.8%
2 120 98.7% 94.8% 78.3%
‘Q 240 99.6% 98.2% 84.4%
—f 360 98.7% 98.4% 70.0%
o 480 95.8% 100.0% 93.4%
€ 0 2E+08 | 5E+07 | 3E+08 |8.0E+07| 4E+08 (4.8E+07
g 10 3E+08 | 6E+07 | 4E+08 |9.3E+07| 4E+08 |8.6E+07
9 120 3E+08 | 6E+07 | 4E+08 |7.0E+07| 5E+08 |1.3E+08
g 240 3E+08 | 6E+07 | 3E+08 |8.3E+07| 4E+08 |5.9E+07
'6: 360 2E+08 | 5E+07 | 4E+08 |4.7E+07| 4E+08 |6.4E+07
= 480 3E+08 | 6E+07 4E+08 |7.7E+07
5 0 0.00 0.02 0.00 0.00 0.00 0.01
D 10 0.00 0.01 0.00 0.02 0.09 0.03
E 120 0.00 0.01 0.00 0.02 0.08 0.01
% 240 0.00 0.00 0.00 0.01 0.06 0.02
8 360 0.00 0.00 0.00 0.02 0.07 0.02
i 480 0.00 0.00 0.03 0.01
- 0 0.17 0.13 0.00 0.00 0.00 0.04
=) 10 0.56 0.02 0.52 0.07 2.42 0.03
E 120 0.36 0.02 0.26 0.01 1.98 0.10
% 240 0.32 0.04 0.22 0.01 1.51 0.03
2 360 0.28 0.02 0.22 0.10 1.29 0.01
] 480 0.23 0.00 1.05 0.01
- 0 0.03 0.00 0.05 0.02 0.00
E 10 0.04 0.00 0.05 0.00 0.61 0.03
2 120 0.06 0.01 0.06 0.00 0.62 0.03
g 240 0.07 0.01 0.06 0.00 0.63 0.03
- 360 0.06 0.00 0.07 0.01 0.65 0.03
4 480 0.07 0.00 0.62 0.00
- 0 0.02 0.00 0.01 0.00 0.00 0.00
) 10 0.00 0.00 0.00 0.00 0.01 0.00
E 120 0.00 0.00 0.00 0.00 0.00 0.00
z 240 0.00 0.00 0.00 0.00 0.01 0.00
(Z) 360 0.01 0.00 0.00 0.00 0.01 0.00
480 0.00 0.00 0.00 0.00

*Indicates repeat experiment not used in results
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Table A-7: N. europaea challenge with 2.0 m; NH,CI-Cl, (Figure 3.2A)
Organism N europaea N europaea* N europaea N europaea* N europaea
Chem. NH2CI-CI2 NH2CI-CI2 NH2CI-CI2 NH2CI-CI2 NH2CI-CI2
Chem. Conc. (mg/L) 2 2 2 2 2
Growth State Mid-Log Mid-Log Late-Log Late-Log Late-Log
Date 713 5/31 6/2 5/22 7/10
A600 0.24 0.24 0.24 0.24 0.24
Rep REP1 REP2 REP1 REP2 REP3
Time (min) AVG SD AVG SD AVG SD AVG SD AVG SD
c 0 0.95 0.06 0.95 0.04 0.98 0.02 0.96 0.04 0.98 0.02
] 10 0.95 0.02 0.93 0.04 0.95 0.04 0.98 0.02 0.96 0.02
“g 120 0.94 0.03 0.94 0.02 0.94 0.03 0.88 0.04 0.93 0.04
I-E 240 0.93 0.03 0.87 0.02 0.63 0.18 0.78 0.07 0.67 0.06
2 360 0.86 0.04 0.79 0.10 0.37 0.19 0.70 0.12 0.58 0.05
- 480 0.65 0.10 0.64 0.20 0.48 0.19 0.57 0.11 0.52 0.04
c 0
-% 10 -0.3% 1.7% 3.4% -1.3% 1.4%
2 120 1.2% 0.7% 4.7% 8.2% 4.7%
g 240 2.5% 8.3% 36.0% 18.7% 31.2%
—f 360 9.2% 16.8% 62.2% 27.6% 40.9%
& 480 31.7% 32.8% 51.5% 41.1% 46.4%
= 0 4E+08 | 1E+08 | 4E+08 | 5E+07 | 4E+08 | 6E+07 | 4E+08 | 1E+08 | 5E+08 | 8E+07
3 10 4E+08 | 1E+08 | 4E+08 | 5E+07 | 5E+08 | 8E+07 | 5E+08 | 4E+07 | 5E+08 | 8E+07
9 120 4E+08 | 8E+07 | 3E+08 | 4E+07 | 5E+08 | 8E+07 | 5E+08 | 9E+07 | 3E+08 | 8E+07
8 240 4E+08 | 8E+07 | 4E+08 | 1E+08 | 4E+08 | 5E+07 | 5E+08 | 5E+07 | 4E+08 | 7E+07
‘3 360 4E+08 | 9E+07 | 4E+08 | 7E+07 | 4E+08 | 5E+07 | 4E+08 | 9E+07 | 4E+08 | 1E+08
- 480 4E+08 | 5E+07 | 4E+08 | 3E+07 | 5E+08 | 9E+07 | 4E+08 | 9E+07 | 4E+08 | 7E+07
=5 0 0.02 0.00 0.03 0.01 0.03 0.02 0.03 0.01 0.06 0.00
D 10 0.05 0.01 0.14 0.00 0.12 0.04 0.08 0.02 0.07 0.00
5 120 0.02 0.00 0.08 0.02 0.10 0.01 0.08 0.01 0.06 0.00
8 240 0.06 0.00 0.01 0.00 0.05 0.02 0.09 0.01 0.08 0.01
3 360 0.05 0.02 0.05 0.00 0.04 0.00 0.02 0.00 0.06 0.01
i 480 0.03 0.02 0.06 0.02 0.06 0.00 0.06 0.01 0.06 0.02
=5 0 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.01 0.00 0.01
=) 10 2.34 0.04 2.68 0.03 2.60 0.02 1.14 1.89 2.47 0.01
é 120 1.74 0.00 1.94 0.01 1.97 0.04 1.86 0.06 1.77 0.03
% 240 1.47 0.02 1.58 0.00 1.65 0.00 1.57 0.03 1.44 0.03
‘6: 360 1.20 0.00 1.33 0.01 1.38 0.01 1.24 0.01 1.25 0.02
[ 480 1.07 0.03 1.18 0.02 1.23 0.01 0.97 0.09 1.06 0.01
Q 0 0.04 0.02 0.04 0.03 0.02 0.00 0.04 0.01 0.03 0.00
E 10 0.60 0.01 0.72 0.01 0.57 0.00 0.58 0.00 0.59 0.01
z 120 0.60 0.01 0.73 0.09 0.61 0.01 0.59 0.02 0.61 0.01
g 240 0.61 0.00 0.61 0.03 0.58 0.01 0.56 0.00 0.60 0.00
o 360 0.62 0.01 0.49 0.01 0.53 0.01 0.58 0.00 0.60 0.01
I2 480 0.62 0.02 0.51 0.01 0.50 0.03 0.60 0.01 0.60 0.01
- 0 0.02 0.00 0.02 0.00 0.00 0.00 0.01 0.00 0.01 0.01
) 10 0.03 0.00 0.02 0.00 0.01 0.00 0.01 0.00 0.02 0.00
§, 120 0.03 0.00 0.02 0.00 0.01 0.00 0.01 0.00 0.02 0.00
z 240 0.03 0.00 0.02 0.00 0.01 0.00 0.01 0.00 0.02 0.00
g 360 0.03 0.00 0.02 0.00 0.01 0.00 0.01 0.00 0.02 0.00
480 0.03 0.00 0.02 0.00 0.01 0.00 0.01 0.00 0.02 0.00

*Indicates repeat experiment not used in results
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Table A-7 (cont’d): N. europaea challenge with 2.0 mg/L. NH,CI-Cl, (Figure 3.2A)

Organism N europaea* Neuropaea Neuropaea* N europaea
Chem. NH2CI-CI2 NH2CI-CI2 NH2CI-CI2 NH2CI-CI2
Chem. Conc. (mg/L) 2 2 2 2
Growth State Late-Log Late-Log Stationary Stationary
Date 7/10 7/26 6/5 5/20
A600 0.15 0.15 0.24 0.24
Rep REP1 REP2 REP1 REP2
Time (min) AVG SD AVG SD AVG SD AVG SD
c 0 0.97 0.04 0.99 0.02 0.97 0.02 0.99 0.01
] 10 0.96 0.03 0.96 0.02 0.96 0.02 0.92 0.04
E’ 120 0.92 0.06 0.85 0.05 0.92 0.04 0.90 0.05
I-E 240 0.63 0.15 0.77 0.09 0.87 0.05 0.65 0.20
2 360 0.54 0.07 0.82 0.05 0.86 0.04 0.74 0.10
- 480 0.40 0.12 0.54 0.15 0.82 0.05 0.39 0.20
c 0
-% 10 1.2% 3.1% 1.6% 7.3%
2 120 5.3% 13.9% 5.7% 9.3%
‘Q 240 34.9% 21.7% 10.8% 34.9%
% 360 441% 17.3% 11.6% 24.9%
o 480 58.4% 45.0% 15.2% 60.9%
€ 0 3E+08 | 5E+07 | 2E+08 | 9E+07 | 4E+08 | 4E+07 | 4E+08 | 5E+07
g 10 3E+08 | 5E+07 | 2E+08 | 6E+07 | 5E+08 | 7E+07 | 4E+08 | 9E+07
9 120 2E+08 | 6E+07 | 2E+08 | 5E+07 | 4E+08 | 7E+07 | 5E+08 | 1E+08
g 240 2E+08 | 5E+07 | 2E+08 | 7E+07 | 5E+08 | 1E+08 | 4E+08 | 6E+07
‘6: 360 3E+08 | 6E+07 | 2E+08 | 5E+07 | 4E+08 | 9E+07 | 4E+08 | 6E+07
- 480 2E+08 | 5E+07 | 3E+08 | 7E+07 | 4E+08 | 8E+07 | 4E+08 | 8E+07
5 0 0.05 0.01 0.03 0.02 0.01 0.00 0.00 0.01
D 10 0.09 0.01 0.07 0.02 0.08 0.02 0.09 0.03
5 120 0.05 0.03 0.10 0.03 0.09 0.03 0.08 0.01
% 240 0.09 0.00 0.05 0.00 0.11 0.11 0.06 0.02
8 360 0.05 0.01 0.03 0.00 0.05 0.00 0.07 0.02
i 480 0.06 0.01 0.02 0.01 0.04 0.01 0.03 0.01
- 0 0.00 0.01 0.00 0.02 0.00 0.01 0.00 0.04
k=) 10 2.68 0.02 2.64 0.03 2.59 0.02 2.42 0.03
g 120 217 0.01 2.16 0.02 2.04 0.00 1.98 0.10
% 240 1.93 0.02 1.91 0.01 1.62 0.01 1.51 0.03
‘6: 360 1.72 0.00 1.74 0.00 1.41 0.02 1.29 0.01
] 480 1.60 0.00 1.61 0.00 1.18 0.02 1.05 0.01
- 0 0.03 0.00 0.04 0.00 0.02 0.00 0.02 0.00
E 10 0.58 0.00 0.59 0.00 0.54 0.00 0.61 0.03
2 120 0.60 0.01 0.62 0.01 0.56 0.00 0.62 0.03
g 240 0.60 0.01 0.65 0.03 0.56 0.01 0.63 0.03
- 360 0.60 0.00 0.61 0.00 0.60 0.01 0.65 0.03
4 480 0.59 0.01 0.61 0.01 0.59 0.01 0.62 0.00
5 0 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
) 10 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.00
E 120 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
ﬁ 240 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.00
(Z) 360 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.00
480 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00

*Indicates repeat experiment not used in results
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Table A-8: N. europaea challen

e with 3.0 m

NH,CI-Cl, (Figure 3.2B)

Organism N europaea* N europaea* N europaea N europaea* N europaea*
Chem. NH2CI-CI2 NH2CI-CI2 NH2CI-CI2 NH2CI-CI2 NH2CI-CI2
Chem. Conc. (mg/L) 3 3 3 3 3
Grow th State Mid-Log Late-Log Late-Log Late-Log Stationary
Date 7113 7/26 6/2 7/26 6/5
A600 0.24 0.24 0.24 0.15 0.24
Rep REP1 REP1 REP2 REP1 REP1
Time (min) AVG SD AVG SD AVG SD AVG SD AVG SD
c 0 0.98 0.02 0.99 0.02 0.96 0.02 0.95 0.04 0.97 0.02
K] 10 0.96 0.04 0.93 0.05 0.71 0.11 0.91 0.09 0.89 0.04
g 120 0.50 0.12 0.59 0.05 0.53 0.17 0.52 0.09 0.73 0.07
Lc; 240 0.72 0.15 0.35 0.08 0.08 0.09 0.17 0.08 0.66 0.10
2 360 0.32 0.15 0.27 0.10 0.11 0.06 0.12 0.08 0.41 0.09
- 480 0.18 0.07 0.14 0.05 0.19 0.17 0.08 0.05 0.32 0.14
: 0
-‘% 10 2.4% 5.9% 26.3% 4.5% 8.2%
2 120 48.9% 40.6% 44.8% 45.5% 25.1%
§ 240 26.2% 64.2% 91.2% 81.6% 32.0%
—f 360 67.2% 72.6% 88.8% 87.2% 57.6%
& 480 82.1% 85.6% 80.0% 91.4% 67.1%
€ 0 4E4+08 | 1E+08 | 3E+08 | 8E+07 | 5E+08 | 7E+07 | 3E+08 | 1E+08 | 4E+08 | 6E+07
g 10 5E+08 | 1E+08 | 4E+08 | 5E+07 | 5E+08 | 9E+07 | 2E+08 | 6E+07 | 4E+08 | 7E+07
9 120 4E4+08 | 1E+08 | 4E+08 | 9E+07 | 4E+08 | 1E+08 | 3E+08 | 5E+07 | 5E+08 | 7E+07
8 240 4E+08 | 6E+07 | 4E+08 | 6E+07 | 5E+08 | 9E+07 | 2E+08 | 4E+07 | 5E+08 | 6E+07
.67 360 3E+08 | 7E+07 | 4E+08 | 6E+07 | 5E+08 | 1E+08 | 3E+08 | 8E+07 | 5E+08 | 1E+08
= 480 4E408 | 9E+07 | 4E+08 | 7E+07 | 5E+08 | 5E+07 | 2E+08 | 5E+07 | 4E+08 | 6E+07
=5 0 0.03 0.02 0.07 0.02 0.01 0.00 0.02 0.00 0.02 0.00
3 10 0.06 0.01 0.18 0.00 0.12 0.01 0.13 0.01 0.15 0.00
§, 120 0.07 0.01 0.22 0.03 0.13 0.02 0.21 0.00 0.10 0.02
% 240 0.13 0.03 0.11 0.01 0.11 0.01 0.12 0.03 0.08 0.02
3 360 0.09 0.02 0.05 0.00 0.05 0.00 0.07 0.01 0.09 0.01
r 480 0.07 0.02 0.06 0.00 0.08 0.01 0.07 0.01 0.07 0.01
5 0 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
> 10 3.60 0.02 3.60 0.01 3.88 0.01 3.73 0.00 3.89 0.01
5 120 3.02 0.01 3.00 0.06 3.19 0.02 3.29 0.00 3.40 0.09
% 240 2.66 0.02 2.63 0.01 2.80 0.01 3.04 0.03 2.81 0.01
‘6: 360 2.34 0.00 2.33 0.02 2.44 0.00 2.78 0.00 2.49 0.01
- 480 2.10 0.04 2.05 0.03 2.22 0.01 2.63 0.01 2.14 0.01
Q 0 0.05 0.01 0.05 0.01 0.02 0.01 0.04 0.00 0.02 0.00
E 10 0.90 0.01 0.85 0.01 0.86 0.01 0.88 0.02 0.79 0.00
-4 120 0.89 0.01 0.88 0.01 0.88 0.01 0.88 0.01 0.78 0.01
g 240 0.89 0.00 0.93 0.00 0.86 0.00 0.89 0.05 0.81 0.01
) 360 0.90 0.01 0.88 0.00 0.77 0.00 0.87 0.00 0.85 0.01
,2 480 0.91 0.01 0.90 0.01 0.72 0.02 0.87 0.00 0.89 0.00
=5 0 0.03 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
E) 10 0.03 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
E 120 0.03 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00
ﬁ 240 0.03 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00
2 360 0.03 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00
480 0.03 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00

*Indicates repeat experiment not used in results
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Table A-9: N. europaea challenge with 4.0 m: NH,CI-Cl, (Figure 3.2C)
Organism N europaea* N europaea N europaea* Neuropaea N europaea*
Chem. NH2CI-CI2 NH2CI-CI2 NH2CI-CI2 NH2CI-CI2 NH2CI-CI2
Chem. Conc. (mg/L) 4 4 4 4 4
Growth State Mid-Log Mid-Log Late-Log Late-Log Stationary
Date 713 5/31 6/2 7/10 6/5
A600 0.24 0.24 0.24 0.24 0.24
Rep REP1 REP2 REP1 REP2 REP1
Time (min) AVG SD AVG SD AVG SD AVG SD AVG SD
c 0 0.97 0.01 0.99 0.02 0.98 0.02 0.98 0.02 0.97 0.02
] 10 0.92 0.04 0.88 0.04 0.48 0.36 0.89 0.08 0.66 0.08
E’ 120 0.29 0.16 0.25 0.09 0.19 0.09 0.55 0.09 0.66 0.07
I-E 240 0.09 0.06 0.09 0.05 0.15 0.07 0.20 0.17 0.40 0.10
2 360 0.04 0.02 0.09 0.04 0.09 0.03 0.33 0.18 0.32 0.09
- 480 0.06 0.05 0.10 0.04 0.08 0.03 0.09 0.08 0.22 0.05
c 0
-% 10 5.3% 10.9% 50.9% 8.5% 32.3%
2 120 70.6% 74.5% 80.4% 43.6% 32.1%
g 240 90.3% 90.8% 85.1% 80.0% 59.0%
—i 360 95.5% 90.4% 90.4% 65.9% 67.3%
& 480 94.0% 89.8% 92.3% 91.0% 77.6%
= 0 4E+08 | 6E+07 | 4E+08 | 8E+07 | 4E+08 | 5E+07 | 5E+08 | 1E+08 | 4E+08 | 6E+07
3 10 4E+08 | 6E+07 | 4E+08 | 1E+08 | 4E+08 | 7E+07 | 4E+08 | 7E+07 | 5E+08 | 6E+07
9 120 4E+08 | 5E+07 | 4E+08 | 8E+07 | 4E+08 | 1E+08 | 4E+08 | 8E+07 | 5E+08 | 8E+07
g 240 4E+08 | 4E+07 | 4E+08 | 8E+07 | 5E+08 | 6E+07 | 3E+08 | 7E+07 | 4E+08 | 9E+07
‘3 360 4E+08 | 6E+07 | 4E+08 | 6E+07 | 4E+08 | 6E+07 | 4E+08 | 6E+07 | 4E+08 | 6E+07
- 480 3E+08 | 6E+07 | 3E+08 | 5E+07 | 4E+08 | 7E+07 | 4E+08 | 6E+07 | 4E+08 | 8E+07
5 0 0.04 0.01 0.02 0.00 0.01 0.01 0.06 0.01 0.02 0.01
D 10 0.09 0.02 0.29 0.01 0.16 0.03 0.22 0.04 0.21 0.06
5 120 0.13 0.00 0.18 0.00 0.18 0.02 0.12 0.04 0.18 0.03
% 240 0.15 0.01 0.08 0.01 0.15 0.04 0.16 0.03 0.11 0.00
3 360 0.12 0.00 0.15 0.01 0.08 0.00 0.10 0.00 0.13 0.00
i 480 0.09 0.00 0.12 0.01 0.11 0.01 0.12 0.01 0.09 0.01
=5 0 0.00 0.02 0.00 0.01 0.00 0.02 0.00 0.01 0.00 0.01
k=) 10 4.54 0.05 4.93 0.00 4.75 0.01 4.58 0.01 4.85 0.02
é 120 3.94 0.02 4.35 0.02 4.07 0.02 3.93 0.06 4.28 0.02
% 240 3.56 0.07 3.90 0.01 3.64 0.01 3.50 0.01 3.75 0.01
‘6: 360 3.23 0.02 3.55 0.01 3.24 0.02 3.18 0.01 3.44 0.02
- 480 2.98 0.09 3.26 0.01 2.97 0.02 2.92 0.02 3.00 0.06
Q 0 0.04 0.00 0.05 0.01 0.02 0.00 0.03 0.00 0.02 0.00
E 10 1.23 0.00 1.58 0.25 1.16 0.02 1.12 0.00 1.09 0.01
z 120 1.26 0.00 1.52 0.17 1.20 0.05 1.13 0.00 1.10 0.02
% 240 1.27 0.00 1.25 0.02 1.16 0.01 1.13 0.00 1.08 0.04
o 360 1.27 0.00 1.06 0.02 1.06 0.00 1.19 0.01 1.20 0.01
,2 480 1.25 0.00 1.06 0.02 1.07 0.01 1.20 0.02 1.25 0.01
- 0 0.02 0.00 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.00
) 10 0.03 0.00 0.02 0.00 0.01 0.00 0.02 0.00 0.00 0.00
§, 120 0.02 0.00 0.02 0.00 0.01 0.00 0.02 0.00 0.00 0.00
ﬁ 240 0.02 0.00 0.02 0.00 0.01 0.00 0.02 0.00 0.01 0.00
g 360 0.02 0.00 0.02 0.00 0.01 0.00 0.02 0.00 0.01 0.00
480 0.03 0.00 0.02 0.00 0.01 0.00 0.02 0.00 0.01 0.00

*Indicates repeat experiment not used in results
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Table A-10: E. coli challenge with 1.2 mg/L. HOCI-CI, (Figure 3.3A)

Organism E coli E coli* E coli E coli* E coli* E coli
Chem. HOCI-CI2 HOCI-CI2 HOCI-CI2 HOCI-CI2 HOCI-CI2 HOCI-CI2
Chem. Conc. (mg/L) 1.2 1.2 1.2 1.2 1.2 1.2
Grow th State Mid-Log Mid-Log Late-Log Late-Log Stationary Stationary
Date 9/2 9/6 9/4 9/13 8/30 9/8
A600 0.24 0.24 0.24 0.24 0.24 0.24
Rep REP1 REP2 REP1 REP2 REP1 REP2
Time (min) AVG SD AVG SD AVG SD AVG SD AVG SD AVG SD
c 0 0.98 0.03 0.97 0.03 0.99 0.02 0.98 0.03 1.00 0.00 1.00 0.00
] 10 0.18 0.12 0.13 0.05 0.74 0.08 0.53 0.13 1.00 0.00 0.94 0.03
g 120 0.11 0.10 0.12 0.06 0.66 0.06 0.45 0.07 0.98 0.02 0.90 0.04
It, 240 0.00 0.00 0.08 0.06 0.15 0.08 0.33 0.09 0.91 0.06 0.90 0.08
5 360 0.03 0.04 0.04 0.05 0.77 0.03 0.35 0.08 0.95 0.04 0.92 0.03
480 0.56 0.10 0.29 0.06 0.97 0.03 0.89 0.06
c 0
-% 10 81.6% 86.9% 25.1% 46.6% 0.0% 6.2%
2 120 88.8% 87.1% 32.8% 54.0% 2.3% 9.7%
[ 240 100.0% 91.7% 84.6% 66.5% 8.7% 10.1%
—i 360 96.9% 96.2% 22.2% 64.9% 5.1% 7.7%
& 480 100.0% 100.0% 43.1% 70.7% 3.2% 11.0%
e 0 2E+08 |3.4E+07| 2E+08 |6.6E+07| 5E+08 |5.3E+07| 3E+08 |6.9E+07| 3E+08 |6.7E+07| 2E+08 |3.5E+07
3 10 2E+08 |5.5E+07| 2E+08 |4.7E+07| 4E+08 |1.1E+08| 2E+08 |4.5E+07| 2E+08 |5.4E+07| 3E+08 |4.1E+07
9 120 2E+08 |3.1E+07| 3E+08 |8.4E+07| 4E+08 |1.3E+08| 3E+08 |6.2E+07| 3E+08 |6.9E+07| 3E+08 |6.3E+07
8 240 1E+08 |1.6E+07| 3E+08 |3.2E+07| 6E+08 |7.3E+07| 2E+08 |4.6E+07| 2E+08 |4.2E+07| 2E+08 |4.3E+07
'6: 360 2E+08 |6.7E+07| 2E+08 |4.9E+07| 4E+08 |7.3E+07| 3E+08 |6.8E+07| 2E+08 |5.9E+07| 3E+08 |9.4E+07
- 480 4E+08 |5.9E+07| 2E+08 |3.4E+07| 3E+08 |1.0E+08| 2E+08 |6.5E+07
- 0 0.08 0.00 0.05 0.00 0.10 0.02 0.02 0.00 0.04 0.01 0.14 0.04
D 10 0.09 0.03 0.05 0.01 0.08 0.01 0.01 0.01 0.05 0.04 0.04 0.01
§, 120 0.08 0.00 0.09 0.00 0.08 0.01 0.05 0.01 0.13 0.01 0.10 0.02
8 240 0.08 0.05 0.11 0.04 0.10 0.03 0.06 0.07 0.06 0.04 0.08 0.03
g 360 0.07 0.02 0.10 0.03 0.12 0.01 0.08 0.05 0.13 0.03 0.12 0.03
s 480 0.17 0.02 0.03 0.01 0.15 0.01 0.15 0.00
- 0 0.06 0.00 0.06 0.01 0.08 0.02 0.03 0.00 0.06 0.00 0.11 0.04
Eo) 10 0.72 0.06 0.52 0.03 0.39 0.00 0.54 0.01 0.33 0.01 0.25 0.04
é 120 0.27 0.02 0.18 0.01 0.12 0.01 0.22 0.00 0.17 0.06 0.11 0.01
% 240 0.21 0.01 0.15 0.02 0.09 0.00 0.16 0.04 0.09 0.03 0.10 0.02
< 360 0.14 0.01 0.13 0.01 0.12 0.00 0.13 0.00 0.10 0.02 0.12 0.02
- 480 0.14 0.00 0.07 0.01 0.12 0.00 0.13 0.01
g 0 0.23 0.00 0.20 0.00 0.18 0.01 0.14 0.00 0.16 0.02 0.13 0.00
g 10 0.31 0.00 0.33 0.00 0.33 0.00 0.21 0.00 0.23 0.01 0.19 0.01
z 120 0.37 0.00 0.38 0.02 0.42 0.01 0.25 0.00 0.28 0.01 0.24 0.01
g 240 0.38 0.00 0.41 0.00 0.46 0.00 0.27 0.00 0.31 0.00 0.27 0.01
) 360 0.40 0.00 0.42 0.00 0.52 0.01 0.28 0.00 0.35 0.02 0.28 0.01
2 480 0.59 0.05 0.29 0.00 0.34 0.01 0.30 0.01

*Indicates repeat experiment not used in results

87



Table A-11: E. coli challenge with 3.0 mg/L. NH,CI-Cl, (Figure 3.3B)

Organism E coli* E coli E coli E coli* E coli E coli*
Chem. NH2CI-CI2 NH2CI-CI2 NH2CI-CI2 NH2CI-CI2 NH2CI-CI2 NH2CI-CI2
Chem. Conc. (mg/L) 3 3 3 3 3 3
Grow th State Mid-Log Mid-Log Late-Log Late-Log Stationary Stationary
Date 9/2 9/6 9/4 9/13 8/30 9/8
A600 0.24 0.24 0.24 0.24 0.24 0.24
Rep REP1 REP2 REP1 REP2 REP1 REP2
Time (min) AVG SD AVG SD AVG SD AVG SD AVG SD AVG SD
c 0 0.93 0.04 0.93 0.06 0.91 0.08 0.99 0.02 0.97 0.02 1.00 0.00
] 10 0.12 0.06 0.06 0.04 0.85 0.03 0.51 0.09 0.97 0.05 1.00 0.00
g 120 0.05 0.06 0.06 0.07 0.39 0.06 0.39 0.07 0.99 0.02 1.00 0.01
It, 240 0.00 0.00 0.01 0.03 0.29 0.09 0.25 0.04 1.00 0.01 0.99 0.01
5 360 0.00 0.00 0.01 0.02 0.44 0.03 0.17 0.05 0.99 0.03 1.00 0.00
480 0.18 0.06 0.03 0.02 0.99 0.02 0.99 0.02
c 0
-% 10 87.4% 93.7% 6.5% 47.8% 0.5% 0.0%
2 120 94.6% 93.2% 56.7% 60.6% -2.2% 0.3%
[ 240 100.0% 99.1% 67.8% 74.8% -2.5% 0.7%
—i 360 100.0% 98.9% 52.0% 82.4% -1.7% 0.0%
& 480 100.0% 100.0% 79.7% 97.0% -1.4% 0.6%
e 0 2E+08 |3.8E+07| 3E+08 |5.0E+07| 4E+08 |7.2E+07| 2E+08 |5.5E+07| 2E+08 |4.5E+07| 2E+08 |4.3E+07
3 10 2E+08 |2.8E+07| 2E+08 |4.4E+07| 3E+08 |5.6E+07| 2E+08 |6.5E+07| 3E+08 |4.2E+07| 2E+08 |6.7E+07
9 120 2E+08 |4.3E+07| 3E+08 |7.4E+07| 4E+08 |4.7E+07| 2E+08 |3.9E+07| 2E+08 |3.0E+07| 2E+08 |5.7E+07
8 240 2E+08 |3.9E+07| 2E+08 |6.7E+07| 3E+08 |6.4E+07| 3E+08 |7.4E+07| 3E+08 |4.9E+07| 2E+08 |5.8E+07
'6: 360 1E+08 |3.0E+07| 2E+08 |5.8E+07| 3E+08 |8.2E+07| 3E+08 |4.8E+07| 3E+08 |5.8E+07| 2E+08 |6.4E+07
- 480 4E+08 |5.6E+07| 2E+08 |8.0E+07| 2E+08 |4.7E+07| 2E+08 [2.8E+07
- 0 0.05 0.00 0.05 0.00 0.07 0.02 0.00 0.01 0.05 0.00 0.09 0.04
D 10 0.23 0.08 0.12 0.00 0.17 0.08 0.09 0.01 0.12 0.05 0.13 0.02
§, 120 0.07 0.02 0.08 0.01 0.10 0.02 0.07 0.03 0.15 0.00 0.10 0.02
8 240 0.12 0.05 0.08 0.02 0.17 0.04 0.02 0.01 0.21 0.02 0.12 0.00
g 360 0.11 0.05 0.08 0.02 0.12 0.01 0.06 0.02 0.23 0.04 0.12 0.04
s 480 0.12 0.00 0.07 0.02 0.12 0.04 0.15 0.05
- 0 0.06 0.01 0.06 0.01 0.06 0.01 0.04 0.00 0.07 0.01 0.07 0.02
Eo) 10 2.51 0.00 2.44 0.03 2.29 0.04 2.61 0.01 2.09 0.01 1.60 0.03
E 120 1.79 0.00 1.60 0.00 1.43 0.04 1.87 0.02 1.26 0.02 0.79 0.00
% 240 1.38 0.00 1.24 0.01 0.99 0.00 1.40 0.02 0.80 0.00 0.39 0.03
< 360 1.12 0.03 1.05 0.02 0.73 0.00 1.20 0.03 0.56 0.00 0.22 0.02
- 480 0.48 0.02 0.98 0.02 0.23 0.01 0.15 0.03
g 0 0.24 0.00 0.19 0.00 0.20 0.02 0.14 0.01 0.17 0.01 0.12 0.00
g 10 1.04 0.01 0.99 0.01 1.03 0.01 0.91 0.01 1.01 0.02 0.87 0.00
z 120 1.08 0.00 1.05 0.01 1.07 0.02 0.95 0.02 1.01 0.01 0.92 0.00
g 240 1.10 0.01 1.11 0.03 1.09 0.01 0.98 0.00 1.04 0.01 0.95 0.00
) 360 1.11 0.01 1.12 0.01 1.12 0.00 1.00 0.00 1.07 0.03 0.95 0.01
2 480 1.13 0.00 1.01 0.00 1.06 0.03 0.97 0.01

*Indicates repeat experiment not used in results
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Appendix B: N. europaea Growth Curves

Figure | Experiment Date | Culture Start Date Growth Phase

B-1 3/6/05 2/24/05 Late-Log

B-2 3/12/05 2/24/05 Stationary

B-3 3/24/05 3/15/05 Mid-Log

B-4 3/31/05 3/21/05 Late-Log

B-5 5/20/05 5/4/05 Stationary

B-6 5/22/05 5/14/05 Late-Log

B-7 5/31/05 5/22/05 Mid-Log

B-8 6/2/05 5/25/05 Late-Log

B-9 6/5/05 5/19/05 Stationary

B-10 7/10/05 6/28/05 Late-Log

B-11 7/13/05 7/5/05 Mid-Log

B-12 7/26/05 7/16/05 Late-Log

B-13 8/25/05 8/6/05 Resuscitated Stationary

B-14 9/11/05 8/27/05 Resuscitated Stationary
KEY:

Cell Count: Solid Circles
Nitrite: Open Circles
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Appendix C: N. europaea and E. coli Disinfectant Challenge Replicate Experiments

Figure | Growth Phase \ Disinfectant | Conc. (mg/L-C12)
N. europaea
Cl Mid-Log Hypochlorous acid 0.6,1.2,2
C2 Late-Log Hypochlorous acid 0.6,1.2,2
C3 Stationary Hypochlorous acid 0.6,1.2,2
C4 Mid-Log Monochloramine 2,3,4
C5 Late-Log Monochloramine 2,34
C6 Stationary Monochloramine 2,34
E. coli
C7 Mid-Log, Late-Log, Stationary Hypochlorous acid 1.2
C8 Mid-Log, Late-Log, Stationary Monochloramine 3
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HOCI Inactivation of Nifrosomonas europaea:

Mid-Log

Live Fraction
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—.— Time vs 3/24/05: Mid-Log, 0.6 mg/L HOCI-CI2, A600=0.24
—WF—— Time vs 3/24/05: Mid-Log, 1.2 mg/L HOCI-CI2, A600=0.24
—— Time vs 3/24/05: Mid-Log, 2 mg/L HOCI-CI2, A600=0.24

Time vs 5/31/05: Mid-Log, 1.2 mg/L HOCI-CI2, AB00=0.24

Figure C1
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HOCI Inactivation of Nifrosomonas europaea:

Late-Log
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Time (minutes)
—@— Time vs 2/15/05: Late-Log, 0.6 mg/L HOCI-CI2, A600=0.24
—WF—— Time vs 3/6/05: Late-Log, 1.2 mg/L HOCI-CI2, AB00=0.24
—l— Time vs 3/31/05: Late-Log, 2 mg/L HOCI-CI2, AB00=0.24
— ) —  Time vs 3/6/05: Late-Log, 0.6 mg/L HOCI-CI2, A600=0.24
— =/—  Time vs 2/15/05: Late-Log, 1.2 mg/L HOCI-CI2, AB00=0.24
Figure C2
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HOCI Inactivation of Nitrosomonas europaea:

Stationary
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—.— Time vs 3/12/05; Stationary, 0.6 mg/L HOCI-CI2, AG00=0.24
+ Time vs 3/12/05:; Stationary, 1.2 mg/L HOCI-CI2, AG00=0.24
+ Time vs 5/20/05; Stationary, 2 mg/L HOCI-CI2, AG00=0.24
—_ -O —_— Time vs 2/4/05: Stationary, 0.6 mg/L HOCI-CI2, AG00=0.24
—_ -v— Time vs 2/4/05; Stationary, 1.2 mg/L HOCI-CI2, A600=0.24, A600=0.24
Figure C3
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NH2CI Inactivation of Nitrosomonas etiropaea:
Mid-Log

Live Fraction
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—.— Time vs 5/31/05: Mid-Log, 2 mg/L NH2CI-CI2, A600=0.24
—WF—— Time vs 7/13/05: Mid-Log, 3 mg/L NH2CI-CI2, A600=0.24
—— Time vs 7/13/05: Mid-Log,4 mg/L NH2CI-CI2, A600=0.24
. -O —  Time vs 7/13/05: Mid-Log,2 mg/L NH2CI-CI2, A600=0.24
— { ]—  Time vs 5/31/05: Mid-Log, 4 mg/L NH2CI-CI2, A600=0.24

Figure C4
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NH2CI Inactivation of Nitrosomonas etiropaea:

Late-Log
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—@)—— Time vs 5/22/05: Late-Log, 2 mg/L NH2CI-CI2, A600=0.24
—W—— Time vs 7/26/05:Late-Log, 3 mg/L NH2CI-CI2, A600=0.24
—Jl— Time vs 6/2/05: Late-Log, 4 mg/L NH2CI-CI2, A600=0.24
— {)—  Time vs 7/10/05: Late-Log, 2 mg/L NH2CI-CI2, A600=0.24
— X/—  Time vs 6/2/05: Late-Log, 3 mg/L NH2CI-CI2, A600=0.24
— {]—  Time vs 7/10/05: Late-Log, 4 mg/L NH2CI-CI2, A600=0.24
Figure C5
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NH2CI Inactivation of Nitrosomonas etiropaea:
Stationary
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+ Time vs 6/5/05: Stationary, 4 mg/L NH2CI-CI2, A600=0.24
—_ -O —_— Time vs 5/20/05: Stationary, 2 mg/L NH2CI-CI2, AGD0=0.24

Figure C6
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Escherichia coli Inactivation: 1.2 mg/L HOCI-CI2
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Time vs 9/13/05: Late-Log, 1.2 mg/L HOCI-CI2
Time vs 8/30/05: Stationary, 1.2 mg/L HOCI-CI2
— {)—  Timevs 9/2/05: Mid-Log, 1.2 mg/L HOCI-CI2
_— -v— Time vs 9/4/05: Late-Log, 1.2 mg/L HOCI-CI2
— d ]—  Time vs 9/8/05; Stationary,1.2 mg/L HOCI-CI2
Figure C7
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Escherichia coli Inactivation: 3 mg/L NH2CI-CI2
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Figure C8
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Appendix D: Chick-Watson Inactivation Constants

Experiment Growth ODgoo | NH2CI Conc. | K x10° (L mg'1 min'l) Correlation
Date State (mg/L) (n=1, pH=7.2) Coeff. (R%
5/20/05 Stationary 0.24 2 1.2 0.76
5/22/05 Late-Log 0.24 2 0.9 0.88
5/31/05 Mid-Log 0.24 2 0.5 0.73
0.24 4 2.2 1.00
6/2/05 Late-Log 0.24 2 1.3 0.86
0.24 3 1.8 0.54
0.24 4 2.6 0.45
6/5/05 Stationary 0.24 2 0.4 0.97
0.24 3 0.9 0.96
0.24 4 0.8 0.76
7/10/05 Late-Log 0.15 2 1 0.94
0.24 2 1.2 0.92
0.24 4 1 0.87
7/13/05 Mid-Log 0.24 2 0.5 0.56
0.24 3 1.1 0.84
0.24 4 2.2 1.00
7/26/05 Late-Log 0.15 2 0.6 0.83
0.15 3 1.7 1.00
0.24 3 1.4 0.96

*Values under 15% for % Survival were ignored in Chick-Watson calculations
Mean k=1.23 (standard deviation = 0.62 and 95% confidence interval is 0.28)
Each of these K values has a variance associated with it, which should be computed to enable a

statistical comparison between the different treatments.
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Appendix E: ANOVA Results

Summary Table

ANOVA Parameters

0 -8 hrs 0 — 10 min. 10 min. — 8 hrs
Fig. | Organism Chemical Conc. F F crit F F crit F F crit
3.1A | N. europaea | 0.6 mg/L HOCI-Cl, | 0.11 | 3.68 0.01 9.55 0.22 3.89
3.1B | N. europaea | 1.2 mg/L HOCI-Cl, | 2.05 | 3.68 0.33 9.55 5.43 3.89
3.1C | N. europaea | 2.0 mg/L HOCI-Cl, | 0.27 | 3.74 0.05 9.55 3.10 3.98
3.2A | N. europaea | 2.0 mg/L NH,CI-Cl, | 0.79 | 3.68 5.04 9.55 0.91 3.89
3.2B | N. europaea | 3.0 mg/L NH,CI-Cl, | 0.22 | 3.68 0.35 9.55 0.33 3.89
3.2C | N. europaea | 4.0 mg/L NH,CI-Cl, | 0.51 3.68 0.39 9.55 1.20 3.89
3.3A | E. coli 1.2 mg/L HOCI-Cl, |10.55| 3.74 | 0.68 9.55 | 206.11 | 3.98
3.3B | E. coli 3.0 mg/L NH,CI-Cl, | 11.08 | 3.74 0.78 9.55 84.53 3.98

Note: Values in bold red indicate when F>F;, or when statistically significant difference exists

Anova: Single Factor

SUMMARY

Groups Count Sum Average  Variance
NEU_53105_Early Log_2 mg/L NH2CI-CI2 6 5.108461 0.85141 0.014774
NEU_52205_Late Log_2 mg/L NH2CI-CI2 6 4.874008 0.812335 0.025776
NEU_60505_Stationary_2 mg/L NH2CI-CI2 6 5.398728 0.899788 0.003415
ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.023031 2 0.011515 0.785758 0.473661  3.68232
Within Groups 0.219827 15 0.014655
Total 0.242858 17
Anova: Single Factor
SUMMARY

Groups Count Sum Average  Variance
NEU_71305_Early Log_3 mg/L NH2CI-CI2 6 3.658818 0.609803 0.110965
NEU_72605_Late Log_3 mg/L NH2CI-CI2 6 3.263634 0.543939 0.123419
NEU_60505_Stationary_3 mg/L NH2CI-CI2 6 3.995653 0.665942 0.066891
ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.044749 2 0.022374 0.222797 0.802879  3.68232
Within Groups 1.506379 15 0.100425
Total 1.551128 17

Anova: Single Factor

SUMMARY
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Groups Count Sum Average Variance
NEU_71305_Early Log_4 mg/LNH2CL-CI2 6 2.371779 0.395296 0.189335
NEU_60205_Late Log_4 mg/LNH2CL-CI2 6 1.977881 0.329647 0.124827
NEU_60505_Stationary_4 mg/LNH2CL-CI2 6 3.216622 0.536104 0.077315
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.133522 2 0.066761 0.511608 0.609623 3.68232
Within Groups 1.957383 15 0.130492
Total 2.090905 17
Anova: Single Factor
SUMMARY
Groups Count Sum Average  Variance
NEU_32405_Early Log_0.6 mg/L HOCI-CI2 6 5.648057 0.941343 0.000362
NEU_21505_Late Log_0.6 mg/L HOCI-CI2 6 5.605048 0.934175 0.001707
NEU_31205_Stationary_0.6 mg/L HOCI-CI2 6 5.640827 0.940138 0.000298
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.000177 2 8.84E-05 0.112031 0.894758  3.68232
Within Groups 0.011835 15 0.000789
Total 0.012012 17
Anova: Single Factor
SUMMARY
Groups Count Sum Average  Variance
NEU_32405_Early Log_1.2 mg/L HOCI-CI2 6 3.620253 0.603375 0.044885
NEU_30605_Late Log_1.2 mg/L HOCI-CI2 6 4.729738 0.78829 0.015233
NEU_31205_Stationary_1.2 mg/L HOCI-CI2 6 4.280425 0.713404 0.015855
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.103815 2 0.051907 2.049704 0.163318 3.68232
Within Groups 0.379865 15 0.025324
Total 0.48368 17
Anova: Single Factor
SUMMARY
Groups Count Sum Average  Variance
NEU_32405_Early Log_2 mg/L HOCI-CI2 6 1.208144 0.201357 0.148663
NEU_33105_Late Log_2 mg/L HOCI-CI2 5 1.402133 0.280427 0.175831
NEU_52005_Stationary_2 mg/L HOCI-CI2 6 2.165247 0.360875 0.111284
ANOVA
Source of Variation SS daf MS F P-value F crit
Between Groups 0.076339 2 0.038169 0.266778 0.76965 3.738892
Within Groups 2.003059 14 0.143076
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Total 2.079398 16
Anova: Single Factor
SUMMARY

Groups Count Sum Average  Variance
EC_90605_Early Log_1.2 mg/L HOCI-CI2 5 1.333235 0.266647 0.154194
EC_91305_Late Log_1.2 mg/L HOCI-CI2 6 2.927505 0.487917 0.066915
EC_83005_Stationary 1.2 mg/L HOCI-CI2 6 5.808257 0.968043 0.001093
ANOVA

Source of Variation SS daf MS F P-value F crit

Between Groups 1.442719 2 0.72136 10.55482 0.001603 3.738892
Within Groups 0.956818 14 0.068344
Total 2.399537 16
Anova: Single Factor
SUMMARY

Groups Count Sum Average  Variance
EC_90205_Early Log_3 mg/L NH2CI-CI2 5 1.0937 0.21874 0.158733
EC_91305_Late Log_3 mg/L NH2CI-CI2 6 2.339948 0.389991 0.113511
EC_90805_Stationary 3 mg/L NH2CI-CI2 6 5.984578 0.99743 9.82E-06
ANOVA

Source of Variation SS daf MS F P-value F crit

Between Groups 1.903169 2 0.951585 11.07841 0.001305 3.738892
Within Groups 1.202536 14 0.085895
Total 3.105705 16
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ANOVA Analysis for Time Periods 0-10 minutes and 10 minutes-8 hours

Anova: Single Factor
Times 0-10 minutes

SUMMARY

Groups Count Sum Average  Variance
NEU_32405_Early Log_0.6 mg/L HOCI-
CI2 2 1.909624 0.954812 5.01E-05
NEU_21505_Late Log_0.6 mg/L HOCI-
CI2 2 1.907837 0.953919 0.000595
NEU_31205_Stationary_0.6 mg/L HOCI-
CI2 2 1.904995 0.952498 0.000257
ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 5.45E-06 2 2.72E-06 0.009061 0.991007 9.552094
Within Groups 0.000902 3 0.000301
Total 0.000907 5
Anova: Single Factor
Times 10 min - 8 hours
SUMMARY

Groups Count Sum Average  Variance
NEU_32405_Early Log_0.6 mg/L HOCI-
Cl2 5 4.688242 0.937648 0.000351
NEU_21505_Late Log_0.6 mg/L HOCI-
Cl2 5 4.633881 0.926776 0.001723
NEU_31205_Stationary_0.6 mg/L HOCI-
CI2 5 4.676996 0.935399 0.000204
ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.000329 2 0.000165 0.216923 0.808081 3.885294
Within Groups 0.00911 12 0.000759
Total 0.009439 14
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Anova: Single Factor
Times 0-10 minutes

SUMMARY

Groups Count Sum Average  Variance
NEU_32405_Early Log_1.2 mg/L HOCI-
CI2 2 1.676639 0.83832 0.026221
NEU_30605_Late Log_1.2 mg/L HOCI-
CI2 2 1.857652 0.928826 0.001851
NEU_31205_Stationary_1.2 mg/L HOCI-
CI2 2 1.718975 0.859488 0.012959
ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.008965 2 0.004482 0.327736 0.743475 9.552094
Within Groups 0.041031 3 0.013677
Total 0.049995 5

Anova: Single Factor
Times 10 min - 8 hours

SUMMARY

Groups Count Sum Average  Variance
NEU_32405_Early Log_1.2 mg/L HOCI-
Cl2 5 2.667432 0.533486 0.019473
NEU_30605_Late Log_1.2 mg/L HOCI-
Cl2 5 3.770487 0.754097 0.010273
NEU_31205_Stationary_1.2 mg/L HOCI-
CI2 5 3.340444 0.668089 0.004417
ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.123641 2 0.06182 5.428658 0.020938 3.885294
Within Groups 0.136653 12 0.011388
Total 0.260294 14
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Anova: Single Factor
Times 0-10 minutes

SUMMARY

Groups Count Sum Average  Variance
NEU_32405_Early Log_2 mg/L HOCI-CI2 2 1.138073 0.569036  0.33698
NEU_33105_Late Log_2 mg/L HOCI-CI2 2 1.317436 0.658718 0.225506
NEU_52005_Stationary_2 mg/L HOCI-CI2 2 1.434989 0.717495 0.146362
ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.022358 2 0.011179 0.047313 0.954487 9.552094
Within Groups 0.708847 3 0.236282
Total 0.731205 5
Anova: Single Factor
Times 10 min - 8 hours
SUMMARY

Groups Count Sum Average  Variance
NEU_32405_Early Log_2 mg/L HOCI-CI2 5 0.228633 0.045727 0.004172
NEU_33105_Late Log_2 mg/L HOCI-CI2 4 0.407628 0.101907 0.021979
NEU 52005 Stationary 2 mg/L HOCI-CI2 5 1177233 0.235447 0.021114
ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.094259 2 0.047129 3.102843 0.085401 3.982298
Within Groups 0.16708 11 0.015189
Total 0.261339 13
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Anova: Single Factor
Times 0-10 minutes

SUMMARY

Groups Count Sum Average  Variance
NEU_53105_Early Log_2 mg/L NH2CI-
Cl2 2 1.876763 0.938382 0.000133
NEU_52205_Late Log_2 mg/L NH2CI-CI2 2 1940115 0.970057 8.26E-05
NEU_60505_Stationary_2 mg/L NH2ClI-
Cl2 2 1.929134 0.964567 0.000125
ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.001146 2 0.000573 5.042953 0.109768 9.552094
Within Groups 0.000341 3 0.000114
Total 0.001487 5
Anova: Single Factor
Times 10 min - 8 hours
SUMMARY

Groups Count Sum Average  Variance
NEU_53105_Early Log_2 mg/L NH2CI-
CI2 5 4.161914 0.832383 0.015752
NEU_52205_Late Log_2 mg/L NH2CI-CI2 5 3.910377 0.782075 0.025353
NEU_60505_Stationary_2 mg/L NH2ClI-
CI2 5 4.426256 0.885251 0.002684
ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.026619 2 0.013309 0.911819 0.427911 3.885294
Within Groups 0.175157 12 0.014596
Total 0.201776 14
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Anova: Single Factor
Times 0-10 minutes

SUMMARY

Groups Count Sum Average  Variance
NEU_71305_Early Log_3 mg/L NH2CI-
CI2 2 1.937495 0.968747 0.000286
NEU_72605_Late Log_3 mg/L NH2CI-CI2 2 1913108 0.956554 0.00169
NEU_60505_Stationary_3 mg/L NH2ClI-
CI2 2 1.869065 0.934533 0.003206
ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.001203 2 0.000601 0.348163 0.731184 9.552094
Within Groups 0.005182 3 0.001727
Total 0.006385 5
Anova: Single Factor
Times 10 min - 8 hours
SUMMARY

Groups Count Sum Average  Variance
NEU_71305_Early Log_3 mg/L NH2CI-
CI2 5 2.678116 0.535623 0.097437
NEU_72605_Late Log_3 mg/L NH2CI-CI2 5 2.278007 0.455601 0.095748
NEU_60505_Stationary_3 mg/L NH2ClI-
CI2 5 3.021083 0.604217 0.055039
ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.055325 2 0.027663 0.334326 0.722279 3.885294
Within Groups 0.992893 12 0.082741
Total 1.048218 14
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Anova: Single Factor
Times 0-10 minutes

SUMMARY

Groups Count Sum Average  Variance
NEU_71305_Early Log_4 mg/LNH2CL-
CI2 2 1.890586 0.945293 0.001335
NEU_60205_Late Log_4 mg/LNH2CL-CI2 2 1.467861 0.733931 0.125412
NEU_60505_Stationary_4 mg/LNH2CL-
CI2 2 1.62643 0.813215 0.049232
ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.045603 2 0.022802 0.388708 0.707766 9.552094
Within Groups 0.17598 3 0.05866
Total 0.221583 5

Anova: Single Factor
Times 10 min - 8 hours

SUMMARY

Groups Count Sum Average  Variance
NEU_71305_Early Log_4 mg/LNH2CL-
CI2 5 1.400646 0.280129 0.137192
NEU_60205_Late Log_4 mg/LNH2CL-CI2 5 0.99354 0.198708 0.027446
NEU_60505_Stationary_4 mg/LNH2CL-
CI2 5 2.246511 0.449302 0.040136
ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.163411 2 0.081705 1.197013 0.335733 3.885294
Within Groups 0.819093 12 0.068258
Total 0.982504 14
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Anova: Single Factor
Times 0-10 minutes

SUMMARY

Groups Count Sum Average  Variance
EC_90605_Early Log_1.2 mg/L HOCI-CI2 2 1.092055 0.546028 0.352722
EC_91305_Late Log_1.2 mg/L HOCI-CI2 2 1.510377 0.755188 0.105546
EC_83005_Stationary_1.2 mg/L HOCI-
Cl2 2 2 1 0
ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.206514 2 0.103257 0.675962 0.572348 9.552094
Within Groups 0.458268 3 0.152756
Total 0.664783 5
Anova: Single Factor
Times 10 min - 8 hours
SUMMARY

Groups Count Sum Average  Variance
EC_90605_Early Log_1.2 mg/L HOCI-CI2 4 0.367254 0.091813 0.001813
EC_91305_Late Log_1.2 mg/L HOCI-CI2 5 1.942593 0.388519 0.009543
EC_83005_Stationary_1.2 mg/L HOCI-
Cl2 5 4.808257 0.961651 0.00106
ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 1.793219 2 0.89661 206.1077 1.91E-09 3.982298
Within Groups 0.047852 11 0.00435
Total 1.841071 13
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Anova: Single Factor
Times 0-10 minutes

SUMMARY

Groups Count Sum Average  Variance
EC_90205_Early Log_3 mg/L NH2CI-CI2 2 1.043373 0.521686 0.327323
EC_91305_Late Log_3 mg/L NH2CI-CI2 2 1.500712 0.750356 0.110827
EC_90805_Stationary 3 mg/L NH2CI-CI2 2 2 1 0
ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.228931 2 0.114465 0.78374 0.532313 9.552094
Within Groups 0.43815 3 0.14605
Total 0.667081 5
Anova: Single Factor
Times 10 min - 8 hours
SUMMARY

Groups Count Sum Average  Variance
EC_90205_Early Log_3 mg/L NH2CI-CI2 4 0.167462 0.041866 0.003081
EC_91305_Late Log_3 mg/L NH2CI-CI2 5 1.35419 0.270838 0.035407
EC_90805_Stationary 3 mg/L NH2CI-CI2 5 4.984578 0.996916 1.03E-05
ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 2.319335 2 1.159668 84.52775 2.1E-07 3.982298
Within Groups 0.150913 11 0.013719
Total 2.470248 13
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Appendix F: N. europaea FISH Experiment

Fluorescent in situ hybridization (FISH) was performed on pure culture N. europaea samples
collected throughout its batch growth curve. Biomass samples were fixed using a solution

containing 4% paraformaldehyde immediately following sample collection and frozen at -15 C
for later use in FISH experiments. Probe NSO 1225, which is selective for Nitrosomonas, was
applied to each sample. An unhybridized control was also prepared using an aliquot of each
sample. Note: due to variability in fixed sample biomass concentrations, different exposure
times had to be used to visualize cells.
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