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Abstract

Water supplies and water distribution systems have been identified as potential targets for 

contamination by bacterial biothreat agents. Since the 2001 Bacillus anthracis bioterrorist attacks, 

additional efforts have been aimed at research to characterize biothreat organisms in regards to 

their susceptibility to disinfectants and technologies currently in use for potable water. Here, we 

present a review of research relevant to disinfection of bacteria with the potential to pose a severe 

threat to public health and safety, and their potential surrogates. The efficacy of chlorine, 

monochloramine, chlorine dioxide, and ultraviolet light to inactivate each organism in suspension 

is described. The complexities of disinfection under varying water conditions and when the 

organisms are associated with biofilms in distribution systems are discussed.
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INTRODUCTION

Concerns regarding the security of drinking water supplies and associated infrastructure 

have increased over the last decade in response to potential vulnerabilities to intentional 

contamination with biological agents (Meinhardt 2005; Gleick 2006; Nuzzo 2006). Five 

bacterial genera belonging to the US Department of Health and Human Services and the 

Department of Agriculture Tier 1 listed agents and one genus previously on the category B 

Select Agent list (National Select Agent Registry 2013), have the potential to pose a severe 

threat to public health and safety, to animal or plant health, or to animal or plant products 

(Centers for Disease Control and Prevention 2012). Some of these agents were shown to 

survive in or to be transmitted by water or both (Sinclair et al. 2008; Pumpuang et al. 2011; 

Gilbert & Rose 2012).
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Drinking water can be contaminated at multiple points along the treatment and distribution 

chain. These locations include the source (surface water or ground water), the treatment 

facility, or after treatment such as in a storage tank or within the distribution system (Khan et 
al. 2001; Gleick 2006; Nuzzo 2006). Most medium to large drinking water utilities (those 

serving a population of ≥ 10,000) use a multiple-barrier approach to treatment, which 

employs various unit processes for the physical removal and chemical inactivation of 

pathogens. The treatment regimen can vary significantly between utilities: depending upon 

the source of the water (ground or surface), the source water quality (the organic load, pH, 

hardness, etc.), and organizational characteristics of a municipality (such as funding 

availability). Because water quality can vary seasonally, treatment scenarios can also vary 

seasonally at the same facility (American Water Works Association Disinfection Systems 

Committee 2000a, 2000b, 2008a, 2008b; Seidel et al. 2005). Each treatment facility employs 

a strategy suited to its needs. Primary pathogen removal and inactivation occurs within the 

treatment facility and includes physical removal processes such as flocculation, 

sedimentation, and filtration that are coupled with disinfection, including the use of 

ultraviolet (UV) irradiation, and/or various chemical disinfectants (free chlorine, 

monochloramine, chlorine dioxide, and ozone). Secondary disinfection provides a residual 

protection by preventing or controlling regrowth or recontamination during water storage 

and distribution. Chlorine dioxide, ozone, and UV light are used as primary disinfectants, 

while free chlorine and monochloramine are commonly used for both primary and 

secondary disinfection.

The water treatment industry typically uses concentration-time (Ct) values to calculate 

microbial inactivation and to evaluate the effectiveness of water treatment. The Ct value (mg 

· min L−1) is the product of the concentration of a disinfectant (C, mg L−1) and the time of 

exposure to the disinfectant (t, min), and is calculated for each organism of concern for a 

value that will describe the conditions necessary to achieve 2, 3, or 4 log10 inactivation of 

that organism (Hoff 1986; Connell 1996). References were selected for inclusion in this 

review if the test conditions were presented clearly, and if the data were presented in Ct 

values or graphically in a manner in which the Ct values could be estimated. The data 

presented typically were collected in laboratory settings with relatively clean potable water 

or ultra-purified water, and at temperatures and pH levels typical of most water distribution 

systems in the United States. The application of the results, however, must be qualified by 

saying that the efficacy of the disinfectants may not be comparable to what is presented if 

used in water with more organic matter, different pH levels, and widely different 

temperatures from those employed in the studies presented.

This review summarizes the findings of recent research on disinfection of bacterial threat 

agents in water with commonly used primary and secondary disinfectants, and discusses the 

knowledge gaps in this field.

CHLORINE

According to a 2007 American Water Works Association (AWWA) survey of 312 water 

utilities, chlorine is the most used disinfectant for secondary disinfection of potable water 

(American Water Works Association Disinfection Systems Committee 2008a). Free chlorine 
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is known to react with organic substances to produce trihalomethanes and other hazardous 

halogenated disinfection by-products (DBPs). Water treatment plants must prevent elevated 

levels of DBPs to meet US Environmental Protection Agency (EPA) limits (US 

Environmental Protection Agency 2006a), yet still ensure that water has been adequately 

disinfected. Some utilities use alternate disinfectants over the year to address seasonal 

changes in source water quality or to comply with regulatory limits for DBPs (US 

Environmental Protection Agency 2006a, b).

Chlorine dissociates in water to form hypochlorous acid and hypochlorite ion in a pH-

dependent reaction with hypochlorous acid predominating at or below pH 7.5. The 

inactivation efficacy of free available chlorine (FAC) on any microorganism is dependent 

upon both the pH and temperature of the water (Hoff 1986; Connell 1996). Hypochlorous 

acid is the most effective disinfectant of the chemical species in the water–chlorine mixture. 

In the 2007 AWWA survey (American Water Works Association 2008a), the mean reported 

distribution system water pH was 7.4, although the values ranged from 4.9 to 9.0. 

Considering this range of pH levels possible at any given time, the Ct values reported in 

Tables 1 and 2 can be considered a best case scenario. Most data reported in this review are 

the result of testing at pH 7.0 and 8.0.

The earliest systematic chlorine disinfection study with Bacillus anthracis spores was 

conducted in 1958 by Brazis et al. (1958). The work evaluated FAC efficacy on B. anthracis 
at several pH levels, and found that as the pH was increased from 6.2 to 10.5, increasing 

concentrations of FAC were needed to achieve the same 4 log10 inactivation. This finding 

was confirmed in subsequent work by Rice et al. (2005), in which Ct values (3 log10 

reduction) for B. anthracis Sterne at 23 °C increased from 68 to 191 when pH was elevated 

from 7 to 8 (Table 1).

Water temperature also affects the efficacy of chlorine disinfection by influencing kinetics of 

the chemical reactions above and the interaction of the disinfectant with the cells (Haas 

1980). An example from Rose et al. (2005) of this is the increase of the Ct (3 log10 

inactivation) for B. anthracis Sterne from 86 to 271 with water temperatures of 25 °C to 

5 °C, respectively (Table 1). Brazis et al. (1958) also demonstrated the effect of temperature 

on free chlorine disinfection of B. anthracis; a 4 log10 inactivation at 4 °C required at least 

three times the FAC concentration than that needed at 22 °C.

Not surprisingly, B. anthracis spores are significantly more resistant to chlorine than all of 

the non-sporulating bacteria tested (Rose et al. 2005), with 3 log10 inactivation Ct values 

ranging from 68 to 339 at pH 7, (depending upon water temperature and strain), and up to 

478 at pH 8 (Table 1). Differences in susceptibility were seen between the virulent Ames 

strain (more resistant – Ct (3 log10 reduction) of 102 at pH 7, 25 °C), and the avirulent 

Sterne strain (less resistant – Ct of 86 at pH 7, 25 °C) (Table 1). Cho et al. (2006) 

demonstrated a synergistic effect when chlorine dioxide or ozone was followed by free 

chlorine treatment of B. subtilis spores that enhanced inactivation significantly. B. anthracis 
may behave similarly to B. subtilis in susceptibility to the combined treatment, though 

testing has yet to be done.
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The Gram-negative vegetative biothreat agents (Table 2) are substantially more susceptible 

to chlorine than the Bacillus spores (Table 1), as evidenced by the significantly lower Ct 

values. Few differences in Ct values were seen between 5 ° and 25 °C when Brucella suis, 
Brucella meilitensis, Burkholderia mallei, and Yersinia pestis were challenged with FAC. 

These four bacteria were very susceptible to low levels of FAC, with 3 log10 inactivation Ct 

values below 0.7 (Table 2). Hence, if the water contained 1.0 mg L−1 FAC, noted by the 

AWWA as being the mean and median concentration reported by the 2007 AWWA survey 

participants (American Water Works Association 2008a), then these four Gram-negative 

organisms would be inactivated by three orders of magnitude within 0.7 min, assuming a 

first order reaction rate.

Burkholderia pseudomallei, which is endemic to Southeast Asia and northern Australia, has 

been linked to disease transmitted by a community water supply (Currie et al. 2001). There 

appears to be much variation in tolerance to disinfectants within this species, though little is 

known about the resistance mechanism (Howard & Inglis 2003, 2005; O’Connell et al. 
2009). Some strains produce increased amounts of mucoid polysaccharide, which is readily 

observed in their colonial morphology, and has been reported to affect resistance to UV 

light, but was not directly correlated to FAC resistance (Howard & Inglis 2005). One study 

conducted with Australian isolates found some cells in a test suspension survived 1,000 mg 

L−1 FAC, using a broth-based most probable number (MPN) culture method (Howard & 

Inglis 2003). In contrast, using the same MPN culture method as well as a standard plate 

count culture method, O’Connell et al. (2009) tested 11 strains of various origins and 

morphologies (but not the same Australian isolates mentioned previously) and found that all 

strains were inactivated within 10 minutes with a FAC concentration of 1 mg L−1 (Table 2). 

These findings suggest that a wide range of susceptibility exists within the species.

Francisella tularensis is another Gram-negative organism that demonstrates a greater 

tolerance to FAC as compared to vegetative cells of other biothreat organisms. F. tularensis 
possesses a surface capsule that has not been well characterized, but is known to protect the 

bacteria from serum complement (Sandstrom et al. 1988; McLendon et al. 2006), and may 

also protect the cell from disinfectants. Some variability in FAC tolerance is seen between 

strains, especially at 5 °C and pH 8 where 4 log10 reduction Ct values ranged from 24.3 for 

the LVS strain to 103.4 for the MA00-2987 strain (Table 2). Interestingly, no statistical 

differences in 4 log10 reduction Ct values were seen between strains at 25 °C and pH 7, with 

values ranging from 0.7 to 1.7 (O’Connell et al. 2010) (Table 2). Under the best conditions 

(pH 7, 25 °C) and 1 mg L−1 FAC, the most tolerant strain of planktonic F. tularensis would 

require <1 min for inactivation by four orders of magnitude. However, at elevated pH (pH 8) 

and low temperature (5 °C) the most tolerant strain of F. tularensis would require up to 1.7 h 

for the same 4 log10 inactivation (O’Connell et al. 2010). Although the environmental 

reservoir(s) for F. tularensis is not yet fully understood, tularemia outbreaks have been 

associated with natural (untreated) water most likely due to the presence of infected animals 

or animal carcasses in or near the water (Karpoff & Antonoff 1936; Grunow et al. 2012). In 

natural waters and in potable water distribution systems, free-living amoeba are common, 

and the coexistence of F. tularensis with amoeba may contribute to its persistence in the 

environment and potentially to its resistance to disinfectants in water, as discussed later.
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MONOCHLORAMINE

Chloramines are created by the mixing of chlorine with ammonia. Chloramines are less 

effective against most organisms when compared to free chlorine, but are more stable than 

free chlorine in distribution systems and produce fewer of the regulated DBPs associated 

with chlorine disinfection (US Environmental Protection Agency 1999). Monochloramine is 

the predominate form used in drinking water disinfection and it is used in approximately 

30% of US utilities for secondary disinfection, making it second only to free chlorine 

(American Water Works Association Disinfection Systems Committee 2008b). 

Monochloramine is most stable at pH 8, and most disinfection testing has been performed 

using preformed monochloramine at pH 8. However it may not be possible to consistently 

maintain this pH level in water distribution systems and the method of chloramination 

preparation (ammoniation prior to or after chlorination) varies among utilities.

All of the organisms tested were more tolerant of monochloramine than of free chlorine as 

evidenced by the larger Ct values (Tables 1 and 2). B. anthracis spores were, as expected, 

significantly more resistant than the non-spore forming organisms. Differences were seen 

between strains of B. anthracis spores, with the Ct values for the Sterne strain 1.5 to three 

times greater than those of the Ames strain, depending upon temperature (Table 1). To 

achieve a 2 log10 inactivation of planktonic B. anthracis Ames spores at 25 °C with 2 mg 

L−1 monochloramine, 6.5 hours of contact time is necessary (785 mg · min L−1 ÷ 2 mg L−1 

÷ 60 min hr−1), and 10 hours contact time for a 3 log10 reduction.

B. pseudomallei, B. mallei, B. melitensis, B. suis, F. tularensis, and Y. pestis demonstrated 2 

log10 reduction Ct values of 21.9 to 104.4 if suspended in water maintained at 25 °C and pH 

8 (Table 2). These Ct values can be interpreted by considering that if the target concentration 

of 2 mg L−1 monochloramine (American Water Works Association Disinfection Systems 

Committee 2000a) is maintained in a distribution system, a 2 log10 inactivation of these 

Gram-negative bacteria will be achieved within 52 min (104 mg · min L−1 ÷ 2 mg L−1). As 

with chlorine, lower water temperature (5 °C) reduced the disinfection efficacy of 

monochloramine as evidenced by three to five times greater Ct values than at 25 °C (Table 

2). B. melitensis was the most resistant of these vegetative Gram-negative organisms and 

when challenged with 2 mg L−1 monochloramine in water held at 5 °C, 250 min (4.2 hours) 

was required to achieve a 2 log10 reduction in viable organisms (Ct = 501.8, Table 2).

CHLORINE DIOXIDE

Chlorine dioxide (ClO2) is generated by reacting chlorine gas with sodium chlorite in 

solution or solid form. About 8% of US water utilities were using chlorine dioxide in 2007, 

according to an AWWA survey (American Water Works Association Disinfection Systems 

Committee 2008a). ClO2 dissipates quickly, and does not produce substantial amounts of 

DBPs. It is typically used as a primary disinfectant, with an average concentration of 1.18 

mg L−1 and 13.8 min contact time within the treatment facility (American Water Works 

Association Disinfection Systems Committee 2000b, 2008a).

As seen with chlorine and monochloramine, B. anthracis spores were more tolerant of ClO2 

than the remaining biothreat bacteria tested, with Ct values ranging from 57 to 738 for 
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spores and 0.02 to 2.0 for the remaining organisms (all Gram-negative), depending upon 

temperature, pH, and strain (Tables 1 and 2). At 25 °C, ClO2 Ct values for B. anthracis 
Sterne spores were comparable to chlorine Ct values (3 log10 Ct at pH 7: 81 vs. 86, ClO2 vs. 

FAC, respectively, Table 1) but at 5 °C, ClO2 was less efficacious than chlorine (667 vs. 271, 

ClO2 vs. FAC, respectively, Table 1).

ClO2 was seen to be more effective at inactivating most of the Gram-negative organisms at 

pH 8 than at pH 7 (two exceptions: B. suis and B. mallei M-9 at 25 °C), although the effect 

was not as distinct as seen with FAC disinfection where better inactivation was observed at 

pH 7. Researchers have reported slight differences in the efficacy of ClO2 on Escherichia 
coli and Legionella pneumophila with changes in water pH (Botzenhart et al. 1993, Junli et 
al. 1997). In contrast, changes in pH made no significant difference in inactivation of B. 
anthracis spores (Shams et al. 2011), B. subtilis spores (Cho et al. 2006), B. 
stearothermophilus spores, or B. cereus spores (Foegeding et al. 1986).

The Gram-negative organisms were more susceptible to ClO2 at 25 °C than at 5 °C, with all 

showing a 3 log10 reduction at 25 °C Ct ≤0.7, and at 5 °C Ct ≤2.0. Differences in ClO2 

susceptibility between the Gram-negative organisms were most evident at pH 7 and 5 °C, 

with F. tularensis, B. melitensis, and B. suis demonstrating slightly more tolerance to ClO2 

than Y. pestis, B. pseudomallei, and B. mallei.

Regardless of these differences, Ct values for all of the Gram-negative organisms were ≤2, 

therefore at a concentration of 1 mg L−1 ClO2, all would be inactivated within 2 min under 

any of the water conditions tested.

UV IRRADIATION

In US drinking water treatment facilities, UV light is used for primary treatment, but only 

2% (5 of 218) of utilities reported using UV disinfection in 2007 (American Water Works 

Association Disinfection Systems Committee 2008b). This technology is expected to 

become more wide-spread because of a new EPA water treatment rule and guidance released 

in 2007 (US Environmental Protection Agency 2006a, c). The five utilities responding to the 

survey reported the designed fluence (dose) to be 40–45 mJ cm−2. Point-of-use UV devices 

are also available to treat water at distal ends of the distribution system, which will deliver 

40 mJ cm−2 (class A device) or 16 mJ cm−2 (class B device). The doses required for the 

given log10 inactivation of the bacterial biothreat agents are reported in Table 3. The data 

presented are from laboratory experiments conducted with a low-pressure lamp with a 

wavelength of 254 nm.

The radiant energy doses required for 4 log10 inactivation of the non-spore forming 

organisms tested ranged from 4.1 mJ cm−2 (Y. pestis Harbin) to 10.5 mJ cm−2 (B. suis). 

These fluences are similar to other non-spore forming waterborne pathogens such as E. coli, 
Shigella sonnei, Yersinia enterocolitica, and Campylobacter jejuni (Chang et al. 1985; Butler 

et al. 1987). When examining the UV susceptibility of the Gram-negative organisms in Table 

3, little variation in UV susceptibility was seen between isolates of the same species (≤3 mJ 

cm−2 in fluence for a 4 log10 inactivation).
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B. anthracis spores were significantly more resistant to UV than the Gram-negative 

vegetative organisms with a 2 log10 inactivation requiring >36 mJ cm−2, depending upon 

strain and experimental parameters (Table 3). In addition, the slope of the inactivation curve 

leveled off so that providing additional UV dose did not inactivate more spores 

proportionally. Knudson (1986) found B. anthracis Sterne spores to be more tolerant of UV 

than two more recent studies with B. anthracis Sterne spores (Nicholson & Galeano 2003; 

Rose & O’Connell 2009), in that a 2 log10 inactivation required approximately 135 mJ cm−2, 

and a 3 log10 inactivation was not achieved with a fluence of 189 mJ cm−2 (Table 3). The 

disparate susceptibilities reported may be explained by the differences in sporulation and/or 

storage media used, or slight differences in experimental conditions. Some researchers noted 

that susceptibility can vary with the growth media or physiological conditions of the cells 

when sporulation occurs (Nicholson & Law 1999; Rose & O’Connell 2009). Mamane-

Gravetz & Linden (2005) also noted that when B. subtilis spores were challenged with UV 

light, the dose-response curve tailed off at fluences greater than 60 mJ cm−2, and after 

testing hydrophobicity and particle sizes, found that the tailing was due to aggregates of 

spores providing protection of spores within the aggregate from UV light. Spores that are 

more hydrophobic demonstrate more aggregation and their UV fluence–response curves are 

more likely to tail off at the higher fluence applications (Mamane-Gravetz & Linden 2005). 

In another study, Nicholson & Galeano (2003) found no difference in UV susceptibility 

between B. anthracis Sterne spores and two B. subtilis spore strains.

If utilities design their UV treatment systems to deliver fluences of 40–45 mJ cm−2, this 

should inactivate >4 log10 of all planktonic Gram-negative bacterial biothreat organisms 

present in non-turbid water, but only 1 to 2 log10 of B. anthracis spores (depending upon 

strain). Combining ozone treatment with UV treatment was shown to enhance reduction of 

B. subtilis spores by 33% (Jung et al. 2008), and may prove effective for B. anthracis spores 

as well.

BOILING

Advisories to ’boil water’ are often issued to the public if potable water is found unsuitable 

for consumption. Bringing water to a rolling boil for 1 min will inactivate most bacteria, 

viruses, and protozoa (Geldreich 1989). B. anthracis Sterne spores were found to require 3 

min of boiling in a covered vessel for complete inactivation of 4.95 log10 spores. In an open 

vessel, however, 2.13 log10 and 2.01 log10 spores remained viable after 3 min and 5 min, 

respectively (Rice et al. 2004). In another study, B. subtilis, a surrogate for B. anthracis, was 

found to be present in the steam arising from a boiling flask containing a suspension of 

spores (Weber & Dunahee 2003). These two studies demonstrate that the boiling water in an 

open vessel does not sufficiently inactivate Bacillus spores in 3 to 5 minutes, and may 

aerosolize the spores, possibly creating an inhalation risk. Data are not available to 

demonstrate if steam escaping from a covered pot may also pose a possible inhalation risk.

USE OF SURROGATES

Most laboratories do not have the security, containment, and protection needed to work with 

fully virulent biothreat agents, and surrogate organisms are commonly used for fate, 
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transport, and disinfection studies. The use of appropriate surrogates is essential so that the 

resulting data can be applied during a response to an actual biothreat event. In disinfection 

testing, use of a more resistant organism as a surrogate is often desired, since this would 

provide even more assurance that the treatment is effective and allow for some deviation in 

water quality or strain-to-strain susceptibility differences. The Gram-negative biothreat 

organisms tested are similar in disinfectant and UV susceptibility to other Gram-negative 

organisms and coliforms of concern to the water industry such as E. coli (Tables 1 and 3). In 

addition, low virulence strains that can be manipulated safely in biosafety level 2 

laboratories are available for use as surrogate organisms (i.e., Yersinia pestis A1122). For 

these reasons, more attention has been given to finding appropriate disinfection surrogates 

for B. anthracis spores.

Bacillus atrophaeus var. globigii (BG; previously B. globigii, B. subtilis var. niger, and B. 
atrophaeus var. niger) is a commonly used surrogate for B. anthracis, partly because of the 

work of Brazis et al. (1958). His work demonstrated that BG is more resistant to FAC than 

the virulent B. anthracis (Ohio State University) in buffered water adjusted to pH 6.2, 7.2, 

and 8.6, but if the water was adjusted to pH 10.5, the two species are equivalent in 

susceptibility. Sivaganesan et al. (2006) also demonstrated that BG is more resistant to FAC 

than B. anthracis, with a 2 log10 Ct at 5 °C, pH 7 of 372 for BG as compared to 220 for B. 
anthracis Ames (Table 1). These data suggest that BG would be an appropriate conservative 

surrogate for B. anthracis FAC disinfection testing. In another study, B. cereus spores were 

found to be very close in FAC susceptibility to B. anthracis Sterne spores, while B. 
thuringiensis spores were more resistant than both B. anthracis Sterne and B. cereus spores, 

but comparable in susceptibility to B. anthracis Ames spores (pH 7, 23 °C and 5 °C) (Rice et 
al. 2005). B. thuringiensis may, therefore, be another choice of a surrogate to ensure 

adequate disinfection for B. anthracis, if the water of concern is maintained at pH 7. B. 
subtilis ATCC 6633 was investigated as a potential surrogate for FAC testing (Barbeau et al. 
1999), and when the data were compared from tests conducted at similar, though not exactly 

the same pH and temperatures, the B. subtilis Ct values were three times greater than those 

for B. anthracis Sterne (2 log10 reduction, 20 °C and 23 °C, pH 7; 148 and 45, respectively), 

and almost twice the Ct value reported for B. anthracis Ames tested at 25 °C and pH 7 (Ct = 

79) (Table 1). The greater Ct values for B. subtilis as compared to B. anthracis were also 

seen when testing was performed at pH 8 (Table 1, 2 log10 inactivation, B. subtilis vs. B. 
anthracis Sterne, 368 and 127, respectively). These data also point to B. subtilis as a 

potential conservative surrogate for B. anthracis when conducting disinfection studies.

Dow et al. (2006) conducted monochloramine testing on B. subtilis in water containing 

small amounts of organic and inorganic matter (<0.05 NTU, <0.3 mg L−1 DOC), and found 

a 2 log10 inactivation Ct value of approximately 5,900, which is four to seven times higher 

than seen for B. anthracis spores tested under similar pH and temperature conditions (Table 

1, pH 8, 22 °C–25 °C). More work is required to determine if this higher Ct is due to the 

differences in the spores’ susceptibility to monochloramine, or due to the differences in 

water quality.

Cho et al. (2006) found B. subtilis to be slightly more susceptible to ClO2 than B. anthracis 
spores, with a 2 log10 Ct of approximately 35 (25 °C, pH 8.2), as compared to 57 and 73 for 
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B. anthracis Sterne and Ames, respectively (Table 1). Hosni et al. (2009) conducted ClO2 

susceptibility testing of B. globigii at a slightly lower temperature (20 °C, pH 8), and 

reported a 2 log10 Ct of 76, comparable to B. anthracis spores (57 and 73 for B. anthracis 
Stern and Ames, respectively, Table 1). Side-by-side comparisons of the surrogate spores 

and B. anthracis spores should be conducted before selecting an appropriate surrogate spore 

for ClO2 disinfection.

The UV susceptibility of non-spore forming bacteria that can compromise water quality, 

such as E. coli, C. jejuni, and Y. enterocolitica (Butler et al. 1987), appear to be close to that 

of the vegetative bacterial biothreat agents with a 4 log10 inactivation requiring fluences of 

2.1–8.4 as compared to 4.1–10.5 mJ cm−2 (Table 3).

B. subtilis has historically been used as a very conservative surrogate for Cryptosporidium 
and Giardia when validating a water system’s UV reactor (Sommer et al. 1998; US 

Environmental Protection Agency 2006c). Several researchers have compared the UV 

susceptibility of B. subtilis spores to that of other microorganisms (Setlow 1988; Nicholson 

& Galeano 2003). Most of these studies, with one exception (Cho et al. 2006), found similar 

UV fluences for B. subtilis inactivation (36–48 mJ cm−2 for 2 log10 inactivation). 

Furthermore, Nicholson & Galeano (2003) found no difference in UV susceptibility between 

B. anthracis Sterne spores and two B. subtilis spore strains (Table 3).

OZONE

Ozone was used by 9% of respondents to a 2007 survey of US treatment facilities (American 

Water Works Association Disinfection Systems Committee 2008a), and is effective in 

inactivating many waterborne bacteria and viruses (White 1999). No ozone efficacy data 

were found, however, for the bacterial biothreat agents of concern. Larson & Mariňas (2003) 

challenged Bacillus subtilis ATCC 6051 spores (a possible surrogate for B. anthracis spores) 

with ozone and found that at pH 7 and 20 °C, the 3 log10 inactivation Ct value was about 

8.2. Lower temperature and higher pH reduced the efficacy of the ozone on the B. subtilis 
spores. Driedger et al. (2001) tested B. subtilis ATCC 6633 under the same pH and 

temperature conditions as Larson et al., and reported a 3 log10 Ct value of approximately 10 

(estimated from a plot). Vegetative bacteria are more susceptible to ozone than spores, with 

reported 99% inactivation Ct values of 0.02 for E. coli (5 °C and pH 6–7, Hoff 1986), <1– < 

5 for L. pneumophila and <1–13 for Mycobacterium fortuitum (25 °C and pH 7, Jacangelo 

et al. 2002). These values may be representative of many vegetative bacteria, although more 

work is needed to confirm the efficacy of ozone on the biothreat bacteria.

BIOFILMS AND AMOEBA

The data presented in Tables 1, 2, and 3 are specific to planktonic organisms, but it is also 

important to consider the efficacy of disinfectants on organisms attached to surfaces and 

associated with biofilms. Potable water distribution system pipes are universally colonized 

with biofilms in spite of the low nutrient conditions and the presence of residual 

disinfectants (LeChevallier et al. 1988b). Many pathogenic bacteria, such as L. pneumophila 
(Murga et al. 2001), Helicobacter pylori (Park et al. 2001; Bunn et al. 2002), and Salmonella 
typhimurium (Armon et al. 1997), have been demonstrated to survive and persist within 
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model biofilms and in drinking water system biofilms. Bio-film-associated microorganisms, 

including pathogens, attached to surfaces and particles are also known to be more resistant 

to disinfection than planktonic organisms (Herson et al. 1987; LeChevallier et al. 1988a). 

Little information is available regarding how actual bacterial biothreat agents interact with 

biofilms, although some investigations have been conducted using surrogate agents.

Szabo et al. (2007) demonstrated that B. atrophaeus var. globigii spores, a surrogate for B. 
anthracis spores, were able to persist in a model drinking water biofilm on corroded iron 

coupons. In the model system, a concentration of 10 mg L−1 free chlorine for 6 days reduced 

viable spores by 2 log10, but close to 4 × 103 CFU cm−2 remained on the coupons. 

Additional increases in chlorine concentration (25 and 70 mg L−1) provided little additional 

inactivation (Szabo et al. 2007). One reason for the inability of high concentrations of 

chlorine to inactivate biofilm associated spores is that the chlorine was measured to be 40–

70% lower at the surface of the biofilm or the iron surface, as compared to the bulk fluid 

surrounding the biofilm (Szabo et al. 2006). The surface material, the microbial community, 

exopolysaccharide produced by biofilm associated organisms, microbial metabolites, and 

other substances that become trapped in the biofilm can also create a demand for the 

chlorine and reduce the amount that actually comes in contact with the spores. Rough or 

corroded pipe surfaces can also provide protective areas that the chlorine cannot reach 

(Szabo et al. 2007). Additionally, the surface composition can influence the efficacy of the 

disinfectant. When spores in a biofilm on a copper surface were challenged with chlorine 

and monochloramine, the Ct values were consistently higher than if the spores were in a 

biofilm established on a PVC surface when challenged with the same disinfectants (Morrow 

et al. 2008). Morrow et al. (2008) also demonstrated monochloramine to be more effective at 

disinfecting B. anthracis Sterne and B. thuringiensis spores in a biofilm than chlorine, 

corroborating previous reports that monochloramine is more stable and is less reactive 

toward the biofilm matrix (LeChevallier et al. 1990; Griebe et al. 1994). Hosni et al. (2009), 

using the same experimental method as Szabo et al. (2007), found that ClO2 was able to 

penetrate the biofilm matrix much better than chlorine and inactivate 4 log10 CFU of biofilm 

associated BG spores with 25 mg L−1 within 8 days.

Addition of a germinant (50% Trypticase™ soy broth) into a model distribution system, 

followed by flushing, was found to enhance the efficacy of chlorine (5 mg L−1) and 

encourage detachment of BG spores from established biofilms on concrete and iron surfaces, 

resulting in no detectable spores (>4 log10 CFU cm−2 reduction) (Szabo et al. 2012). 

Morrow & Cole (2009) also demonstrated enhanced chlorine efficacy after addition of 

germinant (1 mM inosine and 8 mM l-alanine) to a biofilm reactor containing B. anthracis 
Sterne spores associated with an established biofilm. Efficacy was improved from 0.4 log10 

to 3.4 log10 inactivation when the reactor was treated with 10 mg L−1 free chlorine (Morrow 

& Cole 2009).

Szabo et al. (2006) demonstrated that Klebsiella pneumoniae, a potential surrogate for any 

of the Gram-negative biothreat organisms, was protected from chlorine by association with a 

mixed species biofilm. In addition, without a chlorine challenge, K. pneumoniae was unable 

to colonize the iron surface for more than 2 weeks, indicating that the microbe may have had 

trouble competing with the established municipal water biofilm organisms. Whether any of 
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the Gram-negative biothreat bacteria are able to persist and multiply within a municipal 

water system biofilm has yet to be determined.

Another challenge to disinfection of biothreat agents are their potential association with 

free-living amoeba, common in natural waters and in potable water distribution systems 

(Howard & Inglis 2005; Marciano-Cabral et al. 2010). Several of these agents, such as F. 
tularensis (Abd et al. 2003; El-Etr et al. 2009), B. pseudomallei (Inglis et al. 2000), Y. pestis 
(Nikul’shin et al. 1992), and Bacillus anthracis spores (Dey et al. 2012) have been shown to 

co-exist with amoeba. Protozoa phagocytize the bacteria, yet several bacterial species are 

able to resist digestion, and some are capable of multiplying within the amoeba. B. 
pseudomallei was demonstrated to survive endocytosis and to subsequently escape from 

three Acanthamoeba spp. (Inglis et al. 2000). The coexistence of L. pneumophila and several 

coliforms was shown to contribute to their resistance to disinfectants in water (King et al. 
1988; Kilvington & Price 1990). Similarly, when B. pseudomallei was co-cultured with 

Acanthamoeba, B. pseudomallei was 1,000- to 10,000-fold more resistant to FAC, and B. 
pseudomallei was found to replicate within Acanthamoeba during long FAC exposure times 

(Howard & Inglis 2005).

CONCLUSION

The vulnerability of drinking water supplies to acts of bioterrorism continues to be a matter 

of concern for public health authorities and water utilities. While the potential use of these 

agents for intentional contamination has been recognized since the cold war era (Berger & 

Stevenson 1955), it has only been within the last decade that there has been a concerted 

effort to evaluate water treatment practices for countering such threats. The current review 

provides a summary of recent studies designed to determine the efficacy of common water 

treatment practices for inactivation of bacterial biothreat agents. The vegetative biothreat 

bacteria were found to be susceptible to all disinfectants as currently used in modern water 

treatment systems, although some strains of F. tularensis and B. pseudomallei were reported 

to be slightly more tolerant of free chlorine than other vegetative cells. The Bacillus 
anthracis spores were significantly more resistant to all disinfectants than the vegetative 

cells, and a range of susceptibility was seen between strains. While these studies were 

conducted under ideal or oxidant demand-free conditions, they provide important 

information on the innate resistance of these organisms. Future studies in this area should be 

aimed at evaluating the effect that varying water quality conditions might have on these 

processes.

Acknowledgments

The findings and conclusions in this report are those of the authors and do not necessarily represent the views of the 
Centers for Disease Control and Prevention or the Environmental Protection Agency.

REFERENCES

Abd H, Johansson T, Golovliov I, Sandstrom G, Forsman M. Survival and growth of Francisella 
tularensis in Acanthamoeba castellanii. Appl. Environ. Microbiol. 2003; 69:600–606. [PubMed: 
12514047] 

Rose and Rice Page 11

J Water Health. Author manuscript; available in PMC 2016 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



American Water Works Association Disinfection Systems Committee (AWWA). Committee Report: 
Disinfection at small systems. J. Am. Water Works Assoc. 2000a; 92:24–31.

American Water Works Association Disinfection Systems Committee (AWWA). Committee Report: 
Disinfection at large and medium-sized systems. J. Am. Water Works Assoc. 2000b; 92:32–43.

American Water Works Association Disinfection Systems Committee (AWWA). Committee Report: 
Disinfection Survey, part 1 – Recent changes, current practices, and water quality. J. Am. Water 
Works Assoc. 2008a; 100:76–91.

American Water Works Association Disinfection Systems Committee (AWWA). Committee report: 
Disinfection survey, part 2 – alternatives, experiences, and future plans. J. Am. Water Works Assoc. 
2008b; 100:110–124.

Armon R, Starosvetzky J, Arbel T, Green M. Survival of Legionella pneumophila and Salmonella 
typhimurium in biofilm systems. Water Sci. Technol. 1997; 35(11–12):293–300.

Barbeau B, Boulos L, Desjardins R, Coallier J, Prévost M. Examining the use of aerobic spore-forming 
bacteria to assess the efficiency of chlorination. Water Res. 1999; 33:2941–2948.

Berger B, Stevenson AH. Feasibility of biological warfare against public water supplies. J. Am. Water 
Works Assoc. 1955; 47:101–110.

Botzenhart K, Tarcson GM, Ostruschka M. Inactivation of bacteria and coliphages by ozone and 
chlorine dioxide in a continuous flow reactor. Water Sci. Technol. 1993; 27(3–4):363–370.

Brazis AR, Lisle JE, Kabler PW, Woodward RL. The inactivation of spores of Bacillus globigii and 
Bacillus anthracis by free available chlorine. Appl. Microbiol. 1958; 6:338–342. [PubMed: 
13571976] 

Bunn JEG, MacKay WG, Thomas JE, Reid DC, Weaver LT. Detection of Helicobacter pylori DNA in 
drinking water biofilms: implications for transmission in early life. Lett. Appl. Microbiol. 2002; 
34:450–454. [PubMed: 12028428] 

Butler RC, Lund V, Carlson DA. Susceptibility of Camplylobacter jejuni and Yersinia enterocolitica to 
UV radiation. Appl. Environ. Microbiol. 1987; 53:375–378. [PubMed: 3551844] 

Centers for Disease Control and Prevention (CDC). Bioterrorism Agents/Diseases. Centers for Disease 
Control and Prevention. 2012. Available at: http://emergency.cdc.gov/agent/agentlist-
category.asp#catdef.

Chang JCH, Osoff SF, Lobe DC, Dorfman MH, Dumais CM, Quails RG, Johnson JD. UV inactivation 
of pathogenic and indicator microorganisms. Appl. Environ. Microbiol. 1985; 49:1361–1365. 
[PubMed: 2990336] 

Cho M, Kim J-H, Yoon J. Investigating synergism during sequential inactivation of Bacillus subtilis 
spores with several disinfectants. Water Res. 2006; 40:2911–2920. [PubMed: 16884760] 

Connell, GF. The Chlorination/Chloramination Handbook. Denver, CO: American Water Works 
Association; 1996. 

Currie BJ, Mayo M, Anstey NM, Donohoe P, Haase A, Kemp DJ. A cluster of meliodidosis cases from 
an endemic region is clonal and is linked to the water supply using molecular typing of 
Burkholderia pseudomallei isolates. Am. J. Trop. Med. Hyg. 2001; 65:177–179. [PubMed: 
11561699] 

Dey R, Hoffman PS, Glomski IJ. Germination and amplification of anthrax spores by soil-dwelling 
amoebas. Appl. Environ. Microbiol. 2012; 78:8075–8081. [PubMed: 22983962] 

Dow SM, Barbeau B, von Gunten U, Chandrakanth M, Amy G, Hernandez M. The impact of selected 
water quality parameters on the inactivation of Bacillus subtilis spores by monochloramine and 
ozone. Water Res. 2006; 40:373–382. [PubMed: 16364398] 

Driedger A, Staub E, Pinkernell U, Marinas B, Köster W, Von Gunten U. Inactivation of Bacillus 
subtilis spores and formation of bromate during ozonation. Water Res. 2001; 35:2950–2960. 
[PubMed: 11471695] 

El-Etr SH, Margolis JJ, Monack D, Robison RA, Cohen M, Moore E, Rasley A. Francisella tularensis 
type A strains cause the rapid encystment of Acanthamoeba castellanii and survive in amoebal 
cysts for three weeks postinfection. Appl. Environ. Microbiol. 2009; 75:7488–7500. [PubMed: 
19820161] 

Foegeding PM, Hemstapat V, Giesbrecht FG. Chlorine dioxide inactivation of Bacillus and 
Clostridium spores. J. Food Sci. 1986; 51:197–201.

Rose and Rice Page 12

J Water Health. Author manuscript; available in PMC 2016 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Geldreich EE. Drinking water microbiology–new directions toward water quality enhancement. Int. J. 
Food Microbiol. 1989; 9:295–312. [PubMed: 2701859] 

Gilbert SE, Rose LJ. Survival and persistence of non-spore-forming biothreat agents in water. Lett. 
Appl. Microbiol. 2012; 55:189–194. [PubMed: 22725260] 

Gleick PH. Water and terrorism. Water Policy. 2006; 8:481–503.

Griebe, T.; Chen, C-I.; Srinivasan, R.; Stewart, PS. Analysis of biofilm disinfection by 
monochloramine and free chlorine. In: Geesey, GG.; Lewandowski, Z.; Flemming, HC., editors. 
Biofouling and Biocorrosion in Industrial Water Systems. Boca Raton, FL: CRC Press; 1994. p. 
151-161.

Grunow R, Kalaveshi A, Kühn A, Mulliqi-Osmani G, Ramadani N. Surveillance of tularaemia in 
Kosovo*, 2001 to 2010. Euro. Surveill. 2012; 17(28) Available at: http://
www.eurosurveillance.org/ViewArticle.aspx?ArticleId=20217. 

Haas CN. A mechanistic kinetic model for chlorine disinfection. Environ. Sci. Technol. 1980; 14:339–
340. [PubMed: 22276727] 

Herson DS, McGonigle B, Payer MA, Baker KH. Attachment as a factor in the protection of 
Enterobacter cloacae from chlorination. Appl. Environ. Microbiol. 1987; 53:1178–1180. [PubMed: 
3606094] 

Hoff, JC. Inactivation Of Microbial Agents By Chemical Disinfectants. Cincinnati, OH: US 
Environmental Protection Agency; 1986. EPA/600/2-86/067

Hosni AA, Shane WT, Szabo JG, Bishop PL. The disinfection efficacy of chlorine and chlorine dioxide 
as disinfectants of Bacillus globigii, a surrogate for Bacillus anthracis, in water networks: a 
comparative study. Can. J. Civil Eng. 2009; 36:732–737.

Howard K, Inglis TJ. The effect of free chlorine on Burkholderia pseudomallei in potable water. Water 
Res. 2003; 37:4425–4432. [PubMed: 14511713] 

Howard K, Inglis TJ. Disinfection of Burkholderia pseudomallei in potable water. Water Res. 2005; 
39:1085–1092. [PubMed: 15766962] 

Inglis TJ, Rigby P, Robertson TA, Dutton NS, Henderson M, Chang BJ. Interaction between 
Burkholderia pseudomallei and Acanthamoeba species results in coiling phagocytosis, endamebic 
bacterial survival, and escape. Infect. Immun. 2000; 68:1681–1686. [PubMed: 10678988] 

Jacangelo, JG.; Patania, NL.; Trussell, RR.; Haas, CN.; Gerba, C. Inactivation Of Waterbome 
Emerging Pathogens By Selected Disinfectants. Denver, CO: American Water Works Research 
Foundation; 2002. 

Jung YJ, Oh BS, Kang J-W. Synergistic effect of sequential or combined use of ozone and UV 
radiation for the disinfection of Bacillus subtilis spores. Water Res. 2008; 42:1613–1621. 
[PubMed: 18028981] 

Junli H, Li W, Nanqui R, Fang M, Juli. Disinfection effect of chlorine dioxide on bacteria in water. 
Water Res. 1997; 31:607–613.

Karpoff SP, Antonoff NI. The spread of tularemia through water, as a new factor in its epidemiology. J. 
Bacteriol. 1936; 32:243–258. [PubMed: 16559947] 

Khan AS, Swerdlow DL, Juranek DD. Precautions against biological and chemical terrorism directed 
at food and water supplies. Pub. Health Rprts. 2001; 116:3–14.

Kilvington S, Price J. Survival of Legionella pneumophila within cysts of Acanthamoeba polyphaga 
following chlorine exposure. J. Appl. Bacteriol. 1990; 68:519–525. [PubMed: 2196257] 

King CH, Shotts EB Jr, Wooley RE, Porter KG. Survival of coliforms and bacterial pathogens within 
protozoa during chlorination. Appl. Environ. Microbiol. 1988; 54:3023–3033. [PubMed: 3223766] 

Knudson GB. Photoreactivation of ultraviolet irradiated plasmid-bearing and plasmid-free strains of 
Bacillus anthracis. Appl. Environ. Microbiol. 1986; 52:444–449. [PubMed: 2429617] 

Kruithof JC, Kamp PC, Martijn BJ. UV/H2O2 treatment: a practical solution for organic contamination 
control and primary disinfection. Ozone: Sci. Eng. 2007; 29:273–280.

Larson MA, Mariňas BJ. Inactivation of Bacillus subtilis spores with ozone and monochloramine. 
Water Res. 2003; 37:833–844. [PubMed: 12531265] 

LeChevallier MW, Cawthon CD, Lee R. Factors promoting survival of bacteria in chlorinated water 
supplies. Appl. Environ. Microbiol. 1988a; 54:649–654. [PubMed: 3288119] 

Rose and Rice Page 13

J Water Health. Author manuscript; available in PMC 2016 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



LeChevallier MW, Cawthon CD, Lee RG. Inactivation of biofilm bacteria. Appl. Environ. Microbiol. 
1988b; 54:2492–2499. [PubMed: 2849380] 

LeChevallier MW, Lowry CD, Lee RG. Disinfecting biofilms in a model distribution system. J. Am. 
Water Works Assoc. 1990; 82:87–99.

Mamane-Gravetz H, Linden KG. Relationship between physiochemical properties, aggregation and 
UV inactivation of isolated indigenous spores in water. J. Appl. Microbiol. 2005; 98:351–363. 
[PubMed: 15659190] 

Marciano-Cabral F, Jamerson M, Kaneshiro ES. Free-living amoebae, Legionella and Mycobacterium 
in tap water supplied by a municipal drinking water utility in the USA. J. Water Health. 2010; 
8:71–82. [PubMed: 20009249] 

McLendon MK, Apicella MA, Allen LH. Francisella tularensis: taxonomy, genetics and 
immunopathogenisis of a potential agent of biowarfare. Ann. Rev. Microbiol. 2006; 60:167–185. 
[PubMed: 16704343] 

Meinhardt PL. Water and bioterrorism: preparing for the potential threat to U.S. water supplies and 
public health. Ann. Rev. Pub. Health. 2005; 26:213–237. [PubMed: 15760287] 

Morrow JB, Cole KD. Enhanced decontamination of Bacillus spores in a simulated drinking water 
system by germinant addition. Environ. Eng. Sci. 2009; 26:993–1000.

Morrow JB, Almeida JL, Fitzgerald LA, Cole KD. Association and decontamination of Bacillus spores 
in a simulated drinking water system. Water Res. 2008; 42:5011–5021. [PubMed: 18947853] 

Murga R, Forster TS, Brown E, Pruckler JM, Fields BS, Donlan RM. Role of biofilms in the survival 
of Legionella pneumophila in a model potable-water system. Microbiology. 2001; 147:3121–3126. 
[PubMed: 11700362] 

National Research Council. Drinking Water and Health, Vol 2. Washington, DC: National Academies 
Press; 1980. The disinfection of drinking water; p. 5-138.

National Select Agent Registry Select Agent Regulations. 2013. Available at: http://
www.selectagents.gov/AboutUS.html (updated July 26, 2013)

Nicholson WL, Galeano B. UV resistance of Bacillus anthracis spores revisted: validation of Bacillus 
subtilis spores as UV surrogates for spores of B. anthracis Sterne. Appl. Environ. Microbiol. 2003; 
69:1327–1330. [PubMed: 12571068] 

Nicholson WL, Law JF. Method for purification of bacterial endospores from soils: UV resistance of 
natural Sonoran desert soil populations of Bacillus spp. with reference to B. subtilis strain 168. J. 
Microbiol. Meth. 1999; 35:13–21.

Nikul’shin SV, Onatskaia TG, Lukanina LM, Bondarenko AI. Associations of the soil amoeba 
Hartmannella rhysodes with the bacterial causative agents of plague and pseudotuberculosis in an 
experiment. Z. Mikrobiol. Epidemiol. Immunobiol. 1992; 9–10:2–5.

Nuzzo JB. The biological threat to U.S. water supplies: toward a national water security policy. 
Biosecur. Bioterror. 2006; 4:147–159. [PubMed: 16792482] 

O’Connell HA, Rose LJ, Shams A, Bradley M, Arduino MJ, Rice EW. Variability of Burkholderia 
pseudomallei strain sensitivities to chlorine disinfection. Appl. Environ. Microbiol. 2009; 
75:5405–5409. [PubMed: 19542324] 

O’Connell HA, Rose LJ, Shams AM, Arduino MJ, Rice EW. Chlorine disinfection of Francisella 
tularensis. Lett. Appl. Microbiol. 2010; 52:84–86. [PubMed: 21189486] 

Park SR, Mackay WG, Reid DC. Helicobacter sp. recovered from drinking water biofilm sampled 
from a water distribution system. Water Res. 2001; 35:1624–1626. [PubMed: 11317912] 

Pumpuang A, Chantratita N, Wikraiphat C, Saiprom N, Day NP, Peacock SJ, Wuthiekanun V. Survival 
of Burkholderia pseudomallei in distilled water for 16 years. Trans. Roy. Soc. Trop. Med. Hyg. 
2011; 105:598–600. [PubMed: 21764093] 

Rice EW, Adcock NJ, Sivaganesan M, Rose LJ. Inactivation of spores of Bacillus anthracis Sterne, 
Bacillus cereus, and Bacillus thuringiensis subsp. israelensis by chlorination. Appl. Environ. 
Microbiol. 2005; 71:5587–5589. [PubMed: 16151153] 

Rice EW, Clark RM, Johnson CH. Chlorine inactivation of Escherichia coli O157:H7. Emerg. Infect. 
Dis. 1999; 5:461–463. [PubMed: 10341188] 

Rice EW, Rose LJ, Johnson CH, Boczek LA, Arduino MJ, Reasoner DJ. Boiling and Bacillus spores. 
Emerg. Infect. Dis. 2004; 10:1887–1888. [PubMed: 15515252] 

Rose and Rice Page 14

J Water Health. Author manuscript; available in PMC 2016 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Rose LJ, O’Connell H. UV light inactivation of bacterial biothreat agents. Appl. Environ. Microbiol. 
2009; 75:2987–2990. [PubMed: 19270145] 

Rose LJ, Rice EW, Jensen B, Murga R, Peterson A, Donlan RM, Arduino MJ. Chlorine inactivation of 
bacterial bioterrorism agents. Appl. Environ. Microbiol. 2005; 71:566–568. [PubMed: 15640238] 

Rose LJ, Rice EW, Hodges L, Peterson A, Arduino MJ. Monochoramine inactivation of bacterial select 
agents. Appl. Environ. Microbiol. 2007; 73:3437–3439. [PubMed: 17400782] 

Sandstrom G, Lofgren S, Tarnvick A. A capsule-deficient mutant of Francisella tularensis LVS exhibits 
enhanced sensitivity to killing by serum but diminished sensitivity to killing by 
polymorphonuclear leukocytes. Infect. Immun. 1988; 56:1194–1202. [PubMed: 3356465] 

Seidel CJ, McGuire MJ, Summers RS, Via S. Have utilities switched to chloramines? J. Am. Water 
Works Assoc. 2005; 97:87–101.

Setlow P. Resistance of bacterial spores to ultraviolet light. Comments Mol. Cell. Biophys. 1988; 
5:253–264.

Shams AM, O’Connell H, Arduino MJ, Rose LJ. Chlorine dioxide inactivation of bacterial threat 
agents. Lett. Appl. Microbiol. 2011; 53:225–230. [PubMed: 21623848] 

Sinclair R, Boone SA, Greenberg D, Keim P, Gerba CP. Persistence of category A select agents in the 
environment. Appl. Environ. Microbiol. 2008; 74:555–563. [PubMed: 18065629] 

Sivaganesan M, Adcock NJ, Rice EW. Inactivation of Bacillus globigii by chlorination: a hierarchical 
Bayesian model. J. Water Supply Res. Technol. – AQUA. 2006; 55:33–43.

Sommer R, Haider T, Cabaj A, Pribil W, Lhotsky M. Time dose reciprocity in UV disinfection of 
water. Water Sci. Tech. 1998; 38(12):145–150.

Szabo J, Muhammad N, Heckman L, Rice EW, Hall J. Germinant-enhanced decontamination of 
Bacillus spores adhered to iron and cement-mortar drinking water infrastructures. Appl. Environ. 
Microbiol. 2012; 78:2449–2451. [PubMed: 22267659] 

Szabo J, Rice EW, Bishop PL. Persistence of Klebsiella pneumoniae on simulated biofilm in a model 
drinking water system. Environ. Sci. Technol. 2006; 40:4996–5002. [PubMed: 16955898] 

Szabo J, Rice EW, Bishop PL. Persistence and decontamination of Bacillus atrophaeus subsp. globigii 
spores on corroded iron in a model drinking water system. Appl. Environ. Microbiol. 2007; 
73:2451–2457. [PubMed: 17308186] 

US Environmental Protection Agency. Alternative Disinfectants and Oxidants Guidance Manual. 
Washington, DC: 1999. EPA 815-R-99-014

US Environmental Protection Agency. Final rule Fed. Reg. Vol. 71. Washington, DC: 2006a. Stage 2 
Disinfectants and Disinfectant Byproducts; p. 388

US Environmental Protection Agency. Fed. Reg. Vol. 71. Washington, DC: 2006b. Long Term 2 
enhanced Surface Water Treatment Rule (LT2); p. 654

US Environmental Protection Agency. Ultraviolet Disinfection Guidance Manual For The Final Long 
Term 2 Enhanced Surface Water Treatment Rule. Washington, DC: 2006c. EPA815-R-06-007

Weber WJ, Dunahee NK. Boil-water orders: Beneficial or hazardous? J. Am. Water Works Assoc. 
2003; 19:40–45.

White, GC. Handbook of Chlorination and Alternative Disinfectants. 4th. New York, NY: John Wiley 
& Sons, Inc.; 1999. 

Rose and Rice Page 15

J Water Health. Author manuscript; available in PMC 2016 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Rose and Rice Page 16

Ta
b

le
 1

C
t v

al
ue

s 
fo

r 
in

ac
tiv

at
io

n 
(l

og
10

) 
of

 B
ac

ill
us

 a
nt

hr
ac

is
 s

po
re

s 
an

d 
su

rr
og

at
e 

sp
or

es
 w

ith
 f

re
e 

av
ai

la
bl

e 
ch

lo
ri

ne
, m

on
oc

hl
or

am
in

e,
 a

nd
 c

hl
or

in
e 

di
ox

id
e

C
t 

(m
g 

• 
m

in
 L

−1
)

lo
g 1

0 
in

ac
ti

va
ti

on

2
3

4
2

3
2

3

Is
ol

at
e

pH
Te

m
p 

(°
C

)
F

re
e 

av
ai

la
bl

e 
ch

lo
ri

ne
M

on
oc

hl
or

am
in

e
C

hl
or

in
e 

di
ox

id
e

R
ef

er
en

ce
s

B
ac

ill
us

 a
nt

hr
ac

is
 A

m
es

7
5

22
0

33
9

–
–

57
9

73
8

R
os

e 
et

 a
l. 

(2
00

5,
 2

00
7)

;
Sh

am
s 

et
 a

l. 
(2

01
1)

25
79

10
2

–
–

–
60

81

8
5

–
–

–
3,

49
9

6,
81

3
56

9
71

2

25
–

–
–

78
5

1,
20

4
73

84

B
ac

ill
us

 a
nt

hr
ac

is
 n

o.
81

1
O

hi
o 

St
at

e 
U

ni
v.

7.
2

4
–

–
46

3a
–

–
–

–
B

ra
zi

s 
et

 a
l. 

(1
95

8)

22
–

–
11

8a
–

–
–

–

Su
rr

og
at

e

B
ac

ill
us

 a
nt

hr
ac

is
 S

te
rn

e
7

5
19

0
27

1
–

–
–

49
1

66
7

R
os

e 
et

 a
l. 

(2
00

5,
 2

00
7)

;
Sh

am
s 

et
 a

l. 
(2

01
1)

25
60

86
–

–
–

68
81

8
5

–
–

–
10

,5
32

15
,1

64
48

1
60

6

25
–

–
–

1,
44

2
1,

84
7

57
69

B
ac

ill
us

 a
nt

hr
ac

is
 S

te
rn

e
7

5
14

0
21

0
28

0
–

–
–

–
R

ic
e 

et
 a

l. 
(2

00
5)

23
45

68
90

–
–

–
–

8
5

31
9

47
8

63
7

–
–

–
–

23
12

7
19

1
25

4
–

–
–

–

B
ac

ill
us

 c
er

eu
s 

A
T

C
C

 7
03

9
7

5
11

7
17

5
23

3
–

–
–

–
R

ic
e 

et
 a

l. 
(2

00
5)

23
41

62
82

–
–

–
–

8
5

34
0

51
0

68
0

–
–

–
–

23
13

2
19

9
26

4
–

–
–

–

B
ac

ill
us

 a
tr

op
ha

eu
s,

 v
ar

gl
ob

ig
ii 

(D
ug

w
ay

)
7

5
37

2
44

6
–

–
–

–
–

Si
va

ga
ne

sa
n 

et
 a

l. 
(2

00
6)

23
10

8
13

6
–

–
–

–
–

8
5

94
3

11
44

–
–

–
–

–

23
36

7
43

8
–

–
–

–
–

B
ac

ill
us

 a
tr

op
ha

eu
s,

 v
ar

gl
ob

ig
ii 

(D
ug

w
ay

)
8

20
28

2
35

1
–

–
–

76
–

H
os

ni
 e

t a
l. 

(2
00

9)

J Water Health. Author manuscript; available in PMC 2016 April 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Rose and Rice Page 17

C
t 

(m
g 

• 
m

in
 L

−1
)

lo
g 1

0 
in

ac
ti

va
ti

on

2
3

4
2

3
2

3

Is
ol

at
e

pH
Te

m
p 

(°
C

)
F

re
e 

av
ai

la
bl

e 
ch

lo
ri

ne
M

on
oc

hl
or

am
in

e
C

hl
or

in
e 

di
ox

id
e

R
ef

er
en

ce
s

B
ac

ill
us

 g
lo

bi
gi

i n
o.

 1
02

 (
O

hi
o

St
at

e 
U

ni
ve

rs
ity

)
7

4
–

–
84

5a
–

–
–

–
B

ra
zi

s 
et

 a
l. 

(1
95

8)

22
72

b
–

20
6a

–
–

–
–

B
ac

ill
us

 s
ub

til
is

 A
T

C
C

 6
63

3
7

20
14

8
–

–
–

–
–

–
B

ar
be

au
 e

t a
l. 

(1
99

9)

B
ac

ill
us

 s
ub

til
is

 A
T

C
C

 6
63

3
8.

2
25

36
8

–
–

–
–

35
–

C
ho

 e
t a

l. 
(2

00
6)

B
ac

ill
us

 s
ub

til
is

 A
T

C
C

 6
63

3
8.

2
22

–
–

–
~5

,9
00

c
–

–
–

D
ow

 e
t a

l. 
(2

00
6)

B
ac

ill
us

 s
ub

til
is

 A
T

C
C

 6
01

5
8.

0
20

–
–

–
10

,4
00

d
10

,8
00

d
–

–
L

ar
so

n 
&

 M
ar

in
as

 (
20

03
)

B
ac

ill
us

 th
ur

in
gi

en
si

s 
su

bs
p.

is
ra

el
en

si
s 

A
T

C
C

 3
56

46
7

5
22

9
34

4
45

8
–

–
–

–
R

ic
e 

et
 a

l. 
(2

00
5)

23
66

99
13

2
–

–
–

–

8
5

48
1

72
1

96
1

–
–

–
–

23
24

6
36

9
49

2
–

–
–

a E
st

im
at

ed
 f

ro
m

 B
ra

zi
s 

et
 a

l. 
(1

95
8)

, T
ab

le
 1

.

b E
st

im
at

ed
 v

al
ue

 (
es

tim
at

ed
 b

y 
B

ar
be

au
 e

t a
l. 

(1
99

9)
, f

ro
m

 B
ra

zi
s 

et
 a

l. 
(1

95
8)

 d
at

a)
.

c E
st

im
at

ed
 f

ro
m

 D
ow

 e
t a

l. 
(2

00
6)

, F
ig

ur
e 

7.
 T

es
t w

at
er

 c
on

ta
in

ed
 s

lig
ht

 a
m

ou
nt

s 
of

 d
is

so
lv

ed
 o

rg
an

ic
 m

at
te

r 
(<

0.
3 

m
g 

L
−

1 )
 a

nd
 in

or
ga

ni
c 

m
at

te
r 

(t
ur

bi
di

ty
 <

N
T

U
).

d E
st

im
at

ed
 f

ro
m

 L
ar

so
n 

&
 M

ar
iň

as
 (

20
03

),
 F

ig
ur

e 
9.

J Water Health. Author manuscript; available in PMC 2016 April 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Rose and Rice Page 18

Ta
b

le
 2

C
t v

al
ue

s 
fo

r 
in

ac
tiv

at
io

n 
(l

og
10

) 
of

 v
eg

et
at

iv
e 

bi
ot

hr
ea

t b
ac

te
ri

a 
an

d 
su

rr
og

at
es

 w
ith

 f
re

e 
av

ai
la

bl
e 

ch
lo

ri
ne

, m
on

oc
hl

or
am

in
e,

 a
nd

 c
hl

or
in

e 
di

ox
id

e

C
t 

(m
g 

• 
m

in
 L

−1
)

lo
g 1

0 
In

ac
ti

va
ti

on

2
3

4
2

3
2

3

Is
ol

at
e

pH
Te

m
p 

(°
C

)
F

re
e 

av
ai

la
bl

e 
ch

lo
ri

ne
M

on
oc

hl
or

am
in

e
C

hl
or

in
e 

di
ox

id
e

R
ef

er
en

ce
s

B
ru

ce
lla

 s
ui

s
M

O
56

2
7

5
–

–
–

–
–

–
R

os
e 

et
 a

l. 
(2

00
7)

25
–

–
–

–
–

–

8
5

–
–

13
4.

3
15

6.
8

–
–

25
–

–
47

.8
56

.1
–

–

B
ru

ce
lla

 s
ui

s
E

A
M

56
2

7
5

0.
3

0.
4

–
–

0.
7

1.
0

R
os

e 
et

 a
l. 

(2
00

5)
;

Sh
am

s 
et

 a
l. 

(2
01

1)

25
0.

1
0.

2
–

–
0.

2
0.

3

8
5

–
–

–
–

0.
3

0.
4

25
–

–
–

–
0.

2
0.

2

B
ru

ce
lla

 m
el

ite
ns

is
A

T
C

C
 2

34
56

7
5

0.
3

0.
5

–
–

–
1.

6
2.

0
R

os
e 

et
 a

l. 
(2

00
5,

 2
00

7)
;

Sh
am

s 
et

 a
l. 

(2
01

1)

25
0.

1
0.

2
–

–
–

0.
6

0.
7

8
5

–
–

–
50

1.
8

57
9.

5
1.

0
1.

3

25
–

–
–

10
4.

4
11

6.
6

0.
3

0.
3

B
ur

kh
ol

de
ri

a
m

al
le

i M
-9

7
5

0.
2

0.
2

–
–

–
0.

3
0.

3
R

os
e 

et
 a

l. 
(2

00
5,

 2
00

7)
;

Sh
am

s 
et

 a
l. 

(2
01

1)

25
0.

1
0.

2
–

–
–

0.
1

0.
1

8
5

–
–

–
15

8.
6

19
4.

1
0.

3
0.

4

25
–

–
–

52
.2

64
.6

0.
1

0.
1

B
ur

kh
ol

de
ri

a
m

al
le

i M
-1

3
7

5
0.

2
0.

2
–

–
–

0.
5

0.
6

R
os

e 
et

 a
l. 

(2
00

5)
;

Sh
am

s 
et

 a
l. 

(2
01

1)

25
0.

1
0.

2
–

–
–

0.
2

0.
3

8
5

–
–

–
–

–
0.

3
0.

3

25
–

–
–

–
–

0.
1

0.
1

B
ur

kh
ol

de
ri

a
ps

eu
do

m
al

le
i

A
T

C
C

 2
33

43

7
5

1.
0

1.
4

1.
8

–
–

0.
3

0.
4

O
’C

on
ne

ll 
et

 a
l. 

(2
00

9)
;

Sh
am

s 
et

 a
l. 

(2
01

1)

25
0.

7
0.

9
1.

1
–

–
0.

1
0.

2

J Water Health. Author manuscript; available in PMC 2016 April 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Rose and Rice Page 19

C
t 

(m
g 

• 
m

in
 L

−1
)

lo
g 1

0 
In

ac
ti

va
ti

on

2
3

4
2

3
2

3

Is
ol

at
e

pH
Te

m
p 

(°
C

)
F

re
e 

av
ai

la
bl

e 
ch

lo
ri

ne
M

on
oc

hl
or

am
in

e
C

hl
or

in
e 

di
ox

id
e

R
ef

er
en

ce
s

8
5

0.
9

1.
9

2.
8

19
0

22
6

0.
2

0.
3

25
0.

5
1.

1
1.

8
49

73
0.

1
0.

1

B
ur

kh
ol

de
ri

a
ps

eu
do

m
al

le
i C

A
65

2

7
5

2.
3

3.
7

5.
0

–
–

0.
3

0.
4

O
’C

on
ne

ll 
et

 a
l. 

(2
00

9)
;

Sh
am

s 
et

 a
l. 

(2
01

1)

25
0.

8
1.

3
1.

7
–

–
0.

3
0.

4

8
5

3.
7

5.
8

7.
8

23
4

28
1

0.
4

0.
5

25
0.

9
1.

4
1.

9
70

88
0.

1
0.

2

B
ur

kh
ol

de
ri

a
ps

eu
do

m
al

le
i

A
U

63
1

7
5

0.
1

0.
2

0.
3

–
–

–
–

O
’C

on
ne

ll 
et

 a
l. 

(2
00

9)

25
0.

1
0.

1
0.

1
–

–
–

–

8
5

0.
2

0.
3

0.
4

24
0

26
6

–
–

25
0.

1
0.

1
0.

1
42

49
–

–

B
ur

kh
ol

de
ri

a
ps

eu
do

m
al

le
i

T
H

69
4

7
5

0.
1

0.
2

0.
4

–
–

–
–

O
’C

on
ne

ll 
et

 a
l. 

(2
00

9)

25
0.

1
0.

1
0.

2
–

–
–

–

8
5

0.
1

0.
3

0.
5

40
4

47
7

–
–

25
0.

1
0.

2
0.

4
99

11
3

–
–

B
ur

kh
ol

de
ri

a
ps

eu
do

m
al

le
i

SC
76

3

7
5

0.
2

0.
3

0.
5

–
–

–
–

O
’C

on
ne

ll 
et

 a
l. 

(2
00

9)

25
0.

2
0.

3
0.

4
–

–
–

–

8
5

0.
5

0.
8

1.
1

30
2

38
2

–
–

25
0.

1
0.

2
0.

3
53

60
–

–

Fr
an

ci
se

lla
tu

la
re

ns
is

 L
V

S
7

5
5.

0
6.

7
8.

5
–

–
0.

8
1.

0
R

os
e 

et
 a

l. 
(2

00
7)

;
O

’C
on

ne
ll 

et
 a

l. 
(2

01
0)

; S
ha

m
s 

et
 a

l. 
(2

01
1)

25
0.

7
1.

0
1.

2
–

–
0.

2
0.

2

8
5

15
.9

20
.1

24
.3

76
.0

97
.9

0.
8

1.
0

25
2.

0
2.

7
3.

5
26

.3
30

.4
0.

1
0.

2

Fr
an

ci
se

lla
tu

la
re

ns
is

 S
ch

u
S4

7
5

13
.4

16
.8

20
.3

–
–

–
–

O
’C

on
ne

ll 
et

 a
l. 

(2
01

0)

25
0.

9
1.

3
1.

7
–

–
–

–

8
5

47
.4

62
.3

77
.2

–
–

–
–

25
3.

7
4.

5
5.

2
–

–
–

–

Fr
an

ci
se

lla
tu

la
re

ns
is

 N
Y

98
7

5
11

16
–

–
–

1.
2

1.
5

Sh
am

s 
et

 a
l. 

(2
01

1)
;

R
os

e 
et

 a
l. 

(2
00

7)
;

J Water Health. Author manuscript; available in PMC 2016 April 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Rose and Rice Page 20

C
t 

(m
g 

• 
m

in
 L

−1
)

lo
g 1

0 
In

ac
ti

va
ti

on

2
3

4
2

3
2

3

Is
ol

at
e

pH
Te

m
p 

(°
C

)
F

re
e 

av
ai

la
bl

e 
ch

lo
ri

ne
M

on
oc

hl
or

am
in

e
C

hl
or

in
e 

di
ox

id
e

R
ef

er
en

ce
s

FA
C

 d
at

aa

25
2.

0
3.

9
–

–
–

0.
2

0.
2

8
5

47
70

–
84

.0
11

6.
0

0.
9

1.
1

25
4.

3
6.

5
–

31
.3

37
.1

0.
1

0.
2

Fr
an

ci
se

lla
tu

la
re

ns
is

 M
A

00
-

29
87

7
5

13
.6

16
.9

20
.2

–
–

–
–

O
’C

on
ne

ll 
et

 a
l. 

(2
01

0)

25
0.

9
1.

3
1.

6
–

–
–

–

8
5

64
.1

83
.8

10
3.

4
–

–
–

–

25
2.

7
3.

4
4.

2
–

–
–

–

Fr
an

ci
se

lla
tu

la
re

ns
is

 N
M

99
-

18
23

7
5

14
.4

17
.7

21
.0

–
–

–
–

O
’C

on
ne

ll 
et

 a
l. 

(2
01

0)

25
0.

4
0.

5
0.

7
–

–
–

–

8
5

45
.4

60
.5

75
.7

–
–

–
–

25
2.

9
3.

7
4.

5
–

–
–

–

Y
er

si
ni

a 
pe

st
is

A
11

22
7

5
0.

5
0.

7
–

–
–

0.
4

0.
5

R
os

e 
et

 a
l. 

(2
00

5,
 2

00
7)

;
Sh

am
s 

et
 a

l. 
(2

01
1)

25
0.

4
0.

6
–

–
–

0.
2

0.
2

8
5

–
–

–
92

.0
11

5.
6

0.
2

0.
3

25
–

–
–

27
.6

33
.1

0.
02

0.
03

Y
er

si
ni

a 
pe

st
is

H
ar

bi
n

7
5

0.
03

0.
04

–
–

–
0.

4
0.

5
R

os
e 

et
 a

l. 
(2

00
5,

 2
00

7)
;

Sh
am

s 
et

 a
l. 

(2
01

1)

25
0.

03
0.

04
–

–
–

0.
3

0.
3

8
5

–
–

–
80

.7
91

.4
0.

1
0.

2

25
–

–
–

21
.9

25
.0

0.
04

0.
06

Su
rr

og
at

es

E
sc

he
ri

ch
ia

 c
ol

i
7

25
–

–
–

–
–

0.
28

–
N

at
l. 

R
es

. C
ou

nc
il 

(1
98

0)

9
25

–
–

–
40

–
–

–

10
5

0.
92

–
–

–
–

–
–

E
sc

he
ri

ch
ia

 c
ol

ib
7

5
–

–
<

2
–

–
–

–
R

ic
e 

et
 a

l. 
(1

99
9)

E
sc

he
ri

ch
ia

 c
ol

i
7

25
0.

4
–

–
–

–
–

–
K

in
g 

et
 a

l. 
(1

98
8)

J Water Health. Author manuscript; available in PMC 2016 April 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Rose and Rice Page 21

C
t 

(m
g 

• 
m

in
 L

−1
)

lo
g 1

0 
In

ac
ti

va
ti

on

2
3

4
2

3
2

3

Is
ol

at
e

pH
Te

m
p 

(°
C

)
F

re
e 

av
ai

la
bl

e 
ch

lo
ri

ne
M

on
oc

hl
or

am
in

e
C

hl
or

in
e 

di
ox

id
e

R
ef

er
en

ce
s

E
nt

er
ob

ac
te

r
cl

oa
ca

e
7

25
0.

4
–

–
–

–
–

–
K

in
g 

et
 a

l. 
(1

98
8)

K
le

bs
ie

lla
pn

eu
m

on
ia

e
7

25
0.

5
–

–
–

–
–

–
K

in
g 

et
 a

l. 
(1

98
8)

Y
er

si
ni

a
en

te
ro

co
lit

ic
a

7
25

0.
5

–
–

–
–

–
–

K
in

g 
et

 a
l. 

(1
98

8)

a Fr
ee

 a
va

ila
bl

e 
ch

lo
ri

ne
 d

at
a 

fo
r 

F.
 tu

la
re

ns
is

 N
Y

98
, p

H
 7

 a
nd

 p
H

 8
 f

ro
m

 u
np

ub
lis

he
d 

w
or

k 
co

nd
uc

te
d 

w
ith

 id
en

tic
al

 m
et

ho
ds

 a
s 

re
fe

re
nc

es
 R

os
e 

et
 a

l. 
(2

00
5)

 a
nd

 O
’C

on
ne

ll 
et

 a
l. 

(2
00

9)
.

b M
ul

tip
le

 s
tr

ai
ns

.

J Water Health. Author manuscript; available in PMC 2016 April 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Rose and Rice Page 22

Ta
b

le
 3

U
V

 d
os

e 
(m

J/
cm

2 )
 r

eq
ui

re
d 

fo
r 

gi
ve

n 
lo

g 1
0 

in
ac

tiv
at

io
n 

of
 b

io
th

re
at

 o
rg

an
is

m
s 

an
d 

su
rr

og
at

es

L
og

10
 in

ac
ti

va
ti

on

B
io

th
re

at
 o

rg
an

is
m

1
2

3
4

R
ef

er
en

ce
s

B
ac

ill
us

 a
nt

hr
ac

is
 A

m
es

 s
po

re
s

25
.3

~4
0

>
12

0a
>

12
0a

R
os

e 
&

 O
’C

on
ne

ll 
(2

00
9)

B
ru

ce
lla

 s
ui

s 
M

O
56

2
1.

7
3.

6
5.

6
7.

5
R

os
e 

&
 O

’C
on

ne
ll 

(2
00

9)

B
ru

ce
lla

 s
ui

s 
K

S5
28

2.
7

5.
3

7.
9

10
.5

R
os

e 
&

 O
’C

on
ne

ll 
(2

00
9)

B
ru

ce
lla

 m
el

ite
ns

is
 A

T
C

C
 2

34
56

2.
8

5.
3

7.
8

10
.3

R
os

e 
&

 O
’C

on
ne

ll 
(2

00
9)

B
ru

ce
lla

 m
el

ite
ns

is
 I

L
19

5
3.

7
5.

8
7.

8
9.

9
R

os
e 

&
 O

’C
on

ne
ll 

(2
00

9)

B
ur

kh
ol

de
ri

a 
ps

eu
do

m
al

le
i A

T
C

C
 1

16
88

1.
7

3.
5

5.
5

7.
4

R
os

e 
&

 O
’C

on
ne

ll 
(2

00
9)

B
ur

kh
ol

de
ri

a 
ps

eu
do

m
al

le
i C

A
65

0
1.

4
2.

8
4.

3
5.

7
R

os
e 

&
 O

’C
on

ne
ll 

(2
00

9)

B
ur

kh
ol

de
ri

a 
m

al
le

i M
-9

1.
0

2.
4

3.
8

5.
2

R
os

e 
&

 O
’C

on
ne

ll 
(2

00
9)

B
ur

kh
ol

de
ri

a 
m

al
le

i M
-1

3
1.

2
2.

7
4.

1
5.

5
R

os
e 

&
 O

’C
on

ne
ll 

(2
00

9)

Fr
an

ci
se

lla
 tu

la
re

ns
is

 N
Y

98
1.

4
3.

8
6.

3
8.

7
R

os
e 

&
 O

’C
on

ne
ll 

(2
00

9)

Y
er

si
ni

a 
pe

st
is

 H
ar

bi
n

1.
3

2.
2

3.
2

4.
1

R
os

e 
&

 O
’C

on
ne

ll 
(2

00
9)

Su
rr

og
at

es

B
ac

ill
us

 a
nt

hr
ac

is
 S

te
rn

e 
sp

or
es

23
.0

~4
0

>
12

0a
>

12
0a

R
os

e 
&

 O
’C

on
ne

ll 
(2

00
9)

B
ac

ill
us

 a
nt

hr
ac

is
 S

te
rn

e 
sp

or
es

b
27

.5
36

53
>

60
c

N
ic

ho
ls

on
 &

 G
al

ea
no

 (
20

03
)

B
ac

ill
us

 a
nt

hr
ac

is
 S

te
rn

e 
sp

or
es

b
81

13
5

>
18

9
>

18
9

K
nu

ds
on

 (
19

86
)

B
ac

ill
us

 s
ub

til
is

 A
T

C
C

 6
63

3 
sp

or
es

b
24

.5
40

50
60

N
ic

ho
ls

on
 &

 G
al

ea
no

 (
20

03
)

B
ac

ill
us

 s
ub

til
is

 A
T

C
C

 6
63

3 
sp

or
es

b
16

22
28

>
34

d
C

ho
 e

t a
l. 

(2
00

6)

B
ac

ill
us

 s
ub

til
is

 s
po

re
sb

12
24

60
12

0
K

ru
ith

of
 e

t a
l. 

(2
00

7)

B
ac

ill
us

 s
ub

til
is

 A
T

C
C

 6
63

3 
sp

or
es

b
28

39
50

>
60

c
So

m
m

er
 e

t a
l. 

(1
99

8)

B
ac

ill
us

 s
ub

til
is

 W
N

62
4 

sp
or

es
b

24
.5

36
52

60
N

ic
ho

ls
on

 &
 G

al
ea

no
 (

20
03

)

E
sc

he
ri

ch
ia

 c
ol

ib
3.

0
4.

8
6.

7
8.

4
C

ha
ng

 e
t a

l. 
(1

98
5)

E
sc

he
ri

ch
ia

 c
ol

ib
2.

5
4.

0
5.

2
6.

7
B

ut
le

r 
et

 a
l. 

(1
98

7)

Fr
an

ci
se

lla
 tu

la
re

ns
is

 L
V

S
1.

3
3.

1
4.

8
6.

6
R

os
e 

&
 O

’C
on

ne
ll 

(2
00

9)

C
am

py
lo

ba
ct

er
 je

ju
ni

b
1.

0
1.

5
1.

8
2.

1
B

ut
le

r 
et

 a
l. 

(1
98

7)

C
ry

pt
os

po
ri

di
um

2.
5

5.
8

12
22

U
SE

PA
 (

20
06

c)

J Water Health. Author manuscript; available in PMC 2016 April 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Rose and Rice Page 23

L
og

10
 in

ac
ti

va
ti

on

B
io

th
re

at
 o

rg
an

is
m

1
2

3
4

R
ef

er
en

ce
s

G
ia

rd
ia

2.
1

5.
2

11
22

U
SE

PA
 (

20
06

c)

M
S2

 b
ac

te
ri

op
ha

ge
e

58
10

0
14

3
18

6
U

SE
PA

 (
20

06
c)

Y
er

si
ni

a 
en

te
ro

co
lit

ic
ab

1.
1

2.
3

3.
0

3.
6

B
ut

le
r 

et
 a

l. 
(1

98
7)

Y
er

si
ni

a 
pe

st
is

 A
11

22
1.

4
2.

6
3.

7
4.

9
R

os
e 

&
 O

’C
on

ne
ll 

(2
00

9)

a 3 
an

d 
4 

lo
g 1

0 
in

ac
tiv

at
io

n 
no

t a
ch

ie
ve

d 
w

ith
 a

 d
os

e 
of

 1
20

 m
J/

cm
.

b So
m

e 
U

V
 d

os
es

 e
st

im
at

ed
 f

ro
m

 a
 g

ra
ph

.

c 4 
lo

g 1
0 

in
ac

tiv
at

io
n 

no
t a

ch
ie

ve
d 

w
ith

 a
 d

os
e 

of
 6

0 
m

J/
cm

2 .

d 4 
lo

g 1
0 

in
ac

tiv
at

io
n 

no
t a

ch
ie

ve
d 

w
ith

 a
 d

os
e 

of
 3

4 
m

J/
cm

2 .

e R
ed

uc
tio

n 
eq

ui
va

le
nt

 d
os

e 
bi

as
 v

al
ue

s 
fo

r 
vi

ru
s 

in
ac

tiv
at

io
n 

cr
ed

it.

J Water Health. Author manuscript; available in PMC 2016 April 04.


