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ABSTRACT 

 

Emerging pathogens are organisms whose incidence has increased within the past two 

decades. In the last 40 years, several pathogens have emerged to cause infectious 

waterborne and foodborne diseases, thus causing a significant public health concern. 

Enterobacter sakazakii and Naegleria fowleri are emerging pathogens that have been 

documented to cause fatal infections. E. sakazakii is an emerging foodborne pathogen 

that represents a significant health risk by causing infections resulting in septicemia, 

meningitis and necrotizing enterocolitis in neonates, premature infants and also elderly 

immunocompromised individuals. Naegleria fowleri is a water-based protozoan 

flagellate that is the cause of primary amoebic meningoencephalitis; a fatal disease that 

mostly infects children and young adults through water-related recreational activities. 

The focus of this dissertation is to identify environmental reservoirs of Enterobacter 

sakazakii and to determine inactivation strategies to control Naegleria fowleri by 

chlorine and ultraviolet disinfection. In Appendix A, samples from various household 

kitchens were collected to determine the presence of E.sakazakii. The highest 

percentage of E.sakazakii was isolated from kitchen sponges (8%; n=50) and dishrags 

(10%; n=50). This study provided information on the presence of E.sakazakii on 

environmental surfaces in the kitchen.  In Appendix B, our recent research has 

determined that N. fowleri is present in 8%(n=143) of municipal drinking water wells in 

central and southern Arizona. Therefore, guidelines need to be established for treatment 



   
13

 
 
of water with various disinfectants to control the growth and proliferation of N.fowleri. 

In Appendix C, the Ct values (concentration (mg/l) × exposure time) for chlorine 

inactivation of N. fowleri trophozoites and cysts were determined using the Efficiency 

Hom Kinetic Model (EHM). The Ct values for 99% inactivation of trophozoites and 

cysts were estimated to be 9 and 31, respectively. The ultraviolet light dose required for 

the 99% inactivation of N.fowleri trophozoites and cysts was determined to be 63 

mW.sec/cm2 and 13 mW.sec/cm2, respectively.   
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INTRODUCTION 

 

Problem Definition:  

 

Food and water can serve as a passive carrier for the transmission of various 

infectious diseases (Kandhai et al. 2004). Waterborne and foodborne outbreaks 

occur worldwide and have the potential to cause disease in a large number of 

consumers. Emerging pathogens can be defined as any new, re-emerging or drug 

resistant infection whose incidence in humans has increased within the past two 

decades. Several reasons can be attributed to the emergence of new pathogens: 

genetic change, changes in the human demography, underlying health status, 

global sourcing of food, changing food consumption practices, new host range or 

advanced detection techniques (Slifko et al. 2000).  

   Enterobacter sakazakii and Naegleria fowleri are two such emerging 

pathogens that have been described in this dissertation that can cause foodborne 

and waterborne illness, respectively. Enterobacter sakazakii is an emerging 

pathogen that has become a matter of concern to the food industry due to its 

association with high morbidity and occasional mortality rates in neonates, 

preterm and full term infants (Bar-Oz et al. 2001; Forsythe, 2005; Bowen and 

Braden, 2006). Immunocompromised adults have also been reported to 

susceptible to disease caused by E.sakazakii (Lai, 2001). Powdered infant formula 
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is currently known to be the main reservoir of E.sakazakii but it has also been 

isolated from several food ingredients found in household and factory 

environments producing or utilizing herbs, spices, potato or cereal (Kandhai et al. 

2004). In this study, the presence of E.sakazakii in kitchen utility items such as 

sponges, dishrags, cutting boards, kitchen faucets, kitchen and bathroom sink 

drains were studied. Well water and municipal tap water supplied to households 

were also studied to identify the presence of E.sakazakii. The information on the 

presence or absence of E.sakazakii in the kitchen environment will aid in 

understanding the environmental link to the transmission of E.sakazakii diseases 

and may suggest the potential of cross-contamination. 

This dissertation has also focused on another emerging pathogen known as 

Naegleria fowleri, a water-based protozoan that causes a fatal disease known as 

primary amoebic meningoencephalitis (PAM). Arizona has the largest number of 

un-chlorinated municipal well water dependent systems in the United States 

(Chuck Graf, personal communication, ADEQ). Research on the occurrence and 

control of Naegleria fowleri was increased by the deaths of two children in the 

Phoenix metropolitan area of Arizona in 2002 (Marciano-Cabral et al. 2003). 

Naegleria fowleri was found to be prevalent in residual water from the sink pipes 

in both the victims’ homes (Marciano-Cabral et al. 2003). These domestic water 

sources were not disinfected. A survey on the presence of N.fowleri in well water 

was therefore conducted in order to determine the occurrence of N.fowleri in well 
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water systems using ground water as a source. The lack of disinfection of 

groundwater sources poses a risk of transmission of Naegleria fowleri through 

recreational activities such as domestic bathing and the use of private swimming 

pools (Dorsch et al. 1983). Warm temperatures in the range of 28 οC to 42 οC and 

above are favorable to the growth of Naegleria fowleri, which makes it a potential 

serious health hazard in southern Arizona (Marciano-Cabral et al. 2003). Hence, 

there is an urgent need to evaluate disinfection strategies to reduce the water-

related exposure to N.fowleri. 

 

Literature Review: 

Enterobacter sakazakii 

 

Enterobacter sakazakii is a motile peritrichous, gram-negative, non-spore-

forming facultative anaerobic rod from the family Enterobacteriaceae 

(Nazarowec-White M and Farber J. 1997). E.sakazakii was identified by Farmer 

et al in 1980 and was named after the Japanese Microbiologist Riichi Sakazakii. It 

is also an opportunistic pathogen that is a rare cause of central nervous system 

infections and invasive infections in infants (Bowen and Braden, 2006; Bar-oz et 

al. 2001). The list of reported outbreaks to date has been tabulated in Table 1. The 

reported case-fatality rate varies from 40–80% among newborns (Nazarowec-
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White and Farber, 1997). Adults are also susceptible to infection caused by this 

organism but are very rare and most adult patients with E.sakazakii infections had 

serious underlying diseases such as malignancies (Farber and Forsythe, 2008). 

This organism is considered to be unique in the sense that it is ubiquitous in 

environments such as soil, water and food and yet it affects only a small part of 

the population, mostly infants under 1 year of age (Kandhai et al. 2004; Farber 

and Forsythe, 2008).  

 

Clinical presentation of Enterobacter sakazakii infections. 

 

Meningitis, bacteremia, urinary tract infections, pneumonia, conjunctivitis, 

vaginitis, necrotizing enterocoloitis (NEC) in premature infants, appendicitis, and 

wound infections among adolescents and adults have been reported to be 

associated with E.sakazakii (Bowen and Braden, 2006; Farber and Forsythe, 

2008; Adamson and Rogers, 1981). Table 1 shows the reported fatalities around 

the world. Although several clinical syndromes are known to be associated with 

E.sakazakii, the infections that affect the central nervous system are the most 

common (Farber and Forsythe, 2008). Infants affected by CNS syndromes exhibit 

typical signs of sepsis, irritability, lethargy, feeding intolerance and temperature 

instability (Farber and Forsythe, 2008). The mortality for infants having 
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E.sakazakii meningitis is 42%, while 74% are reported to exhibit neurological 

damages such as developmental delays (Bowen and Braden, 2006). Although, it 

has been reported that some adult patients who contracted bacteremia caused by 

E.sakazakii died (Jimenez and Gimenez, 1982). In outbreaks associated with 

infant formula, the onset of illness was observed as soon as 3 to 4 days after initial 

exposure to the contaminated formula (Simmons et al. 1989; Van Acker et al. 

2001) 

 

Table 1. Reported outbreaks due to Enterobacter sakazakii. (Adapted from Farber 

and Forsythe, 2008) 

 
Year Country Number of fatal 

cases 

Reference 

1961 United 
Kingdom 

2 Urmenyi and Franklin 
(1961) 

1983 Netherlands 4 Muytjens et al. (1983) 

1987 Greece 4 Arseni et al. (1987) 

1989 Iceland 1 Biering et al. (1989) 

1989 United States Not specified Simmons et al. (1989) 

2001 Belgium 2 Van Acker et al. (2001) 

2002 Israel 0 Block et al. (2002) 

2002 United States 1 Himelright et al. (2002) 

2006 France 2 Coignard et al. (2006) 
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Diagnosis and Treatment 

Standard medical tests such as blood testing, cerebrospinal fluid 

collection, urine and tissue culture specimens can be used to diagnose E. sakazakii 

infections (Farber and Forsythe, 2008). Radiographic imaging of the brain in 

infants with meningitis has been known to be an important diagnostic method to 

identify brain necrosis and abscess formation (Gallagher and Ball, 1991; Bar-Oz 

et al. 2001). Antimicrobial susceptibility testing of E.sakazakii isolates has also 

been recommended to guide therapy and treatment options (Farber and Forsythe, 

2008). Present therapy regimens for treating E.sakazakii infections in neonates, 

infants and non-infants include combinations of ampicillin and gentamicin, 

ampicillin and a third generation cephalosporin or a carbepenem plus vancomycin 

respectively (Farber and Forsythe, 2008). E.sakazakii strains are reported to be 

increasing their level of antimicrobial resistance and this increasing resistance 

parallels resistance of other Enterobacter species (Lai, 2001).  

 

Prevention 

 

Although the possible sources and reservoirs of E.sakazakii are unclear and 

remains debated, the only vehicle that has been epidemiologically and 

microbiologically associated with infection is powdered infant formula (Muytjens 
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et al. 1983; Farber and Forsythe, 2008). The World Health Organization and the 

American Academy of Pediatrics have therefore recommended exclusive 

breastfeeding during the first 6 months of life as a protective measure against 

E.sakazakii infections (Kramer and Kikumo, 2002). The World Health 

Organization has recommended awareness programs promoting the benefits of 

breastfeeding, safer feeding practices and educating about the risks of powdered 

infant formula to protect against contracting infections caused by E.sakazakii. As 

an addition to preventive measures, it was also suggested infant formula 

manufacturers could also provide warnings about the non-sterility of powdered 

infant formula and alternative feeding options to consumers. Timely reporting of 

E.sakazakii cases to local public health officials would also help to create 

awareness about the organism (Farber and Forsythe, 2008). 

 

Source and modes of transmission 

 

The source and vehicle of transmission of E.sakazakii is not entirely clear 

however infant formula has been epidemiologically implicated as the source of 

infections in several clinical scenarios (Block et al. 2002; Drudy et al. 2006; 

Clark et al. 1990; Simmons et al. 1989; Van Acker et al. 2001). Commercially 

prepared powdered infant formula has been found to be contaminated with 

Enterobacter sakazakii, which makes it the most probable source and mode of 
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transmission (Muytjens et al. 1988; Iversen and Forsythe, 2004; Postupa and 

Aldova, 1984). Powdered infant formula is not sterile hence it is more likely to 

harbor E.sakazakii. The incidence of E.sakazakii reported from infant formula 

ranges from 2 % (n=101) to 14% (n=141) (Farber and Forsythe, 2008; 

Nazarowec-White et al. 1999; Muytjens et al. 1988). E.sakazakii has also been 

isolated from a variety of environments ranging from hospitals, food production 

places and air, water and soil as mentioned in Table 2 (Kandhai et al. 2004; 

Iversen and Forsythe, 2003). This organism has also been found in several food 

ingredients used in preparation of food (Iversen and Forsythe, 2003). The natural 

habitat of E.sakazakii is largely unknown but it is likely that it may have an 

environmental niche on plant material, which is probably responsible for some of 

the organism’s physiological features such as the ability to resist desiccation and 

production of yellow pigment that imparts protective properties to the organism 

against ultraviolet light (Iversen et al. 2004). There are two main routes of 

contamination that have been described by Farber and Forsythe (2008) which are 

as follows: 

 

1. Contamination can occur through the addition of contaminated 

ingredients added after the process of drying or from the processing 

environment following drying and before packaging. 
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2. Unhygienic practices such as improper handling during reconstitution of 

formula or usage of poorly cleaned utensils can cause external 

contamination. 

 

Table 2: Environmental sources of E.sakazakii 

 

Source Reference 

Environmental:  

Hospital air, household dust, flies, rats, soil, 

crude oil, sediment, wetlands, water and 

biofilms. Factory environments producing milk 

powder, chocolate, potato flour, cereal, pasta 

and spices. 

 

Masaki et al. .2001; Kandhai et al. 

2004, Kuzina et al. 2001; Neelam et al. 

1987; Espeland and Wetzel, 2001; 

Asadi and Mathur, 1991; Bartolucci et 

al. 1996; Oliver, 1997. 

Food and drink sources: 

Powdered infant formula, Food preparation 

equipment such as blender, spoons.  

Food ingredients: cheese, dried foods, herbs and 

spices, rice seed. 

Minced beef, sausage meet, vegetables, tofu, 

eggs, ready-to-eat salads 

 

Farmer et al. 1980; Iversen and 

Forsythe, 2004; Soriano et al. 2001, 

Tamura et al. 1995; Kuklinsky-Sobral 

et al. 2004 
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Isolation and identification of Enterobacter sakazakii 

 

Initial methods used for the bacteriological identification of E.sakazakii 

comprised of pre-enrichment in buffered peptone water followed by selective 

plating after enrichment, selection of yellow-pigmented colonies and biochemical 

testing of presumptive colonies (Muytjens et al. 1988). This method was later 

modified by Nazarowec-White and Farber in 1997 and has been used as the 

United States Food and Drug Administration (FDA) recommended method as 

described in Figure 1. The FDA method is a time-consuming and presumptive test 

that is also not very sensitive; hence several isolation methods have been 

described in recent years. The FDA method also lacks specificity because it is 

more selective for Enterobacteriaceae rather than E.sakazakii (Farber and 

Forsythe, 2008). Table 3 gives a summary of culture methods used for the 

presumptive detection of E.sakazakii from environmental sources and infant 

formula.  
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Figure 1: FDA recommended method for isolation of Enterobacter sakazakii. 

 

3 × 1g          3×10g    3×100g 
 

Pre-enrichment
 

 

1: 10 dilution in Buffered peptone water or distilled water 

 

 

                                       10 ml into 90 ml EE broth       {Overnight incubation 

                                                                                 at 36˚C}                

Enrichment     

 

Violet Red Bile Glucose Agar Selection 
Spread plate enumeration method 

Direct streaking method 

Pour plate method 

 

 

Pick five characteristic colonies 

 

Trypticase Soy Agar, Incubate at 25˚C, 48-72 hrs 

 

Yellow Colonies 
Identification

 

 

API 20 E Biochemical profile               Oxidase Test 
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For the purpose of this research, E.sakazakii was isolated with a type of 

chromogenic media that has been developed specifically for its isolation. Several 

media have been developed based on the chromogenic and fluorogenic isolation 

of E.sakazakii (Appendix A). All these media utilize the key biochemical 

characteristic of production of α- glucosidase that can be distinguished from other 

Enterobacter species. Muytjens et al. (1984) first identified this enzymatic 

characteristic of E.sakazakii. In this study it was shown that a 100%(n=129) of 

isolates of E.sakazakii tested positive for α- glucosidase activity. Fluorogenic 

media was also developed to isolate E.sakazakii, which had a fluorogenic 

substrate, 4-methyl-umbelliferyl-α-D-glucopyranoside (Oh and Kang, 2004). This 

substrate serves as an indicator of the production of α-glucosidase by E.sakazakii. 

The inadequate sensitivity of the fluorogenic media is a limitation because 

fluorogens as opposed to chromogens have an ability to emit a diffused 

fluorescence and hence can be difficult to associate with a particular colony.   

Iversen et al. (2004) have developed the most successful way of differential and 

selective isolation of E.sakazakii.  This chromogenic media called DFI (Druggan-

Forsythe-Iversen) agar utilizes the chromogenic substrate called 5-bromo-4-

chloro-3-indolyl-α-D-glucopyranoside as an indicator of the α-glucosidase 

activity. This substrate is cleaved by α-glucosidase releasing color and creating 

blue-green E.sakazakii colonies (Iversen et al. 2004a). This media also contains 

sodium deoxycholate, sodium thiosulfate and ferric ammonium citrate as selective 
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agents so as to inhibit the growth of gram-positive organisms. Sodium thiosulfate 

and ferric ammonium citrate are included in the medium as indicators of hydrogen 

sulfide production in order to differentiate E.sakazakii from Salmonella colonies. 

Following the chromogenic isolation of E.sakazakii, further confirmation can be 

conducted by using biochemical identification kits such as API20E, ID32E, 

Microbact, and Biolog Microlog. Restaino et al (2006) has suggested that 

E.sakazakii confirmation should be based on more than one profiling system and 

recommended API20E and Biolog systems together to identify E.sakazakii 

accurately.  

Genotypic methods such as nucleic acid amplification have also aided in 

the rapid identification of E.sakazakii. The phylogenetic relationships of 

Enterobacter sakazakii strains have been investigated using 16S ribosomal DNA 

(rDNA) and the sequencing of housekeeping genes hsp 60  (Iversen et al. 2004). 

In addition to genetic sequence analysis, an artificial neural network has been 

constructed that distinguishes between E.sakazakii and related organisms (Iversen 

et al. 2006). Conventional PCR assays have also been developed to detect 

E.sakazakii. PCR detection of E.sakazakii is based on the presence of unique 

sequence targets that include the 16s-23s internal-transcribed spacer (ITS) and 

ompA (Farber and Forsythe, 2008). Seo et al. (2003) have also developed a real 

time PCR assay for the detection of E. sakazakii in infant formula.  This assay is 
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specific for differentiating E.sakazakii and E.cloacae and other genera of 

Enterobacteriaceae. 
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Table 3: Cultural methods for detection of Enterobacter sakazakii. (Adapted 

from Farber and Forsythe, 2008) 

 

Method Pre-
enrichment 

Enrichment Primary 
Isolation 

Identification  

 
FDAa

 
Distilled 

water 
(37˚C) 

 
Enterobacter 
enrichment-
EE broth. 

(37˚C) 

 
Violet Red 

Bile Glucose 
Agar 

 
Yellow pigment 

colonies on 
TSA at 25C for 

48-72 hrs 
 
 

DFIb

 
Buffered 
peptone 

water (37˚C) 

 
Enterobacter 
enrichment-
EE broth. 

(37˚C) 

 
DFI agar 
(37˚C) 

(Druggan-
Forysythe-

Iversen) 

 
Blue-green 

colonies 

 
NESc

 
Buffered 
peptone 

water (37˚C) 

 
m-LST + 

vancomycin 
at 45˚C 

 
Trypticase soy 

agar (TSA) 
with enhanced 
light exposure 

at 37˚C 

 
Yellow, α- 
glucosidase 

positive 
colonies 

 
AESd

 
Enterobacter 

sakazakii 
selective 

broth-ESSB. 
(37˚C) 

 
ESSB 
(37˚C) 

 
Enterobacter 

sakazakii 
isolation agar 

(ESIA) at 
44˚C 

 
Blue green 

colonies 

 
R&Fe

 
Distilled 

water 

 
EE broth 
(37˚C) 

 
ESPM-

Enterobacter 
sakazakii 

chromogenic 
plating 
medium 

 
Blue-black or 

blue-gray 
colonies. 
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a- Food and Drug Administration recommended method 

b- Iversen et al. 2004a 

c- Guillame-Gentil et al. 2005 

d- AES laboratorie (www.aes-lab.com) 

e- Restaino et al. 2006 

 

 

Naegleria fowleri 

 

Naegleria fowleri is an amoeboflagellate that is classified under 

Vahlkampfiidae and Acanthamoebidae (Ma, 1990). It is known to cause primary 

amoebic meningoencephalitis in humans. The first case of human disease caused 

by N. fowleri was reported by Fowler and Carter (1965) in Australia. Although 

Naegleria fowleri has primarily been reported to cause disease in humans, it has 

also been associated with encephalitis in cattle (Daft et al. 2005; Morales et al. 

2006). The disease has a 99% fatality rate and death can occur in 4 to 6 days 

(Marciano-Cabral, 1988). Infections caused by this organism mostly occur during 

the warm summer months due to the reason that Naegleria fowleri has an ability 

to tolerate higher temperatures in the range of 40˚C to 45˚C (Martinez, 1993; 

Visweswara, 1993; Bottone, 1993; Wellings et al. 1977; McClean et al. 2004). 

Naegleria fowleri is usually transmitted through recreational water-related 

activities such as swimming and jet skiing (Marciano-Cabral, 1988; Marshall et 

http://www.aes-lab.com/
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al, 1997). Mostly children and young adults are known to contract the disease 

while indulging in water-related recreational activities. Naegleria fowleri has been 

isolated from soil and hence can be introduced into water bodies such as lakes, 

ponds and surface waters through heavy rain and run offs (Marciano-Cabral, 

1988; Marshall et al. 1997). Some other sources of infection have been inhalation 

of N. fowleri cyst laden dust particles, swimming pools, power plant cooling 

reservoirs, ponds, lakes, coastal waters and thermal spas. (Lawande et al. 1979; 

Esterman et al. 1984; Huizinga and McLaughlin, 1990; Tyndall et al. 1989). 

 In October of 2002, two small children in central Arizona died suddenly 

of meningitis caused by the water-based protozoan N. fowleri (Marciano-Cabral, 

2003). Both children had been exposed to the same ground water supply served 

by a water services utility in the area The parasite Naegleria fowleri was later 

found in the samples collected from bathroom and kitchen pipes and sink traps 

(Marciano-Cabral et al. 2003). This was the first time infection with this parasite 

was associated with a drinking water supply with groundwater as its source. Few 

studies have been conducted on the occurrence of this organism in water because 

of analytical difficulties. To date, the only cases associated with drinking water 

have occurred in Australia and Arizona (Marciano-Cabral et al. 2003; Dorsch et 

al. 1983). These cases may have resulted from nasal exposure of non-disinfected 

tap waters via bathing in bathtubs, pools or hot tubs. In Australia, densities of 

N.fowleri can vary between seasonal cycles from below one organism per liter to 
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hundreds or thousands per liter in poorly disinfected water (Esterman et al. 1984). 

A recent report of the death of an infant has also suggested that this group is at 

risk from non-swimming exposure (Hebbar et al. 2005). Occurrence of the 

organism in surface waters is related to the availability of nutrients, which aid the 

growth of bacteria upon which it feeds, and warm water temperatures.  

Control of waterborne pathogens is a top public health concern in the United 

States (Moe, 2006). Since reporting of waterborne diseases in the United States is 

voluntary, the actual incidence is much higher than the reported number of cases 

(Gerba et al. 1996). Information on emerging waterborne infectious agents is 

limited and therefore, isolation and identification of these agents may be 

hampered by a lack of or due to inefficient detection techniques (Moe, 2006; 

U.S.E.P.A 1998). Therefore most cases of primary amoebic meningoencephalitis 

have been reported in the United States likely due to better diagnostic facilities. 

The United States Environmental Protection Agency’s (USEPA) has established a 

Contaminant Candidate List (CCL) to identify unregulated contaminants that may 

require a national drinking water regulation in the future (U.S.E.P.A, 1998). The 

CCL includes a published list of waterborne infectious agents that serves to 

provide information on the occurrence of these microorganisms in source waters, 

significant health effects and the effectiveness of current water treatment practices 

and methodologies on the isolation and identification of these waterborne 

pathogens (U.S.E.PA, 2008). In the CCL list 3 as shown in Table 4, Naegleria 
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fowleri is mentioned as a microbial contaminant and has been described as a 

protozoan parasite found in shallow, warm surface and ground water causing 

primary amoebic meningoencephalitis (U.S.E.P.A, 2008). 

 

 

Table 4. Microorganisms listed in Contaminant Candidate list. (EPA, 2008) 

 

Calicivirus 

Campylobacter jejuni 

Entamoeba histolytica 

Escherichia coli (O157) 

Helicobacter pylori 

Hepatitis A virus 

Legionella pneumophila 

Naegleria fowleri 

Salmonella enterica 

Shigella sonnei 

 

 

 

 

 

 

 

Structure and Life cycle of Naegleria fowleri 

 

Naegleria fowleri is a protozoan flagellate that is known to inhabit aquatic and 

soil habitats. Their life cycle consists of the cyst, trophozoite and flagellate stage 
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(Visweswara et al. 2007) as shown in Figure 2. In the soil, Naegleria fowleri is 

known to exist in the cyst stage, while in warm water, it is known to transform 

into the flagellate stage of the organism (Visweswara et al. 2007). The flagellate 

stage is the feeding stage of the organism and is the infectious form of the parasite 

that is known to cause the disease primary ameobic meningo-encephalitis (PAM) 

(Parija and Jaykeerthee, 1999; Carter 1970). The size of the cysts ranges from 10-

25 μm while that of the trophozoite ranges from 10-16 μm. The trophozoite of 

Naegleria fowleri can transitionally assume the form of a flagellate and can revert 

to the amoeboid form when the level of nutrients in the environment is low 

(Visweswara et al. 2007). The trophozoite can transform into a flagellate stage 

when there are changes in the ionic concentration of the milieu (Visweswara et al. 

2007). The trophozoite moves rapidly with the help of lobopodia at the anterior 

end (Visweswara et al. 2007). Cysts are formed when there is a depletion of 

nutrients in the growth medium leading to the starvation of the amoebae. 

N.fowleri detected at water temperatures below 18˚C can exist in the form of 

cysts; these cysts may be able to convert into trophozoites in harsh environmental 

conditions such as desiccation (Esterman et al. 1984; Dorsch et al. 1983). The 

cyst stage is the most resistant form composed of a tough double walled 

mucopolysaccharide layer and is spherical in shape (Visweswara et al. 2007). The 

flagellate and the cyst stage of the organism consist of a single nucleus with a 

distinct nucleolus (Schuster and Visvesvara, 2004).  
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Figure 2: Life cycle of Naegleria fowleri  
(Adapted from http://www.tulane.edu/~wiser/protozoology/notes/free.html#naeg) 
 
 

 

 

 

Pathogenicity of Naegleria spp. 

 
There are thirty species in the genus Naegleria that have been isolated from 

environmental sources of which most of them are non-pathogenic to humans 

except for Naegleria fowleri (Marciano-Cabral and Cabral, 2007). Naegleria 

fowleri is the species that has been well documented to cause primary amoebic 

meningoencephalitis, a rapidly fatal central nervous system disease that mostly 

affects children and young adults with a history of swimming and diving in fresh 

water (Marciano-Cabral, 1988; Marshalls et al, 1997). N. fowleri is the most 

pathogenic species amongst all the 30 species, although N.australiensis and 

http://www.tulane.edu/~wiser/protozoology/notes/free.html#naeg
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Naegleria italica may be pathogenic to a lesser extent and can also infect 

laboratory animals (Kilvington and Beeching, 1995; De Jonkheere, 2002).  

Infection with N.fowleri is initiated by its introduction in the nasal passages by 

forceful inhalation that can occur during swimming or diving activities. Amoebae 

then attach to the nasal mucosa, migrate along the olfactory nerves, cross the 

cribriform plate and enter the brain. Only trophozoites enter the brain as observed 

by eosin and hematoxylin staining of tissue. Naegleria fowleri produces its 

pathologic effects in humans by its aggressive phagocytic activity and by the 

diffusion of phospholipases, neuraminidases, and other cytologic enzymes, which 

results in diffuse hemorrhage and necrosis of brain tissue (Gibbs and Johnson, 

2006). PAM is characterized by severe frontal headaches, fever, nausea, vomiting, 

stiff neck and occasional seizures that usually results in death with a 98% fatality 

rate (Carter, 1970; Martinez, 1985; Barnett et al., 1996; Martinez and 

Visweswara, 1997) 

 

Immune response to Naegleria fowleri 

 

Naegleria fowleri has evolved to be a successful pathogen due to the development 

of mechanisms to avoid the host immune system. N.fowleri is resistant to lysis by 

cytoloytic molecules in the host such as tumor necrosis factor (TNF-α), IL-1, and 

the membrane attack complex (MAC) C5b-C9 of complement (Fischer-Stenger 
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and Marciano-Cabral, 1992; Toney and Marciano-Cabral, 1992). A significant 

level of humoral immunity against N.fowleri has also been shown by several 

studies conducted on humans and experimental animals (Marciano-Cabral et al. 

1987). Serum samples collected from healthy individuals reported a positive 

antibody titer for N. fowleri (Marciano-Cabral, 1988).  

 

Incidence 

 

To date, there have been approximately 200 cases documented worldwide, with 

more than 100 in the United States (CDC, 2007) and at least 5 in Arizona 

(Willaert 1974; John 1982; Marciano-Cabral et al. 2003; The Arizona Republic 

2006). The most recent case in Arizona was a 14-year old boy who contracted the 

disease while swimming in Lake Havasu in Arizona (The Arizona Republic 

2006). Two other cases were related to the contamination of the tap water from a 

groundwater well in which the organism was present. One child was exposed in a 

pool and the other in a Jacuzzi bath (Marciano-Cabral et al. 2003). Most cases in 

developing countries are not reported due to lack of diagnostic facilities and 

confusion of the symptoms with bacterial meningitis or viral meningitis (Gibbs 

and Johnson, 2006). The majority of identified cases are reported in countries 

with tropical and subtropical climates (Parija and Jaykeerthee, 1999). In the 
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United States, N. fowleri has been documented in surface waters in Virginia, 

Oklahoma, Florida, New Mexico, and Arizona (Marciano-Cabral et al. 2003; 

Wellings et al. 1977; Lee et al. 2002).  

 

Treatment regimen 

There have been only 8 documented cases of survivors of PAM and no confirmed 

standard treatment regimen has been proposed (Gibbs and Johnson, 2006). Early 

diagnosis and treatment with Amphotericin B appears to be the best regimen for 

patients having PAM. The best-described case was treated with intravenous and 

intrathecal amphotericin B and miconazole, as well as oral rifampin. Despite 

surviving treatment, patients have shown lasting signs of physical or cognitive 

impairment (Gibbs and Johnson, 2006).  

 

Mortality/ Morbidity risk 

 
According to a risk assessment study conducted by Cabanes et al. (2002). There is 

a 1 in a million mortality risk for exposure to 100 Naegleria fowleri amoebae per 

liter of water. The disease caused by the organism is very rare with 200 cases 

reported worldwide (CDC, 2007). Most of the cases have been reported from the 

US is due to better diagnostic methods and facilities. The fatality rates of this 
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disease is 98%, survivors are often left physically debilitated due to the aggressive 

treatment regimen for this disease.  

 

Detection methods of Naegleria fowleri 

 

Apart from the quantitative amoeba assay used to detect live amoeba in water as 

described by Robinson and Christy (1984), there are methods to detect the DNA 

of N.fowleri. Although detection of DNA does not determine whether the 

organism is live or dead, it does determine past presence of organism. Several 

methods of environmental detection of N.fowleri have been described in the 

literature. Table 5 is a summary of the detection methods listed in the literature 

review. 
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Table 5: Summary of environmental detection methods for Naegleria fowleri. 

 

Reference  Sample 
Location Source Assay Limit of Detection 

Marciano-Cabral 
et al. (2003) USA -Arizona Groundwater PCRA 5 intact N. fowleri 

in 50 mL of water 

Reveiller et al. 
(2003) France Cooling ponds 

and rivers ELISAB

Sensitivity = 97.4% 
= 100 X [true 
positive]/[true 
positive + false 

negative] 

Sheehan, et al 
(2003) 

USA -
Yellowstone 
and Grand 

Teton National 
Parks 

Hot springs PCR No limit of 
detection mentioned

Pelandakis, and 
Pernin, (2002) France Cooling ponds 

and rivers 
Multiplex 

PCR 

DNA from as few 
as five trophozoites 

or cysts 

Behets, et al. 
(2007) Belgium 

Cooling water 
circuits from 
power plants 

FTC, 
ELISA, 

PCR 
2 N. fowleri per liter

Reveiller et al. 
(2002) 

USA-Virginia 
and Florida 

Seeded 
environmental 

samples 
PCR 

5 pg of N. fowleri 
DNA or 5 intact N. 

fowleri amoebae 

Robinson et al. 
(2006) 

South 
Australia Pure cultures 

Real- 
Time 

PCR and 
Melting -

curve 
analysis 

Product was 
amplified from 
extracted DNA 

equivalent to 0.1 to 
0.2 cells. Reaction 

efficiency 
calculated from the 
standard curve was 
0.92 for N.fowleri. 

 

APCR = Polymerase Chain Reaction 
BELISA = Enzyme-Linked ImmunoSorbent Assay 
CFT = Flagellation Test 
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Disinfection of Naegleria fowleri 

 

Disinfection Models 

 

The Chick-Watson kinetic model is the most well known model used to predict 

microbial inactivation (LeChevallier and Au, 2004). This model combines the 

Chick’s rate law and Watson’s function. The Chick’s law states that the number 

of microorganisms destroyed is proportional to the number remaining for 

disinfectant concentration. The Chick’s law also follows first- order kinetics 

between a chemical disinfectant and a microorganism. Since this law does not 

make use of disinfectant concentrations, Watson developed an empirical formula 

called the Watson logarithmic function and incorporated this function into the 

Chick’s law to produce the Chick-Watson kinetic model. Since the inactivation 

kinetics for reactions involving microorganisms and disinfectants does not usually 

follow first order kinetics, several other linear and non-linear kinetic models have 

been developed that take into account factors such as microbial inoculum, 

disinfectant concentration, temperature, time and pH of the reaction milieu 

(LeChevallier and Au, 2004). One such model is the Efficiency Factor Hom 

model (EFH) that takes all of the above-mentioned factors into account. The EFH 

model adequately describes the kinetics of disinfection experiments that do not 

follow Chick-Watson kinetics and are subject to disinfectant decay (Thurston-
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Enriquez et al. 2005). The EFH model is also user friendly because it allows 

researchers to describe disinfection kinetics by using mathematical functions 

commonly used in computer packages such as Microsoft Excel (Microsoft Corp.) 

(Thurston-Enriquez et al. 2005). Table 6 lists some examples of kinetic models 

used for prediction of microbial inactivation by disinfectants and Table 7 gives a 

definition of the kinetic model parameters.  

 
 
 
Table 6.  Microbial inactivation kinetic models. (Adapted from Gyurek and 
Finch, 1998) 
 
 

 

Inactivation Kinetic Model 

 

Kinetic Equation  

Ln(Nt/N0) 

Chick’s Law e-kt = Nt/N0

Chick –Watson 

Disinfectant demand-free condition 

 

 

Disinfectant demand condition 

 

e-kCn t = Nt/N0

 

-k/k’n(C0
n – Ct

n) 

Efficiency Factor Hom (EHM) Ln N/N0 = kC0tm x [1-exp (nk’t/m)(nk’t/m)] 
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Table 7. Kinetic model parameters and their definitions (adapted from 
Thurston-Enriquez, 2001) 
 

Parameter Definitions 

 
k’ 

 
Disinfectant decay constant per minute 

 
t 

 
Time required to achieve a given level of inactivation in minutes 

 
n 

 
Coefficient of dilution- average number of molecules to have combined with the 

microbes necessary to carry out inactivation 
 

k, m 
 

Microbial inactivation constant 
 

C, C0, Ct 
 

Concentration of disinfectant, concentration of disinfectant at time 0, 
concentration of disinfectant at time t 

 

 

 

Chlorine as a disinfectant

 

Chlorine is the most widely used disinfection practice worldwide (Bitton, 1980). 

Chlorine gas and water react to form hypochlorous acid (HOCl) and hydrochloric 

acid (HCl). In turn, the HOCl dissociates into the hypochlorite ion (OCl-) and the 

hydrogen ion (H+), according to the following reactions: 

(1) Cl2 +H2O     HOCl + HCl 

 

(2) HOCl      H+     + OCl-
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The hypochlorite ion (OCl-) and the hypochlorous acid (HOCl-) are commonly 

referred to as free chlorine, which is extremely reactive with the components of an 

organism’s cell (LeChevallier and Au, 2004). Chlorine oxidizes the active sites on 

sulfhydryl groups on proteins that are an integral component of an organism’s cell 

(Venkobachar et al. 1977; LeChevallier and Au, 2004).  

 

By products of chlorine disinfection 

 
Although chlorination is effective at inactivation of many microorganisms, there 

are limitations to this method including the formation of by-products of 

disinfection such as tri-halomethanes (Ainsworth, 2004). Disinfection by-products 

can form when disinfectants, such as chlorine, react with naturally present 

compounds such as organic and inorganic matter in the water.  

 

Factors affecting chlorine disinfection 

 
Microbial inactivation is influenced by factors such as disinfectant concentration, 

contact time, temperature and pH. Disinfectant concentration and contact time are 

integral disinfection kinetics and the practical application of the Ct concept. Ct 

can be defined as the concentration of disinfectant being multiplied by the contact 

time. The pH of the disinfectant solution is an important factor in effecting the 
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disinfection efficacy. Disinfection capacity is greater at pH values below 7 and it 

is also less effective at lower temperatures (LeChevallier and Au, 2004).  

 

 
Effectiveness of chlorine against protozoa 

 

Cysts of protozoans Entamoeba histolytica and Giardia lamblia are highly 

resistant to chlorine disinfection; high chlorine residuals with prolonged contact 

time is usually required to inactivate the cysts.  There is a considerable amount of 

information on Ct values for disinfection of cysts of Giardia lamblia, Entamoeba 

histolytica and Crytposporidium parvum as compared to that of Naegleria fowleri; 

the USEPA has published information extensively on the Ct values at different 

conditions such as temperature, pH, chlorine residuals and other factors (USEPA, 

1989).  Cryptosporidium oocysts are known to be extremely resistant to chlorine 

disinfection (Campbell et al, 1982). The Ct value for the inactivation of 

Cryptosporidium oocysts at a water temperature of 25οC and pH 7 is very high at 

7200 and at a chlorine residual concentration of 80mg/l (LeChevallier and Au, 

2004).  Therefore conventional disinfection practices would do little to inactivate 

Cryptosporidium in drinking water supplies (Gyurek and Finch, 1994). Hence, 

alternative ways of disinfection must be developed in order to achieve effective 

water treatment and pathogen control. 
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Ultraviolet light disinfection  

 

Since chlorine based disinfection may produce toxic disinfection by-products, 

alternative modes of water treatment are being studied. One of the attractive 

alternative modes of disinfection include the use of ultraviolet light, which is 

regarded as a viable disinfectant option since it does not produce any toxic by 

products and it is known to be effective on a wide range of microorganisms 

(Bitton, 1980). The benefits and disadvantages of using ultraviolet disinfection for 

water treatment as described by the U.S.E.PA (1999) are summarized as follows: 

 

Benefits of UV disinfection 

 

 1. It is a readily available form of disinfectant and is user-friendly. 

 2. No formation of any known toxic byproducts.  

 3. Does not produce any color, taste or odor problems  

 4. Contact time is much shorter than chemical disinfection. 

 5. Does not require any storage and requires minimal space for equipment 

and contact chamber.  

 6. It is an effective disinfectant that can eradicate most pathogens 

(bacteria, viruses, cysts) by the inhibition of their growth and replication..  

 7. UV effectiveness is not dependent on temperature or pH of water.  
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Limitations of UV disinfection 

  

 1. No disinfection residual is formed; therefore a secondary disinfectant is 

required to maintain a steady level of disinfectant in water.  

 2. Organisms can sometimes repair the effects of UV damage by the 

process of photo reactivation in the presence (light repair) or absence of 

light (dark repair). 

 3. Turbid water due to high levels of suspended solids or soluble organic 

matter affects UV disinfection because turbidity makes it difficult for 

radiation to penetrate water.  

 4. UV disinfection technology is quite expensive due to costs incurred by 

cleaning of equipment, installation and frequent lamp replacements.  

  

 

Mode of action of ultraviolet light 

 

UV lamps at a low pressure are set at a wavelength of 254 nm (Bern et al. 1999). 

The cellular components of deoxyribonucleic acid (DNA) and ribonucleic acid 

(RNA) comprise of pyrimidine nucleotides such as thymine, cytosine and uracil 

(Bern et al. 1999). Photodecomposition rates of adenine and guanine are lower 

than that of these pyrimidine dimers (Bern et al. 1999). Three types of dimers are 
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formed T-T, C-C and T-C, the formation of these pyrmidine dimers block nucleic 

acid replication (DNA and RNA) and hence aids the inactivation of 

microorganisms (Bitton, 1980). Through the phenomenon of photoreactivation, 

the pyrimidine dimers can be repaired in the presence of light (light repair) or in 

the absence of light (dark repair) to reverse the effect of UV light on nucleic acid 

replication The UV inactivation of microorganisms can be described with first 

order kinetics based on the fluence inactivation data from laboratory conducted 

collimated beam experiments (Thurston-Enriquez et al. 2003b).  

 

Ultraviolet light disinfection of protozoa. 

 

Interest in UV disinfection for water increased subsequent to the success of 

experiments done on the disinfection of Cryptosporidium parvum in water 

(Clancy et al, 1998). These experiments showed that C. parvum oocysts were 

highly susceptible to UV disinfection. Since then several authors have studied the 

UV inactivation of protozoa by low-pressure and high-pressure UV lamps.  
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Table 8. Comparison of UV fluence(mJ/cm2) for a two log inactivation of 
known microorganisms (Adapted from USEPA, 2003; Maya et al. 2003, Hijnen 
et al. 2006) 
 

 Organisms UV dosage (mJ/cm2) 

for 99% reduction 

Cryptosporidium 6 

Giardia 5 

Adenovirus 50 

Hepatitis A virus 11 

Acanthamoeba 71 

 

 

 

 

 

 

 

 

 

Dissertation format 

 

The appendices of this dissertation consist of two manuscripts prepared for 

publication and one manuscript already submitted and accepted for publication. 

Appendix A is a study conducted on the “Occurrence of Enterobacter sakazakii in 

household kitchens”. Appendix B “Well Water as a Source of Environmental 

Exposure to Naegleria fowleri has been accepted for publication in the journal 

Emerging Infectious Diseases in the capacity of a second author. Appendix C is a 



   
49

 
 
manuscript titled “Inactivation of trophozoites and cysts of Naegleria fowleri by 

chlorine and ultraviolet disinfection”. This dissertation format offers the 

advantage of including manuscripts ready for submission to peer-reviewed 

journals (Appendix A and C), and. manuscripts already accepted for publication 

(Appendix B). 

The dissertation author is responsible for all the research presented in the 

manuscripts in appendices A and C; the author also actively participated in the 

preparation of the manuscript in Appendix B.  

 

Present Study 

 

The objective of the present study is to determine the occurrence of Enterobacter 

sakazakii in household kitchens and the occurrence and inactivation of Naegleria 

fowleri trophozoites and cysts by chlorine and ultraviolet light. The methods, 

results and conclusions of this study are presented in the manuscripts and are 

appended to this dissertation. The following is a summary of the most important 

findings. 

In the manuscript titled “Occurrence of Enterobacter sakazakii in 

household kitchens”, samples were collected from sink drains, kitchen sponges, 

dishrags, faucets, cutting boards, filtered and unfiltered tap water and well water. 



   
50

 
 
All the samples were tested for heterotrophic count, total coliforms, E. coli and 

E.sakazakii. Kitchen sink drains were found to contain the highest number of 

heterotrophic bacteria. E. sakazakii was isolated with the highest frequency from 

kitchen sponges (8%; n=50) and dishrags (10 %; n=50). The highest frequencies 

of total coliforms were found in kitchen sponges (81%; n=50). The geometric 

mean of total coliforms and that of E. coli in positive samples were in the range of 

24 cfu/ml to 1.22 × 108/ml and 7 cfu/ml to 1.20 × 105 cfu/ml, respectively 

The manuscript titled “Well water as a source of environmental exposure 

to Naegleria fowleri” presents a survey of drinking water supply wells in Arizona, 

a previously unrecognized source of Naegleria fowleri that could present a human 

health risk. N. fowleri DNA was detected in 11 (8%) of 143 wells by PCR. Out of 

the 185 total samples of the 143 wells, 30 (16%) tested positive for N. fowleri. 

The organism was most often detected after the wells had been purged (18% 

purged versus 10 % initial samples).  

The manuscript titled “Inactivation of Naegleria fowleri trophozoites and 

cysts by chlorine and ultraviolet light”. In this study chlorine and ultraviolet light 

were evaluated against the two distinct life stages of N. fowleri; the trophozoites and 

the cyst. Through this study it was determined that N. fowleri is fairly resistant to 

chlorine and ultraviolet light. The Ct values (concentration X exposure time) for 

chlorine inactivation of N. fowleri trophozoites and cysts (two distinct life stages) at 

an average disinfectant concentration of 1mg/ l were determined using the Efficiency 



   
51

 
 
Factor Hom Kinetic Model (EHM). Experiments were carried out in buffered, 

disinfectant-demand free water and well water obtained from municipal wells known 

to be contaminated with N. fowleri. The Ct values for 99%, 99.9% and 99.99% 

inactivation of N. fowleri trophozoites were 6, 9 and 12, respectively at pH 7.5 while, 

the Ct values for the same level of inactivation of trophozoites at pH 9 are 18, 23 and 

27 respectively. The Ct values for trophozoites in ground water were determined to be 

10, 14 and 19 at pH 8.21 at a temperature of 31°C. The Ct values for 99%, 99.9% and 

99.99% inactivation of cysts at a pH of 7.5 were estimated using the EHM model to 

be 31, 42 and 53 and at a pH of 9, it was estimated to be 37, 50 and 62, respectively. 

The Ct values for the same level of inactivation of cysts in ground water were 

estimated to be 40, 48 and 56 at pH 8.01 and temperature of 38°C. The Ct values of 

the same level of inactivation of cysts in ground water at pH 7.38 and a temperature 

of 28°C were estimated to be 25, 35 and 44, respectively. These Ct values for 

Naegleria fowleri cysts are comparable to published values for Giardia lamblia cysts, 

which is currently estimated in the range of 30 to 45. The ultraviolet light (UV) 

dosage required for the two log inactivation of the most resistant cyst stage of N. 

fowleri in water was determined to be 63 mW.sec/cm2 and that of the trophozoite 

stage 13 mW.sec/cm2. In comparison, a 2-log inactivation of Cryptosporidium 

parvum oocysts by UV light was determined to be 5 mW.sec/cm2 (Clancy et al, 1998; 

USEPA, 2003). 
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Abstract 

 

Enterobacter sakazakii is an opportunistic emerging foodborne organism that is a 

life-threatening cause of outbreaks mostly associated with neonates in neonatal 

intensive care units worldwide.  The organism mostly affects premature infants, 

immunocompromised, and medically debilitated infants as they are more 

susceptible to infections. Infant formula may be a vehicle for E. sakazakii-induced 

illness. The purpose of this study was to determine the occurrence of the organism 

in various environmental sources ranging from items used in the home 

environments including kitchen sink drains (n=50), bathroom sink drains (n=50), 

kitchen faucets (n=50), dishrags (n=50), sponges (n=50), cutting boards (n=50), 

well water samples (n=10), and household tap water samples (n=20).  E.sakazakii 

was most often isolated from dishrags and sponges at a frequency of each 

comprising 10% and 8%, respectively. These sites were also the areas with the 

largest numbers of coliform and heterotrophic bacteria. The kitchen sponge was 

also the source of the highest percentage frequency of Escherichia coli isolation 

(57%). There was no positive correlation observed between heterotrophic 

bacteria, coliforms, E. coli and the occurrence of E. sakazakii.  
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Introduction 

Enterobacter sakazakii is a gram-negative, non-spore forming facultative 

anaerobic organism that is associated with infections such as meningitis, sepsis, 

bacteremia and necrotizing enterocolitis in neonates, the elderly and 

immunocompromised individuals (Bar-Oz et al. 2001; Burdette and Santos, 2000; 

Noriega et al. 1990; Gallagher and Ball, 1991; Muytjens et al. 1983; Van Acker et 

al. 2001; Baiguini, 2005; Lai, 2001). Illnesses caused by E.sakazakii are a 

notifiable disease in some countries. Taxonomically, E.sakazakii is a member of 

the family Enterobacteriaceae, genus Enterobacter (Nazarowec-White and 

Farber, 1997).  

 Although premature infants and neonates are more prone to infections 

caused by Enterobacter sakazakii, this organism can also cause infections 

amongst older age groups (>65) especially those who are immunocompromised 

(Centers for Disease Control and Prevention (CDC) 2002; Farber and Forsythe, 

2008; Gurtler et al. 2005). The mortality rates of infections caused by E.sakazakii 

range between 10%-80% (Gallagher and Ball, 1991; Lai, 2001). The possible 

reservoirs and mode of transmission for E.sakazakii infections have been widely 

debated although powdered infant formula has been implicated as the only 

reservoir that has been microbiologically and epidemiologically associated with 
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invasive infections caused by E.sakazakii. (Centers for Disease Control and 

Prevention (CDC) 2002; Muytjens and Kollee, 1990; Clark, et al, 1990)   

 Although E.sakazakii is known to be a ubiquitous organism, the natural 

habitat of this organism is unknown (Kandhai et al, 2004). E.sakazakii is not a 

component of the normal gut flora of animals and humans, hence it is quite likely 

that the organism can only be sourced environmentally (Iversen et al, 2004; 

Muytjens and Kollee, 1990).  Recent studies have shown that it has been widely 

found in food production environments such as factories and in households 

(Kandhai et al, 2004; Arts, 2004). In a study conducted by Kandhai et al on the 

occurrence of E.sakazakii in food production environments and households, most 

of the household samples that were studied were exclusively obtained from dust 

in the vacuum cleaner bags, while samples from factory environments were 

obtained by scraping or sweeping surfaces or by sampling vacuum cleaner bags 

(Kandhai et al, 2004). The organism has also been isolated from the air in 

hospital, floor drains in a dry product-processing environment, soil, vegetables 

and freshly cut fruits. (Lai et al, 2001; Kim and Beuchat, 2005). This confirms the 

ubiquitous and widespread nature of this organism.   

 The purpose of this project was to elucidate the environmental 

transmission of E.sakazakii from various household surfaces, cleaning tools used 

in the kitchen and water sources. The methods that were used to indicate the 
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prevalence of E.sakazakii in these sources were based on the cultural and 

biochemical identification of the organism.  

 

Materials and Methods 

 

Samples of cleaning tools such as dishrags and cellulose sponges were collected 

from private households in Ziploc TM plastic bags. Sterile swabs were used to 

sample kitchen faucets, cutting boards, bathroom and kitchen sink drains in 

households (BBLTM CultureSwabsTM - Becton Dickinson, Franklin Lakes, NJ, 

USA) In the kitchen and the bathroom sink basin, a one cm area around the drain 

was swabbed, the inside area of the kitchen faucet and the center of the cutting 

board was also swabbed. The swabs were thoroughly vortexed for one minute and 

squeezed until all the liquid was extracted into a sterile test tube. An additional 

amount of 0.4-0.5 ml of Tris-buffered saline (TBS; Sigma Aldrich, St Louis, MO) 

was added to bring the final sample volume to one ml. All the dishrags and 

sponges were soaked in Letheen neutralizing broth (Difco Laboratories, Detroit, 

MI, USA) within the plastic bag. An amount of 50-75 ml of Letheen was added to 

the dishrags and sponges depending on the moisture content and all the liquid in 

the sponges and dishrags were wrung out into a sterile collection test tube. 

Well water and municipal tapwater supplied to households where also sampled 

for the presence of the organism. Ten one-liter groundwater samples and twenty 
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one-liter tap water samples. Ten of the twenty tap water samples were collected 

from taps attached to BritaTM filter point-of-use devices to evaluate the presence 

or absence of E.sakazakii. Samples were collected in one-liter sterile plastic 

bottles that were transported to the laboratory on ice at 4°C. Sterile sodium 

thiosulphate (2 ml) was added to each sample to neutralize any residual chlorine 

in the water. All samples were processed within 24 hours of collection. Total 

coliforms and Escherichia coli in all collected samples were enumerated by the 

Colilert Quanti-trayTM method (IDEXX Laboratories, Inc. Westbrook, ME). 

Appropriate serial dilutions of the samples were assayed on R2A agar (Difco 

Sparks, MD, USA) in duplicate by spread plate technique for enumeration of the 

heterotrophic plate count. Plates were incubated up to 7 days at room temperature 

and the resulting heterotrophic bacteria were enumerated by counting the colony 

forming units per ml. Microsoft EXCEL (2000) software (Microsoft Co, 

Redmond, WA, USA) was used for determining the correlation between 

heterotrophic bacteria, coliforms, E. coli and the occurrence of E. sakazakii.  

For the species identification a combination of cultural and biochemical 

methods were selected for the isolation of Enterobacter sakazakii. Selective 

enrichment procedures were carried out as recommended by Guillaume-Gentil et 

al. 2005 and Iversen et al. 2006. Samples were pre-enriched in buffered peptone 

water, followed by enrichment in ESE (E.sakazakii enrichment broth; Iversen and 

Forsythe, 2007) broth and finally plated and enumerated on DFI (Druggan-
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Forsythe-Iversen) chromogenic agar (Iversen and Forsythe, 2004) and incubated 

at 37°C for 24 hours. Appearance of blue green colonies on selective agar 

suggested the presence of Enterobacter sakazakii. Further confirmation of the 

presumptive colonies was made by the BIOLOG GN microplates TM and API 20E 

(BioMerieux, Inc., Hazelwood, MO) identification kits. 

 

Results 

 

Enterobacter sakazakii was isolated with varying frequencies from almost all of 

the environmental samples except for the kitchen faucet, water collected from 

wells and household taps. The occurrence of E. sakazakii in various 

environmental samples and their percentage frequencies are presented in Table 1 

A. E.sakazakii was isolated in dishrags (10%; n=50) and sponges (8%; n=50) 

more frequently as compared to the other environmental sources. The geometric 

mean of E. sakazakii in positive samples was in the range of 20-200 cfu/ml. All 

the samples were positive for heterotrophic plate count bacteria with the greatest 

numbers in the sink drain as shown in Figure 1 A. However, the frequency of 

isolation of E. sakazakii in these sink drains was only 1%.  The average frequency 

of total coliforms and Escherichia coli detection is shown in Table 2 A. The 

highest frequencies of total coliforms were found in kitchen sponges (81%; n=50). 

The geometric mean of total coliforms and that of E.coli in positive samples were 
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in the range of 24 cfu/ml to 1.22 × 108 cfu/ml and 7 cfu/ml to 1.20 × 105 cfu/ml, 

respectively.  

 

Discussion 

 
Of all the household objects tested, sponges and dishrags had the greatest number 

of total coliform bacteria and E.coli.  Enterobacter sakazakii was also most 

commonly detected in these cleaning tools. In a large survey conducted on over 

500 foodstuffs and ingredients, a large proportion of food ingredients such as 

cheese, herbs, spices were shown to contain E.sakazakii, preparation equipments 

such as blenders, spoons were also found to contain the organism which is 

probably a reason why this organism is widespread in the kitchen (Iversen and 

Forsythe, 2004; Block et al. 1988; Bar-Oz et al. 2001). The organism has also 

been isolated from dairy products (cheese, milk, milk powder and powdered 

infant milk formula) and non-dairy products (tofu, sour tea, fermented bread) and 

meat products including minced beef, cured meat and sausage meat (Farmer et al, 

1980; Iversen and Forsythe, 2004; Tamura et al. 1995; Watanabe and Esaki, 

1994; Soriano et al. 2001). E.sakazakii has been to shown to exhibit resistance to 

desiccation during long dry periods of over 2 years (Caubilla-Barron and 

Forsythe, 2007). This ability can be attributed to its physiological traits such as 

ability to produce a yellow pigment that protects the cells against UV rays, 
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capsular and fimbriae formation to aid in the adherence to surfaces. It has also 

been suggested that the organism may have an environmental niche on plant 

materials (Iversen et al.  2004) which is probably the reason it can be isolated 

from several plant related products such as potato flour, pasta, herbs and spices 

(Iversen et al. 2004). Little is known about the occurrence of E.sakazakii in 

households. Kandhai et al (2004) conducted a survey to study the occurrence of 

E.sakazakii in food production environments and households. But this household 

study included samples only from vaccum cleaner bags and samples from the 

food production-line environments. E.sakazakii was isolated from nearly all of 

these environments with varying frequency (Kandhai et al. 2004).  

Although earlier literature has showed that E.sakazakii can also be found 

in drinking water supplies (Bartolucci et al. 1996; Oliver, 1997), none were 

detected in the present study.  The analysis of variance (ANOVA) statistical test 

was used to determine if there was any correlation between the numbers of total 

coliforms, Escherichia coli, heterotrophic plate count and the occurrence of 

E.sakazakii but no significant correlation could be drawn between all the 

enumerated parameters. Although the highest heterotrophic plate count was 

obtained from sink drains, the frequency of isolation of E.sakazakii in these drains 

was found to be low which may be due to overgrowth by other (non-E.sakazakii) 

Enterobacteriaceae.  This study on the occurrence of E.sakazakii from household 
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kitchens will add to the database of E.sakazakii persistence in a variety of 

household environments 
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Figure 1 A:  Geometric mean of heterotrophic bacteria in environments 

samples. 
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Table 1 A: Frequency of E.sakazakii isolation from all samples. 

 
Source Number of isolates 

(Frequency in %) 

Kitchen sink drain (n=50) 2 (4) 

Bathroom sink drain (n=50) 1 (2) 

Kitchen Faucet (n=50) 0 

Cutting Board (n=50) 1 (2) 

Kitchen sponge (n=50) 4 (8) 

     Kitchen dishrag (n=50) 5(10) 

Tap water (filtered) (n=10) 0 

Tap water (unfiltered) (n=10) 0 

Well water (n=10) 0 
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Table 2 A: Average frequency (%) of total coliforms and Escherichia coli 

from various environmental sources. 

  
E.coli Total Coliforms Sample source  

  
(%) (%)  

 
Kitchen Sink Drain 
(n=50) 

 
78 

 
 

 
20 

   
8 

 
Bathroom Sink Drain 
(n=50) 

62 
 

 
Kitchen faucet  
(n=50) 

  
5 58  

 
Cutting board 
(n=50) 

  
2 

 
27 

 
 
Kitchen sponge 
(n=50) 

  
57 81  

 
Kitchen Dishrag 
(n=50) 

  
45 

 
68 

 
Tap water- filtered 
(Cfu/100ml) (n=10) 

  
0 

 
0 

 
Tap water -unflitered 
(Cfu/100ml) (n=10) 

  
0 

 
0 

  

 

 

Well water 
(Cfu/100ml) (n=10) 
 

  
2 0 
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Abstract 

 

Naegleria fowleri, a protozoon found in hot springs and warm surface waters, can 

cause Primary Amebic Meningoencephalitis in humans. A survey of drinking 

water supply wells in Arizona determined that wells can be colonized and may be 

an unrecognized source of this organism that could present a human health risk. 

 

Article Summary Line: A survey of drinking water supply wells in Arizona 

determined that wells might be an unrecognized source of Naegleria fowleri that 

could present a human health risk. 

 

Naegleria fowleri is an ameboflagellate found free-living in warm bodies of water 

such as ponds, irrigation ditches, lakes, coastal waters, and hot springs and can 

cause Primary Amoebic Meningoencephalitis (PAM). Humans contact N. fowleri 

via swimming or bathing, particularly in surface waters. The amoeba enters the 

nasal passages, penetrates the nasopharyngeal mucosa, and migrates to the 

olfactory nerves, eventually invading the brain through the cribriform plate (1). 

Between 1995 and 2004, N. fowleri killed 23 people in the U.S. (2), including two 

children in the Phoenix, Arizona area in 2002 who died after exposure to well 

water (3). There have been six documented deaths in 2007 alone, all in warmer 

regions (Arizona, Texas, Florida)(4). 
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Although N. fowleri’s presence in surface waters is well documented (5, 

6), no previous studies on its occurrence have been conducted in wells. This study 

targeted high-volume drinking water wells operated by municipal utilities or 

private water companies in the greater Phoenix and Tucson, Arizona areas. 

Previous data from 500 wells in the region found temperatures ranging from 13°C 

to 46°C. Typical well discharges range from hundreds to >3,780 liters per minute. 

Well depths vary from 100 to >300 meters.  

Well water samples were collected at/near the wellhead prior to 

disinfection using one-liter sterile polyethylene bottles (7). In phase one, samples 

were collected after wells were flushed until the water ran clear. During phase 

two, samples were collected as water was turned on from spigots at or near 

wellheads (“initial”) and after a three-borehole volume had flushed through the 

system (“purged”). Additional wells were sampled during this phase.  

Samples were tested for temperature, pH, turbidity, chlorine residual, 

conductance, coliforms, heterotrophic bacterial plate counts (HPC), and 

Escherichia coli following standard methods (7). 

To test for viable amoebae, aliquots were grown on non-nutrient agar 

seeded with E. coli at 37°C (3, 8). Scrapings were made from the advancing front 

of subsequent amoeba plaques and placed in distilled water to look for 

enflagellation (5); however, precise species identification was not possible. Live 

amoebae were therefore harvested for polymerase chain reaction (PCR) analysis 
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to specifically identify Naegleria fowleri. PCR was chosen over the mouse 

pathogenicity test since other Naegleria species that are non-pathogenic in 

humans are lethal in mice (8). The genotype of the isolates was not determined 

since all the described genotypes found in the United States have been shown to 

be pathogenic in humans (9). 

Live samples were gently agitated for 2 minutes, centrifuged, and filtered 

through polyethylene filters (2 μm pore; Millipore, Bedford, MA) to concentrate 

trophozoites/cysts. A 10μl volume of concentrate was used as template for nested 

PCR (3, 8) (triplicate tests were conducted immediately and following a two-week 

37°C incubation). Positive and negative PCR products were frozen at -80°C, 

coded to prevent bias, and shipped to Francine Marciano-Cabral at Virginia 

Commonwealth University for confirmation by cloning/sequencing (3). 

The general microbial quality of the wells was as follows: 73 (51%) had 

>500 HPC/ml; 8 (5.5%) were positive for coliforms; none were positive for 

Escherichia coli. Oils used to lubricate well motors may result in the growth of 

HPC in well water (10). N. fowleri feeds on heterotrophic bacteria in water and 

could multiply in the well casing. This may explain N. fowleri’s colonization of 

wells.  

The recent association in Arizona between unchlorinated drinking water 

and the transmission of N. fowleri suggests that groundwater has been an 

unrecognized source of this organism. N. fowleri DNA was detected in 11 (8%) of 
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143 wells by PCR. Out of 185 total samples, 30 (16 %) tested positive for N. 

fowleri (Table 1). The organism was most often detected after the wells had been 

purged (18 % purged versus 10 % initial samples), suggesting N. fowleri was 

present in the aquifer or was released from the well casing/column during 

pumping. The wells testing positive for N. fowleri ranged in temperature from 

21.9 to 37.4°C (average=29.0; median=29.5°C). 

The live trophozoite form was only confirmed in one well, though 11/143 

wells tested positive utilizing PCR as described in Table 2 B. This may be due to 

the low occurrence of trophozoites in water or to differences in assay volumes for 

detection of live trophozoites (0.75 ml) versus PCR (30 ml equivalent 

unconcentrated volume). PCR is also more sensitive, capable of detecting 100 

organisms/1 L in an unconcentrated sample (8); however, the PCR did not 

determine if the amoebae were infectious. While this method is able to determine 

the species by using primers for a specific gene sequence not found in other 

Naegleria species, it is not capable of determining the life stage 

(cyst/trophozoite). Trophozoites are believed to be the infectious form of the 

organism (1); nonetheless, the presence of cysts can be equally harmful because 

they may revert to trophozoites under optimal conditions (1). Better methods need 

to be devised to concentrate the sample for maximum recovery of live N. fowleri.  
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Table 1 B. Detection of Naegleria fowleri in well water samples via polymerase 
chain reaction. 
 
 

Sample Type* # Positive % Positive 

   
Initial 4/40 10.0 

   
Purged 26/145 18 

   
All 30/185 16 

   
 
* Samples were collected before and after purging three borehole volumes 
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Table 2 B.  Occurrence of Naegleria fowleri in well water. 

 

         
       Sample vs Wells 
 
 

Number of samples positive 

for N. fowleri 

Percent of samples 

positive for N. fowleri 

Total number of samples 
tested (188) 

29 16 

Number of wells tested   
(143) 

11 8 
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Abstract 

 

Naegleria fowleri is a free-living protozoan found in aquatic and soil habitats 

throughout the world. The organism has been documented as the cause of the fatal 

disease primary amoebic meningoencephalitis (PAM) and it is usually associated with 

water-based recreational activities. Death usually follows within 4-6 days (98% 

fatality rate). The only cases documented with drinking water have occurred in 

Australia and Arizona. Our recent research has determined that 8%(n=143) of all 

municipal untreated drinking water wells in Arizona are contaminated by N. fowleri. 

The Ct values (concentration X exposure time) for chlorine inactivation of N. fowleri 

trophozoites and cysts (two distinct life stages) at an average disinfectant 

concentration of 1mg/ l were determined using the Efficiency Factor Hom Kinetic 

Model (EHM). Experiments were carried out in buffered, disinfectant-demand free 

water and untreated well water obtained from municipal wells known to be 

contaminated with N. fowleri. The Ct values for 99%, 99.9% and 99.99% inactivation 

of N. fowleri trophozoites were 6, 9 and 12, respectively at pH 7.5 while, the Ct 

values for the same level of inactivation of trophozoites at pH 9 are 18, 23 and 27, 

respectively. The Ct values for trophozoites in ground water were determined to be 

10, 14 and 19 at pH 8.21 at a temperature of 31°C. The Ct values for 99%, 99.9% and 

99.99% inactivation of cysts at a pH of 7.5 were estimated to be 31, 42 and 53 and at 

a pH of 9, it was estimated to be 37, 50 and 62, respectively. The Ct values for the 
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same level of inactivation of cysts in ground water were estimated to be 40, 48 and 56 

at pH 8.01 and temperature of 38°C. The Ct values of the same level of inactivation 

of cysts in ground water at pH 7.38 and a temperature of 28°C were estimated to be 

25, 35 and 44, respectively. These Ct values for N. fowleri cysts are comparable to 

published values for Giardia cysts, but are lower than those for Cryptosporidium 

oocysts. The ultraviolet light (UV) dosage required for the 2 log inactivation of the 

most resistant cyst stage of N. fowleri in water was determined to be 63 mW.sec/cm2 

and that of the trophozoite stage 13 mW.sec/cm2.  

 

 

Introduction 

 
Naegleria fowleri is a water-based protozoan that has been well documented as a 

causative agent of primary amoebic meningoencephalitis, a rapidly progressing 

meningoencephalitis that is usually fatal with a fatality rate of 90-98% (Marshall 

et al. 1997; Marciano-Cabral et al. 2003). This disease can be contracted by 

indulging in water related recreational activities such as swimming, diving, jet 

skiing and from visits to water parks and interactive fountains (Craun et al. 2005; 

Gyori, 2003). Naegleria fowleri is an amoeboflagellate and has three stages in its 

life cycle: trophozoites, cyst and a flagellate stage (Ma et al. 1990). Infection 

primarily follows inhalation of the flagellated forms of the amoebae but previous 
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literature shows that disease can also be contracted by inhaling cyst-laden dust 

particles or face washing and bath related activities which may suggest a possible 

aerosolization of  (John, 1982; Lawande et al. 1979).  Infections with this 

organism are rare and to date, there have only been 33 cases reported in the 

United States (CDC, 2008). Most cases were found to occur during the warm 

summer months indicating that warm water is a reservoir of this organism. 

Although the incidence of this disease is rare, the highest number of cases in any 

single year in the United States was in 2007 when 6 fatalities were observed due 

to PAM caused by N. fowleri (Bond, 2008).  

In October of 2002, two young children in central Arizona died of 

meningoencephalitis caused by Naegleria fowleri. Both children had been 

exposed to the same water supply served by a utility serving more than 2,300 

households in the area. N.fowleri was later found in the water supply, which 

makes it the first cases of infection in the United States that were associated with 

a drinking water supply with groundwater as its source (Marciano-Cabral et al. 

2003). The only other documented case of infection with this parasite that has 

been associated with drinking water has occurred in Australia (Marciano-Cabral 

et al. 2003; Dorsch et al. 1983). 

Recent research in our laboratory has shown that 8%(n=143) of the wells 

supplying municipal drinking water tested in central and southern Arizona 

contained Naegleria fowleri (Blair et al. 2008). Existing data suggests that both the 
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trophozoite and cyst forms of N. fowleri are fairly resistant to chlorine (De 

Jonckheere and Van de Voorde 1977; Chang 1978; Cursons et al. 1980; Cassells et 

al. 1995). However, none of these studies are useful for establishing Ct (free 

chlorine concentration х contact time) values for practical application to drinking 

water treatment. In application factors such as concentration of organism, 

disinfectant, temperature, pH and the presence of interfering substances must be 

taken into consideration (Rice, 1986). Chlorination is the most widely used 

disinfectant used in the United States (American Water Works Association- 

Committee report, 2000). The disinfection efficacy of chlorine in this study was 

modeled using the Efficiency Factor Hom model to account for dynamic 

disinfectant concentrations (John et al. 2005). Through kinetic modeling, one can 

determine microbial reductions formed at comparable disinfectant doses. Kinetic 

modeling also takes into account the non-linearity of disinfection kinetics 

(Thurston-Enriquez et al. 2003). Kinetic models have been previously used in the 

formulation of disinfection design criteria for water treatment (Gyurek and Finch, 

1998; Thurston-Enriquez et al. 2003). In order to determine the Ct values of 

chlorination for N. fowleri trophozoites and cysts, the efficiency factor Hom model 

(EHM) was applied to the observed bench-scale values to generate Ct values for 2, 

3 and 4 log inactivation.  
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Since chlorination can cause the formation of harmful disinfection by- 

products in the presence of organic matter and humic acid, there has been an 

increased interest to evaluate alternative disinfectants such as ultraviolet light which 

does not produce any such harmful by-products and hence can be applied to the 

drinking and waste water industry (Hanzon and Vigilia, 1999). Ultraviolet (UV) 

irradiation also does not cause any taste and odor problems unlike chlorination 

hence making it a desirable alternative by the drinking water industry. UV light 

inactivates microorganisms by causing dimerization of thymine bases, which in turn 

blocks nucleic acid replication (Bitton, 1980). Therefore, ultraviolet light doses for 

the inactivation of N. fowleri cysts and trophozoites were determined. 

 

Materials and Methods 

 

Culture propagation and assay procedure 

A pure culture of Naegleria fowleri (Lee strain, ATCC 30894) was maintained 

axenically on Nelson’s medium (Martinez, 1985). Culture propagation and assay 

methods have been described by Cassells et al.1995. Stock cultures were renewed 

by transferring to fresh medium every 7 days. Trophozoites were harvested for 

disinfection experiments after 5 days of growth before cyst formation by washing 

them off the flasks with buffered demand free water (BDF) followed by 

centrifugation at 1090 × g for 10 minutes. The supernatant was disposed off and 
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pellet re-suspended in BDF. This step was repeated 3 times and the final pellet re-

suspended in BDF and immediately checked for chlorine demand. The trophozoites 

transform into a flagellate stage when the ionic concentration of the milieu changes 

and can be microscopically observed (Visveswara et al. 2007). Cyst suspensions 

were obtained by following methods described by Marciano-Cabral et al. 2003.  

Cyst and trophozoite suspensions were counted using a haemocytometer to attain 

appropriate concentrations. An adaptation of the Most Probable Number (MPN) 

technique from the Standard Methods for the Analysis of Water and Wastewater 

(APHA, 1985) was used for the assay of viable N.  fowleri immediately (Cassells et 

al. 1995). In this procedure, Oxoid medium (2ml) is added to each well of a 24 –

well tissue culture plate (Nunclon, Roskilde, Denmark). Samples are diluted in 

Page’s Amoeba Saline and 0.1ml aliquots are added in triplicate to wells containing 

medium and the plates incubated at 37°C. An inverted microscope was then used to 

observe the culture plates for growth of amoebas for up to 10 days. The 

concentration of amoebas/cysts per ml was then calculated by counting the number 

of positive-growth wells for each dilution using the MPN computational program 

devised by Hurley and Roscoe, 1983.   
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Reagents and glassware. 

 

All reagents and glassware used for disinfection experiments were prepared and 

treated to eliminate chlorine demand according to methods described by 

Thurston-Enriquez et al, 2003. Glassware was soaked overnight in a solution of at 

least 100 mg of free chlorine/liter to make them chlorine demand free (CDF). The 

glassware was then rinsed in this water, followed by baking for 2 hours at 200°C. 

Free chlorine stock solution (125 mg/liter) was prepared using reagent-grade 

5.0% sodium hypochlorite (J.T. Baker Co., Phillipsburg, NJ) diluted in CDF 

water. The required free chlorine concentration was achieved by diluting the free 

chlorine stock solution in chlorine demand free (CDF) water. 

          All disinfection experiments were conducted in either BDF or groundwater. 

BDF water was prepared by dissolving 0.54 g of Na2HPO4 (anhydrous) and 0.88 g 

of KH2PO4 (anhydrous) per liter of deionized, chlorine-demand-free water 

(Nanopure RO purifier; Barnstead, Dubuque, Iowa). The pH was adjusted with 1 

M NaOH or 1 M KH2PO4. BDF water was stored in chlorine-demand-free bottles 

at 4°C until use. Groundwater samples were obtained from wells that supply the 

city of Tucson. The city is supplied by over 300 wells located throughout the 

region. The groundwater used in these studies had a pH 7.3 to 8.2, a turbidity of 

0.04 nephelometric turbidity units, and total organic carbon content of 0.7 to 1.0 

mg/liter. 
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Experimental design 

Immediately prior to each experiment, the free chlorine concentration of a stock 

solution was measured by the DPD method, and the volume necessary to achieve 

the initial free-chlorine dose in each experimental beaker was calculated. Four 

experimental reaction beakers were analyzed for every experimental condition. 

The first reaction beaker, containing only BDF water, was measured at 15 s in 

order to determine the initial (at 15 s) free-chlorine dose. The second and third 

reaction beakers were inoculated with the cysts or trophozoites of Naegleria 

fowleri at a concentration that would allow detection of 2- to 4-log inactivation in 

either BDF or treated groundwater. Both of these beakers were then inoculated 

with the free-chlorine stock solution and immediately stirred. The second beaker 

was sampled to determine the free chlorine concentration at the beginning (15 s) 

and end of each disinfection reaction to determine free-chlorine decay during the 

experiment. In order to determine protozoan inactivation by free chlorine, 1-ml 

samples were taken from the third (reaction) beaker at predetermined times 

throughout the reaction. Residual free chlorine was immediately quenched by 

placing the 1-ml samples into collection tubes containing 10 µl of sterile 10% 

sodium thiosulfate solution. The fourth reaction beaker contained only parasite 

and test water and was considered to be representative of parasite concentrations 

in beakers two and three. This control beaker was necessary to determine the 

initial parasite concentration in the reaction beaker and to evaluate whether 
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inactivation occurred under the tested pH and temperature conditions (in the 

absence of chlorine).  All experiments were conducted in triplicate. The 

disinfection experiment protocol is depicted in the flow chart in Figure 1 C. Since 

N. fowleri grows best at warm temperatures in the range of 25˚C to 42˚C 

(Marciano-Cabral, 2003) the disinfection experiments under laboratory conditions 

were conducted at 25oC, which approximates the median temperatures of ground 

water in central and southern Arizona. The groundwater sample was tested at a 

range of 28˚C to 31oC, which was the temperature of the water from the wells 

from which they were collected.   

 

Data analyses

 

Log10 reduction of resulting number of amoebas/cysts after disinfection was 

calculated as Log10Nt/No where Nt and N0 are initial and final concentration of 

organism respectively. The average Log10 Nt/N0 values were then incorporated in 

the EHM model and the kinetic modeling of all experiments was performed using 

the Solver function in Microsoft Excel 2000 (Microsoft Corp) (Gyurek and Finch, 

1988, Thurston-Enriquez et al. 2003a). Chlorine decay constants, where k’ is the 

first-order disinfectant decay rate constant (min-1) for each experiment were 

obtained in the same manner to regress the first- order kinetic equation using the 

least squares method. 
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C=C0 exp (-k’t)     (Eq. 1) 

 

C, C0 = disinfectant residual (mg/l) at time t and time zero respectively. The MPN 

values for each experiment were grouped by the life stage of the organism, time 

of inactivation and pH. The values were then fit into both Chick-Watson 

(Equation 2) and the EHM model (Equation 3). 

 

e 
-k/k’n (C0

n-Ct
n) = Nt/N0  (Eq. 2) 

 

Ln N/N0 = kC0 tm x [1-exp (-nk’t/m)(nk’t/m)]  (Eq. 3) 

 

k is the inactivation rate constant for the organism, k’ is the decay constant for 

disinfectant, t is the time required to achieve a given level of inactivation, n is the 

coefficient of dilution, and m stands for the microbial inactivation constant for the 

inactivation rate law which describes deviation from ideal Chick-Watson kinetics 

(Gyurek and Finch, 1998). C0, Ct stands for the concentration of disinfectant at 

time zero and final time of inactivation experiment respectively. Ln(Nt/N0) is the 

natural log of survival ratio (number of cysts/trophozoites remaining at time t 

divided by the number at time zero). The sum of squares of the difference 

between the observed and predicted Ln N/N0 was minimized using the solver 

function of Microsoft Excel (Microsoft Excel 2000, Microsoft Corp.). The 
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minimized sums of squares of differences were then used to determine the values 

of co-efficient of each model. The microbial inactivation curves were also plotted 

using Microsoft Excel to compare observed and predicted Log inactivation values 

where the observed curve depicts the average log inactivation value of replicate 

bench-scale experiments versus sampling time.

 

Generation of Ct values 

 

 The Ct value is the concentration (milligrams per liter) of free chlorine multiplied 

by the time (min) when a specific log inactivation, 2, 3, or 4 logs occurred. Ct 

values were used to assess the sensitivity of N.fowleri trophozoites and cysts to 

chlorine. EHM model parameters were applied to observed bench scale free 

chlorine concentration values in order to generate Ct values for each cellular stage 

of N.fowleri under given set of conditions (Table 1 and 2). R2 values were 

calculated using Microsoft EXCEL, 2000 to determine the fit of predicted EHM 

model inactivation curves to observed bench scale inactivation curves.  

 

Ultraviolet irradiation experiments 

 

The UV irradiation experimental set up consisted of an 8 watt, low-pressure 

mercury ultraviolet lamp (Sanyko Denki, G8T5.2N) that is suspended 
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horizontally in a wood box (Thurston-Enriquez et al. 2003b).  A black PVC pipe 

measuring 21 in. long and a diameter of 3 in was attached to the UV lamp box 

that acts as a collimating tube. The UV box and the collimating apparatus were 

painted in black paint to minimize light diffraction. A stir plate was placed 

directly below the collimating tube. The UV intensity of each experiment was 

measured with a calibrated radiometer by placing the radiometer at approximately 

the same level and location of the irradiated samples. 

 

UV Irradiation of samples 

 

Samples were irradiated in sterile Pyrex 60×15 mm glass petri dishes containing 

10×2 mm stir bars stirring at low speed. The cyst suspension was diluted in 

phosphate buffered solution such that the initial concentration of cysts in sample 

was maintained at approximately 106 cysts/ml. The total volume and depth of cyst 

suspension within the petri dish was 21 ml and 1 cm, respectively. Prior to the 

experiment, the absorbance of the cyst suspension was measured at 254 nm 

(Spectronic Genesis 5 spectrophotometer, Milton Roy Co., Rochester, NY). Cyst 

suspensions were placed under the collimated beam and irradiated for 

predetermined time intervals. 1 ml samples were withdrawn for the cyst assay. 

Control samples that were not subjected to UV irradiation were also collected at 

the same time. Each experiment was conducted in triplicate. 
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Dose determination  

 

UV light dose for the inactivation of N. fowleri was determined as previously 

described (Meng and Gerba, 1996). UV Dose is calculated as the product of the 

average intensity (mW sec/cm2) multiplied by the time(s) of UV exposure.  

 

UV dose = I.t           (Eq. 4) 

 

I = mW.sec/cm2 and t= exposure time 

 

According to Beer’s law the measured intensity was corrected for absorbance of 

the liquid sample by the following equation: 

 

Iave = Io * (1-e-aeL)/aeL    (Eq. 5) 

 

Iave = Intensity in mW.sec/cm2

 

Io = average measured intensity in mW (using radiometer) 

 

a = absorbance at 254 nm 

 

Dose = Iave* exposure time (mW*sec/cm2) 

 

e = 2.303 constant 
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L = 1.0 cm (exposure distance) 

 

Log10 survivals of cysts were taken for each experiment to plot the inactivation 

curve against UV dose. The Chick’s law (Nt/N0) = e –kit was used to obtain the 

Log10 survival of cysts; where Nt = the number of cysts at time t (time of UV 

exposure), N0 = number of cysts at time zero without application of UV light to 

sample, k = inactivation rate constant or slope of inactivation curve, I = intensity 

of UV light energy (mW/cm2) and t = exposure time(s).  

 

 

Results 

 

All the free-chlorine disinfection experiments were carried out in triplicate with 

high and low pH and temperature conditions at an average concentration of 1 

mg/l. Ct values, the concentration of free chlorine multiplied by time of contact 

with N. fowleri trophozoites and cysts were calculated using the Efficiency Factor 

Hom kinetic model (EHM). The calculated Ct values and inactivation curve of 

Naegleria fowleri trophozoites by free chlorine are shown in Table 1 C and in 

Figure 1 C, respectively. The calculated Ct values and the inactivation curve as 

per EHM parameters of the N. fowleri cysts are shown in Table 2 C and Figure 2 

C, respectively. Significant differences (p<0.05) in inactivation curves were 
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observed for both N. fowleri trophozoites and cysts at different temperature, pH 

and water type. The Ct values for trophozoites and cysts at a higher pH water type 

were greater than those at a lower pH water type. In all the experiments, EHM 

model produced the best fit to the observed bench-scale inactivation curves. Table 

3 C and 4 C shows the EHM kinetic model parameters and the R2 values for 

observed and predicted Ct values for trophozoites and cysts, respectively. The 

highest free chlorine decay rates (k’) were observed in experiments conducted 

with N. fowleri trophozoites at pH 7.5. A high k’ indicates that the concentration 

of free chlorine decreased rapidly throughout the experiment. The Ct values for 

chlorine disinfection of N. fowleri cysts as estimated by applying the EHM model 

parameters are comparable to published Ct values of Giardia cysts (Ct = 30 to 45) 

but are considerably lower than those of Cryptosporidium oocysts which has a 

very high Ct value of 7200 at a chlorine residual of 80mg/l  (Sobsey, 1989; Rose 

et al. 1997) The results of this study therefore suggest that both the trophozoite 

and cyst forms of N. fowleri are fairly resistant to free chlorine. A UV dose of 63 

mW.sec/cm2 and 13 mW.sec/cm2 was found to be an effective dose to attain a 2-

log inactivation of Naegleria fowleri cysts and trophozoites, respectively as 

shown in Figure 5 C and Table 6 C. The UV dose for a two log N. fowleri cyst 

inactivation are less than that of cysts of Acanthamoeba spp but much greater than 

that of the oocysts of Cryptosporidium spp (Hijnen et al. 2006; Rose et al. 1997).  
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Discussion 

 

A 1-mg/l free chlorine concentration was chosen for all disinfection experiments 

because that is the reported approximate average free chlorine residual used in the 

drinking water industry in the United States (White, 1999). The results of this 

study suggest that both the trophozoite and the cyst forms of N. fowleri are fairly 

resistant to chlorine at this concentration in comparison to that of Giardia (Ct is in 

range of 31-45 at 25οC). Higher Ct values indicate a greater resistance to chlorine 

compared to lower Ct values (LeChevallier and Au, 2004).  

 In this study trophozoites had a contact time in the range of 6 to 27 

compared to cysts with a contact time in the range of 31 to 62. The reason for a 

higher resistance of cysts to chlorine disinfection is due to the structure of the 

cysts that is hardier than that of the trophozoites (Visveswara et al.2007). The 

chlorine disinfection studies for N.fowleri were conducted at a higher temperature 

in the range of 25˚C to 38˚C; this was the range of temperature that was tested for 

the groundwater samples. Disinfection experiments involving parasites such as 

Giardia, Entamoeba histolytica and Crytposporidium are done at higher 

temperatures (>25˚C) because protozoan cysts are highly resistant to chlorine 

disinfection and require prolonged contact times to achieve up to a 3-log of 

inactivation (USEPA, 1989). Also, higher temperatures (>25˚C) may increase the 

disinfection efficiency (LeChevallier and Au, 2004). The same phenomenon of 
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greater resistance was also observed in the case of UV disinfection experiments 

with N. fowleri trophozoites and cysts. Naegleria fowleri cysts were found to be 

significantly more resistant to UV light than Crytposporidium oocysts (estimated 

Dose ~ 10 mW.sec/cm2) (Clancy et al. 1998; Craik et al. 2001). This may be 

because unlike Cryptosporidium, Naegleria is a free living organism commonly 

found in surface waters where it is always exposed to UV light, thus it probably 

utilizes repair enzymes that correct UV light damage and therefore, it is found to 

be more resistant than Cryptosporidium.  As demonstrated by this study, 

chlorination or ultraviolet disinfection can be used as effective methods of control 

of N. fowleri transmission via drinking water with the demonstrated dosages and 

contact times described in this study. 
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Table 1 C. Calculated Ct values for inactivation of N. fowleri trophozoites in 

BDF water and ground water. 

 

 

Conditions Log10 inactivation Ct values 

BDF at pH 7.5 and 25°C 2 6 

 3 9 

 4 12 

BDF at pH 9.0 and 25°C 2 18 

 3 23 

 4 27 

Ground water at pH 8.21 and 31°C 2 10 

 3 14 

 4 19 
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Table 2 C. Calculated Ct values for inactivation of N. fowleri cysts in BDF 

water and ground water.  

 

Conditions Log10 

inactivation 

Ct values 

BDF at pH 7.5 at 25°C 2 31 

 3 42 

 4 53 

BDF at pH 9.0 at 25°C 2 37 

 3 50 

 4 62 

Ground water at pH 8.01 at 38°C 2 40 

 3 48 

 
 

4 56 

Ground water at pH 7.38 at 28°C 2 25 
 3  35 

 4 44 
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Table 3 C. Summary of parameters for best-fit model for chlorine 

disinfection of N. fowleri trophozoites based on EHM model for dynamic 

disinfectant conditions. 

 

Conditions Number 

of           

replicates 

k 

 

n m R2 ssq 

BDF, pH 7.5 at 25°C  3 1.03 0.672 0.421 0.97 8.662 

BDF, pH 9.0 at 25°C 3 0.88 2.441 1.039 0.98 9.712 

Ground water, pH 8.21 at 

28°C 

3 0.317 1.2 0.552 0.98 2.68 

 

k is the inactivation rate constant,  

n is the coefficient of dilution, and 

m is the constant for the inactivation rate law 

R2 values were calculated to determine the fit of predicted EHM model 

inactivation curves to bench-scale curves.  

ssq is the sum of square value (least square) regression analysis. 
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Table 4 C. Summary of parameter values for best-fit model for chlorine 

disinfection of N.fowleri cysts based on Hom’s model for dynamic 

disinfectant conditions. 

 

 

Conditions Number 

of        

replicates   

k 

(min-1)* 

n m R2 ssq 

BDF, pH 7.5 at 25°C  3 0.084 0.15 0.513 0.97 7.642 

BDF at pH 9.0, 25°C  3 0.049 0.64 0.48 0.95 7.338 

Ground water at pH 8.01 

at 38°C 

3 0.114 0.009 1.144 0.97 9.455 

Ground water at pH 7.38 

at 28°C 

3 0.241 0.7 0.41 0.95 8.21 

 

* Average k value for replicate experiments.  
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Table 5 C. Calculated UV doses required for inactivation of N. fowleri cysts 

and trophozoites in BDF water at room temperature.  

 

 

Cellular stage of 

N.fowleri 

 

Dose required to 

inactivate 99% 

 

(mWs/cm2) 

 

Dose required to 

inactivate 99.9% 

 

(mWs/cm2) 

 

Dose required to 

inactivate 99.99% 

 

(mWs/cm2) 

 

Trophozoite 

 

13 

 

18 

 

24 

 

Cyst 

 

63 

 

104 

 

121 
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Table 6 C.  Inactivation constants, standard errors, and R2 values for 

triplicate experiments obtained by regression analysis for UV disinfection of 

N. fowleri cysts and trophozoites at pH 7.5 in BDF at room temperature.  

  

N. fowleri stage K (coefficient) Standard error R2

 
Trophozoite 
 

 
0.0126 

 
0.1068 

 
0.98 

 
Cyst 
 

 
0.0344 

 
0.0897 

 
0.95 
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Figure 1 C. Flow chart for Naegleria fowleri Disinfection protocol. 
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Fig. 2 C. Predicted and observed inactivation curves of N.fowleri cysts at pH 

7.5 and pH 9 in BDF at 25°C.  
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Fig. 3 C. Predicted and observed inactivation curves of N. fowleri cysts at pH 

8.01 and pH 7.38 in ground water at 25°C.  
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Fig. 4 C. Predicted and Observed inactivation curves of N.fowleri 

trophozoites in BDF water at pH 7.5 and pH 9.0 at 25°C 
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Fig 5 C. Predicted and observed inactivation curves of N.fowleri trophozoites 

at pH 8.21 in ground water at 38°C.  
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Figure 6 C. UV light inactivation curve of N. fowleri trophozoites and cysts at 

pH 7.5 in BDF.  

 

 

0

1

2

3

4

5

0 20 40 60 80 100 120
Dose(mWs/cm 2)

-L
og

(N
t/N

0)

Cysts

Trophozoites

 

 

 

 

 

 

 

 



   
121

 
 

References 

1. American Public Health Association. 2005. Standard Methods for the 
Examination of Water and Wastewater, 21st ed. Washington, D.C. 

 

2. Bond A. 2008 Cases of infection with waterborne amoeba on the rise. 
AAP News 29:16-17. 

 
 
3. Blair, B. Sarkar P, Bright KR, Marciano-Cabral, Gerba C.P. 2008. 

Well water as an exposure route to the transmission of Naegleria fowleri. 
Emerg Infect Dis. In press.  

 

4. Bitton, G. 1994. Wastewater microbiology. Wiley-Liss, New York. 

 
5. Cassells, J. M. Yahya M.T., Gerba C.P., Rose J.B. 1995 Efficacy of a 

combined system of copper, silver and free chlorine for inactivation of 
Naegleria fowleri. Water Sci. Technol. 31:119-122. 

 

6. Centers for Disease Control and Prevention (CDC). 2008. Primary 
amebic meningoencephalitis--Arizona, Florida, and Texas, 2007. 
MMWR Morb. Mortal. Wkly. Rep. 57:573-577. 

 

7. Chang, S. L. 1978. Resistance of pathogenic Naegleria to some common 
physical and chemical agents. Appl. Environ. Microbiol. 35:368-375. 

 

8. Craik, S. A., D. Weldon, G. R. Finch, J. R. Bolton, and M. Belosevic. 
2001. Inactivation of Cryptosporidium parvum oocysts using medium- 
and low-pressure ultraviolet radiation. Water Res. 35:1387-1398.  

 

9. Craun, G. F., R. L. Calderon, and M. F. Craun. 2005. Outbreaks 
associated with recreational water in the United States. Int. J. Environ. 
Health Res. 15:243-262.  



   
122

 
 
 

10. Cursons, R. T., T. J. Brown, and E. A. Keys. 1980. Effect of 
disinfectants on pathogenic free-living amoebae: in axenic conditions. 
Appl. Environ. Microbiol. 40:62-66.  

 

11. De Jonckheere, J. and H. van de Voorde. 1976. Differences in 
destruction of cysts of pathogenic and nonpathogenic Naegleria and 
Acanthamoeba by chlorine. Appl. Environ. Microbiol. 31:294-297.  

 

12. Gerba, C. P., D. M. Gramos and N. Nwachuku. 2002 Comparative 
inactivation of enteroviruses and adenovirus 2 by UV light. Appl. 
Environ. Microbiol. 68:5167-5169. 

 

13. Gyori, E. 2003. December 2002: 19-year old male with febrile illness 
after Jet Ski accident. Brain Pathol. 13:237-239.  

 

14. Gyurek, L.L., and Gordon R. Finch, 1998 Modeling water treatment 
chemical disinfection kinetics. J. Environ. Eng. 124:783-793 

 

15. Hanzon, B. D., and R. Vigilia. 1999. Two experts offer practical 
guidance in designing and operating ultraviolet disinfection experiments. 
Water Environ. Technol. 11: 35-42 

 
 

16. Hijnen, W.A.M, E.F Beerendonk, G.J Medema. 2006. Inactivation 
credits of UV radiation for viruses, bacteria and protozoan oocysts in 
water: A review. Water Res. 40:3-22 

 
 

17. Hurley, M.A., and M.G. Roscoe 1983 Automated statistical analysis of 
microbial enumeration by dilution series. J. Appl. Bacteriol. 55:159-164. 

 



   
123

 
 

18. John, D. E., C. N. Haas, N. Nwachuku, and C. P. Gerba. 2005. 
Chlorine and ozone disinfection of Encephalitozoon intestinalis spores. 
Water Res. 39:2369-2375.  

 

19. John, D. T. 1982. Primary amebic meningoencephalitis and the biology 
of Naegleria fowleri. Annu. Rev. Microbiol. 36:101-123.  

 

20. Lawande, R. V., I. John, R. H. Dobbs, and L. J. Egler. 1979. A case of 
primary amebic meningoencephalitis in Zaria, Nigeria. Am. J. Clin. 
Pathol. 71:591-594.  

 
21. LeChevallier, M. W. and K.-K. Au. 2004. Water treatment and 

pathogen control: process efficiency in achieving safe drinking water. 
London, Published on behalf of the World Health Organization by IWA. 

 
 
22. Ma, P., G. S. Visvesvara, A. J. Martinez, F. H.  Theodore, P. M. 

Daggett, and T. K. Sawyer. 1990. Naegleria and Acanthamoeba 
infections: review. Rev. Infect. Dis. 12:490-513.  

 

23. Marciano-Cabral, F., R. MacLean, A. Mensah, and L. LaPat-
Polasko. 2003. Identification of Naegleria fowleri in domestic water 
sources by nested PCR. Appl. Environ. Microbiol. 69:5864-5869.  

 

24. Marshall, M. M., D. Naumovitz, Y. Ortega, and C. R. Sterling. 1997. 
Waterborne protozoan pathogens. Clin. Microbiol. Rev. 10:67-85.  

 

25. Martinez, A. J. and G. S. Visvesvara. 1997. Free-living, amphizoic and 
opportunistic amebas. Brain Pathol. 7:583-598.  

 

26. Meng, Q.S, and C.P. Gerba. 1996. Comparative inactivation of eneteric 
adenoviruses, polioviruses and coliphages by ultraviolet irradiation. 
Water Res. 30: 2665-2668. 

 



   
124

 
 

27. Rice, R. G. and M. Gomez-Taylor. 1986. Occurrence of by-products of 
strong oxidants reacting with drinking water contaminants--scope of the 
problem. Environ. Health Perspect. 69:31-44.  

 

28. Rose J. B, Lisle, J.T., and LeChevallier, M. 1997 Waterborne 
Cryptosporidiosis: Incidence, outbreaks, and treatment strategies. In “ 
Cryptosporidium and Cryptosporidosis” (R. Fayer, ed) CRC press, Boca 
Raton, FL. 93-109. 

 

29. Sobsey, M. D. 1989.  Inactivation of health-related microorganisms in 
water by disinfection processes. Wat. Sci. Technol. 21, 179-195 

 

30. Thurston-Enriquez, J. A., C. N. Haas, J. Jacangelo, and C. P. Gerba. 
2003a. Chlorine inactivation of adenovirus type 40 and feline calicivirus. 
Appl. Environ. Microbiol. 69:3979-3985.  

 

31. Thurston-Enriquez, J. A., C. N. Haas, J. Jacangelo, K. Riley, and C. 
P. Gerba. 2003b. Inactivation of feline calicivirus and adenovirus type 
40 by UV radiation. Appl. Environ. Microbiol. 69:577-582.  

 
 

32. Thurston-Enriquez, J. A., C. N. Haas, J. Jacangelo, and C. P. Gerba. 
2005. Inactivation of Enteric Adenovirus and Feline Calicivirus by 
Chlorine Dioxide. Appl. Environ. Microbiol. 71:3100-3105. 

 
 

33. U.S.E.P.A (1989) National primary drinking water regulations: filtration, 
disinfection, turbidity, Giardia lamblia, viruses, Legionella, and 
heterotrophic bacteria; final rule. Fed. Regist., 54(124): 27485-27541 

 
 

34. Visvesvara, G. S., H. Moura, and F. L. Schuster. 2007. Pathogenic and 
opportunistic free-living amoebae: Acanthamoeba spp., Balamuthia 
mandrillaris, Naegleria fowleri, and Sappinia diploidea. FEMS 
Immunol. Med. Microbiol. 50:1-26.  

 
 



   
125

 
 

35. White, G.C. 1999 Handbook of chlorination and alternative 
disinfectants, 4th ed. John Wiley and Sons, Inc., New York, N.Y. 

 


	Table 3. C.  Summary of parameters for best-fit model for chlorine disinfection of N. fowleri trophozoites based on EHM model for dynamic disinfectant conditions ……………………………………. 111 
	Table 4. C.  Summary of parameters for best-fit model for chlorine disinfection of N. fowleri cysts based on EHM model for dynamic disinfectant conditions …………………………………………………. 112
	Table 5. C.  Calculated UV doses required for inactivation of N. fowleri cysts and trophozoites in BDF water at room temperature ……… 113
	Literature Review:
	Enterobacter sakazakii
	Clinical presentation of Enterobacter sakazakii infections.
	Diagnosis and Treatment
	Prevention
	Source and modes of transmission
	Incidence
	Treatment regimen
	Mortality/ Morbidity risk





	Sample Location
	Chick’s Law
	Chick –Watson
	By products of chlorine disinfection
	Factors affecting chlorine disinfection
	Present Study
	 APPENDIX A
	OCCURRENCE OF ENTEROBACTER SAKAZAKII IN HOUSEHOLD KITCHENS.
	Introduction




	Materials and Methods
	Results
	Discussion
	Source

	Total Coliforms
	E.coli
	The University of Arizona’s National Science Foundation Water Quality Center and the Arizona Technology and Research Initiative Fund provided financial support. We also wish to thank the Naegleria advisory panel comprised of the Arizona Department of Environmental Quality and two Arizona water utilities. 
	 References
	        
	       Sample vs Wells
	Introduction





