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Abstract 
 

An evaluation of diarrheagenic Escherichia coli survival after ingestion by Tetrahymena sp. and 
Helicobacter pylori’s fate after ingestion by Tetrahymena sp. and Acanthamoeba polyphaga 

 
by 
 

Charlotte Dery Smith 
 

Doctor of Philosophy in Environmental Health Sciences 
 

University of California, Berkeley 
 

Professor Robert C. Spear, Chair 
 

Diarrheagenic pathotypes of Escherichia coli are responsible for a substantial number of 
childhood deaths each year, and Helicobacter pylori causes gastric diseases in both children and 
adults worldwide.  Free-living protozoa have been implicated in the survival and transport of 
pathogens in the environment, but the relationship between either non-Shiga toxin-producing E. 
coli or H. pylori and free-living ciliated protozoa has not been characterized.  Likewise, there is a 
scarcity of research regarding the ability of these pathogenic bacteria to evade destruction during 
phagocytosis by amoebae.   

A literature review revealed two articles demonstrating survival of E. coli O157:H7 and 
or environmental isolate of E. coli in Acanthamoeba and one article reporting survival of H. 
pylori in Acanthamoeba.  There have been several reports of E. coli O157:H7 or genetically 
modified laboratory strains surviving digestion by Tetrahymena, and no investigations on the 
resistance of H. pylori to digestion by this aquatic ciliate. 

Six diarrheagenic serotypes of E. coli and an isolate of H. pylori were evaluated for their 
susceptibility to digestion by Tetrahymena.  Tetrahymena strain MB125, were fed E. coli or H. 
pylori and the ciliate’s egested products examined for viable pathogens.  Viability was assessed 
by the BacLight™ LIVE/DEAD™ assay, by a cell elongation method, and by colony counts.  
An H. pylori strain expressing the green fluorescent protein, an ATCC strain originating from a 
clinical isolate, and a fresh clinical isolate of H. pylori were fed to Acanthamoeba polyphaga.  
Viability of H. pylori in Acanthamoeba was assessed with the BacLight™ LIVE/DEAD™ assay, 
fluorescent in situ hybridization, and quantitation of amplified gene products over time as 
determined by a real time polymerase chain reaction test. 

All six pathogenic E. coli serotypes survived digestion by Tetrahymena and emerged as 
viable cells in fecal pellets, whereas H. pylori was digested.  Growth of E. coli on agar plates 
indicated that the bacteria were able to replicate after passage through the ciliate.  Transmission 
electron micrographs of E. coli cells as intact rods versus degraded H. pylori cells corroborated 
these results.  Scanning electron microscopy revealed a net-like matrix around intact E. coli cells 
in fecal pellets.  Helicobacter pylori did not survive phagocytosis by Acanthamoeba.  

These results suggest a possible role for Tetrahymena and its egested fecal pellets in the 
dissemination of diarrheagenic E. coli in the environment.  This bacterial-protozoan association 
may increase opportunities for transmission of these bacterial pathogens to mammalian hosts, 
including humans.
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Chapter 1 
 

Introduction 
 

 The goal of this dissertation research is to elucidate the association between two enteric 
pathogens and two types of free-living protozoa.  The enteric pathogens Helicobacter pylori and 
diarrheagenic Escherichia coli contribute to the global burden of disease resulting in both serious 
illness and death.  However, their ecology is not well defined especially in terms of interactions 
with other microbes.  Microbial ecologists have begun to define relationships among a variety of 
pathogenic bacteria and two ubiquitous aquatic protozoan genera, the amoeba, Acanthamoeba, 
and the ciliate, Tetrahymena, leading to important public health implications.   
 Certain characteristics of these protozoa may support proliferation of enteric bacterial 
pathogens in water systems, either by sheltering them from disinfectants1 or creating a 
disinfectant demand so that disinfectants have diminished capacity to kill the bacteria.  The latter 
would be a concern if the two phyla (protozoa and bacteria) are found within a biofilm or 
agglomeration of microbial cells (e.g., floc in a wastewater plant).  Acanthamoeba cysts are 
resistant to chlorine at more than 10 - 50 times higher concentrations than those typically used to 
disinfect water supplies.  Tetrahymena exudes sticky substances from intracellular organelles 
called mucocysts and egest fecal pellets that contribute to floc formation.2-5       
 This chapter introduces the organisms as a background for the following chapters that 
describe the ability of Helicobacter pylori and diarrheagenic Escherichia coli to survive 
predation by Acanthamoeba and Tetrahymena.   
 
Acanthamoeba  
 Acanthamoeba is a genus in the family Acanthmoebidae in the phylum Amoebozoa, 
characterized by movement facilitated by cytoplasmic flow.  Amoebae are recognized by distinct 
projections called pseudopodia that are involved in locomotion as well as capture of prey.  Free-
living protozoa, such as Acanthamoeba,  rely on bacterial prey for their survival.  Digestion 
occurs by acidification of the prey, mediated by phagosomal-lysosomal fusion.  Acanthamoeba is 
a human pathogen capable of causing corneal ulcers and keratitis as well as the fatal disease, 
primary amoebic meningeoncephalitis.;6  Both of these diseases are rare.  What may be more 
important from the public health perspective is the role of Acanthamoeba species as “Trojan 
Horses of the Microbial World” a  phrase coined by Barker and Brown as a metaphor for the 
ability of amoebae to harbor and transport bacteria.7  
 The usual outcome of bacterivory is the complete digestion of bacterial prey.  However, 
the landmark description of survival of Legionella in Acanthamoeba and Naegleria, by 
Rowbotham in 1980 paved the way for a paradigm shift from predation to symbiosis as the key 
feature of some bacterial protozoan associations.8  Rowbotham’s early work showing survival 
and replication of Legionella within Acanthamoeba vacuoles has been corroborated and 
extended to studies of amoeba-associated Legionella in water systems.9  Other bacteria, 
including non-tuberculosis Mycobacteria, Shigella, and Campylobacter, are also able to evade 
digestion by amoeba.10  Recently, the select agent, Francisella has been found to survive 
predation by Acanthamoeba for up to three weeks.11  Bacterial passage through amoeba can 
improve eukaryotic cell invasion12 and up-regulate virulence factors.13      
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Tetrahymena 
 Tetrahymena, a member of the phylum Cilophora is the free-living-ciliated protozoa best 
known for its role as a model in cell biology and biomedical research.  Species within this genus 
have been identified as pathogens of insects and fish, but not of humans.  While Acanthamoeba 
continues to be the most commonly studied protozoan reservoir for bacterial pathogens in water 
systems, Tetrahymena spp. are becoming recognized for their role in supporting proliferation of 
bacteria.  Elliott reported Tetrahymena bacterivory in 196614 and Blum documented the timing of 
the digestive process of Tetrahymena pyriformis via cinematography in 1976.15  Tetrahymena 
take in bacterial cells as water enters the oral cavity.  Bacteria are then sequestered in membrane-
bound food vacuoles or phagosomes where digestion takes place upon fusion with a lysosome, 
followed by egestion of detritus in fecal pellets (also known as vesicles).  
 A mechanism for phagosome membrane recycling may be motive forces generated 
between microtubules and the food vacuole membrane to bring the food vacuole to the cytoproct 
and pull on the cytoproct structure, so that the food vacuole membrane can fuse with the plasma 
membrane before extracellular deposit of the undigested food.16  Recently, the role of actin at the 
cytoproct was demonstrated for recycling the food vacuole membrane back into the cytoplasm.17 
Fusion of the plasma and food vacuole membranes and recycling of the food vacuole membrane 
into the cytoplasm would explain the lack of a distinct membrane surrounding fecal pellets.18   
 Escherichia coli O157:H7 has been demonstrated to evade digestion and survive in fecal 
pellets.19  However, whether this trait is shared among other diarrheagenic pathotypes of E. coli 
or whether the cells are capable of returning to a culturable state had not been explored.  In 
addition to E. coli O157:H7,20 Legionella,18,21 Francisella tularensis,22,23 Campylobacter jejuni,24 
Salmonella,25 and several E. coli laboratory strains26-28 have been shown to evade digestion in 
Tetrahymena phagosomes.   
 Some laboratory E. coli strains do not evade digestion and serve as models for exploring 
aspects of the digestive process in Tetrahymena, including phagosome-lysosomal fusion.29,30  
Using suspensions of Tetrahymena pyriformis and E. coli at a ratio of 4:1, Nilsson observed 
eight phases of phagocytosis through complete digestion and egestion of detritus.29  Several 
factors influence feeding preferences and survival of bacteria, including cell wall type (Gram 
+/Gram -) and bacteria to ciliate ratio.31  Temperature also plays a role in survival:  at 20-22oC 
Legionella did not survive in Tetrahymena vorax,30 but survived in Tetrahymena pyriformis at 
25oC14 and 30oC.18,32    
 Virulence factors, such as those for predation avoidance, may represent an adaptive 
mechanism for bacterial survival in the environment, with human pathogenicity an incidental 
consequence.  Steinberg and Levin20 observed that E. coli O157:H7 and K12 strains carrying the 
Shiga toxin prophage were more fit and survived predation by Tetrahymena pyriformis better 
than strains without the Shiga toxin gene.    
 Size of prey has also been postulated as an important variable in bacterial survival in the 
natural environment.33  Individual planktonic bacteria would be easier to consume than a fecal 
pellet containing dozens of bacteria; therefore the ability to exist in a fecal pellet confers a 
survival advantage.  Fecal pellets also provide a niche for horizontal gene transfer (HGT).  
Schlimme observed an increase in the presence of transconjugants by a factor of 2,000 for E. coli 
K12 and 4,000-5,000 for E. coli B (as recipient cells) after one digestion cycle through 
Tetrahymena, compared with transconjugants arising from bacteria in the absence of 
Tetrahymena.27  Matsuo et al. corroborated this observation, although their conjugation rates 
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were much lower.26   The same group went on to show a transfer of CTX-M genes in E. coli 
associated with Tetrahymena.34   
 
Habitat 
 Free-living protozoa seem to appear wherever they are sought in an aquatic milieu.  From 
the public health perspective, recent descriptions of free-living protozoa in food processing 
facilities, despite advanced sanitation procedures, are a cause for concern.  Acanthamoeba and 
Tetrahymena in poultry rearing and meat-processing facilities have been suggested as a 
mechanism for transfer of microbial pathogens to chicken35 and other meat.36  In a study of 
plants processing beef, pork and poultry, 49 protozoan phylotypes were found, including some 
which harbor human pathogens.  Protozoa were found throughout the plants, including on 
surfaces that come in direct contact with food.36  
 
Helicobacter pylori   
Burden of Disease 
 The 2005 Nobel Prize in Medicine was awarded to Barry Marshal and Robin Warren for 
isolating H. pylori from the stomach and satisfying Koch’s postulates to define this microbe as a 
causative agent of gut inflammation (gastritis).  When first isolated in 1982, the organism was 
classified in the genus Camplyobacter, but was renamed in 1989 as Helicobacter.37  In 
subsequent years, H. pylori has been shown to be the leading cause of gastric diseases, including 
gastritis and gastric ulcers and has been implicated in the etiology of gastric cancer.38  The 
burden of these diseases worldwide is substantial.  In the United States, over five million people 
are diagnosed each year with gastric illnesses, one million are hospitalized, forty thousand 
undergo surgery, and sixty-five hundred die from ulcer-related complications.39  Costs in the 
United States associated with gastric ulcer disease are estimated at five billion dollars per year, 
not including loss of work productivity.40  Morbidity, mortality and economic figures for 
developing countries are more difficult to quantify despite the fact that prevalence is higher, 
because the information is sparse, due to limited access to health care (affecting diagnosis and 
treatment/hospitalization).  Inarguably, H. pylori infection is a significant problem worldwide.   
 
Virulence Factors 
 The main virulence factor of H. pylori is the cytoxin associated gene (cagA), with an 
associated pathogenicity island cagPAI containing 29 genes, some of which encode a type IV 
secretion apparatus which translocates CagA to the host target cells.  Phosphorylation of CagA 
may induce signaling pathways that support cell proliferation, apoptosis, and cytokine release. 
Other virulence factors found less commonly in H. pylori are the vacuolating toxin gene (vacA) 
that codes for VacA (responsible for cell vacuolation and cell death), and factors associated with 
adherence of the bacterium to gastric epithelial cells, such as the outer-membrane-bound protein 
(BabA).  Almost all H. pylori have the cagA gene but not all express the CagA protein.  
Combinations of virulence factors appear to be associated with gastric diseases in Europe, but 
not in Japan, suggesting that environmental and host genetic factors might play a role in 
pathogenicity as well.41   
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Identification of H. pylori infection 
 The means of identification of Helicobacter pylori in humans can be broadly divided into 
four categories:  1)  Serologic (blood) samples screened for H. pylori antibodies.  However, the 
presence of antibodies against H. pylori indicates past exposure and does not necessarily provide 
information on current infection status.  In other words, if H. pylori is eradicated from the gut 
(e.g. with antibiotics) the individual will remain seropositive.  Serostatus has been used in studies 
which track subjects over time, but can mislead attempts to associate exposure to status, because 
exposure could have occurred years before the test.  2)  Biopsy of the gut to collect samples 
during endoscopy.  Helicobacter pylori can be microscopically identified by its characteristic 
helical shape and four to six flagellae protruding from one end.  The unipolar sheathed flagellae 
are essential for motility and allow the bacteria to penetrate the epithelium and mucus layer of 
the gut.37,42  Helicobacter pylori is microaerophilic, meaning it requires very low dissolved 
oxygen levels.  Samples for microscopic evaluation are generally obtained through biopsy but 
can also be recovered from stool, dental plaque or saliva.  3)  The urea breath test.  For this test, 
the patient swallows a urea [CO(NH2)2] capsule containing a carbon radioisotope.  Urease 
secreted by H. pylori will cleave the urea, and the carbon radioisotope enter the blood stream, 
then the lungs, and will be expelled from the patient as radio-labeled carbon dioxide [CO2].  4)  
Genetic methods able to identify the DNA of H. pylori.  The DNA is amplified by polymerase 
chain reaction (PCR) methods and compared with known DNA of H. pylori.43   
 Allaker et al. compared the suitability for culture of samples of gastric juice, feces, dental 
plaque, and oral swabs from 100 children undergoing endoscopy.44  The investigators were 
unable to culture H. pylori from these samples, except from the gastric juice of three children.  In 
contrast, H. pylori was detected by PCR-based tests in the gastric juice of 11 children, the dental 
plaque of 36 children, oral swabs from 23 children, and feces of  8 children.  Chu et al. compared  
results of a culture technique with those of PCR-based tests in samples from subjects in Taiwan 
and reported a higher number of positive results with the PCR method.45  Successful 
identification H. pylori in feces from infants has also been realized with PCR-based tests.46  
There are clear advantages to non-invasive fecal sampling as opposed to endoscopy or blood 
draws for infants. 
 
Identification in Environmental Samples 
 When transferred from the gut to an oxygen-rich environment, the organism converts 
from its bacillary (rod-shaped) form to a coccoid, viable but non-culturable (VBNC) form.47,48  
This morphological change is important for the organism’s ability to survive in the 
environment.49  However, difficulty in isolating H. pylori from the environment has been 
attributed to the transition to its VBNC state.49  Other organisms, (i.e., Campylobacter spp.) are 
known to transition from rods to cocci as they enter a VBNC state.50  A variety of culture and 
molecular methods have been explored in attempts to detect H. pylori in the environment, as 
follows: 
 
Culture methods 
 For microbes to exist in drinking water, they must adapt to a low nutrient environment.  
In 1985, Reasoner and Geldrich showed that low nutrient agar reveals higher numbers of 
heterotrophic bacteria from drinking water systems.51  Azevedo et al. hypothesized that high 
nutrient shock and variations in atmospheric conditions hamper the recovery of H. pylori.52   Not 
surprisingly, they found that half-strength agar was more suitable for recovery of the organism.  
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Quarter strength media did not yield growth of the bacteria.  A synergistic effect was reported for 
optimized atmosphere and nutrient strength.  

In contrast to the work of Azevedo,52 which used pure cultures, Degnan et al.39 developed 
a selective medium, termed HP agar, for culturing H. pylori based on inhibiting competing 
organisms found in natural waters.  Well water in Wisconsin containing Flavobacterium, 
Serratia, Citrobacter, Pasteurella, Ochrobactrum and Rahnella was supplemented with seven 
additional bacterial strains and H. pylori.  The medium compared favorably with five 
conventional media used for this purpose.  The HP agar plates allowed growth of only H. pylori.  
Refinement of the analytical techniques for culturing H. pylori is an integral component of  
understanding the relative significance of drinking water as a route of exposure.  
 
Polymerase chain reaction methods 
 Extremely small concentrations of bacteria exist in environmental samples, and therefore 
amplification is a key to a successful method.  Polymerase chain reaction tests amplify cellular 
DNA, which greatly enhance the detection of microbes in the environment.  An example of the 
benefits of PCR-based tests for detection of slow-growing or unculturable microbes in drinking 
water has been demonstrated with Nitrosomonas spp.  Culturing this organism takes as  long as  
three weeks, but the PCR method can detect the bacteria in one day.53  Helicobacter spp. also 
grow slowly, although not as slowly as Nitrosomonas spp.  

Watson et al.54 were able to detect H. pylori by PCR from drinking water and pipe 
biofilm samples collected in England, but were not able to culture it.  In some households, H. 
pylori DNA was found in the biofilm of the showerhead, but not in the supply water entering the 
property, leading to the speculation that H. pylori entered the premises through an alternate  
route. 

Other researchers have used PCR-based tests to detect H. pylori in fresh water and 
drinking water.  The PCR method has allowed identification of H. pylori DNA in water sources 
from Bolivia,55 Mexico,56 Sweden,57 and the United States.58 
 
Immunomagnetic separation 
 Hegarty et al found H. pylori in drinking water by immunofluorescent separation 
techniques, but the study has not been replicated in a fresh water environment.59  However, Lu et 
al. used immunomagnetic separation of the cells, followed by enrichment culture, to detect the 
organism in sewage samples.60  
 
Epidemiology 
 Only a few studies have compared potential environmental sources of H. pylori exposure 
with prevalence of H. pylori infection in associated populations.  A cross-sectional study in 13 
villages in Linqu County, Shandong Province, China, included 3,288 adults, ages 35-69.61  In 
this population of 1,994,  it was found that 1,196 (60%) were infected and 1,019 (31.5%) were 
uninfected; the status of 275 (8.4%) could not be determined.  Serostatus was used as the 
measure of H. pylori infection.  Exposure was determined by a 15 min interview in which neither 
the interviewer nor interviewee knew the serostatus of the subject.  While this data collection 
process has potential for recall and reporting biases, there is no reason to assume that the biases 
would be more pronounced in one serostatus group over the other.  The investigators reported 
associations between seropositivity and low village education level, being single, sharing a bed 
with more than two people, lack of hand-washing before eating, washing or bathing in a pond or 
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ditch, and source of drinking water.  The 13 villages were grouped into three categories referred 
to as “village education level” which was based on the average number of years in school that 
village residents, as a group, had completed.  Prevalence odds ratios were used to compare the 
odds of being exposed to a factor, given the subject was seropositive, to the odds of being 
exposed to a factor, given that the subject was seronegative.  Helicobacter prevalence was higher 
for: infrequent hand washing before meals (odds ratio [OR] = 1.7, 95% CI: 1.0-3.0), sharing a 
bed with more than two people (OR = 2.3, 95% CI: 1.3-4.2), washing/bathing in a pond or ditch 
(OR = 1.5, 95% CI: 1.0-2.4), and medium (OR = 1.6, 95% CI: 1.3-2.0), or low education level 
(OR = 2.3, 95% CI: 1.9-2.9) compared to  high education level.61 
 They point out that a limitation in the study is the homogeneity of the population.  The 
investigators suggest that “village education level” may be a surrogate for cultural practices that 
may lead to exposure.  An association between “village education level” and source of drinking 
water was alluded to but not fully described.  No association was reported between H. pylori 
seropositivity and alcohol or tobacco use, raw fruit and vegetable intake, or individual social 
class measures.  The investigators’ conclusion, based on these data, was that person-to-person 
contact was the most likely route for H. pylori infection in this population, but that waterborne 
exposure should be further investigated.  Because the population excluded individuals younger 
than 35 years old, transmission from parent to child could not be assessed.  As pointed out in the 
study, serostatus provides no information regarding duration of the infection.  The seropositive 
subjects in this study may have been infected since childhood.  Associations with factors were 
based on reported exposure to those factors.  No testing of environmental samples was 
performed.  
 Malaty et al.62 showed that breastfeeding was protective against H. pylori infection in a 
study of infants, but Kitagawa et al.63 claimed that if a mother does not wash her nipples and 
hands prior to breast-feeding, the infant might become infected.  Recall and reporting biases in 
such studies should be a concern, as investigator’s observations of these practices was probably 
infrequent.  Neither study examined drinking water or wash-water.  Sinha et al.64 reported that 
passage from mother to child was not a function of the number of children per bed, but rather 
associated with the practice of a mother putting a pacifier into her own mouth before offering it 
to a child. 
 
Effect modification 
 Certain variables may obscure the association between exposures and infection, thereby 
resulting in the lack of consensus regarding the mode of transmission of this organism.  Issues of 
socioeconomic status, demographics, race and gender need to be considered in public health 
investigations of H. pylori infection. 
Higher rates of infection with H. pylori have been associated with low socio-economic status 
(SES) in a number of studies.55,61,65  Low SES is frequently related to number of family members 
living in small quarters.  Differences in rates among those in high-density living conditions have 
been explored in both high and low SES cohorts.  Wallace et al.66 compared the prevalence of H. 
pylori infection in institutionalized intellectually disabled adults with the prevalence in 
intellectually disabled adults who had never been institutionalized.  The authors found the 
prevalence was double for the institutionalized subjects.  The increased prevalence was attributed 
to high-density living conditions.  Data related to the prevalence of H. pylori in the two 
populations before institutionalization or the characterization of other potential routes of 
exposure (food or water) in the institutional environment were lacking.  In contrast, Tindberg et 
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al.67 reported no increased risk of infection among children who attended nursery school or day 
care in Sweden, compared  with children who were cared for at home, and suggested that the 
data supported intra-familial transmission.  No data were reported for water sources inside and 
outside the home.  In a prospective cohort study Malaty et al.62 monitored 99 black children and 
125 white children in the United States from 1975 to 1995 and found the relative risk of H. 
pylori infection to be three times higher in black children than white subjects.  Race, in this 
study, may have been a surrogate for other factors, such as SES.  
 Gender disparity has not been widely studied, but a large cross-sectional study in France 
showed lower prevalence in females than in males.  Duff et al.68 reviewed deaths records,  
between 1946 and 1995, from a group of institutionalized individuals with mental disabilities in 
the United Kingdom.  Approximately 12% of the deaths were from cancer.  Of these, 31% 
percent of the female cancer cases and 48% of the male cases died of gastric cancer.  The annual 
incidence rate of gastric cancer in a study in Shandong Province, China was 26 per 100,000 for 
women, and 70 per 100,000 for men.61  Consequently, a trend in the literature indicates that 
gender may be a factor, with men having a higher risk of developing stomach cancer from H. 
pylori.  This relationship needs further investigation.  Other studies have missed the opportunity 
to identify gender differences by testing only part of the family when examining prevalence in 
family members.  Sinha et al.64 reported that all mothers with seropositive babies tested positive 
for H. pylori in a First Nations (native) population in Canada, but no data were provided 
regarding paternal prevalence.     
 
Environmental exposures 
 Several investigators have attempted to further clarify the role of water as a route of 
exposure: Glynn et al. described a prospective cohort study of Bolivian children.55  Although not 
randomized, some children were part of an ongoing project that supplied some families with 
capped plastic water containers and the addition of a chlorine solution to be used in lieu of the 
open bucket traditionally used to store water.  Of 188 children who were seronegative in the first 
survey, 44 were seropositive one year later.  Use of the capped plastic water container was 
protective against seroconversion (OR = 0.3, 95% CI: 0.1-0.8).  The presence of a seropositive 
sibling was a risk factor (OR = 3.1, 95% CI: 1.3-8.7).  The investigators speculated that the open 
container could become infected when cups were dipped into the open vessel to retrieve water.  
Hulten et. al.69 reported positive identification of H. pylori in both the drinking water and water 
consumers in Peru. 
 Lindkvist et al. reported higher seropositivity among children in Ethiopia whose families 
used a well (26/39 [67%]), compared with those who used the public water system (18/39  
[47%]).  (Relative risk [RR] =1.41, 95% CI: 0.94-2.10).70  That fact that the confidence level 
includes the null value weakens the argument that source was a significant factor in prevalence 
in this community.  This study would have been strengthened by clearer delineation between 
exposures.  Perhaps some children utilized both sources.  There is also strong possibility of 
confounding by factors associated with SES.  
 Several reports evaluated the environment but not the population.  Hulten et al. found H. 
pylori DNA in 3 (12%) of 25 municipal drinking water supplies, 9 (38%) of 24 private well 
supplies, and 3 (12%) of 25 wastewater samples in Sweden.57  The fact that a municipal drinking 
water supply and wastewater samples tested positive for H. pylori DNA highlights the 
importance of proper operation of municipal facilities.   
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Bunn et al. reported  H. pylori from swabbed samples of the interior of water containers used by 
Gambian villagers.71  Water was tested in one of the containers; it was negative for H. pylori.  
Likewise, H. pylori was not  detected (by PCR) in the source water.  Only one study thus far has 
described the occurrence of H. pylori in drinking water sources in the United States.  A survey of 
surface water and shallow groundwater and reported actively respiring H. pylori in 25 (60%) of 
42 surface water samples, and 13 (65%) of 20 groundwater samples collected in Pennsylvania 
and Ohio.59  
 
Helicobacter pylori and free-living protozoa 
 An association between Helicobacter pylori and free-living protozoa has been discussed 
in just one published study.  In a 2002 report, Winicki-Krusnell et al. claimed that a clinical 
isolate of H. pylori in a coculture with Acanthamoeba castellanii survived for  8 weeks, yielding 
a 100-fold increase in the number of bacteria compared with the number in the absence of the 
amoebae .72  In the decade since publication, this result has not been reproduced, despite several 
attempts (Manual Amieva, Stanford University, and Sahar El-Etr, Lawrence Livermore 
Laboratory, personal communication).   
 
Helicobacter pylori summary 
 Epidemiologic studies have indicated person-to-person contact as the primary mode of 
transmission, but detection of H. pylori in water indicates a possible alternate route of exposure.  
Helicobacter pylori can be detected in humans and in the environment through a variety of 
methodologies.  Recent advances in molecular methods have greatly enhanced the ability to 
detect this organism and explore the routes of transmission.  Hulton et al.57 have reiterated that 
success of a microbe as an infectious agent relies on its ability to spread from one host to 
another, escape the host’s immune system long enough to multiply, and finally be shed by the 
host to go on to infect new hosts.  Further, the success of H. pylori results from its ability to use 
multiple transmission routes.  Alternatively, they suggest that the success of this bacterium might 
result from its efficiency in establishing an infection once inside a susceptible host.  Host genetic 
factors that affect interleukin-1 might play a role in susceptibility and sequelae.41  Although the 
question of host susceptibility is an area that should be pursued by clinical researchers, a clearer 
understanding of the microbial ecology and survival of H. pylori in the environment is 
paramount to the control of this bacterium.  The prior report of a survival advantage for H. pylori 
when associated with Acanthamoeba72 awaits corroboration.  
 
Escherichia coli  
Description 
 Most strains of  E. coli are motile Gram-negative, non-spore-forming bacilli that ferment 
lactose and produce gas.  Many, but not all, have the ability to metabolize o-nitrophenyl-β-D-
galactopyranoside (ONPG) and 4-methylumbelliferyl-β-D-glucuronide (MUG).  Because 
millions of E. coli are deposited with each gram of feces, E. coli has become the standard 
indicator of fecal contamination in water worldwide.  Their phenotypic and genotypic 
characteristics have been exploited for analytical tests, both in environmental and clinical 
settings. 
 In general, E. coli strains are harmless commensal organisms of warm blooded animals, 
facilitating the digestion of food and production of vitamin K2 (menaquinone-7) and B-complex 
vitamins.  However, commensal E. coli have evolved and carry virulence factors leading to their 
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pathogenicity.  In addition to evolution through mutation and selection, commensal organisms 
have acquired virulence factors through horizontal gene transfer.73  There are currently 6 groups 
of pathogenic E. coli, categorized by their genotypic and phenotypic traits, primarily associated 
with pathogenesis and diarrhea as follows: 
 
Enteropathogenic E. coli (EPEC) – Enteropathogenic E. coli strains possess chromosomal and 
plasmid genes responsible for bundle-forming pili and secreted proteins, such as the adherence 
protein, intimin, but do not produce toxins.  Attachment of the bacteria to the intestinal 
epithelium is followed by formation of a lesion (the attaching and effacing lesion), leading to a 
cup-like indentation known as a pedestal.  Normal cell functions are disrupted by components 
injected into the host cell through the type III secretion apparatus (like a needle and syringe).   
EPEC infections are manifested by watery diarrhea, resulting in dehydration; these infections are 
among the major causes of infantile diarrhea world wide.73 
 
Enterotoxigenic E. coli (ETEC) – Two small plasmid-mediated toxins are produced by this 
organism: heat stable enterotoxins (ST) and heat labile enterotoxin (LT).  Heat stable enterotoxin 
a (STa) is involved with inhibition of sodium chloride absorption and subsequent intestinal fluid 
secretion.  Along with EPEC, ETEC is a major contributor to the global burden of diarrheal 
disease.  Acute onset is usually marked by a self-limiting bout of loose stools, nausea, vomiting, 
and abdominal cramps.  Heat labile enterotoxin-I (LT-I) is related to the cholera toxin, which 
also affects sodium chloride absorption and chloride secretion.   The cholera-like symptoms, 
especially in children, can be lethal.73  A high infectious dose (ca.  108 – 109 organisms) is 
required to initiate an infection.74   
 
Enterohemorrhagic E. coli (EHEC) – First described in 1983, by Riley et al,75 most E. coli- 
related diseases in the developed world come from contact with O157:H7-contaminated food.74  
The comparatively low infectious dose (102 – 106 organisms) contributes to disease cases.76  The 
most common serotype is O157:H7, and failure to detect other serotypes may lead to under-
reporting of diarrheal etiologic agents.74  In England and Wales, from 1995 to 1998, there were 
3,429 strains of EHEC identified as belonging to the O157:H7 serotype and only 11 non-O157 
strains.76 Enterohemorrhagic E. coli is a commensal organism in cattle, but other zoonotic 
transfer to humans has also been reported.  Non-bloody diarrhea, along with fever and vomiting, 
generally occurs 1 to 6 days after infection with EHEC, but the hallmark of this organism is 
hemorrhagic colitis and hemolytic uremic syndrome (HUS).  Hemolytic uremic syndrome occurs 
in ca.10% of infected individuals (primarily children),76 and recent evidence suggests renal 
disease sequelae in asymptomatic adults exposed to EHEC.77  Enterohemorrhagic E. coli that 
produce Shiga toxin are referred to as Shiga toxin E. coli (STEC).74  A novel strain related to 
both STEC and EAEC (E. coli serotype O104:H4) was responsible for a large outbreak related to 
sprouts in Germany in 2011.  Drinking water and health experts recently produced a consensus 
report regarding the outbreak, developed from discussions at the “3rd Seminar for Ph.D. Students 
Working on Water and Health” in Cannes, France June 27-19, 2011.  The group concluded that 
this serotype did not pose a threat to drinking water supplies as long as E. coli indicator 
organisms were absent and Water Safety Plans (as directed by the WHO), were followed.78  
Non-O157 STEC strains are emerging globally, and are under-reported.79 
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Enteroinvasive E. coli  (EIEC) – Enteroinvasive E. coli share virulence factors with Shigella 
dysenteriae and produce  similar symptoms (blood and mucous in the stool).  Of the pathogenic 
E. coli, EIEC is the only group  that is intracellular to colonic enterocytes and replicates within 
host cells.73 
 
Enteroaggregative E. coli (EAEC or EAggEC) - Enteroaggregative E. coli were named for 
their stacked brick-like adherence pattern on cultured epithelial cells mediated by at least two 
fimbriae.  Although asymptomatic carriage is common, acute or persistent diarrhea is more 
typical, especially in children.80  Enteroaggregative E. coli is also a cause for travelers’ diarrhea, 
and some strains produce an enteroaggregative heat-stabile toxin (EAST1).73   
 
Diffusely Adherent E. coli (DAEC) – Some DAEC have the virulence factors α hemolysin and 
cytotoxic necrotizing factor 1, and some are relatively non-virulent.  Unlike the stacked structure 
characteristic of EAEC, the adherence pattern of these organisms in diffuse.  Mucoid watery 
stools, along with fever and vomiting for about 8 days, follow infection.  Routes of transmission 
have not been well characterized.73 
 
Epidemiology 
 Since the 1982 O157:H7-related outbreak from consumption of contaminated hamburger 
meat, many more foodborne E. coli outbreaks have been reported.  However, the following 
discussion focuses on water because one of this dissertation’s main topics is the association 
between E. coli and the aquatic ciliate, Tetrahymena.  
 Waterborne routes of transmission for all of the diarrheagenic pathotypes are still a 
matter of research globally.  In the case of ETEC and EPEC it has been established that these 
organisms are endemic to areas where clean drinking water, proper sanitation and hygiene are 
not readily available.  Annually in developing nations, an estimated 1.5 million deaths due to 
diarrhea occur in children under 5 years old.81  However, accurate numbers of cases specifically 
from E. coli infection are impossible to obtain because laboratories and health care facilities in 
locations where these organisms persist are deficient.  Also, symptoms caused by other 
organisms, including Shigella, Salmonella, Campylobacter, Cholera, rotavirus, and the protozoa, 
Giardia and Cryptosporidium, are similar.   
 Immunity can be established in individuals living where ETEC is endemic.  Ecuadorian 
children less than 1 year old who were exposed to low quality water were about twice as likely to 
have antibodies to ETEC as children not exposed to low quality water (RR, 1.9, 95% CI: 1.11-
3.25).82   Sixty percent of non-immune adult travelers to endemic areas develop diarrhea, with 20 
to 40% due to ETEC.76       
 Outbreaks associated with water supplies can be large.  Over 2,000 individuals who 
drank non-disinfected spring water at a park in Oregon succumbed to ETEC infection.83  Another 
ETEC outbreak, affecting 175 military personnel and 54 civilians, was reported in Israel.84  
Several waterborne-ETEC outbreaks on cruise ships have also been reported.85  
 There has been only one drinking water-related outbreak associated with EIEC86 and with 
EAEC87, and none for EPEC or DAEC.  Person-to-person contact is believed to be the primary 
infection mode for EPEC and DAEC, although the lack of convenient and affordable detection 
methods for environmental testing might be another reason that water-related disease from these 
organisms has not been reported.  
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 Most disease cases associated with E. coli have been attributed to the O157:H7 serotype.  
Hunter summarized waterborne disease outbreaks where EHEC was identified as the causative 
agent.76  The first, in Burdine Township, Missouri, occurred between December 1999 and 
January 2000, when 243 of 3,126 residents became ill, and 4 died.  Other outbreaks have 
occurred in Scotland, the Canary Islands, and Wyoming.76 
 About half the population of Walkerton, Ontario were infected with the O157:H7 
serotype in 2000.  Of 2,300 cases, 65 were admitted to the hospital, 27 developed HUS, and 7 
died.88  The failure of the water treatment operators to apply chlorine to wells vulnerable to 
contamination from cattle feces led to fines and imprisonment.89  
   
Habitat and multi-drug resistance 
 Escherichia coli finds its way to water systems through fecal contamination from humans 
and other animals.  All serotypes can multiply in un-disinfected water so long as there are 
adequate nutrients to support growth.  In drinking water systems, nutrients are consolidated in 
biofilms and sediments,90 where E. coli can survive for several weeks even under high shear 
stress (flows).91  E. coli O157:H7 has been reported to survive in both Acanthamoeba92 and 
Tetrahymena.19   An environmental isolate of E. coli survived disinfection with chlorine at higher 
concentrations than would be typically found in drinking water distribution systems.1        
 Drug-resistant bacteria in water systems is an emerging public health issue.  Individuals 
colonized with antimicrobial-resistant pathogens suffer greater mortality, require longer hospital 
stays and incur higher health care costs than patients with antimicrobial-sensitive infections.93 
 Coleman et al. compared carriage of antimicrobial-resistant E. coli in adults who 
consumed water from private wells, either containing or not containing antimicrobial-resistant E. 
coli 94.  Two types of controls were included: wells in which no E. coli was found, and wells in 
which no antimicrobial-resistant E. coli was found.  Escherichia coli in the Ontario and Alberta 
well water samples were identified by differential coliform agar95 and Colilert® respectively, 
then further tested for antimicrobial genes.  Rectal swabs from the consumers from wells 
containing antimicrobial resistant E. coli and the control wells were tested for antimicrobial 
resistant E. coli.  One hundred twenty-nine of 878 participants (15%) consumed water 
contaminated with antibiotic- resistant E. coli.  Of 230 individuals carrying ß-lactam-resistant E. 
coli, 18 (41%) were in the cohort of 44 individuals that were exposed to water contaminated with 
a ß-lactam-resistant E. coli.   Two hundred twelve (25%) of the cohort of 834 individuals who 
were not exposed to a ß-lactam-resistant E. coli.  This association was statistically significant, 
with a prevalence ratio (PR) of 1.6 (95% CI: 1.1-2.4, P=0.02).  Statistically significant 
associations were found for exposure to well water containing tetracycline-resistant, 
suphonamide-resistant, and chloramphenicol-resistant E. coli and carriage.  Holding all other 
variables constant, individuals who consumed untreated antimicrobial resistant E. coli-
contaminated water were 25% more likely to be colonized with antimicrobial resistant E. coli 
than individuals who consumed uncontaminated water or contaminated water that was 
disinfected for more than 12 months.  Carriage of antibiotic resistant E. coli was not significantly 
associated with antibiotic use by the individuals in the study.  The analytical methods 
(differential coliform agar and Colilert®) used in this study may have underestimated the amount 
of E. coli in the wells because they are both MUG based tests and not all E. coli have the ability 
to metabolize MUG.  Nevertheless, this study points to an important association, which had not 
previously been reported. 
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 Over 4 million Canadians and 33 million Americans rely on private wells for their 
drinking water, and many of those wells may be vulnerable to contamination from private septic 
systems.  The positive association found between well water contaminants and antibiotic-
resistant bacterial carriage in humans lays the groundwork for a number of interesting microbial- 
ecological questions related to fate and transport of bacteria, including persistence of E. coli in 
the subsurface and in water, and their relationship with other microbes, such as protozoa.   
 
Horizontal Gene Transfer 
 Escherichia coli can develop competence in natural waters at calcium concentrations as 
low as 1 to 2 mM.96  Furthermore, E. coli can acquire antibiotic-resistance genes and facilitate 
spread to other bacteria through horizontal gene transfer.97  The free-living protozoa, 
Tetrahymena, has been shown to facilitate this phenomenon.  In a 1997 study, solutions 
containing Tetrahymena vacuoles and pellets had three-fold more transconjugants than solutions 
without vacuoles and pellets.27  Referring to Tetrahymena fecal pellets, Schlimme was the first to 
point out that “This micro-biotope provides a selective pressure which might enhance the 
acquisition of virulence genes in cases of mutual interactions …”.27  Horizontal gene transfer 
facilitated by Tetrahymena was not studied again for more than a decade.  
 Recently, Matsuo confirmed that the presence of Tetrahymena could enhance horizontal 
gene transfer (HGT) of antibiotic-resistant genes and showed that Acanthamoeba castellanii and 
another protozoan, D. discoideum did not enhance HGT.26  Further work by the same research 
group showed that Tetrahymena could promote the transfer of the extended-spectrum beta-
lactamase CTX-M-27 gene between E. coli strains.34   
 
Identification methods 
 Traditionally, identification of E. coli in water was accomplished with either liquid or 
agar media containing appropriate substrates for phenotypic characterization (primarily sugar  
fermentation, with production of gas).  The widely used MacConkey agar contains lactose and a 
pH indicator to indicate fermentation and acid production.98  A variety of biochemical tests are 
used in clinical and environmental settings.  For example, the IMViC) test uses indole, methyl 
red, Voges-Proskauer and citrate reagents and compares reaction products to differentiate E. coli 
from two other Enterobacteriaceae (Klebsiella spp. and Enterobacter spp.).  In a clinical setting, 
a patient’s symptoms often provide clues as to which tests to perform.  However, for 
environmental monitoring, routine testing may be the only indication of a breach in the treatment 
(filtration and/or disinfection) processes or post-treatment contaminant intrusion or infiltration 
into the distribution system.99  Generally, an initial test for total coliform bacteria is followed by 
a test for E. coli, which is a more specific indicator of sewage contamination, because some 
bacteria in the total coliform group have environmental isolates that are unrelated to animal 
contamination.  Innovations in methods now allow for simultaneous testing of total coliform 
bacteria and E. coli.   
 One enzyme-based test exploits glutamate decarboxylase (GAD) catalysis of α-
decarboxylation of L-glutamic acid to yield γ-aminobutyric acid and carbon dioxide, which can 
be detected by a pH-sensitive dye.  A rapid GAD test was proposed in 1993,100 but it has not 
been approved by the US EPA.  Another, more common, test uses 4-methylumbelliferyl-β-D-
glucuronide (MUG), which is metabolized to the fluorogenic compound 4-methylumbelliferone. 
Of the ten analytical methods have been approved in the US for routine water system monitoring 
to assess loss of infrastructure integrity or contamination,101 the most widely used is Colilert® 
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(IDEXX, Westbrook, Maine).  The Colilert® methods is proprietary formulation known as 
defined substrate medium™ (DSM) with the addition of 4-methylumbelliferyl-β-D-glucuronide 
(MUG).102   
 Although some E. coli serotypes do not produce glutamate decarboxylase or β-D-
glucuronidase, all strains tested by the US EPA had the gadA/B and uidA genes and could be 
detected by PCR-based tests.103  This was consistent with prior reports of phenotypically MUG- 
negative strains yielding a positive result when the uidA gene was amplified.104-106  The gadA/B 
genes appeared to be more sensitive and specific than uidA gene.103  The failure of water utilities 
to adopt PCR-based methods has been attributed to cost and technical expertise.103  However, no 
PCR-based tests are approved for compliance purposes by the US EPA.99  
 Quantitation is achieved by counting colony forming units (CFU) mL-1 or counting the 
number of tubes in which a positive reaction occurred.  The number of positive tubes (or 
compartments in a tray for the Colilert® Quanti-Tray® method) are compared to a probability 
table to obtain a “most probable number” (MPN).107 
 
Escherichia as an indicator of fecal contamination 
For more than 40 years the drinking water community has relied on Bonde’s list of an ideal 
indicator108.  An indicator should: 
 

• “Be present whenever the pathogens are present; 
• Be present only when the presence of pathogens is an imminent danger (i.e., they must 

not proliferate to any greater extent in the aqueous environment); 
• Occur in much greater numbers than the pathogens; 
• Be more resistant to disinfectants and to the aqueous environment than the pathogens; 
• Grow readily on simple media; 
• Yield characteristic and simple reactions enabling as far as possible an unambiguous 

identification of the group; 
• Be randomly distributed in the sample to be examined, or it should be possible to obtain a 

uniform distribution by simple homogenization procedures; and 
• Grow widely independent of other organisms present, when inoculated in artificial media 

(i.e., indicator bacteria should not be seriously inhibited in their growth by the 
presence of other bacteria).”  
 

 Non-pathogenic E. coli matches those criteria well.  The World Health Organization 
guidelines, the European Union Council Directive 98/83/EC, and the US EPA’s revised Total 
Coliform Rule, all currently favor E. coli as the best indicator of fecal contamination.  The US 
EPA has approved 10 methods for E. coli analysis, most of which are also available outside the 
US.99,109  Analytical methods development and evaluation by approval (regulatory) agencies 
generally use pure strains of planktonic bacteria, although some studies also include additional 
Gram positive or negative organisms, particles, or sewage.101  An evaluation of E. coli 
identification methods in the presence of free-living protozoa has not yet been reported.   
 
Escherichia coli summary 
 Since 1886, when Theodor Escherichia described bacterium coli commune in feces,110 the 
organism now known by his name has continued to fascinate clinical and environmental 
microbiologists for its’ role as a beneficial commensal, an etiologic agent of disease, and an 
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indicator of fecal contamination.  While, person-to-person contact and contaminated food 
contribute to cases of diarrhea, water is also a significant route of exposure.  Advances in culture 
and molecular methods have accelerated the understanding of the habitat and persistence of both 
commensal and pathogenic E. coli in the environment.  Because evaluations of most 
environmental monitoring methods have relied on planktonic organisms, environmental 
scientists and regulators may not have the full picture of E. coli occurrence in the natural 
environment.  Given the increase in antibiotic-resistance genes in aquatic environments and the 
proof that the free-living protozoa, Tetrahymena, facilitates horizontal gene transfer, 
investigations related to the association between bacteria, including E. coli and this aquatic 
ciliate, are warranted.  
 
Aims 
The specific aims of the research described in this dissertation were to: 
 

1. Determine whether a prior study that claimed H. pylori can survive phagocytosis by the 
free-living protozoa, Acanthamoeba, could be corroborated. 
 
Sub-aim: If the prior study could be corroborated, determine whether H. pylori could 
replicate within Acanthamoeba.  This question has not been addressed in the literature. 
 

2. Determine whether any of the six major pathotypes of diarrheagenic E. coli are able to 
survive digestion in an environmental isolate of Tetrahymena. 
 
Sub-aim: Exploit a variety of advanced-microscopy techniques to describe the association 
between E. coli and Tetrahymena. 
 

3. Determine whether a widely-used analytical method for identification of H. pylori in 
water systems would underestimate the occurrence of E. coli when associated with 
Tetrahymena.	  

 
 
 An evaluation of H. pylori and E. coli survival when associated with free-living protozoa 
advances the knowledge of the microbial ecology of these organisms.  The information contained 
in this dissertation can aid water utility and regulatory personnel in assessing drinking water 
quality.  The dissertation can also provide a foundation for future studies aimed at evaluating 
bacterial monitoring methods, and water/wastewater treatment practices, including disinfection 
with ultraviolet light. 
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Chapter 2 
 

Helicobacter pylori phagocytosis by Acanthamoeba polyphaga demonstrated 
by microscopy, fluorescent in situ hybridization, 

 and quantitative polymerization chain reaction tests 
 
Introduction 
 The goal of the study described in this chapter was to assess whether Helicobacter pylori 
survives predation and replicates within the free-living amoeba Acanthamoeba polyphaga.  
Helicobacter pylori is a known causative agent in gastric diseases, including ulcers, and has been 
classified by the WHO as a Type 1 carcinogen.111  Remarkably, 30 years after the linkage 
between gastric illness and H. pylori was published, the relative significance of various routes of 
transmission remains controversial.112  Fecal-oral, oral-oral and gastro-oral transmission have 
been described in epidemiologic studies.43,61,113-116  Drinking water as a route of exposure has 
also been proposed due to the disparity in prevalence between developed and developing nations, 
because developed nations have better water supplies and sanitation, and H. pylori DNA has 
been found in potable water.54 
 The fundamental obstacle to quantifying H. pylori occurrence in drinking water samples 
is that in the environment the bacteria morph from a helical to a coccoid form that is viable but 
not culturable (VBNC).49  Notwithstanding the controversy over the term VBNC117-119, relating 
to whether viability in the absence of culture can be claimed, it is appropriate to use that term if 
data indicate that bacterial cells can return to a form capable of replication despite the 
unavailability of an appropriate medium for resuscitation of such cells.  Recent advances in DNA 
methods, including polymerase chain reaction (PCR)71,120 and quantitative PCR (qPCR),121,122 
have allowed for H. pylori detection in water systems.  Polymerase chain reaction tests have 
been used for H. pylori DNA identification in water sources in developing countries and 
developed nations, including England,54 Germany,123 Japan,124 Sweden,57 Peru,69 and the United 
States.59  In the British study, H. pylori DNA was detected in drinking water and pipe biofilm 
samples by PCR-based tests.54  This confirmation of H. pylori in a municipal drinking water 
supply of a developed nation highlights the need to investigate H. pylori susceptibility to 
disinfectants in potable water systems and further demonstrates utility of molecular methods for 
exploring H. pylori fate and transport in the environment.  A strong positive association was 
found between Acanthamoeba DNA and H. pylori DNA presence in Japanese rivers, but no 
attempt was made to determine whether the bacteria were inside the amoeba or simply coincident 
in the water samples.125 
 Both molecular and conventional methods have being employed to explore the 
relationships between other free-living amoeba and bacteria.  Greub and Roult coined the term 
“amoeba resistant bacteria” (ARB) to describe bacteria “that have evolved to resist destruction 
by free-living amoeba” and reviewed amoeba-bacterial associations for a variety of pathogenic 
bacteria, including Cryptococcus neoformans, Legionella spp., Chlamydophila pneumoniae, 
Mycobacterium avium, Listeria monocytogenes, Pseudomonas aeruginosa, and Francisella 
tularensis.10  The ARB benefit from the association by protection from environmental stresses, 
such as desiccation and disinfection.  Acanthamoeba (in its cyst stage) survives exposure to 
chlorine concentrations several orders of magnitude higher than those required to kill bacteria.1  
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Material and methods 
Helicobacter pylori cultivation and harvesting.  Three H. pylori isolates were used in this 
study: An H. pylori strain that expresses the green fluorescent protein (GFP-Hp) and has been 
described elsewhere,126 ATTC strain 43504 (a laboratory adapted strain originating from a 
clinical isolate); and a fresh clinical isolate.  

For all bacterial strains, frozen stocks were swabbed onto TSAII agar with 5% sheep’s 
blood (Becton Dickinson, Sparks, MD) and incubated under microaerophilic conditions at 37oC 
in MGC™ chambers (Mitsubishi Gas Chemical Co. Inc.  New York, NY) containing 
AnaeroPack™ sachets (Mitsubishi).  After 2 d cultures were harvested by rinsing the confluent 
growth on the agar with 2 mL of ATTC PYG 712 liquid media without the addition of proteose 
peptone and yeast extract, herein referred to as solution A (a solution similar to Page’s Amoebic 
Saline commonly used for bacteria/amoebic co-culture).  A standard curve was created by 
counting GFP-Hp cells under the 40x objective using a Zeiss Axiophot2 microscope (Carl Zeiss, 
Oberkochen, Germany) microscope fitted with a #10 filter cube (excitation 450-490, 
beamsplitter 510, emission 515-565 nm), and measuring the optical densities (at similar emission 
wavelengths) for serial dilutions of the GFP-Hp cells with a Spectramax M2 spectrophotometer 
(Molecular Devices, Sunnyvale, CA).    
Amoeba cultivation and harvesting.  Acanthamoeba polyphaga ATTC strain 30010 was sub-
cultured every 5 days in 25 cm2 tissue culture flasks (Corning, Corning, NY) by gently 
withdrawing the growth media over the amoeba monolayer and replacing it with 5 mL of fresh 
PYG 712 media.  Tapping the tissue culture flask briskly on a biosafety cabinet work surface 
dislodged the amoebic monolayer’s adherent cells.  A 0.5 mL aliquot of the amoeba suspension 
was then placed into 5 mL of fresh PYG 712 media.  Two days before experimentation, A. 
polyphaga cells were harvested similarly, except the media was replaced with 5 mL of solution 
A to starve them.  Acanthamoeba polyphaga cells were enumerated with a hemocytometer.  
Amoebic grazing.  To determine bacterial uptake by the amoebae, A. polyphaga cells were 
harvested as above and 1 mL of the suspension (ca. 1 x 103 cells) was placed into duplicate wells 
of a 24-well tissue culture plate.  On separate occasions, settled A. polyphaga cells were fed ca. 1 
x 106 cells mL-1 of either the GFP-Hp or H. pylori strain 43505 and allowed to graze at room 
temperature.  After 1 h, the amoebae were harvested by repeated pipetting of the coculture 
solution.  Internalization of GFP-H. pylori within A. polyphaga was confirmed by epifluorescent 
microscopy, as described below (directly for the GFP-Hp and after staining or fluorescent in situ 
hybridization for the ATCC strain).  Helicobacter pylori 43504 phagocytosis by the amoeba was 
determined with either BacLight™ LIVE/DEAD® stain (Molecular Probes, Carlsbad, CA) or 
fluorescent in situ hybridization:  LIVE/DEAD® staining was conducted according to the 
manufacturer’s instructions.  Fluorescent in situ hybridization (FISH) followed the same protocol 
described in a prior Acanthamoeba-H. pylori survival study,72 but with a Cy5-labeled (Sigma) 
oligonucleotide sequence specific to H. pylori (HPY-CTGGAGAGACTAAGCCCTCC)127 rather 
than EUB338 (a probe capable of hybridizing to all bacterial cells) used in that study.  In 
repeated experiments, the permeabilization step duration and/or temperature, and/or 
hybridization temperatures were adjusted in an attempt to improve hybridization.   
 Epifluorescence microscopy under 1000x magnification with either the Zeiss 
epifluorescent microscope (as above) or a Nikon Eclipse 600 epifluorescent microscope with a 
450–490 nm excitation filter, a 505 nm dichroic mirror filter, and a 520 nm - long band pass 
emission filter (Zeiss filter cube B-2A) were used to examine the amoebae.  Z-stacked images 
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were used to define the amoebic cellular boundaries and determine the spatial plane where the 
bacterial cells resided (inside or outside the amoebic membrane). 
Bacterial cell replication. 
Coculture conditions for qPCR.  Optical density measurements for the bacteria and direct 
count on a hemocytometer for the amoebae were used to determine H. pylori and A. polyphaga 
concentrations in the coculture experiments.  Approximately 1 x 103 amoebae mL-1 were added 
to each of 2 wells in a 24-well tissue culture plate (Corning) - for each time period assayed and 
allowed to settle for 1 h.  Meanwhile, freshly harvested H. pylori were sonicated for 10 minutes 
at 50/60 Hz in a water-bath sonicator (Cole Parmer, Vernon Hills, Il).  Bacterial cell 
morphologies and clumps were checked with differential interference contrast microscopy at 
1000x on a Zeiss bright field microscope.  Helicobacter pylori were added to the amoebae at a 
ratio of 1,000:1.  Axenic amoebae cultures and pure H. pylori cultures were included as controls.  
After grazing for 1 h, 50 µg mL-1 of gentamycin (MP Biomedicals, Salon, OH) was added to 
each well for 1 h to kill extracellular bacteria.  The coculture medium (Solution A) was then 
withdrawn and the amoebae gently washed twice with 100 µL of Solution A to remove 
extracellular bacteria.  Three hundred microliters of fresh Solution A was added back to each of 
the 2 wells.  The tissue culture plate was incubated at room temperature (ca. 25 oC).  A duplicate 
plate was incubated at 37 oC.  The entire 300 µL cocultures were used for DNA analysis.  In one 
test, DNA extraction was initiated immediately and after 1, 6, 18, and 24 h of grazing to assess 
the bacteria’s initial intra-cellular fate.  In another experiment, H. pylori DNA from coculture 
and in an H. pylori monoculture at 1, 24, 48 and 72 h to examine long term survival.  
DNA extraction.  At each time point DNA was extracted using a WaterMaster kit (EpiCenter 
Biotechnologies, Madison, WI) according to the manufacturer’s instructions, except the 
isopropanol/ethanol extraction steps included putting the 2 mL reaction tubes on ice rather than 
leaving at room temperature.  The DNA was dissolved in 34 µL of nuclease free water 
(EpiCenter Biotechnologies), and 11 µL used in 25 µL final reaction volumes.  Standard curves 
were established by measuring freshly harvested H. pylori DNA on a NanoDrop ND1000 uV-Vis 
Spectrophotometer (NanoDrop Technologies, Wilmington, DE). 
Amplification and detection:  Helicobacter pylori DNA was amplified and quantitated in an 
ABI 7000 Prism thermocycler (Applied Biosystems Inc., Foster City, CA).  For quality control, 
background interferences were measured prior to the qPCR tests in a 96-well plate with 
nuclease-free water.  Any well in the 96-well platform more than 10% out of specification was 
excluded from use for the qPCR.  Real time qPCR assays were performed using forward and 
reverse primers according to McDaniels and Sen 121,122.  Primers were HpyF1 (5_-
GGGTATTGAAGCGATGTTTCCT-3_) and HpyR1 (5_-GCTTTTTTGCCTTCGTTGATAGT-
3_).  The probe was labeled with the reporter dye 6-carboxyfluorescein (6-FAM) at the 5’ end 
and with the quencher 6-carboxytetramethyl-rhodamine (TAMRA) at the 3’ end:  5_-FAM-
CTCGTAACCGTGCATACCCCTATTGAG-TAMRA-3_ (Applied Biosystems).  Each 25 uL 
reaction volume contained 1 uL of primer/probe mix 0.5 uL of 5% bovine serum albumin, 12.5 
uL of TaqMan Universal Master mixture, which is a 2X proprietary mixture containing 
AmpliTaq Gold DNA polymerase, AmpErase uracil N-glycosylase (UNG), deoxynucleoside 
triphosphate (dNTPs) with dUTP, the passive reference dye ROX, and optimized buffer 
components (Applied Biosystems).  Amplification consisted of an initial single cycle at 50°C for 
2 min, followed by 95°C for 10 min, and 45 repetitions of two-temperature cycling at 94°C for 
15 s and 60°C for 1 min.  The copy number calculations have been described by McDaniels et al. 
121.  Briefly, the H. pylori genome size is assumed to be 1,700 kb.  Therefore 1 fg of H. pylori 
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DNA equals 0.54 gene copies, according to the formula gene copy number equals grams of DNA 
times Avogadro’s number divided by the DNA molecular weight times 6.6 x 105 Daltons.  Using 
a baseline crossing threshold (CT) of 0.2, and the standard curve described above, the H. pylori 
concentrations in coculture or control wells were determined. 
 After the work described above was completed at the United States Environmental 
Protection Agency’s National Risk Management Research Laboratory in Cincinnati, scanning 
electron microscopy (SEM) of an A. polyphaga subculture was performed at the UC Berkeley 
Electron Microscopy Facility to evaluate the amoebic strain used for experimentation.  Samples 
were fixed in 2.0% gluteraldehyde in 0.1 M cacodylate buffer at pH 7.2.  Fixed samples were 
dispersed onto poly-L-lysine-treated silicon wafers and rinsed twice with cacodylate buffer, post-
fixed in 1% osmium tetroxide in 0.1 M cacodylate buffer at pH 7.2, dehydrated with a graded 
ethanol series (30-100%), dehydrated further in a critical point dryer, and sputter coated with 
gold-palladium to a 2 µm coating thickness.  Specimens were imaged with a Hitachi S-5000 
SEM.   
 
Results  
 Scanning electron micrographs of A. polyphaga showed that they were capable of normal 
physiological activities including pseudopodia production (Fig. 1a), encystation (Fig. 1b) and 
encystation (Fig. 1c).  Scanning electron microscopy has been used previously to show 
pseudopodia’s role in bacterial capture.128 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Acanthamoeba polyphaga in three stages: trophozoite (a), encystation (b), and excystation (c). 
 
 
 
 
 
 
 
 
 
Freshly harvested GFP-H.  pylori cells were taken up by grazing Acanthamoeba polyphaga in 
coculture conditions that favored amoeba (semi-saline buffer and room temperature), as 
evidenced by green fluorescence within food vacuoles (Fig 2).  
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Figure 2.  Acanthamoeba polyphaga after grazing on green fluorescent protein-H. pylori for 1 h.  Remnants of the 
bacterial cells were seen within the amoeba 
 
 
The GFP can continue to fluoresce even if a cell is dead; therefore, fluorescence was interpreted 
as confirmation of bacterial uptake rather than viability.  LIVE/DEAD® staining of harvested 
ATTC strain 43504 identified live helical cells and dead coccoid cells in clumps before 
sonication (Fig 3).  The BacLight® stain appeared to work well for planktonic bacteria.  
However, the method was limited in its ability to identify helical or coccoid bacterial cells within 
the amoeba (Fig 4).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  BacLight™ stained H. pylori.  Green (Syto 9) staining indicates live bacteria and red- (propidium iodide) 
staining indicates dead bacteria. 
 
 
 Fluorescent in situ hybridization revealed amoebic cells harboring H. pylori rRNA in 
only a few of the thousands of amoebic cells examined.  A successful hybridization event is 
depicted in Fig. 5.  Indications of live bacterial cells were sparse, despite various adjustments to 
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the hybridization conditions.  Figure 6 shows successful hybridization in only 12 (7.5%) of 160 
amoebic cells.   
 
 
 
 
 
 
 
 
 
 
Figure 4.  BacLight™ stained Acanthamoeba polyphaga after grazing on H. pylori for 1 h.  A few faint green 
(Syto9)-stained H. pylori appear within the amoeba’s vacuoles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  Acanthamoeba polyphaga after grazing on a laboratory strain of H. pylori for 1 h.  Fluorescent in situ 
hybridization with a Cy5-labeled oligonucleotide directed against H. pylori rRNA indicates viable bacterial cells 
within the amoeba. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  A field of view of fluorescent in situ hybridization (FISH) with a Cy5-labeled oligonucleotide specific to 
H. pylori suggests viable bacterial cells existed in only 7.5 % of amoebic cells that grazed on H. pylori.  Additional 
fields of view exhibited no positive FISH reactions. 
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 Standard curves produced by diluting H. pylori indicated that the qPCR method was 
appropriate for the bacterial strains used in this study (Fig 7).  Quantitative polymerase chain 
reaction data indicated a slight increase in H. pylori controls over a 24 h period (Fig. 8), and a 
decrease in H. pylori from the amoeba cocultures.  Similarly, the H. pylori cells remained fairly 
constant in the extended 3-d study while the H. pylori from the amoeba cocultures declined (Fig 
9).  Additional experimentation aimed at evaluating inhibition by diluting the DNA produced 
similar results (data not shown). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.  Standard curve to determine concentration of H. pylori cells. 
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Figure 8.  Green fluorescent protein-H. pylori concentrations in monoculture and coculture with Acanthamoeba 
polyphaga during a 24 h period determined by qPCR tests.  H. pylori cells did not significantly increase in 1 day.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.  Concentrations of a clinical isolate of H. pylori in monoculture and coculture with Acanthamoeba 
polyphaga during a 72 h period determined by qPCR tests.  H. pylori cells did not significantly increase in 3 days.    
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Discussion 
 Acanthamoeba polyphaga grazed on a GFP-Hp-isolate, an ATTC laboratory strain, and 
an H. pylori clinical isolate.  Although the bacterial cells were mostly alive when taken up by the 
amoebae, there was no increase in bacterial cells over time as demonstrated by real time qPCR.  
The lack of vacuoles exhibiting either BacLight® or FISH fluorescence could indicate digestion 
by the amoeba or failure of these methods, designed for planktonic bacteria, to be suitable for 
intra-amoebic bacterial cells.   
 A prior study that fed a clinical isolate to a related species of Acanthamoeba (A. 
 castellanii) reported that the bacterial cells survived for eight weeks in the amoeba.72  However, 
no data were provided to substantiate that claim.  The study used an oligonucleotide probe 
directed to all bacteria (via the 16S rRNA probe, EUB338) for fluorescent in situ hybridization 
of viable H. pylori cells within the amoeba and a single amoeba cell was offered as evidence.72  
The amoebae proportion exhibiting a positive FISH result was not provided.  A positive FISH 
result was obtained for H. pylori-fed amoeba in our study for only a small percentage of 
susceptible cells, despite a relatively high bacteria:amoeba ratio.  The prior study  pointed to 
bacterial membrane walls in transmission electron micrographs as indicative of viable cells,72 
however, others have described the residual membrane walls in TEM as dead cell artifacts.18   
 Differences between the study described in this chapter and the prior published study 
may be attributed to differences in protozoan species (polyphaga vs. castellanii) or bacterial 
strain type.  Clinical isolates were used in both studies, but not from the same source.  Not all 
bacteria survive amoebic predation:  Escherichia coli strain K1 survived passage in 
Acanthamoeba castellanii but strain K12 was digested by the amoeba.129,130  Differences in 
survival were attributed to the capsular protein (present in K1), which would be an unlikely 
reason for observed differences between the two H. pylori studies.   
 The following scenario might reconcile this and the prior study’s findings:  
Acanthamoeba takes up H. pylori in its vegetative rod form, but then the bacterial cells morph to 
the coccoid form that is incapable of replication.  The bacterial cells are digested before they 
have an opportunity to morph back to the vegetative state.  This scenario is consistent with the 
fluorescence results described in this chapter and the prior study, and the lack of increased 
bacterial cell numbers over time suggested by the qPCR results.  This scenario is somewhat 
counter to the suggestion that bacterial virulence factors allow bacteria to evade predation by 
protozoa in the environment.20  The coccoid form is generally recognized as the dominant 
environmental form in the environment131 and virulence factors (urea, cagA and vacA genes) 
have been identified in the coccoid form, and offered as evidence of viability.132   
 The most challenging, yet definitive, experiment would be to feed H. pylori to amoebae 
allow them to encyst, hold the encysted cells, and finally stimulate amoebic cell excystation.  At 
each amoebic morphological state, both the morphological form and amoebae and H. pylori 
numbers would be documented.  Synchronizing amoebic encystation and excystation would be 
useful to understand how amoebic physiology impacts bacterial cell physiology.  Selecting an 
appropriate temperature for such a study is difficult.  Optimal growth temperature for H. pylori is 
37oC, whereas 25oC is more appropriate for Acanthamoeba spp.  Tropical streams can reach 
28oC,133 which might be a good starting point for future studies.  Another experiment that could 
build on the present work would incorporate a fluorescent probe like LysoSensor® (Life 
Technologies, Pleasanton, CA) to characterize phagosome pH.  Acidification within the 
phagosomes would support the notion that H. pylori is not able to evade digestion by 
Acanthamoeba. 
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Chapter 3 
 

Survival characteristics of diarrheagenic Escherichia coli pathotypes and Helicobacter 
pylori during passage through the free-living ciliate, Tetrahymena sp. 

 
Introduction 

 Escherichia coli is an important cause of diarrhea and death among children, especially 
in developing countries.76  Although the sources of some E. coli pathotypes, such as O157:H7 
are well established, the sources of other diarrheagenic E. coli groups, such as enterotoxigenic 
(ETEC), enteropathogenic (EPEC), enteroinvasive (EIEC), diffusely adherent (DAEC) and 
enteroaggregative E. coli (EAEC), remain obscure.  The high frequency of these infections 
(especially ETEC and EAEC) in children in developing countries and among travelers to these 
countries suggests environmental sources, including water and food.  The DNA of another 
enteric bacteria, Helicobacter pylori, has been found in water systems54 but the significance of 
drinking water as a route of exposure has not been defined. 

Epidemiologic and environmental studies of the occurrence and control of enteric 
bacteria in water systems often overlook the fact that in the natural environment these bacterial 
pathogens may exist in the same niches as free-living protozoa, including ciliates such as 
Tetrahymena.  Several bacterial pathogens including E. coli O157:H7,19,20,134 Legionella 
pneumophila,18,21 Salmonella enterica,25 Francisella tularensis,22,23 Campylobacter jejuni,24 and 
several E. coli laboratory strains26-28 have been shown to evade digestion in Tetrahymena 
phagosomes.  However, not all bacterial pathogens can evade digestion even at the high 
bacteria:ciliate ratios used to induce ciliate feeding.  For example, Listeria monocytogenes did 
not survive digestion in the Tetrahymena species used in our study.25     

The aim of this study was to determine whether the six major pathotypes of diarrheagenic 
E. coli, or an isolate of H. pylori, are able to survive digestion by the ubiquitous ciliate, 
Tetrahymena.  Knowing whether these bacteria are simply prey to Tetrahymena or whether the 
bacteria can survive the digestive processes and emerge sequestered in pellets can enhance the 
knowledge of the microbial ecology of these important human pathogens.  Additionally, this 
work can provide a foundation for future studies on the control of these pathogens during water 
and wastewater treatment (e.g., filtration, and chemical or solar disinfection methods), thus 
improving the microbial quality of drinking water or water discharged to the environment.   

 
Materials and methods 
Bacterial strains and growth conditions.  Six diarrheagenic E. coli pathotypes from the Riley 
Laboratory Collection were evaluated in this study (Table 1).  All strains were characterized for 
membership in each group by the Centers for Disease Control and Prevention and confirmed by 
PCR-based tests for the presence of genes that define their pathogenic groups.135  All six 
pathotypes have been maintained in this collection for several decades, including minimally 
passaged E. coli O157:H7 from the 1982 outbreak in Oregon, in which this strain was identified 
as a human pathogen.75  Non-pathogenic E. coli K12 (ATCC 10798) and 1 µm green fluorescent 
latex beads (Sigma, St. Louis, MO) were used for comparative purposes under the same 
conditions (i.e., concentrations, ratios, incubation temperature) as for the bacterial experiments.  
The E. coli strains were maintained on tryptic soy agar slants (Becton-Dickson (BD) Difco, 
Sparks, MD) and grown overnight in Luria-Bertani broth (BD Difco) to an optical density of 600 
nm (OD600) of 1, (ca. 1 x 109 colony forming units (CFU) mL-1) for experimentation.  Broth 
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cultures were centrifuged at 5,000 x g for 5 min and then washed in municipal tap water that had 
been autoclaved for sterilization.  Boiling in the autoclave also removed the chlorine residual of 
the tap water.136  The absence of chlorine was confirmed by testing with N,N diethyl-p-
phenylene diamine (Hach, Loveland, CO).  Dechlorinated sterile tap water was selected because 
its source was a large pristine lake that would represent the natural environment of the protozoa 
better than synthetic media.  Nevertheless, with regard to feeding, swimming and forming fecal 
pellets, the ciliates in our study behaved as they did in other studies that used a buffered saline 
medium.25,32,137,138 
 
 

 
 
 
 
  
 
 
 
 
 
 
 

 
 Clinical isolates of Helicobacter pylori, a gift of Richard Peek, Vanderbilt University, 
were grown to confluence on tryptic soy agar (TSA) with 5% sheep’s blood (Hardy Diagnostics, 
Santa Maria, CA), for 48 h at 37 oC in airtight boxes with AnaeroPack™ sachets (Mitsubishi Gas 
Corp., Tokyo, Japan).  Helicobacter pylori colonies were harvested from the agar plates for 
coculture with Tetrahymena by gently washing the surface of the agar media with 2 mL of 
phosphate buffered saline, pH 7.2.  To check the condition of H. pylori, we applied a 2 µL 
aliquot of the remaining H. pylori solution to a copper grid and negatively stained it with 2 µL of 
2% uranyl acetate.  The negatively stained H. pylori were then examined by transmission 
electron microscopy (JEOL 100 CX electron microscope).  We also tested viability by applying a 
20-µL drop of the harvested H. pylori cells to a fresh TSA with 5% sheep’s blood plate, and 
incubated as described above. 
 Tetrahymena sp. strain MB12525 was maintained axenically at 25 oC by transferring 500 
µL of an existing culture into 5 mL of 2/3 strength Plate Count Broth (0.66% tryptone, 0.33% 
yeast extract, 0.2% dextrose; BD Difco) in a 25 mL tissue culture flask (BD, Franklin Lakes, 
NJ), approximately once per week.  Forty-eight hours before the Tetrahymena were to be used 
for coculture with E. coli, a fresh Tetrahymena subculture was prepared, as above.  The 
Tetrahymena cells were harvested by centrifugation (200 x g) and re-suspended in chlorine-free 
tap water.  Fifty percent then 75% of the plate count broth was replaced by tap water (in 2 
sequential steps) to avoid osmotic shock to the ciliates.  Therefore, the final volume was 0.6 mL 
of 2/3 strength plate count broth and 4.4 mL of tap water. 
Cocultures.  Cocultures were made by mixing 100 µL of harvested E. coli culture (ca. 1 x 108 
CFU mL-1) with Tetrahymena (ca. 1 x 104 cells) in a final volume of 1 mL tap water in triplicate 
wells of 24-well tissue culture plates.  We performed serial dilutions of the harvested E. coli and 

Table 1.  Pathogenic E.coli strains used in this study 
Serotype Strain 
Enteropathogenic E. coli   (EPEC) O126:NM 
Enteropathogenic E. coli   (EPEC) O111:NM 
Enterohemorrhagic E. coli  (EHEC) O157:H7 
Enterotoxigenic E. coli   (ETEC) E2539 
Enterotoxigenic E. coli   (ETEC) 1493 
Enteroinvasive E. coli  (EIEC) O144:H25 
Enteroaggregative E. coli  (EAEC) 3-8 
Diffusely Adherent E. coli  (DAEC) O8AD 
Non-pathogenic E. coli K12 
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counted CFU mL-1 on LB agar to check the concentrations used in the cocultures.  Similarly, 100 
µL of harvested H. pylori cells were mixed with ca. 1 x 104 Tetrahymena for coculture.  
Helicobacter pylori cells were stained with BacLight™ LIVE/DEAD™ assay (Molecular 
Probes, Carlsbad, CA) and examined under a 63x objective on a Zeiss AxioObserver 
epifluorescent microscope fitted with a Zeiss 38HE filter cube (excitation: BP470/40; 
beamsplitter: FT495; emission: BP525/50) to ensure that the ratio of H. pylori to Tetrahymena 
was at least as high as was used for the E. coli cocultures.  For each coculture, three identical 
replicates were made in individual wells of a 24-well tissue culture plate.  Separate 24-well 
plates were used for each E. coli strain.  
Cell morphology and ultrastructure.  To examine E. coli and Tetrahymena cell morphology by 
scanning electron microscopy (SEM), we processed 25 µL aliquots from 24 h cocultures 
(prepared as described above).  To examine the ultrastructure of planktonic cells and ingested 
bacterial cells or bacterial cells in egested fecal pellets by transmission electron microscopy 
(TEM), we processed the entire 1 mL E. coli-Tetrahymena or H. pylori-Tetrahymena cocultures 
after 1 h and 24 h to see intra-ciliate and egested bacteria respectively.  Processing for electron 
microscopy was done on duplicate cocultures and the entire process (from establishing a 
coculture to imaging by SEM or TEM) was repeated on at least 3 occasions, except for TEM 
imaging of negatively stained H. pylori, which was done once (on 10 fields of view). 
 Samples to be examined by scanning electron microscopy (SEM) were fixed in 2.0% 
gluteraldehyde in 0.1 M cacodylate buffer, pH 7.2.  Fixed samples were dispersed onto poly-L-
lysine-treated silicon wafers and rinsed twice with cacodylate buffer, post-fixed in 1% osmium 
tetroxide in 0.1 M cacodylate buffer, pH 7.2, dehydrated with a graded series of ethanol (30-
100%), then in a critical point dryer, and sputter coated with gold-palladium to a coating 
thickness of about 2 µm.  Specimens were imaged with a Hitachi S-5000 electron microscope.   
 Samples to be examined by transmission electron microscopy (TEM) were fixed in 2.0% 
gluteraldehyde in 0.1 M cacodylate buffer, pH 7.2, rinsed with cacodylate buffer, and post-fixed 
in 1% osmium tetroxide containing 1.6% potassium ferricyanide.  Following cacodylate buffer 
and distilled-deionized water washes, samples were stained with 0.5% uranyl acetate overnight at 
4oC, dehydrated with a graded series of acetone (30-100%) rinses and embedded in Eponate 
resin.  Thin-sections were mounted on Formvar-coated copper grids and stained with methanolic 
uranyl acetate for 7 min, rinsed with 70% methanol then distilled water, stained with freshly 
prepared lead citrate for 5 min and rinsed again with distilled water.  Sections were imaged with 
a JEOL 100 CX electron microscope operated at an accelerating voltage of 80 kV.   
Escherichia coli viability.  Three methods were used to determine whether the E. coli 
pathotypes were able to survive digestion by the protozoa.  Two of these used direct viable count 
and one used culture on agar.  For the first set of experiments, we examined E. coli both within 
Tetrahymena vacuoles and in egested fecal pellets with the BacLight™ LIVE/DEAD™ assay.  
This assay is based on the permeability of the DNA intercalating dye, Syto9, through cell 
membranes and its displacement by propidium iodide, which penetrates disrupted cell 
membranes, typical of dead cells.  We prepared a “BacLight™ stock solution” by adding 1.5 µL 
of 3.34 mM Syto9 and 1.5 µL of 20 mM propidium iodide to 997 µL of nuclease free water.  
Three µL of the BacLight™ stock solution were added to 10 µL aliquots of each of the E. coli–
Tetrahymena cocultures (from three separate wells in separate tissue culture plates) that had been 
placed on microscope slides.  The stained coculture remained in the dark for 15 min at room 
temperature to allow the stain to intercalate within the DNA of E. coli in Tetrahymena cells or in 
egested fecal pellets.  Then 5 µL of 2.5% gluteraldehyde was added to fix the cells.  Without the 
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fixative, Tetrahymena cells would burst under laser microscopy.  Coverslips were gently placed 
on the microscope slides to avoid disruption of Tetrahymena or fecal pellets.  The coverslips 
were sealed with quick-dry clear nail polish to avoid dehydration.   
 The second test of bacterial cell viability combined 30 µL of 24 h E. coli – Tetrahymena 
coculture with 30 µL of LB broth and 30 µL of 64 µM nalidixic acid, a DNA-gyrase inhibitor 
that allows all metabolic processes to proceed except cell division, producing elongated cells.139  
This mixture was created once for each of three replicate E. coli – Tetrahymena cocultures from 
24-well plates, as described above, and placed in 3 wells of a 96-well plate.  The plate was then 
incubated at 37 oC for approximately 2 h.  Cells were observed every 20 min for elongation 
under a 40x objective on an inverted Olympus IX80 bright field microscope.  When elongated 
bacteria were observed jetting out of pellets, 10 µL aliquots from each of the 3 replicate wells of 
the 96-well plate were withdrawn, stained with BacLight™ and examined with laser scanning 
confocal microscopy (LSCM) as follows:  
 Slides from E. coli viability (LIVE/DEAD™ staining) and elongation experiments were 
imaged at the UC Berkeley Molecular Imaging Center using the inverted laser scanning confocal 
microscopes (Zeiss LSM 510 NLO Axiovert or LSM 710 AxioObserver) and Zeiss AIM 3.5 or 
Zeiss Zen 2010 software respectively.  Syto9 and propidium iodide were imaged sequentially, 
using a 488nm laser and a 543nm or 561nm laser, with either a Plan-Apochromat 63x/1.4 NA oil 
objective or Plan-Apochromat 100x/1.4 NA oil objective, and a pinhole of 1 airy unit.  The 
bright field image was captured simultaneous to the Syto9 acquisition using a transmitted light 
photomultiplier tube.  Z-stacks were acquired using Nyquist sampling with a 0.5 nm step size.  
Post-processing to alter brightness and contrast was performed in the Zeiss LSM Image Browser 
software to allow for better visual inspection.  No gamma adjustment was performed.  Manual 
counts were performed by looking through Z-stacks to identify live (Syto9, green), and dead 
(propidium iodide, red) E. coli. 
Quantitation of E. coli after passage through Tetrahymena.  To verify that E. coli in egested 
fecal pellets were capable of replication, Tetrahymena were allowed to feed for 2 weeks, 
allowing ample time for planktonic bacteria to be taken up by the ciliate and packaged into fecal 
pellets that subsequently aggregated into flocs.  A decrease of planktonic bacteria in the 
coculture over time was periodically assessed by observation of the cocultures in tissue culture 
plates under the 40x objective on the inverted Olympus IX80 microscope.  After 2 weeks, we 
extracted six, 2 µL aliquots from a single well as follows:  One set of 3 aliquots was extracted by 
placing a pipet tip directly into the floc (that was visible by eye), a second set of 3 aliquots was 
extracted from the same well at a position away from the visible floc.  Four to 7-fold serial 
dilutions from each aliquot were plated on LB agar and incubated at 37 oC overnight for 
enumeration of CFU mL-1 for bacteria in the floc versus bacteria not associated with floc. 
Tetrahymena enumeration.  Approximately 1 x 103 Tetrahymena cells were fed ca. 1 x 108 
CFU mL-1 of six strains of E. coli (the non-pathogenic strain K12; 2 EPEC strains: O111:NM 
and 126:NM; 2 ETEC strains: E2539 and 1493; and the DAEC strain O8AD) in a final volume 
of 1 mL tap water.  For comparative purposes, a monoculture of washed Tetrahymena was 
prepared without the addition of E. coli.  Each coculture and the Tetrahymena monoculture were 
prepared in duplicate and incubated at 25oC.  Immediately and after 24 h and 48 h, 10 µL 
aliquots were withdrawn from the replicate wells, placed on microscope slides and fixed with 5 
µL of 2.5% gluteraldehyde.  After coverslips were gently placed on the aliquots and sealed with 
clear nail polish, the Tetrahymena cells were enumerated under the 10x objective on the inverted 
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Olympus IX80 microscope.  Duplicate counts were averaged and multiplied by 100 to obtain the 
number of Tetrahymena cells mL-1 at the three time periods.   
Statistics.  A two-tailed Student’s t-test was used for comparison of colony forming units arising 
from bacteria in visibly aggregated pellets with those from a portion of the coculture without 
visible floc.  Tetrahymena counts with and without E. coli were compared using a oneway 
analysis of variance with repeated measures (for the replicates).  These analyses were conducted 
with STATA version 11 (StataCorp, College Station, TX). 
 
Results   
Bacterial ingestion.  Within about an hour of feeding on E. coli, BacLight™-treated specimens 
revealed green- (Syto9)-stained rods within Tetrahymena sp. MB125 vacuoles indicating live 
bacterial cells (Fig 1a).  In contrast, vacuoles of Tetrahymena sp. MB125 that had been fed H. 
pylori contained green staining but bacterial cells were not discernable (Fig. 1b) indicating that 
the H. pylori had been digested and residual DNA was present, but that propidium iodide did not 
penetrate the vacuoles or was in insufficient concentration to be visualized.   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: BacLight™ stained bacterial cells in Tetrahymena sp. MB125.  (a) Syto9-(green)-stained  E. coli are alive 
and have maintained their rod shape whereas distinct H. pylori (b) rods are not detectable and appear to be 
undergoing digestion.  Bars = 1 µm (a), 2 µm (b).  
 
 
 
Ultrastructure.  Egestion (defecation) of the vacuoles (vesicles) under bright field microscopy 
started at about 2 h and continued through the next day.  Twenty-four h cocultures examined by 
SEM revealed Tetrahymena cells of various stages of the bacterial ingestion and egestion 
processes.  Figure 2a shows E. coli associated with the oral apparatus (cytopharynx) of 
Tetrahymena cells.  After passage through the cytoplasm to the posterior end of the ciliate, E. 
coli were egested from the cytoproct in individual fecal pellets (Fig. 2b).  
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Figure 2: (a) E. coli O157:H7 (EHEC) cells adjacent to the cytopharynx (mouth) of Tetrahymena sp. (MB125).  (b) 
A fecal pellet being egested from the cytoproct.  Bars = 1 µm (a), 2 µm (b). 
 
 
Additionally, SEM revealed the presence of a net-like matrix around E. coli cells egested in fecal 
pellets (Fig. 3a).  This was unlikely a bacterial product because a similar matrix was observed 
around latex beads fed to and egested by axenically cultured Tetrahymena (Fig. 3b).  Observed 
differences in the texture of the matrix may be an artifact of the critical point drying step of the 
SEM protocol.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3:  SEM images of E. coli-containing fecal pellets from Tetrahymena.  (a) A net-like sac containing E. coli 
O157:H7 (EHEC).  The bacteria are packaged into a fecal pellet (inset).  (b) Latex beads are egested in a similar 
pellet (b-inset) with a casing like that of the pellets containing bacteria.  Bars = 0.5 µm. 
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 The rod shaped morphology of H. pylori cells (Fig. 4) fed to Tetrahymena is an accepted 
characteristic of culturable H. pylori cells.49  Additionally, the 20 µL drop of harvested H. pylori 
cells applied to TSA with 5% sheep’s blood plates exhibited growth, which further indicated that 
the H. pylori cells were viable when added to the coculture.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4:  TEM image of negatively stained Helicobacter pylori.  The rod shape indicates that bacteria were viable 
when fed to Tetrahymena.  Bar = 2 µm. 
 
 
 
 
 
 

The cell morphology of E. coli in Tetrahymena phagosomes (Fig. 5a) and in fecal pellets 
(Fig. 5b) indicated intact rod-shaped cells.  However, when Tetrahymena grazed on H. pylori, 
“whorls” characteristic of digested cells18 were observed in the phagosomes and in fecal pellets 
(Fig. 5c and 5d, respectively).  All six diarrheagenic pathotypes exhibited similar morphologies 
by TEM (enterotoxigenic E. coli strain E2539 is provided as the example in Fig. 5).  
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Figure 5:  Transmission electron micrographs showing enteroinvasive E. coli cells within food vacuoles of 
Tetrahymena sp. MB125 (a) and in egested fecal pellets (b) compared with whorls of digested Helicobacter pylori 
cells in food vacuoles (c) and in egested fecal pellets (d).  Red circles highlight described ultrastructures.  Bars = 2 
µm (a,b,d), 0.5 µm (c). 

    
Bacterial viability.  Less than 1% of E. coli cells in egested fecal pellets were dead (propidium 
iodide-stained, red), as determined by confocal laser scanning micrographic observation of 10 
fields of view per E. coli pathotype.  For example, the flocs in the field of view represented by 
Fig. 6 had approximately 370 pellets averaging 5 µm in size and contained at least 25 live E. coli 
0157:H7 cells per pellet for a total of almost 1,000 pelleted bacterial cells.  Fourteen dead E. coli 
cells were observed in pellets by examining the Z-stacks of this field of view.  There were 142 
planktonic E. coli identified in optical slices to reveal bacteria not associated with a fecal pellet.  
These proportions were typical for 24 h cocultures of all 6 diarrheagenic E. coli and the non-
pathogenic E. coli K12.  Tetrahymena fed with H. pylori produced detritus that did not contain 
distinct bacterial cells. 
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Figure 6:  Syto9- (green) and propidium iodide- (red) stained coculture of DAEC O8AD showing Tetrahymena sp. 
MB125 (T), E. coli cells in an egested fecal pellet (P), and fecal pellets aggregated into floc (F) after 2 weeks of 
incubation.  Syto9-stained (green) bacterial cells are alive.  All 6 serotypes of diarrheagenic E. coli produced similar 
features. 
 
 
 Nalidixic acid added as a DNA gyrase inhibitor prevented division of live cells, as 
evidenced by elongated bacterial cells in the pellets.  BacLight™ staining improved visualization 
of the elongated cells and served as a confirmation of cell viability (Fig. 7).  All 6 diarrheagenic 
E. coli pathotypes produced elongated cells when fecal pellets were subjected to the DNA gyrase 
inhibitor, nalidixic acid.  The DAEC strain O8AD is shown here as the example. 
Bacterial replication.  Colonies arising from floc indicated that E. coli remained viable in fecal 
pellets during a 2-week period and had the capacity for replication.  For each of the six 
pathogenic E. coli strains and K12 fed to Tetrahymena for 2 weeks, aliquots taken from a floc of 
aggregated fecal pellets produced significantly more colonies on LB agar than aliquots taken 
from a part of the tissue culture plate well that had some non-aggregated pellets and planktonic 
bacteria (p<0.05) (Fig. 8).  We used the term “pelleted” to describe aliquots from visible floc and 
the term “planktonic” to describe the aliquot from the solution (that contained some loose pellets 
and planktonic bacteria).  Evaluation of CSLM optical slices of Z-stacks indicated very few 
viable bacteria that were not associated with an intact or bursting pellet in the floc.  That is, the 
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floc was mostly comprised of pellets and just a few planktonic bacteria were observed imbedded 
in the floc.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.  Confocal micrograph of Diffusely Adherent E. coli (DAEC) strain O8AD in pellets exposed to the DNA 
gyrase inhibitor nalidixic acid, which allows cellular replication but not separation of daughter cells.  The cells were 
then stained with Syto-9 and propidium iodide.  Elongated-green cells are alive.  Bars = 5 µm.   
 
 
 
Tetrahymena replication.  In tap water microcosms, counts of Tetrahymena in a control 
monoculture (without E. coli) were similar to counts when fed various E. coli serotypes or 
different of strains within the same serotype (p>0.05).  The ciliates did not appear to obtain 
adequate nutrients from E. coli to increase their concentrations significantly above the control 
(Fig. 9).  Bars represent averages of duplicate aliquots from the cocultures or monoculture and 
lines represent standard deviations.   
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Figure 8:  Bacterial concentration arising from 2 µL aliquots of aggregated pellets (floc) (dark bars) and of bacteria 
not associated with floc (light bars) from cocultures of Tetrahymena sp. MB125 with various pathotypes of 
diarrheagenic E. coli or non-pathogenic E. coli K12 incubated for 2 weeks.  Bacteria from aggregated pellets 
produced significantly more colonies on LB agar plates than planktonic cell suspensions from the same cocultures.  
Each bar represents the mean and standard deviation for three replicate cocultures.   
Two-tailed Student’s t-test: * = p<0.05; ** = p<0.005; *** = P<0.0005. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9:  Growth of Tetrahymena in a tap water monoculture (no E.coli) compared to growth when fed various E. 
coli serotypes or different of strains within the same serotype. 
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Discussion 
 This study demonstrated that representative strains of six diarrheagenic E. coli pathotypes 
were able to evade digestion from an environmental isolate of Tetrahymena (MB125).  Unlike 
prior studies that focused on survival of E. coli inside Tetrahymena cells,20,26,29,34,140 we report 
here bacterial survival in fecal pellets, which were expelled starting approximately 2 h after the 
bacterial prey was ingested.  Fecal pellets adhered together to form floc, the components of 
which were not characterized in this study, but may be similar to ciliate-associated floc 
comprised of polysaccharides described by others.5 

The short bacterial residence time within the ciliate was consistent with previous reports of 
E. coli residing in Tetrahymena for 2 - 4 h.141  Since intra-ciliate residence time is short, the 
survival of E. coli in fecal pellets over long periods of time may have a greater impact on its 
ecology.  While survival of E. coli O157:H7 ingested by Tetrahymena had been previously 
reported,19,20,134 it is unknown whether this trait is shared among all diarrheagenic pathotypes of 
E. coli.  Our results from viability and replication experiments as well as microscopic 
observations indicate that resistance to digestion by Tetrahymena is a common trait among E. 
coli strains.  Representative strains from all six diarrheagenic pathotypes were egested as viable 
cells in fecal pellets that gave rise to colonies on LB agar.  Growth on agar was interpreted as the 
ability to replicate under appropriate conditions.  The number of colonies arising from agar-
plated aliquots of floc under-represents the actual number of E. coli bacteria in a sample of floc 
because competitive inhibition of colony growth would occur without disaggregation of a pellet 
to individual bacterial cells before plating.  Attempts to disaggregate the fecal pellets by filtration 
or physical disruption through hypodermic needles did not produce reproducible results.  
Therefore, for comparison, the colonies arising from plated floc should be interpreted relative to 
colonies arising from solution, as described above, rather than actual values.           

Unlike E. coli, the enteric pathogen H. pylori, reported to survive digestion by the free- 
living protozoan Acanthamoeba castellanii,72 was digested by Tetrahymena MB125.  Our results 
provide the first evidence that H. pylori cannot evade digestion by this ciliated protozoan.  These 
results also support previous findings that certain enteric pathogens interact with Tetrahymena 
differently than E. coli and S. enterica, and that bacterial survival in protozoa may depend on the 
protozoan species.25  
 Recent evidence suggests enhancement of bacterial virulence factors, acid resistance142 
and increased horizontal gene transfer26,27,34 after passage through Tetrahymena.  Another 
potentially important aspect of the interaction of enteric pathogens with this ciliate is the 
stickiness of fecal pellets, as evidenced by aggregation of the pellets to form large flocs.  This 
property may play a role in the epidemiology of human pathogens because entrapment in the 
adhesive floc may contribute to their survival in environments where ciliates encounter bacterial 
concentrations sufficiently high to stimulate feeding and egestion of bacterial cells in fecal 
pellets.  Therefore, it is reasonable to expect survival and replication of diarrheagenic E. coli 
when associated with Tetrahymena in our laboratory microcosm to extend to the natural 
environment.  This interaction may offer an explanation for environmental exposure of animal 
hosts, including humans, to diarrheagenic E. coli pathotypes. 
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Chapter 4 
 

 Enumeration of E. coli When Associated with the Free-living ciliate, Tetrahymena sp.: 
Comparison of Colilert-18® and MacConkey Agar Media 

 
Introduction 
 Some pathogenic bacteria can survive digestion by Tetrahymena, a free-living protozoa 
ubiquitous in aquatic environments including water sources used for drinking water 
supplies.18,19,23,25,32,143  Unlike the clinical setting, environmental microbiologists rarely test for 
pathogens directly; instead they rely on indicator organisms (coliform bacteria and Escherichia 
coli) to define the microbial quality of water or food.  Coliform bacteria and E. coli tests have 
been used since 1925 as a measure of fecal contamination of water.144  These tests are used 
globally to assess microbial contamination in water used for consumption, food processing, and 
recreation.  Coliform tests are also used to assess the operation of water treatment plants 
(specifically, breaches in the filtration and disinfection processes ability to remove or inactivate 
bacteria),99 or the quality of wastewater discharges.145  Historically, analytical methods for 
microbial indicators relied on bacterial fermentation of lactose to presumptively identify 
coliform bacteria and follow-up tests with selective agar at elevated temperature or production of 
gas in liquid culture to identify E. coli - a process requiring 2-3 days.146  In 1986, the USEPA 
accepted the Colilert® method for compliance with microbial monitoring regulations under the 
Safe Drinking Water Act.99  Colilert® is a Defined Substrate Media® containing ortho-
nitrophenyl-ß-D-galactopyranoside (ONPG), and methylumbelliferyl-ß-glucuronide (MUG) 
along with substances that inhibit growth of environmental bacteria commonly associated with 
coliform bacteria.102  Coliform bacteria metabolize ONPG with ß-galactosidase to produce 
yellow pigmented o-nitrophenol and E. coli metabolize MUG with ß-glucoronidase to produce 
blue fluorescent 4-methylumbelliferone.147  The method quickly gained acceptance among water 
utilities and regulators primarily due to the reduction in analytical time to 1 day since coliform 
bacteria and E. coli are determined simultaneously.  Recently a proprietary modification of the 
Defined Substrate Media® called Colilert-18® was developed that allows an 18 h incubation 
period.148   
 The USEPA requires 100 mL samples for drinking water and recreational water quality 
assessments whereas and World Health Organization’s guidelines suggest 10 mL for water 
quality risk determinations.  Both Colilert® tests can be used in 10 or 100 mL presence/absence 
formats, or a 100 mL sample can be transferred to a tray that distributes the sample to 97 small 
compartments.  The number of compartments exhibiting microbial growth (yellow from 
enzymatic activity of ß-galactosidase and blue fluorescence from enzymatic activity of ß-
glucoronidase) is then compared to a probability table to determine the “Most Probable Number” 
(MPN) of bacteria.  Colilert® and Colilert-18® have been accepted for regulatory compliance in 
the US, Europe, Australia and Japan for potable water and are used globally for non-regulatory 
or research purposes, such as source water and treatment characterization.102  

Evaluations of the Colilert® and Colilert-18® methods published thus far have examined 
interferences from inorganic matter (i.e., turbidity), and organic matter (e.g., bacteria), or 
compared their performance to traditional membrane filter or other multiple tube methods.101,148-

161  An extensive literature search did not reveal any prior reports that examined the ability of the 
Colilert® methods to enumerate E. coli when the bacteria are associated with free-living 
protozoa including Tetrahymena.  We chose to perform this evaluation since Tetrahymena and E. 
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coli exist in the same environmental settings and E. coli has been shown to survive passage 
through Tetrahymena and remain viable in its egested fecal pellets.19 
 
Materials and Methods 
Microbial Strains:  Escherichia coli strain K-12 (ATCC 10798) was maintained on Luria-
Bertani (LB) slants (Becton-Dickson Difco (BD Difco), Sparks, MD) and grown overnight in LB 
broth to an OD600 = 1 (ca. 1x108 CFU mL-1).  Cultures were centrifuged (5000 x g for 5 min), 
washed in municipal tap water that had been autoclaved to remove the chlorine residual, and re-
suspended in 10 mL of chlorine-free tap water.  The absence of chlorine was confirmed with N,N 
diethyl-p-phenylene diamine (Hach, Loveland, CO).  An environmental isolate of Tetrahymena 
(strain MB125) has been described previously.25  This strain, originally isolated from soil in 
California was cultivated axenically for experimentation in 2/3 strength Plate Count Broth 
(0.66% tryptone, 0.33% yeast extract, 0.2% dextrose - BD Difco) for 48 h at 25oC, then 
harvested by washing in two sequential centrifugation/wash steps with chlorine-free tap water.  
Coculture:  E. coli (ca. 1x108) was mixed with Tetrahymena (ca. 1x104) in a final volume of 1 
mL chlorine-free tap water in 2 mL microfuge tubes and incubated at 25oC for 48 h.  Ten µL 
aliquots were fixed with 5 µL of 2.5% gluteraldehyde and observed under the 40x objective of an 
Olympus IX80 bright field microscope.    
Enumeration of E. coli:  Immediately after preparation of the coculture and after 24 h and 48 h 
of incubation at 25oC, the Tetrahymena - E. coli cocultures were serially diluted in chlorine-free 
tap water.  Diluted samples (10-4 – 10-6) were mixed with Colilert-18® in sterile bottles 
containing chlorine-free tap water to a final volume of 100 mL.  The sample was then poured 
into a QuantiTray/2000® (a tray consisting of 97 compartments), heat sealed and incubated at 
35oC for 18 +/- 1 h.  Enumeration was performed by counting the positive (yellow) 
compartments and comparing the value to the IDEXX™ QuantiTray/2000® probability charts to 
determine the most probable number.  At the same time, a parallel set was serially diluted (10-4 – 
10-7) and plated on MacConkey agar using the spread plate method.107  Agar plates with more 
than 300 colonies were not counted.  All tests were performed in triplicate.   
Statistics:  A two-tailed Student’s t-test was used to compare Colilert-18® and MacConkey 
counts at the three time points (type 1 error set a priori to 0.05). 
 
Results  
 Figures 1 and 2 show examples of the bacterial growth in the QuantiTray/2000® and on 
the MacConkey agar plates respectively.  As expected, the bacterial concentrations from the E. 
coli - Tetrahymena cocultures measured with Colilert-18® in the QuantiTray/2000® and on 
MacConkey agar were similar at the beginning of the experiment when the bacteria were in the 
planktonic state.   
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Figure 1:  Serial dilution of E. coli - Tetrahymena coculture in QuantiTray-2000® trays in triplicate.  
 
 
 
 
 
 

 
 
Figure 2:  Serial dilution of E. coli - Tetrahymena coculture on MacConkey agar.  One replicate is shown.   
  
 
 
 
Microscopic observation revealed that after 24 h, E. coli had been taken up by the ciliate and was 
processed into fecal pellets approximately 5 µm in diameter, which aggregated into floc (Fig. 3).   
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Figure 3:  E. coli K12 after 24 h of incubation with Tetrahymena sp. MB125 (arrow) aggregated into floc 
(arrowhead) comprised of Tetrahymena fecal pellets.  Bar = 50 µL. 
 
 
 
 
 
 
 
 At 48 h virtually no planktonic bacteria could be identified microscopically and 
aggregated floc remained intact.  Figure 4 is a graphic representation of the E. coli 
concentrations at the three time points with standard deviations of replicate tests indicated with 
error bars.  At 48 h (when bacteria existed in floc comprised of Tetrahymena fecal pellets), the 
average MPN value from the Colilert-18® test was lower than the average colony counts on 
MacConkey agar (p<0.05).  However, there was no evidence to reject the hypothesis that 
Colilert18® counts equaled MacConkey agar counts at the beginning of the experiment and at 24 
h.  The discrepancy between the 24 and 48 h values is likely due to the small sample sizes in this 
study.  
  
  



 

 51 

 
 
Figure 4:  Mean log colony forming units mL-1 for MacConkey agar (solid line) or MPN for (dashed line) at the 
beginning of the experiment (t =0), and at 24 and 48 h.  Error bars represent standard deviation of the mean at each  
 
 
 
Discussion 
 Escherichia coli when aggregated into floc produced by the ciliate Tetrahymena were 
identified in slightly lower values when measured by Colilert-18® in the QuantiTray/2000® than 
when spread on MacConkey agar media at 48 h.  The agitation required to mix the Colilert-18® 
reagent in 100 mL of water was apparently insufficient to disperse the floc compared to 
dispersion obtained by spreading samples on agar media with a glass rod.  Estimates of live 
bacteria within Tetrahymena fecal pellets are approximately 30 bacteria per pellet.19,25  
Therefore, it is conceivable that both Colilert-18® and the spread plate method underestimated 
the concentration of E. coli in a Tetrahymena coculture once the bacteria were packaged into 
fecal pellets.  Prior studies have shown that greater than 99% of E. coli in fecal pellet evaded 
digestion and remained viable when fed to Tetrahymena in ratios and concentrations used in this 
study.19  Therefore, the decrease in bacterial concentrations over time was most likely not from 
bacterivory by the ciliate, but rather failure of these analytical methods to enumerate live 
bacterial cells when they exist in floc.  
 Comparison of Colilert® methods to traditional methods have yielded mixed results with 
some reports of good agreement162,163 and others of discordant results.101,164  Maheux suggested 
false negative results reported in prior studies that evaluated Colilert® for enumeration of 
bacteria in “natural waters” could be attributed to low bacterial diversity or low levels of 
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contamination.165-167  The findings described here suggest an additional factor: underestimation 
of bacteria when they are sequestered in floc produced by free-living ciliates such as 
Tetrahymena.  Bacterial flocs formed by ciliates constitute an integral component in wastewater 
treatment processes.5  Since regulatory authorities rely on methods that enumerate indicator 
organism (such as the Colilert® methods) to deem potable or recreational water as “safe,” the 
difference between bacterial counts when bacteria are planktonic versus in association with free-
living protozoa warrants further study.   
   

References 
1	  Berk	  SG,	  Faulkner	  G,	  Garduno	  E,	  et	  al.	  Packaging	  of	  live	  Legionella	  pneumophila	  into	  

pellets	  expelled	  by	  Tetrahymena	  spp.	  does	  not	  require	  bacterial	  replication	  and	  
depends	  on	  a	  Dot/Icm-‐mediated	  survival	  mechanism.	  Applied	  and	  Environmental	  
Microbiology	  2008;	  74:2187-‐2199	  

2	  Brandl	  MT,	  Rosenthal	  BM,	  Haxo	  AF,	  et	  al.	  Enhanced	  survival	  of	  Salmonella	  enterica	  in	  
vesicles	  released	  by	  a	  soilborne	  Tetrahymena	  species.	  Applied	  and	  Environmental	  
Microbiology	  2005;	  71:1562-‐1569	  

3	  Faulkner	  G,	  Berk	  SG,	  Garduno	  E,	  et	  al.	  Passage	  through	  Tetrahymena	  tropicalis	  triggers	  a	  
rapid	  morphological	  differentiation	  in	  Legionella	  pneumophila.	  Journal	  of	  
Bacteriology	  2008;	  190:7728-‐7738	  

4	  Gourabathini	  P,	  Brandl	  MT,	  Redding	  KS,	  et	  al.	  Interactions	  between	  food-‐borne	  pathogens	  
and	  protozoa	  isolated	  from	  lettuce	  and	  spinach.	  Applied	  and	  Environmental	  
Microbiology	  2008;	  74:2518-‐2525	  

5	  Thelaus	  J,	  Andersson	  A,	  Mathisen	  P,	  et	  al.	  Influence	  of	  nutrient	  status	  and	  grazing	  
pressure	  on	  the	  fate	  of	  Francisella	  tularensis	  in	  lake	  water.	  Fems	  Microbiology	  
Ecology	  2009;	  67:69-‐80	  

6	  Thelaus	  J,	  Forsman	  M,	  Andersson	  A.	  Role	  of	  productivity	  and	  protozoan	  abundance	  for	  
the	  occurrence	  of	  predation-‐resistant	  bacteria	  in	  aquatic	  systems.	  Microbial	  Ecology	  
2008;	  56:18-‐28	  

7	  Anon.	  Drinking	  water	  standards:	  Standards	  adopted	  by	  the	  Treasury	  Dept.	  June	  20,	  1925,	  
for	  drinking	  and	  culinary	  water	  supplied	  by	  common	  carriers	  in	  interstate	  
commerce.	  	  1938	  

8	  USEPA.	  National	  primary	  drinking	  water	  regulations:	  Total	  coliforms	  (including	  fecal	  
coliform	  and	  E.	  coli):	  Final	  Rule	  Federal	  Register,	  June	  29,	  1989;	  27544-‐27568	  

9	  Crockett	  CS.	  The	  role	  of	  wastewater	  treatment	  in	  protecting	  water	  supplies	  against	  
emerging	  pathogens.	  Water	  Environment	  Research	  2007;	  79:221-‐232	  

10	  Standridge	  J.	  E.	  coli	  as	  a	  public	  health	  indicator	  of	  drinking	  water	  quality.	  Journal	  
American	  Water	  Works	  Association	  2008;	  100:65-‐68	  

11	  IDEXX.	  IDEXX	  Laboratories,	  2012	  
12	  Edberg	  SC,	  Edberg	  MM.	  A	  defined	  substrate	  technology	  for	  the	  enumeration	  of	  microbial	  

indicators	  of	  environmental	  pollution.	  Yale	  Journal	  of	  Biology	  and	  Medicine	  1988;	  
61:389-‐399	  

13	  Fricker	  CR,	  Bullock	  S,	  Murrin	  K,	  et	  al.	  Use	  of	  the	  ISO	  9308-‐1	  procedure	  for	  the	  detection	  
of	  E.	  coli	  in	  water	  utilizing	  two	  incubation	  temperatures	  and	  two	  confirmation	  
procedures	  and	  comparison	  with	  defined	  substrate	  technology.	  Journal	  of	  Water	  
and	  Health	  2008;	  6:389-‐397	  



 

 53 

14	  Aulenbach	  BT.	  Bacteria	  holding	  times	  for	  fecal	  coliform	  by	  mFC	  agar	  method	  and	  total	  
coliform	  and	  Escherichia	  coli	  by	  Colilert®-‐18	  Quanti-‐Tray®	  method.	  Environmental	  
Monitoring	  and	  Assessment	  2010;	  161:147-‐159	  

15	  Buckalew	  DW,	  Hartman	  LJ,	  Grimsley	  GA,	  et	  al.	  A	  long-‐term	  study	  comparing	  membrane	  
filtration	  with	  Colilert®	  defined	  substrates	  in	  detecting	  fecal	  coliforms	  and	  
Escherichia	  coli	  in	  natural	  waters.	  Journal	  of	  Environmental	  Management	  2006;	  
80:191-‐197	  

16	  Fricker	  CR,	  Eldred	  BJ.	  Identification	  of	  coliform	  genera	  recovered	  from	  water	  using	  
different	  technologies.	  Letters	  in	  Applied	  Microbiology	  2009;	  49:685-‐688	  

17	  Kaempfer	  P,	  Nienhueser	  A,	  Packroff	  G,	  et	  al.	  Molecular	  identification	  of	  coliform	  bacteria	  
isolated	  from	  drinking	  water	  reservoirs	  with	  traditional	  methods	  and	  the	  Colilert-‐18	  
system.	  International	  Journal	  of	  Hygiene	  and	  Environmental	  Health	  2008;	  211:374-‐
384	  

18	  Kreyenschmidt	  J,	  Kampmann	  Y,	  Witzenberger	  R,	  et	  al.	  Study	  on	  different	  test	  methods	  
for	  identification	  of	  coliform	  bacteria	  in	  drinking	  water	  and	  environmental	  water	  
samples.	  Archiv	  Fur	  Lebensmittelhygiene	  2008;	  59:49-‐54	  

19	  Maheux	  AF,	  Huppe	  V,	  Boissinot	  M,	  et	  al.	  Analytical	  limits	  of	  four	  beta-‐glucuronidase	  and	  
beta-‐galactosidase-‐based	  commercial	  culture	  methods	  used	  to	  detect	  Escherichia	  
coli	  and	  total	  coliforms.	  Journal	  of	  Microbiological	  Methods	  2008;	  75:506-‐514	  

20	  Marquezi	  MC,	  Gallo	  CR,	  Dias	  CTdS,	  et	  al.	  Comparison	  of	  methods	  for	  analysis	  of	  total	  
coliforms	  and	  E.	  coli	  in	  water	  samples.	  Revista	  do	  Instituto	  Adolfo	  Lutz	  2010;	  
69:291-‐296	  

21	  Niemela	  SI,	  Lee	  JV,	  Fricker	  CR.	  A	  comparison	  of	  the	  international	  standards	  organisation	  
reference	  method	  for	  the	  detection	  of	  coliforms	  and	  Escherichia	  coli	  in	  water	  with	  a	  
defined	  substrate	  procedure.	  Journal	  of	  Applied	  Microbiology	  2003;	  95:1285-‐1292	  

22	  Olstadt	  J,	  Schauer	  JJ,	  Standridge	  J,	  et	  al.	  A	  comparison	  of	  ten	  usepa	  approved	  total	  
coliform/E.	  coli	  tests.	  Journal	  of	  Water	  and	  Health	  2007;	  5:267-‐282	  

23	  Pitkanen	  T,	  Paakkari	  P,	  Miettinen	  IT,	  et	  al.	  Comparison	  of	  media	  for	  enumeration	  of	  
coliform	  bacteria	  and	  Escherichia	  coli	  in	  non-‐disinfected	  water.	  Journal	  of	  
Microbiological	  Methods	  2007;	  68:522-‐529	  

24	  Sercu	  B,	  Van	  De	  Werfhorst	  LC,	  Murray	  JLS,	  et	  al.	  Cultivation-‐independent	  analysis	  of	  
bacteria	  in	  IDEXX	  Quant-‐Tray/2000	  fecal	  indicator	  assays.	  Applied	  and	  
Environmental	  Microbiology	  2011;	  77:627-‐633	  

25	  Valente	  MS,	  Pedro	  P,	  Carmen	  Alonso	  M,	  et	  al.	  Are	  the	  defined	  substrate-‐based	  methods	  
adequate	  to	  determine	  the	  microbiological	  quality	  of	  natural	  recreational	  waters?	  
Journal	  of	  Water	  and	  Health	  2010;	  8:11-‐19	  

26	  Wohlsen	  T,	  Bayliss	  J,	  Bates	  J,	  et	  al.	  An	  evaluation	  of	  membrane	  faecal	  coliform	  agar	  and	  
Colilert-‐18®	  for	  the	  enumeration	  of	  E.	  coli	  bacteria	  in	  surface	  water	  samples.	  
Journal	  of	  Water	  Supply	  Research	  and	  Technology-‐Aqua	  2008;	  57:569-‐576	  

27	  Eaton	  AD,	  Clesceri	  LS,	  Greenberg	  AE,	  eds.	  Standard	  methods	  for	  the	  examination	  of	  
water	  and	  wastewater.	  19th	  ed.	  Washington,	  DC:	  American	  Public	  Health	  
Association,	  1995	  

28	  Eckner	  KF.	  Comparison	  of	  membrane	  filtration	  and	  multiple-‐tube	  fermentation	  by	  the	  
Colilert	  and	  Enterolert	  methods	  for	  detection	  of	  waterborne	  coliform	  bacteria,	  
Escherichia	  coli,	  and	  enterococci	  used	  in	  drinking	  and	  bathing	  water	  quality	  



 

 54 

monitoring	  in	  southern	  Sweden.	  Applied	  and	  Environmental	  Microbiology	  1998;	  
64:3079-‐3083	  

29	  Cowburn	  JK,	  Goodall	  T,	  Fricker	  EJ,	  et	  al.	  A	  preliminary	  study	  of	  the	  use	  of	  Colilert	  for	  
water	  quality	  monitoring.	  Letters	  in	  Applied	  Microbiology	  1994;	  19:50-‐52	  

30	  Clark	  DL,	  Milner	  BB,	  Stewart	  MH,	  et	  al.	  Comparative-‐study	  of	  commercial	  4-‐
methylumbelliferyl-‐beta-‐d-‐glucuronide	  preparations	  with	  the	  standard	  methods	  
membrane	  filtration	  fecal	  coliform	  test	  for	  the	  detection	  of	  Escherichia	  coli	  in	  water	  
samples.	  Applied	  and	  Environmental	  Microbiology	  1991;	  57:1528-‐1534	  

31	  Arregui	  L,	  Serrano	  S,	  Linares	  M,	  et	  al.	  Ciliate	  contributions	  to	  bioaggregation:	  Laboratory	  
assays	  with	  axenic	  cultures	  of	  Tetrahymena	  thermophila.	  International	  Microbiology	  
2007;	  10:91-‐96	  

	  
 

 
 
 
  



 

 55 

Chapter 5 
 

Conclusions and Future Research 

Conclusions 
 There were several hypothesis that guided this dissertation project:  The first, in two 
parts, was that H. pylori could not only survive predation by Acanthamoeba, as reported 
previously,72 but could replicate intracellularly (as do other endosymbionts that exploit protozoan 
phagosomes as a niche for replication).10  Neither hypothesis was confirmed.  The second 
hypothesis was that all diarrheagenic E. coli could evade digestion by Tetrahymena.  This 
hypothesis was confirmed.  The third hypothesis, generated based on the first two, was that H. 
pylori would be digested by Tetrahymena.  This hypothesis was also confirmed.  The final 
hypothesis focused on a practical application of the finding that E. coli could survive predation 
by Tetrahymena.  Because E. coli cells were sequestered in fecal pellets of the ciliate, the last 
hypothesis was that the Colilert® method, a liquid media based method, would detect fewer 
bacteria than a method which includes physically spreading the pellets onto agar media.  
Although this hypothesis was confirmed, the study was small and further work is warranted to 
substantiate this finding.   
 Chapter 1 described the environmental habitat, phenotypic characteristics and some 
epidemiological studies related to H. pylori and E. coli, illustrating that drinking water as a route 
of exposure is still obscure.  Helicobacter pylori most likely exploits multiple mechanisms for 
infection of human hosts, which contributes to this lack of clarity or consensus regarding water 
and a route of exposure.57  The link between drinking water and diarrheagenic E. coli other than 
the ETEC and EPEC pathotypes is also not well defined.  Cases of H. pylori-related gastritis or 
E. coli-related diarrheal diseases, especially from emerging serotypes, is under-reported; and 
outbreak studies generally do not consider the microbial ecology of bacterial pathogens.   
 The work described in Chapter 2 did not confirm the hypothesis that H. pylori survives 
predation.  Therefore, replication could not be demonstrated either.  The only published article to 
date that documented H. pylori survival in Acanthamoeba, remains uncorroborated.  
Helicobacter pylori has been listed on the US EPA’s contaminant candidate list for potential 
regulation in drinking water systems.  Comments in the Agency’s docket supporting regulation 
referred to the prior report of intra-protozoan survival of this enteric pathogen.  In the absence of 
corroboration, the US EPA would be ill-advised to rely on the possibility of protozoan protection 
to justify the regulation.  Instead, the demonstration that the coccoid VBNC form of H. pylori, 
(the form found in the environment) is fairly resistant to disinfection with chlorine may be 
justification for regulation.131   
 Following a prior study that showed survival of the E. coli serotype O157:H7,19 the 
dissertation research summarized in Chapter 3 demonstrated that evasion of digestion by 
Tetrahymena is a characteristic shared by all six diarrheagenic E. coli pathotypes.  That finding 
along with increasing evidence that antibiotic resistance in E. coli is increasing globally, and the 
fact that Tetrahymena enhances horizontal gene transfer,26,27,34 suggests that this bacterial-
protozoan association may be related to dissemination of antibiotic resistant bacteria in the 
environment.  The results described in Chapters 3 also showed for the first time that H. pylori is 
digested by Tetrahymena.      
 Additionally, the dissertation research included a brief study to assess the ability of a 
commonly used method for detecting E. coli in drinking water (Colilert®) to detect the bacteria 
in an aqueous microcosm containing Tetrahymena.  The efficacy of the method was previously 
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based on detection of planktonic bacteria.166,167  As described in Chapter 4, Colilert® 
underestimated E. coli when the bacteria were sequestered in Tetrahymena fecal pellets.  This 
finding may suggest an explanation for a lack of association between water quality and diarrheal 
illness in some environmental-epidemiologic studies.  If exposure is underestimated and disease 
is under-reported then positive associations between bacteria and disease are unlikely.  
Limitations of monitoring methods for indicators of fecal contamination should be further 
explored because they are used globally for both for regulatory compliance and evaluation of the 
safety of water in both research and humanitarian aid contexts. 
 
Future research 
 Other researchers have explored bacterial or protozoan susceptibility to chlorine-based 
disinfectants and reported that low concentrations are required to inactivate planktonic H. pylori 
or E. coli,168,169 or bacteria in the presence of Tetrahymena.25  Conversely, Acanthamoeba in  its 
cyst form is extremely resistant to chlorine.1,170  Therefore endosymbionts of Acanthamoeba, 
such as Legionella, are protected from inactivation by chlorine (reviewed in Buse et al.).171  The 
scientific literature is lacking in prior investigations of inactivation from ultraviolet light (uV) 
when bacteria or viruses are protected by protozoa, especially Tetrahymena.  Since the 1996 
revisions to the Safe Drinking Water Act, uV disinfection installations have increased in efforts 
to comply with new requirements of the Surface Water Treatment Rule.  In 2011, San Francisco 
implemented uV disinfection for the unfiltered Hetch Hetchy water system, and New York City 
is in the process of installing a uV system to disinfect the unfiltered Catskill Delaware water 
system.  Both installations followed the US EPA’s Validation Protocol for uV systems at their 
utilities.  The Validation Protocol requires demonstration of a uV system’s efficiency for 
inactivating   viruses.  In the context of the Safe Drinking Water Act, viable viruses in free-living 
protozoa after exposure to uV disinfection could impact future regulations and compliance 
protocols.  A study basically following the Validation Protocol with the addition of protozoa in 
the test solutions could shed light on this issue.  Only one study exists that examined uV 
disinfection of Tetrahymena-internalized viruses in this context:  Akunyili found that PhiX174 
and MS2 survived conditions on the order of those used in drinking water and wastewater 
plants.172   
  High concentrations of free-living protozoa, including ciliates, are found in wastewater 
systems.5  Installations of ultraviolet light in wastewater plants have also increased significantly 
in the last decade.  For many systems, uV appeared to allow simultaneous compliance with 
discharge limits for both coliform bacteria and chlorine residual.  However, using the Colilert® 
method with added antibiotics, Akiyama and Selvin found more antibiotic resistant E. coli in the 
uV-treated effluent of the Fayetteville, AR tertiary treated wastewater plant and in the stream 
downstream of the plant than in the water upstream of the plant.173  More research is needed to 
fully understand the role of wastewater effluent and the role of free-living protozoa in the 
dissemination of antibiotic-resistant organisms to the environment.  
 In developing countries where safe water is lacking, two facts are pertinent: the microbial 
consortia of drinking water sources is often diverse and abundant; and solar disinfection 
(SODIS) is strongly supported by the World Health Organization for disinfection of drinking 
water in near-equator latitudes when no safe water alternative exists.  Prior SODIS projects have 
used axenic cultures of protozoa (Giardia, Cryptosporidium or Acanthamoeba), and bacterial or 
viral monocultures. x-y but the efficacy of SODIS to inactivate bacterial or viral endosymbionts of 
free-living protozoa has not yet been explored.  Future projects could examine the efficacy of 
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SODIS for endosymbionts, especially in highly contaminated or turbid water.  Guidelines for the 
use of SODIS suggest that the method should not be used when turbidity is more than 30 
nephelotmetric turbidity units.  However, the Safe Drinking Water Act requires filtration of 
water systems when turbidity is less than 5 NTU.174     
 Where drinking water is filtered and disinfected before consumption, survival of 
protozoan endosybionts may be irrelevant, because the protozoa would be removed in the 
filtration process.  However, unfiltered drinking water systems may be more vulnerable.  There 
is currently no regulation that requires monitoring of protozoa in drinking water systems, so no 
data exist except for a few small studies.175,176  A large scale survey of protozoa in unfiltered 
surface water systems compared with filtered systems would elucidate whether the former is at 
higher risk of exposure to bacterial endosymbionts of free living protozoa.  Modern molecular 
technologies such as metagenomic libraries could aid in identifying the bacterial endosymbionts 
of protozoa found in drinking water distribution systems.  Such a study would need to consider 
the type of disinfectant in the distribution system.  In city of San Francisco’s drinking water 
distribution system, which includes up to 80% unfiltered water, significantly lower numbers of 
Legionellae (an obligate endosymbiont of Acanthamoeba) were found in buildings when 
chloramine was the distribution system disinfectant residual than in the same locations prior to 
2004 when chlorine was the distribution system disinfectant residual.177  
 There are also a number of methodological studies that could be performed to follow the 
work described in this dissertation, including refinement of a method to separate planktonic 
bacteria from fecal pellets, examination of additional bacterial pathogens for their ability to 
evade digestion, further investigations on the efficiency of approved monitoring methods to 
detect intracellular bacteria and viruses - or those organisms when sequestered in fecal pellets, 
and investigations of bacterial-protozoan interactions in biofilms and sediment (both in 
laboratory microcosms and full-scale distribution systems).  Although this dissertation extended 
the state of the science related to survival of enteric pathogens in free-living protozoa, its real 
value may be as a launching point for additional studies.  There is still much to be learned about 
bacterial-protozoan associations, both at the basic science level and at the applied level. 
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