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Abstract

E. coli O157:H7 were isolated from 0.86% (n=1520) water samples and Salmonella
species from 6.04% (n=1456) samples collected within the Oldman River watershed in
southern Alberta. Peak prevalence of E. coli O157:H7 in July 2000 was 6.3% (n =48).
Peak prevalence of Salmonella was 16.2% (n =11) in August 1999 and 33.% (n=42) in
July 2000. Prevalence was greater in water from some sampling locations than from
others. In non-filtered surface water E. coli O157:H7 and S. ryphimuriwm numbers
decreased significantly faster at 20 °C than at 10 °C (P =0.000); however this difference
did not exist when the same water was filtered (P=0.439). Pathogen survival in one
water sample was greater when it was filtered {0.2ym pore) than when it was not filtered

even though there were no autochthonous bacteria in the water prior to filtration.
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1. Literature Review: Prevalence and Survival of Escherichia coli O157:H7 and

Salmonella spp. in Surface Waters of Southern Alberta

1.1 Introduction

Although enteric pathogens E. coli O157:H7 and Salmonella are commonly
associated with contaminated foods {(Doyle, et al. 1997; D’ Aoust, 1997), waterborne
outbreaks of enteric disease caused by these pathogens have also caused morbidity and
mortality worldwide (Kondro, 2000; Barwick, et al., 2000; Swerdlow, er al. 1992; Akashi
et al., 1994; Koplan, 1978). In order to better understand the risk of exposure of
individuals or a population to pathogens through contaminated water supplies, prevalence
data of pathogens in water, and models of their survival in water are required (Neumann
and Foran, 1997; Buchanan and Whiting, 1996; Marks e al., 1998).

There has been very little published on the prevalence of E. coli O157:H7 in surface
water (McGowan et al,, 1989). Prevalence of Salmonella has been studied in the context
of its relationship to indicator organisms in surface waters of Australia (Townsend,
1992}, Spain (Polo et al., 1998), Greece (Arvanitidou et al., 1997; Efstratiou et al., 1998),
and Italy (Luppi, et al. 1988). In the present study the prevalence of E. coli O157:H7 and
Salmonella spp in surface water was estimated based on samples from sites within the
Oldman River basin in southern Alberta.

Governmental agencies have used microbial risk assessments of water based on
indicator organisms, such as faecal coliforms and E. coli bacteria, as a basis for
establishing maximum allowable contamination level limits for water (Macler and Regli,

1993). However, the relationship between indicator organism counts and the presence of



pathogens in water is variable among studies (Polo et al., 1998; Arvanitidou et al., 1997;
Townsend, 1992; Luppi, et al. 1988; Efstratiou et al., 1998). In this study associations
between indicator organism concentrations and the presence of E. coli O157:H7 and
Salmonella spp. in the water samples were examined in this study. As well, comparisons
were made between the rating of water samples in terms of the microbial water quality
guidelines used in Alberta and the presence of E. coli 0157:H7 and Salmonella spp.
Survival of pathogenic bacteria in water is influenced to varying degrees by water
temperature, species of pathogen, and autochthonous bacteria in water (Flint, 1987;
McCambridge and McMeekin, 1980; Wang and Doyle, 1998; Rhodes and Kator, 1988;
McCambridge and McMeekin, 1981; Warburton er al., 1994). The present study also
examines the survival of E. coli O157:H7 and Salmonella typhimurium in surface water
samples obtained within the Oldman River watershed and assess the effects of water
temperature, species of pathogen, autochthonous bacteria, inoculum concentration,

sampling site, and filtration on various survival characteristics.

1.1.1 Microbiology of E. coli Q157:H7

E. coli are facultative anaerobic Gram-negative rod-shaped bacteria in the family
Enterobacteriaceae. E. coli serogroups are classified based on surface lipopolysaccharide
antigens. Presently within the species E. coli there are 174 O antigens and 56 H antigens
identified (Doyle, et al., 1997). Many E. coli have only been isolated from the faeces of
healthy individuals. However, others are associated with disease in humans (Hull, 1997).
E. coli possessing O-antigens 0157, 026, 0103, 0104, and O111 are designated as
enterohaemorrhagic E. coli (EHEC); strains within these serogroups are responsible for

haemorrhagic colitis (HC) (Hull, 1997; Doyle et al., 1997). E. coli 0157:H7 and E. coli



0157:NM (non-motile) strains are the strains most frequently associated with outbreaks
of HC and with haemolytic uraemic syndrome (HUS) (Griffin and Tauxe, 1991;
Willshaw et al, 1997). Characteristics of HUS include anemia, thrombocytopaenia, and
acute renal insufficiency (Tarr, 1994; Doyle et al., 1997). HUS is the leading cause of
acute renal failure in children (Doyle, et al., 1997). It has been estimated that 10% of
children with symptomatic infection with E. coli 0157:H7 develop HUS.

Two properties of E. coli O157:H7 presently identified as major virulence factors
include the ability to, 1) adhere to mucosal surfaces, and 2) produce verotoxins (Griffin,

1995).

1.1.1.1 Histopathology

The process by which EHEC become attached to host cells requires a pathogenicity
island found within their genome called the locus of enterocyte effacement (LEE) (Nataro
and Kaper, 1998). This region of the genome contains a family of genes encoding for
proteins called Esps, (enteropathogenic E. coli secreted proteins), as well as intimin and
its translocated intimin receptor (Tir) (Vallance and Finlay, 2000). In EHEC, EspA,
EspB, intimin, and Tir appear to be factors in the formation of attaching and effacing
(AE) lesions (L1 et al, 2000; Nataro and Kaper, 1998; Tatsuno et al., 2000). EspA, EspB,
and Tir are translocated into the host cell by a type III secretion system (Nataro and
Kaper, 1998; DeVinney et al., 1999). It has been suggested that EspA allows for the
initial diffuse adherence of EHEC to epithelial cells (Tatsuno ez al., 2000). Once Tir is
within the host cell, intimin, a 94-kDa outer membrane protein, encoded by the eae gene
(Willshaw, et al. 1997), binds to Tir, allowing intimate attachment of the pathogen to the

host cell. This induces the formation of microcolonies of bacteria on the surface of



epithelial cells lining the intestine (Tatsuno ez al., 2000). Following intimate attachment
of the pathogen to intestinal cells an accumulation of filamentous actin within intestinal
cells beneath the attachment site results in a pedestal formation on which EHEC rest
(Donnenberg and Kaper, 1992).

Altﬁough the mechanisms that trigger the diarrheoa response are uncertain, one model
proposes that AE lesions in epithelial cells of the large intestine caused by E. coli
O157:H7 result in thinning of the microvilli (Doyle et al., 1997). As a result, there is a
substantial decrease in the adsorptive capacity of the microvilli. Thus fluids are
prevented from being adsorbed and instead, are secreted from the intestine (Nataro and

Kaper, 1998).
1.1.1.2 Verotoxins

In a study by Konowalchuk et af (1977) 10 of 136 E. coli strains tested were
classified as verotoxin (VT) -producing E. celi due to the cytotoxic effect of culture
supernatants on Vero cells. Of the 10 strains that induced this particular cytotoxic effect,
7 were associated with diarrhoea in human infants.

EHEC produce two classes of antigenically distinct Shiga-like toxins, VT and VT2
(Scotland et al., 1985). It has been suggested that the ability of EHEC to produce VTs
that play an essential role in the development of bloody diarrhoea and hemorrhagic colitis
(Nataro and Kaper, 1998). Genes coding for VT1 and VT2 toxins in some VTEC strains
are encoded by morphologically distinct bacteriophages (Willshaw et af, 1987; O'Brien

et al, 1984).



1.1.2 Epidemiology of E. coli O157:H7

In the U.S, food transtits more disease caused by E. coli 0157:H7 than does water.
From 1988 to 1997, this organism caused 4664 food borne-disease cases (mean = 466.4
cases annually), resulting in 95 outbreaks and 8 deaths (Bean er al., 1996; Olsen ez al.,
2000). The United States Department of Agriculture (USDA) reported that 14% of
outbreaks caused by E. coli Q157:H7 were associated with contaminated ground beef;
31% were attributed to spread from person to person, and in 28% of cases the route of
transmission was unknown (USDA, 1997).

In the United States, from 1993 to 1998, the Centers for Disease Control (CDC) and
the U.S. Environmental Protection Agency (EPA) (Barwick, er al., 2000; Kramer et al.
1996; Levy, et al. 1998) reported that E. coli O157:H7 caused 257 cases of
gastrointestinal disease in individuals using recreational surface water, 197 cases of
drinking water-related disease, and 1 death associated with an outbreak at a water park.
Between 1993 and 1998, an annual mean of 75.7 cases of waterbome disease caused by
E. coli O157:H7 were reported to these agencies.

Beach water has been associated with disease outbreaks caused by E. coli O157:H7 in
Hlinois (Warrner ef al., 1996) and Oregon (Keene et al. 1994). In the [llinois outbreak
leakage from outdoor toilet facilities, proximity to cattle farms and sewage outlets were
ruled out as possible sources of contamination. Keene et al. (1994) also could not find
any extraneous source of contamination in an outbreak in Oregon, and suggested that
children who were not toilet-trained could have been the source.

Infection from drinking water, either from well water or tap water has also been

reported. Sewage contamination of a water distribution system was considered the



source of an outbreak of E. coli O157:H7 infection in Missouri, in 1989, in which 243
individuals became ill, 2 developed HUS, and 4 died (Swerdlow et al., 1992). Akashi, et
al. (1994) also reported that 174 children became ill; of these 42 were culture-confirmed
as being infected with E. coli 0157:H7 and 14 developed HUS from drinking
contaminated tap water at a school in Japan that was drawn from a well. Six hundred and
thirty-three cases of illness caused by Campylobacter and E. coli 0157:H7 were reported
in Fife, Scotland in 1995, following contamination of a public water system by treated
sewage (Jones and Roworth, 1996). During this outbreak 2 people developed HUS. In
1999, in New York State, 116 individuals were infected by drinking E. coli O157:H7-
contaminated beverages prepared with unchlorinated well water, following which, 11
individuals developed HUS, and 2 died (Anonymous, 1999). During an cutbreak of E.
coli O157:H7 infection in Walkerton, Ontario in 2000, due to a contaminated water
supply and problems with chlorination treatment, more than 700 individuals became ill,
and 7 deaths were attributed to the outbreak (Kondro, 2000).

The small amount of water assumed to have been ingested by infected swimmers
during swimming-related outbreaks suggests that the infectious dose for £.coli O157:H7
is low (Keene et al, 1994). A low infectious dose may also be inferred by the ease of
person-to-person transmission (Boyce et al, 1995).

In a study of HUS in children less than 15 years of age reported to Canadian hospitals
in cities with populations over 350,000 from 1986 to 1988 (226 patients), the national
incidence was 1.44 cases / 100,000 individuals. In Alberta and Ontario the incidence was
2.78 and 0.97/100,000, respectively (Rowe, 1991). Waters et al. (1994} found that during

part of the 1980s and 1990s Alberta had the highest rate of E. coli O157:H7 infections in



North America and that health units in and rear Calgary had a higher rate than did those
north of Calgary. They suggested possible reasons for this phenomena were more intense
clinical screening for VIEC within southern Alberta, greater surface water
contamination, more intense cattle farming in the region and a greater associated
probability of contamination of water sources with E. coli O157:H7, more frequent
consumption of contaminated water in the south than in the north of the province, but

noted there are no data to substantiate these hypotheses.
1.1.3 Reservoirs of E. coli O157:H7

Prevalence of E. coli O157:H7 in cattle faeces appears to vary with detection method,
age of animal, and time of year. E. cofi O157:H7 was detected by plating on sorbitol
MacConkey agar with cefixime and tellurite (ctSMAC) in the faeces of 4.0% of dairy
calves 2 to 8 months of age (n = 351) (Sanderson et al, 1995), and 1.5% of dairy calves 1
to 6 months of age (n =1515) (Hancock et al., 1997). In other studies E. coli O157:H7
was detected in the faeces of 16.1% of dairy cattle (n= 1661), and 13.4% of beef cattle
after slaughter (n= 1840) in England (Chapman et al., 1997), and in the faeces of 1.9% of
cattle in a cow-calf farm (n=2058)(Sargeant, et al., 2000} using immunomagnetic
separation followed by plating on ctSMAC. In another study, the pathogen was detected
in faeces of 2.9% of calves from ! day to 4 months of age (n=662) when using sorbitol
MacConkey agar (Zhao, et al., 1995). Hancock, et al. (1997) reported 0.4% of adult
cattle, 1.8% of weaned, and 0.9% unweaned heifers tested shed E. coli O157:H7. A
review of 18 prevalence studies by Armstrong et al. (1996) suggested calves are more
likely to shed these bacteria than are older cattle. Shedding of this organism from cattle

appears to be seasonal. Over a 2-year period, Hancock, et al. (1997) observed a higher



prevalence of E. coli O157:H7 in bovine faeces in 14 cattle herds during summer months
than in the rest of the year, peaking at 2.6% in June.

E. coli O157:H7 are zoonotic bacteria that has been isolated from healthy or il cattle
as well as from sheep, pigs, deer, and insects (USDA, 1997; Armstrong ef al., 1996; Zhao
et al., 1995; Cornick et al., 2000; Chapman et al., 1997; Sargeant et al., 1999; Shere et
al., 1998). It appears that poultry and wild birds are not a common reservoir of E. coli
0O157:H7 (Chapman et al,, 1997; Doyle et al., 1997; Adensiyun, 1999; Armstrong et al.,

1996).

1.1.4 Microbiology of Salmonella

Salmonella are facultative anaerobic Gram-negative rod-shaped bacteria of the family
Enterobacteriaceae. They typically are motile with peritrichous flagella. Most do not
ferment {actose, although many strains of S. arizonae do (Le Minor, 1986). Most
Salmonella produce gas from glucose, and produce hydrogen sulfide gas and are urease-
negative (Le Minor, 1986). The diversity in reactions in biochemical tests in Salmonella
species has led some workers to question their use in species identification (D’ Aoust,
1997). While there are over 2200 serotypes of this genus, many Salmonella species do
not commonly cause infection in humans, and those that do, are often isolated from
livestock, wild animals and birds (Baird-Parker, 1990).

Infection by Salmonella occurs when they invade the intestinal tissues and lymph
nodes (Finlay, 1994). When the pathogen is very close to the intestinal epithelium,
microvilli of the epithelial cells elongate and the cytoplasm of the cells nearest the
surface begin to distort (Finlay, 1994). Attachment of Sa/monella cells to the epithelial

cells also involves both fimbriated and non-fimbriated surface adhesins (Polotsky et al.



1994). Following signal exchange the pathogen is internalised into the epithelial cell.
(Polotsky et al. 1994). §. typhimuriwm has been shown to produce low levels of a
cholera-like enterotoxin (Prasad, et al, 1990). The mechanisms by which these toxins
cause diarrhea are not clear (Finlay, 1994). Prasad er al. (1990) demonstrated that crude
lysates of §. typhimurium Q1 possesed increased levels of cyclic adenosine
monophosphate (cAMP) in intestinal epithelial cells. cAMP, a factor in diarrhoeal
disease caused by cholera toxin, inhibits the absorption of Na* and CI”, and stimulates the
secretion of these ions (Adams and Moss, 1995). The osmotic imbalance results in a
transfer of electrolytes, which produces a flow of water in excess of the absorptive
capacity of the intestine (Adams and Moss, 1995). Diarrhea caused by Salmonella
infection has been shown to be associated with increased infiltration of white blood cells
into the infected tissue. In association with this inflammation, Gablet cells from the
small intestinal epithelial lining are stimulated to secrete mucous by activation of an

enzyme that causes large amounts of fluids to be produced (Polotsky ef al. 1994).

1.1.5 Epidemiology of Saimonella

Infection by Salmonella in humans may result in gastroenteritis, septicemia, diarrhea,
fever, and vomiting (Moe, 1997; Le Minor, 1986). Septicemia following infection by S.
typhi can be accompanied by fever, nausea, and delirium (Baird-Parker, 1990). The
average mortality rate of untreated typhoid fever is 109% (Atlas, 1997). Worldwide, one
of the principal causes of bacterial food borne disease is Salmonella (D’ Aoust, 1997).
CDC and US EPA reported 906 of 5174 (17.5%) food borne-disease cases and 51 of 98
(52.0%) foodborne-disease deaths were caused by Salmonella (Bean et al., 1996; Olsen

et al., 2000). The spread of infection is principally due to poor hygiene in preparation of



contaminated foodstuffs of animal origin (Kaplan, 1997). Of all etiologic agents of food
bome disease, S. enteriditis caused the greatest number of mortalities in the U.S. from
1994 to 1997 (Olsen er al., 2000). This serotype is most commonly linked to poultry
(Kaplan, 1997). Eggs and egg-based products, dairy products, chocolate, fruits, and
vegetables have also been identified as vehicles of major foodborme outbreaks of human
salmonellosis (D' Aoust, 1997). Salmonella is not frequently identified as the cause of
waterborne disease outbreaks. Of the 70 outbreaks of waterborne gastroenteritis
reported to the CDC and the U.S. EPA from 1993 t01998, only 2 were caused by
Salmonella (Barwick, et al., 2000; Kramer et al. 1996; Levy, et al. 1998). However, the
outbreak caused by S. fyphimurium in 1993, most likely due to a water tower unprotected
from wild-bird droppings, resulted in 623 illnesses and 7 deaths (Kramer, er al., 1996).

A dose-response model of S. fyphosa in humans developed by Holcomb ez al. (1999)
suggested the infectious doses for a predicted frequency of infection of 0.10 (1 out of 10
persons would become ill} was less than 10 cells. In a study of 12 outbreaks of typhoid
fever, the estimated number of organisms ingested in 10 of the outbreaks was less than
10° cells (Blaser and Newman, 1982). Individuals infected during a waterborne outbreak
of disease caused by S. typhimurium ingested an estimated average of 17 bacteria / litre of

water (Blaser and Newman, 1982).
1.1.6 Reservoirs of Salmonella

Salmonella have been isolated from pigs, poultry, cattle, horses, seabirds, insects,
various foodstuffs, and humans (Baird-Parker, 1990; Uyttendaele, et al. 1999; Oosterom,
et al. 1985; Higgins et al., 1982; Van Donkersgoed, et al. 1999; Galland et al., 2000). In

a study of prevalence in raw chicken broilers, Salmonella was isolated from 25.9%
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samples (7 of 27)(Chang, 2000). Sources or animal reservoirs of Salmonella are listed in
Table 1.1.

Various sources have been associated with waterborne outbreaks of salmonellosis.
Koplan et al. (1978) proposed rainwater used for cooking that had been contaminated by
wild birds, was the source of contamination in a Salmonella disease outbreak in Trinidad.
Wild birds were also associated with a S. typhimurium —related outbreak in Missouri, in
which 625 people became ill and 7 died (Kramer et al. 1996). In New York State, in
1996, well water contaminated by runoff from nearby farms was suggested as the source
of infections in an outbreak of salmoneilosis associated with §. kartford (Van Houten et

al., 1996).
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Table 1-1. Salmonella prevalence in animal reservoirs. (A) indicates selective enrichment

followed by selective plating; (B), resuscitation in buffered peptone water followed by

selective plating; (C), selective enrichment, selective plating and enzyme linked

immunosorbent assay.
Reservoir  Samples tested Isolation Prevalence, % (n) Author (s)
method (year)
Poultry Faeces A 38.0 (1453) Higgins, et
al.(1982)
Whole broilers A 25927 Chang (2000)
Pigs Intestinal contents, B 243 (210) Qosterom et al.
lymph nodes (1985)
Rectal contents, A 22.3 (7756) Edel et al.
lymph nodes (1976)
Cattle Rectal contents C 40 (120) Galland, et al.
(2000)
Seagulils Droppings A 26.7 (60) Edel et al.
(1976)
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1.2 Waterborne Transmission of Enteric Bacteria

Dispersal of infectious agents via water systems has been documented as far back as
1854, when John Snow determined that an outbreak of cholera in London was due to a
contaminated public water supply (Stolley and Lasky, 1998). Vibrio cholerae and
Salmonella typhi, from the family Enterobacteriacae, have caused a mulititude of death
and illness due to waterborne infection worldwide for centuries, an indication of the
considerable human health risk associated with water contaminated by members of this
family of bacteria (Moe, 1997). While the protozoan Cryptosporidium parvum has been
the leading cause of gastroenteritis from drinking and recreational water in the United
States from 1993-1998, the bacterial enteric agents such as E. coli 0157:H7, which
caused 454 cases of gastric illness from 1993 t01998, and Salmonella species, such as §.
typhimurium, which infected 625 individvals and caused 7 deaths, are important with
respect to morbidity and mortality associated with water (Kramer et al., 1996; Levy er al.,
1998; Barwick er al. 2000). It has been suggested that waterborne transmission favoured
the evolution of highly virulent pathogens such as V. cholerae, Shigella dysenteriae, and
3. typhi, which are largely associated with waterbome infection. Ewald et al. (1998)
proposed that pathogens that are transmitted by living hosts benefit when the infection
they cause does not kill the host, and consequently evolve low virulence. By contrast,
waterborne pathogens, which do not require an infected host as a vehicle of transmission,
retain, relative to pathogens that rely on living hosts for transmission, a higher level of
virulence. This hypothesis was developed as a possible explanation for the increasing
trend in deaths per infection with increase in percent of outbreaks involving waterborne

transmission for various pathogens (Ewald et al., 1998).
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1.3 Prevalence in Surface Water

McGowan et al. (1989) isolated E. coli O157:H7 from 1 of 30 water samples from 15
locations in urban and rural regions of Philadelphia. This is the only study in the
literature not associated with a waterborne disease outbreak caused by this organism.
Other studies of the presence of E. coli O157:H7 in water have been performed following
outbreaks of disease. Water samples of the contaminated water distribution system that
was associated with E. coli 0157:H7 infections in Missouri in 1989 were tested for the
presence of E. coli O157:H7 but the pathogen was not detected (Swerdlow et al., 1992).
E. coli 0157:H7 was also isolated in water implicated in an outbreak associated with well
water by PCR assays, but prevalence was not reported (Anonymous, 1999).

The prevalence of Salmonella in surface water has been reported in many studies
(Townsend, 1992; Arvanitidou et al., 1997; Polo et al, 1998; Efstratiou et al., 1998;
Luppi, et al, 1988). Rates of Salmonelia prevalence are highly variable among surface
water studies, which vary in culture methods used and type of water sampled (e.g.
estuarine, sea, lake, river)(Table 1-2). Prevalence can be high in studies of locations with

both high (Sharma and Rajput, 1996} and low (Townsend, 1992) anthropological inputs.
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Table 1-2. Studies of Salmonella prevalence in surface water. Salmonella strains were

isolated using selective enrichment and selective plating on various media. Prevalence

varies among types of reservoirs and among studies.

Nurber of samples, Reservoir (Country) Prevalence, Citation
sites, years %o
75,8,3 river (Spain) 58.7 Polo et al.,
2237,213,3 sea water (Spain) 59 (1998)
128, 14, 3 freshwater reservoir (Spain) 14.8
44, 1,1 lake (Greece) 4.5 Arvanitidou
84,4,1 river (Greece) 7.1 etal, (1997)
45, 1,2 tropical pond, 4 km? basin 69 Townsend,
(Australia) (1992)
45,1,2 tropical pond, 130 km® basin 96
(Australia)
80, NA, 3 canal (lTtaly) 25.0 Luppi, et al.
(1988)
303,21,2 sea water (Greece) 25.7 Efstratiou et
al., (1998)
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1.4  Pathogenic Bacteria and Indicator Bacteria

In a study conducted in northern Greece, Arvanitidou et al. (1997) found no
significant difference using non-parametric tests, between concentrations of faecal
coliforms, total coliforms, or faecal streptococci in samples with Salmonella and those
without. In another study in Greece conducted by Efstratiou et af. (1998), only total
coliform counts were significantly correlated (logistic regression) with the presence of
Salmonella, while faecal coliforms and faecal streptococci were not. As well, it was
determined that while total coliform counts were correlated with Salmonella presence in
moderately poliuted waters, they were not correlated in highly polluted water. Indeed, of
the three indicator groups, total coliform counts had the weakest correlation with
Salmonella presence in highly polluted water. In two tropical ponds with no apparent
human or domestic animal faecal contamination, total and faecal coliforms, and
enterococci were correlated (non-parametric tests) with the presence of Salmonella
(Townsend, 1992). Of the two ponds, higher correlation coefficients were noted in
samples from the pond with the smaller watershed. In a study conducted by Polo et al.
(1998) in Spain, geometric means of total coliform, and faecal streptococci counts were
higher (non-parametric tests) for Salmonella-positive than for Salmonella - negative
samples of river water, but that trend was reversed in samples of seawater. Among and
within studies, then, differences exists in the correlation between indicator concentrations
and the presence of Salmonella. There are no published studies of the relationship
between E. cofi O157:H7 and indicator organisms.

It has been recommended by Health Canada (Federal-Provincial Subcommittee on

Recreational Water Quality, 1992) and the American Public Health Association
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(American Public Health Association, 1985) that routine monitoring of microbial water
quality involve tests for coliform concentrations rather than for the presence of specific
enteric pathogens, as there is no test available that can isolate all pathogens and the
absence of a given pathogen does not preclude the presence of others.

Faecal coliform counts enumerate Gram-negative, lactose-fermenting bacteria, and E.
coli is one of many species that fall into the faecal coliform category. Faecal coliforms
and E. coli are used to indicate faecal contamination of water (Atlas, 1997). The Surface
Water Quality Guidelines for use in Alberta state that the limit for E. coli and faecal
coliform bacteria in recreational water should be no greater than 200 counts/ 100 ml as a
geometric mean of at least 5 samples taken within 30 days. Re-sampling is required if
any sample has a level greater than 400 E. coli /100 ml (Natural Resources Service,
Water Management Division, Alberta Environment, 1999). The maximum allowable
concentration for coliforms in drinking water is zero, as established in the Summary of
Guidelines for Canadian Drinking Water Quality (Federal-Provincial Subcommittee on
Drinking Water, 1999), although if there are no E. coli in a sample, up to 10 total
coliforms are considered acceptable. The 1999 Canadian Water Quality Guidelines for
the Protection of Agricultural Water Use recommends the guideline for irrigation water to
be 1000 total coliforms /100 ml and 100 faecal coliforms /100 m! (Canadian Council of
Ministers of the Environment, 1999). Table 1-3 lists the various water use guidelines

applicable in Alberta.
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Table 1-3 Guidelines for microbial water quality for use in Alberta

Water use Citation Guideline or maximum
limit
Drinking Federal-Provincial Subcommittee 10 total coliforms/100 ml
on Drinking Water (1999) and
O E. coli {100 ml
Recreation Natural Resources Service, 400 E. coli /100 ml

Water Management Division,
Alberta Environment (1999)
Irrigation Canadian Council of Ministers of

the Environment (1999)

100 faecal coliforms/100
ml and

1000 total coliforms/100
ml
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1.5  Survival of Enteric Bacteria in Water

The survival and regrowth of bacteria in public water supplies is of great concemn to
the water treatment industry (LeChevalier er al., 1996). As well, the extended duration
of bacterial survival in drinking water (>95 days) has recently been recognised
(Warburton et al., 1994; Byrd ez al. 1991). Outbreaks of waterborne disease caused by
enteric bacteria such as E. coli O157:H7 and Salmonella suggest they have an ability to
survive in sub-optimal water environments. Environmental conditions may be factors in
the degree to which these bacteria can survive, and consequently, may influence the risk
to human health associated with waterborne pathogenic bacteria.

Laboratory and in-situ surface water survival studies (Rice and Johnson, 2000;
Rhodes and Kator, 1988; McCambridge and McMeekin, 1980; McCambridge and
McMeekin, 1981; Pommepuy, et al. 1996; Pokorny, 1988; Flint, 1987; Wang and Doyle,
1998; Chao ez al, 1988) have been conducted to examine the influence on survival
exerted by factors such as competition with and predation by other indigenous micro-
organisms, water temperature, species of pathogen, solar radiation, chemical oxygen

demand, antibiotic resistance of the pathogens, and toxic materials.

1.5.1 Difference in Response Based on Species

There appears to be no consistent difference between the ability of £. coli and
Salmonella to respond to stress in water. Rhodes and Kator (1988) observed that declines
in populations of E. coli were more rapid than those of S. tennessee and S. typhimurium
in filtered water at temperatures below 10°C, although this difference did not exist in
non-filtered water. In tropical freshwater the percentage of active cells and the

frequency of cell division were greater for E. coli than for S. typhimurium after 24 hours,
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but after 108 hours direct counts of both species were not significantly different (Jimenez

etal. 1989).

1.5.2 Effect of Temperature

Temperature is one of the most influential factors on bacterial growth rate (Atlas,
1997). Pokorny (1988) noted in his study of §. enteritidis that survival time in water held
at 4 °C was double that in water at 20 °C.

Furthermore, it appears that indigenous bacteria in water have an interactive effect
with temperature on pathogen survival. Wang and Doyle (1998) observed that at 8 °C
and 25 °C the concentration of E. coli O157:H7 strains in filtered tap water decreased at
rates of 2.4 CFU/ml/week and 76.9 CFU/ml/week , respectively. In the same study, E.
coli O157:H7 concentration decreased in lake water at a rate of by 7.7 CFU/ml/week at 8
°C, and 333.3 CFU/ml/week at 25 °C. Thus, in both water samples the average rate of
decrease in E. coli O157:H7 concentration was more rapid at 25 °C than at 8 °C. The
difference between the average rate of decrease at 8 °C and that at 25 °C, i.e. the effect of
temperature on survival, was greater when indigenous bacteria were present in lake water
(325.6 CFU/ml/day) than when they were absent in filtered water (74.5 CFU/ml/day).

Flint (1987) observed the concentration of E. coli K12 in filtered water (0.45 pm
pore) decreased at an average rate of 40 CFU/ml/day at 15 °C and 71.4 CFU/mV/day at 25
°C. The same bacteria in noa-filtered water decreased at a rate of 100.0 CFU/ml/day at
15 °C and 125.0 CFU/ml/day at 25 °C. Hence, the average rate of decrease was greater
(i.e., survival was less) at 25 °C than at 15 °C, which indicates a trend similar to that
presented in the studies of Pokorny (1988) and Wang and Doyle (1998). However, in

contrast to the study (Wang and Doyle, 1998), the difference between rate of decrease at
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low and high temperatures observed by Flint (1987) was greater when indigenous

bacteria were absent (3]1.4 CFU/ml/day) than when they were present (25 CFU/ml/day).

1.5.3 Effect of Autochthonous Micro-oreanisms

Microbial populations influence survival of pathogens, by antagonistic (one species
benefits, while the other declines), or mutualistic (both species benefit) interactions.
Predation by protozoa, competition from other bacteria, and bacteriophages may lead to
population decline (Chao e al., 1988; Wang and Doyle, 1998), while survival within
protozoa may provide protection from inhospitable environments (King et al., 1988;
Michel et al., 1998). Growth of rod-shaped pathogenic bacteria (presurnably Legionella)
has been observed within Acanthamoeba species isolated from drinking water (Michel et
al,, 1998). With this bacterial species, it is thought that multiplication within the amoeba
host cell progresses until it is filled with the bacteria, after which the host is ruptured and
the bacteria released are ingested by other amoebae.

Nine species of enterobacteriaceae, inclading E. coii and S. typhimurium, Legionella,
and Campylobacter were able to survive in chlorine-treated water significantly longer
when co-cultured with ciliated protozoans such as Tetrahymena pyriformis, and amoeba
such as Acanthamoeba castellanii (King et al., 1988) than in protozoa-free culture.
Bacteria associated with the protozoa were able to resist digestion, survive in the nutrient-
rich environment within the protozoa, and, simultaneously, survive exposure to levels of
free available chlorine (a form of chlorine with a higher oxidation potential that is used in
water treatment) well above the level required to kill bacteria. The authors proposed that
the ability to survive digestion by protozoa might have evolved in pathogenic bacteria as

a means of persisting in environments not conducive to survival.
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Chao et al. (1988) estimated the effect of protozoa on the survival of S. enteritidis by
comparing their survival in river water to that in the same water supplemented with
cycloheximide, an inhibitor of protozoan protein synthesis. Within the first 4 days, plate
counts of the bacteria decreased approximately 10 CFU/ml in water with cyclohexamide
and 10° CFU/ml in water without cyclohexamide. Also, in water without cyclohexamide,
a rapid decrease in the bacteria during the first 2 days coincided with a rapid increase in
the level of protozoa. The authors concluded that predation was a critical factor in the
survival of §. enteritidis in water.

Peaks in microflagellates, lytic phage, and beterotrophic bacteria densities in water
corresponded to maximum decline in Salmonella and E. coli in an in-situ study by
Rhodes and Kator (1988). Flint (1987) found that although filtration through 0.45um
pore filters removed most indigenous bacteria from water samples; this pore size allowed
the inclusion of small bacteria, such as Vibrio species, and filtration increased the
duration of survival of E. coli at 4°, 15°, 25°, and 37°C. Other studies have found
pathogen survival in water with a low concentration of indigenous predators was not
greater than in filtered water (0.2um pore size) (Santo Domingo et al., 2000). Wang and
Doyle (1998) examined survival of E. coli O157:H7 in water from 4 sources, (2 lakes,
tap, and reservoir) each with a different concentration of total aerobic bacteria. They
observed that pathogen survival rates decreased with increasing aerobic bacteria levels in
water. During the course of the experiment, total aerobic bacteria counts declined 1
order of magnitude, while E. coli O157:H7 declined over 3 orders of magnitude. The

authors concluded that this pathogen may not compete well against other bacteria.
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Absence of predatory and competing organisms may allow prolonged survival of
enteric bacteria; a cause for concern with respect to safety of bottled water and water
distribution systems. Warburton et al. (1998) reported that a washed culture of E. coli
O157:H7 (inoculation level of logg 6.32) survived more than 247 days in spring water,
while an unwashed culture (incculation level of logig 5.42) survived more than 309 days
in sterile distilled water. When E. coli was introduced into a drinking water system that
contained protozoa in both water phase and in a biofilm, the cells declined in numbers
much more rapidly than they did when added to a system that had none, suggesting that
the protozoa were feeding on the pathogenic bacteria (Sibille et al., 1998). Other studies
have indicated that synergies between two species of bacteria may exist and aid in the
survival of enteric bacteria. For example, Warburton et al. (1994) observed greater
survival of Salmonelia species when co-inoculated with Pseudomonas aeruginosa in

bottled water, from distilled, natural spring, and natural spring sources.
1.5.4 Effect of Nutrient Limitation

Enteric bactena typically require high levels of nutrients, and hence, are more
susceptible to the nutrient-limited conditions typical of most surface waters {(McFeters,
1989). When essential nutrients, such as carbon, nitrogen, or phosphorus are
unavailable, E. coli cells enter the stationary phase (Hengge-Aronis, 1993). Warburton et
al. (1994) suggested that more prolonged survival of enteric bacteria in spring, mineral,
and tap water than in distilled water might have been due to a higher nutrient content.
Wang and Doyle (1998) found that the most rapid decline of E. coli O157:H7 occurred in
water from a location with the highest level of total nitrogen, total inorganic carbon, total

organic carbon, and aerobic bacteria. In this water, the high level of indigenous bacteria
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may have been supported by nutrients, but it is not clear if the high nutrient level in water
is an advantage to both E. cofi O157:H7 and indigenous bacteria, or if it favoured one
population over the other. Rhodes and Kator (1988) found, in an in-situ study, that E.
coli and Salmonella did not survive longer in surface water at a location with high levels
of total phosphate and organic nitrogen than in one with relatively low levels of these

compounds.
1.5.5 Effect of Other Factors

Solar radiation affects bacteria within the upper 30 cm of the water column, with
minimal effects lower in the water column (Pommepuy et al. 1996). A decrease in
concentration of culturable E. coli and S. typhimurium in estuarine water was observed
with increasing cumulative exposure to sunlight (McCambridge and McMeekin, 1981).
It is thought that pigments such as chk')rophyll and flavonoids in surface water may be
excited by solar radiation (between the 320 to 450 nm wavelength), resulting in the
production of highly reactive oxygen species such as hydroxyl radicals and singlet
oxygen that may be bacteriocidal (McGuigan et al., 1999; Bahlaoui ez al., 1998).

Chemical oxygen demand (COD), a measure of organic loading of water, has been
shown to affect pathogen survival in water. Pokomy (1988} observed that survival time
of Salmonella was shorter in surface water with a high COD than in water with a lower
COD. Salmonella survived (at 4°C) for 19 days in water with a COD concentration of

5.3 mg/l, and 2 days in water with a COD of 15.2 mg/l.

1.5.6 Microbial Stress Responses
Adaptation allows bacteria to survive effects of changing environmental conditions
that are detrimental to their growth and reproduction (Abee and Wouters, 1999). During
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the early stage of a microbial stress response to a inhospitable environment, bacteria may
change from their typical rod shape to a more spherical one, thereby allowing a lower rate
of metabolism (Loewen ef al. 1998).

Postgate (1976) proposed that bacteria, in a nutrient-limited state, can matntain
themselves in a slow “cryptic” growth state, wherein lysed cells are metabolised by
remaining active bacteria. In coatrast to this model, Reeve et al. (1984) demonstrated
that E. coli K12 did not exhibit cryptic growth in an environment of low exogenous levels
of carbon. They observed no evidence of cell lysis during starvation. Furthermore,
cellular material extruded into the media by non-viable cells did not promote growth in
the remaining cells.

Kurath and Morita (1983) observed that 99% of the initial inoculum of Pseudomonas
spp. in nutrient-poor media became non-viable within 2 days. The percent of glucose and
glutamic acid that was released as CO; increased for 4 to 13 days, then decreased and
stabilised after 36 days to a level similar to the initial. However, a smail subpopulation
(1% of initial population) of the inoculated culture survived for over 1 year. They
concluded that cells that remained after 36 days had adapted to starvation by effectively
shifting their metabolic balance from reproduction and biosynthesis to acquiring ATP for
maintenance.

Bacterial RNA-polymerase is comprised of 3 core protein sub-units and a sigma
factor sub-unit (Atlas, 1997). There have been many sigma factors identified and each
facilitate the initial binding of core RNA polymerase to a specific promoter region during
transcription from DNA to RNA (Abee and Wouters, 1999). Gene expression in E. coli

and §. typhimurium under various stress conditions is regulated by the 6> subunit of RNA



polymerase, which is encoded by rpoS (Fischer er al., 1998; Lee er al., 1995; Hengge-
Aronis, 1993; Loewen, et al., 1998). Starvation is one stress that can result in inhibition
of the rate of 6" proteolysis, which, under non-stress conditions maintains the
concentration of 6" at low-levels in the cytoplasm of E. coli cells (Fischer et al., 1998;
Hengge-Aronis, 1993). The inhibition of 6° proteolysis in nutrient-limiting conditions,
may trigger nutrient-specific regulatory systems in E. coli to enable more efficient
nutrient uptake (Hengge-Aronis, 1993). Under aerobic, phosphate-starved conditions
RpoS activity appears to protect E. coli DNA from reactive oxygen species, DNA repair
genes in the LexA regulon are induced, and, the nucleoid-associated protein, H-NS
increases the activity of RpoS (Gérard, et al., 1999). When E. coli becomes starved for
glucose, their growth may be temporarily halted during the diauxic lag phase, during
which lactose permease and 3 galactosidase are induded, thus permitting lactose
metabolism (Fischer et al., 1998), In this situation E. coli respond by inhibiting ¢°
proteolysis, and the level of d rapidly increases. If lactose or another carbon source is
available, the diauxic lag phase is followed by a reduction in & synthesis (Fischer e al.,
1998).

Dodd and colleagues (1997) noted that the time in which §. ryphimurium responded to
low-temperature challenge was much shorter than the time needed for induction of RpoS,
and suggested that the microbial stress response consists of two components, one that
occurs very shortly after the stress is imposed, and another system that is RpoS-
dependent and induced later. Furthermore, they suggested that during the initial response
phase, growth of bacteria stressed by harmful conditions may be inhibited, but

environmental stresses do not affect metabolic rate. They proposed this state of
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imbalance between anabolism and catabolism leads to a relatively high leve!l of free-
radical production, which they identified as the ‘self-destruction’ mechanism that causes
cellular death.

Reeve et al. (1984) found that the ability of E. coli K12 to synthesise protein during
the early stages of glucose starvation was an important factor in its ability to withstand
further stress. In their experiments they found that the earlier protein synthesis was
inhibited, the greater was the reduction in culture half-life. After 9 hours the ability to

survive was not changed by the time at which protein synthesis was blocked.

1.5.7 Aggregation Stress Response

Aggregation may also allow consortia of cells to resist the effects of environmental
stressors (Gilbert et al., 1993), and indeed may be a pre-adaptation of pathogenic
bacteria, which allows them to colonise host tissues (Calleja, 1984).

Peritrichous fimbriae, thin appendages distributed over the surface of bacteria of
species such as Escherichia, and Salmonella, allow cells to pack densely into layers at
air-water interfaces. These layers confer an advantage to aerobic or facultative anaerobic
bacteria in an aquatic environment, as there is greater access to oxygen at the air-liquid
interface (Calleja, 1984).

Another form of defence against inhospitable conditions in surface water is the
formation of biofilms. In oligotrophic aquatic environments, mixed or mono-culture
bacterial populations attach to surfaces where organic nutrients are more concentrated.
Biofilms rarely form under very low nutrient conditions (Atlas, 1997). Within a biofilm
in water, bacteria may be protected from grazing protozoa, antibiotics or preservatives in

the water (Gilbert et al., 1993). Once a biofilm is established, pathogens can cause
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bacterial contamination of water supplies, as daughter cells are released into a water

distribution system (Olson, 1993; Gilbert ez al., 1993).

1.5.8 Pathogen Water Survival Study Methods

Survival study methods vary in experimental simulation conditions (in-situ versus in-
vitro studies), inoculum level and pre-treatment, and enumeration methods. Bacterial
survival studies that use diffusion chambers in- sizu allow bacteria within the chamber
access to nutrients at the surface of the chamber membrane. Rhodes and Kator (1988)
suggested that bacteria experience more rapid decline during in-vitro studies than during
in-situ studies, because continual nutrient input that occurs in-situ typically does not
occur in-vitro. While the risk of widespread contamination of surface water at an in-situ
study location may be controlled, even minimal risk of environmental contamination
might be unacceptable. Also, more time and labour is involved in obtaining samples
from an in-situ experiment, than from an in-vitro study, because travel to and from the
site is required. Thus, in-vitro studies are more common.

Initial inoculum levels (Cy) of water-survival studies have ranged from 10° (Pokorny,
1988) to 10° (Muela, ez al., 1999). Of 13 studies of pathogen survival in water the
median Co was 10°%. Some workers believe a critical level, 10 to 107 bacteria/ml,
exists, below which enteric bacteria achieve a predator-prey-equilibrium with other
micro-organisms; 1.e., both predator and prey co-exist without a substantial decline in the
level of enteric bacteria (Rhodes and Kator, 1988). A decline below this level is thought
to be due to competition for nutrients (Rhodes and Kator, 1988). Washing of cells prior

to inoculation into water for survival studies avoids transfer of nutrients from culture
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media into water. Warburton et a.(1994) noted that unwashed cells reacted differently
than washed cells. They surmised that the absence of nutrients associated with the
washed cells caused a reduction in metabolic rate that induced dormancy, and that this
allowed them to survive longer than the unwashed cells.

Plate counts on selective media are simple to perform and are frequently used in
studies of survival. Selective media have been used to enumerate specific pathogens in
water (Warburton, et al., 1998; Chao ez al., 1988; Rhodes and Kator, 1988; Roszak et al.,
1983). Wang and Doyle (1998) and Flint (1987) used nalidixic acid-resistant E. coli
O157:H7 and plated on media with nalidixic acid to avoid enumerating autochthonous
bacteria.

Roszak and Colwell (1987) define survival as ‘maintenance of viability under adverse
conditions’. Some suggest the ‘viable but non-culturable’ (VBNC) state serves bacteria
as a strategy for survival, cellular energy is conserved while environmental conditions are
not conducive for growth until favourable conditions return (McKay, 1992). Studies,
such as that by Pommepuy et al. (1996), which demonstrated that environmentally
stressed ‘viable but non-culturable’ (VBNC) E. coli are able to retain their ability to
produce enterotoxins reinforce the view that VBNC pathogens may be a health risk
(McKay, 1992). Bloomfield, er al. (1998) proposed that the resuscitative methods used
to enumerate sub-lethally stressed VBNC bacteria cause cell death. They suggested that
the proportion of bacteria that survive environmental stress have switched from
respiration to substrate-level phosphorylation, with a low rate of superoxide production,
and have adapted to stress by inducing RpoS-mediated enzyme production. Immediately

following transfer of stress-adapted bacteria to nutrient-rich conditions an instantaneous
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metabolic imbalance occurs as cell division is decoupled from metabolism. The
imbalance leads to overproduction of free radicals and superoxide, and ce}l death
(Bloomfield, et al., 1998).

There are conflicting opinions on the significance and appropriateness of culture
techniques used in microbial water survival studies that are concerned with enumerating
sub-lethally stressed populations. Roszak and Colwell (1987) list 47 methods to
differentiate live from dead cells. Some of the more commeon methods are outlined
below.

Direct viable counts (DVC) enumerate cells with the potential for activity by counting
the microscopically elongated bacteria after culture, commonly, in yeast extract with
nalidixic acid (Jansson and Prosser, 1997). Nalidixic acid inhibits DNA gyrase, thereby
restricting DNA replication, thus it allows an increase in cell volume, while preventing
cell division. However, the capability of the cells to replicate is not considered in this
- method, consequently, DVC may overestimate the potential for growth in culture.

Acridine orange direct counts (AODC) are used to determine total counts without
culture. In theory, the AODC method should be able to distinguish between live and
dead cells as the acridine orange dye stains nucleic acids differentially, fluorescing
orange when cells are rapidly growing and RNA is plentiful, and fluorescing green when
only DNA can be seen within the nucleoid of inactive bacteria (Hobbie et al., 1977).
Many variations in experimental technique such as pH of dye, incubation time, and
concentration of acridine orange, may affect the fluorescent colour. For these reasons,
AODC is not considered a highly accurate means of distinguishing live from dead cells

(Roszak and Colwell, 1987). Wang and Doyle (1998), Santo Domingo et al.(2000), and
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Byrd et al., (1991) found little change in AODC of enteric bacteria in water over 12, 45,
and 93 weeks, respectively, but observed a population decline using plate counts and
DVC.

Immunofluorescence techniques, such as fluorescent antibody (FA) counts are helpful
when counts of specific baterial species in a mixed culture are required, but FA methods
are unable to differentiate live from dead cells and fluorescing celis may be masked by
particulates in water samples (Jansson and Prosser, 1997; Roszak and Colwell, 1987).
Roszak et al., (1983) found AODC were 40 and 20% higher than FA counts and DVC,
respectively.

Concurrent use of direct counting and culture counting methods in work by Jimenez
et al., (1989), Wang and Doyle (1998), Santo Domingo et al. (2000), Byrd et al., (1991),
Roszak et al. (1983) suggest the slope of survival curves is less with direct count
methods. The duration of survival of enteric bacteria as measured by DVC has been
reported to be shorter than that measured by AODC (Byrd et al., 1991, Roszak et al.,
1984). Differences in direct and culture counts have been attributed to the presence of
non-culturable or dormant cells (Santo Domingo et al., 2000; Roszak et al., 1983).

Graphical representation of survival of bacteria has been examined in the past
(Buchanan et al., 1993; Whiting, 1993; Xiong et al., 1999; Postgate, 1976; Flint, 1987,
McCambridge and McMeekin, 1980). Curves generated from concentration values
plotted over time for the duration of an experiment exhibit decline phases, but may or
may not have other component phases, and frequently vary in shape. These curves may
be linear, curved with a shoulder, curved with a tail, or with shoulder and tail (sigmoidal)

(Xiong et al. 1999).
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The initial lag time during which there is little decrease in bacterial concentration
with time is termed a shoulder phase. It is thought to be unrelated to the response to
environmental conditions (Whiting and Buchanan, 1997). Some have suggested it
represents the degree of clumping of cells. Bacterial aggregates are enumerated as one
colony forming unit. As cells on the exterior of the aggregate become inactive, the cells
within the aggregate survive, thereby extending the duration of survival of the aggregate
(Adams and Moss, 1995). Kurath and Morita (1983) reported an increase in respiration
of glutamic acid that coincided with the shoulder phase in plots of plate counts versus
time. Respiration of glutamic acid decreased sharply after the 5™ day of the experiment
as did plate counts. But the authors did not suggest a direct association between the two
events. In many studies workers have not observed shoulder phases consistently
(Postgate, 1976; Flint, 1987; Whiting er al., 1996; Buchanan et al., 1993). There is as yet
not an accepted method of determining the transition between phases, but the intersection
of the best-fit line through the points of the shoulder period with that of the decline phase
has been used to estimate the time at which the bacteria leave the shoulder phase and
begin the decline (Xiong et al., 1999).

All bacterial survival curves have some form of decline phase. During this phase,
bacteria that have a greater resistance to stress are better able to survive, but eventually
they too are unable to persist, and the decrease in this population occurs during the slow
count decline of the tail phase. Postgate (1976) suggested that the majority of loss of
population seen during the decline phase was a result of the lack of a specific nutrient. If
the decline phase is relatively linear, it may be described by first-order kinetics (Hohls ef

al., 1995; Xiong et al., 1999).
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The second lag time that is shown in some survival curves is referred to as the tail
phase. Cerf (1977) described biphasic curves with a tail phase as an indication of the
presence of two levels of resistance in the bacterial population. Bacteria characterised by
Kurath and Morita (1983) as those that had shifted their metabolic activities in response
to starvation after 36 days, were able to persist in some samples for up to | year.

The overall magnitude of cell loss and duration of survival in non-filtered water
varies among studies. McCambridge and McMeekin (1980) observed a decrease of 10*
E. coli counts / ml, with native bacteria, and 10’ E. coli counts / ml, with protozoa and
bacteria, in 10 days in estuarine water. Flint (1987) observed a decrease of 10%% E. coli
viable counts/ml in 2 days in sewage-contaminated water at 37°C, and the same decrease
in 10 days at 4°C. Rhodes and Kator (1988) recorded a decrease in E. coli counts of
approximately 10° cells/ml in 11 days in February, and a decrease of 10” cells/ml in 15
days in July. In some studies of non-thermal survival models decimal reduction time, D
(time/loss of one order of magnitude) is the unit used (Buchanan er al. 1993; Whiting,
1993; Xiong et al., 1999).

Mechanistic and empirical models have been developed to predict the survival of
bacteria in closed systems. Xiong et al. (1999) developed a mechanistic model to predict
the time required for a given log cycle reduction in Staphylocaccus aureus in BHI broth.
Their model was a combination of three models. The first order kinetic model (Equation
1-1) describes a survival curve that is linear; the Buchanan model (Equation 1-2) has a
linear decline with a shoulder, and the Cerf model (Equation 1-3) has a linear decline

with a tail:
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N()=N,e™* Equation 0-1

10g N o (t < rlag )

log Nit)= t—t :
Nt ket -
-1_\1(_) =fe ' +(1- f)e™ Equation 0-3

0
where N = concentration of whole population

Np = initial concentration

k= death rate constants

D= 2.303k decimal reduction time

ki = death rate of less resistant sub-population (decline phase)
ka = death rate of more resistant sub-population (tail phase)

f = initial proportion in the less resistant sub-population

hag= lag time

A modified Gompertz equation (Equation 1-4) was developed to model sigmoidal

survival curves of Listeria monocytogenes in sausage, such that the surviving fraction of

bacteria was estimated as an exponential function of temperature, pH, and NaCl (Linton,

et al., 1995):

(A*Bt)

LSF =Ce™® -Ce ad Equation 0-4

where LSF = log surviving fraction of bacteria
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A = f (temperature,pH,[NaCl]), effect on shoulder phase
B = f (temperature, pH, [NaCl)), effect on death rate

C = f (temperature, pH, [NaCl}), related to total change in cell concentration

Such models of inactivation in foods are useful in permitting the estimation of the
effect of food processing and handling on bacterial survival. However, these closed
models may not accurately predict the survival in aquatic systems as they are typically
prone to fluxes of organic matter, micro-organisms, and other waterborne biota

(Stevenson, 1978).
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2 Prevalence of Escherichia coli Q157:H7 and Salmonella in Surface Waters of

Southern Alberta

2.1 Introduction

Public concern about microbial water quality and the need to understand the
occurrence of bacterial pathogens in surface water systems is evident, particularly
following waterborne outbreaks of enteric disease, such as in Walkerton, Ontario
(Kondro, 2000). While the use of untreated surface water for drinking is low in the
general population, contamination of public water supplies by surface water containing E.
coli O157:H7 and other pathogens has been reported (Jones and Roworth, 1996; Barwick
et al, 2000). Disease :Jutbreaks caused by E. coli O157:H7 in recreational water have
also occurred in the past (Keene et al, 1994; Kramer ef al., 1996, Warner et al., 1996).

Indicator organisms such as faecal coliforms and E. coli bacteria are often used to
suggest faecal contamination in materials, such as food and water. The strength of these
estimators to predict the presence of pathogens known to cause disease in humans has
differed among studies, and these differences may be due to contamination level,
laboratory methods of enumerating indicator organisms and the ability to detect
pathogens (Polo et al., 1998; Arvanitidou ez al., 1997; Townsend, 1992; Luppi, e al.
1988; Efstratiou et al., 1998). The guideline limits, or maximum allowable
concentration for water use in Alberta during 1999/2000 were: 400 E. coli or faecal
coliforms /100ml in recreational water (INatural Resources Service, Water Management
Division, Alberta Environment, 1999); zero E. coli 100ml in drinking water, although if

there are no E. coli in a sample, up to 10 total coliforms are considered acceptable
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(Federal-Provincial Subcommittee on Drinking Water, 1999); 1000 total coliforms
/100ml and )0 faecal coliforms /100ml in irrigation water (Canadian Council of
Ministers of the Environment, 1999).

This study was designed to gain information needed to understand the health risks
associated with E. coli O157:H7 and Salmonella spp in surface water in southern Aiberta
by estimating the prevalence of these pathogens in surface waters within the Oldman
River basin in southern Alberta. The hypotheses were that these pathogens were present
in surface water and that their prevalence varied with time and location. Temporal trends
in the frequency of detection of these pathogens were observed. A comparison between
the rate of detection in 1999 and 2000 for sites tested in both years was performed to
detect annual variability. As well, variation in prevalence among sampling sites was
observed. Three Salmonella -selective media were used in 2000 and a2 comparison of
their effectiveness in the detection of Salmonella was made. The relationship between
indicator organism concentration and the presence of E. coli O157:H7 and Saimonelia
spp. in the water samples tested in this study was also examined. As well, comparisons
were made between the rating of water samples in terms of the microbial water quality
guidelines used in Alberta (Natural Resources Service, Water Management Division,
Alberta Environment, 1999; Federal-Provincial Subcommittee on Drinking Water, 1999,
Canadian Council of Ministers of the Environment, 1999) and the presence of E. coli

0157:H7 and Salmonella spp.
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2.2  Methods and Materials

2.2.1 Study Sites

The Oldman River watershed in southern Alberta drains approximately 26,700 km®
(Natural Resources Canada, 2001). The headwaters of the Oldman River are along the
crest of the Rocky Mountain range. The river flows for 362 km until reaching the
confluence with the South Saskatchewan River. The watershed includes foothills east of
the Rocky Mountains and, further east, a generally flat topography with riverine coulees.
The land east of the foothills is largely agricultural, including dry land and irrigated crop
farming.

Of the 60261 km® of farmland in southern Alberta, 94% (64107 km?) is irrigated (Su,
1996). Primary crops within irrigated regions include barley, canola, and alfalfa (Alberta
Agriculture, Food and Rural Development, 2000). In Alberta many high animal-density
beef cattle operations are situated in regions serviced by irrigation distribution systems.
Primary feeds used in these -operations are irrigated barley silage and grain barley
(Alberta Agriculture, 1991). Dryland agriculture includes crops such as triticale,
safflower, lentils, as well as cattle grazing operations.

The Lethbridge Northern Irrigation District (LNID) is one of 13 irrigation districts in
Alberta. Its distribution system conveys water used to irrigate 534 km’ of agricultural
land within the Oldman River basin. The water is also used for livestock watering,
recreation and residential purposes (Lethbridge Northern Imigation District, 2000). Mean
monthly air temperature between April and October in Lethbridge ranges from 5.5 to

18.0°C, and mean monthly precipitation from 22.0 to 74.0mm (Agriculture and Agri-food

Canada Research Branch, 2000). From May 3 to September 7, 1999, water temperature
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within the LNID distribution system ranged from 3°C to 23°C (LNID, personal
communication).

In 1999, surface water samples used in this study came from 62 sites within the
Oldman River watershed, including 14 within the LNID (Appendices 1-3). Sampling
sites within the LNID water were adjacent to agricultural, recreational, or residential
land. Some sites were downstream of urban centres (Iethbridge, Fort Macleod, Picture
Butte, Coaldale); the samples from those sites included urban storm water runoff,
industry and municipal sewage treatment effluent, and groundwater recharge from those
cities. As well, samples were also collected from irrigation water at intakes of rural
municipalities {10 sites). Additional sites were tested in two series of synoptic flow
samples.

In 2000 additional sampling sites included 9 within the storm drain system of
Lethbridge, Alberta (population 68,712), 6 different municipal sewage treatment plants, 3

sites around a ski hill, and 16 sites along the Little Bow River and its tributaries.

2.2.2 Sample Collection

Over the 2-year duration of the study, 97 separate sites were sampled regularly
(weekly, bi-weekly, tri-weekly, or monthly). Regularly sampled sites are shown in
Appendices 1-3. In 1999, 62 sites were sampled regularly; in 2000, 58 were sampled
regularly. In addition, samples were obtained occasionally (1 or 2 samples from each)
from other sites, including sewage treatment facilities. Twenty-three sites were sampled
regularly in both years.

Staff of Water Management Division, Natural Resources Service of Alberta

Environment; Irrigation Branch of Alberta Agriculture, Food and Rural Development;
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Chinook Health Region; LNID; and City of Lethbridge collected the water samples.
Samples were taken either upstream from foothold, or with a plastic container on a pole,
from water at approximately 30 cm below the surface. Microbial analysis was conducted
at three laboratories. The Health Canada laboratory, Lethbridge, tested water samples for
the presence of E. coli O157:H7 and Salmonella. Some water samples were tested for
indicator organism concentration at University of Lethbridge Water Resources Institute
and the balance at the Provincial Laboratory of Public Health for Southern Alberta.
Water samples tested at the Health Canada laboratory and the University of Lethbridge
were collected in, or transferred to, sterile plastic bottles, and transported on ice packs
and laboratory analysis commenced within 24 hours of collection. Samples tested at the
Provincial Laboratory of Public Health were collected in, or transferred to, sterile plastic
bottles with sodium thiosulfate (to inactivate chlorine), and were transported to the lab
and tested before the end of the next day.

From June 1 to December 8, 1999, 586 and 530 water samples from 70 sites were
tested for the presence of E. coli O157:H7 and Salmonella, respectively. From March 3
to October 14, 2000, 967 samples from 538 sites were tested for the presence of these

pathogens.

2.2.3 Detection of E. coli Q157:H7

Water sarnples were dispensed in 100 mi volumes and 10 ml of 10X buffered peptone
water (BPW) was added, and incubated at 37°C for approximately 6 h. At this point, 1
mi was withdrawn, added to 9-ml trypticase soy broth with 2% novobiocin (Difco,

Detroit), and held at 42°C for 6 h + 2 h. Immuno-magnetic separation using magnetic
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beads (Dynal, Oslo) coated with O157 aatibody was carried out as described by
Chapman, et al. (1994). Bacteria adhering to the beads were streaked onto sorbitol
MacConkey agar containing cefixime (0.05 mg/1) and tellurite (2.5 mg/l1)(Sanderson et al.
1995). Following 24-h incubation at 42 °C, translucent colonies were tested by slide
agglutination using O157-specific antibody (Difco, Detroit). Agglutinating bacterial
colonies were inoculated into brain heart infusion broth (BHI) (Difco, Detroit). The
bacterial growth in BHI was harvested by centrifugation and DNA was extracted from
the bacterial growth as described by Ausubel et al. (1995). The DNA was tested using a
polymerase chain reaction (PCR) using the oligonucleotide primers that detect vt , vfa,
fliC, and eaeAq) 57 genes, the combination that suggests the presence of E. coli O157:H7

(Gannon et al. 1997).

2.2.4 Detection of Salmonelia

Water samples cultured in BPW, a pre-enrichment media, described above, were
incubated for another 18 h at 37°C. In the first year of the study, a 1 ml aliquot of was
taken from the BPW culture, inoculated into 9 ml of Rappaport Vassiliadis broth (RV)
for selective enrichment, and the culture was incubated at 42°C for 24 h. In 2000 the ratio
of BPW culture to RV broth was 1/100. In both years a 20 pL aliquot of the culture was
dropped onto the surface of modified semi-solid Rappaport Vassiliadis Agar (MSRV)
(DeSmedt et al., 1986; DeSmedt and Bolderdijk, 1987). If halos greater than 20 mm in
diameter formed in the media following another 24h incubation, a loopful of media at the
edge of the halo was cuitured on MacConkey agar, and colonies were tested by a slide

agglutination test with Salmonella O antiserum Poly A-1 and Vi (Difco, Detroit).
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To supplement the Salmonelia testing in the second year, testing included plating
samples, following selective enrichment in tetrathionate brilliant green broth (TBG), on
bismuth sulphite agar (BS), and brilliant green sulpha agar (BGS) (Becton Dickinson,
Cockeysville) as described by D’ Aoust and Purvis (1998). Suspected Salmonella
colonies on BS are shiny, dark greenish-brown with darkening of the surrounding media
without clearing, and on BGS are pink surrounded by pink media.

In the 2000 season, putative Salmonella colonies were inoculated into (Christensen’s)
Urea agar, triple sugar iron agar (TSI) and lysine iron agar (LIA) slants (D’ Aoust and
Purvis, 1998), and SIM medium (Carter, 1979). Those colonies exhibiting biochemical
responses typical of Salmonella were further tested using a multiplex PCR specific for
the detection of the Salmonella invA gene (Chiu and Ou, 1996).

Putative Salmonella cultures were sent to the Health Canada Salmonella Reference

Laboratory in Guelph, Ontario for biochemical testing and serotyping.

2.2.5 Indicator Organism Enumeration

Water samples were grouped by the site from which they were obtained and the

method by which they were enumerated.

2.2.5.1 Sample Set 1

The Provincial Laboratory of Public Health for southern Alberta received water
samples from regularly sampled Sites 1 through 76, (Appendices 1 and 3} and sewage
treatment facility samples the day after sampling. Tests were performed on the day after
sampling. Enumeration of indicator organisms was performed using a membrane
filtration technique (0.45 um pore)( Provincial Laboratory of Public Health, Calgary,
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personal communication). Filters were placed on faecal coliform agar modified (mFC)
with rosolic acid, to determine faecal coliform counts and on lactose glucoronide agar to
determine E. coli. In both cases incubation was at 44.5°C for 24 h =2 h. Blue, and green
or blue colonies were counted using stereoscopic microscopy as faecal coliform and E.

coli, respectively.

2.2.5.2 Sample Set 2

The University of Lethbridge Water Resources Institute enumerated indicator
organisms in water collected from Sites 77 though 97 (Appendix 3). Samples were tested
within the same day of sample collection. Samples volumes of 1 ml to 150 ml (adjusted
to obtain counts) were filtered (0.45 yum pore) and placed on mFC agar {Difco, Detroit).
In 1999 cultures were incubated overnight at 37°C to obtain total coliform counts and at
42°C or 45°C to obtain faecal coliform counts. Blue colonies were counted as faecal
coliforms and pink colonies as total colifonns: In 2000 plates were incubated for 24

hours at 42°C. Concentration was taken as the mean count of three plates per sample.

2.2.5.3 Statistical Methods

The apparent prevalence of E. coli O157:H7 and Salmonella in the water samples was
estimated as the number of samples from which pathogens were detected over the
number of samples tested. Prevalence in sampling sites tested in both years was
compared using a paired sample ¢-test. Sensitivity of Salmonella detection methods was

calculated based on Salmonella PCR results using the standard calculation:
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SENS = L Equation 0-1
TP+FN

where: TP = samples that were Salmonella PCR-positive and culture
positive on media

FN = samples that were Salmonella PCR-positive and culture
negative on media

Indicator organism counts were tested statistically as two separate pools (Sample Sets
1 and 2) to minimise any effects of different laboratory technique and sample transport
time. Since the Standard Methods for the Examination of Water and Wastewater
(American Public Health Association, 1985) recommends incubation at 44.5 + 0.2°C to
obtain faecal coliform counts in water, 45°C was assumed to have little selective effect
against faecal coliforms, hence faecal coliform concentrations in Sample Set 2
determined with 45°C and 42°C during 1999 and 2000 were pooled for analysis.

The Mann-Whitney U-test was used to compare mean ranks of indicator organism
counts in samples with or without pathogens (Polo et al., 1998). Univariate logistic
regression analysis was performed to describe any relationship between probability of
pathogen presence or absence based on concentration of indicator organisms (Efstratiou
et al., 1998; Hosmer and Lemeshow, 1989).

Significance of association between the violation/non-violation status of samples with
respect to water use guidelines and presence/absence of pathogens was tested with
Fisher’s Exact-test of 2X2 contingency tables. When significance of association was
demonstrated, association was estimated using an adaptation of the relative risk (RR), or

cumulative incidence ratio equation (Gertsman, 1998).



" TP+FP

L / N Equation 0-2

FN+TN
where: FP = samples that were Salmonella PCR-negative and culture
positive on media
TN = samples that were Salmonella PCR-negative and culture
negative on media
The predictive value positive (PVP) and predictive value negative (PVN) (Gertsman,

1998) were estimated as:

IP

= Equation 0-3
TP+ FP
and
= _IN__ Equation 04
IN+FN

PVP and PVN were calculated to assess the effectiveness of water use guidelines as a
means of predicting the presence of pathogens and of Salmonelia- selective plating media

as a means of detecting isolates confirmed as Salmonella.
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2.3 Results

2.3.1 Prevalence of Pathogens

In 1999 and 2000, E. coli O157:H7 was isolated from 13 of 1520 water samples
(0.86%); Salmonella were detected in 88 of 1456 samples (6.04%). Salmonella and E.
coli O157:H7 were both detected in samples from the Fort Macleod sewage treatment
plant on 8 September 2000, and West Side outflow on 31 July 2000. The latter sample
was from one of three sites, each on separate water flow paths, from which E. coli
Q157:H7 was detected on the same day. It was also detected on two sampling days from
the Oldman River downstream of the Battersea drain (Table 2-1), which receives
agricultural irrigation drainage water.

Salmonella serovars isolated were: Agona, California, Cubana, Enteriditis, Give
Var. 15+, Hadar, Heidelberg, Indiana, Mbandaka, Newport, Rubislaw, Schwarzengrund
Senftenberg, Thompson, Typhimurium, Typhimurium Var. Copenhagen, 1:4,5,12:i:-,
I:4,12:i:-, I:6,8:eh:-, I:11:1:-, :Rough-O:r:-, I:Rough—O:r:e;lx, Ma:41:24,223:,
Ma:42:g,251:-, MIb:16:z10:enxz15, Mb:60:r:-, MIb:60:r:enxz15. Typically each sample
contained only one Salmonella serovar, however, two different serovars were isolated
from 6 samples, hence, in total 94 Salmonella were isolated (Table 2-2). A large
proportion of the isolates (36.8%) were S. rubislaw.

Salmonella was detected in more than one sample from 19 different sites, i.e, from
samples collected from the same site but on different sampling days (Table 2-3). The
sites of highest Salmonella prevalence were the Fort Macleod sewage treatment plant
sample (prevalence =100%, n =1), followed by Storm Drain N2 (prevalence =80%, n = 5)

(Table 2-3). Sites where Salmonella prevalence was 33.3% and 25% included 2 sites that
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receive irrigation drainage from areas of livestock agriculture, LB6-9A and S1-DC
(Alberta Agriculture, Food and Rural Development, personal communication), and one
that received drainage from a goose pond, K-1 spill cutflow (LNID, personal
communication).

In 2000, the prevalence of E.coli O157:H7 peaked in the middle to end of July
(Figure 2-1). The mid-summer peak in Salmonella prevalence was common to both years
(Figures 2-2 and 2-3). The maximum weekly Salmonella prevalence during the study
was during the week of July 24, 2000 when 14 of 42 samples (33.3%) contained the
pathogen (Figure 2-3; serovars listed in Table 2-4).

The overall proportion of water samples that exhibited growth typical of Salmonella
on MSRV was 4.06% (8 of 197) in 1999 and 6.14% (18 of 293) in 2000 (data not
shown). Although this is an increase from one year to the next, there was no significant
difference in rate of Salmonella detected using MSRYV in water from sites tested in both
years between the two years (Table 2-5)(paired sample test t= 1.116; 2-tailed P =(.275;

=24). There was, however, a significant increase in the rate of E. coli O157:H7
detection in water from sites sampled in both years (Table 2-6)(paired samples test, ¢ =
1.809, 2-tailed P=0.0830; df=24). Prevalence of E. coli O157:H7 and Saimonella was
greater in sewage treatment plant and storm drain samples than in samples from other
types of sites (Table 2-7).

Of the 74 samples confirmed as Salmonella in 2000, 66, 52, and 58 samples exhibited
growth typical of Salmonella on MSRV, BGS, and BS, respectively. The calculated
sensitivity of MSRYV, then, was 89.2%, while the sensitivities of BGS and BS were less,

70.3% and 78.4%, respectively (Table2-8). The number of samples from which there
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was growth typical of Salmonelia on MSRV, BGS, and BS were 74, 407, and 348,
respectively. Thus, the predictive value positive for MSRV, BGS, and BS was 0.89,
0.13, and 0.17, respectively. This suggests that the likelihood that a sample that was
presumed to be Salmonella based on the growth on the selective media and would later
be confirmed to contain Salmonella was considerably greater if the media was MSRV,

than if 1t was BGS or BS.
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Table 2-1 Date and location of water samples from which E. coli O157:H7 was isolated.

Refer to Appendices 1, 2, and 3 for locations.

Date Sample Site

12 July 1999 Six Mile Coulee near Carlson Livestock

7 June 2000 S1-DC

21 June 2000 LB5M

4 July 2000 Oldman River downstream of Battersea drain
17 July 2000 Oldman River downstream of Battersea drain
31 July 2000 E-6 outflow

31 July 2000 Park Lake inflow

31 July 2000 West Side outflow

16 Aug. 2000 LB3M

30 Aug. 2000 S$2-DC

8 Sept. 2000 Fort Macleod Sewage Treatment Plant

18 Sept. 2000 A-1 at Maclntyre section

25 Sept. 2000 West Side inflow
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Table 2-2 Saimonella isolates obtained during 1999 and 2000.

Serovar Number of isolates %
Agona 2 2.1
California 2 21
Cubana 1 1.1
Enteriditis i 1.1
Give Var.15+ 6 6.3
Hadar 2 2.1
Heidelberg 2 2.1
Indiana 1 1.1
Mbandaka 5 53
Newport 2 21
Rubislaw 35 36.8
Schwarzengrund 1 1.1
Senftenberg 1 1.1
Thompson 1 1.1
Typhimurium 2 2.1
Typhimurium Var, Copenhagen 4 42
[:4,5,12:i:~ 1 1.1
I:4,12:i:- 4 4.2
1:6,8:¢eh:- 1 1.1
Ellir- 2 2.1
L:Rough-O:r:- 4 42
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Table 2-2 continued

I:Rough-O:r:enx 4 4.2
IMa:41:24,z23:- | 1.1
Ma:42:g,z51:- 1 1.1
Ib:16:z210:enxzi5 3 3.2
IIIb:60:r:- 1 1.1
Mb:60:r:enxz15 4 42
Total 94 100
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Table 2-3 Salmonella serovars listed by sample site.

Site name Prevalence  Serovars
(n)
BIM 5.0(20) Rubislaw
B4-4 10.0 (20) Lrough-O:r:- / Give var. 15+
B4-5 15.0 20) Lrough-O:r:enx / Give var. 15+ / Rubislaw (2)
B4M 10.0 20) Rubislaw (2)
LB4-2 20.0 20) Mbandaka / I:rough-O:r:enx
Give var. 15+ / Rubislaw
LB4M 10.0 20) I:rough-O:r:- / Rubislaw
LB5-10 10.0 20) I:4,12:i:- / I'rough-O:r:enx / Rubislaw
LB5M 20.0 (20) I:4,12:i:- / Rubislaw (3)
LB6-9A 25.0 (20) Newport (2) / 1:6,8:eh:- / I:rough-O:r:enx
Ib:16:210:enxz15 / Rubislaw (2)
S1-DC 25.0 (16) Give var. 15+ / Rubislaw (2) / Enteriditis
S2-DC 3.3(19) Mbandaka
Beaver Creek 7.7(13) Give var. 15+
Coalhurst Sewage 100 (1) Heidelberg
Treatment Plant
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Table 2-3 continued

Fort Macleod Sewage 100 (1) Agona
Treatment Plant

Little Bow River 7.1(14) Rubislaw
Oldman River above 16.7¢12) Rubislaw (2)
Lethbridge

Oldman River north of 13.3 (15) I:4,12:i:- 7 I:4, 5,12:1:-

Taber
Six Mile Coulee spillway 15.0(20) MIb:60:r:enxz15 / IIb:60:r:- / Rubislaw

Six Mile Coulee upstream 15.4 (13) Give var. 15+ / Ib:60:r:enxz15

of StormDrain 94-S8

Six-Mile Coulee / 12.5(8) [Ib:60:r:enxz15
‘Whoop-up spillway

St Mary River 10.0(10) Rubislaw
Storm Drain S-5/6 20.0(5) Hadar

Storm Drain at Churchill  25.0 (4) Cubana

Pond

Storm Drain N-2 R0.0(5) California / Heidelberg/ Mbandaka

Schwarzengrund/ Senftenberg

33



Table 2-3 continued

Storm Drain S-3
Storm Drain S-7
Storm Drain W-3
Storm Drain 94-S8
61-C inflow

A-1 @ Hwy 2
A-1 @ Maclntyre
A-1 outflow

A-1 inflow
Albion split
Battersea drain
K-1 Spill inflow
K-1 Spill outflow

Monarch drain

Monarch main

Oldman River

downstream of Battersea

20.0 (5)
20.0 (5)
200 (5)
20,0 (5)
9.7 31)
13.6(22)
9.1(22)
13.3 (30)
3.3(30)
50.0(2)
9.1(22)
16.7 (6)
33.3(6)

12.1 (33)

3.0(33)

13.6 (22)

Thompson

Rubislaw

California

Mbandaka

Typhimurium / I: 1 1:r / Hadar
Rubislaw (2) / lb:16:210:enxz15
Mb:60:r:enxz15 / Rubislaw
Mbandaka / Rubislaw (3)
Mb:60:r:enxz15

Typhimurium

Rubislaw (2)

Lilx

Agona, Indiana

I:rough-O:r:- / Rubislaw (2)
Typhimurium var. copenhagen (2)
Rubislaw

IMa:41:24,223:- / 1:4,12:i:- / IHa:42.g,251:-
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Table 2-3 continued

Park Lake south

Piyami

Szteina drain

West side outflow

4.3 (23)

3.0 (33)

12.1(33)

4.8(21)

Typhimurium var.

copenhagen
Rubislaw
I:rough-O:r:- / Rubislaw (2}

Typhimurium var.

copenhagen

ITh:16:210:enxz15

Parentheses indicates number of times a serovar was detected, when detected more than

once.
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Table 2-4 Salmonella detected by week.

Week starting:  Isolates  Salmonella serovars

12-Jul-99 2 Agona / IMb:60:r:enxz15

26-Jul-99 1 Hadar

09-Aug-99 3 Rubislaw (3)

16-Aug-99 2 Give var. 15+/ Rubislaw

23-Aug-99 2 Indiana / Typhimurium

06-Sep-99 4 Rubislaw (2} / L:11:r:- (2)

22-May-00 2 Mbandaka / Give Var. 15+

29-May-00 2 Iifa:41:2z4,223:- / Mbandaka

05-Jun-00 1 I:4,12:i:-

12-Jun-00 1 I:4,12:i:-

19-Jun-00 1 I:4,12:4:-

26-Jun-00 1 [1:6,8:eh:- / Newport]

03-Jul-00 1 [Mb:60:r:enxz15

10-Jul-00 3 Typhimurium / IlIb:60:r:enxz15 / Mbandaka
17-Jul-00 4 Lrough-Q:r:- / I'rough-O:rienx /Newport /Rubislaw
24-Jul-00 14 Rubislaw (6) / L:rough-O:r:enx (2) / I:rough-O:r:-(2)

Give Var.15+(2) / Heidelberg

[Rubislaw / I:rough-O:r:enx]
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Table 2-4 continued

31-Jul-00

07-Aug-00
14-Aug-00

21-Aug-00

28-Aug-00

04-Sep-00

11-Sep-00

18-Sep-00

15

Rubislaw (8) / Illa:42.g,251:- / MIb:16:210:enxzi5
Enteriditis / [I:4,12:1:- / I:4, 5,12:i:-

[HIb:6Q:r:-/ Rubislaw] / [Give Var.15+ / Rubislaw]
[MIb:16:2]10:enxz15 / Rubislaw)

Rubislaw(6) / Typhimurium var. copenhagen
California / Rubislaw/IIIb:60:r:enxz15

b:16:z10:enxz15 / Typhimurium var. copenhagen /

Give var 15+

Typhimurium var. copenhagen / Rubislaw(2) Mbandaka

Hadar / Thompson / Senftenberg / Schwarzengrund
Rubislaw / Agona

Typhimurium var. copenhagen / IITb:60:r:enxz 15
Heidelberg

Mbandaka / Cubana

Square brackets indicate that two different serovars were found in one sample.

Parentheses indicate number of times a serovar was detected, when detected more than

ance.
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Figure 2-1 E. coli O157:H7 prevalence by week in 2000, n = 967
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Figure 2-2 Salmonella prevalence by week in 1999, n=491.
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Figure 2-3 Salmonella prevalence by week in 2000, n=967.
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Table 2-5 Salmonella prevalence by site and year. Sites listed are those that were sampled
in 1999 and 2000.

Sampling site % Prevalence (n)
1999 2000

Battersea Drain ‘0.0 @) 0.0 (6)
Beaver Creek 1.1 (9 0.0
Castle River 0.0 0.0(6)
Expanse Coulee Adjacent To Highway #36 Bridge 0.0 (9 0.0
Haney Drain 0.02) 0.0(M
Little Bow River Near The Mouth 142(D 0.0(M
Oldman River Above Lethbridge 14.2(7) 16.7 (6)
Oldman River At Highway # 36 Bridge North Of Taber 0.0 (6) 14.2 (7)
Oldman River Near Brocket 0.0 (6) 0.0 (6)
Oldman River Near Purple Springs 0.0 (6) 0.0(2)
Piyami Drain 0.0 0.0(6)
Six Mile Coulee Spillway 0.0 (15) 40.0 (5)
Six Mile Coulee Upstream Of Storm Drain 94-S8 0.0 (8) 40.0 (5)
Monarch drain 14.2(7) 18.2 (22)
A-1 inflow 0.0 (8) 4.5 (22}
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Table 2-5 continued

A-1 outflow

Monarch main

Piyami

E-6 outflow

Park Lake inflow

61-C inflow

Szteina drain

West side inflow

12.5(8)

0.0 (8}

11.1 (9)

0.0(8)

009

22.2(9)

0.0(8)

0.09)

13.6 (22)

4.5 (22)

0.0 (22)

0.0 (22)

0.0 (22)

4.5 (22)

18.2 (22)

0.0 (22)




Table 2-6 E. coli O157:H7 prevalence by site. Sites listed are those that were sampled in
1999 and 2000.

Sampling site % Prevalence (n)
1999 2000
Battersea Drain 00N 0.0 (6)
Beaver Creek 0.0(9) 0.04)
Castle River 0.0(7) 0.0(6)
Expanse Coulee Adjacent To Highway #36 Bridge 0.0(9) 0.0()
Haney Drain 0.0(2) 0.0
Little Bow River Near The Mouth 00 0.0
Oldman River Above Lethbridge 0.0(7 0.0(6)
Oldman River At Highway # 36 Bridge North Of Taber 0.0 (6) 0.0
Oldman River Near Brocket 0.0 (6) 0.0 (6)
Oldman River Near Purple Springs 0.0 (6) 0.0 (2)
Piyami Drain 0.0(9) 0.0 (6)
Six Mile Coulee Spillway 0.0(15) 0.0(5)
Six Mile Coulee Upstream Of Storm Drain 94-S8 0.0(8) 0.0 (5)
Monarch drain 0.0 0.0 (22)
A-1 inflow 0.0(8) 0.0 (22)
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Table 2-6 continued

A-1 outflow
Monarch main
Piyami

E-6 outflow
Park Lake inflow
61-C inflow
Szteina drain

West side inflow

0.0 (8)

0.0(8)

0.0(9)

0.0 (8)

0.0(9)

00

0.0 (8)

0.0

0.0 (22)

0.0 (22)

0.0 (22)

4.5(22)

4.5(22)

0.0(22)

0.0 (22)

4.5(22)




Table 2-7 Number of isolates from various types of sampling locations, 2000.

Species Sewage treatment plant  Storm drain (%) Watershed ® (%)
(%) n=43 n=912
n=6
E. coli O157T:H7 1(16.67) 0 (0.00) 11 (1.21)
Salmonelia 2(33.33) 12 (27.91) 60 (6.58)

* Watershed samples were from sites that were not at sewage treatment plants or in the

storm drain system.
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Table 2-8 Effectiveness of Salmonella isolation methods in 2000. The number of samples

confirmed to be Salnonella-positive by serotyping and PCR in 2000 was 74.

Detection  True positive  False positive Sensitivity (%) Percent value

method samples samples positive
MSRV 66 0 89.2 0.89
BS 32 355 70.3 0.13
BGS 58 290 78.4 0.17
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2.3.2 Pathogen Presence and Indicator Organism Concentration

There appeared to be variability in the degree to which pathogen presence could be
inferred from indicator organism concentration in water samples. Differences in mean,
median, and range of 50% of indicator organism counts of pathogen-positive and
pathogen-negative samples in Sample Set 1{counts of samples from Sites 1 through 76,
performed at the Provincial Laboratory of Public Health)(Table 2-9, Figures 2-4 and 2-5)
suggest that among these samples, the presence of pathogens was generally more likely in
water samples with higher faecal coliform and E. coli counts. The predictive nature of
counts in Sample Set 2 (counts of samples from Sites 77 through 97 performed at the
University of Lethbridge) was less than that of Sample Set 1. In Sample Set 2 only the
faecal coliform counts of Sa/monella-positive and negative samples were significantly
different (P = 0.000) (Table 2-10). Furthermore, the mean and range of 50% of faecal
coliform counts of E. coli 0157:H7-positive samples in Sample Set 2 were lower than
that of E. coli O157:H7-negative samples (Table 2-10, Figure 2-4).

Pathogens were detected in 3 different samples in Sample Set 2 whose faecal
coliform concentration was measured at zero CFU/100ml. These samples include one
sample each on July 17, 2000 and September 25, 2000 from which E. coli O157:H7 was
detected, and one sample on September 4, 2000, in which Salmonella was detected.

The probability of the presence of pathogens in water samples was not associated
with indicator organism counts. Logistic regression coefficients were close to zero in
models of pathogen-indicator organism relationships (data not shown).

There was a lack of significant association between the violation or non-violation of a

sample with respect to the guidelines for indicator organism concentration and the
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presence or absence of E. coli 0157:H7 (Tables 2-11 and 2-12). There was, however, a
significant association between the risk of Salmonella presence and violation of water use
guidelines for faecal coliforms in recreational and irrigation water (Tables 2-11 and 2-
12). Drinking, irrigation, and recreational water microbial guidelines were generally
strong in terms of their predictive values negative, indicating that the absence of
pathogens could be effectively predicted in samples that were below the guidelines for
microbial water quality (Tables 2-11 and 2-12). Conversely, predictive values positive
were generally low, thus presence of Salmonella and E. coli 0157:H7 could not be

assumed in samples that were above the guidelines.
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Table 2-9 Sample Set 1 mean count of indicator organisms in 1999 and 2000. P is the
asymptotic 2-tailed significance of Mann-Whitney U-statistic, testing for difference in

counts between pathogen-positive and pathogen-negative samples.

Indicator  Pathogen Pathogen-positive Pathogen-negative P (n)

(CFU/100ml) (CFU/100ml)

Faccal  Salmonella  5758.98 620.78 0.000 (804)
coliforms £ .o 0157:H7 12388.20 880.69 0.003 (805)
E. coli Salmonelia 1573.71 267.10 0.000 (804)

E. coli O15T:HT 2260.20 139.49 0.004 (805)
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Table 2-10 Sample Set 2 mean count of indicator organisms in 1999 and 2000. P is the
asymptotic 2-tailed significance of Mann-Whitney U-statistic, testing for difference in

counts between pathogen-positive and pathogen-negative samples.

Indicator Pathogen Pathogen-positive  Pathogen-negative P (n)
(CFU/100ml) (CFU/100m)
Faecal  Salmonella 1072.16 295.36 0.000 (518)
coliforms  p. .1 0157.H7 106.03 349.64 0.9396
(518)
Total Salmonella 63654.25 140416.04 0.671 (113)
coliforms o 0157:H7 NA® 134981.58 N/A

® E. coli O157:H7 was not detected in any samples for which total coliform counts were

used in analysis.
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Figure 2-4 Variation in faecal coliform counts with presence or absence of E. coli
0157:H7 in water samples. Boxes represent 50% of values within the group. Whiskers
represent highest and lowest values, excluding outliers, which are values that are from 1.5

to 3.0 times the length of the box from the box edge. Box lines indicate median value.

Faecal coliform (log base 10 CFUN00mI)

04 _t Sample Set
. - o
-2 . . B3 2
N= 754 510 4 7

0 1

E. coli O157H7 (absence=0; presence=1}

71



Figure 2-5 Variation in faecal coliform counts with presence or absence of Salmonella in
water samples. Boxes represent 50% of values within the group. Whiskers represent
highest and lowest values, excluding outliers, which are values that are from 1.5 t0 3.0

times the length of the box from the box edge. Box lines indicate median value.
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Table 2-11 Sample Set I measures of relative risk and predictive value. Non-significant

(N/S) association was demonstrated by Fisher Exact test when 1-sided P > 0.05.

Water use Pathogen Relative risk  Predictive Predictive
(indicator organism) value value
negative positive

Drinking® Salmonella undefined® 1.00 0.07

(E. coli) E.coli OI1ST:HT  N/S 1.00 0.01
Irrigation” Salmonella 5.87 0.98 0.12
(faccal coliforms) E. coli 0157:H7  undefined? 1.00 0.01
Recreation® Salmonella 472 0.95 0.22

(E. coli) E.coliOI5T:HT  N/S 1.00 0.03
Recreation® Salmonella 4.01 0.96 0.17
(faccal coliforms) E. coli O157:HT  7.93 1.00 0.02

? Federal-Provincial Subcommittee on Drinking Water, 1999.

® Canadian Council of Ministers of the Environment, 1999
¢ Natural Resources Service, Water Managemeunt Division, Alberta Environment, 1999.

4 Division by zero.
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Table 2-12 Sample Set 2 measures of relative risk and predictive value. Non-significant

(N/S) association was demonstrated by Fisher Exact test when 1-sided P > 0.05.

Water use Pathogen Relative risk ~ Predictive Predictive
(indicator organism) value value
negative positive
Drinking® Salmonella N/A® N/A® N/AC
(total coliforms) E. coliOISTHT  N/A®® N/A®® N/AS®
Irrigation® Saimonella 3.59 0.97 0.11
(faecal colifarms) E. coli O15T:H7  N/S 0.99 0.01
Irn'gationb Salmonella undefined® 1.00 0.07
(total coliforms) E. coliOI5THT  N/A® N/A® N/A®
Recreation® Salmonella 2.81 0.95 0.13
(faccal coliforms) g i 0157H7  NIS 0.98 0.00

? Federal-Provincial Subcommittee on Drinking Water, 1999.

® Canadian Council of Ministers of the Environment, 1999.

¢ Natural Resources Service, Alberta Environment, 1999.

4 Could not be calculated as there were no samples for which total coliform counts were
below the drinking water guideline.

® Could not be calculated as E. coli O157:H7 was not detected in any of the samples
tested for total coliform counts.

f Division by zero.
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24 Discussion

The presence of E. coli 0157:H7 and some Salmonella serotypes in water samples
suggests some degree of risk to human health if water from which those samples were
obtained was consumed directly or indirectly. Among the Salmoneila serotypes isolated
were Agona, Hadar, Indiana, Typhimurium, Mbandaka, Newport, Rubislaw, Seftenberg,
Thompson, Heidelberg, Schwarzengrund, Cubana, Enteriditis, and Typhimurium var.
Copenhagen, which have been associated with outbreaks of disease in humans (Synott et
al., 1998; Faustini et al., 1998; Baxter and Morton, 1985; Kramer et al., 1996; Scheil ef
al.,, 1998; Van Beneden et al., 1998; Parish, 1998; Lehmacher et al,, 1995; Rushdy et al.,
1998; Shapiro et al., 1999; Shallow ef al., 1999; Levy et al., 1975; Anoaymous, 1992;
Afrasiabi and Walehhave, 1986).

The occurrence rate of E. coli O157:H7 in this study (0.86%) was lower than that of
the study by McGowan ef al. (1989) of 15 environmental sites in Philadeiphia (3.3%, 1 of
30). It should be noted, though, that sampling dates were not published in the McGowan
report, and the sample size was much smaller than the present study, hence a direct
comparison between it and the present study may not be applicable.

The Salmonella detection rate in this study (6.04%) was similar to that in the study by
Arvaitidou, et al. (1997) of 128 sampies taken from lakes and rivers in Greece over 12
months (6.2%), but much lower than that found by Polo er al, (1998) in 2440 samples
taken from sea (5.9%), river (58.7%), and freshwater reservoirs (14.8%) in Spain from
June to September over 4 years. In the latter study the geometric mean of FC counts in
river water was 12,853 CFU/100ml, much greater than that of water samples tested in this

study (737.4CFU/100ml), thus the higher Safimonella detection rate may have been a
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reflection of the greater overall faecal contamination in the samples. As well, the
likelihood that Polo and colleagues detected Salmonella in samples may have been
greater as they filtered llitre volumes prior to culturing, while the present study tested
100 ml aliquots.

Peaks in E. coli O157:H7 and Salmonella prevalence from the middle of July to the
beginning of August in this study are similar to the seasonal trend of disease due to
infectious agents in drinking water (June to August) (Kramer ef al., 1996; Levy et al.,
1998; Barwick e7 al. 2000). The peaks in pathogen prevalence were slightly later than
that of gastrointestinal iliness outbreaks associated with recreational water (June and
July) in the U.S from 1993 to 1998 (Kramer et al., 1996; Levy et al., 1998; Barwick et al.
2000), and the difference may be due to the fact that the U.S. generally has warmer
weather earlier than southern Alberta. The seasonal peak in Salmonella detection in the
present study (Figures 2-2 and 2-3) is shifted one month later than that observed in
freshwater in India by Sharma and Rajput (1996). In that study, peaks in Sa/monella
concentration were observed in the middle of June to the beginning of July in both years.

Storm drain, sewage treatment plant, and watershed sources appear to be contributing
to the prevalence of E. coli O157:H7 and Salmonella in surface water in southern Alberta
to varying degrees (Table 2-7). However, due to the small sample size of the sewage
treatment plant samples, and to a lesser degree of the storm drain samples, the estimates
of pathogen prevalence in these sources may not be accurate. Therefore, comparisons of
prevalence among the sampling site categories should be taken with caution. That E. coli
0157:H7 was detected from the watershed samples was not surprising as there were hoof

marks in the banks at numerous sample sites, within irrigated and dryland agricultural
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regions (data not shown). Watershed sampling sites were often chosen where roads
overpass the water system to allow easy access for workers collecting samples. Under
many of these overpass locations, large populations of birds, such as cliff swallows, were
common during the summer months; and may have been a factor in the occurrence of
Salmonella in the samples (Edel et al., 1976; Cizek ez al., 1994). In comparison to the
other sampling sites within this study, there may be a greater risk of infection associated
with the consumption or domestic use of water from the sampling site on the Oldman
River downstream of the Battersea drain as E. coli O157:H7 was detected in 2 samples
from that site and the prevalence of Salmonella in samples from this site was also high.

If the prevalence of E. coli O157:H7 (16.67%) and Salmoneila (33.33%) observed in
sewage treatment plant effluent samples tested in this study is typical for these plants,
they may be contributing these bacterial pathogens to the water bodies that receive their
discharge. If contamination from their discharge into water bodies cannot disperse well
or sediment out of the water before it is used for irrigation, recreation, or residential
purposes, there may be a risk of infection associated with the discharge.

The absence of E. coli Q157:H7 in storm drain water samples suggests city surface
water drainage discharge into the Oldman River has a low probability of contributing to
the prevalence of this pathogen in the river. However the high prevalence of Salmonella
in stormn drain water may be a concern to public health.

BS media is considered by D' Acust (1997) to be the preferred selective Salmonella
plating media due to its high sensitivity and ability to detect low levels of H,S
production. As well, BS is recommended by the US Food and Drug Administration

(Andrews, et al.,1992) as an effective media for detection of Salmonella in foods.
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However, as the predictive value positive of BS and BGS were 0.17 and 0.13,
respectively, they were not efficient means of detecting Salmonella in this study.

Distinguishing suspect colonies was difficult at the beginning of this survey due to
lack of laboratory experience with BGS and BS. Growth on BGS plates was frequently
over-grown with spreading colonies (Proteus spp.). In this study, MSRV was a more
specific media; its predictive value positive was 0.89. Ruiz et al. (1996) found
Salmoneila detection on MSRV media to be much lower in sensitivity (3.3%) than BS
(100%}), but in this study sensitivity of both MSRV and BS methods were high (89.2%,
and 78.4%, respectively)(Table 2-8),

Detection of E. coli O157:H7 and Salmonella in samples with no faecal coliforms in
100 ml samples suggested that this pathogen can not be assumed to be absent in water
samples with low coliform counts (faecal contamination was not measured). This
phenomena is not unique to this study, as Salmonella was detected in 0.9% of the
seawater samples tested by Polo e al. (1998) that had no measurable counts of total and
faecal coliforms.

Faecal coliform counts of Sample Set 2 were poor indicators of the presence of E. coli
0157:H7 compared to the counts of Sample Set 1(Table 2-7, Figure 2-4). Differences
between the range of counts of the two sets may have been due to the diffences in water
samples, as the sampling sites from Sample Set 1 had a variety of types of sites, while
sites from Sample Set 2 were only irrigation drainage sites. There also may have been
differences in enumeration technique; if identical samples had been tested in both

laboratories it would have been helpful in revealing differences between laboratories.
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Significant differences between levels of indicator organisms ia pathogen-positive
and pathogen-negative samples (Table 2-6) suggest that the relative magnitude of counts
could be an indication of the presence of pathogens. However, the likelihood of
pathogen presence in the samples could not be predicted from indicator organism counts
as the logistic regression coefficients in models of indicator organism counts and
pathogen presence were zero. A logistic regression coefficient describes change in the
odds that a dichotomous independent variable =1 with change in an independent variable
(Hosmer and Lemeshow, 1989). In this case, since the coefficients were zero, the odds
of pathogen presence in a water sample were not increased with higher counts. Efstratiou
et al. (1998) also found faecal coliform concentration was not associated with the
probability of Salmonella presence in water when using logistic regression analysis.
Modelis that could reliably predict the presence of pathogens would be valuable to water
quality monitoring agencies, and the need for them has been noted by the World Heatth
Organization (UNEP/WHO 1996).

Although none of the water from which pathogen-positive samples were obtained
were permissible for use as drinking water, based on the guidelines, some were
acceptable for recreational and, or irrigation use. While exposure is lower through these
routes than through drinking, low infectious dose associated with these pathogens (Keene
et al. 1994; Boyce, et al. 1995; Holcomb, et al. 1999; Blaser and Newman, 1982), means
even accidental intake during activities such as swirnming could result in infection.

Relative risk measures the strength of impact of a dichotomous independent factor on
a dichotomous dependent outcome, and is commonly used in toxicology and

epidemiology studies to assess causality (Gertsman, 1998). In this study, relative risk
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was used as a measurement of the association between pathogen presence and the status
of water samples with respect to water use guidelines. For example, Salmonella was 4.01
times more likely to be present in water with a faecal coliform concentration above
recreational water guidelines than in water concentrations below the guidelines.
Saimonella was also 5.87 times more likely in water above the faeca] coliform guidelines
for irrigation water (Table 2-8). It appears then, that, for the results of this study, the
irrigation guideline was more powerful than the recreational guidelines.

A review of studies of association between human health and microbial water
standards by Barrell et al. (2000) suggests that enterococci are more strongly associated
with risk to health than are total coliforms, faecal coliforms, and E. coli. In the absence
of human health and enterococci data of the samples in this study, a test of this
hypothesis could not be conducted. This would be the type of study necessary to assess
risks to human health associated with indicator organisms.

Understanding pathogen prevalence is critical for the evaluation of exposure
assessment in microbial risk assessments (Lammerding and Fazil, 2000). Quantitative
microbial risk assessments have been used in the establishment of government-regulated
water quality standards for indicator organism concentration (Macler and Regli, 1993).
Data such as those presented here can be used to set water use guidelines. A model could
be developed using the data that would minimise the number of samples with pathogens

below certain indicator organism levels.
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2.5 Conclusion

This survey of E. coli O157:H7 prevalence in surface water is one of the largest
performed to date. This pathogen was detected in 0.86% (13 of 1520) of the samples
tested over a two-year period. Salmonella species were isolated in 6.04% (88 of 1458) of
the samples. Peaks in prevalence of both species occurred from the middle of July to
early August. While there was no significant change between the years in the overall
prevalence in Salmonella, there was an increase in the prevalence in E. coli O157:H7
from 1999 to 2000. The presence of E. coli O157:H7 and Salmonella serotypes
associated with outbreaks of disease in humans suggests a risk to human heaith related to
consumption of water from which these pathogens were isolated. The absence of
Salmonella and E. coli O157:H7 was not always predicted in samples with concentrations

of indicator organisms below the guidelines for microbial levels in water.
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3 Survival of Escherichia coli O157:H7 and Salmonella typhimuriam in Surface

Water

3.1 Imtroduction

Waterborne transmission can disperse enteric pathogens over a wide area, and thus,
has the potential to spread infectious diseases to many individuals (Moe, 1997; Ewald,
1994). Recent large waterborne outbreaks include an outbreak of E. coli O157:H7
infection in Walkerton, Ontario in 2000, in which more than 700 individuals became ill
and 7 died (Kondro, 2000), and an outbreak of S. typhimurium infection, during which
625 became ill and 7 died in Missouri in 1993 (Kramer, et al,,1996). The duration of
pathogen survival in flowing surface water is a critical factor in the extent of the potential
zone of contamination, and number of individuals put at risk of infection. Persistence
also increases the time during which standing water in contained water bodies (lakes,
reservoirs) containing these bacteria can be a health hazard.

While bacterial survival models are not common for waterborme bacteria (Utzet et al.,
1996), they are commonly used in food microbiology to predict shelf-life, and the effects
of pathogen control measures for foods (Griffiths, 1994; van Gerwen and Zwietering,
1998). The three components of bacterial survival curves are the shoulder, linear decline,
and tail phases (Xiong et al. 1999; Whiting, 1993; Cerf, 1977). The microbial dynamics
that may have a role in the characteristics of each phase are presently not well
understood. Many predictive models exist that use standard curve equations to develop
models of responses of specific bacteria, in a given substrate, under fixed environmental

conditions (Abee and Wouters, 1999; Whiting and Buchanan, 1997).
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Some studies have considered the survival of pathogenic bacteria in water as it varies
with water temperature, species of pathogen, and concentration of autochthonous micro-
organisms (indigenous to the ecosystem){Flint, 1987; McCambridge and McMeekin,
1980; Wang and Doyle, 1998; Rhodes and Kator, 1988; McCambridge and McMeekin,
1981; Warburton et al., 1994).

The hypotheses for this study were that survival of E. coli O157:H7 and §.
typhimurium in surface water are effected by various environmental conditions, and that
survival would vary between the 2 pathogen species and between waterborne strains and
strains isolated from other sources. Environmental conditions considered included
temperature, turbidity, autochthonous bacteria, and initial concentration of pathogen
inoculum. As well, the differences in response between the two species, and between
bacteria of these species isolated from water and ones isolated from the fauna of
vertabrate hosts were examined. Characteristics of survival curve components examined
in this study include overall survival duration, presence of a shoulder phase, duration of
tail and decline phases, and average acceleration during the decline phase. Acceleration
during the decline phase was developed as a novel parameter to address the issue of

modelling non-linear decline.
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3.1 Methods and Materials

3.2,1 Water Collection and Characterisation

The study is comprised of two experiments. The first observed survivai in filtered
and non-filtered water labelled Waters A and B collected from 2 different sites. Bacterial
counts were made on duplicate Trypticase Soy Agar (TSA) plates. In the second
experiment growth from non-filtered water from 5 sites B through F was enumerated on
MacConkey agar in duplicate. Water A was collected in February 2000, and Waters B
through F were collected in July 2000; all collection sites are briefly described in Table
3-1 and shown in Appendix 4. All water samples were collected in sterile 2 L flasks,
triple-rinsed and held 20 cm below the surface, upstream of the foothold, and transported
in chilled containers. Duplicate turbidity readings (optical deansity (OD) at 600 nm) were
taken of Waters B through F. Estimates of autochthonous bacteria concentration in the
non-filtered water collected from each site were obtained from plate counts on TSA or
Luria-Bertani (LB) agar. Samples of 0.1 ml were spread on the agar, and incubated at

37°C for 24 #2h.
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Table 3-1 Descriptions of sites from which water was collected for survival study.

Water Water collection site location Site characteristics

label

A Olin Creek, 15 km upstream of the Oldman River  Very clear water; rock

Reservoir bottom release bottom; shallow, high flow.
B Little Bow River, near the mouth Very turbid water, no cattle
present
C Little Bow River, 8 km downstream of Travers Turbid water, with many
Reservoir outflow macrophytes and cattle
access
D Little Bow River approximately 200m Very clear water, with some
downstream of the Travers Reservoir outflow macrophytes and cattle
access
E Lethbridge Northern Irrigation District Very clear water, no
distribution intake from the Oldman River macrophytes or livestock
access
F Little Bow River, 2 km downstream of Very turbid water, cattle
Sorgaard drain and cattle feeding operations access
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3.2.2 Isolation of Nalidixic Acid-Resistant Mutant Pathogenic Strains

Broth cultures of S. typhimurium phage type 110b (LCDC# SA994692) and E. coli
0157:H7 phage type 31 (LCDC# EC990850), a laboratory strain of §. typhiimurium,
phage type Z30 (ATCC 14028), and a bovine isolate of E. coli O157:H7 were swabbed
onto TSA (Difco, Detroit), and incubated overnight at 37°C. Lawns of bacterial growth
were swabbed and streaked onto TSA containing a nalidixic acid concentration of 200
pg/ml and incubated 24 £2 h at 37°C. Single colonies were streaked onto TSA with
nalidixic acid (200 pg/ml) and incubated at 37°Cfor 24 2 h. One day prior to
experiments, colonies were inoculated into 10 mi of BHI (Difco, Detroit) or Trypicase
Soy broth (TSB, Difco, Detroit) with 0.02 ml of 100 mg /ml-nalidixic acid, and then
incubated at 37°C, shaken at 150 rpm. (Henceforth, reference in this text to detection
media used in this survival study will be assumed to include nalidixic acid at a

concentration of 200 pg/mi).

3.2.3 Preparation and Organisation of Samples

To test for the presence of nalidixic acid-resistant organisms in the source water, 0.1
ml of the non-filtered water from each site was cultured in TSB (37 °C, 150 rpm for 24 +
2 h) and plated on TSA.

Half of the volume of Waters A and B were filtered through 0.2 pm pore fibreglass
filter units (Nalgene, Rochester), and poured into sterile flasks or bottles. The other half
of Waters A and B, and Waters C through F were not filtered.

Turbidity (OD 600nm) of S. typhimurium and E. coli O157:H7 culture broths was

measured. Cells were harvested by centrifugation (4000 X g, 10 min). To prevent
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nutrient carry-over from the culture to the water inocula, cells were washed in 0.1M
phosphate buffered saline (PBS) 3 times. The washed culture was diluted into PBS and
the required volume to obtain approximately 10° CFU/ml was added to the water
samples. Following pathogen inoculation into the water sample the samples were mixed
with a magnetic stirrer for at least 1 minute and decanted in 125 ml to 200 ml volumes

into sterile 250 ml glass bottles. Each bottle represented an experimental sample of

water from one site, with one strain of inoculated bacteria, held at either 10°C or 20°C.
Multiple samples of the same conditions, comprising a sample set, were tested. Four
samples were used in each of the 16 sample sets of the water from Site A (4 strains, 2
temperatures, 2 filtration treatments). Three samples were grown in each of the 8 sample
sets of water from Site B (2 strains, 2 temperatures, 2 filtration treatments), and the 4
sample sets of water from Sites C through F (2 strains, 2 temperatures). Water was held
at 10°C £ 3°C in a refrigerator, or at 20°C + 3°C in a cool storage room. Figures 3-1, 3-2

and 3-3 illustrate the sample organisation.
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Figure 3-3 Schematic outline of temperature and inocula of samples of Waters B through

F plated on MacConkey agar.

Water label: B.C,D,E,orF

Species: S. typhimurium, FE _coli O157:H7

Temperature: 10 20 10 20

Sample: 89 92 95 98
90 93 96 99
91 94 97 100
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3.2.4 Enumeration

Bottles were mixed by inversion or swirling and 2 0.1 ml aliquot was withdrawn with
a pipette and spread on duplicate solid media. Following inoculation plates were placed
into a 37°C incubator for approximately 1h, then inverted and incubated for 16 h+ 1 h.
Solid media were kept in opaque containers and were warmed at 37°C for 1h prior to use.
Colony counts were taken using a pen counter (Scienceware F37862-000, Pequannock).

Survival -of inocula in samples of Waters A and B was estimated from growth on
TSA. Samples of Waters B through F were also cultured on TSA from Day O to Day 3.
Growth in TSB and on TSA of nalidixic acid-resistant autochthonous bacteria was
observed in water sampled from one site. Thus, this water was not included in the study.
At this point, the survival experiment using Water A was completed, as were the first 3
days of the survival experiments using Waters B through F. From this point on in the
study, MacConkey agar was used as an alternative to TSA. A comparison study was
performed to assess any difference between ;,rrowth of the pathogens on MacConkey agar
and TSA. The counts obtained from TSA in the first 3 days were then transformed to

counts equivalent to what would likely have been obtained from MacConkey agar.

3.2.5 Survival Curve Parameters and Factors

The survival curves described had three distinct phases of pathogen response to
environmental stresses: the shoulder, decline, and tail phases. Five dependent curve
parameters were used to characterise these phases. These were: presence or absence of a
shoulder phase, duration of the decline phase, average acceleration of the decline,
duration of the tail phase, and overall duration of the survival curve. A typical plot, with
the components of survival curves, is illustrated in Figure 3-4. Summaries of the
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independent factor variables and dependent parameter variables are given in Tables 3-2
and Table 3-3, respectively.

Percent of initial concentration of inoculum (Cg) was plotted against time for each
sample using mean sample concentration (CFU/0.1 ml). Linearity was assumed between
sampling days. The last time the sample average count was 100% of initial concentration,
Co was interpolated and was assumed to be the beginning of the decline phase, to gectine.

If, for a given sample, tg geciine Was greater than zero, a shoulder phase was said to be
present in the survival curve.

Following visual inspection of the survival curves (data not shown), the boundary
conditions were established for the beginning of the tail phase (tg ,3). In most survival
curves of pathogens in non-filtered samples tg oy Was the first time when the count was
6.5% of Cy, and for fiitered samples, it was when the count was 30% of Cq. The value of
to il for each sample was interpolated from the data.

The time between the beginning of the decline phase (g gecine} and tg ) Was
designated as the duration of the decline phase, abbreviated in this text as Atgeciine-

The last time the sample average concentration was 0.1% of Cy was interpolated from
the data, and this measure of the total survival duration was abbreviated as to;, This is
equivalent to a 3 decimal reduction in concentration, D3, but ty; was felt to be a more
descriptive termn. While the inclusion of the tail phase duration is inferred in the duration
of tp;, D3 may not always include the tail phase. Duration of the tail phase for each
sample was calculated as the time between tg it and tg; and was abbreviated as Aty

The sampling days closest to tg ¢ecline and the beginning of the tail phase were

determined. From visual inspection, it appeared that the decline phase for most samples
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was non-linear, thus second-degree polynomials were fitted through the points starting on
the sampling day closest to t geciine and ending on the sampling day closest to ty .3 of each
plot (Excel version 9.0). The average acceleration of a function is defined as its second
derivative, thus the average acceleration of decline during the decline phase, A, of the
second-degree polynomial decline curve, was estimated as 2 times the second-degree
term coefficient of the polynomial. As the second derivative of a linear function is also
the curvature, the assumption of non-linearity of the decline phase was tested. When the
polynomial curve was formed by only 3 points and was not close to linear, the curve was
considered to not be a best-fit line, or if the boundary condition for tg .,y was not fulfilled,

A was not calculated.
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Figure 3-4 Example of survival curve elements. The beginning of decline phase was
defined as the last time the mean sample concentration was 100% of Cp. The beginning of
tail phase was defined as the first time mean sample concentration was 6.5% of Cy in
non-filtered samples, and 30% of Cqin filtered samples. The end of tail phase was

defined as the last time mean sample concentration was 0.1% of C.
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Table 3-2 Independent variables examined in study.

Factor Description (values) Application

Species dichotomous, nominal all
(S.typhimurium, E. coli O157:HT7)

Isolate type dichotomous, nominal Water A
(water, other)

Temperature dichotomous, interval all
(10°C,20°C)

Filtration dichotomous , notminal Waters A and B
(yes, no)

Autochthonous bacteria continuous, ratio alt

level

Turbidity continuous, ratio Waters B to F

Initial concentration continuous, ratio all
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Table 3-3 Dependent curve parameter variables used in study.

Parameter  Unit Description Equation
to.1 d Time at which average count is 0.1% of none
initial
Aty d Duration of tail phase tos - o il
At gecline d Duration of decline phase to wil - o decline
A % / d* Average acceleration during decline phase  2a;
Shoulder none Presence or absence of shoulder phase none
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3.2.6 Statistical Analysis

The mean of duplicate plate counts for each sample was used in all statistical
analysis. All statistical analyses were performed on the Statistical Package for the Social
Sciences (SPSS, Chicago).

Bivariate correlation analysis was performed to test for a significant relationship
between autochthonous bacteria concentration and turbidity. One-sample means test (test
value, mean =0) of all values of A was used to assess if the assumption of non-linear
decline phase (outlined above) was valid.

In order to determine which factors had no significant effect on curve parameter data
two-way univariate ANOVA tests were performed (Iversen and Norpoth, 1987).
Categorical independent variables (temperature, species, source of isolate, autochthonous
bacteria concentration, and filtration) were entered as fixed factors, then significant
factors (P <0.05) were identified. H a factor had no significant effecton a parameter, the
parameter values were assumed to be homogeneous within the factor category (Bach ez
al.,1999). Based on this assumption, curve parameter data within non-significant factors
of samples were pooled in order to increase the number of samples that could be tested
for association to autochthonous bacteria concentration and turbidity (non-parametric
Spearman’s correlation coefficients). Conversely, if a factor was determined by the two-
way ANOVA results to have a significant effect on a parameter, the parameter values
within the categories of that factor were not pooled and statistical analysis was performed

on each category separately.
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Spearman’s rank test was also used to measure the correlation between Cp of
inoculum and curve parameters.

Pearson xz was calculated for 2X2 tables to test effects of species, temperature,
filtration, and source of isolate on presence/absence of shoulder. Logistic regression
techniques were used to test for an increase in the probability of shoulder phases with

increases in initial inoculum concentration.
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3.3 Results

3.3.1 Woater Characterisation

In Table 3.4 characteristics of the water prior to inoculation are listed. Generally
higher plate counts were obtained from water with higher turbidity, however, no
association between turbidity and autochthonous bacteria counts could be inferred
(regression R? = 0.377; t =1.349; P =0.2702). Turbidity in the samples, then, was not a2

reflection of indigenous bacterial concentration.
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Table 3-4 Characteristics of surface water prior to inoculation. Characteristics of Waters
A and B were measured prior to filtration and inoculation. Mean plate counts were

assumed to measure autochthonous bacteria in the samples.

Water label Mean plate count Mean turbidity, OD 600nm
(CFU/0.1ml) (n=2) (n=2)

A 0? Not tested

B 55.5° 0.0095

C 91.5° 0.0215

D 12° 0.0030

E 77° 0.0020

F 79° 0.0255

® indicates TSA counts, with no nalidixic acid in media

® indicates LB counts, with no nalidixic acid in media
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3.3.2 Media and Enumeration Technigues

Paired ¢- tests indicated that there was a significant difference (P <0.05) between
duplicate plate counts of 5 of 144 (3.5%) samples of the filtered Water A (data not
shown). The media comparison study results showed significantly lower mean counts of
S. typhimurium (2-tailed t-test, t = -3.250; P =0.007; df=7) and E. coli O157:H7 (¢ = -
3.548; P =0.003; df=9) on MacConkey agar than those on TSA (data not shown).
Consequently, pathogen survival measured from MacConkey plate counts and TSA

plates could not be pooled.

3.3.3 Survival Curve Parameter Data

Statistical measures of the curve parameter data from the experiments are presented in
Appendices 5 and 6. Graphs of time versus mean percent of C, for each sample are in
Appendices 7 through 50, decline phase plots for each sample are in Appendices 51
through 94. Decline phases, as fit by second-degree polynomials were not straight lines.
One-way r-tests using zero as the test value, suggest the mean curvature of the decline

phases of all samples was non-zero (Table 3-5).
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Table 3-5 Test results of the assumption of non-linearity in decline phase curves.
Acceleration (A) measured curvature of decline phase of samples, thus, the ¢-test value

formean A = 0.

Samples Mean A t df P
Waters A,B (TSA) -0.379 -2.135 82 0.036
Waters B through F 1.740 2.765 59 0.008
(MacConkey agar)
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3.3.4 Variation in Survival Curve Parameters with Categorical Factors

Almost every survival curve parameter differed with a unique set of factors (Tables 3-
6 and 3-7). While the time parameters (tg.1, At il, At deciine ) differed with filtration in
Waters A and B plated on TSA, it did not influence the acceleration during decline, A.
Also, of note is the fact that there was variation in all survival curve parameters of the
samples plated on MacConkey agar with water label (Table 3-7). The variation in At 1
among the collected water is shown in Figure 3-5. As there was no significant difference
between parameter values of the two species (Table 3-7), parameter values for both E.
coli O157:H7 and Salmonella in Waters B through F were pooled prior to further

analysis.
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Table 3-6 ANOVA results testing for differences in survival parameters of pathogens in
Waters A and B (counts on TSA) due to site, temperature, filtration, species, and source
of isolate. SS= sums of squares, MS = mean square. If P > 0.05 for a factor, parameter

values within the categories of that factor were pooled prior to further analysis of effects.

Parameter Stat. Waterlabel® Temperature Filtration  Species Isolate

(°C) source
to1 SS 854.67 108.89 74935.82 130.47 2563.59
(d) df 1 1 1 | 1
F 31.219 3.978 2737.227 4.766 93.642
P 0.000 0.052 0.000 0.034 0.000
At i, SS 188.73 794.88 41594.79 254.43 1008.60
) i1 1 1 1 1
2.697 11,359 594.410 3.636 14413
0.108 0.002 0.000 0.063 0.000
At gecline SS 186.52 141.83 8821.68 22994 527
@ a1 1 1 1 1
F 1.588 1.207 75.092 1.957 0.045
0.212 0.276 0.000 0.167 0.833
A SS§ 1.21 0.459 3.63 15.02 2.58
(%/d%) a1 1 ! 1 1
F 0.777 0.302 2.336 9.677 1.660
0.382 0.585 0.132 0.003 0.203

* Autochthonous bacteria level and turbidity were linked to water labels; i.e. each water
from each label (A through F) had one autochthonous bacterial concentration and one

turbidity measurement .

104



Table 3-7 ANOVA results testing for differences due to site, temperature, and species in
survival curve parameters for pathogens in Waters B through F (counts on MacConkey
agar). SS= sums of squares, MS = mean square. If P > 0.05 for a factor, parameter values

within the categories of that factor were pooled prior to further analysis of effects.

Parameter Statistic Water label * Temperature Species
‘O
tol SS 507.97 147.96 40.31
(d) df 4 1 1
MS 126.99 147.96 40.31
F 6.399 7.456 2.031
P 0.000 0.009 0.162
At SS 350.58 2.56 46.48
(d) df 4 1 1
MS 87.65 2.56 46.48
F 5.265 0.154 2.792
P 0.002 0.697 0.103
AL decline SS 52.63 177.02 0.047
(d) df 4 1 1
MS 13.16 177.02 0.047
F 21.948 295.276 0.078
P 0.000 0.000 0.781
A S8 338.74 166.67 81.11
(%/d%) df 4 1 1
MS 84.69 166.67 81.11
8.218 16.174 7.871
P 0.000 0.000 0.008

? Autochthonous bacteria level and turbidity were linked to water labels; i.e. each water
from each label (A through F) had one autochthonous bacterial concentration and one

turbidity measurement .
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Figure 3-5 Variation in At y among Waters B, C, D, E, F. Error bars indicate 95%

confidence interval, and markers indicate mean value.
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3.3.5 Association between Parameters and Autochthonous Bacteria and Turbidity

Turbidity of the water had a significant negative association with At geciine for samples
held at 20°C (Table 3-8, Figure 3-6), while autochthonous bacteria concentration was not

related to any curve parameters for samples plated on MacConkey agar (Table 3-9).
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Table 3-8 Spearman correlation between turbidity and survival curve parameters.

Parameter Temperature (°C) Coefficient n P

to, (d) 10 -0.229 30 0.224
20 -0.114 30 0.547

At ;1 (d) 10 -0.087 30 0.647
20 -0.063 30 0.742

AU geciine (d) 10 0.302 30 0.104
20 -0.561 30 0.001
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Table 3-9 Spearman correlation between autochthonous bacteria concentration and

survival curve parameters.

Parameter Temperature (°C) Coefficient n P

to (d) 10 0.272 30 0.145
20 0.180 30 0.342

At 1 () 10 0.267 30 0.154
20 0.155 30 0.413

At gectine (d) 10 0.267 30 0.154
20 0.139 30 0.464
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Figure 3-6 Decrease in At gectine With increase in turbidity for E. coli O157:H7 and
Salmonella in Waters B through F.
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3.2.6 Effect of Filtration gn Curve Parameters

The time measurements tg ;, Atwi, and At gecine differed with filtration treatment (Table
3-6). The mean of pooled values of At geciine in filtered water was 31.72 days, while the
mean in non-filtered water was 10.46 days (¢ = 6.385, df=44.9, P =0.000). Interestingly,
the mean At geqjine values in filtered Water A were significantly higher than in non-filtered
Water A (mean At gectine "™ = 32.27 days, At gectine™" "% = 12.33 days, 1 = 4.845, df
=32.8, P =0.000) even though non-filtered Water A did not have autochthonous bacteria

(Table 3-4). Figure 3-7 shows the difference due to filtration in Water A is smaller, but

similar to the difference in Water B.
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Figure 3-7 Variation in At gecine With filtration for E. coli O157:H7 and Salmonella in
Waters A and B. Water A had no autochthonous bacteria, while Water B had 55.5

CFU/0.1ml. Error bars indicate 95% confidence interval, and markers indicate mean

value.
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3.3.7 Variation in Parameters with Pathogen Species and Source of Isolate

The only parameter that differed significantly between the pathogen species was A
(Tables 3-6 and 3-7). While on average, S. typhimurium in Waters A and B dropped in
counts at the onset of the decline phase (mean A = -0.840 %/d*), E. coli 0157:H7 did not
(mean A = 0.0714 %/d’), and the difference in acceleration during decline was significant
(¢t =-2.662, df = 81, P =0.009). Significant differences in Aty existed between
waterborne and isolates from other sources in filtered Water A at 10 °C (F = 8.236, df =I,
P =0.024), however no significant difference existed in the filtered Water A at 20°C (F =

0/019, df =1, P =0.894) (Figure 3-8).
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Figure 3-8 Variation in Aty with source of strain and temperature in filtered Water A.
Boxes represent 50% of values within the group. Whiskers represent highest and lowest
values, excluding outliers, which are values that are from 1.5 to 3.0 times the length of
the box from the box edge. Horizontal box lines indicate median values. The median and
50% of values of At,,; was greater at 10°C than at 20°C for strains not isolated from

water, but this same trend was not seen in the waterborne strains.
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3.3.8 The Effect of Temperature on Survival Curve Parameters

Temperature had a strong influence on all continuous curve parameters except for
Aty for pathogens in Waters B through F (Table 3-7). In general, t g ; and At gujine are
less when pathogens were held at 20°C than when held at 10°C (Table 3-10, Figure 3-10).
However, mean values of t o} were greater in Waters E and F at 20°C than when held at
10°C (Table 3-10), suggesting the possibility of some interactive effect between
temperature and some other factor associated with the water samples may have
influenced the ability of the pathogens to persist.

Figure 3-11 shows a comparison of the mean At geiine values for E. coli 0157:H7 and
§. typhimurium (assuming species has no effect on At geciine, See Table 3-5) between
filtered and non-filtered Water B at 10 and 20 °C, and indicates that pathogens benefit
from the higher temperature when no bacteria are present (filtered water), but are at a
disadvantage in non-filtered water. A significant difference (£ =0.000) existed between
At gectine at 10 °C (mean = 7.77 days) and 20 °C (mean = 3.20 days) in the non-filtered
Water B. However, the same was not true in filtered Water B at 10 °C (P =0.439; mean

= 26.3 days) and 20 °C (mean = 35.5 days).
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Table 3-10 Variation in survival curve parameters with temperature and water label for E.

coli O157:H7 and Salmonella. All values are means, n in parentheses.

Parameter Temp. B C D E F
(°C)
tor(d) 10 9.93%6) 18.30%6) 14.746) 16316)  10.44(6)
20 5566)  7.17(6)  10.98(6)  17.07(6)  12.93(6)
At deciine (4) 19 673%6) 896%6) 6.52%6) 8.50%(6)  5.50 %)
20 3.096)  3.816)  3.886)  5.146)  3.11(6)
A®IE) g 033%6) 0246)  078*6) -22006)  1.87(6)
20 3.520)  -056(6) 13.32(6) 063(6)  4.87(6)

* Significant difference between temperatures at a level of 0.05.
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Figure 3-9 Variation in At gecgiqe With temperature for E. coli O157:H7 and Salmonella in
Waters B through F. Qutliers shown (Q) are those values between 1.5 and 3 times the box
length from the top edge of the box, while extreme values () are those that are more
than 3 box lengths from the top of the box.
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Figure 3-10 Variation in At gecjine With temperature and filtration for £. coli O157:H7 and
S. typhimurium in Water B. Whiskers represent highest and lowest values, excluding
outliers, which are values that are from 1.5 to 3.0 times the length of the box from the

box edge. Horizontal box lines indicate median values.
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3.3.9 Relationship Between Initial Concentration and Curve Parameters

The range and mean Cq varied among water samples (Figure 3-12). Due to laboratory
error the water samples were not inoculated equally, and as a result, Waters D, and to a
lesser extent, E, and F were inoculated with a greater concentration than Waters B and C.
Hence, testing for association was performed within each category of water label. Time
to 0.1% of Codecreased with higher values of Cy of pathogens in Waters E and F (Table
3-11, Figure 3-13). As well, A was significantly negatively affected by Cp in Water F

(Table 3-11).
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Figure 3-11 Variation in inoculum concentration, Co, among water samples. The one
sample in Water D that had a higher Cp than the others may have caused the significant

difference in survival curve parameter values among water labels.
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Table 3-11 Matrix of Spearman correlation coefficients, p, between Cy and survival curve

parameters for E. coli O157:H7 and Salmonella in each water sample.

Water

Parameter Statistic B C D E F

to.1 p -0.399 -0.158 0.049 -0.608 -0.606
(0.199) (0.625) (0.880) (0.036) (0.037)
At it p -0.203 0.004 0.231 -0.126 -0.483

(0.527) (0.991) (0.471) (0.697) ©0.111)

At decline p -0.070 -0.207 -0.525 -0.420 -0.053

(0.829) (0.519) (0.430) (0.175) (0.871)

A p -0.283 0.552 0.133 -0.252 -0.634

(0.460) (0.062) (0.681) (0.430) (0.027)

Water samples were analysed separately since two-way ANOVA results indicated that
the survival curve parameters varied among water samples and thus samples could not be

pooled. P in parentheses.
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Figure 3-12 Decrease in tg with increase in Cy for E. coli O157:H7 and Salmonella in
Waters E and F. Significant negative relationships were present for samples in each water
sample (P < 0.05).
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3.3.10 Shoulder Phase Analysis

The survival curves of the pathogens were either sigmoidal (with shoulder and tail
phases) or biphasic (with tail but no shoulder phase)}(Appendices 5 through 48).
Pathogens in Waters A and B in filtered water were two times more likely to exhibit a
shoulder phase response than in non-filtered, and they were also 1.77 times more
common for 5. typhimurium than for E. coli O157:H7 (Table 3-12). The presence of a
shoulder phase was not associated with Cg among samples in Waters B through F,

(logistic regression model coefficient = -0.002, Wald P = 0.753).
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Table 3-12 Number of samples with shoulder phase present or absent based on filtration

and species, Waters A and B.

Factor Condition Presence Absence

Filtration*  Filtered 24 20
Non-filtered 12 32

Species®  E. coli OISTH7 13 31
Salmonella 23 21

2 Pearson X° = 6.769, P = 0.009, relative risk = 2.00

® Pearson y* = 4.701, P =0.030, relative risk = 1.77
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3.4 Discussion

It appears that the effects that environmental conditions temperature, autochthonous
bacteria, and turbidity had on survival of E. coli O157:H7 and Salmonella in surface
water were not strictly independent; interactions between factors may have influenced
survival curve parameters. These pathogens were able to survive significaatly longer
during the decline phase at 10 °C than at 20 °C in non-filtered water (Table 3-10, Figure
3-10), similar to the trends shown by Flint (1987), Wang and Doyle, (1998) and Pokorny,
(1988). However, this trend was not apparent in filtered water (Figure 3-11), suggesting
filtration removed factors that may have influenced the duration of survival during the
decline phase. This agrees with the results of studies by Wang and Doyle (1998} in
which it was observed that the effect of temperature on pathogen survival was greater in
lake water than in filtered water. Interactive effects of factors such as temperature and
pH are recognised in food microbiology (Boddy and Wimpenny, 1992; Semancheck er
al., 1998; McDonald and Sun, 1999). In surface water, it may be possible that
temperature has an interactive effect with micro-organisms indigenous to surface water
on the survival of pathogens such as E. coli O157:H7 and Salmonella. The antagonistic
effect that indigenous micro-organisms have on these pathogens may increase or be
greatest at temperatures around 20 °C.

Removal of autochthonous bacteria did not appear to be the only cause of increased
duration of decline phase in filtered water, since pathogen survival time in water from
site A, which had no culturable autochthonous bacteria, increased with filtration (Figure
3-7). Although some bacteriophage are small enough to pass through the filter used

(0.2um pore size), others are larger (Tikhonenko, 1970) and may have been removed
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with filtration. The removal of phage or protozoa may have allowed the pathogens to
survive longer in filtered Water A. In Water B increased pathogen survival with filtration
may have been due to removal of indigenous phage, protozoa, and/or bacteria.

Since the duration of the decline phase of E. coli 0157:H7 and Salmonella in surface
water was greater at 10 °C than at 20 °C, one might assume the likelihood of these
pathogens being isolated from environmental surface water samples would be greater at
10 °C than at 20 °C. However, it has been observed that prevalence of Salmonella in
freshwater is greater during summer months than at other times of the year (Sharma and
Rajput, 1996). This implies more faecal inputs or survival in protozoan biofilms.

Survival of E. coli 0157:H7 and Salmonella may have been less at 20 °C than at 10
°C due to increased biofilm formation on the surface of sample bottle walls at the higher
temperature. Pederson (1982) observed that E. coli attachment to glass surfaces increased
with temperature. If cells became incorporated into biofilm, these cells would no longer
be planktonic and the concentration of the pathogen in the water would have been
reduced. However, if biofilms had developed in the sample bottle one might expect to
observe prolonged survival due to the production of daughter cells from biofilms (Gilbert
et al, 1993). However it seems unlikely that biofilm formation played a significant in this
study as plate counts of samples following inversion and rapid swirling of sample bottles
were not significantly different from those taken from bottles sampled directly (data not
shown).

Filtration appears to have allowed a larger range of At gecjine (Figure 3-7), which may
suggest that whatever was removed had a considerable limiting effect on pathogen

survival during the decline phase. Prolonged pathogen survival in filtered water suggests
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that caution is advised in protection, treatment, and monitoring of filtered water
distribution systems. If remediative measures are not complete, pathogen-contaminated
water will persist for long periods of time and these organisms then may disperse over a
large area.

While most survival 'mode[s assume that the decline phase is linear (Whiting, 1993;
Xiong et al., 1999; Baranyi and Roberts, 1994), the present work approximated the non-
linear decline phase as second-degree polynomial equations, and the acceleration
parameter, A was developed as a measure of curvature of the decline phase. Positive
curvature suggested a greater resistance to inactivation during the decline phase than a
negative curvature. The decline of E. coli O157:H7 was, on average, convex, i.e. the
mean value of acceleration was positive, while that of S. typhimurium was concave and
the difference between the curvatures was significant (Section 3.3.7, Tables 3-6, 3-7),
which suggests that E. coli 0157:H7 was more resistant to inactivation during this phase.
Jimenez and colleagues (1989) observed the rate of cell division was greater for E. coli
than for S. typhimurium in the initial stages of survival in freshwater, but that this
difference did not exist approximately 2 days later.

The ability of pathogens to survive stress is often due to phenotypic adaptation, rather
than genotypic changes (Jordan, et al., 1999; Abee and Wouters, 1999). Stress responses
are induced when a challenge is present and can be shut off when the stress is removed
(Fischer, et al., 1998; Bloomfield et al., 1998). All isolates in this study were cultured in
nutrient broth at 37 °C overnight, thus, adaptations induced in waterborne isolates to
respond to stresses in surface water were no longer required. However, in this study,

strains isolated from sources other than water survived significantly longer during the tail
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phase than did those isolated from water, but only in filtered Water A and only when the
samples were held at 10 °C. Reasons for this are unclear.

The difference in time parameters among the water samples may seem to be related to
the difference in Cp. While it seems logical that a higher Cp would result in a longer time
of survival, there was a significant negative relationship between Copand t, in Waters E
and F (Table 3-11, Figure 3-12). Possible reasons for this phenomenon are unclear.

When concentrations of bacteria are sufficiently high, autoinducer signal molecules
may reach a critical threshold in a bacterial environment that may activate or repress
target genes associated with the stress response (de Kievitt and Iglewski, 2000). These
quorum-sensing systems are linked to the formation of clumps in Yersinia
pseudotuberculosis (Atkinson, et al., 1999). Clumping has been proposed as the
mechanism behind the almost negligible decrease seen in CFUs during the shoulder
phase. While cells on the surface of clumps inactivate, the cells within may remain
viable and thus the clump of cells forms one CFU (Adams and Moss, 1995). Yet, in this
experiment, higher inoculum concentration did not result in a greater occurrence of
shoulder phases in the survival curves. Survival curves of pathogens in filtered water
were more likely to have a shoulder phase than were those in non-filtered water (Table 3-
12).

From the perspective of those charged with easuring the safety of drinking water, the
tail phase is as important as the decline phase in survival predictions of pathogens such as
E. coli 0157:H7. During the tail phase, pathogens may not be detectable as they are low
in concentration. The tail phase was longer for the bovine isolate of E. coli O157:H7 and

the laboratory strain of S. ryphimurium at 10°C than at 20 OC in filtered water. If filtration
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was used to treat a drinking water system and chlorine treatment was not used and E. coli
0157:H7 of a strain similar to the bovine isolate used were present in the system, it
appears that lower temperatures would prolong its ability to persist. It has been suggested
that those cells that survive past the decline phase into the tail phase are a more resistant
sub-population of the bacterial population (Cerf, 1977, Whiting, 1993).

Turbidity measures particulates in surface water that may include organic matter and
bacterial nutrients (Loehr, 1984), and hence, surface water with high turbidity may
increase the duration of bacterial survival. In this study turbidity was a factor in At gecfine
in water held at 20 °C, but it appeared to have a negative influence on survival (Figure 3-
6), i.e. some factor associated with the particulate matter in the water samples had a

inhibitory effect on pathogen survival during the decline phase.
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3.5 Conclusion

In this study, temperature, filtration, turbidity, and initial inoculum concentration
affected the survival curve components of E. coli O157:H7 and S. ryphimurium in surface
water. Initial concentration was negatively related to t o in 2 water samples. All time
measurement parameters were longer for pathogens in filtered water than in non-filtered
water, but this was not due only to removal of autochthonous bacteria in filtered water.
Higher temperature may have caused more rapid declines of populations of both
pathogens in unfiltered water. Waterborne isolates did not have an advantage over
isolates from other sources in surviving in surface water. The decline phase of S.

typhimurium was generally concave, while that of E. coli 0157:H7 was linear.
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4 Discussion of Thesis

According to the results of the prevalence study presented here there is a risk to
human health associated with the surface water in southern Alberta. The magnitude of
risk and whether or not the level of risk is acceptable is not within the scope of this
report. However, the fact that in many samples Salmonella serovars were isolated that
have been associated with human disease outbreaks and E. coli O157:H7 was detected
indicates that the surface water in the region is unsafe to drink if untreated. Caution must
also be used with recreational activities and irrigation may contaminate animal feed and
vegetable crops.

By strict definition, the title of this study is a misnomer. This was not a prevalence
study of E.coli O157:H7 and Salmonella in surface water southern Alberta, as the
sampling sites were not randomly selected throughout the region. Rather, it was a study
of the prevalence of these pathogens in water from the selected sampling sites. Sites
were chosen speciiically to reflect upstream areas of interest, and to characterise
contamination from a suspected point or non-point source.

Storm drain water samples were collected from the Lethbridge storm drain system,
which collected the runoff from roofs, grassed areas and pavement. Sewage treatment
plant samples were infrequent but useful in indicating quality of water that is discharged
into the surface water system following treatment. The high pathogen prevalence in the
storm drain and sewage treatment plant samples was greater than that of the study as a
whole and suggests that when these are discharged into the surface water network, they
are contributing to the pathogen load in surface water. Even though it could be argued

that a high concentration of pathogens in the discharge would be dispersed with flowing
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water, they still may be a substantial contributor of pathogens into the water system.
Waterbome transport, combined with prolonged survival and entrainment of pathogens
on surfaces under water may increase the number of locations at which they can be
detected. Formation of biofilms on underwater surfaces may serve as a long-term source
of dispersal of pathogenic bacteria as daughter cells are released from the biofilm (Gilbert
et al., 1993). The results of the survival study presented here and those of other
researchers (Rhodes and Kator, 1988; Jimenez et al, 1989; Wang and Doyle, 1998;
Pokorny, 1988; Flint, 1987) indicates that, depending on the flow rate of the receiving
water, the discharged pathogens could be detected over a longer distance downstream,
and may have a far-reaching zone of potential for infection.

What is also evident from this survival study is that survival of pathogens in water
may be influenced by one or more factors simultaneously, thus, it is important that effects
of individual factors are teased out so that a more complete understanding of a given
situation is achieved and more accurate predictions can be made. The combined effect of
multiple factors may have a greater influence on the survival of pathogenic bacteria in
surface water than do single factors, as witnessed in the interactive effect of temperature
and indigenous bacteria on the duration of the decline phase of pathogens in Water B. It
is acknowledged in food microbiclogy that effectiveness of microbial control agents
increases when used in combination with complementary treatments (Boddy and
Wimpenny, 1992).

The temperatures of 10°C and 20°C were selected for this study to represent upper
and lower water temperatures that exist in a southern Alberta irrigation water distribution

system. Simulating temperatures of irrigation systems was considered to be important as



they supply water that may be used for residential consumption and domestic produce
irrigation, and are, therefore, potential sources of human infection. Water flow in an
irrigation distribution system fluctuates more rapidly than in natural water systems as
flow is controlled to maintain adequate supplies to irrigation water users with a2 minimal
of unused water. During low flow periods heat transfer from solar radiation through the
depth of the water column is more rapid, and low velocity results in lower convective
heat loss to the air. Duration of decline phase, Atyeciine Of E. cofi O157:H7 and
Salmonella was shown to decrease with increase in temperature in Waters B through F
(Table 3-10). Consequently, low flow conditions, with warmer temperatures may cause
pathogens to decrease more rapidly shortly after they enter the water system.

The fact that pathogen prevalence was higher in summer months than in the spring
and fall, while the results of this experiment and others show pathogen survival is shorter
at temperatures in the range of 20°C than at 10°C, may suggest that survival is not as
important as other factors,-such as increased shedding of pathogens from animal
reservoirs or increase in contamination during summer months, in prevalence in surface
water.

Filtration without chlorination would likely contribute to the ability of E. coli
0O157:H7 and Salmonella to survive over long periods of time and should, therefore, be
advised against for the treatment of drinking water that may subsequently be
contaminated with faecal material.

The use of indicator organisms to detect faecal contamination of water is useful in
that respect. The suitability of these indicators to accurately describe the risk to human

health due to the presence of enteric pathogens in the water might be questioned, as the
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correlation between pathogen presence and levels of indicator organisms was not
consistent in this, and in other studies (Polo et al., 1998; Arvanitidou et al., 1997;
Townsend, 1992; Luppi, e al. 1988, Efstratiou ez al., 1998). While there is a need for
models to predict the presence of pathogenic bacteria based on indicator organism
concentration (UNEP/WHO, 1996), one model satisfactory to all has not yet been

developed (Efstratiou et al., 1998).
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5 Thesis Conclusions

The survey presented for E. coli O157:H7 prevalence in surface water presented is
one of the largest performed to date. This pathogen was detected in 0.86% (13 of 1520)
of the samples tested aver a two-year period. Salmonella species were isolated in 6.04%
(88 of 1458) of the samples. While there was no significant change between the years in
the prevalence in Salmonella, there was an increase in the prevalence in E. coli 0157:H7
from 1999 to 2000. Peaks in prevalence of both species occurred from the middle of July
to eary August. The presence of E. coli O157:H7 and Salmonella serotypes associated
with outbreaks of disease in humans suggests some risk to human health related to
consumption of water from which these pathogens were isolated.

While prevalence of pathogens in surface water is a factor in the risk of infection
associated with use of surface water, their survival also plays a role. Models of pathogen
survival provide estimates of concentration as it changes with time and as it varies with
survival conditions. Survival cun;es consist of 3 components, shoulder, decline, and tail
phases. In this study, autochthonous bacteria, temperature, filtration, turbidity, and initial
inoculum concentration affected the survival curve components of E. coli 0157:H7 and
S. typhimurium in surface water. Initial concentration was negatively related to t g, but
only in 2 water samples. All time measurement parameters were !onger for pathogens in
filtered water than in non-filtered water, but this was not due only to removal of
autochthonous bacteria in filtered water. Higher temperature resulted in more rapid

decline in pathogen in unfiltered water. Waterborne isolates did not have an advantage in

terms of survival over isolates from other sources.
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Appendix 1 Prevalence Study regularly sampled Sites 1-60, 1999 and 2000, site names on following pages

Litlle Bow River
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Oldman River
»
25,28
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10

11

12

13

14

15

16

17

13

19

20

21

22

23

Castle River

Crowsnest River, Coleman

Crowsnest River, Connelly Creek

Oldman River , Olin Creek
Oldman River , bottom release
Oldman River, Brocket
Pincher Creek

Beaver Creek

Oldman River, Fort MacLeod
Willow Creek

Oldman River, Monarch
Belly River

Oldman River, Belly River
Haney drain

St Mary River

Oldman River, Popson Park
Six Mile Coulee spillway
Oldman River, Hwy 3 Bridge
Oldman River, Diamond City
Piyami Drain

Oldman River , Picture Butte
Battersea Drain

Little Bow River
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24

25

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

Bountiful Coulee

Drain T-2

Oldman River, Taber

Oldman River, Hwy 36 Bridge
Expanse Coulee

Drain T 11

Oldman River , Purple Springs
Oldman River, mouth

LNID main Cana}

LNID Barons intake

LNID, Nobleford intake
LNID, Keho Lake outlet
LNID, Shaughnessy intake
Iniet to Picture Butte Reservoir
Picture Butte Reservoir Outlet
LNID Iron Springs intake
LNID, Turin intake

LNID, Park Lake

6-Mile Coulee, storm drain
6-Mile Coulee, natural drain
6-Mile Coulee, Whoop-up
Spillway

6-Mile Coulee, Tiffin drain



46

47

48

49

50

51

52

33

54

55

56

57

58

59

60

6-Mile Coulee, Carlson Livestock
6-Mile Coulee, Santangelo Farm
6-Mile Coulee, Main Branch
West Castle River above ski hill
West Castle River below ski hill
West Castle River, Castle River
Six Mile Coulee, Storm Drain 94-
S8

Storm Drain S-7

Storm Drain 94-5S8

Storm Drain S-5/6

Storm Drain 8-3

Storm Drain N-2

Storm Drain W-3

Storm Drain, University pond

Storm Drain, Churchill Storm Pond
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Appendix 2 Prevalence Study Sites 61 through 76, Site names on following page

Y :
, . 81

rg-

Little Bow River

65

67

LAg, N
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N |
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i

ﬁ."‘ Cldman River
N .
wmwemm—  Rivers, creeks
S 0 &5 10 Kilometers g e LNID system
e ™ e ™
@ Sampling site
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61 LB2M

62 LB3M
63 LB4-2P
64 LB4M
65 LB5-10
66 LB5M
67 LB6-9A
68 BIM
69 B2M
70 B4-4L
71 B4-5M
72 B4M
73 B5M
74 B6M
75 S1DC
76 S2DC

LB= Little Bow River; B = Battersea drain; M = main; P = Pitchfork drain; A=

Arrowhead coulee; SDC = Sorgaard drain; L = lateral
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Appendix 3 Prevalence Study sampling Sites 77 through 97, Site names on following page

€91

Little Bow] River

78 o
—-Gfdman River
\\ /e
7 <
5 0 5 10 Kilometers wem  Rivers and creeks
™ e = v E = |NID system

§ @ Sampling sites




77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96

97

Monarch drain

A-l inflow

A-1 at Highway 2

A-1 at Mclntosh section

A-1 outflow

Monarch main

Piyami at Highway 519

E-6 outflow

Oldman River upstream of Battersea drain
Battersea drain

Oldman River downstream of Battersea drain
Park Lake inflow

Park Lake north

D1 inflow

Park Lake south

61C inlet (Park Lake south outlet)

Szteina drain

West side inlet

West side outlet

West Monarch drain

F-6 structure
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Appendix 4. Sites of water collected for survival study.

Oldman{Rijver \ \ N
> R

27’#; 5 I tﬁ\

Site A: Oldman River near Olin Creek — = - Rivers, creeks
Site B: Little Bow River near mouth —— lrrigation system
Site C: Little Bow River 8km d/s reservoir

Site D: Little Bow River near reservoir

Site E: Intake to Lethbridge Northern Irrigation District

Site F: Little Bow River 2 km d/s Sorgaard drain N

e

0 5 10 kilometres
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Appendix 5. Percent remaining of S. typhimurium waterborne isolate in

Water A , filtered held at 10C, TSA, sample mean, n=2

—o—sample1
—~&— sample2
—— sample3
——sampled
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80 100 120
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Appendix 6. Percent remaining of E. coiO157:H7 waterborme isclate in

Water A, filtered held at 10C, TSA, sample mean, n=2
150

—e—sample
~&—sample2
—x—sample3
—x—sample4

0 20 40 60 80 100
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Appendix 7. Percent remaining of S. typhimurium waterbome isolate in

Water A, filtered held at 20C, TSA, sample mean, n=2
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Appendix 8. Percent remaining of E. coliO157:H7 waterborne isolate in
Water A, filtered held at 20C, TSA, sample mean, n=2
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Appendix 9. Percent remaining of S. typhimurium laboratory isolate in

Water A, filtered held at 10C, TSA, sample mean, n=2
150

100 &'
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—&— sample3
—»— sample4
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Appendix 10. Percent remaining of E. coliO157:H7 bovine isolate in

Water A, filtered he!d at 10C, TSA, sampie mean, n=2

100 A J}

50 1
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Appendix 11. Percent remaining of S. typhimurium laboratory isolate in
Water A, filtered held at 20C, TSA, sample mean, n=2

—e—sample1
—8—- sample2
—a—sample3
——sample4
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Appendix 12. Percent remaining of E. coliO157:H7 bavine isolate in

Water A, filtered held at 20C, TSA, sample mean, n=2
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—h— gample3
—*—sample4
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Appendix 13. Percent remaining of S. typhimurium waterborne isolate in

Water A, non-filtered held at 10C, TSA, sample mean, n=2
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—»— sampled
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Appendix 14. Percent remaining of E. coliO157:H7 waterbomne isolate in

Water A, non-filtered held at 10C, TSA, sample mean, n=2
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—&--sample2
—a—sample3
—»—sample4

days
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Appendix 15. Percent remaining of S. typhimurium waterborne isolate in

150 Water A, non-filtered held at 20C, TSA, sample mean, n=2
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—&—sample3
—»— sample4
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Appendix 16. Percent remaining of E. coliO157:H7 waterbome isolate in
Water A, non-filtered held at 20C, TSA, sample mean, n=2

——sample1
—&— sample2
—&— sample3
—»—sampled
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Appendix 17. Percent remaining of S. typhimurium {aboratory isolate in

Site A water, non-filtered held at 10C, TSA, sample mean, n=2
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Appendix 18.Percent remaining of E. coli0157:H7 bovine isolate in
Water A, non-filtered held at 10C, TSA, sample mean, n=2
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Appendix 19.Percent remaining of S. typhimurium laboratory isolate in
Water A, non-filtered held at 20C, TSA, sample mean, n=2
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Appendix 20.Percent remaining of E. coliO157:H7 bovine isolate in
Water A, non-filtered held at 20C, TSA, sample mean, n=2
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Appendix 21.Percent remaining of S. typhimurium waterbome isolate in

Water B, filtered held at 10C, TSA, sample mean, n=2
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Appendix 22.Percent remaining of E. coliO157:H7 waterborne isolate in

Water B, filtered held at 10C, TSA, sample mean, n=2

—o—sample1
-&—-sample2
—&—sample3

10

20

30

40

50
days

60

70

80

920

100



81

250 -

200

percent remaining
3
o

50 -

Appendix 23.Percent remaining of S. typhimurium waterborne isolate in
Water B, filtered held at 20C, TSA, sample mean, n=2
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Appendix 24.Percent remaining of E. coliO157:H7 waterbome isolate in
Water B, filtered held at 20C, TSA, sample mean, n=2

150 |
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Appendix 25.Percent remaining of S. typhimurium waterborne isolate in
Water B, non-filtered, TSA, held at 10C, sample mean, n=2
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Appendix 26.Percent remaining of E. coliO157:H7 waterbome isolate in
Water B, non-filtered, TSA, held at 10C, sample mean, n=2
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Appendix 27 Percent remaining of S. typhimurium waterbome isolate in

Water B, non-filtered , TSA, held at 20C, sample mean, n=2
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Appendix 28.Percent remaining of E. coliO157:H7 waterborne isolate in
Water B, non-filtered, on TSA, held at 20C, sample mean, n=2
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Appendix 29.Percent remaining of S. typhimurium waterbome isolate in
Water B, non-filtered held at 10C, MacConkey agar, sample mean, n=2
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Appendix 30.Percent remaining of E. coliO157:H7 waterborne isolate in
Water B,non-filtered held at 10C, MacConkey agar, sample mean, n=2
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Appendix 31.Percent remaining of S. typhimurium waterborne isolate in
Water B, non-filtered held at 20C, MacConkey agar, sample mean, n=2
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Appendix 32.Percent remaining of E. coliO157:H7 waterborne isolate in
Water B, non-filtered held at 20C, MacConkey agar, sample mean, n=2
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Appendix 33.Percent remaining of S. typhimurium waterborne isolate in

Water C, non-filtered held at 10C, MacConkey agar, sample mean, n=2
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Appendix 34.Percent remaining of E. co0liO157:H7 waterbome isolate in
Water C, non-filtered held at 10C, MacConkey agar, sample mean, n=2
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Appendix 35.Percent remaining of S. typhimurium waterborne isolate in

Water C, non-filtered held at 20C, MacConkey agar, sample mean, n=2
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Appendix 36.Percent remaining of E. coliO157:H7 waterborne isolate in
Water C, non-filtered held at 20C, MacConkey agar, sample mean, n=2
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Appendix 37.Percent remaining of S. typhimurium waterborne isolate in
Water D, non-filtered held at 10C, MacConkey agar, sample mean, n=2
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Appendix 38.Percent remaining of E. coliO157:H7 waterborne isolate in
Water D, non-filtered held at 10C, MacConkey agar, sample mean, n=2
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Appendix 39.Percent remaining of S. typhimurium waterbomne isolate in
Water D, non-filtered held at 20C, MacConkey agar, sample mean, n=2
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Appendix 40.Percent remaining of E. coliO157:H7 waterborne isolate in
Water D, non-filtered held at 20C, MacConkey agar, sample mean, n=2
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Appendix 41.Percent remaining of S. typhimurium waterbome isclate in
Water E, non-filtered hetd at 10C, MacConkey agar, sample mean, n=2
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Appendix 42.Percent remaining of E. coli0157:H7 waterborne isolate in
Water E, non-filtered held at 10C, MacConkey agar, sample mean, n=2
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Appendix 43.Percent remaining of S. typhimurium waterbome isolate in

Water E, non-filtered held at 20C, MacConkey agar, sample mean, n=2
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Appendix 44.Percent remaining of E. coliO157:H7 waterborne isolate in

Water E, non-filtered held at 20C, MacConkey agar, sample mean, n=2
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Appendix 45.Percent remaining of S. typhimurium waterborne isolate in
Water F, non-filtered held at 10C, MacConkey agar, sample mean, n=2
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Appendix 46.Percent remaining of E. coliO157:H7 waterbome isolate in
Water F, non-filtered held at 10C, MacConkey agar, sample mean, n=2
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Appendix 47. Percent remaining of S. typhimurium waterborne isolate in

Water F, non-filtered held at 20C, MacConkey agar, sample mean, n=2
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Appendix 48. Percent remaining of E. coliO157:H7 waterbome isclate in
Water F, non-filtered held at 20C, MacConkey agar, sample mean, n=2
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Appendix 49. Decline phase of S. typhimurium waterborne isolate,
in Water A filtered, TSA, 10C

—e—sample mean 1 y = 0.0422%" - 4.7739x + 127.05

2
—&—sample mean 2 A° =0.9811

—&—sample mean 3 y = 0.0422" - 4.8508x + 139.61

A% = 0.091

—x—sample mean 4

y = 0.0884x - 6.1373x + 137.51
A% = 0.9489

y = 0.0084x° - 2.9025x + 116.94
R? = 0.9807
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Appendix 50. Decline phase of E. coliO157:H7 waterborne isolate,
in Water A, fittered, TSA, 10C

—&— sample mean 1 y =0.1172x* - 6.0733x + 107.65
R? = 0.9537
—&—sample mean 2
y = -0.0024x° - 3,9542x + 101.53
--4—sample mean 3 A =0.9423
...—¢—samole me

y = 0.0062x° - 1.2116x + 94,193
R? = 0.9449

y = 0.0526x - 3.8538x + 104.47
R? = 0.9644
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Appendix 51. Decline phase of S. typhimurium waterborne isolate,
in Water A, filtered, TSA, 20C

—¢—sample mean 1
—& sample mean 2
—&— sample mean 3

—¥—sample mean 4

y = -0.0024x" - 1.5663x + 118.23
R? = 0.989
y = 0.0027% - 1.7523x + 96.878
R? = 0.9567

y = 0.1336x% - B.1997x + 161,22
R? = 0.8898

y = 0.008x* - 1.8048x + 97.261

R? = 0.8896
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Appendix 52. Decline phase of E. coliO157:H7 waterborne isolate,
in Water A, filtered, TSA, 20C

120
y = 0.0075x° - 1.4083x + 91.786
—e—sample mean 1 R? = 0.9015
~&—sample mean 2 y = 1.849x% - 23.075x + 105.45
100 R? =0.9288

~—&— sample mean 3
—» sample mean 4 y = 1.5862x7 - 20.355x + 93,003

o R? = 0,9522

g 80 |’

‘© y = 0.1815x° - 6.8115x + 89.33

g R? = 0.8952
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Appendix 53. Decline phase of S. typhimurium laboratory isolate,
in Water A, filtered, TSA,10C

—&—sample mean 1 y = -0.076:7 - 0.8601x + 9354

—8— sample mean 2 R? = 0.8946

y = -0.1022x% - 0.5623x + 101.16
A° = 0.0838

—&—sample mean 3

y = -0.1076x" - 0.2185x + 100.62
A? = 0.9472

y = 0.0021x* - 3.0993x + 104.68
R? = 0.986

day
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Appendix 54. Decline phase of E. coli O157:H7 bovine isolate,

in Water A, filtered, TSA, 10C

—e—sample mean 1
—&- sample mean 2
—&— sample mean 3

—»— sample mean 4

y = 0.0809x% - 4.5595x + 93.021
R? = 0.8951

y = 0.0711x% - 4.2704x + 94.494
R? = 0.9511

y = 0.1195x" - 6.0415x + 107.03
R%*=0.8775

y = 0.0458x% - 3.7223x + 95.993
R? = 0.9361
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Appendix 55. Decline phase of S. typhimurium laboratory isolate,

i in Water A, filtered, TSA, 20C
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——sample mean 1
—&—sample mean 2

—A—-sample mean 3

—¥— sample mean 4

y = -2.834x% - 1.2320x + 95,728
R? = 0.9707

y =-1.3308x2 - 10.266x + 120.34
R%=1

y = 0.4959x° - 12.682x + 103.73
A*=0.9815

y = -4.4166)% + 7.3457x + 96,072
R? = 0.9753
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Appendix 56. Decline phase of E. coli 0157:H7 bovine isolate,

120 in Water A, filtered, TSA, 20C

—e—sample mean 1 y =-0.0125x% + 0.0782x + 88.292
2
—a—sample mean 2 R"=0.8989
100 ! —a— sample mean 3 y= 0.0009%° - 0.8446x + 88,221
2 —
—¢—-sample mean 4 R"=0.8638
y = -0.0093x% - 0.2402x + 89,222
R®=0.9164
80 -
y =-0.0187x% + 0.7346x + 76.031
R?=0.6736
60 -
40 -
20
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Appendix 57. Decline phase of S. typhimurium waterbome isolate,

in Water A,, non-filtered, TSA, 10C
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—o—sample mean 1
—&- sample mean 2

—&— sample mean 3

[——samnlamaand . |

y = -0.6817%° + 2.1453x + B7.075
R? = 0.9262

y = +1.818x% + 7.4936x + B7.91
R® = 0.9296

y =-0.7334x% + 2.8843x + B5.57
R? = 0.8936
y = -1.638x° + 6.4468x + 84.957
A% =0.8721
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Appendix 58. Decline phase of E. coli 0157:H7 waterborne isolate,
in Water A, non-filtered, TSA,10C

——sample mean 1 s
y = -0.2261x" - 2.1763x + 88.032

—a—sample mean 2 R?=0.8912
y=-0.1179x% - 2.6391x + B9.717

—h—sample mean 3
P R? = 0.9507

—¥— sample mean 4

y = -0.2720x% - 2.8313x + 92.94
R®=0.9188

y = -0.6097x% + 0.1833x + B7.408

R?=0.9129
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Appendix 59. Decline phase of S. typhimurium waterborne isolate,

in Water A, non-filtered, TSA, 20C

LA

—e— sample mean 1
—&— sample mean 2
—d—sample mean 3

—»—sample mean 4

y = -0.2576x% - 5.4274x + 91.996
R? = 0.9365

y = -0.176Bx? - 6.7332x + 97.531
R? = 0.9538

y = -0.6467° - 4,2389x + 89.152
A% =0.9214

y = -0.2354x% - 5.4511x + 92.81
A? = 0.9445




12e

percent of initial concentration

120 |-

80 -

80 -

40 -

20 -

Appendix 60

. Decline phase of E. ¢coli O157:H7 waterbome isolate,

in Water A, non-filtered, TSA, 20C

——sample mean 1
-@— sample mean 2

—&—sample mean 3

~¥—sample mean 4

y =-0.0672x° - 6,0042x + 98.131
A% =0.923

y = -0.9222x% - 1,4012x + 95,351
A% =0.9795

y=-0.5311x% - 3.0835x + 94.14
R® = 0.8856

y = -0.2142x" - 5.2466x + 90.617
R® = 0.9423

12 14
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Appendix 61. Decline phase of S. typhimurium laboratory isolate,
in Water A, non-fittered, TSA10C

———sample mean 1 .
y =-0.5619x" + 0.4798x + 119.6
—— sample mean 2 RZ=1
—&—sample mean 3 y = 0.035x%° - 4.5489x + 107.77
R? = 0.9386
—¥—sample mean 4
y =-0.7955x° + 5.8333x + 94.886
R? =1
y = -0.7045x% + 4.6028x + 94.839
R? = 0.9857
0 10 15 20 25 o o~

day
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Appendix 62. Decline phase of E. coliO157:H7 bovine isolate,

in Water A,non-fiitered, TSA, 10C

~¢—sample mean 1
—&—sample mean 2
—k—sample mean 3

—»—sample mean 4

y = -0.7408x¢ - 1.8644x + 121,62
R? = 0.9669

y = -1.4889x° + 9.5959x + 81,153
R? = 0.9887

y =-1,1909%° + 5,5159x + 93,436
R?= 09611

y = 0.2184x% - 12.542x + 150.5
R? = 0.882

2
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Appendix 63. Decline phase of S. typhimurium laboratory isolate,
i in Water A, non-filtered, TSA, 20C

y =0.2293x% - 11.709x + 121,19
R? = 0.9455

—e—sampla mean 1

——sample mean 2

y = 0.2034x* - 10.362x + 107.36

—a&-—sample mean 3
R? = 0.9649

—¥— sample mean 4

y= -0.584x% - 8.5859x% + 131.39
R*=1

y = 0.2972%¢ - 11.247x + 102,23
R? = 0.8865
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Appendix 64. Decline phase of E. coliO157:H7 bovine isolate,
in Water A, non-filtered, TSA, 20C

—o— sample mean 1 y = 0.5643x% - 19.543x + 163.82

Y4
—&-—sample mean 2 R® = 0,968
=0.308x% - 12.268x + 122,45
—&—sample mean y
same 3 A? = 0.9912

~»-—sample mean 4

y = 0.583x% - 17.654x + 131.63
R?=0.9927

y = 0.2619x° - 10.62x + 107.98
R? = 0.9621

- — e e

e
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20
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Appendix 65. Decline phase of S. typhimurium waterborne isolate,
in Water B, filtered, TSA,10C

sample mean 1 y= 0.1337x: - 5.8545x + 100.62
R* = 0.9758
-4—sample mean 2
y = 0.0678x" - 4.2408x + 98.908
—a— sample mean 3 R® = 0.8795

y = 0.041x° - 3.0167x + 92.884
R?= 0.874

day
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Appendix 66. Decline phase of E. coli 0157:H7 waterbome isolate,
in Water B, filtered, TSA, 10C

y =0.4651¢ - 11.483x + 103.95
R? = 0.8325

y = 0.0041%% - 5.8218x + 116.56
-a— sample mean 3 R® =0.9015

~&=sample mean 1

—&—sample mean 2

y = 0.2385¢ - 8.1006x + 102.33
A% = 0.9099

day

25
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Appendix 67. Decline phase of S. typhimurium waterbome isolate, in Water B, filtered, TSA, 20C

—&o—sample mean 1

—8—sample mean 2

y = 0.0019%° - 1.4597x + 129.49
R? = 0.9706

y = -0.0076x" - 0.8754x + 131.28

—&—sample mean 3 2
R* = 0.853
y =-0.0218+° - 0.9672x + 299.6
R%=1
T T T T ]
20 40 60 80 100

day

120
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Appendix 68. Decline phase of E. coli 0157:H7 waterborne isolate, in Water B, filtered, TSA, 20C

—e—sample mean 1 y = 13453, - 18.4x + 93,912

—8—sample mean 2 R®=0.9611

—a—sample mean 3 y= -o.om?:;g..:;?’g;x +116.98
y = -0.036x" + 2.0063x + 74.266

R%=09125

10 20 30 40 50 60 70 80 90
day
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Appendix 69. Decline phase of S. typhimurium waterbome isolate, in Water B, non-filtered, TSA, 10C

y =-0.2338x° - 12.025x + 117.81
—o—sample mean 1 R? =0.0879

®-sample mean 2 y = -0.2451%% - 11.667x + 105.34

—&—sample mean 3 R?=0.9798

y =-0.1441x% - 12.363x + 103.64
A% = 0.9642
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Appendix 70. Decline phase of E. coli 0157:H7 waterbome isolate, in Water B, non-filtered, TSA, 10C

120

+

sample mean 1 y = 0.4287x° - 13.039x + 91,208

—&—- sample mean 2 A? = 0.9623
100

—a4— sample mean 3 y = -0.9857: - 4.096x + 100.88

A% = 0.9657
y =-0.2315x% - 13.241x + 126.85

80 | R? = 0.9987
60
40 -
20
o1 , . y y y
0 2 4 6 10

12
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Appendix 71. Decline phase of S. typhimurium waterborne isolate, in Water B, non-filtered, TSA, 20C

—4—sample mean 1 y = 15.535¢ - 111.91x + 199.1
R? =1

y = -0.7206x" - 23.7% + 104.76
—&—sample mean 3 R? = 0.9575

—&—sample mean 2

y =10.18x° - 84.431x + 175.45
R*=1
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Appendix 72. Decline phase of E. coli O157:H7 waterborne isolate,

in Water B, non-filtered, TSA, 20C

—&—sample mean 1

= sample mean 2

—4&— sample mean 3

y =-0.2273x¢ - 25,505x + 104.26
R? = 0.965

y = 6.1404x° - 64.474x + 160.96
A?=1

y = 0.749%% - 30.181x + 107.41
R? = 0.9055

0.5 1 1.5 2 25

3.5 4 4

day
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Appendix 73. Decline phase of S. typhimurium waterborne isolate,
in Water B, non-filtered, MacConkey agar, 10C

80 -

60

40 -

20

—e— sample mean 1 y = 0.7949x% - 22.396x + 130.84
R? = 0.9846

y =-1.1313%° - 9,1399x + 102.49
R? = 0.995

—&—sample mean 2

—A— sample mean 3

y =-1.2439¢ - 8.3612x + 98.856
R® = 0.9795

day
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Appendix 74. Decline phase of E. coli 0157:H7 waterborne isolate,
in Water B, non-filtered, MacConkey agar,10C

y = 0.8587x" - 16.721x + 90.579
—e—sample mean 1 R? = 0.9384

~——sample mean 2 y =-0.961 6% - 5.2024x + 100.9

2 _
—a&— sample mean 3 A°=0.9678

y = 0,6946x° - 22.271x + 141.18
A% = 0.9999

@0
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Appendix 75. Decline phase of S. typhimurium waterborne isolate,
in Water B, non-fiitered, MacConkey agar, 20C

120 - ——
= 22,399%% - 146.55 )
sampia mean | ¥ = 22,399« -2 1615 X + 227.81
100 ~#-~sample mean 2 y = 1.9159x" - 34.758x + 106.28
2
—&— sample mean 3 R"=0.9293
y = 16.768x% - 117.7x + 202.6

80 R?=1

60

10 -

20

0- ;
Jf 05
-00 - e — e —— - e et e —
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Appendix 76. Decline phase of E. coli 0157:H7 waterborne isolate,
in Water B, non-filtered, MacConkey agar, 20C

120 -
- 2 -
o—sampla mean 1 y= 1.2929;.:2 31.836x + 104.99
\ R® = 09528
100 ——sample mean 2
y = 9.4502x° - 81.31x + 174.61
—&—sample mean 3 RZ=1
y = 2.0653x - 35.962x + 108.46
80 R? = 0.8833
60
40 -
20 -
0 Jo .
0.5 1 1.5 2 25 3 3.5 4
.20 - - e e e S - O
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Appendix 77. Decline phase of S. typhimurium waterborne isolate,
in Water C,non-filtered, MacConkey agar, 10C

120

—e—sampie mean 1 y =-0.0903x" - 10.156x + 92.505

R? = 0.9451
——sample mean 2

y =-0.0915x% - 10.997x + 99.331
R =0.9796

—a&—sample mean 3

y = 0.5788x% - 14.692x + 89.609
R? = 0.9331

percent of initial remaining

day
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Appendix 78. Decline phase of E. coli 0157:H7 waterborne isolate,

in Water C, non-filtered, MacConkey agar, 10C

120 I —
—e—sample mean 1 y = 0.487x% - 14.003x + 96.923
R?=0.9663
—— sample mean 2
100 | _ i
—+—sample mean 3 y= 0.6064:(: 2.7345x + 93.556
R? = 0.935
80 - y = 0.4465x - 14,36 + 102.39
R? = 0.9926
60 -
40
20
0 . ; . : :
0 2 4 6 8

10

12
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Appendix 79. Decline phase of S. typhimurium waterborne isolate,
in Water C, non-filtered, MacConkey agar, 20C

—&—sample mean 1
—&— sample mean 2

—a—sample mean 3

y = 4.0266%° - 41,264 + 101.56

R? = 0.9946

y = 2.0344x° - 34,403x + 104.5

A% =096

y = 1.803x - 34.161x + 106.64

R? = 0.9209

day
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Appendix 80. Decline phase of E. coli O157:H7 waterborne isolate,
in Water C, non-filtered, MacConkey agar, 20C

—&—sample mean 1
—a—sample mean 2

—a&—sample mean 3

y = -5.1758x° - 3.9615x + 100.32
R? = 0.9998

y = 1.5033x° - 30.12x + 10217
R? = 0.9986

y = -5.8536x% - 0.5961x + 101,42
R? = 0.9958

day

25
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Appendix 81. Decline phase of S. typhimurium waterbarne isolate,

in Water D, non-filtered, MacConkey agar, 10C

—&-sample mean 1
——sample mean 2

—&—sample mean 3

y = 0.156x° - 14.096x + 100.81
R? = 0.9552

y = 0.9477x° - 21.503x + 97.517
R* = 0.9932

y = -0.9844x° - 10.267x + 102.11
R? = 0.9919

=20 1
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Appendix 82. Decline phase of E. coli O157:H7 waterborne isolate,
in Water D, non-filtered, MacConkey agar, 10C

—o—sample mean 1
—&—sample mean 2

—A— sample mean 3

y = 1.9036x° - 30.951x + 133.94
A% = 0.956

y = -0.0018x% - 15,298x + 100.27
A? = 0.8815

y = 0.3162x° - 16.965x + 92.216
R? = 09478

day

o
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Appendix 83. Decline phase of S. typhimurium waterborne isolate,

in Water D, non-filtered, MacConkey agar, 20C

—é—sample meani

—=— sample mean 2

—h—sample mean 3

day

y = 8.1336x° - 57.336x + 99.411
A2 = 0.9993

y = 6.3384x° - 51.17x + 102.98
R?=0.9821

y = 2.9237x° - 36.876x + 100.9
R? = 0.9982
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Appendix 84. Decline phase of E. coli 0157:H7 waterborne isolate,

in Water D, non-tiltered, MacConkey agar, 20C

80

60 -

40

20

~+—sample mean 1
—&— sample mean 2

—&— sample mean 3

y = 4.0387x% - 42.294x + 103.44
R? = 0.9761

y = 5.7446%% - 49.7x + 106.65
R? = 0.9209

y = 3.7937%% - 36.876x + 97.097
R? = 0.9759

day
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Appendix 85. Decline phase of S. typhimurium waterborne isolate,

in Water E, non-filtered, MacCoankey agar, 10C

—&—sample mean 1
—=—sample mean 2

—&— sample mean 3

y = -0.5372x% - 2.6526x + 94.255
A% = 0.9417

¥ = -0.4544x° - 6,1739x + 102.89
R? = 0,9722

y = -0.8525x" - 0.6844x + 91.352
R?=0.9174
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Appendix 86. Decline phase of E. coli 0157:H7 waterborne isolate,
in Water E, non-filtered, MacConkey agar, 10C

—eo—sample mean 1

—i-sample mean 2

¥ =-0.2011x% - 8.3628x + 101.24
R®=0.9833

y =-1.2662x7 - 3.2787x + 108.21
R? = 0.9804

y =-3.3078x° + 17.017x + 76.083
R?=0.9815

day
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Appendix 87. Decline phase of S. typhimurium waterborne isolate,
in Water E, non-filtered, MacConkey agar, 20C

—e—sample mean 1 y =0.9834x" - 22.143x + 100.17

A% = 0.938

—®—sample mean 2

y = 3.271x7 - 44.486x + 146,64
R? = 0.9781

—&—sample mean 3

y =-0.5952x% - 16.198x + 101.95
R? = 0.9809

day
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Appendix 88. Decline phase of E. coli O157:H7 waterborne isolate,
in Water E, non-filtered, MacConkey agar, 20C

T

y = -1.6623x° - 10.838x + 98.06
—e—sample mean 1 R*=0.9735

—i— sample mean 2
y = -2.3036x° - B.2839x + 101.21
R’ = 09819

—A—sample mean 3

y = 2.1978x° - 37.243x + 144,53
R? = 0.9819

day
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Appendix 89. Decline phase of S. typhimurium waterborne isolate,
in Water F, non-filtered, MacConkey agar, 10C

100J

80

60 -

410 -

20 -

y = 1.0004%" - 20.012x + 98.334
R? = 0.9912

—&—sample mean 1

—8—sample mean 2
amp y = 1.3488x° - 23.804x + 101.19

—&— sample mean 3 R® = 09955

y = 0.9679x% - 21.724x + 97.433
R? = 0.9696
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Appendix 90. Decline phase of E. coli O157:H7 waterborne isolate,
in Water F non-filtered, MacConkey agar, 10C

——sample mean 1

~@—sample mean 2

—k—sample mean 3

y = 0.6766x° - 22.126x + 106.82
R? = 0.9767

y = 1.8814x - 35.619x + 135.45
R? = 0.9904

=-0.2507x% - 17.932x + 100.66
R® = 0.9978

day
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Appendix 91. Decline phase of S. typhimurium waterborne isolate,
in Water F, non-filtered, MacConkey agar, 20C

y = 4.3632x% - 44.646x + 101.34

R® = 0.9929
—e—sample mean 1
y = 2.48B2x° - 41.256x + 104.24
—8—sample mean 2 R? = 0.941
A—sample mean 3 y = 5.4245x% - 47.594x + 101.93

R? = 0.9853

0.5 1 1.5 2 2.5 3

day
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Appendix 92. Decline phase of E. coli 0157:H7 waterborne isolate,
in Water F, non-filtered, MacConkey agar, 20C

—&-—sample mean 1 y = -0.0547x° - 33.6x + 103.6
2 —
-~ sample mean 2 R"=0.9565
—&— sample mean 3 y =-0.2326x° - 32.651x + 103.16

R? = 0.9653

y = 2.6144x% - 41.133x + 102.44
R? = 0.9791

0
ot
(4]
(A

0.5 1 1.5
day

3.5
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Appendix 93 Data of Survival Study of Pathogens in Waters A and B, on TSA

c8 4 3 4Jd mne? oGS 3= 524 Sz 3 B > 5
FE3FF B f BEgfel 2B RO RGP A3 BT ED PD 6 if
e *gss 3 5§ §F 7 8§ sIsegl Ej s =3 s3 ifg
g S8 2 8 5 § ;_ £ § Lo by & - L - e S¢

g8 g & 2 § 8 gr ! £ 8 £ 2
* g 3 o ¢ 8 2 a3 & g £
A 2 0 NA n 20 § 0O 13200 0.00 13.18 0.2034] 1847 13.18 529 o041 A
A 23 0 NA n 20 S 0O 13200 3.03 930 -0.5840( 17.94 6.27 865 -1.17 P
A 4 0 NA n 20 § 0O 13200 0.00 13.68 020972 1847 1368 479 059 A
A 1 0 NA y 10 S O 131.50 0.00 2506 -0.0760 25.06 -0.15 A
A 2 0 NA y 10 § 0O 13150 1.77 2759 -0.1022] 12653 2582 9894 -020 P
A 3 0 NA y 10 § 0O 13150 5.08 27.47 -0.1076) 11428 2239 8682 -0.22 P
A 4 1] NA y 10 8 O 1315 253 25.53 0.0021] 11428 2300 8876 000 P
A 1 0 NA y 2¢ S O 13150 0.00 453 .2.8340] 14347 453 13894 -567 A
A 2 o NA y 20 8§ O 1350 1.56 593 -13308 437 -2.66 P
A 3 ) NA vy 20 S O 131850 0.00 9.38 0.4959 9.39 0.99 A
A 4 0 NA y 20 8§ 0O 13180 0.00 471 44166 4.7 -8.83 A
A 1 0 NA n 10 E W 11800 0.00 1507 -0.2281} 2760 1507 1254 -0.45 A
A 2 o NA n 10 E W 119.00 0.00 17.35 01179 2276 17.3% 542 -024 A
A 3 o NA n 10 E W 119.00 0.00 1290 -02729] 13988 1290 108 -055 A
A 4 o NA n 10 E W 11900 0.00 1234 -06097| 2181 1234 9.47 -1.22 A
A 1 0 NA n 20 E W 11900 0.00 1584 -00872| 3181 1584 1597 -0.13 A
A 2 0 NA n 20 E W 11800 0.00 960 -0.92221 2181 260 1221 -164 A
A 3 0 NA n 20 E W 11900 0.00 10.77 -0.5311] 2181 1077 1105 -1.06 A
A 4 0 NA n 20 E W 11800 0.00 1094 -0.2142] 2181 10,94 1087 -043 A
A 1 o NA y 10 E W 8400 2.27 22.56 0.1172 2029 0.23 P
A 2 0 NA y 10 E W 9400 1.15 17.54 -0.0024] 10668 1639 8914 0.00 P
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Appendix 93 Data of Survival Study of Pathogens in Waters A and B, on TSA

oca»r S M A mpneow §J 5 S 24 a 34 % 2 s
HIIEEEIUHE IR BRI
g *sp3 2 § 3 3% ! g3 s%sgf 23| s% sf &3 s £3
£ E2% 5 ¢ § § & &% § Lo 2E 5 Y 2 & Bg

tg g & 2 5 ¥ "3 g »r : 8 & 3 5
® g 8 o s 8 s 2 a3 2 . ° B
3 N
A 3 0 NA y 10 E W 9400 1.38 94.21 0.0062 92.86 0.01 P
A 4 4} NA y 10 E W 8400 237 46.94 0.0526] 12068 4457 73.7% O11 P
A1 0 NA y 20 E W 9400 0.00 63.27 0.0075] 107.34 6327 4407 002 Al
A 2 0 NA y 20 E w 94.00 0.00 1.27 1.8480 92.68 7.27 85.42 3.70 A
A 3 0 NA y 20 E w 94.00 0.00 6.87 1.5862] 113.68 6.87 10681 3.7 A
A 4 0 NA y 20 E W 8400 0.00 16.23 0.1815] 113.68 1623 97.46 0.36 A
A 1 4] NA n 10 E 0 100.00 384 13.80 -0.7408] 17.93 9.85 425 .148 P
A 2 0 NA n 10 £ 0 109.00 2.44 1180 -1.4889) 1790 9.36 6.10 -298 P
A 3 0 NA n 10 E O 109.00 0.00 12.88 -1.1809 20,35 12.88 747 -2.38 A
A 4 4] NA n 10 E 0O 109.00 354 15.24 0.2184 17.96 11.71 2.7 0.44 P
A 1 0 NA n 20 E O 109,00 6.00 15.21 0.5843] 31.91 15.21 16.70 1.17 A
A 2 1] NA n 20 E O 109.00 0.00 16.37 0.3080 16.37 0.62 A
A 3 [H] NA n 20 E O 109.00 0.00 12,99 0.5830 KA 12.99 18.92 1.17 A
A 4 0 NA n 20 E O 109.00 0.00 16.55 0.2619 32.46 16.55 15.91 0.52 A
A 1 0 NA y 10 E O 123.00 0.00 2577 0.0809| 25,77 0.16 A
A 2 0 NA y 10 E 0O 123.00 0.00 40.61 0.0711 40.61 0.14 A
A 3 ] NA y 10 E Cc 122.00 3.17 2719 0.1195 24,02 0.24 P
A 4 0 NA y 10 E O 123.00 0.00 26.39 0.0458 26.39 0.09 A
A 1 0 NA y 20 E O 123.00 0.00 71.13 -0.0125 113.85 71.13 4272 003 A
A 2 0 NA y 20 E O 123.00 0.00 66.25 0.0009] 11385 6625 4760 0.00 A
A 3 0 NA y 20 E O 123.00 0.00 67.76 -0.0093| 113.28 67,78 4552 -0.02 A
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Appendix 93 Data of Survival Study of Pathogens in Waters A and B, on TSA

s P32 3 M o mu® g 53 3o 524 8 52 © 3 )
P03 9B ojEgEef o OBAORSY LB MR oM Oiid
E*8zs 2 g 3 §% 7 83 s3sgf 1§ 8% 38 s3 | £3
£ %22 3 3 S F 53 83 Ip 2E : Tt Te& Fg
g 2 g 32 5 12 g - # g g 32§
= 2335 2 2 § s Y T ¢ 7 2°F
= g 3 3
A 4 0 NA y 20 E O 123.00 0.00 75.51 -0.0187] 125.56 75.51 5005 -0.04 A
B 1 555 0.0095 n 10 S W 122150 1.41 785 02338 1177 6.54 382 -047 P
B 2 555 00095 n 10 S W 12200 0.00 729 -0.2451 11.77 7.29 448 -0.49 A
B8 3 555 0.0085 n 10 § W 9800 0.00 7.05 -0.14414 11.65 7.05 460 -0.29 A
B 1 555 0.0095 n 20 S W 7380 1.04 365 4.00 2.61 0.34 P
B 2 555 0.0095 n 20 S W 64.50 0.00 an -0.7206 7.78 an 407 -144 A
B 3 55,8 00005 n 20 § W 8350 1.02 3.75 4.B5 2.73 1.10 P
B 1 555 00095 y 10 S W 11900 0.00 27.09 0.1337 27.09 0.27 A
B 2 555 0.0095 y 10 8 W 11650 1.42 31.25 0.0678 29,82 0.14 P
B 3 555 0.0095 y 10 S W 12050 0.00 4195 0.0410 41.95 0.08 A
B 1 55.5 0.0085 y 20 S W 12000 2281 76.63 0.0018 54.02 0.00 P
8 2 555 0.0085 y 20 S W 11500 26.88 7257 -0.0076 45,69 -0.02 P
B 3 55.5 0.0095 y 20 S W 13000 7596 -0.02186 P
8 1 85.5 0.00095 n 10 E W 5000 0.00 9.13 0.4287|] 13.84 9.13 471 0.86 A
8 2 55,5 0.0095 n 10 E W 36.00 0.00 B.66 -09857 9.98 8.66 132 -1.97 A
8 3 55.5 0.0095 n 10 E W 2700 0.00 785 -02315] 16680 7.95 895 -0.46 A
B 1 555 0.0085 n 20 E W 4450 0.00 3.70 -0.2273 4.00 3.70 029 -045 A
B 2 556.5 0.0095 n 20 E W 38.00 1.06 3.41 7.897 275 416 P
8 3 555 0.0095 n 20 E W 40 0.00 3.69 0.7480 493 3.69 1.25 1.50 A
B 1 55.5 0.0095 y 10 E w 51.50 1.25 15.98 0.4651 14.73 0.93 P
B 2 555 0.0095 y 10 E W 5600 3.57 22,22 0.0941 18.65 0.19 P
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Appendix 94 Data of Survival Study of Pathogens in

Waters B through F, on MacConkey Agar

o] @ 58> 4 ¥ —Smw® 506 583 54 54 28] B39 B9 354 Fr 402
5| § 98s S § 2323 38 “8z 23 53 =22 85 &5 3 %8 g3
=l 3 s78 £ g S3g %3 3¢ i = 33/ §E s BT s =3
ol # 2.5 a =z n "Ik R 23 =8 o8 e o —a =B N e a3
e Shg Z 5 &8 3F* : 87 S+ 8 83| B3 F3 §o s %3
" guwz = & g & § £ S2 A o8 8 8 &= S Zo

~a 3 S &8 & § g T8 = o8 » a £ =3 3 g=

9‘ g Q @ 3 =~ a - [+ Y = E o v
& 3 3 e o -3 25 § = =4 m
e - o 4 £
i

Bl 1 555 00085 n 10 5 W 10485 142 760 07948 6.18 230 990 1.59 p
B| 2 555 00035 n 10 s W 10537 000 633 -1.1313]  6.33 165 798 226 A
B| 2 555 00095 n 10 s W 7475 0.00 582 124398 582 2.04 797 249 A
B| 1 §55 00095 n 10 E W 2048 000 810 08587 8.10 188  9.98 1.72 A
Bl 2 555 00095 n 10 E W 1948 pO0 762 09616  7.62 434 1198 192 A
Bl 3 5§55 00085 n 10 E W 1375 199 821 06948 622 178  9.99 1.39 P
Bl 1 555 00095 n 20 s w 5099 105 347 242 053 399 P
Bl 2 555 00095 n 20 s W 4220 000 359 19159] 359 2.91 6.50 1.83 A
Bl 3 555 00085 n 20 S w  BL16 102 362 2.60 0.37 4.00 p
Bl 1 555 00095 n 20 E W 2526 000 365 12929 365 035  4.00 259 A
Bl 2 s55 0005 n 20 E w2091 105 376 2.7 622 988 P
Bl 3 555 00095 n_ 20 E W 2494 000 358 20853] 356 130 486 4.13 A
cl 1 915 00215 n 10 s W 1345 000 797 -00803 787 870 1668  -0.18 A
cf 2 915 00215 n 10 S W 12750 000 825 00915 825 B44 1669  -018 A
cf 3 915 00215 n 10 $ W 13600 000 798 05788 7.96 881 1677 1.16 A
(o] I 915 00215 n 10 E W 6550 000 962 04870 962 1019 1981 0.57 A
cl 2 915 00215 n 10 E W 5050 000 1010 -06064] 1010 1284 2294 1.2 A
cl 3 915 00215 n 10 E W 5550 000 984 04465 9.84 709 1693 0.89 A
cf 1 915 00215 n 20 s W 12500 000 367 4.028 3.67 180 547 8.05 A
¢l 2 915 00215 a 20 s W 12850 000 367 20344 367 15 523 4.07 A
C 3 81.5 0.0215 n 20 s w 118.50 0.00 aas 1.8030 3.65 298 6.83 3.61 A
c| 1 915 00215 a 20 E W 5350 000 38 51758 386 398 784 1035 A
cl 2 915 00215 n 20 E W 6500 000 400 15033 400 7688 1188 3.01 A
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Appendix 94 Data of Survival Study of Pathogens in Waters B through F, on MacConkey Agar

7 w = a - n A mn® o o 604;_; g _E'r_ﬂ am e 59O 5 =2 53
= & Qo & = o 'g o e = = = oo T £ T = #gao T
5| 5 23§ § 5§ Z3g® €8 o°gf §3 g3 85| 53 g5 §R =8 @
8| 2 =:-8 a =2 9 X 8 =xg* ~a o8 2o bl rp= gy Re ai
a (=N o q Q - B H4 o I o a s 3 = 8 S o 5 o
C Swg 3 8§ g% g 28 £z 22 3§ S5 &5 2= &8 a0
=83 o 3 s 2 g <z 8 a ] - = > 43 2 =1
28 g & ® 3J 5 8 * g s g s B
T e 3 23 o o g =212 2 = 2 4
2 - B T 5
&

c[ a 915 00215 __n__ 20 E w 50.50 0.00 398 _-5.8534| 3.98 1.97 595  -11.71 A
D 1 12 00030 n 10 5 w 106.00 0.00 747 0.1560' 717 15.64 2281 0.3 A
D 2 12 0.0030 n 10 S w 600.46 0.00 5.5{4 0.9477 554 10.86 16.40 1.90 A
D 3 12 0.0030 n 10 3 w 88.50 0.00 669 -0.9844 868 9.74 16.42 -1.97 A
D 1 12 0.0030 n 10 E w 60.00 1.27 8.50 1.9036 7.23 8.33 16.84 s P
D 2 12 00030 n 10 E W 48.00 0.00 893 -0.0018 6.93 3.04 9.95 0.00 A
D 3 12 0.0030 n 10 E w 65.00 0.00 5.56 0.3162 5.56 0.44 5.89 0.63 A
D 1 12 0,0030 n 20 S w 126.50 0.00 330 8.1336 3130 2.16 5.46 16.27 A
D 2 12 0.0030 n 20 ) w 127.50 0.00 3.40 6.3384 340 19.29 2269 12.68 A
D 3 12 0.0030 n 20 S w 127.00 0.00 3.67 2.9237 367 1.32 499 5.85 A
D 1 12 0.0030 n 20 E w 5350 0.00 354 4,0387 354 0.46 4,00 B.08 A
D 2 12 0.0030 n 20 E w 49.00 0.00 3.40 5.7446 340 2.44 5.83 11.49 A

ol 3 1200030 n 20 E w 51.50 0.00 600  3.7937 600 1694 22084 7.59 A

E 1 77 0.0020 n 10 S W 108.00 0.00 1095  -0.5372 1095 13.25 24,20 -1.07 A

E 2 77 0.0020 n 10 S w 98.00 0.00 911 -0.4544 9.1 7.62 16.73 0.3 A

E 3 77 0.0020 n 10 ] w 105,00 0.00 8.57 -0.8525 957 6.85 16.42 -1.71 A

E| 1 77 00020 n 10 E W 26650 0.00 8.01 -0.201 9.01 721 1622  -D.40 A

E 2 77 0.0020 n 10 E W 226.50 1.50 7.9 -1.2662 6.31 53 1312 -2.51 P

E 3 77 0.0020 n 10 E W 210.00 1.79 7.83 -3.30781 6.05 335 11.18 -6.62 P

E 1 77 0.0020 n 20 S w 115.00 0.00 6.78 0.9834 6.78 21.36 28.14 1.97 A

E 2 77 0.0020 n 20 S w 107.00 1.07 5.46 3.2710 439 11.24 16.71 6.54 P

E 3 77 0.0020 n 20 S w 112.50 0.00 5.41 -0,5952 541 1128 16.68 ~1.19 A

E 1 77 00020 n 20 E w 260.50 0.00 492 16623 4.92 11.32 16.24 -3.32 A




v €S 956  v99  ¢s¢  |[phieC  Z6€ 000  0G6ZC M 3 0Z U 55200 6L £ [4
v L0 a1'd L'y 66'C 9ZET'0- 66'¢ 000 0o'ste M 3 ac u GSZ0'0 64 a E]
v 1o- 996k 6920 [62  |W4S00- 16T 000  OSEEZ M 3 0z U S5200 6L N
v S80L k9L 9ZEL  GYE  [skev's  S¥E ODO  00%0L M s 02 U 5200 6L e |3
v 96'% 1£9L B%E€L  ZL'E  [¢eB¥T  ZVE 000 05500 M s 0z Y 55200 6L e 4
v €L'8 bkl 088  OZE  [ZESEY  OZE 000 00'S0L M s 02 Y 5200 6L b4
v 050  OL'6 LWy @ev  |L0S20- B6F 000  OSlET M E| 0l U g5200 6L e |4
d 9LE  EME VP O6E  [viEeL  86F  90L  00WZZ M 3 0F U SS200 6L z |4
v S€'h OVl 86 PGS 9900 ¥5G 000 OGOEZ M 3 0b U 55ZO0 B (S F
v 6L 6L6 9Z¥ €SS  [6/960 €SS 000D  0OSHL M s 0L Y §SZ0D 6L e |4
v 0LZ  O09EL [9.  £6S  [E8¥E'l EE'S 000  0OE0L M S oL U S5Z00 6L z |4
v 00Z 266  I®ZT  OML  fpOOOTL  OML 000 0SZ0F M s b U G520 6L b |4
d ot 95tt  ®6S  Ecv  [@leke  BSS  GZ b 052 M 3 oz U 02000 L2 € |3
\J 19%-  OVEL OVS  O0S  9EOEZ- O00'S 000  OO'MEZ M 3 0T 4 000 L z |3
w - M 5 z S 5 ] g 8 @
b3 o = o [} -} o c © 3 .
8y ¥ § s& = |E§ <S§ T8 Eg ; wE E 5 z 898 , |3
cg 3y 8- 8§y 8¢ |¢g &5 &8- _§& § e¢=_8 =3 3 §%z & |8
83 32 ¢§ 5@ 8z |5§ EE pE EgZ 5 i23f E % 242 B e
a% <% Fc o688 a8 |ap € FE_ €30 w3 avlirs & 2 2382 o |w
JeBy Aaxuooepy uo ‘4 ybnoay; g stejepn ul suaboyied jo Apnis [eAung jo ejeq y6 xipuaddy

260




[ReT4

Annendix 95-1. Statistical measures of time to 0.1% of Ca. ta 1 for samnles Waters A and B. counts on TSA

Water label Temperature Filtration Species Isolate origin
A B 10°c 20°C Filtered | Non- E. coli S. typhi- | Water Other
filtered O157:H7 | murium

n 52 9 31 30 21 40 30 31 38 23
Mean 54.90 1029 |41.25 55.62 10468 | 18.73 50.83 45.89 43.43 56.39
Standard 43,28 4.14 39.91 4548 [8.83 7.31 44 .88 41.69 39.08 18.62
deviation
Minimum | 12.23 4,00 9.99 4.00 72.10 4.00 4.00 7.78 4.00 17.90
Maximum | 14347 | 1690 | 12653 | 14347 {14347 |[32.92 125.56 143.47 120.68 143.47
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Appendix 95-2. Statistical measures of duration of decline phase  Otgeqiine, for samples Waters A and B, counts on TSA

Water label Temperature Filtration Species Isolate origin
A B 10°C 20°C Filtered | Non- E. coli S. typhi- | Water Other
filtered O157:H7 | murium

n 52 9 31 30 21 40 30 31 38 23
Mean 21.10 6.41 15.46 22.53 10.90 34.26 22.06 15.91 16.03 23.74
Standard 18.02 2.18 8.78 22.89 22.41 4.31 2244 10.16 12.92 22.61
deviation
Mintmum | 4.53 3.69 6.54 3.69 4.53 3.69 3.69 i 3.69 4,53
Maximum ( 75.51 9.13 44,57 71.82 75.51 27.89 75.51 41.53 63.27 75.51
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Appendix 95-3. Statistical measures of duration of tail phase Oty, for samples Waters A and B, counts on TSA

Water label Temperature Filtration Species Isolate origin
A B 10°c 20°C Filtered | Non- E. coli S. typhi- Water Other
filtered O157:H7 | murium

n 52 9 31 30 21 40 30 31 38 23
Mean 32.20 3.72 23.64 32.50 7.04 67.92 28.32 27.69 26.22 30.93
Standard 34.73 2.58 32.17 35.02 5.12 28.07 32.25 3542 30.80 3837
deviation
Minimum | 0.70 0.29 0.70 0.29 0.29 35.85 0.29 0.70 0.29 2,71
Maximum | 138.9 8.95 98.94 138.9 2041 138.9 106.8 138.9 106.8 138.9
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Appendix 95-4. Statistical measures of acce;eration, A, for samples from Sites A and B, counts on TSA

Water label Temperature Filtration Species Isolate origin
A B 10°C 20°C Filtered | Non- E. coli S. typhi- | Water Other
filtered O157:H? | murium

n 52 9 31 30 21 40 30 3 38 23
Mean -0.46 036 |-0.82 -0.05 0.09 -0.72 -0.09 -0.78 -0.36 -0.59
Standard 1.47 1.05 1.12 1.58 1.67 1.18 1.41 1.34 1.34 1.54
deviation
Minimum | -5.67 -1.97 |-3.64 -5.67 -5.67 -3.64 -2.98 -5.67 -3.64 -5.67
Maximum | 3.70 1.50 | 0.86 3.70 3.70 1.50 3.70 0.59 3.70 1.17
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Appendix 95-5. Statistical measures of time to 0.1% of Co, to, for sample Waters B through F, MacConkey agar

Water label Temperature Species
B C D E F 10°C 20°C E. coli Salmonella
0157:H7

n 12 12 12 12 12 30 30 30 30
Mecan 7.59 12.73 12.86 16.69 11.69 13.88 10.74 11.49 13.13
Standard 2.85 6.30 7.62 4.96 3.24 480 6.54 5.13 6.58
deviation
Minimum 3.99 5.23 4.00 11.18 7.16 5.99 3.99 4.00 3.99
Maximum 11.96 22.94 22.94 28.14 16.71 24.20 28.14 2294 28.14
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Appendix 95-6. Statistical measures of duration of decline phase,, Otgecline, for sample Waters B through F, MacConkey agar

Water label Temperature Species
B C D E F 10°C 20°C E. coli Salmonella
O157:17

n 12 12 12 12 12 30 30 30 30
Mean 491 6.38 5.20 6.82 430 7.24 3.81 5.49 5.55
Standard 2.03 2.78 1.63 2.27 1.44 1.73 -0.99 2.21 2.27
deviation
Minimum 2.42 3.65 3.30 4.33 2,92 3.90 2.42 2.71 2.42
Maximum 8.10 10.10 7.23 10.95 7.30 10.95 6.78 10.10 10,95
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Appendix 95-7. Statistical measures of duration of tail phase Ot , for sample Waters B through F, MacConkey agar

Water label Temperature Species
B C D E F 10°C 20°C E. coli Salmonelia
O157:H7

n 12 12 12 12 12 30 30 30 30
Mean 2.14 6.35 7.56 941 7.30 6.34 6.76 5.67 7.43
Standard 1.71 3.76 6.90 4.76 391 3.86 6.00 4,08 572
deviation
Minimum | (.35 1.55 0.44 3.35 2.82 0.44 0.35 0.35 0.37
Maximum | 6.22 12.84 19.29 21.36 13.59 15.64 21.36 16.94 21.36




Appendix 95-8. Statistical measures of acceleration A for sample Waters B through F, MacConkey agar

89¢

Water label Temperature Species
B C D E F 10°C 20°C E coli Salmonella
O157:1H7

n 12 12 12 12 12 30 30 30 30
Mean 0.72 -0.16 5.55 -0.79 3.37 0.07 3.41 0.58 2.90
Standard 2.23 5.60 5.78 3.67 3.58 2.16 6.16 4.89 4.65
deviatton
Minimum | -2.49 -11.71 -1.97 -6.62 -0.50 -6.62 -11.71 -11.71 -2.49
Maximum | 4.13 8.05 16.27 6.54 10.85 3.81 16.27 11.49 16.27






