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ABSTRACT

Ice can be used to chill romaine lettuce and maintain relative humidity during
transportation. E. coli O157:H7 may contaminate water used for ice. Potential contamination
of lettuce is of concern since it is usually consumed raw or minimally processed. The potential
for E. coli O157:H7 contamination of romaine lettuce with either ice contaminated with the
pathogen or by transfer from lettuce surfaces via melting ice was determined using a simulated
commercial operation. In order to evaluate pathogen transfer by these means in actual
commercial facilities, the use of non-pathogenic surrogates is needed. Non-pathogenic E. coli
strains were compared with E. coli O157:H7 based on cryotolerance, cell surface characteristics
(hydrophobicity, zeta potential, and morphology) and attachment to lettuce. Survival of E. coli
O157: H7 in water for extended periods can induce starvation. ~Starvation may enhance E. coli
O157:H7 survival under subsequent stresses by changing surface morphology which may affect

adherence to produce. After starvation (at 37°C for 4 h, 20°C for 24 h, or 4°C for 7 d),



cryotolerance, cell surface properties and attachment of E. coli O157:H7 and a surrogate E. coli
to lettuce were determined. The selected non-pathogenic surrogate E. coli was compared with
E. coli O157:H7 to determine differences and similarities in attachment to and recovery from
romaine lettuce in contact with contaminated ice under simulated commercial operation
conditions. E. coli O157:H7 distributes onto other produce layers in shipping containers due to
melted ice made of contaminated water and transfer from contaminated to uncontaminated
surfaces. Based on cryotolerance and cell surface characteristics, E. coli ATCC 25922 is a
useful surrogate for E. coli O157:H7 for studies involving attachment and recovery from chilled
produce. E. coli ATCC 25922 grown at 37°C showed similar or better cryotolerance regardless
of starvation conditions. However, starved cells of both strains attached to lettuce less than
non-starved cells. E. coli ATCC 25922 showed the same attachment and recovery as E. coli
O157:H7 from romaine lettuce under icing conditions using a simulated commercial operation
condition. Overall E. coli ATCC 25922 is a useful surrogate for E. coli O157:H7 for produce

attachment and recovery studies.

INDEX WORDS: Escherichia coli O157:H7, Surrogate microorganism, Ice, Cryotolerance,
Bacterial attachment, Bacterial capsule, Curli, Hydrophobicity, Zeta potential, Bacterial outer

membrane protein
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CHAPTER 1

INTRODUCTION



The production of romaine lettuce in 2004 in the U.S. increased approximately 8 times
over that of 1990 (USDA/ERS 2005). Consumption of romaine lettuce has been trending
higher over the past two decades. Caesar salad in both the foodservice and retail markets is
undoubtedly a major factor behind this increase. In addition, increased nutritional awareness
among consumers, the success of prepackaged salads, and a general desire for diversity in foods
may facilitate the increase in lettuce production (USDA/ARS 1998). Potential contamination of
lettuce with foodborne pathogens is of great concern since the product is usually consumed raw
or minimally processed.

Ice is used at different steps in the harvest-handling-marketing chain to maintain quality
of fresh produce. It can be used in the field to remove field heat or in hydrocooler systems
indirectly to help maintain water temperature (Kays 1997).  Since E. coli O157:H7 has been
found in water and survived for extended periods up to 12 weeks (Wang and Doyle 1998b;
Warburton et al. 1998), contamination of ice with this pathogen is a possible hazard.

Surrogates are preferred instead of pathogenic microorganisms to evaluate the efficacy
of intervention strategies in food processing operations because of the potential risk posed by
pathogens to both the production environment and researchers. Many studies comparing non-
pathogenic E. coli surrogates with E. coli O157:H7 under different environments have been
conducted (Duffy et al. 2000; Leenanon and Drake 2001; Pao and Davies 2001; Peri et al. 2002;
Thayer and Boyd 1993). Surrogates may not fit all situations to the same degree.

The ultimate goals of this dissertation are to investigate ice as a possible route for the
introduction of E. coli O157:H7 onto romaine lettuce and to select a non-pathogenic surrogate E.
coli for E. coli O157:H7 based on cryotolerance and cell surface characteristics and to compare

behavior of E. coli O157:H7 with the surrogate under starvation conditions.



There are four objectives:

1. Investigate ice as a possible route for introduction of E. coli O157:H7 to romaine lettuce

The possible sources of introduction could be either directly from ice contaminated with
E. coli O157:H7 or by transfer from contaminated to uncontaminated lettuce surfaces via melting
ice. The fate of E. coli O157:H7 on the surface of romaine lettuce under icing conditions under

simulated commercial operation conditions was determined.

2. Select non-pathogenic surrogate for E. coli O157:H7 based on cryotolerance and attachment
to romaine lettuce
Attachment of microorganisms is influenced by the cell surface characteristics. Cell
surface structures (e.g., polysaccharides and fimbriae), hydrophobicity, and surface charge may
influence adherence of bacteria to a surface. Non-pathogenic E. coli strains were compared
with E. coli O157:H7 for attachment and recovery traits involving chilled produce based on

survival at —18°C and cell surface properties.

3. Determine attachment properties of E. coli O157:H7 and a non-pathogenic surrogate
subjected to starvation
The effect of starvation on E. coli O157:H7 and a selected surrogate E .coli on their
subsequent survival at —18°C was determined. In addition, capsule and curli production,
morphology, hydrophobicity, zeta potential, and outer membrane protein profile were compared
and their relationship to attachment and recovery of the microorganisms to produce was

determined.



4. Compare attachment of E. coli O157:H7 and a selected, non-pathogenic surrogate to romaine
lettuce surfaces in contact with contaminated ice using simulated commercial operation
conditions and determine the recovery of the microorganisms from the lettuce surfaces

E. coli O157:H7 or the selected surrogate E. coli containing water was frozen and used
to ice lettuce in shipping containers. The containers were held at refrigeration temperature to
represent the condition of lettuce transportation. ~Attachment to romaine lettuce and recovery
from the lettuce of the surrogate E. coli in contact with contaminated ice was compared with

those of E. coli O157:H7 under simulated commercial operation conditions.



CHAPTER 2

LITERATURE REVIEW



Produce

Over the past decade, there has been an increase in per capita consumption of fresh
produce because of an increased awareness in a healthy diet. In addition, the consumption of
bagged salads and other minimally processed vegetables has been increased due to convenience,
ready-to-eat vegetables with fresh-like quality, availability of small quantities and mixture of
different vegetables (Ahvenainen 1996; Ragaert et al. 2004). With an increase in consumption,
the number of foodborne illnesses linked to the consumption of fresh produce has increased in
recent years (Beuchat 2002; Beuchat et al. 1998; Tauxe et al. 1997). The changes in dietary
habits, changes in agronomic practices, and increased international trade and distribution have
also been suggested for reasons of increasing outbreak occurrence. Pathogen contamination of
fresh produce can occur at many points during production, harvest, transport, and market.
Contaminated manure, irrigation water, wash water, equipment, or workers have been reported
as vehicles of the pathogen transmission to fresh produce (Beuchat 2002). While the
probability of contracting a foodborne illness via consumption of fresh produce is very low, a
small probability does exist. Today potential contamination of fresh produce is of great concern
since the product is usually consumed raw or seldom treated in a manner that can consistently
reduce or eliminate foodborne pathogens from the product (FDA 2000). Several studies
involving postharvest handling of E. coli O157:H7 contaminated lettuce and the effectiveness of
various methods of sanitation in reducing the level of the pathogen on lettuce have been
conducted (Abdul-Raouf et al. 1993; Beuchat et al. 1998; Seo and Frank 1999; Takeuchi and

Frank 2000).



Romaine lettuce Production Practices

Romaine (Lactuca sativa var. longifolia) is a cool-season crop with distinct temperature
requirements. The optimal growing temperature is 10-20°C and cool nights are essential for
good-quality lettuce (Deshpande and Salunkhe 1998). Lettuce should be cooled as soon as
possible after harvesting because it is highly perishable. For precooling, vacuum cooling,
hydrocooling or ice cooling is used (Boyhan et al. 2004). In addition, lettuce has high
respiration rates and needs high relative humidity during transportation to maintain quality. A
shelf-life of lettuce is around 21 days at 0°C with high relative humidity. Since most
refrigeration units on trailers and containers cannot control relative humidity and actually remove
moisture from products as a natural part of the cooling process, top-icing can be used for
romaine lettuce (Welby and McGregor 2004). Romaine lettuce is hand-cut, harvested by
ground pack crews and packed 12- or 24-bunches to a waxed fiberboard box weighing
approximately 40 pounds (Ashby 1995). There are three layers of lettuce heads per box.
Lettuce production occurs year-round throughout the United States. California and Arizona are
responsible for nearly all lettuce production, with California accounting for 73 percent and
Arizona 26 percent of U.S. production in 2004 (USDA/ERS 2005). The production of romaine
lettuce in 2004 in the U.S. increased approximately 8 times over that of 1990. Per capita
consumption of all lettuce varieties has been increasing since 1960. In 2004, total lettuce
consumption reached a record high of 34.5 pounds per capita. Although iceberg lettuce remains
the most popular, per capita consumption of iceberg lettuce has been declining in more recent
years while consumption of romaine lettuce has been increasing. Consumption of iceberg
lettuce peaked in 1989 at 28.7 pounds and by 2004 had decreased to 22.5 pounds, still slightly

above consumption in 1960. Meanwhile, in 1985 when reporting by ERS began, per capita



consumption of romaine and leaf lettuce was 0.7 and 2.5 pounds per capita, respectively. By
2004 consumption had increased to 8.1 pounds for romaine lettuce, nearly doubling between
2001 and 2004 (USDA/ERS 2005). This shift is partly due to the increased popularity of
Caesar salad in the food service and retail markets. In addition, increased nutritional awareness
among consumers, the success of prepackaged salads, and a general desire for diversity in foods

may facilitate the increase in lettuce production (USDA/ERS 1998).

Use of Ice for Lettuce

Ice can be used in the field to remove field heat or in hydrocooler systems indirectly to
maintain water temperature (Kays 1997). Romaine lettuce can be top-iced by placement of
crushed ice on top of the container prior to closure to prevent moisture loss from the surface of
lettuce in a refrigeration unit during transportation. Ice can be manufactured on-site with an
icemaker and ice storage bin, or block ice can be purchased and crushed. High relative
humidity (>95% RH) with 0°C is required to optimize the postharvest life of romaine lettuce
(Welby and McGregor 2004). Since E. coli O157:H7 have been found in water and can survive
for extended periods up to 12 weeks (Wang and Doyle 1998b; Warburton et al. 1998),
contamination of ice with these pathogens is a hazard. ~As ice made of water contaminated with
E. coli O17:H7 melts, the pathogen might be distributed onto other lettuce layers by the melt
water. In addition, ice may contact with contaminated produce, resulting in transfer of
pathogen from contaminated to uncontaminated lettuce surfaces. Access to some of the settings
where ice is used may not be tightly controlled from a food security standpoint. It is possible
for an individual to intentionally contaminate the water used in ice production with foodborne

pathogens.



Escherichia coli O157:H7

E. coli O157:H7 is an enteric pathogen which was first identified in two independent
outbreaks of hemorrhagic colitis in 1982 (Riley et al. 1983). E. coli O157:H7 colonizes the
intestine and can cause a diarrheal syndrome characterized by a copious bloody discharge. In
addition to bloody diarrhea, intestinal infection can lead to potentially fatal sequelae, hemolytic
uremic syndromes, in children, elderly patients and other susceptible groups of individuals
(Nataro and Kaper 1998). The infectious dose of this organism is less than 100 cells (Meng et
al. 2001) and estimates of approximately 73,000 E. coli O157:H7 infections and 61 associated
deaths occur annually in the United States (CDC 2001). Cattle are known to be a reservoir of E.
coli O157:H7 (Zhao et al. 1995) and outbreaks of E. coli O157:H7 infections have been
primarily associated with consumption of contaminated undercooked beef (Doyle 2001). Fresh
vegetables, including lettuce, have also been implicated as unexpected vehicles of transmission
(Ackers et al. 1998; Beuchat 1999; Breuer et al. 2001; Hillborn et al. 1999; Itoh et al. 1998).
The presence of E. coli O157:H7 in a variety of food products suggests that this pathogen has the
ability to express one or more adhesive structures which allow the pathogen to bind to surfaces

of many different types of food (Torres et al. 2005).

Stress Response of E. coli O157:H7

Sublethal exposure to various stresses may enhance the survival of bacteria under the
subsequent stress conditions and this enhancement may offer cross-protection against other
stresses (Abee and Wouters 1999). Many researchers have demonstrated the stress response of
E. coli O157:H7 to sublethal environmental stresses. Acid stress enhanced subsequent acid

tolerance, heat tolerance, and freeze-thaw tolerance (Leenanon and Drake 2001; Williams and



Ingham 1998). Nutrient starvation enhanced heat tolerance (Jenkins et al. 1988; Rowe and Kirk
2000). In addition, Wang and Doyle (1998a) reported heat shock enhanced heat tolerance and
acid tolerance. Other studies have reported that cold stress enhanced freeze-thaw resistance in
E. coli (Goldstein et al. 1990; Leenanon and Drake 2001). Under stress conditions, E. coli
O157:H7 may produce several stress proteins (Gawanda and Griffiths 2005a; Zhang and
Griffiths 2003) and alter membrane lipid composition to survive in these environments
(Arneborg et al. 1993; Carty et al. 1999). Sainz et al. (2005) showed survival of pathogenic E.
coli strains to different acid challenges might be related to the changes in outer membrane
protein profiles. Other studies demonstrated that a stress response may affect subsequent
virulence (Buncic and Avery 1998; Elhanafi et al. 2004; Leenanon et al. 2003; Weinstein et al.

1988; Yuk and Marshall 2003).

Starvation studies for E. coli O157:H7

Water is widely used material in fresh produce production and processing. Starvation
can occur under the conditions which microorganisms exist in water for extended periods
(Harakudo et al. 2000; Rockabrand et al.1995). Several studies showed E. coli O157:H7 can
survive in water for extended periods under starvation conditions (LeJeune et al. 2001; Maule
2000; Rice and Johnson 2000; Wang and Doyle 1998b; Warburton et al. 1998). Previous work
has shown that the stress imposed by starvation changed the ability of E. coli O157:H7 to survive
heat treatments and that this thermal tolerance correlated with induction of the heat shock
proteins (Rowe and Kirk 2000). Kim and Kim (2004) showed curli expression affected
adherence to host epithelial cells using curli producing E. coli 0157:H7 at 37°C.  Ozanca and

Flint (2002) demonstrated prolonged starvation affects the relative amounts of outer membrane
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porins and may affect survival of this microorganism in lake water environments.

Few studies have addressed the impact of starvation (held in water for extended periods) of E.
coli O157:H7 on cell surface characteristics including surface structure, hydrophobicity, surface
charge, and outer membrane proteins and the relationship between the change of cell surface

characteristics and attachment to produce.

Surrogates

A surrogate is defined as a non-pathogenic species and strain responding to a particular
treatment in a manner equivalent to a pathogenic species and strain (FDA 2000). Since the
production of fresh produce does not use a processing kill step to eliminate pathogens but may
have a decontamination treatment, surrogates may be inoculated onto produce or equipment
surfaces as test organisms to determine the efficacy of intervention strategies in food processing
operations without the potential risk posed by pathogens to both the production environment and
researchers. However, using surrogates has inherent limitations if they do not behave in a same
manner to that of the pathogen of interest. Potential surrogates must exhibit characteristics like
the target pathogens. An ideal surrogate is a strain of the target pathogen that retains all other
characteristics except its virulence. However, due to possible reversion to pathogenicity, such
an approach to select surrogate is not usually followed.  Generally, surrogates are selected
from the population of well-known organisms that have well-defined characteristics and a long
history of being non-pathogenic. When selecting surrogates, the following characteristics are
desirable: (a) non-pathogenic, (b) inactivation characteristics and kinetics that can be used to
predict those of the target organism, (c) behavior similar to target microorganism when exposed
to conditions similar to the processing parameters (pH, temperature, oxygen), (d) easy

preparation, (e) genetically stable, (f) susceptibility to injury similar to the target pathogen (Busta
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et al. 2003). In addition to these characteristics of surrogates, they need to differentiate easily

from other microflora. Antibiotic resistance can be used as selective marker (Peri 2003).

Previous studies of surrogates for E. coli O157:H7

The behavior of non-pathogenic E. coli strains has been compared to E. coli O157:H7
under specific process conditions. E. coli K-12 MG 1655 was a suitable surrogate on efficacy
of electron beam irradiation treatment for fruits (Rodriguez et al. 2005). Peri et al. (2002)
suggested E. coli K-12 LMM 1010 is a suitable surrogate for E. coli O157:H7 after evaluating
their survival at acid/alkaline pH levels and reduced water activities. ~Salter et al. (1998) used E.
coli M23 as a surrogate of a pathogenic strain of E. coli including O157:H7 to develop the
temperature dependence of growth rate. Eblen et al. (2005) compared growth and survival
characteristics (level of attachment and survival on apple surfaces, resistance to hydrogen
peroxide decontamination treatments, and thermal resistance at 60°C) of non-pathogenic E. coli
strains with E. coli O157:H7 and Salmonella and reported non-pathogenic E. coli strains showed
few differences in generation time, lag phase duration, maximum population attained, and pH at
stationary phase with those of E. coli O157:H7 and Salmonella, while considerably more
separation among strains was seen in survival characteristics. They suggested E. coli ATCC
11775, ATCC 25253, and ATCC 25922 may be useful for evaluating the efficacy of intervention
steps in reducing populations of selected strains of E. coli O157:H7 and Salmonella in
processing environments where these pathogens cannot be introduced. Pao and Davies (2001)
demonstrated E .coli ATCC 11229 and E. coli ATCC 25922 showed the resistance to alkaline pH
and high temperature and may be utilized as surrogates to conduct research in fresh fruits. E.

coli ATCC 25922 was found to be a suitable surrogate for evaluating the efficacy of using
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hydrogen peroxide in decontaminating apples and cantaloupe melons (Sapers and Sites 2003).
Leenanon and Drake (2001) compared E. coli O157:H7 (ATCC 43895) with this strain on
poststress heat resistance and freeze-thaw resistance after exposing to acid adaptation, acid shock,
starvation, and cold stress. They observed that heat and freeze-thaw resistance of E. coli
O157:H7 and E. coli ATCC 25922 was enhanced after acid adaptation and starvation. They,
also, reported, heat resistance of both cultures was decreased after cold stress, while freeze-thaw
resistance was increased. Thayer and Boyd (1993) successfully determined this strain has the
same sensitivity to gamma radiation in meats. In addition, Duffy et al. (2000) used E. coli
ATCC 25922 as a surrogate for E. coli O157:H7 to validate the efficacy of UV inactivation in
apple cider processing. However, Mak et al. (2001) demonstrated strain ATCC 25922 was the
least thermo-tolerant among all the E. coli strains tested before and after acid stress and should
not be used as a surrogate for E. coli O157:H7 in terms of thermotolerance. The results of these
studies suggested that a particular non-pathogenic strain behaves differently under specific

process conditions. Thus, surrogates may not fit all challenged situations to the same degree.

Assay used for selection of surrogate

The ability of microorganisms to attach to fresh produce is of great concern since the
products are to be sold as raw or minimally processed. ~Attachment of microorganisms is
influenced by the cell surface characteristics (Frank 2001).  Cell surface structures (e.g.,
polysaccharides, fimbriae, outer membrane proteins), hydrophobicity, and surface charge may
explain adherence of bacteria to a surface. A limited numbers of reports on the relationship
between E. coli O157:H7 and food surfaces have been published. Cell hydrophobicity

(Dickson and Koohmaraie 1989), cell surface charge (Ukuku and Fett 2002), fimbriae
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(Fratamico et al. 1996), and exocellular polysaccharides (Han et al. 2000) have been investigated.
There were conflicting results as some reports suggest strong interaction with attachment and
others do not. This may be due to the heterogeneous nature of various food surfaces and

differences in cell surface composition between the studies (Solomon and Matthews 2006).

Capsules

Capsules are polysaccharides surrounding the bacterial cell wall. In E. coli, its
composition may be a K antigen or an O antigen (Whitfield and Roberts 1999). Besides these
polysaccharides, many strains of E. coli can produce an exopolysaccharide called colanic acid,
major composition of slime polysaccharides. Generally capsule formation of E. coli strains can
protect cells from osmotic and oxidative stress, low temperature, and desiccation (Chen et al.
2004; Sledjeski and Gottesman 1996; Whitfield and Roberts 1999). Capsules can be either
adhesive or antiadhesive, depending on the attachment surface and medium. By adhering the
cells to solid surfaces, capsules prevent cells from washing away and provide a protective
environment for them. On the other hand, capsules may antiadhesive because hydrophilic
capsule can mask hydrophobic components of the cell envelope, preventing adhesion of the cell
to hydrophobic surfaces (Ofek and Doyle 1994). Valle et al. (2006) demonstrated that the
treatment of abiotic surfaces with capsular polysaccharides of E. coli drastically reduced both
initial adhesion and biofilm development by broad-spectrum pathogens due to physiochemical
surface alterations. Hydrophobic cells are generally more adherent than hydrophilic ones and

most bacteria preferentially adhere to hydrophobic surfaces.
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Curli expression

E. coli has ability to express thin aggregative fimbriae, known as curli, on the cell
surface. Curli are typically expressed under ambient temperature, low osmotic pressure,
deficient nutrients, and stationary phase (Olsén et al. 1989, 1993).  Curli consists of a highly
insoluble polymer which is resistant to heat (Olsén et al. 1993). Curli are involved in
attachment and biofilm formation by non-pathogenic E. coli (Prigent-Combaret et al. 2000).
Vidal et al. (1998) reported curli produced by non-pathogenic E. coli enhanced the attachment of
cells on the surface of polystyrene. Gophna et al. (2001) reported curli facilitated
internalization of E. coli by epithelial and HEp-2 cell lines due to fibronectin binding. Curli
expression in serogroup O157:H7 of enterohemorrhagic E. coli (EHEC) has been reported
(Cookson et al. 2002; Uhlich et al. 2001, 2002; Zogaj et al. 2003). Curli expression by E. coli
O157:H7 was very rare but when it occurs the organism is more virulent and plays a role in
autoaggregation and development of biofilm on inert surfaces (Ryu et al. 2004; Uhlich et al.
2001, 2002). Expression of curli is regulated through both environmental and genetic
interactions. Altering environmental conditions such as NaCl content or temperature will cause
some curli-producing bacteria to revert to the non-curli-producing white phenotype (Olsén et al.
1993). However, Uhlich et al. (2001) suggested that curli production can occur in association
with ¢sg promoter point mutations with metabolic flexibility, which means curli expressing is
independent of temperature or other environmental factors. Little is known about curli
expression by E. coli O157:H7 in attachment to produce surface. Jeter and Matthysse (2005)
reported the production of curli appears to be sufficient to allow K-12 strains to bind to plant
surfaces but curli are not necessary for the binding of pathogenic strains, suggesting that

pathogenic E. coli strains may have more than one mechanism for binding to plant surfaces.
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Hydrophobicity

Bacterial adhesion may be influenced by hydrophobicity, which can vary between
species, serotypes or strains. It can change with variation in growth conditions, physiological
states of cells, and composition of suspension media (Doyle 1991; Hassan and Frank 2004).
Relative hydrophobicity of bacterial cells has been determined by several methods, such as
bacterial adhesion to hydrocarbon (BATH; Rosenberg and Kjelleberg 1986; Pelletier et al. 1997),
hydrophobic interaction chromatography (HIC; Jonsson and Wadstrom 1983; Ukuku and Fett
2006), aggregation in the presence of different salt solutions (SAT; Lindhal et al. 1981),
adhesion to nitrocellulose filters (NCF; Lachica and Zink 1984; Balebona et al. 2001) and
contact angle measurement (CAM; Van Loosdrecht et al. 1987b). Each method has specific
advantages and shortcomings; large variations have been observed among different measurement
methods (Rosenberg and Kjelleberg 1986). BATH assay has been mostly used in literatures for
relative hydrophobicity. Xylene or hexadecane among the hydrocarbons tested for
hydrophobicity appeared the most marked response. Benito et al. (1997) reported bacterial cell
surface hydrophobicity showed an apparent linear relationship with attachment to beef muscle.
Dickson and Koohmaraie (1989) found hydrophobicity of E. coli was linearly correlated with
bacterial adhesion to fat tissue but not to muscle tissue. Marin et al. (1997) also found a strong
relationship between strength of attachment to beef muscle and hydrophobicity of lactic acid
bacteria. On the other hand, Li and McLandsborough (1999) reported no correlation was
observed between surface hydrophobicity of E. coli strains and adhesion to beef muscle.
Similar results were reported by Bouttier et al.(1997). This apparent conflict may be due to the
variations of systems used and bacterial strains tested. For example, different mixing

conditions (e.g., temperature, time, amount of hydrocarbon added) may produce different results

16



(Van Loosdrecht et al. 1987a). In addition, the amount of surface area created during mixing of
the two liquid phases and the size and number of hydrocarbon droplets obtained in the aqueous

phase can be different from strain to strain (Van Loosdrecht et al. 1987a).

Surface charge

Surface charges can occur due to the formation of an electrostatic double layer on each
surface, depending on the ionic strength and pH of the surrounding medium (Frank 2001).
Elevated concentrations of ions reduce the electrostatic double layer and the repulsive forces,
leading to less effect of variations of the cell surface charges in high ionic strength such as
marine environments. In low-ionic strength environments, the microbial charges are of greater
importance (Stenstrom 1989). Bacterial adhesion may be influenced by the cellular surface
charge and its interaction with the charge on solid surfaces (Li and McLandsborough 1999; Van
Loosdrecht et al. 1987b). Sharma et al. (1985) reported that bacterial surface charge is
influenced by carboxyl, amino, sulfate and phosphate groups within the cell envelop. Bacterial
cells have a net negative charge on the cell wall, although the magnitude of this charge varies
from strain to strain (Li and McLandsborough 1999). They revealed no correlation between
surface charge of E. coli strains and strength of adhesion to beef muscles. Kim et al. (1996)
also showed no correlation between surface charge and the adhesion of Salmonella to meat. On
the other hand, Dickson and Koohmaraie (1989) found linear relationships between the negative

charges of bacterial strains including E. coli O157:H7 and adhesion to adipose or muscle tissues.

Outer membrane proteins
Outer membrane proteins (Omps) of Gram-negative bacteria are important molecules

that interface the cell with the environment. Escherichia coli possess a number of outer
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membrane proteins (Omps) some of which play an important role in the specific or nonspecific
membrane transport and permeability of nutrients. The major Omps include the porins (e.g.,
OmpC and OmpF) and the OmpA protein in the approximately 35,000-dalton range (Nikaido
and Vaara 1985). The porins play an important role in membrane transport, through forming a
passive hydrophilic channel, allowing nonspecific diffusion of small molecules (less than 600
Da) across the outer membrane barrier (Molloy et al. 2000). OmpA is associated with the
peptidoglycan layer and has a function of stabilizing the outer membrane and retaining the rod
shape of the bacterial cell (Havekes and Hoekstra 1976; Sonntag et al. 1978). Expression of
outer membrane proteins is affected by medium pH, osmolarity, starvation, and different nutrient
sources (Nikaido and Vaara 1985; Ozkanca and Flint 2002; Sato et al. 2000; Zhang and Ferenci
1999). For example, the level of OmpC increases with increased osmolarity when cells are
growing in neutral and alkaline media, whereas the level of OmpF decreases at high osmolarity
(Sato et al. 2000). Ozkanca and Flint (2002) reported an increase in the expression of OmpF
may be essential for the survival of enteric bacteria in an environment with low osmolarity by
increasing the permeability of the outer membrane. This survival strategy could allow bacteria
to survive longer periods of starvation (Nikaido and Vaara 1985). Zhang and Ferenci (1999)
reported OmpF changed when E. coli was exposed to prolonged lactose limitation and outer
membrane permeability was affected. They revealed non-specific pathways are the primary
target for selection to improve outer membrane permeability whereas, Notley-McRobb and
Ferenci (1999) reported E. coli under glucose limitation increased outer membrane permeability
for glucose through overexpression of the LamB glycoporin.  Sainz et al. (2005) found Omp
profiles in non-adapted acid challenged cells were changed when compared with non-challenged

cells and these changes resulted in significantly enhancing their survival in acid conditions.
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Visualization of bacterial cells by electron microscopy

The cell surface including outer membrane of gram-negative bacteria is considered to
play an important part in effective physical barrier to various environments (Raetz and Whitfield
2002). Direct microscopic observation is potentially a useful and simple approach for obtaining
information that would help in understanding the function of cell surface structures. Scanning
electron microscopy and transmission electron microscopy have been used to study the
ultrastructural features of cultured-cell surfaces under different treatments including starvation
conditions (Mendoca et al. 1994; Solomon et al. 2002; Yoon et al. 2005). Due to artifacts
which may be produced during sample preparation for electron microscopy and sensitivity of
bacterial cells to chemical fixation agent, changes in cell surface structures under specific
treatments may not accurately represent the true native structures. However, electron
microscopy images may demonstrate relative visual evidence with other subsequent analysis.
In addition, advances in the electron microscopy including ability to observe fully hydrated
samples at room or body temperatures could help eliminate many artifacts of sample preparation

and allow routine and reproducible imaging.
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CHAPTER 3
TRANSFER OF ESCHERICHIA COLI O157:H7 TO ROMAINE LETTUCE

DUE TO CONTACT WATER FROM MELTING ICE'

! Jin Kyung Kim and Mark A. Harrison. To be submitted to Journal of Food Protection, 2007.
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Ice can be used to chill romaine lettuce and maintain relative humidity during transportation. E.
coli O157:H7 may contaminate water used for ice. Potential contamination of lettuce is of
concern since it is usually consumed raw or minimally processed. The objective was to
determine the potential for E. coli O157:H7 contamination of romaine lettuce from either ice
contaminated with the pathogen or by transfer from lettuce surfaces via melting ice. In
experiment 1, lettuce was spot inoculated with E. coli O157:H7 and chilled with ice prepared
from uncontaminated tap water. In experiment 2, water inoculated with E. coli O157:H7 was
frozen and used to ice lettuce in shipping containers. Three heads of lettuce were stacked in
each container and stored at 4 or 20°C.  After ice melted, attachment and recovery of E. coli
O157:H7 after rinsing with chlorinated water (200 ug free chlorine/ml) from sampling sites were
determined. For experiment 1, the population of E. coli O157:H7 attached to inoculated sites
was 3.8 and 5.5 cfu/cm” at 4 and 20°C, respectively. While undetectable, other non-inoculated
sampling sites became contaminated with the pathogen due to ice melt. For experiment 2, 3.5-
3.8 log cfu E. coli 0157:H7/cm* was attached to the top leaf on the first head. Populations
decreased on the other heads with the lowest at the bottom leaf on the third head. After rinsing
with chlorinated water, E. coli O157:H7 remained on the surface of the top head (1.8-2.0 log
cfu/cm?) and was detectable at other sampling areas. There was no difference in numbers of E.
coli recovered from each sampling site at 4 and 20°C. Results show that E. coli O157:H7 can
be transferred onto other produce layers in shipping containers due to melted ice made of

contaminated water and from contaminated to uncontaminated leaf surfaces.
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INTRODUCTION

Large quantities of ice are used to maintain the quality of some fresh produce at different
steps in the harvest-handling-marketing chain. It can be used in the field to remove field heat or
in hydrocooler systems indirectly to help maintain water temperature (Kays 1997). In addition,
top-icing is required for some produce types such as broccoli, turnips, spinach, green onions, and
carrots with tops. These products have tolerance to contact with water and ice, have high
respiration rates, and need high relative humidity. Since most refrigeration units on trailers and
containers cannot control relative humidity and actually remove moisture from produce as a
natural part of the cooling process, top-icing or package-icing is necessary to keep relative
humidity during transportation as well as cool produce fast (Welby and McGregor 2004). Ice
can be manufactured on-site with an icemaker and ice storage bin, or block ice can be purchased
and crushed.

The production of romaine lettuce in 2004 in the U.S. increased approximately 8 times
over that of 1990. Consumption of romaine lettuce per capita increased dramatically between
1990 (1.2 Ibs) and 2004 (8.1 Ibs; USDA/ERS 2005). This shift due to the popularity of Caesar
salad in the food service and retail markets, increased nutritional awareness among consumers,
the success of prepackaged salads, and a general desire for diversity in foods (USDA/ERS 1998).
Today potential contamination of lettuce is of great concern since the product is usually
consumed raw or with little intervention to reduce or eliminate foodborne pathogens from the
product (FDA 2000).

Romaine lettuce is a cool-season crop with distinct temperature requirements. The
optimal growing temperature is 10-20°C and cool nights are essential for good-quality lettuce

(Deshpande and Salunkhe 1998). Lettuce is highly perishable and should be cooled as soon as
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possible after harvesting. For precooling, vacuum cooling, hydrocooling or ice cooling is used
(Boyhan et al. 2004). Romaine lettuce is hand-cut, harvested by ground pack crews and packed
12- or 24-bunches in waxed fiberboard boxes (Ashby 1995). There are three layers of lettuce
heads per box. Romaine lettuce can be top-iced by placement of crushed ice on top the
container prior to closure.

Since almost all known bacterial enteropathogens of the Enterobaceriaceae, including
Escherichia coli, have been found in water and survive for extended periods (Wang and Doyle
1998; Warburton et al. 1998), contamination of ice with these pathogens could be a hazard.

Due to melted ice made of contaminated water, E. coli O157:H7 might be distributed onto
uncontaminated produce. In addition, ice may contact contaminated produce, resulting in
transfer of pathogens from contaminated to uncontaminated surfaces. To date, there are no
documented studies on the attachment and recovery of E. coli O157:H7 on surfaces of romaine
lettuce under icing conditions using simulated packing and distribution of romaine lettuce.

The objective of this study was to investigate ice as a possible route for introduction of
foodborne pathogens to romaine lettuce. The possible contamination sources could either be
directly from ice contaminated with E. coli O157:H7 or by transfer from contaminated to
uncontaminated lettuce surfaces via melting ice. The fate of E. coli O157:H7 on the surface of
romaine lettuce contacted with ice under simulated commercial operation conditions was

determined.

MATERIALS AND METHODS
Bacterial strain and inoculum preparation. E. coli O157:H7 932 (human isolate)

was used. It was determined to be sensitive to a level of 50 pg/ml nalidixic acid (Sigma
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Chemical Co., St. Louis, MO). It was made nalidixic acid-adapted through the transfers in
tryptic soy broth (TSB, Becton, Dickinson and Co., Sparks, MD) supplemented with increasing
concentrations of nalidixic acid (TSBN) from 2.5 to 50 pg /ml for 7 days at 37°C.  Nalidixic
acid-adapted cells were surface plated on tryptic soy agar supplemented with 50 pg of nalidixic
acid/ml (TSAN) and incubated at 37°C for 24 h.  Stock cultures were stored at —80°C in culture
broth containing 15% glycerol until used. Frozen stock cultures maintained at —80°C were
activated by two successive transfers in 10 ml of TSBN and incubated at 37°C for 24 h. These
active cultures were transferred to 5 L of TSBN and incubated for 24 h at 37°C.  Cultures were
centrifuged at 4,550 x g for 30 min (Model 5681, Forma Scientific Inc., Milford, MA) at 20°C
and the cells were resuspended into sterile deionized water (SDW) to yield ca. 10% cfu/ml.

Lettuce. Romaine lettuce (Lactuca sativa var. longifolia) was purchased at a local
grocery store (Athens, GA) on the shipping day from the warehouse to keep consistent freshness
and all experiments were started at the purchasing day. At the start of the experiment, wilted
and blemished outer leaves were removed. Tap water and uninoculated lettuce were tested to
confirm the absence of nalidixic acid-adapted E. coli O157:H7 and E. coli using TSAN after
incubation at 37°C for 24 h in enrichment broth.

Container preparation. To simulate packing, we used plastic containers
(20x30x30cm) with ventilation holes.  Sterile wire grid racks were used on the bottom of each
container to prevent lettuce from touching melted ice that accumulated in the container. Sterile
wire crown was used on the top of lettuce to hold ice and keep ice from dropping to the bottom
of container without touching lettuce (Fig. 3-1).

Ice preparation. For experiment 1 (contamination of lettuce before contact with ice),

ice was prepared from uncontaminated tap water using portable ice-maker, placed into Ziploc
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bags (approx. 150 g; S.C. Johnson & Son, Inc., Racine, WI), and stored at —20°C until used.
Before making ice, tap water was stored at 4°C overnight. Aquachek total/free chlorine test kits
(Hach Company, Loveland, CO) was used to measure the concentration of free chlorine in tap
water. Free chlorine was less than 0.1ug/ml. For experiment 2 (ice contamination with
pathogen), 100 ml of the inoculum preparation was added to one liter of tap water which had
been stored overnight at 4°C in advance, to give an inoculum concentration of approximately
10’cfu/ml before ice was made.

Experiment 1. E. coli O157:H7 transfer from contaminated to uncontaminated
lettuce surfaces via melted ice. Lettuce was equilibrated to room temperature (ca. 20°C) or
stored at refrigerator (4°C). For lettuce at 20°C, 100 pl of inoculum (108 cfu/ml) was spot
inoculated on two marked areas (3x3cm) on the abaxial surface of the top leaf on the first head of
lettuce and dried for 1 h at 20°C in the laminar flow hood. Inoculated areas were gently rinsed
using SDW to remove unattached cells. During rinsing, inoculated lettuce surfaces were faced
downside and rinse water was confined to the marked area to prevent unattached cells from
contacting the lettuce surface other than the inoculated site. Then, three heads of lettuce were
stacked in each container with the top head with the inoculated site on top. Lettuce was chilled
with ice prepared from uncontaminated tap water for 1 h at 20°C, followed by storage at 4°C.
Temperature on the top leaf contacting ice was recorded using a continuous time-temperature
recording device and thermocouple. After the ice melted, sampling sites from each head were
taken using sterile templates (4x4cm) and scalpels. Sampling sites were the inoculated areas,
non-inoculated areas of the top leaf, adjacent leaf on both sides, second leaf down on the top
head, first leaf on the second head, bottom leaf on the third head and melted ice (Fig. 3-1). For

lettuce at refrigerator, E. coli O157:H7 was spot inoculated and held overnight at 4°C.
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Inoculated areas were gently rinsed using SDW. Then, three heads of lettuce were stacked in
each container and followed by ice lettuce at 4°C. Temperature on the top leaf contacting ice
was recorded.  After the ice melted, sampling sites from each head were taken using sterile
templates (4x4cm) and scalpels. Sampling sites were same as above. Lettuce pieces were
gently rinsed with SDW (10 ml) on both sides to remove unattached cells. After rinsing, a
3x3cm template was used to remove edges where cells might attach during the rinsing procedure
and lettuce pieces were placed into stomacher bags. From inoculated sites, one piece was used
to determine E. coli O157:H7 attachment and one to determine recovery after rinsing with
chlorinated water (200 ug free chlorine/ml). From non-inoculated areas, three pieces were used
to determine attachment and 3 for recovery. The chlorine solutions were prepared each day
from a sodium hypochlorite stock solution. The solutions were prepared in SDW stored at 4°C
overnight with 0.1 N cirtric acid to adjust pH to 7.0 £ 0.2 and the concentration of free chlorine
was verified by Aquachek total/free chlorine test kits (Hach Company). For the recovery test,
100 ml of chlorinated water (200 g free chlorine/ml) was added to the stomacher bags, and the
contents were vigorously shaken by hand for 1 min and immediately neutralized with 30 ml of
0.1 N sodium thiosulfate.

Experiment 2. E. coli O157:H7 distribution onto uncontaminated lettuce layers
due to melted ice made of contaminated water. Water inoculated with E. coli O157:H7 was
frozen and used to ice lettuce in shipping containers. For lettuce at room temperature (ca.
20°C), lettuce equilibrated to 20°C was stacked by 3 heads in each container. Lettuce was
chilled with ice containing E. coli O157:H7 for 1 h at room temperature, followed by storage at

4°C. For lettuce at refrigerator, lettuce stored at 4°C was stacked by 3 heads in each container,

followed by ice lettuce at 4°C.  After ice completely melted, sampling sites were removed using
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a sterile template (4x4cm) and scalpels. The excised pieces were rinsed gently with SDW (10
ml) on both sides. After rinsing, a 3x3cm template was used to remove edges and lettuce pieces
were placed into stomacher bags. Thereafter, all procedures were same as described for
experiment 1.

Microbiological analysis. Lettuce samples were homogenized with 100 ml of
modified EC broth (mEC broth, Becton, Dickinson and Co.) for 1 min in a stomacher at normal
speed. Melted ice was diluted with 0.1% peptone water and plated directly. A spiral plater
(Autoplate 4000, Spiral Biotech, Bethesda, MD) on TSAN was used for enumeration of E. coli
O157:H7. TSAN plates and mEC broth were incubated at 37°C for 24 h. The mEC was used
in the event that the TSAN plates yielded no typical colonies. Detection limits for attachment
and recovery were 1.57 log cfu/cm” and 0.87 log cfu/cm?, respectively. The mEC cultures after
inoculation at 37°C for 24 h were streaked onto TSAN plates for presumptive identification.
Presumptively identified E. coli O157:H7 were done based on colony morphology on TSAN
plates, and Gram stain reaction. Randomly selected isolates were confirmed by biochemical
testing using Micro ID kits (Remel, Lenexa, KS).

Statistical analyses. All experiments were conducted with three replicates and each
replicate consisted of 3 samples. E. coli O157:H7 counts for attachment and recovery test were
converted to log values and then entered into an analysis of variance (ANOV A) using SAS (SAS
Institute, Inc., Ver. 9.1, Cary, NC). When the ANOVA indicated a significant difference at
0a=0.05 between sampling sites or treatment temperatures, mean separation was achieved using
the Duncan’s multiple range test. Differences between mean values were considered significant

at 0=0.05.
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RESULTS AND DISCUSSION

We chose two scenarios for introduction of E. coli O157:H7 onto romaine lettuce, one
for ice contaminated with E. coli O157:H7 and one for transfer from contaminated to other
uncontaminated lettuce surfaces via melted ice. In addition, ice can be used either in the field
to remove field heat or in a refrigeration unit to prevent moisture loss from the surface.
Therefore, we performed two experiments (lettuce contamination and ice contamination) at two
temperatures (4 and 20°C). There was no detectable nalidixic acid-adapted E. coli O157:H7
and E. coli detected in the tap water and uninoculated lettuce used in the experiments.

Experiment 1. E. coli O157:H7 transfer from contaminated to uncontaminated
lettuce surfaces via melted ice. Direct or indirect pathogen contamination of romaine lettuce
can occur at many points, such as inadequately treated manure, irrigation water, soil, animals,
and infected workers, in the production chain during growth and processing (Beuchat 2002).
Ice may play a role in transferring pathogens from contaminated to uncontaminated lettuce via
melted ice. _In our study, abaxial surface on the top head of lettuce in storage containers were
spot inoculated with E. coli O157:H7 and chilled with ice prepared from uncontaminated tap
water. After icing lettuce at 20°C, temperature on the top leaf was dropped to 2°C within 30
min and was maintained between 3 and 6°C at refrigerator. For icing lettuce at 4°C,
temperature dropped to 2°C within 1 h and thereafter was maintained between 3 and 6°C (data
not shown). The population of E. coli O157:H7 attached to the inoculated site was 5.5 log
cfu/cm? at 20°C, significantly higher than at 4°C (3.8 log cfu/ cm?) (Table 3-1). The
populations in attachment of E. coli O157:H7 to the second and third head of lettuce sites were

undetectable, but all showed presumptive positive after enrichment. As ice melted, the water
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was able to transfer E. coli O157:H7 from the inoculated sites to uncontaminated sites on all of
the lettuce heads in the container. The population of E. coli O157:H7 in melted ice was 2.8 and
3.3 log cfu/ml for 4°C and 20°C, respectively. These results show E. coli O157:H7 can be
transferred from contaminated to uncontaminated produce layers in shipping containers due to
melted ice.

The level of reduction in populations of E. coli O157:H7 on the inoculated site at 20°C
after rinsing with chlorinated water was 3.06 log cfu/cm? with a large standard deviation (0.89).
The cells still remained on the uninoculated lettuce surfaces after rinsing with chlorinated water,
while undetectable (Table 3-1). The effect of chlorine as a sanitizer for leaf surfaces has been
controversial. Several studies showed rinsing with chlorinated water resulted in a microbial
reduction of less than 2 log cfu/g on fruits and vegetables (Beuchat 1999; Brackett 1992; Cherry
1999). Weissinger et al. (2000) showed that sanitizers did not easily remove Salmonella
Baildon via the spot inoculation of lettuce leaves, but no distinctions were made between outer
and inner surfaces of lettuce leaves. On the other hand, other studies reported that pathogens
spot inoculated on the outer surface of lettuce leaves were easily killed or removed by treatment
with sanitizers including acidified chlorinated water (Park et al. 2001; Singh et al. 2002).
Koseki et al. (2003) demonstrated chlorinated water reduced the population of E. coli O157:H7
by 4.60 log cfu/g for spot inoculation of the outer surface of the lettuce leaf, whereas 2.76 log
reduction for inner surface. In addition, they reported lettuce leaves inoculated with high
populations (10° to 10° cfu/g) of E. coli O157:H7 showed larger log reductions than those
inoculated with low populations (10° to 10* cfu/ g) with greatest reduction on outer surface.

Many studies have demonstrated negative temperature differential (cold inoculum, warm

produce) affected bacterial penetration. Takeuchi and Frank (2000) reported E. coli O157:H7
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cells showed greater penetration when lettuce was held at 4°C of inoculum compared with 7, 25
or 37°C, resulting in protecting cells from contact with chlorine. Bartz and Showalter (1981)
reported that tomatoes submerged in a suspension of Serratia marcescens under a negative
temperature differential contained the organism more frequently than tomatoes exposed to a
positive temperature differential. Buchanan et al. (1999) showed that apples immersed in an E.
coli O157:H7 suspension had high populations of the pathogen in the outer core region.

Burnett et al. (2003) reported similar findings that apples inoculated under a negative
temperature differential experienced greater infiltration of E. coli O157:H7 cells into the core
and surface structures such as stomata, lenticels, and trichomes. In addition, E. coli O157:H7
attached better to the cut edge and easily penetrated through openings in the cut edge (Takeuchi
and Frank 2000). However, in our study negative temperature differential might result in better
attachment but not greater to penetration. Pathogen inoculation on intact abaxial surface as
done in our study may not allow penetration of E. coli O157:H7. Thus cells attaching on the
abaxial surface of the lettuce may be easily accessible to chlorinated water.

Experiment 2. E. coli O157:H7 distribution onto uncontaminated lettuce layers
due to melted ice made of contaminated water. Several studies showed E. coli O157:H7 can
survive in water for extended periods (Wang and Doyle 1998; Warburton et al. 1998).
Therefore, contamination of ice with E. coli O157:H7 could be a hazard. In our study, water
inoculated with E. coli 0157:H7 (approx. 10 cfu/ml) was frozen and used to ice lettuce in
shipping containers. After water from the melting ice contacted the top leaf on the first head of
lettuce, 3.5-3.8 log cfu E. coli O157:H7/cm? were detected on the leaf surfaces (Fig. 3-2).
Populations decreased on the other heads with the lowest populations on the bottom layer.

When ice was applied to the top of lettuce for chilling purposes, E. coli O157:H7 was distributed
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to other lettuce layers due to the water from melting ice contaminated with this microorganism.
Populations on the adjacent leaves and second leaf down on the top head of lettuce at 20°C was
less than first leaf on the second head of lettuce but slightly higher than the bottom leaf on the
third head of lettuce, whereas there was no difference in populations among other leaves on the
top head of lettuce and other heads of lettuce at 4°C (Fig. 3-2). This might have been because
the ice melting time at 20°C was quicker than 4°C and the run-off to lower levels could have
been faster.

After rinsing with chlorinated water, E. coli O157:H7 remained on the surface of the top
head of lettuce (1.8-2.0 log cfu/cm?) and was detectable at other sampling areas (Fig. 3-2).
There was no difference in numbers of E. coli O157:H7 remained on each sampling site at 20
and 4°C. These results quantitate E. coli O157:H7 distribution onto other produce layers in
shipping containers via the water from melted ice carrying the microorganism.

In conclusion, our present study shows that ice is a possible route for introduction of E.
coli O157:H7 to romaine lettuce by either directly contacting water from melting ice
contaminated with E. coli O157:H7 or by transfer from contaminated to uncontaminated lettuce

surfaces via melted ice.
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Fig 3-1. Illustration showing placement of lettuce and ice in a container with sampling sites (1-6).
1: Top leaf on the first head of lettuce. Sampling areas on leaf with darker shading
were inoculated, while lighter shaded areas on leaf were uninoculated. 2: adjacent
leaves on the first head of lettuce 3: second leaf down on the first head of lettuce
4: first leaf on the second head of lettuce 5: bottom leaf on the third head of lettuce

6: water from melted ice

Fig 3-2. Attachment and recovery of E. coli O157:H7 from romaine lettuce contacted with
contaminated ice at 20°C (top) and 4°C (bottom) in experiment 2. W : attachment
[1:recovery 1: top leaf on the first head of lettuce 2: adjacent leaves on the first
head of lettuce 3: second leaf down on the first head of lettuce 4: first leaf on the
second head of lettuce 5: bottom leaf on the third head of lettuce Means with the
different lower case letters in a B are significantly different (p<0.05). Means with the

different upper case letters in a [] are significantly different (p<0.05).
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Table 3-1. Attachment and recovery of E. coli O157:H7 from romaine lettuce after spot
inoculating on top leaf, held for 1 h at 20°C or overnight at 4°C, and chilled by ice

made from uncontaminated water

Log cfu/cm’®

Attachment Recovery
Temperature (°C)

Sampling sites 20 4 20 4
Inoculated site of top leaf 5.54% 3.78° 2.48* 1.97
Non-inoculated areas of top leaf 1.73 < 1.57 (3/3) 0.90 <0.87 (3/3)
Adjacent leaves on 1% head 1.81 < 1.57 (1/3) 0.89 <0.87 (2/3)
2" Jeaf down on 1 head <157 @23 <157(2/3) <087(2/3) <087 (1/3)
1° leaf on 2" head <157@3/3) <157@3/3) <087(2/3) <0.87(2/3)
Bottom leaf on 3" head <157@2/3) <157@2/73) <087((3/3) <0.87(2/3)

: Within attachment and recovery, means with the different letters in a row are significantly
different (p<0.05). Comparison of populations on the other sampling sites is inappropriate
because the populations are below detectable levels (for attachment <1.57 log cfu/cm?; for
recovery <0.87 log cfu/cm?)

: Number of presumptive positive E. coli O157:H7 in samples after enrichment/number of

samples tested when the enumeration count was below detectable levels
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CHAPTER 4
SURROGATE SELECTION FOR ESCHERICHIA COLI O157:H7 BASED ON

CRYOTOLERANCE AND ATTACHMENT TO ROMIANE LETTUCE'

! Jin Kyung Kim and Mark A. Harrison. To be submitted to Applied and Environmental

Microbiology, 2007.
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Using non-pathogenic surrogates in place of pathogens when evaluating commercial food
processing operations offers safety advantages, but may be limited if they do not behave in the
same manner in challenge situations. Non-pathogenic Escherichia coli strains were compared
with E. coli O157:H7 based on cryotolerance, cell surface characteristics (hydrophobicity, zeta
potential, and morphology) and attachment to lettuce. Populations for all strains were reduced
less than 1 log cfu/ml over 7 d storage at —18°C. After 1 d storage, the survival rate for E. coli
ATCC 25922 was 44.3%, similar to E. coli O157:H7 (49%). No capsule was produced by any
of the strains, and E. coli O157:H7 expressed curli at both 20 and 37°C, whereas E. coli ATCC
25922 expressed curli only when grown at 20°C. Hydrophobicity of E. coli ATCC 25922 was
53.5%, similar to E. coli O157:H7 (56.2%). The zeta potentials of non-pathogenic E. coli and E.
coli O157:H7 cells were —4.95 to —10.92 mV, showing difference among the strains. The zeta
potential of E. coli ATCC 25922 was —8.3 mV, similar to E. coli O157:H7 (-9.0 mV). E. coli
ATCC 25922 exhibited the greatest attachment to lettuce among surrogates (79% compared to E.
coli O157:H7). The populations of both E. coli ATCC 25922 and E. coli O157:H7 on lettuce
surfaces decreased 2.2 - 2.4 log cfu/cm? after rinsing with 200 pg of free chlorine/ml solution.
Based on cryotolerance and cell surface characteristics, E. coli ATCC 25922 is a useful surrogate

for E. coli O157:H7 for studies involving attachment and recovery from chilled produce.
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INTRODUCTION

The ability of microorganisms to attach to fresh produce is of great concern since the
products are to be sold as raw or minimally processed. ~Attachment of microorganisms is
influenced by the cell surface characteristics (Frank 2001).  Cell surface structures (e.g.,
polysaccharides and fimbriae), hydrophobicity, and surface charge may influence adherence of
bacteria to a surface. Many researchers reported curli expression by E. coli O157:H7 was rare
but when it occurs the organism is more virulent and plays a role in autoaggregation and
development of biofilm on inert surfaces (Prigent-Combaret et al. 2000; Ryu et al. 2004; Uhlich
et al. 2001, 2002). Capsules can be either adhesive or due to the hydrophilic capsule they can
be antiadhesive by masking hydrophobic components of the cell envelope (Ofek and Doyle
1994). Hydrophobic cells are generally more adherent than hydrophilic ones and most bacteria
preferentially adhere to hydrophobic surfaces. Surface charges expressed by zeta potential can
occur due to the formation of an electrostatic double layer on each surface, depending on the
ionic strength and pH of the surrounding medium. Cells also adhere to surface of opposite
charge (Frank 2001).

A surrogate is defined as a non-pathogenic species and strain responding to a particular
treatment in a manner equivalent to a pathogenic species and strain (FDA 2000). Surrogates
play an important role as alternative biological indicators that can mimic survival and growth
properties of a pathogen. However, using surrogates has inherent limitations if they do not
behave in the same manner to that of the pathogen of interest. Generally, surrogates are
selected from the population of well-known organisms that have well-defined characteristics and
a long history of being non-pathogenic (Busta et al. 2003). In addition to these characteristics

of surrogates, they need to differentiate easily from other microflora. Antibiotic resistance can
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be used as selective marker (Peri 2003). Eblen et al. (2005) demonstrated there were
considerable differences in survival characteristics among non-pathogenic E. coli and E. coli
O157:H7 and Salmonella. Peri et al. (2002) suggested E. coli K-12 LMM 1010 is a suitable
surrogate for E. coli O157:H7 after evaluating their survival at acid/alkaline pH levels and
reduced water activities. Among the strains cited in literature E .coli ATCC 25922 is one of the
most currently used. E. coli ATCC 25922 was found to be a suitable surrogate for evaluating
the efficacy of hydrogen peroxide in decontaminating apples and cantaloupe melons (Sapers and
Sites 2003). Pao and Davies (2001) demonstrated E. coli ATCC 25922 showed the resistance to
alkaline pH and heat and may be utilized as surrogates to conduct research in fresh fruits.

Thayer and Boyd (1993) successfully determined this strain has the same sensitivity to gamma
radiation in meats. Duffey et al. (2000) used E. coli ATCC 25922 as a surrogate for E. coli
O157:H7 for validation of UV pasteurization treatments in apple cider processing. However,
Mak et al. (2000) demonstrated strain ATCC 25922 was the least thermo-tolerant before and after
acid stress and should not be used as a surrogate for E. coli O157:H7 on this purpose. The
results of these studies suggested that a particular non-pathogenic strain behaves differently
under specific process conditions. Thus, a surrogate may not fit all challenged situations to the
same degree.

In this research, cryotolerance, cell surface properties such as surface hydrophobicity,
cell surface charge, capsule and curli production were examined as related characteristics to
attachment studies. The objective of this study was to evaluate non-pathogenic E. coli strains
that were used in other studies to serve as surrogate for E. coli O157:H7 for attachment and

recovery studies involving chilled produce.
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MATERIALS AND METHODS

Selection of strains. The strains studied were as follows: E. coli O157:H7 932 (human
isolate), E. coli ATCC 8677, 11775, and 25922 from our stock cultures, E. coli K-12 LMM 1010,
and E. coli K-12 MC 4100 from Dr. Sadhana Ravishankar (National Center for Food Safety and
Technology, Chicago, IL). These 6 strains were determined to be sensitive to a level of 50
pg/ml nalidixic acid (Sigma Chemical Co., St. Louis, MO). Subcultures of these strains were
adapted to nalidixic acid through increasing concentrations of nalidixic acid from 2.5 to 50 pg/ml
for 7 days at 20 or 37°C in tryptic soy broth (Becton, Dickinson and Co., Sparks, MD)
supplemented with each concentration of sterile filtered (0.22 um) nalidixic acid (TSBN).
Nalidixic acid-adapted cells were surface plated on tryptic soy agar supplemented with 50 ug of
nalidixic acid/ml (TSAN) and incubated at 20°C for 24 h or 37°C for 16 to 18 h.  Stock cultures
were stored at —80°C in culture broth containing 15% glycerol until used.

Preparation of inocula. To investigate the effect of growth temperature on the
behavior of the microorganisms, 20 or 37°C incubation conditions were used. Frozen stock
cultures maintained at —80°C were activated by two successive transfers in 10 ml of TSBN and
incubated at 20 for 24 h or at 37°C for 16 to 18 h. Cultures were harvested by centrifugation at
9,000 x g for 10 min and the pellets were washed twice with sterile deionized water (SDW) and
resuspended in phosphate buffer saline (PBS).

Cryotolerance. Each strain (1 ml in 1.5-ml tubes) was frozen in PBS at —18°C for 1, 2,
4 and 7 days. After storage at —18°C, each culture was thawed at room temperature (ca. 20°C)
within 15 min and the viable count was estimated by surface plating onto TSAN using a spiral-

plater (Autoplate 4000, Spiral Biotech, Bethesda, MD).
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Capsule and curli production. To examine the presence of capsular polysaccharide,
the cells were stained with India ink (Remel, Lenexa, KS). The preparations were made by
mixing a loopful of each strain from TSBN culture with one drop of India ink on a slide. A
coverslip was pressed down firmly over the preparation, and it was examined with a phase-
contrast microscope at x1,000 magnification. For curli expression, each strain grown at both
growth temperatures was incubated at 28°C for 48 h on Congo red indicator (CRI) agar, which
contained 0.1% Bacto tryptone, 0.05% Bacto yeast extract, 1.5% Bacto agar, 40 mg/L of Congo
red and 20 mg/L of Coomassie brilliant blue (Sigma Aldrich Co, St Louis, MO). Curli-
producing E. coli bind Congo red dye and form red colonies on CRI, whereas curli-negative
bacteria form white colonies (Pawar et al. 2005).  Stability of curli expression was determined
by directly reculturing isolates onto CRI and incubating for 48 h at 28°C.

Hydrophobicity. Hydrophobicity was determined as described by Hassan and Frank
(2004). One ml of xylene was added to each of three tubes containing 4 ml of cells suspended
in PBS. Tubes were vortexed for 2 min and placed in a 37°C water bath for 30 min. The
optical density at 600 nm of the aqueous layer in each tube was determined using Beckman DU-
530 spectrophotometer (Beckman Instruments Inc., Fullerton, CA). The results were expressed
as percentages calculated by using the following relationship: percent hydrophobicity = 100(1 —
final optical density/optical density of initial bacterial cells).

Zeta potential measurements. Zeta potentials were measured for bacteria with a
population of ~10” cfu/ml in PBS (pH 7.4) using Brookhaven’s Zeta Plus instrument
(Brookhaven Instruments, Holtsville, NY). Zeta potential measurements for each strain were

repeated at least three times.
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Procedure of attachment and recovery test. Romaine lettuce (Lactuca sativa var.
longifolia) was purchased at the same day in a local supermarket (Athens, GA). Lettuce pieces
(3x3 cm) were prepared using a sterile template and blade. Six pieces of lettuce were spot
inoculated with 100 ul of each strain suspension of E. coli and held in a biosafety hood to allow
the inoculum to dry for 1 h at 20°C.  After 1 h, pieces were gently rinsed with 5 ml of SDW to
remove unattached or loosely attached cells and placed into stomacher bags. Three pieces were
used to determine attachment and 3 for recovery after rinsing with chlorinated water. The
chlorine solutions were prepared each day from a sodium hypochlorite stock solution. The
solutions were prepared in SDW stored at 4°C overnight in advance with 0.1 N cirtric acid to
adjust to pH 7.0 £ 0.2 and the concentration of free chlorine was verified by Aquachek total/free
chlorine test kits (Hach Company, Loveland, CO). For the recovery test, 100 ml of chlorinated
water (200 pg free chlorine/ml) was added to the stomacher bags, and the contents were
vigorously shaken by hand for 1 min and immediately neutralized with 30 ml of 0.1 N sodium
thiosulfate.

Microbiological analysis. Lettuce samples were homogenized with 100 ml of
modified EC broth (Becton, Dickinson and Co.) for 1 min in a stomacher at normal speed.
Populations were enumerated on TSAN using a spiral-plater. Uninoculated lettuce pieces were
analyzed for the presence of nalidixic acid adapted E. coli O157:H7 and E. coli using TSAN
after incubation at 37°C for 24 h in enrichment broth.

Statistical analyses. Data were analyzed using analysis of variance (Statistical
Analysis Systems Institute, Ver. 9.1, Cary, NC). If differences were significant at =0.05,
populations after storage at —18°C, cell hydrophobicity, zeta potential, and attachment and

recovery for each strain and growth temperature, were compared using the Duncan’s multiple
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range test and correlation among these characteristics were computed using Pearson coefficient.

Differences between mean values were considered significant at 0=0.05.

RESULTS AND DISCUSSION

Since there is no killing step to eliminate pathogens on produce but may be a
decontamination treatment, surrogates may be used on produce to validate attempts to
decontaminate produce during handling. The use of naturally occurring pathogens as indicators
for evaluation and validation studies is questionable because they may be present at relatively
low concentration in or on the produce and have a wide variations in concentration. Inoculation
of surrogates can be experimentally controlled and evaluated. We used 5 non-pathogenic
E .coli strains to compare with the behavior of E. coli O157:H7 for attachment to chilled produce
based on cryotolerance and cell surface properties. To evaluate temperature effect to the
characteristics of strains, we chose 37 and 20°C to represent two extremes of produce growing
and harvesting temperatures.

Cryotolerance. Initial populations of all strains grown at 37°C were higher than 20°C-
grown strains by 0.4 to 0.8 log cfu/ml (Data not shown). Cryotolerance of E. coli O157:H7 and
non-pathogenic E. coli strains was determined as the ability to withstand freezing at —18°C.
When the cultures were grown at 20°C, cryotolerance was significantly higher than 37°C-grown
cultures regardless of strains (Fig. 4-1). For example, with E. coli O157:H7 932, 49.0% of the
cells survived after freezing for 1 d when they were grown at 37°C, whereas, after growing at
20°C, survival rate was 89.1%. The survival rate for non-O157:H7 strains was lower; being
between 43.4 and 79.4 % for 20°C-grown cultures, and between 18.2 and 44.3% for 37°C-grown
cells with E. coli K-12 MC 4100 showing the lowest rate regardless of growth temperatures.

The populations of the cells were decreased by less than 1 log cfu/ml over 7 d storage, though
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populations of the strains were as most reduced after 1 d storage at —18°C followed by less than
0.1 log reduction for 20°C-grown cells and 0.3 log reduction for 37°C-grown cells during storage
time (Fig 4-2). Grazdkowska and Griffiths (2001) compared the cryotolerance of E. coli
O157:H7 strains with non-pathogenic strains of E. coli before and after cold shock. They
concluded cold shocked (exposed to 10°C for 6 h) cultures survived better than non-cold shocked
(held at 20°C) cultures at —18°C. The growth temperature of 20°C used in this study was not
enough to produce cold shock effect, although it allowed the cells to survive at a higher rate.
Overall, E. coli ATCC 25922 showed similar survival rate to E. coli O157:H7.

Capsule production. Capsular polysaccharides are highly hydrated molecules that are
over 95% water and their composition is strain dependent. In E coli, its composition may be a
K antigen or an O antigen (Whitfield and Roberts 1999). In addition, many strains of E. coli
can produce an exopolysaccharide called colanic acid, major composition of slime
polysaccharides. Capsule formation may protect the bacteria against hostile environments such
as osmotic shock, low temperatures, and desiccation (Gottesman and Stout 1991; Roberts 1996;
Sledjeski and Gottesman 1996; Whitfield and Roberts 1999).  Although Hassan and Frank
(2004) reported E. coli O157:H7 grown in TSB at 37°C produced capsule, in this study,
microscopic examination showed pathogenic E. coli O157:H7 and non-pathogenic E. coli did not
produce capsules at either growth temperatures (data not shown). This is not unexpected
because the production of capsule and slime polysaccharides is strain dependent and those are
generally not produced under normal laboratory growth conditions (Kelly and Georgopoulos
1997; Yeh and Chen 2004). In addition, if the cells were surrounded by microcapsules, which

could be difficult to detect by phase contrast microscopy (Hassan and Frank 2004).
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Curli expression. Curli are thin, coiled, aggregative fimbriae that are typically
produced under stressful environmental conditions. Many strains of non-pathogenic E. coli
produce curli.  Curli expression by E. coli O157:H7 was rare but when it occurs the organism is
more virulent (Uhlich et al. 2001, 2002). In E. coli K-12, curli production is usually induced
when entering the stationary phase when grown at a temperature like 26°C (Olsén et al. 1993).
In this study, we found that E. coli O157:H7 strain 932 grown at both 37 and 20°C revealed curli
expression in all replicates, although curli expression at 20°C was consistent with strong positive
indication on CRI agar (all red colonies), with few negative colonies on CRI agar (pink or
colorless) at 37°C. At 37°C, curli production by E. coli ATCC 11775, E. coli K-12 LMM 1010
and MC 4100 were positive in some replicates with a few negative colonies on CRI agar,
whereas at 20°C, all these strains produced curli in all replicates. When E. coli ATCC 25922
was grown at 20°C, there was a mix of curli positive and negative colonies, whereas no curli was
produced at 37°C.  Neither variant (red or white) altered its phenotype when recultured on CRI
agar. These findings indicate that the curli expression in this strain was not inhibited at 37°C
but more consistent when they were grown at 20°C.  In addition, curli expression may be a
stable phenotype because repeated culture of white (negative) colonies did not cause them to
express the red (positive) colonies, and vice versa. It should be noted, however, that curli
expression was observed under ideal growth conditions, and such stability may not be the case
on lettuce surface for attachment.

Hydrophobicity. When each strain was compared at between 20 and 37°C growth
temperature, there were no significant differences (p>0.05) in hydrophobicity, although all
strains grown at 20°C appeared slightly more hydrophobic than 37°C-grown cells with exception

of E. coli ATCC 25922 (Table 4-1). Hydrophobicity of E. coli O157:H7 grown at 20 and 37°C
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was 60.9 and 56.2%, respectively, showing most hydrophobic among strains. When E. coli
ATCC 25922 was grown at 20°C, hydrophobicity was 51.2%, whereas hydrophobicity was
53.5% at 37°C growth temperature. When comparing hydrophobicity for those grown at 37°C,
there was significant differences (p<0.05) among strains, but E. coli O157:H7 and E. coli ATCC
25922 were not significantly different. Hydrophobicity of E. coli ATCC 25922 at 20°C was
closest to E. coli O157:H7. Based on the classification of Li and McLandsborough (1999), E.
coli O157:H7 and E. coli ATCC 25922 exhibited strong hydrophobicity and rest of strains were
moderately hydrophobic. No correlation between curli expression and hydrophobicity of the
cell surface (r=0.0976) was found in this study, although Boonaert and Rouxhet (2000) reported
the protein/polysaccharide ratio, and the type and orientation of hydrocarbons and
polysaccharides in the cell envelop affect cell surface hydrophobicity.

Zeta potential. The zeta potential of non-pathogenic E. coli and E. coli O157:H7 cells
was —4.95 to —10.92 mV, showing significant differences (p<0.05) among strains, but E. coli
O157:H7 and E. coli ATCC 25922 were not significantly different (Table 4-1). The zeta
potential of 20°C-grown cells appeared slightly higher negative surface charge than those of
37°C-grown cells with exception of E. coli ATCC 25922, although there were no significant
differences (p>0.05). The zeta potential of E. coli ATCC 25922 was closest to E. coli O157:H7
at both growth temperatures. Bacterial cells have a net negative charge on the cell wall,
although the magnitude of this charge varies between species, serotypes or strains, and can
change with variation in growth conditions, physiological states of cells, and composition of
suspension media (Doyle 1991; Hassan and Frank 2004). Li and McLandsborough (1999)
reported dramatic differences of zeta potential within E. coli strains (-4.9 to =33.9 mV) and

suggested more caution needed when studying bacterial adhesion or developing removal
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strategies due to strain variability of surface charge. Boonaert and Rouxhet (2000) revealed the
electrokinetic properties of bacteria cells is influenced by carboxyl groups involved in the protein
of the S-layer or polysaccharides and the relative exposure of proteins and phosphate groups at
the surface. Variance of zeta potential among strains in our study suggested that electrostatic
interactions may be responsible for difference in bacterial attachment ability.

Attachment and recovery test. Adhesion of E. coli O157:H7 and non-pathogenic E.
coli grown at 20 and 37°C to lettuce was determined (Fig 4-3, Table 4-2). The initial
population of E. coli O157:H7 grown at 20°C was 6.21 log cfu/cm” and 5.12 log cfu/cm?
attached on the lettuce surface after inoculating for 1 h at 20°C, showing 8.35 percent of
attachment rate. There was no significant difference in the initial population of possible
surrogate microorganisms grown at 20°C (5.90 - 6.45 log cfu/cm?) except for E. coli K-12 MC
4100 (5.90 log cfu/cm?). However, the attachment of possible E. coli surrogates showed
significant difference among strains (1.09 - 4.33%), with the greatest rate in E. coli ATCC 25922,
52% compared with that of E. coli O157:H7. The attachment rate of microorganisms grown at
37°C was less than that of 20°C with exception of E. coli ATCC 25922. E. coli ATCC 25922
grown at 37°C attached at similar rate (4.38%) on the lettuce as 20°C of growth temperature
(4.33%), indicating 79% attachment rate compared to that of E. coli O157:H7. There was
approximately 2 log reduction after rinsing with 200 ppm free chlorine solution with range of 1.7
- 2.4 log cfu/cm? regardless of strains.

Bacterial attachment is influenced by cell surface charge, hydrophobicity, and structures,
including extracellular polysaccharides (Frank 2001). Prigent-Combaret et al. (2000) reported
that non-pathogenic curli-producing E. coli is likely to attach better than curli-deficient strains on

hydrophobic surface of polystyrene. Martino et al. (2003), however, reported a positive
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correlation between the expression of type III pili and the adherence by Klebsiella pneumoniae to
hydrophilic glass as well as hydrophobic polystyrene surfaces. On the other hand, Ryu et al.
(2004) founded that curli production by E. coli O157:H7 did not affect attachment of cells on
stainless steel but enhanced its ability to form biofilms. It was expected that the production of
curli would increase hydrophobicity of the cell surface, resulting in an increase of attachment of
cells to hydrophobic lettuce surface. However, curli production by E. coli strains did not affect
hydrophobicity (r=0.0976, p=0.7628). Only curli expression by E. coli O157:H7 increased
hydrophobicity and showed better attachment to lettuce. Variation in zeta potential within
strains might an important role in attachment with hydrophobicity. We found there was
correlation among E. coli cell surface charge, hydrophobicity, and adhesion to lettuce.

Pearson’s correlation coefficient at the 0.05 level for surface charge vs. adhesion, surface charge
vs. hydrophobicity, and hydrophobicity vs. adhesion was —0.9873, —-0.8631, and 0.8965
respectively. These results differ from the findings of Bouttier et al. (1997) and Li and
McLandsborough (1999). On the other hand, other studies demonstrated there were linear
relationships between surface charges and adhesion to product (Dickson and Koohmaraie 1989;
Ukuku and Fett 2002). Conflicting conclusions between bacterial surface properties and
adhesion may be due to the variations of system used and bacterial strains tested. Therefore,
caution may be needed to make any generalize conclusions based on limited species and strains.
Based on cell surface charge, hydrophobicity and survival rate after storage at —18°C, E. coli

ATCC 25922 is a useful surrogate for E. coli O157:H7 on attachment studies of chilled produce.
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Fig 4-1. Cryotolerance of non-pathogenic E. coli strains and E. coli O157:H7 grown at 20°C
(top) and 37°C (bottom) during storage at —18°C for 7 days. Survival (%): count after
freezing (cfu)/count before freezing (cfu) x 100. Different letters within strain type

indicate significantly differences (p<0.05) between means at each storage time.

Fig 4-2. Population reduction of non-pathogenic E. coli strains and E. coli O157:H7 grown at
20°C (top) and 37°C (bottom) during storage at —18°C for 7 days. Population reduction
(log cfu/ml) = count before freezing — count after freezing. Different letters within

storage time indicate significantly differences (p<0.05) between means among strain

types.

Fig 4-3. Attachment (%) of non-pathogenic E. coli strains and E. coli O157:H7 grown at 20 and
37°C to romaine lettuce leaf surfaces. Different letters within growth temperature
indicate significantly differences (p<0.05) between means among strain types. The

value in parentheses is relative percentage compared to attachment of E. coli O157:H7.
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Table 4-1. Hydrophobicity and zeta potential of non-pathogenic E. coli strains and E. coli

O157:H7 grown in TSB at 20 and 37°C

Growth temp (°C) Strains Hydrophobicity (%) Zeta potential (mV)

20 0157:H7 932 60.92 ~10.92°
ATCC 8677 45.38° —5.39¢
ATCC 11775 46.17* —7.51
ATCC 25922 51.22° -8.17°
K-12 LMM 1010 45.09° ~7.06"
K-12 MC 4100 48.27° —6.02%¢

37 0157:H7 932 56.17* -8.96°
ATCC 8677 45.54°¢ —5.74°
ATCC 11775 43.67° —6.40°
ATCC 25922 53.53% —8.27°
K-12 LMM 1010 44.85° —6.47°
K-12 MC 4100 47.40" —4.95°

abced

different (p<0.05)
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Table 4-2. Attachment and recovery of non-pathogenic E. coli strains with E. coli O157:H7

grown in TSB at 20 and 37°C from romaine lettuce leaf surfaces

Log cfu/cm’

Growth Strains
Temp(°C) Initial Attachment Recovery Pop.
Populations Reductions

20 0157:H7 932 6.21° 5.12° 2.77% 2.35
ATCC 8677 6.45" 4.44° 2.63" 1.81¢

ATCC 11775 6.44° 5.00" 3.05 1.95
ATCC 25922 6.44° 5.08" 2.83% 2.25%

K-12 LMM 1010 6.24* 458" 2.69° 1.89™

K-12 MC 4100 5.90° 4.09¢ 2.25° 1.84¢

37 0157:H7 932 6.65" 5.38 3.16" 2.22°
ATCC 8677 727" 5.13° 3.02 2.11%°

ATCC 11775 7.28" 5.38" 3.45° 1.93°

ATCC 25922 6.86™ 5.50" 3.31% 2.19°

K-12 LMM 1010 6.65" 4.88° 2.96° 1.92°

K-12 MC 4100 6.50 4.23¢ 2.58° 1.65¢

abcde

different (p<0.05)
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CHAPTER 5
ATTACHMENT PROPERTIES OF ESCHERICHIA COLI O157:H7 AND

A NON-PATHOGENIC SURROGATE SUBJECTED TO STARVATION'

! Jin Kyung Kim and Mark A. Harrison. To be submitted to Journal of Food Protection, 2007.
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Introduction: Water is widely used in fresh produce production. Survival of E. coli O157: H7
in water for extended periods can induce starvation. ~Starvation may enhance E. coli O157:H7
survival under subsequent stresses by changing surface morphology which may affect adherence
to produce.

Purpose: This study determined the effect of starvation on attachment of E. coli O157:H7 and a
surrogate, E. coli ATCC 25922, to lettuce.

Methods: After starvation (at 37°C for 4 h, 20°C for 24 h, or 4°C for 7 d), cryotolerance, cell
surface characteristics (hydrophobicity, zeta potential, morphology, and outer membrane
proteins) and attachment to lettuce were investigated.

Results: Overall E. coli ATCC 25922 exhibited a greater starvation effect and cryotolerance than
E. coli O157:H7. For example, starved (4°C for 7 d) E. coli ATCC 25922 showed a 17.6%
increase in survival rate, whereas the corresponding increase for E. coli O157:H7 was 8.8%.
Hydrophobicity of both strains decreased over 7 d storage and zeta potential of E. coli ATCC
25922 was more consistent (—8.14 to —6.91 mV) than E. coli O157:H7 (-10.30 to —6.21 mV).
There were few differences in outer membrane protein (OMPs) patterns of cells exposed to
various starvation conditions, whereas intensity of some OMPs of E. coli ATCC 25922 was
different from E. coli O157:H7. Starved cells of both strains appeared elongated, wrinkled and
malformed. Starved cells of both strains attached to lettuce less than non-starved cells (49% of
E. coli O157:H7 and 69% of E. coli ATCC 25922 compared to non-starved cells).

Significance: Starvation affects cryotolerance and cell surface properties of E. coli O157:H7 and
E. coli ATCC 25922 at somewhat different degrees. Thus selection of a surrogate should be
done under specific environmental conditions. E. coli ATCC 25922 is a useful surrogate for E.

coli O157:H7 for produce attachment and recovery studies.
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INTRODUCTION

Sublethal exposure to various stresses may enhance the survival of bacteria under the
subsequent stress conditions and this enhancement may offer cross-protection against other
stresses (Abee and Wouters 1999).  E. coli O157:H7 exhibits a stress response to sublethal
environmental stresses. For example, acid stress enhanced subsequent acid tolerance, heat
tolerance, and freeze-thaw tolerance (Leenanon and Drake 2001; Williams and Ingham 1998).
Under stress conditions, E. coli O157:H7 may produce several stress proteins and alter
membrane lipid composition to survive in these environments (Arneborg et al. 1993; Carty et al.
1999; Gawanda and Griffiths 2005a; Zhang and Griffiths 2003). Sainz et al. (2005) showed
survival of pathogenic E. coli strains to different acid challenges might be related to the changes
in outer membrane protein profiles. Other studies demonstrated that a stress response may
affect subsequent virulence (Buncic and Avery 1998; Elhanafi et al. 2004; Yuk and Marshall
2003).

Water is widely used material in fresh produce production and processing. Starvation
can occur under the conditions which microorganisms exist in water for extended periods
(Harakudo et al. 2000; Rockabrand et al.1995). Several studies showed E. coli O157:H7 can
survive in water for extended periods under starvation conditions (LeJeune et al. 2001; Maule
2000; Rice and Johnson 2000; Wang and Doyle 1998; Warburton et al. 1998). Previous work
has shown that the stress imposed by starvation changed the ability of E. coli O157:H7 to survive
heat treatments and that this thermal tolerance correlated with induction of the heat shock
proteins (Rowe and Kirk 2000). Kim and Kim (2004) showed curli expression of E. coli
O157:H7 at 37°C affected adherence to host epithelial cells. Few studies have addressed the

impact of starvation (held in water for extended periods) of E. coli O157:H7 on cell surface
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characteristics including surface structure, hydrophobicity, surface charge, and outer membrane
proteins and the relationship between the change of cell surface characteristics and attachment to
produce.

Surrogates are preferred instead of pathogenic microorganisms to evaluate the efficacy
of intervention strategies in food processing operations without the potential risk posed by
pathogens to both the production environment and researchers (FDA 2000). Many studies
using E. coli ATCC 25922 under different environments have been conducted (alkaline pH, high
temperature, heat resistance before and after acid stress, gamma radiation in meats, UV
inactivation in apple cider; Duffy et al. 2000; Leenanon and Drake 2001; Pao and Davies 2001;
Peri et al. 2002; Thayer and Boyd 1993). The results of these studies suggested that E .coli
ATCC 25922 behaved differently under specific process conditions; surrogates may not fit all
challenged situations to the same degree. A previous study revealed E. coli ATCC 25922 was a
suitable surrogate for E. coli O157:H7 on attachment to produce based on cryotolerance and cell
surface properties (Kim and Harrison 2007).  Starvation may enhance E. coli O157:H7 and
surrogate E. coli survival under the subsequent stresses by changing surface morphology which
may affect adherence to produce. The objective of the present study was to determine the effect
of starvation of E. coli O157:H7 and E .coli ATCC 25922 on the subsequent survival at —18°C,
cell surface properties and relation of the change in these characteristics with attachment and

recovery to produce.

MATERIALS AND METHODS
Bacterial Strains. E. coli O157:H7 932 (human isolate) and E. coli ATCC 25922 were

used. They were determined to be sensitive to a level of 50 pg /ml nalidixic acid (Sigma
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Chemical Co., St. Louis, MO). They were made nalidixic acid-adapted through the transfers in
tryptic soy broth (TSB, Becton, Dickinson and Co., Sparks, MD) supplemented with increasing
concentrations of nalidixic acid (TSBN) from 2.5 to 50 pug /ml for 7 days at 20 or 37°C.
Nalidixic acid-adapted cells were surface plated on tryptic soy agar supplemented with 50 ug of
nalidixic acid/ml (TSAN) and incubated at 20°C for 24 h or 37°C for 16 to 18 h.  Stock cultures
were stored at —80°C in culture broth containing 15% glycerol until used.

Starvation. Bacteria were activated by two successive transfers of frozen stock in 10
ml of TSBN and incubated for 16 to 18 h at 37°C or 24 h at 20°C. These active cultures were
transferred to 1 L of TSBN and incubated. Cultures were harvested by centrifugation at 9,000 x
g for 10 min, the pellets were washed twice with sterile deionized water (SDW), and
resuspended in PBS and held for 4 h at 37°C, for 24 h at 20°C, and for 7 days at 4°C.

Cryotolerance. After starvation, E. coli O157:H7 and E. coli ATCC 25922 in PBS (1
ml in 1.5-ml tubes) were frozen at —18°C for 1, 2, 4 and 7 days. After storage at —18°C, control
and starved cells were thawed at room temperature (ca. 20°C) within 15 min and the viable count
was estimated by surface plating onto TSAN using a spiral-plater (Autoplate 4000, Spiral
Biotech, Bethesda, MD). Results were expressed in terms of survival and starvation effect (%).

Starvation effect = % survival of starved cells - % survival of control cells

Capsule and curli production. To examine the presence of capsular polysaccharide,
the cells were stained with India ink (Remel, Lenexa, KS). The preparations were made by
mixing a loopful of control and starved cells of each strain from PBS after frozen cells thawing
at room temperature (ca. 20°C) within 15 min at each storage time with one drop of India ink on
aslide. A coverslip was pressed down firmly over the preparation, and it was examined with a

phase-contrast microscope at x1,000 magnification. For curli expression, control and starved
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cells of each strain from PBS after frozen cells thawing at room temperature (ca. 20°C) within 15
min at each storage time was incubated at 28°C for 48 h on Congo red indicator (CRI) agar,
which contained 0.1% Bacto tryptone, 0.05% Bacto yeast extract, 1.5% Bacto agar, 40 mg/L of
Congo red and 20 mg/L of Coomassie brilliant blue (Sigma Aldrich Co, St Louis, MO). Curli-
producing E. coli bind Congo red dye and form red colonies on CRI, whereas curli-negative
bacteria form white colonies (Pawar et al. 2005).  Stability of curli expression was determined
by directly reculturing isolates onto CRI and incubating for 48 h at 28°C.

Hydrophobicity. Hydrophobicity according to storage time was determined as
described by Hassan and Frank (2004). After frozen cells thawing at room temperature (ca.
20°C) within 15 min at each storage time, 1 ml of xylene was added to each of three tubes
containing 4 ml of cells suspended in PBS. Tubes were vortexed for 2 min and placed in a 37°C
water bath for 30 min. The optical density at 600 nm of the aqueous layer in each tube was
determined using Beckman DU-530 spectrophotometer (Beckman Instruments Inc., Fullerton,
CA). The results were expressed as percentages calculated by using the following relationship:
percent hydrophobicity = 100(1 — final optical density/optical density of initial bacterial cells).

Zeta potential measurements. After storage at —18°C, control and starved cells were
thawed at room temperature (ca. 20°C) within 15 min at each storage time. Zeta potentials were
measured for bacteria with a population of ~10” cfu/ml in PBS (pH 7.4) using Brookhaven’s Zeta
Plus instrument (Brookhaven Instruments, Holtsville, NY). Zeta potential measurements for
each strain were repeated at least three times.

Electron microscopy. The control and starved cells were fixed by immersion in 2%
glutaraldehyde in PBS (pH 7.4) for 2 h, washed twice in buffer for 15 min per each and postfixed

with 1% osmium tetroxide in PBS for 1 h at 4°C and washed several times in SDW for 10 min
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per each. For scanning electron microscopy (SEM), the rinsed samples were filtered onto the
membrane substrate using a microanalysis filter holder and a 0.2 pm-pore-size polycarbonate
filter (Nuclepore Co., Pleasanton, CA) and dehydrated in a series of ethanol solutions (30
t0100%) for 10 min per immersion. During the entire filtration and dehydration, the cells were
kept covered with fluid to prevent air drying. The filters were transferred in 100% ethanol to a
critical point dryer (SAMDRI 780A, Tousimis Research Co., Rockville, MD) and dried using
carbon dioxide as the transition solvent. The filters were mounted on aluminum stubs with
carbon adhesive tabs and coated with 15.3 nm gold using a sputter coater (SPI Module, SPI
Supplies and Structure Probe Inc.,West Chester, PA), and viewed on LEO 982 field emission
scanning electron microscope at 20 kV of accelerating voltage (FE-SEM, LEO Electron
Microscopy, Inc., Thornwood, NY).

For transmission electron microscopy (TEM), the dehydrated samples were infiltrated
with propylene oxide (PO) and PO/EPON 812 mixtures (33, 66, 100% EPON for 1 h each and
100% EPON overnight) and embedded in pure EPON 812 (Polyscience, Inc., Warrington, PA).
The samples were polymerized for 1 d at 65°C and ultrathin sections (70 nm) were cut with glass
knives on a Sorvall MT-2 Ultramicrotome, and mounted on 400 mesh copper grids, followed by
post staining with uranyl acetate and lead citrate. The samples were searched at an accelerating
voltage of 100 kV using the Tecnai 20 (FEI Co., Eindhoven, Netherlands). All specimen
samples were prepared in duplicate.

Outer membrane proteins (OMPs) profile. Outer membrane proteins were prepared
by a modification of the method of Leyh and Griffith (1992). After measuring OD at 600 nm,
the cells grown under different starvation conditions were harvested by centrifugation at 5,000 x

g for 20 min and frozen overnight. Ten mM HEPES (pH 7.4) buffer was added to frozen cells
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to adjust ODggo to 0.2 and the cells were thawed. The cells were lysed by sonication for 1 min
and cell debris was removed by centrifugation for 20 min at 5,000 x g. The supernatant was
then centrifuged at 100,000 x g for 1 h and the total membrane fraction was harvested from the
pellet. The membrane fraction was suspended in 20 ml of 1% (w/v) sodium lauryl sarcosine in
10 mM HEPES (pH 7.4) buffer for 3 h at 4°C. The detergent-insoluble material containing the
OMP-enriched fraction was harvested by centrifugation at 100,000 x g for 1 h at 4°C. The final
insoluble pellet (outer membrane enriched proteins) was suspended in 10 ml of 10 mM HEPES
buffer and used for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Forty microliters of total OMPs were mixed with 5 pl of 5 x loading buffer (31 mM Tris [pH
6.8], 2%SDS, 2.5% 2-mercaptoethanol, 10% glycerol), and the proteins were boiled for 10 min.
Proteins were resolved by electrophoresis in Criterion Precast Gel System (4-20% gradient Tris-
HCI, Bio-RAD Laboratories Inc., Hercules, CA) and the gels run at 200 V until the tracking dye
had reached the bottom of the gel. BenchMark™ Pre-Stained Protein Ladder or BenchMark™
Protein Ladder (Invitrogen Co., Carlsbad, CA) were run at the same time. Proteins in the gels
were visualized by staining with Coomassie brilliant blue.

Attachment and recovery tests. Romaine lettuce (Lactuca sativa var. longifolia) was
purchased at the same day in a local supermarket (Athens, GA). After storage at —18°C, control
and starved cells were thawed at room temperature (ca. 20°C) within 15 min at each storage time.
Lettuce pieces (3x3 cm) were prepared using a sterile template and blade. Six pieces of lettuce
were spot inoculated with 100 ul of each strain suspension of E. coli O157:H7 and E. coli ATCC
25922 and held in a biosafety hood to allow the inoculum to dry for 1 h at 20°C. After 1 h,
pieces were gently rinsed with 5 ml of SDW to remove unattached or loosely attached cells and

placed into stomacher bags. Three pieces were used to determine attachment and 3 for recovery
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after rinsing with chlorinated water. The chlorine solutions were prepared each day from a
sodium hypochlorite stock solution. The solutions were prepared in SDW stored at 4°C
overnight in advance with 0.1 N cirtric acid to adjust to pH 7.0 + 0.2 and the concentration of
free chlorine was verified by Aquachek total/free chlorine test kits (Hach Company, Loveland,
CO). For the recovery test, 100 ml of chlorinated water (200 pug free chlorine/ml) was added to
stomacher bag and vigorously shaken by hand for 1 min and immediately neutralized with 30 ml
of 0.1 N sodium thiosulfate.

Microbiological analysis. Lettuce samples were homogenized with 100 ml of
modified EC broth (Becton, Dickinson and Co.) for 1 min in a stomacher at normal speed.
Populations were enumerated on TSAN using a spiral-plater. Uninoculated lettuce pieces were
analyzed for the presence of nalidixic acid-adapted E. coli O157:H7 and E. coli using TSAN
after incubation at 37°C for 24 h in enrichment broth.

Statistical analyses. Data were analyzed using analysis of variance (Statistical
Analysis Systems Institute, Ver. 9.1, Cary, NC). If differences were significant at o=0.05,
populations during storage at -18°C, cell hydrophobicity, zeta potential, and attachment and
recovery for E. coli O157:H7 and E. coli ATCC 25922 and two growth temperatures were
compared using the Duncan’s multiple range test. Differences between mean values were

considered significant at o=0.05.

RESULTS AND DISCUSSION
To determine the effect of starvation on E. coli O157:H7 and E. coli ATCC 25922, three
starvation conditions (held in PBS at 37°C for 4 , 20°C for 24 h, or 4°C for 7 d) and two

temperatures (20 or 37°C) were used. Factors evaluated for both microorganisms were
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cryotolerence at —18°C, cell surface characteristics including morphology, hydrophobicity, zeta
potential, and outer membrane protein profile, and microbial attachment to and recovery from
produce. These factors were measured at the initial day of each starvation condition before
freezing, and at 1, 2, 4, and 7 days during storage at —18°C.

Cryotolerance. Initial populations of E. coli O157:H7 and E. coli ATCC 25922 grown
at 37°C were higher than 20°C-grown strains by 0.4 log cfu/ml (Data not shown). Fig. 5-1
showed average survival rate of both strains in each starvation condition during storage at —18°C.
There were significant differences in cryotolerance of both strains grown at 20°C during frozen
storage regardless of starvation condition, whereas the cells grown at 37°C showed no different
cryotolerance with exception of E. coli ATCC 25922 starved at 37°C for 4 h. However,
populations of both E. coli O157:H7 and E. coli ATCC 25922 decreases by less than 1 log
cfu/ml over 7 d storage. Growth temperature did not affect cryotolerance within the same
starvation condition with exception of E. coli O157:H7 starved at 37°C for 4 h. Within the
same temperature and storage time, no significant difference in populations of cryotolerance
among starvation conditions was observed. In addition, E. coli O157:H7 grown at 20°C
survived better than E. coli ATCC 25922, whereas 37°C-grown E. coli ATCC 25922 survived
better E. coli O157:H7 when they were starved at 37°C for 4 h. Fig. 5-2 showed the effect of
starvation in cryotolerance for E. coli ATCC 25922 than E. coli O157:H7 grown at 37°C. For
example, starved (4°C for 7 d) E. coli ATCC 25922 showed a 17.6% increase in their ability to
survive frozen storage for 1 d at —18°C, whereas the corresponding increase in survival for E.
coli O157:H7 was 8.8%. No starvation effect in 20°C-grown cells was investigated. Very few
reports are available on starvation-induced cryotolerance and freeze-thaw tolerance of E. coli

strains (Leenanon and Drake 2001; Gawande and Griffiths 2005b). Leenanon and Drake
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(2001) revealed freeze-thaw resistance of E. coli O157:H7 and nonpathogenic E. coli were
enhanced after starvation and cold stress. Gawande and Griffiths (2005b) investigated the
effect of starvation (37°C for 6 h in water) on E. coli O157:H7 grown in different media after
subsequent cryotolerance and concluded starved E. coli O157:H7 grown in TSB showed greater
increase in their ability to survive frozen storage than non-starved cells. In addition, they found
that both cryotolerance and starvation effects decreased significantly after 120 h storage at —18°C.
In disagreement with their findings, the present study showed there was no significant difference
in cryotolerance and starvation effects for E. coli O157:H7 grown at 37°C during storage over 7
d. This might be due to different strain types and slightly different starvation period for 37°C
used in our study. Overall, E. coli ATCC 25922 grown at 37°C showed similar or better
cryotolerance regardless of starvation conditions.

Capsule production. Many Escherichia coli strains are covered in a layer of surface-
associated polysaccharide called the capsule. In E. coli, its composition may be a K antigen or
an O antigen (Whitfield and Roberts 1999). Generally capsule formation of E. coli strains can
occur under stress conditions such as osmotic and oxidative stress, low temperature, and
desiccation (Chen et al. 2004; Sledjeski and Gottesman 1996; Whitfield and Roberts 1999). In
a pervious study, Kim and Harrison (2007) used two temperatures (20 or 37°C) for E. coli strains
to investigate effect of temperature on capsule production, and all strains including E. coli
O157:H7 did not produce capsules. In the present study, there was no capsule production for
either strain when E. coli O157:H7 and E. coli ATCC 25922 grown at 20 or 37°C were subjected
to three different starvation conditions. This finding suggests starvation may not play a role in

capsule production or further more time period may be needed to induce capsule production.
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Curli expression. E. coli has ability to express thin aggregative fimbriae, known as
curli, on the cell surface. Curli expression in serogroup O157:H7 of enterohemorrhagic E. coli
(EHEC) has been reported (Cookson et al. 2002; Uhlich et al. 2001, 2002; Zogaj et al. 2003).
Curli has a high affinity to Congo-red (CR) dye, therefore differentiation of curli expressing from
non-curli expressing cells can be accomplished by growth on agar with no salt and the indicator
dye after 48 h incubation at 28°C (Olsén et al. 2002). According to Cookson et al. (2002), only
2 (4%) of 49 isolates among diverse bovine and human E. coli O157:H7 strains showed curli
production, while 5 (38.5%) of 13 non-O157 STEC elaborated curli. Gophna et al. (2001)
reported curli facilitated internalization of E. coli by epithelial and HEp-2 cell lines due to
fibronectin binding. Other studies demonstrated curli played a role in autoaggregation and
development of biofilm on inert surfaces (Prigent-Combaret et al. 2000; Uhlich et al. 2001,
2002). In a previous study, we found that E. coli O157:H7 grown at both 37 and 20°C revealed
curli expression, whereas E. coli ATCC 25922 produced curli only at 20°C (Kim and Harrison
2007). Also, curli expression of E. coli O157:H7 at 20°C was strongly positive on CRI agar (all
red colonies), with a few negative colonies on CRI agar (pink or colorless) at 37°C. In addition,
red and white colonies retained their parental phenotypes when subcultured on CRI plates. We
found curli expression of E. coli O157:H7 maintained in all starvation conditions over 7 d
storage periods, although 37°C-grown cells expressed a few negative colonies on CRI agar (data
not shown). E. coli ATCC 25922 grown at 20°C expressed curli on CRI agar with negative
colonies in all starvation conditions at the initial day before freezing but expression disappeared
during storage at —18°C. E. coli ATCC 25922 grown at 37°C and starved at 4°C for 7 d
expressed curli at the initial day. This may because altering environmental conditions such as

temperature may cause curli-producing E. coli ATCC 25922 to revert to the white phenotype.
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Hydrophobicity and surface charge. Growth temperature had no effect on
hydrophobicity of starved cells at the initial day before freezing storage (p>0.05) (Fig. 5-3),
which is in agreement with our previous study (Kim and Harrison 2007). At the initial day and
1 d after freezing storage, hydrophobicity of E. coli O157:H7 was significantly higher than E.
coli ATCC 25922 ,whereas there were no differences in hydrophobicity of the strain types grown
at both growth temperatures after 1 d storage. Hydrophobicity of both strains changed
dramatically during storage with the greatest decrease 1 d after storage at —18°C. Based on the
classification of Li and McLandsborough (1999), E. coli O157:H7 and E. coli ATCC 25922
exhibited strong hydrophobicity at the initial day of starvation, changed into more hydrophilic
and after 4 d of storage both strains were strongly hydrophilic.

Cell surface charge was determined as a zeta potential. In our previous study (Kim and
Harrison 2007), the zeta potential of E. coli ATCC 25922 was the closest to E. coli O157:H7 at
both growth temperatures of all the strains evaluated. Starvation conditions did not change zeta
potential (Fig. 5-4). Before starvation, zeta potential of E. coli O157:H7 was highly negative
than that of E. coli ATCC 25922 at both growth temperatures (—10.92 vs. —=8.17 mV for 20°C and
—8.96 vs. =8.27 mV for 37°C from our previous study; Kim and Harrison 2007). However,
starvation diminished the difference in zeta potential of both strains (—=7.91 vs. —7.44 mV for
20°C and —7.11 vs. =7.51 mV for 37°C over 7 d storage) with no significant difference regardless
of starvation conditions. E. coli ATCC 25922 showed more consistent zeta potential (-8.14 to
—6.91 mV) than E. coli O157:H7 (-10.30 to —6.21 mV)) during storage over 7 d. According to
Li and McLandsborugh (1999) E .coli strains have a net negative charge, although the magnitude
of this charge varies from strains. They reported dramatic differences of zeta potential within E.

coli strains (—4.9 to —33.9 mV) and suggested more caution needed when studying bacterial
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adhesion or developing removal strategies due to strain variability of surface charge. Reports
have rarely addressed change in hydrophobicity and zeta potential E. coli strains during storage
time or starvation conditions. Dai et al. (1992) found that hydrophobicity of Vibrio
parahaemolyticus cells from iron-rich cultures was much higher than from iron-limited culture.
Our finding suggested storage time as well as starvation conditions may change hydrophobicity
and zeta potential of E. coli strains although the degree of variation is different between strains.
This might be because starvation may change carboxyl groups, polysaccharides, and the relative
exposure of proteins and phosphate groups at the surface of the cells during storage time
(Boonaert and Rouxhet 2000). Variance of hydrophobicity and zeta potential after starvation
and during storage in this study suggests that electrostatic interactions may be responsible for
difference in bacterial attachment ability.

Visualization of starved cells by electron microscopy. The outer membrane (OM) of
gram-negative bacteria provides a protective physical barrier to various environments (Raetz and
Whitfield 2002). The alteration of membrane lipid composition can occur under stress
conditions. For example, Yuk and Marshall (2003) reported heat adaptation altered E. coli
O157:H7 membrane lipid compositions and verotoxin secretion might increase through the
increased membrane fluidity. Membrane changes can be shown by electron microscopy. To
investigate the effects of starvation on the morphology of E. coli cells, we prepared samples for
electron microscopy. Cells of E. coli O157:H7 and E. coli ATCC 25922 that were exposed to
starvation conditions appeared elongated, wrinkled and malformed compared to cells that were
not starved, though no difference among starvation conditions was noted (Fig. 5-5, 5-6). In
addition, EM images supported curli production of E. coli O157:H7 grown at 37°C and E. coli

ATCC 25922 grown at 20°C during starvation which was revealed on Congo-red medium (Fig.
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5-5-A, C, D, Fig. 5-6-A) and moreover, these curli were shown to mediate cell-to-cell contacts
(Fig. 5-6-A arrow).

In TEM images, non-starved E. coli O157:H7 (Fig. 5-6-B) cells had intact membrane
structure and cytoplasm closely arranged with outer membrane, whereas bulges in the cell
envelop, malformed membranes, more elongated, and empty cells were observed frequently
during starvation conditions (Fig. 5-6-C, F). Some of the cytoplasmic membranes of both
strains were ruptured, and the cells appeared to be discharging intracellular material (Fig. 5-6-C,
E). Others shrunk and separated from the cell wall after starvation but still maintained shape
and did not burst (Fig. 5-6-D). The cytoplasmic membrane appeared to bulge against the cell
wall but no discharge of intracellular material was observed (Fig. 5-6-F).

These EM images were very similar when cells are exposed to pH stress (Mendoca et al.
1994).  Yoon et al. (2005) reported the pO157 ecf (E. coli attaching and effacing gene-positive
conserved fragments) operon and lipid A myristoyl transferase activity are associated with
bacterial survival and persistence in bovine gastrointestinal tracts and nutrient-dilute farm water
troughs by optimizing bacterial membrane structure and/or integrity. They supported their
findings with EM images, which are in agreement with our results. Stretton et al. (1997)
reported during multiple nutrient starvations, Vibrio sp. lost motility due to shedding of the
flagellum from the cell and failure to synthesize a new one during the starvation stress response.
E. coli also becomes non-motile under high temperature, high salt concentrations, or high
concentrations of low molecular mass alcohols due to blocks in flagellin synthesis, possibly as a
means of conserving energy (Li et al. 1993). Fine structure of the cell surface including flagella
and curli can be better seen through negative staining using grids with a formvar and carbon

supporting film or immunogold labeling compared to normal staining procedures for EM.

92



Although changes in membrane structure or integrity in starvation may be due to sample
processing and preparation for SEM or TEM analysis and may not accurately represent the true
native structure, these EM images demonstrate relative visual evidence compared with non-
starved cells.

Outer membrane proteins profile. Escherichia coli possess a number of outer
membrane proteins (Omps) some of which play an important role in the specific or nonspecific
membrane transport and permeability of nutrients. The major Omps include the porins (OmpC
and OmpF) and the OmpA protein in the approximately 35,000-dalton range (Nikaido and Vaara
1985). Darcan et al. (2003) investigated the links between survival of E. coli in sea water and
the presence of porins in the outer membrane and determined double OmpC-OmpF mutant and
the OmpR mutant survived poorly compared with single Omp mutants and the wild-type strain.
Zhang and Ferenci (1999) reported OmpF changed when E. coli was exposed to prolonged
lactose limitation and outer membrane permeability was affected. Other studies also revealed
porin proteins have an important role in bacterial survival in the stress environments (Ozkanca
and Flint 2002; Sato et al. 2000). Sainz et al. (2005) investigated the relationships between acid
resistance and changes in outer membrane protein (Omps) profiles of E. coli strains isolated from
pozol, a fermented food. They found changes in Omp profiles in non-adapted acid challenged
cells compared with non-challenged cells that had not been adapted to acid, whereas challenged
adapted cells showed no significant changes in these profiles when compared with the acid
adapted non-challenged strains. These changes resulted in significantly enhancing their
survival in acid conditions. In addition, they found the intensity of the main porins OmpC and
OmpA was lower in the acid challenged strains, than in the non-challenged ones. The Omp

patterns of E. coli O157:H7 and E. coli ATCC 25922 during starvation conditions were analyzed
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(Fig. 5-7). E. coli O157:H7 and E. coli ATCC 25922 grown under the different starvation
condition expressed major outer membrane proteins of approx. 50, 47, 32, 26, 25, and 20 kDa,
respectively, regardless of starvation conditions. No noticeable changes protein profiles were
observed for both strains at starvations that had been grown at both 20 and 37°C.  Since both E.
coli O157:H7 and E. coli ATCC 25922 survived well after exposing to starvation conditions and
populations decreased by less than 1 log cfu/ml over 7 d storage at —18°C, it was not surprisingly
that there were few variations in the protein profiles regardless of starvation conditions. An
Omp (approx. 37 kDa; arrowhead), that was thought to be OmpF, was one of the expressed
proteins in E. coli ATCC 25922 during starvation, but in E. coli O157:H7 its expression was
very weak or reduced. In addition, the intensity of approx. 47 kDa Omp (arrow) in E. coli
O157:H7 at both growth temperatures during starvation was consistent, whereas in E. coli ATCC
25922 grown at 37°C, 4°C for 7 d-starved cells exhibited stronger band than in other starvation
conditions.

Attachment and recovery tests. Adhesion of E. coli O157:H7 and E. coli ATCC
25922 grown at 20 and 37°C to lettuce after exposing to starvation condition was determined
(Fig 5-8, 5-9). 'The average attachment rate of E .coli O157:H7 was higher than that of E. coli
ATCC 25922 grown at 20°C regardless of starvation conditions, but no difference at 37°C
growth temperature. E. coli O157:H7 grown at 20°C attached more than 37°C-grown cells
regardless of starvation conditions, whereas E. coli ATCC 25922 showed close rate in
attachment among growth temperature as well as starvation conditions. For example, the
attachment rate of starved (37°C for 4 h) E. coli O157:H7 grown at 20 and 37°C after 1 d storage
was 7.05 and 3.88%, respectively. On the other hand, E. coli ATCC 25922 attached at a 3.02%

rate when grown at 20°C cells and 2.25% when grown at 37°C cells under the same starvation
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condition. The starved cells of E. coli ATCC 25922 attached less than non-starved cells
regardless of starvation conditions, whereas no significant difference between non-starved and
starved cells of E. coli O157:H7 was observed (Fig. 5-9).

Starvation affected cryotolerance and cell surface properties of E. coli O157:H7 and E.
coli ATCC 25922 at somewhat different degrees. Storage time after starvation did not
significantly change these surface properties, but only hydrophobicity was dramatically reduced
over 7 d storage at —18°C. The change in cell surface properties thereafter affected the
attachment rate to lettuce. Despite of significant decrease of hydrophobicity during storage,
attachment rates were similar.  This might be because other cell surface properties including
zeta potential, curli expression, membrane integrity (shown by EM analysis) and outer
membrane as well as hydrophobicity may play a role together in attachment to produce.
Overall E. coli ATCC 25922 is a useful surrogate for E. coli O157:H7 for studies involving

attachment and recovery of chilled produce.
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Fig. 5-1. Survival rate of E. coli O157:H7 (top) and a surrogate E. coli ATCC 25922 (bottom)
grown at 20- or 37°C-starvation conditions during storage at —18°C for 7 days.
Different letters within starvation condition indicate significantly differences (p<0.05)

between means at each storage time.

Fig. 5-2. Starvation effect of E. coli O157:H7 and a surrogate E. coli ATCC 25922 grown at
37°C-starvation conditions on cryotolerance during storage at —18°C for 7 days.
Different letters within starvation condition indicate significantly differences (p<0.05)

between means at each storage time.

Fig. 5-3. Hydrophobicity changes of E. coli O157:H7 (top) and E. coli ATCC 25922 (bottom)

grown at 20- or 37°C-starvation conditions during storage at —18°C for 7 days

Fig. 5-4. Zeta potential changes of E. coli O157:H7 (top) and E. coli ATCC 25922 (bottom)

grown at 20- or 37°C-starvation conditions during storage at —18°C for 7 days

Fig. 5-5. SEM images of starved E. coli O157:H7 and E. coli ATCC 25922.
A: 4°C/7d-starved E. coli O157:H7 grown at 37°C, B: 4°C/7d-starved E. coli ATCC
25922 grown at 37°C, C: 37°C/4h-starved E. coli O157:H7 grown at 20°C, D: 37°C/4h-

starved E. coli ATCC 25922 grown at 20°C
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Fig. 5-6. TEM images of starved and non-starved E. coli O157:H7 and E. coli ATCC 25922 (A:
20°C/24 h-starved E. coli ATCC 25922 B: non-starved E. coli O157:H7 C-F: 20°C
/24 h-starved E.coli O157:H7) Cur: Curli. Bar 500 nm (A, B, D, E,F), I um (C)

Arrow shows curli mediates cell-to-cell contacts.

Fig. 5-7. Outer membrane proteins pattern of E. coli O157:H7 and E. coli ATCC 25922 grown at
20- (top) or 37°C-starvation conditions (bottom). * represents major outer membrane
proteins of approx. 50, 48, 32, 26, 25 and 20 kDa. M: Molecular weight markers a:

control b:37°C/4h  c¢:20°C/24h  d: 4°C/148h

Fig. 5-8. Comparison of attachment rate of E. coli O157:H7 (top) and E. coli ATCC 25922
(bottom) grown at 20- or 37°C-starvation conditions during storage at —18°C for 7 days.
Different letters within starvation condition indicate significantly differences (p<0.05)

between means at each storage time.

Fig. 5-9. Starvation effect for attachment rate of E. coli O157:H7 and E. coli ATCC 25922 grown

at 37°C-starvation conditions. Different letters within growth temperature indicate

significantly differences (p<0.05) between means at each starvation condition
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CHAPTER 6
ATTACHMENT AND RECOVERY OF ESCHERICHIA COLI O157:H7
AND A NON-PATHOGENIC SURROGATE FROM ROMAINE LETTUCE

AFTER CONTACT WITH CONTAMINATED ICE'

! Jin Kyung Kim and Mark A. Harrison. To be submitted to Journal of Food Protection, 2007.
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Romaine lettuce can be top-iced by placement of crushed ice on top of the container to prevent
moisture loss from the surface in a refrigeration unit during transportation. Since Escherichia
coli O157:H7 can survive in water for extended periods, contamination of ice with this
microorganism could be a hazard. The objective of this study was to investigate whether E. coli
ATCC 25922 could serve as a possible surrogate for E. coli O157:H7 involving attachment to
romaine lettuce after contact with contaminated ice under simulated commercial operation
conditions. Recovery from lettuce surfaces for E. coli O157:H7 and E. coli ATCC 25922 were
also compared. Water containing each strain was frozen and used to ice lettuce in shipping
containers at refrigeration temperature (4°C).  After the ice melted, samples were taken and
attachment and recovery of E. coli O157:H7 after rinsing with chlorinated water (200 pg free
chlorine/ml) were determined. The population of E. coli O157:H7 and E. coli ATCC 25922
attached to the top leaf was 4.65 and 4.48 log cfu/cm?, respectively. There was no significant
difference in population. After rinsing lettuce with chlorinated water, the number of E. coli
ATCC 25922 was reduced by 1.42 log cfu/cm?, which was similar to E. coli O157:H7 (1.79 log
reduction). E. coli ATCC 25922 showed the same attachment and recovery as E. coli O157:H7

from romaine lettuce under icing conditions using simulated commercial operation condition.
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INTRODUCTION

Using non-pathogenic surrogates in place of pathogens when evaluating commercial
food processing operations offers safety advantages (FDA 2000), but it has inherent limitations if
they do not behave in a same manner to that of their pathogenic counterparts in challenged
situation. Potential surrogates must exhibit characteristics similar to the target pathogens
(Busta et al. 2003). Among the strains cited in literature E .coli ATCC 25922 is one of the most
currently used. Many studies of E. coli ATCC 25922 under different environments such as
alkaline pH, high temperature, gamma radiation, UV, and acid stress have been accomplished
(Dufty et al. 2000; Leenanon and Drake 2001; Pao and Davies 2001; Sapers and Sites 2003;
Thayer and Boyd 1993). The results of these studies suggested that E. coli ATCC 25922
behaved differently compared to pathogen of concern under specific process conditions; a
surrogate may not fit all challenged situations to the same degree.

The ability of microorganisms to attach to fresh produce is of great concern since the
products are to be sold as raw or minimally processed. Beuchat et al. (2001) suggested that
standard methods are needed to develop to accurately determine the presence and numbers of
pathogenic microorganisms on raw produce and to validate the intervention methods in produce
processing operations. They suggested that modifications in these standard protocols will be
necessary because raw fruits and vegetables have different surface morphologies and
hydrophobicity, and internal tissue compositions and these products may be subjected to different
processing conditions. Ideally commercial processing conditions could provide more
challenging conditions under which to evaluate attachment and recovery of pathogens on fresh
produce. However, due to safety concerns using actual pathogens in commercial settings is not

possible.
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Recently, several researchers have evaluated the effectiveness of a wide range of
chemical disinfectants in killing pathogens on raw fruits and vegetables under simulated
processing conditions (Beuchat et al. 2004; Gonzalez et al. 2004). To date, there are no
documented studies on the attachment and recovery of E. coli O157:H7 on surfaces of romaine
lettuce under icing conditions using simulated packing and distribution of romaine lettuce. In
our previous study (Kim and Harrison 2007a), we evaluated different icing temperatures and
contamination sources of E. coli O157:H7 in shipping containers to mimic packing lettuce in the
field and distribution of the product. E. coli O157:H7 was transferred to previously
uncontaminated lettuce in shipping containers due to contact with contaminated water from
melted ice. In addition, we revealed E. coli ATCC 25922 was a suitable surrogate for E. coli
O157:H7 on attachment and recovery studies involving chilling produce based on cryotolerance
and cell surface properties such as surface hydrophobicity, cell surface charge, capsule and curli
production (Kim and Harrison 2007b). The objective of this study was to investigate E. coli
ATCC 25922 to serve as a surrogate for E. coli O157:H7 involving attachment and recovery
from romaine lettuce after contact with contaminated ice under simulated commercial operation
conditions. Water containing either E. coli O157:H7 or the possible surrogate was frozen and
used to ice lettuce in shipping containers at refrigeration temperature (4°C), which represents the

condition of lettuce transportation.

MATERIALS AND METHODS
Bacterial strains and inoculum preparation. E. coli O157:H7 932 (human isolate), E.
coli ATCC 25922 were used. They were determined to be sensitive to a level of 50 pg/ml

nalidixic acid (Sigma Chemical Co., St. Louis, MO). They were made nalidixic acid-adapted
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through the transfers in tryptic soy broth (TSB, Becton, Dickinson and Co., Sparks, MD)
supplemented with increasing concentrations of nalidixic acid (TSBN) from 2.5 to 50 pg/ml for
7 days at 37°C. Nalidixic acid-adapted cells were surface plated on tryptic soy agar
supplemented with 50 pg of nalidixic acid/ml (TSAN) and incubated at 37°C for 24 h.  Stock
cultures were stored at —80°C in culture broth containing 15% glycerol until used. Frozen stock
cultures maintained at —80°C were activated by two successive transfers in 10 ml of TSBN and
incubated at 37°C for 24 h. These active cultures were transferred to bulk TSBN and incubated
for 24 h at 37°C. Cultures were centrifuged at 4,550 x g for 30 min (Model 5681, Forma
Scientific Inc., Milford, MA) at 20°C and the pellets were resuspended into sterile deionized
water (SDW) to yield ca. 10® cfu/ml.

Lettuce. Romaine lettuce (Lactuca sativa var. longifolia) was purchased at a local
grocery store (Athens, GA) on the shipping day from the warehouse to keep consistent freshness
and all experiments were started at the purchasing day. At the start of the experiment, wilted
and blemished outer leaves were removed. Tap water and uninoculated lettuce were tested to
confirm the absence of nalidixic acid-adapted E. coli O157:H7 and E. coli using TSAN after
incubation at 37°C for 24 h in enrichment broth.

Container preparation. To simulate packing, we used plastic containers
(20x30x30cm) with ventilation holes.  Sterile wire grid racks were used on the bottom of each
container to prevent lettuce from touching melted ice that accumulated in the container. Sterile
wire crown was used on the top of lettuce to hold ice and keep ice from dropping to the bottom
of container without touching lettuce.

Ice preparation. Before making ice, tap water was stored at 4°C overnight.

Aquachek total/free chlorine test kits (Hach Company, Loveland, CO) was used to measure the
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concentration of free chlorine in tap water. Free chlorine was less than 0.1pg/ml.  One
hundred milliliter of the inoculum preparation was added to one liter of tap water which was
stored overnight at 4°C in advance, to give an inoculum concentration of approximately
10’cfu/ml and used to make ice. Ice was placed into Ziploc bags (approx. 150g; S.C. Johnson
& Son, Inc., Racine, WI) and stored at —20°C until used. Experiments were performed within 3
d after making ice.

Sampling procedures and bacterial enumeration. Lettuce stored at 4°C in the
shipping container was chilled with ice made of water contaminated with each strain.  After ice
melted, sampling sites on the top leaf were removed using a sterile template (4x4cm) and scalpel.
The excised pieces were rinsed gently with SDW (10 ml) to remove unattached cells. After
rinsing, a 3x3cm template was used to remove edges where cells might attach during the rinsing
procedure and lettuce pieces were placed into stomacher bags. Three pieces were analyzed for
attachment and 3 for recovery after rinsing with chlorinated water (200 pg free chlorine/ml).
The chlorine solutions were prepared each day from a sodium hypochlorite stock solution. The
solutions were prepared in SDW stored at 4°C overnight in advance with 0.1 N cirtric acid to
adjust to pH 7.0 = 0.2 and the concentration of free chlorine was verified by Aquachek total/free
chlorine test kits (Hach Company). For the recovery test, 100 ml of chlorinated water (200 ug
free chlorine/ml) was added to the stomacher bags, and the contents were vigorously shaken by
hand for 1 min and immediately neutralized with 30 ml of 0.1 N sodium thiosulfate. Lettuce
samples were homogenized with 100 ml of modified EC broth (Becton, Dickinson and Co.) for 1
min in a stomacher at normal speed. A spiral plater (Autoplate 4000, Spiral Biotech, Bethesda,
MD) on TSAN was used for enumeration of each strain. TSAN plates were incubated at 37°C

for 24 h.
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Statistical analysis. All experiments were conducted with five replicates and each
replicate consisted of 3 samples. Bacterial counts for attachment and recovery test were
converted to log values and then entered into an analysis of variance (ANOV A) using SAS (SAS
Institute, Inc., Ver. 9.1, Cary, NC). When the ANOVA indicated a significant difference at
0=0.05 between strains, mean separation was achieved using the Duncan’s multiple range test.

Differences between mean values were considered significant at o=0.05.

RESULTS AND DISCUSSION

Surrogates are preferred instead of pathogenic microorganisms to evaluate the efficacy
of intervention strategies in food processing operations without the potential risk posed by
pathogens to both the production environment and researchers (FDA 2000). Many studies
evaluating E. coli ATCC 25922 under different environments have been accomplished (Duffy et
al. 2000; Mak et al. 2001; Pao and Davies 2001; Thayer and Boyd 1993). Previously there
were no documented studies of surrogate selection on the attachment and recovery of E. coli
O157:H7 on surfaces of romaine lettuce under icing conditions using simulated packing and
distribution of romaine lettuce. Kim and Harrison (2007b) demonstrated E. coli ATCC 25922
was a suitable surrogate for E. coli O157:H7 on attachment and recovery studies involving
chilling produce based on cryotolerance and cell surface properties. However, this study was
done under laboratory conditions and not actual commercial conditions. A suitable surrogate
would allow for possible evaluation under commercial conditions. Since E. coli ATCC 25922
grown at 37°C attached better to lettuce surfaces than at 20°C, 37°C was used for growth
temperature in the present study. We revealed the population of E. coli O157:H7 attached to the

top leaf was significantly higher than other areas and E. coli O157:H7 can be transferred from
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contaminated to previously uncontaminated surfaces after contaminated water from melting ice
contacted them (Kim and Harrison 2007a). In addition, Kim and Harrison (2007c) reported
non-starved cells of both strains attached better to lettuce surfaces than starved cells. Therefore,
the comparison of the population of each strain grown under non-starvation conditions, attached
to the top leaf was conducted in the present study.

There was no detectable nalidixic acid-adapted E. coli O157:H7 and E. coli detected in
the tap water and uninoculated lettuce used in the experiments. The population attached to the
top leaf after contact with contaminated ice was 4.65 + 0.30 and 4.48 + 0.31 log cfu/cm? for E.
coli O157:H7 and E. coli ATCC 25922, respectively. There was no significant difference in
populations of attached cells between the 2 strain types. The population of E. coli O157:H7
attached to lettuce surfaces in the present study was higher than the populations in our previous
study (Kim and Harrison 2007a). This result indicates there will be larger variation in the
simulated commercial processing conditions than controlled laboratory environment using pieces
of lettuce. After rinsing with chlorinated water, the population of E. coli ATCC 25922 was
reduced by 1.42 log cfu/cm? lettuce, which was similar to E. coli O157:H7 (1.79 log reduction).
This is in agreement with other studies showed rinsing with chlorinated water resulted in a
microbial reduction of less than 2 log cfu/g on fruits and vegetables (Beuchat 1999; Brackett
1992; Cherry 1999).

In conclusion, selected surrogate E. coli ATCC 25922 showed the same attachment and
recovery from romaine lettuce as E. coli O157:H7 under icing conditions using simulated
commercial conditions and could prove to be a useful surrogate for E. coli O157:H7 for studies

under similar conditions.
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CHAPER 7

SUMMARY AND CONCLUSIONS
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The following is a summary of results and conclusions drawn from the research reported in

Chapter 3-6 of this dissertation:

1. E. coli O157:H7 transfer to produce under icing conditions in simulated commercial
operations was evaluated.

B The populations of E. coli O157:H7 attached to the top leaf contacted with ice made of
contaminated water or inoculated with this microorganism was the highest, while
undetectable, other sampling sites became contaminated with the pathogens due to ice
melt.

B F. coli O157:H7 can be transferred onto other produce layers in shipping containers due
to melted ice made of contaminated water.

B Water from melted ice can also transfer the pathogen from contaminated to

uncontaminated leaf surfaces.

2. Non-pathogenic E. coli strains were compared with E. coli O157:H7 for attachment and
recovery traits involving chilled produce based on survival at —18°C and cell surface
properties.

B Based on cryotolerance, cell surface characteristics (hydrophobicity, zeta potential, and
morphology) and attachment to lettuce, E. coli ATCC 25922 is a useful surrogate for E.

coli O157:H7 for studies involving attachment and recovery from chilled produce.

3. The effect of starvation on attachment of E. coli O157:H7 and a selected surrogate E .coli to

produce was investigated.
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There were few differences in hydrophobicity, zeta potential, and morphology and outer
membrane proteins profile between E. coli O157:H7 and a surrogate E. coli ATCC
25922 among starvation conditions.

Compared to E. coli O157:H7, E. coli ATCC 25922 grown at 37°C showed similar or
better cryotolerance regardless of starvation conditions.

However, starved cells of both strains attached to lettuce less than non-starved cells.

4. The selected non-pathogenic surrogate E. coli was compared with E. coli O157:H7 to

determine differences and similarities in attachment to and recovery from produce under icing

condition.

The selected surrogate E. coli ATCC 25922 showed the same attachment and recovery as
E. coli O157:H7 from romaine lettuce after contacting with contaminated water using a
simulated commercial operation condition.

Overall E. coli ATCC 25922 can serve as a useful surrogate for E. coli O157:H7 for

produce attachment and recovery studies.

Water used in harvest operations should be of appropriate microbial quality because water may

contaminate romaine lettuce by means of contacting with edible portions of lettuce. E. coli

ATCC 25922 in place of E. coli O157:H7 can be used in the field to evaluate intervention

strategies with safety advantages to facilities and workers.
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