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Abstract

Leafy greens such as spinach have been the object of several recent food-borne
pathogen outbreaks. The purpose of this study was to isolate bacteria spinach epiphytic
bacteria that inhibit growth of E. coli O157:H7, which we describe as antagonism. The
mechanism of antagonism was investigated and we attempted to improve the antagonistic
potential in vitro and on spinach leaves when cellobiose, a carbon source utilized by the
antagonists but not £. coli O157:H7, was added.

There were larger culturable populations of bacteria on the leaves of savoyed
cultivars compared to flat. From the isolated colonies, 47 displayed antagonism towards
E.coli O157:H7, and were identified as members of 11 different genera and sixteen
species. A representative isolate from each species was evaluated for three possible
mechanisms of antagonism: acid production, secretion of an inhibitory compounds or
secreted protease. The majority (14/16) produced at least a moderate level of acid. Two
of these strains, Paenibacillus polymyxa and Pseudomonas espejiana, were found to
secrete a non- protease antagonistic compound.

These antagonists varied in their reduction of E.coli O157:H7 numbers in vitro,
but all significantly reduced numbers in 48 hours of co-culturing in nutrient rich media.
Five antagonists resulted in a significant reduction in E.coli O157:H7 populations when
co-cultured on spinach leaves. Application of cellobiose did not improve the amount of

antagonism in vitro or on the leaf surface after 24 hours.
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Chapter 1

Introduction and Justification

Recent years have seen an increase in the number of food-borne pathogen outbreaks
associated with fresh produce such as leafy greens (5). This is partially a result of Americans
consuming increased amounts of fresh, minimally processed produce (4). In many cases,
consumers eat the produce without further preparation, such as cooking, that could kill any
harmful microorganisms. Therefore, if a food-borne pathogen is present on the produce at the
time that it is purchased, there is a high probability, depending upon the concentration of the
pathogen and how the produce is prepared, that the consumer who purchased it will become ill
(6). One notable recent produce outbreak of Escherichia coli O157:H7 was traced back to fresh,

minimally processed spinach in 2006 (3, 4).

Spinach leaves are populated by epiphytic microbiota including bacteria, fungi and yeast
(59). When a food-borne pathogen such as E.coli O157:H7 is introduced onto a spinach leaf;, it
can interact with the epiphytic microbiota that is already present on the leaf (7). In some cases, it
is proposed that the epiphytic microbiota can improve the epiphytic fitness of the food-borne
pathogen, such as through the formation of a biofilm (7). In other cases, the epiphytic microbiota
can prevent the growth and/or establishment of the food-borne pathogens, through competition

for resources or secreting an antagonistic compound (2).

This project identifies native bacteria which prevent the growth of E.coli O157:H7, and
seeks to identify the mechanism used to inhibit growth, such as the production of acid or a
secreted molecule, which could be a protease. Growth inhibition of E.coli will be referred to as

antagonism throughout this document. The study also examined if the addition of a carbon



source, cellobiose, that could be metabolized by the antagonistic isolates but not by E.coli
O157:H7 reduced the growth of the pathogen while increasing the growth of the isolated
antagonists. This information could be useful in development of pre or post harvest intervention
for preventing the growth of E.coli O157:H7 on produce. This may decrease the number of
outbreaks that occur as a result of the pathogen, thereby increasing product safety and consumer

confidence in the product.

Objectives and Hypothesis

Objective 1: Isolate bacteria from spinach leaves which inhibit growth of E.coli O157:H7in
vitro

Hypothesis: After isolating bacteria from the surface of spinach leaves, some will exhibit the
potential to inhibit the growth of E.coli O157:H7in vitro

Objective 2: Determine if a secreted metabolite is the mechanism through which spinach
bacterial isolates display antagonism and inhibit the growth of E.coli O157:H7 in vitro.

Hypothesis: After screening all of the spinach isolates that have displayed antagonism
towards E.coli O157:H7, at least one will produce a secreted molecule responsible for
preventing E.coli O157:H7 from growing in vitro.

Objective 3: Determine if excess acid byproducts of metabolism of select epiphytic bacteria
results in growth inhibition of E.coli O157:H7 in vitro. The majority of bacteria produce
acid as an end-product of various metabolic pathways. Therefore, acid production is a
likely mechanism of antagonism.
Hypothesis: The majority of spinach isolates that display antagonism towards E.coli
O157:H7 will produce excessive acid as a metabolic byproduct.

Objective 4: Characterize the growth rate of both antagonistic spinach isolates and E.coli
O157:H7 in vitro in the presence of cellobiose as the sole carbon source.



1* Hypothesis: Based on literature studies, E.coli 0157:H7 will not be able to utilize
cellobiose, therefore no growth will be observed.

2" Hypothesis: Other bacteria which are known to inhabit the phyllosphere including
members of the Enterobacteriacae and Pseudomonas will be able to use cellobiose as a sole
carbon source for growth in vitro

e Objective 5: Identify if the growth of spinach epiphytic bacteria on cellobiose as the sole
carbon source in vitro has either a synergestic or antagonistic effect on the growth of E.coli

O157:H7.

1*" Hypothesis: It is unknown if bacteria previously described as antagonists on a complex
carbon source will also prevent the growth of E.coli O157:H7 when cellobiose is the sole

carbon source.

e Objective 6: Determine if the application of a cellobiose dip onto a spinach leaf increases
the population of the antagonistic bacteria either found naturally on the leaf or additionally

added.

Hypothesis: The application of cellobiose in a dip onto a spinach leaf may decrease the
population of E.coli O157:H7 that was additionally added onto the leaf along with one of the
isolated antagonists.
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Chapter 2

Literature Review

Food-borne pathogenic outbreaks on fresh produce

It is estimated that approximately 76 million people become sick and 5,000 people die
from food-borne pathogens or related illnesses annually (14). Although most people associate
food-borne pathogenic outbreaks with improperly cooked meat, the United States Food and Drug
Administration (FDA) reports that in the late 1990s an average of 16 food-borne outbreaks have
been attributed to a produce vehicle each year (14). This number has increased over the past four
decades, where food-borne pathogenic outbreaks on produce consisted of less than 1% of all
total outbreaks in the 1970s, but increased to 6% by the end of the 1990s (59). In recent years,
food-borne outbreaks attributed to fresh produce have included Salmonella on peppers and
tomatoes and E.coli O157:H7 on spinach leaves (29). In the United States, leafy greens including
spinach account for around 30% of these food-borne outbreaks attributed to produce (41).
Between 1996-2006, consumption of leafy greens increased by 9%, while food-borne outbreaks
on leafy greens increased by 39% (41). Outbreaks of food-borne disease can have a significant
impact upon agriculture, health care and business sectors. It is estimated by the United States
Department of Agriculture (USDA) Economic Research Service that food-borne pathogen
outbreaks result in ~17.1 million dollars in health care costs (74). This number however, does not
include the cases that are not reported or diagnosed as being caused by a food-borne pathogen.
Along with the costs of health care, food-borne pathogen outbreaks also can have a large
economic impact on producers, packagers and retailers. It is estimated that California producers

and processors lost 74 million dollars as a result of the 2006 spinach associated E.coli O157:H7



outbreak (61). In addition, a food-borne outbreak often creates a negative product image, in
which a consumer associates a product with the outbreak and is less likely to purchase it (12, 48).
Therefore, it is important to examine the reason behind these outbreaks and identify steps that

can be taken to help reduce the probability of them occurring in the future.

As a result of the recent trend in the United States towards healthier eating, Americans
are consuming a greater amount of fresh, minimally processed produce. Due to the increase in
demand of fresh produce, many types of produce are grown in areas that can support year round
production and then the produce is shipped to other areas where it is no longer in season (40).
This allows for a potential wider distribution of contaminated produce, since in many cases
produce that is grown in one area is shipped across the country or worldwide (68). Along with
this, it has become common to have animals located in close proximity to agricultural fields.
This increases the probability that a pathogen residing in the animal as a host could come into
contact with the produce, either directly, such as contaminated manure, or indirectly, such as in
irrigation water contaminated with feces (64). This is problematic because in many cases
consumers eat the fresh produce without further cleaning or preparation, relying upon the fact
that the fresh produce has already been washed and bagged. Therefore, it is important to explore

new ways that food-borne outbreaks on fresh produce can be prevented.

Background on the vegetable crop spinach

Spinacia oleracea is the scientific name for spinach, a leafy green vegetable that is a cool
weather crop able to survive frosts and light freezes. Although spinach can be grown in warmer
climates, the increased temperature can cause it to produce a seed stalk, or bolt, earlier than cool

temperatures can, a problem since spinach that has bolted is not considered to be sellable (19).



The United States is the second largest producer of spinach in the world, producing around 3
percent of the total spinach produced globally. Domestically, California is the largest producing
state, producing about 73% of the domestic spinach crop, and Arizona and New Jersey are the
second and third highest producers (40). Spinach is usually harvested at around 45 days and from
there can either be preserved, such as through canning or freezing, or stored in cool, humid
conditions so that it can be sold as fresh produce on the market (40). Fresh spinach can lose
nutritional components only a few days after harvest, so fresh spinach must either be consumed
soon after harvest or stored in conditions, such as modified atmosphere, that reduces the
nutritional loss (40). In regards to food-borne pathogens, it is important to understand the
respiration rate of spinach because excess respiration can cause spinach leaves to deteriorate in
quality and secrete excess nutrients, a condition that makes the leaves more suitable for
pathogenic growth (40). As a result, it is important when studying the ability of E.coli O157:H7
to survive and grown on spinach leaves to make sure that the rate of respiration for spinach
leaves is kept low so that the conditions are not made more suitable for the survival of E.coli

O157:H7.

Although canned and frozen spinach used to be the primary type of spinach that was
consumed, recent years have seen an increase in the fresh minimally processed spinach. In 2007,
around 75% of spinach consumed in the United States was fresh, a level of fresh spinach
consumption that has not been seen since the 1940s (Figure 1) (40). The increase in consumption
of fresh spinach is attributed to the creation of pre-washed bagged spinach that make fresh
spinach consumption more convenient and an increased awareness about healthy eating among
the American public. The average value of the United States spinach crop has been around 175

million dollars, making it an important crop to the farm industry (40).



Spinach is divided into three main cultivars that are characterized by different appearance
and color. Savoy spinach consists of cultivars that are deep green in color and contain deep
wrinkles all over the spinach leaves. Savoy cultivars tend to produce larger leaves, and due to the
deep wrinkles are not preferred for processing or fresh minimally processed spinach since the
wrinkles make it difficult to effectively clean the spinach. However, due to the leaf’s vein having
a longer period of growth, savoy spinach is considered to have larger surface area and more
nutritional components than the other cultivars of spinach (26). This type of spinach is most
commonly sold in high end salad mixes and as a novelty produce item. Types of savoy spinach
include Bloomsdale Long Standing, Regiment and Menorca (19). The second type of spinach is
the flat leaf spinach. This type has flat leaves with few wrinkles and crevices on them, making
them ideal for use in processed spinach such as frozen or canned. Also, flat leaf spinach that is
harvested early is often marketed under the name of baby spinach, which has increased in
popularity due to it being more tender and having a milder flavor than mature spinach leaves
(26). Types of spinach that are flat leaf cultivars include Springfield, Avenger and Monza (19).
The third type of spinach is semi-savoy, which is a hybrid formed by crossing savoy and flat leaf
spinach. Semi-savoy spinach is lighter in green color and has wrinkles, but not as deep as the
ones in the savoy cultivar. Semi-savoy spinach is often used in order to have a product that has a
similar texture as savoy, but is easier to clean. Examples of semi-savoy spinach cultivars are
Correnta, Cherokee and Unipack (19). The difference in spinach cultivars is not only important
for spinach processing however, with differences in cultivars also potentially having an impact
upon the composition of the epiphytic microbiota on the spinach leaves. These variations can be
due to differences in the surface area and structure of the spinach leaves (72). Lopez-Velasco et

al. has shown that the savoy cultivar Menorca has a significantly larger surface area and more



stomata when compared to Monza, a flat leaf cultivar. The increased surface area of the savoy
cultivar led to the leaf being more wrinkled with deeper ridges, producing both more space for
the epiphytic bacteria to colonize and areas of the leaf where water could collect (87). The
increased number of stomata present in the savoy cultivars could also impact the epiphytic
microbial population, since stomata have been shown to secrete both water and nutrients onto the
surface of the plant (10). As a result, the different spinach cultivars could potentially have

different amounts and compositions of epiphytic microbiota (19).

Various factors could affect the nutritional components of the spinach leaf
exudates including the age of the leaf, the environmental conditions that the spinach was grown
in and if the leaf tissue of the spinach had been damaged. Older spinach leaves have a greater
concentration of nutrients, such as amino acid and sugars, than younger leaves (62). The
presence of food-borne pathogens on different ages of leaves has also been shown to impact the
amount of damage that occurs on the leaf. Older leaves inoculated with a pathogen have been
shown to be more susceptible to damage than younger leaves that have been inoculated with a
pathogen (34). This is important for the ability of food-borne pathogens to survive on the surface
of spinach leaves since an increase in the nutrient levels of the exudates, as occurs in the older
plants, would be more beneficial to the growth of the food-borne pathogen on the surface of the

leaf than on the younger leaves, which have fewer nutrients in their exudates.

One food-borne pathogen that is increasingly associated with fresh produce such as leafy
greens is E.coli O157:H7, a food-borne pathogen that until recent years was most commonly
associated with undercooked meat products. It was first associated with an outbreak in
hamburger sold at Jack in the Box restaurants located in Washington state in 1993 (13).

However, outbreaks of E.coli O157:H7 have also been associated with fresh produce including

10



spinach, lettuce and unpasteurized apple cider (16).One of the most publicized recent produce
borne outbreaks was attributed to baby spinach distributed by Dole. Although the source of
contamination on the spinach was never determined, it is believed to have been the result of
either irrigation water that had been contaminated with wild pig or cattle feces or the presence of
wild pigs in the field (35). The outbreak resulted in 205 reported cases of E.coli O157:H7 illness,
with 31 people developing hemolytic uremic syndrome resulting in three deaths (35). This
outbreak of E.coli O157:H7 occurred despite the fact that the conditions found on produce, such
as varying temperatures, amount of water and UV light, are not consistent with the conditions
that favor the growth of E.coli O157:H7 (3). Despite these limitations, E.coli O157:H7 is still
able to survive on the produce for a long enough period of time to make people sick. One
possible explanation for this is that the E.coli O157:H7 is interacting with the epiphytic

microbiota that is found on plant such as spinach leaves.

The human food-borne pathogen E. coli O157:H7

Escherichia coli is a Gram negative bacterium that is adapted for life in the small and
large intestines of animals. One serotype of E.coli that is commonly associated with food-borne
disease is E.coli O157:H7, which produces a toxin know as a vero cytotoxin (11). Although E.
coli O157:H7 can be transmitted through other routes, 61% of cases involving E.coli O157:H7
have food as the method of transmission (Figure 2) (53). It has been proposed by scientists that
the infectious dose of E.coli O157:H7 is only between 10 to 100 cells (51). E.coli O157:H7 can
produce severe gastrointestinal distress in people, with symptoms including bloody diarrhea,
vomiting and abdominal cramps. In addition, between 5-10% of people who become ill with
E.coli O157:H7 develop hemolytic uremic syndrome (HUS) as a result of the vero cytotoxin,

which can result in kidney failure and death (14). The population that is at the greatest risk for

11



developing HUS after they have contracted E.coli O157:H7 are young children and the elderly
(14). In the United States, it is predicted that around 73,000 people become ill from E.coli
O157:H7 every year, with the number dramatically increasing since the 1990s (53). The first
reported case of E.coli O157:H7 occurred in 1982 and involved the consumption of
contaminated hamburger and the first report of an E.coli O157:H7 outbreak involving produce
occurred in 1991 (53, 54). Since then, the number of E.coli O157:H7 outbreaks occurring on

produce has increased to 34% of all food-borne outbreaks of E.coli O157:H7 (Figure 3) (53).

Although food-borne pathogenic outbreaks on produce are increasing, environmental
conditions on produce are not optimal for the growth of food-borne pathogens. E.coli O157:H7 is
commonly associated with the gastrointestinal tract of mammals where they have adapted to
increased temperature of around 37-40°C and a rich supply of nutrients (3). In the case of E.coli
O157:H7, the host animal is usually live stock (cattle), wild animals (deer or wild pigs), or
humans (14). On the surface of a leafy green such as spinach, E.coli O157:H7 is not presented
with the same constant environment. Instead, it has to deal with dramatic changes in
environmental conditions such as varying temperatures, availability of water and presence of

damaging UV radiation.

Preharvest contamination of leafy greens

Contamination of the produce can occur at several different stages in production and
subsequent processing. In some cases, produce becomes contaminated while it is still growing in
the field. This can occur by irrigating the crops with water that has been contaminated with the
feces of nearby livestock, raw sewage or wild animals that are shedding E.coli O157:H7 (6).

Surface water should not be used for irrigation of produce since it can easily become

12



contaminated with a food-borne pathogen (73). Instead, irrigation is supposed to occur with
ground or municipal water, which is generally considered to be safer and less likely to have a
food-borne pathogen. However, ground and municipal water can still become contaminated. This
could occur if the water used to recharge the well is from a poorly managed and allowed to come
into contact with sources of contamination, such as livestock or wild animals (27). Transmission
of E.coli O157:H7 through irrigation water was replicated in a study by Johannessen et. al.,with
crisp head lettuce. It was shown that E.coli O157:H7 remained in reduced, but significant

number in the soil up to eight weeks after inoculation (36).

Contamination may occur if the produce came into direct contact with the feces of an
infected animal, if for example livestock or a wild animal infected with E.coli O157:H7 got into
the field where the produce was being grown (4). Produce contact with contaminated feces could
also occur if the fields were fertilized with improperly composted animal manure. Islam et. al.
showed that onions and carrots that had been fertilized with bovine or poultry manure inoculated
with E.coli O157:H7 became contaminated with the pathogen (33). E.coli O157:H7 was found to
survive in the soil fertilized with all of the manure for at least 154 days. In soil fertilized with
manure inoculated with 7.0 log;o CFU/g E.coli O157:H7, there was a retention of 1.5—

2.0 log;o CFU/g on the carrots on day 126, when carrots are usually harvested. E.coli O157:H7
was able to on the onions survive for 74 days but were not detected on day 126, the time period
when onions are usually harvested. (33). Although all animal manure that is used to fertilize
produce fields is required to be treated prior to application, such as by being stored and
composted for at least six months, outbreaks of food-borne pathogens attributed to contaminated
manure have occurred. One such outbreak occurred in Ontario Canada in 2000, where

improperly treated cattle manure that was contaminated with E.coli O157:H7 entered into a

13



municipal water supply and resulted in over 1,300 reported cases of illness (27). Soil infected
with E.coli O157:H7 can also lead to produce becoming contaminated with the food-borne
pathogen. It has been shown by Warriner ef al. that uninfected spinach seedlings that were
transferred to soil inoculated with E.coli O157:H7 had the food-borne pathogen present on both
the surface and internalized in the leaves after 42 days (79). Also, it has been proposed that
insects such as house flies could potentially play a role in spreading E. coli O157:H7 (1). A study
by Janisiewicz ef al. showed that fruit flies that had been inoculated with a GFP tagged strain of
E.coli O157:H7 were able to spread the E.coli O157:H7 to apples that contained lesions on their

skin (34).

Post-harvest contamination of leafy greens

After harvest, leafy greens can become contaminated at the processing facility as they are
being prepared for sale (85). Contamination can occur at this stage through contact with
machinery that has not been properly sanitized or workers that are not following proper handling
or sanitation regulations (6). Contamination of leafy greens during processing is of special
importance due to the fact that 80% of outbreaks involving E.coli O157:H7 on leafy greens have
been traced to processed, bagged salad mixes (50). During the processing of products like
bagged salads, leafy greens from multiple fields are mixed together, resulting in cross
contamination of other leaves, thereby effectively spreading out the number of bags that can
contain the contaminated produce (6). Companies producing minimally processed bagged leafy
greens do take measures to help prevent food-borne pathogenic outbreaks on the product by
employing practices such as triple washing the leafy greens and using chlorinated water.
However, chlorinated water is not able to completely kill £.coli O157:H7, which is able to

internalize within cut leaves after they have been cut, although there is a reduction in its numbers
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(67). The washing step is therefore more useful in removing dirt and insects that could be on the
leaves and not killing food-borne pathogens. Along with this, using disinfectors on produce may
cause more harm than good. Instead of killing off the food-borne pathogen, the disinfectant also
kills off the native microbiota on the leaf, thereby removing microorganism that could potentially

compete with the pathogen (25).

The storage conditions of fresh produce is another area that can impact the ability of
food-borne pathogens to survive after the produce is harvested and until it is sold to the
consumer. Following harvest, leafy greens continue to respire, a process through which organic
material stored within the plant is broken down into energy, thereby damaging the leaf and
reducing the shelf life of the item. Since damaged leaves are more prone to colonization by food-
borne pathogens, it is important maximize the quality and shelf life of a product (40). This can be
done by reducing the respiration of the produce to 6.8 mg kg™ h™', in comparison to 242.0 mg kg’
"h!, the normal respiration rate of spinach growing in the field (52). Spinach is considered to
have a very high respiration rate, and as a result must be cooled immediately after harvest (52).
Following harvest, spinach is often stored in modified atmosphere packaging that consists of a

high amount of carbon dioxide and low levels of oxygen in order to reduce respiration.

Finally, leafy greens can become contaminated after they have left the processing facility
in the store, consumer’s home or restaurant where they are consumed. In these cases,
contamination is usually the result of the produce coming into contact with the food-borne
pathogen due to improper sanitation or cross contamination, such as placing the leafy greens on a
surface that raw meat came into contact with or a person handling the leafy green without

washing their hands (80). For the food safety industry, various methods have been utilized to
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help prevent outbreaks of food-borne diseases including using Good Agricultural Practices,

Good Manufacturing Practices, disinfectants and irradiation.

Epiphytic microbiota on leafy greens

One of the areas that is currently being examined as an intervention strategy is the use of
competition between epiphytic microbiota and food-borne pathogens. Epiphytic microbiota are
microorganism that have naturally found a niche on the surface of the leaves. Known as the
phyllosphere, this is the area where the waxy cuticle of the plant is in contact with both the
environment and the surface of the leaf (5). In order to survive in this area, the microbiota have
undergone adaptations in order to survive the harsh conditions that are present on the leaves
including changes in available water, temperature and UV light (31). The population of
culturable epiphytic microbiota on the surface of leaves range from 10° to 10’ CEU/g (86). The
majority of culturable epiphytic microbiota are Gram-negative bacteria, belonging to the genera
Erwinia, Pseudomonas, Enterobacter and Bacillus (66). Although there can be upwards of 34
different genera of culturable bacteria found in the phyllosphere, the majority of these tend to
consist of a few genera (69). In a previous study, it was found that out of the bacterial strains
identified on surface of the beet leaves, over 41% belonged to either the genera Erwinia or

Pseudomonas (69).

Despite the large number of different species that can be found on the leaf’s surface, the
number is actually small in comparison to the number of species found in the soil. A previous
study examining the bacteria found on the surface of produce and the soil surrounding it found
that while on average there where thirteen culturable bacteria species found on the surface of

leaves, there were over 40 culturable species of bacteria present in the surrounding soil (69).
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These results are in accordance with the information available on the type and amount of
nutrients that are present in both the soil and on leaf surfaces, with there being generally a greater
number of nutrients and in greater concentration in the soil than on the leaf’s surface. Microbes
are not distributed evenly across the leaf surface. Bacteria, including human pathogens, tend to
congregate around the leaf’s veins, hydathodes, stomata and trichomes (9, 10). E.coli O57:H7
inoculated onto leaf surfaces achieves larger populations in areas surrounding the veins found on
the leaves of the Arabidopsis plant (9). This occurs because these are the areas on the leaves
where the majority of the molecules are secreted. It would therefore be more beneficial for the
epiphytic microbiota and any food-borne pathogens present on the leaf to be located as close as

possible to the location where the carbon source was being secreted. (5).

Epiphytic bacteria require carbon, nitrogen and inorganic molecules in order to survive
on the phyllosphere(44). Plants secrete sugars, amino acids and salts into the phyllopshere (44).
The type and composition of the secreted molecules onto the leaf surface varies based on the
type of plant, the growing season and the environmental conditions (37). Environmental
conditions can have an impact upon not only the plant’s ability to grow but the composition and
density of the epiphytic microbiota. It has been found that there can be a 10-fold difference in
microbial composition between different leaves of the same type of plant that are grown under
the same environmental conditions (37). However, even in conditions where the plant is
secreting the maximum amount of molecules onto the leaf’s surface, there will still be
competition between the epiphytic microbiota for the molecules that are necessary for growth.
This competition between microbiota for carbon sources and other molecules is one explanation
for the variety in both number and diversity of microbiota that are found on the leaf’s surface

(37). In bean plants the majority of the secreted molecules consisted of fructose, sucrose and
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glucose (44). This is of special importance in regards to the survival of E.coli O157:H7 on the
leaf’s surface since the pathogen is able to readily utilize all three of the carbon sources as a
source of energy (44). However, it was also noted that even on leaf surfaces that had high
populations of microbiota, there were still carbon sources present on the surface of the leaf that
could not be utilized (44). The presence of unused secreted molecules could be the result of the
microbiota not have the proper mechanisms to utilize the carbon sources or because the structure

of the plant prevented the microbiota from reaching the molecules (44).

Carbon sources alone do not determine the population of epiphytic microbiota present on
the leaf. The age of the leaf can have an impact upon the amount of nutrients that are secreted on
the leaf and the ability of the pathogen to survive on the leaf as well. It has been found that on
Romaine leaf lettuce inoculated with E.coli O157:H7 the population size of the food-borne
pathogen is 10-fold higher on the younger leaves than it was on the older leaves. This difference
in population size is due, at least in part, to larger concentrations of nitrogen on young leaves in

comparison to older and middle aged leaves (9).

The physical condition of the plant leaf can impact the ability of a food-borne pathogen
to survive. Tears or plant lesions may supply food-borne pathogens with an entry into the plant,
which is more hospitable for growth than the intact surface of the leaf (45). Damaged areas of
leaf tissue may also provide higher levels of nutrients that could promote the growth of food-
borne pathogens (45). It is therefore important that when the leafy produce is being harvested
and processed that it remain as undamaged as possible, since the presence of damaged leaves can

help support the survival and growth of food-borne pathogens.
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In addition to the previously discussed plant controlled factors, there are additional
external factors that affect the diversity and richness of the phyllosphere bacterial community. A
study conducted on sugar beets found that the greatest amount of diversity in the microbiota in
the phyllosphere occurred during the autumn in a Mediterranean climate, in contrast the lowest
diversity was observed in winter and during mid-summer, the periods of the year that generally
have the lowest amount of precipitation in this climate (69). Other studies on bean leaves have

shown decreases in diversity were associated with lower availability of water (30).

The interaction between the phyllosphere of the leaf’s surface and the microbiota that
reside there is not one way. Epiphytic bacteria alter the surface of the leaf, altering the water
permeability of leaf’s surface. This is important because the permeability of the phyllosphere
affects the type and concentration of molecules that are secreted onto the leaf’s surface, thus
impacting what microbiota can survive on the leaf’s surface (58). The alteration of the
phyllosphere by microbiota can also be seen in the ability of the bacteria Pseudomonas
aeruginosa and others to produces excess salicylic acid as it grows on the leaf. This excess acid
is not just a byproduct of its metabolism, but also a method through which it prevents the growth
of Botrytis cinere, a plant pathogen (21). Altering the conditions on the leaf is not just a practice
that is restricted to epiphytic microbiota however. Food-borne pathogens such as E.coli O157:H7
were also shown to increase the permeability of the leaf’s membranes, allowing for more

nutrients to leach from the plant onto the leaf’s surface (58).

Interactions between epiphytic microbiota and food-borne pathogens

Microbiota found in the phyllosphere serve important functions for the health of the plant

by impacting the conditions on the surface of the leaves. Along with playing an important role in
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the health of the plant, the epiphytic microbiota could potentially interact with food-borne
pathogens (80). In some circumstances, the epiphytic microbiota can create antagonism, a
process in which the growth of one bacteria is inhibited by another bacteriums’s growth or
production of an antimicrobial compound. The ability of epiphytic microbiota found on spinach
leaves to display antagonism towards a food-borne pathogen could be the result of several
different factors. In some cases, the displayed antagonism is the result of the epiphytic
microbiota being able to simply out compete the £.coli O157:H7 on the leaf’s surface for
nutrients and surface areas. The epiphytic microbiota has evolved for survival on the leaf’s
surface and the harsh environmental conditions that accompany it. Therefore, in some cases
these adaptations allow the native microbiota to be more competitive in obtaining nutrients than
pathogens like E.coli O157:H7 (74). This can be seen with the bacterium Pseudomonas, which
has been found to be able to out compete plant pathogenic species of Fusarium and Pythium for
iron. This ability of Pseudomonas is especially useful since various species of Fusarium and
Pythium can either be toxic to humans or damaging to plants (82). In other cases, the antagonism
is the result of the epiphytic microbiota secreting a compound that prevents the growth of the
pathogen. This can be seen in the case of a strain of Bacillus subtillus IFS-01. In vitro studies
indicate antagonism towards food-borne pathogens Listeria monocytogenes and Staphylococcus
aureus through a secreted antimicrobial compound (24). These antagonistic microbiota are seen
as a potential method through which food-borne pathogens could be prevented from colonizing
the leaf. Used as a natural bio-control method, antagonistic microbiota could be applied either in
the field or post harvest as a spray or a dip that could make it more difficult for a food-borne
pathogen to colonize the leaf (25). However, when studying these antagonists it is important to

examine if increasing their number would have a detrimental effect upon the shelf life of the
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product, such as the bacteria producing acid, which has a negative effect on the flavor and

appearance of the spinach leaves (6).

Methods of potentially improving antagonism towards E.coli O157:H7

Potentially microorganisms or microbial compounds found to be antagonistic to E.coli
O157:H7 could be added to leaves to prevent the growth of E.coli O157:H7. Along with this,
compounds could be added to the spinach that improves the growing conditions for the
antagonistic microorganisms over the E.coli O157:H7. One method of changing the conditions
on the leaves could consist of adding to the leaf a carbon source that can be used by the
antagonistic microorganism found on the leaf, but not by E.coli O157:H7. One potential carbon
source of interest is cellobiose, a reducing disaccharide that is naturally found on many different
types of plants and fungi (20). Cellobiose is derived from the breakdown of cellulose, one of the
most common organic compounds. Commonly found in the cell walls of plants, cellulose is
made up of multiple cellobiose units that are joined together (15). Cellobiose is formed in a
catalyzed reaction in the breakdown of cellulose, when cellulose in hydrolyzed by bacteria and
broken down into cellobiose. Like cellulose, cellobiose can be found in many types of plant and
plant products such as paper and cotton (60). Cellobiose is commonly found in the environment
in several types of wood and various species of fungi, such as Phanerochaete chrysosporium
(76). Research has shown that cellobiose is commonly found in apples and products that are
made from processed apples, such as apple juice or apple sauce (43). As a result of being
naturally found in plants, cellobiose is considered to be generally recognized as safe (GRAS) and

therefore able to be used in food processing, such as the preparation of fresh produce (43).
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Since it is a disaccharide, cellobiose can be degraded either through phosphorylation or
hydrolysis, resulting in glucose molecules (60). The amount of glucose molecules that are
produced can differ, ranging from trace to substantial amounts, and vary by the bacteria and the
method through which cellobiose is metabolized (60). Research has shown that E.coli O157:H7
is not able to metabolize cellobiose as a carbon source (4). However, many of the microbiota
found on spinach leaves such as those belonging to Enterobacteriacae, Bacillus and
Pseudomonas are reported to be able to metabolize it as a carbon source. In the case of Bacillus
subtillus, the bacterium is able to utilize cellobiose and produces the byproduct L-lactate, which
has been shown to display an antimicrobial effect towards E.coli O157:H7 (55).Therefore, it
becomes important to figure out a way to add an additional amount of a compound such as

cellobiose that could increase the growth of antagonists on the spinach leaf.

One potential way of adding additional compounds to produce is dissolving it into a
liquid and then either spraying it onto the leaf or dipping the leaf into the solution. A very
common application of this method in the produce processing industry is using a dip or a spray
to apply sanitizers such as chlorine to produce while it is being processed. The addition of a dip
or spay has also been used to add compounds other than sanitizers as well, such as compounds
that can help increase the shelf life and quality of the product. This can be seen in the case of
sliced fresh pears, where it was found that the addition of 4-hexylresorcinol, ascorbic acid and

calcium lactate in dip form can prevent the pears from turning brown and increase their shelf life

(85).

The use of a spray or dip has also been examined as a potential way of adding a
substance, such as additional concentration of a GRAS microorganism, onto fresh produce so

that it can prevent the growth of a hazardous pathogen or fungi. This can be seen in the method
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of controlling Pennicillium expansum on apples. Apples can be dipped into a solution containing
Pseudomonas spp., which had been isolated from the apples and found to display antagonism
towards Pennicillium expansum. The apples dipped into the antagonist inoculum were found to
have a reduced amount of lesions on the apple surface associated with Pennicillium expansum
(23). Another example can be seen in Burkholderia cepacia that was isolated from the
microbiota of the banana. When bananas were dipped into an inoculum consisting of the
bacteria, it was found prevent the growth pathogens crown rot and anthracnose (70). Along with
this, if the inoculum also includes a carbon or nitrogen source that can be utilized by the
antagonists but not the food-borne pathogen, it increases the probability that the antagonist may
be able to out compete the pathogen on the surface of the produce (31). Therefore, the addition in
the form of a dip of antagonistic bacteria and chemical compounds that could help increase the
antagonists growth have been shown to be a useful method of post-harvest control of food-borne
pathogens. However, in order to be able to utilize this method, the E.coli O157:H7 and isolated
antagonists must be tagged in some form so that their presence and concentration can be

determined.

Use of the green fluorescent protein as a marker

One fluorescent marker that is commonly used with E.coli O157: H7 is green fluorescent
protein (GFP). The marker GFP is a protein that was isolated from the Aequorea victoria species
of jellyfish (71). In the case of E.coli O157:H7, the GFP marker can be transformed into the cell
in the form of a plasmid. This plasmid then causes the E.coli O157:H7 to fluoresce green under
UV light, allowing it to be observed and counted using microscopy. To transform E.coli
O157:H7 with a GFP marker, the protein must by imbedded into a plasmid vectors that can be

transformed into the E.coli O157:H7 cell (71). E.coli O157:H7 is considered to be an ideal
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bacteria to be tagged with a GFP since it will readily uptake the marker. It has been shown that
strains of E.coli O157:H7 that have been transformed with GFP exhibit the same characteristics
as non-transformed strains (77). Also, a previous study by Ajjarapu and Shelef has shown that
the GFP tagged E.coli O157:H7 is able to display fluorescence even in the presence of native
microbiota (2). A study involving applying manure containing GFP tagged E.coli O157:H7 to
lettuce plants showed that the E.coil O157:H7 was able to be transferred to the lettuce from the
manure and that it retained the ability to fluoresce, thereby demonstrating that the microbiota of
leafy greens do not prevent GFP tagged E.coli O157:H7 from fluorescing (78). Along with being
used to tag E.coli O157:H7, GFP markers have also been shown to be successfully utilized in

other bacteria as well.
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Figure 1: The annual per capita use of spinach grown in the United States between 1940 and

2007. Adapted from (Lucier, G., 2007)
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Figure 2. Sources of Escherichia coli O157:H7 outbreaks by year from between 1982 to 2002.

Adapted from (Rangel, J.M et al., 2005)
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Figure 3. The Vehicles of Food-borne Escherichia coli O157:H7 Outbreaks by Year from 1982

to 2002. Adapted from (Rangel, J.M et al., 2005)

26



References

. Ahmad, A., Nagaraja, T. G. and Zurek, L. (2007) Transmission of Escherichia coli

O157:H7 to cattle by house flies. Preventative Veterinary Medicine. 80: 74-81.

. Ajjarapu, S. and Shelef, L.A. (1999) Fate of pgfp-Bearing Escherichia coli O157:H7 in
Ground Beef at 2 and 10°C and Effects of Lactate, Diacetate, and Citrate. Applied and

Environmental Microbiology 65:5394-5397.

. Armstrong, G. L., Hollingsworth, J. & Morris, J. G. (1996) Emerging food-borne
pathogens: Escherichia coli O157:H7 as a model of entry of a new pathogen into the food

supply of the developed world. Epidemiologic Reviews. 8:29-51.

. Aruscavage D., Lee K., Miller S. & LeJeune J.T. (2006) Interactions affecting the
proliferation and control of human pathogens on edible plants. Journal of Food Science

71:89-99.

. Beattie G.A. and Lindow S.E. (1999) Bacterial colonization of leaves: a spectrum of

strategies. Phytopathology 89:353-9.

. Beuchat, L. (2002) Ecological factors influencing survival and growth of human

pathogens on raw fruits and vegetables. Microbes and Infection 4:413-423.

. Beuchat L.R. (1996) Pathogenic microorganisms associated with fresh produce. Journal

of Food Protection 59:204—16.

. Bloember, G.V., O’Toole, G.A. Lugtenberg, B.J. and Kolter, R. (1997) Green
Fluorescent Protein as a Marker for Pseudomonas spp. Applied and Environmental

Microbiology 4543-4551.

27



10.

1.

12.

13.

14.

15.

Brandl M.T. (2006) Fitness of human enteric pathogens on plants and implications for

food safety. Annual Review of Phytopathology 16:367-92.

Brown, A. (2009). Inhibition of Escherichia coli O157:H7 and Clostridium sporogenes in
Spinach packaged in Modified Atmospheres After treatment with Chlorine and Lactic
Acid Bacteria. Thesis. Texas Tech, Lubbock, TX.

Buchanan, R.L. (1999) Fate of Escherichia coli O157:H7 on fresh cut apple tissue and its
potential for transmission by fruit flies, Applied and Environmental Microbiology 65:1—

5.

Calvin, L., Avendano, B., and Schwentesius, R. (2004) The Economics of Food Safety:
The Case of Green Onions and Hepatitis A Outbreaks. Published by the United States

Department of Agriculture VGS-305-01.

Cieslak P.R., Noble S.J., Maxson D.J., Empey L.C., Ravenholt O., Legarza G., et al.
(1997) Hamburger-associated Escherichia coli O157:H7 infection in Las Vegas: a hidden

epidemic. American Journal of Public Health. 87:176-80.

Center for Disease Control and Prevetion (2008) Disease Listing: Escherichia coli
General Information. Atlanta, GA: Division of Food-borne, Bacterial and Mycotic
Diseases. < http://www.cdc.gov/nczved/divisions/dfbmd/diseases/ecoli_o157h7/ >

Accessed March 15, 2010

Cocinero,E.J., Gamblin, D.P., Davis, B.G. and Simons, P.J. (2009) The Building Blocks
of Cellulose: The Intrinsic Conformational Structures of Cellobiose, Its Epimer, Lactose,
and Their Singly Hydrated Complexes. Journal of American Chemical Society.

131:11117-11123.

28



16.

17.

18.

19.

20.

21.

22.

Cody, S.H., Glynn, M.K., Farrar, J.A., Cairns, K.L., Griffin, P.M., Kobayashi J, et al.
(1999) An outbreak of Escherichia coli O157:H7 infection from unpasteurized

commercial apple juice. Annals of Internal Medecine.130:202-9.

Cole J.R., Chai B., Farris R.J., Wang Q., Kulam-Syed-Mohideen A.S., McGarrell D.M.,
Bandela A.M., Cardenas E., Garrity G.M., Tiedje J.M., et al. (2007) The ribosomal
database project (RDP-II): introducing myRDP space and quality controlled public data.

Nucleic Acids Research. 35:D169-D172.

Cooley, M.B., Chao, D. and Mandrell, R.E. (2006) Escherichia coli O157:H7 survival
and growth on lettuce is altered by the presence of epiphytic bacteria. Journal of Food

Protection 69, 2329-2335.

Correll, J.C., Morelock, T.E., Black, M.C., Kolke, S.T., Brandenberger, L.P. and

Dalnello, F.J. (1994) Economically important diseases of spinach. Plant Disease

Deacon, W.J. (2006) Fungal Biology Blackwell Publishing. New York: New York

De Meyer G., Hofte M.(1997) Salicylic acid produced by the rhizobacterium
Pseudomonas aeruginosa TNSK2 induces resistance to leaf infection by Botrytis cinerea

on bean. Phytopathology. 87:588-593.

Erol L., Jeong K.C., Baumler D.J., Vykhodets B., Choi S.H. & Kaspar CW (2006) H-NS
controls metabolism and stress tolerance in Escherichia coli O157:H7 that influence

mouse passage. 6: 72—83.

29



23.

24.

25.

26.

27.

28.

29.

Fallik, E., Grinberg, S., Gambourg, M., Klein, J.D. and Lurie, S. (2003) Prestorage heat
treatment reduces pathogenicity of Penicillium expansum in apple fruit. Plant Pathology

45:92-97

Foldes T., Banhegyi 1., Herpai Z., Varga L. & Szigeti J. (2000) Isolation of Bacillus
strains from the rhizosphere of cereals and in vitro screening for antagonism against
phytopathogenic, food-borne pathogenic and spoilage micro-organisms. Journal of

Applied Microbiology 89:840—846.

Francis, G.A., Thomas C. & O'Beirne, D. (1999) The microbiological safety of minimally

processed vegetables. International Journal of Food Science Technology 34:1-22.

Grevsen, K. and Kaack, K. (1997). Quality attributes and morphological characteristics of
spinach (Spinacia oleracea L.) cultivars for industrial processing. Journal of Vegetable

Crop Production 2: 2,15 — 29

Guan, T. Y. and Holley, R. A. (2003) Pathogen survival in swine manure environments
and transmission of human enteric illness: A review. Journal of Environmental Quality.

32:383-392.

Guentzel J.L., Liang Lam K., Callan M.A., Emmons S.A. & Dunham V.L. (2008)
Reduction of bacteria on spinach, lettuce, and surfaces in food service areas using neutral

electrolyzed oxidizing water. Food Microbiology 25:36—41.

Hedberg, C. W., K. L. MacDonald, and M. T. Osterholm. (1994) Changing epidemiology
of food-borne disease: a Minnesota perspective. Clinical Infectious Diseases. 18:671—

682.

30



30.

31.

32.

33.

34.

35.

Hirano, S. S., and C. D. Upper. (2000). “Bacteria in the leaf ecosystem with emphasis on
Pseudomonas syringae—a pathogen, ice nucleus, and epiphyte.” Microbiology

Molecular Biology Review. 64:624-653.

Hirsch A.M. (2004) Plant-microbe symbioses: a continuum from commensalism to

parasitism. Symbiosis 37: 345-363.

Islam M., Doyle M.P., Phatak S.C., Millner P. and Jiang X. (2004) Persistence of
enterohemorrhagic Escherichia coli O157:H7 in soil and on leaf lettuce and parsley
grown in fields treated with contaminated manure composts or irrigation water. Journal

of Food Protection. 67:1365-70.

Islam M., Doyle M.P., Phatak S.C., Millner P. and Jiang X. (2005). Survival of
Escherichia coli O157:H7 in soil and on carrots and onions grown in fields treated with

contaminated manure composts or irrigation water. Food Microbiology. 22:63-70.

Janisiewicz, W.J., Conway, W.S., Brown, M.W., Sapers, G.M., Fratamico, P. and
Buchanan, R.L. (1999) Fate of Escherichia coli O157:H7 on fresh cut apple tissue and
its potential for transmission by fruit flies. Applied and Environmental Microbiology

65:1-5.

Jay M.T., Cooley M., Carychao D., Wiscomb G.W., Sweitzer R.A., Crawford-Miksza L.,
Farrar J.A., Lau D.K., O'Connell J., Millington A., Asmundson R.V., Atwill E.R.,
Mandrell R.E. (2007) Escherichia coli O157:H7 in feral swine near spinach fields and

cattle, central California coast. Emerging Infectious Diseases 13:1908-1911.

31


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Islam%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Doyle%20MP%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Phatak%20SC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Millner%20P%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jiang%20X%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'J%20Food%20Prot.');
javascript:AL_get(this,%20'jour',%20'J%20Food%20Prot.');

36.

37.

38.

39.

40.

41.

42.

43.

44,

Johannessen, G.S., Bengtsson, Berit, G.B., Heier, T., Bredholt, S. Wasteson,Y.and
Rarvik, L.M. (2005) Potential Uptake of Escherichia coli O157:H7 from Organic Manure

into Crisphead Lettuce. Applied and Environmental Microbiology. 71: 2221-2225

Kinkel, L.L. (1997) Microbial Population Dynamics on Leaves. Annual Review of

Phytopathology. 35: 327-347.

Klerks M.M., Van Gent-Pelzer M., Franz E., Zijlstra C. & Van Bruggen A.H.C. (2007).
Physiological and molecular response of Lactuca sativa to colonization by Salmonella

enterica serovar Dublin. Applied and Environmental Microbiology 73: 4905-4914.

Liao, C.H. & Fett, W.F. (2001) Analysis of Native Microflora and Selection of Strains
Antagonistic to Human Pathogens on Fresh Produce. Journal of Food Protection.

64:1110-1115.

Lucier, G. (2007) “Fresh-Market Spinach: Background Information and Statistics.”
United States department of Agriculture: Economic Research Service

Lynch, M., Painter, J., Woodruff, R. & Braden, C. (2006) Surveillance for Food-borne-

Disease Outbreaks. U.S. Center for Disease Control. 55:1-34.

Lund B.M. (1992) Ecosystems in vegetable foods. Journal of Applied Bacteriology:

Symposium Supplement 73:115S—268S.

MacMillan, J.D. and Sheiman, M.IL. (1974) Pectic Enzymes. Food Related Enzymes, 101-

130.

Mercier J. and Lindow S.E. (2000) Role of leaf surface sugars in colonization of plants

by bacterial epiphytes. Applied and Environmental Microbiology 66(1):369-74.

32


mailto:glucier@ers.usda.gov

45.

46.

47.

48.

49.

50.

51.

Mitra R., Cuesta-Alonso E., Wayadande A., Talley J., Gilliland S., Fletcher J. (2009)
Effect of route of introduction and host cultivar on the colonization, internalization, and
movement of the human pathogen Escherichia coli O157:H7 in spinach. Journal of Food

Protection 72:1521-1530.

Montesinos, E., Bonaterra, A., Badosa, E., France’ s, J., Alemany, J., Llorente, I. and
Moragrega, C. (2002) Plant-microbe interactions and the new biotechnological methods

of plant disease control. International Microbiology 5:169—175.

Murray, Baron, Pfaller, Tenover & Yolken. (ed.). (1999) Manual of clinical

microbiology, 7" edition. American Society for Microbiology, Washington, D.C.

Onyango, B., Miljkovic, D., Hallman, W., Nganje, W., Coundry, S. & Cuite, C. (2007)
“Food Recalls and Food Safety Perceptions: The September 2006 Spinach Recall Case.”

Paper Presented at the AAEA Annual Meetings, Portland OR, July 28-August 1.

Pai, C., Gordon, H. R., Sims, H. V. & Bryan, L. E. (1984). Sporadic cases of hemorrhagic
colitis associated with Escherichia coli O157:H7. Clinical, epidemiologic, and

bacteriologic features. Annals of Internal Medicine 101:738-742.

Pascoe, K. & Starkman, N. (2007) California Food Safety Guidelines do not solve E.coli

Problem. Community Alliance with Family Farmers.

Petridis, H., Kidder, G. and Ogram, A. (2002) E.coli O157:H7 A Potential Health
Concern. Soil and Water Science Department, Florida Cooperative Extension Service,

Institute of Food and Agricultural Sciences, University of Florida.

33



52.

53.

54.

55.

56.

57.

58.

Platenius, H. (1943) Effect of Oxygen Concentration on the respiration of Some

Vegetables. Plant Physiology 18:4 671-684.

Rangel, J.M., Sparling, P.H., Crowe, C., Griffin, P.M. and Swerdlow, D.L. (2005)
Epidemiology of Escherichia coli O157:H7 Outbreaks, United States, 1982 -2002.

Emerging Infectious Diseases. 4:603-609

Riley L.W., Remis R.S., Helgerson S.D., McGee H.B., Wells J.G., Davis B.R., et al.
(1983) Hemorrhagic colitis associated with a rare Escherichia coli serotype. New

England Journal of Medicine. 308:681-685.

Romero-Garcia S., Hernandez-Bustos C., Merino E., Gosset G. and Martinez A. (2009).
Homolactic fermentation from glucose and cellobiose using Bacillus subtilis. Microbial

Cell Factories. 8:23.

Qazi, S.N.A., Rees, C.E.D., Mellits, K.H. and Hill, P.J. (2001) Development of GFP
vectors for expression in Listeria monocytogenes and other low G+C Gram positive

bacteria. Microbial Ecology 41:301-309.

Sambrook and Russell (2001). Molecular Cloning: A Laboratory Manual 3" edition.

Cold Spring Harbor Laboratory Press: Cold Spring Harbor, NY.

Schreiber L. K., Knoll U. D., Sayed M., Auling G., Kroppenstedt R.M. (2005) Plant—
microbe interactions: identification of epiphytic bacteria and their ability to alter leaf

surface permeability. New Phytologist 166, 589-594.

34


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Romero-Garcia%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hern%C3%A1ndez-Bustos%20C%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Merino%20E%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gosset%20G%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Martinez%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract

59.

60.

61.

62.

63.

64.

65.

Schuenzel K.M., Harrison M. A. (2002) Microbial Antagonists of Food-borne Pathogens

on Fresh, Minimally Processed Vegetables. Journal of Food Protection 65:1909-1915.

Semelsberger, T.A., Ott, K.O., Shrestha, R. and Borup R. L. (2008) “I.D.4 Catalytic
Solubilization and Conversion of Lignocellulosic Feedstocks to Hydrogen.” Los Alamos
National Laboratory (LANL).
http://www.hydrogen.energy.gov/pdfs/progress08/ii_d 4 semelsberger.pdf Accessed on

March 31, 2010.

Shames, L. (2008) Federal Oversight of Food Safety: FDA’s Food Protection Plan
Proposes Positive First Steps, but Capacity to Carry Them Out Is Critical. United States

Government Accountability Office.

Singh, P.N., Sindhu, L.R. and Gupta, K. (1986) The Effect of Leaf Exudate and Extract of

Spinach on some Phylloplane Fungi. ACTA Botanica Indica 14:104-110.

Sliwa, J. (2008) Food-borne Outbreaks from Leafy Greens on Rise. American Society for
Microbiology. < http://www.eurekalert.org/pub_releases/2008-03/asfm-fof031408.php>

Accessed February 5, 2010.

Solomon, E.B., Yaron, S., and Matthews, K.R (2002) Transmission of Escherichia coli
O157:H7 from Contaminated Manure and Irrigation Water to Lettuce Plant Tissue and Its

Subsequent Internalization. Applied and Environmental Microbiology 68: 397-400.

Solomon, E.B., Yaron, S., and Matthews, K.R. (2002) Transmission of Escherichia coli
O157:H7 from Contaminated Manure and Irrigation Water to Lettuce Plant Tissue and Its
Subsequent Internalization Modified Atmosphere Packaging of Fresh Produce. Applied

and Environmental Microbiology 68:387-400.

35


http://www.ingentaconnect.com/content/iafp/jfp
http://www.hydrogen.energy.gov/pdfs/progress08/ii_d_4_semelsberger.pdf%20%20Accessed%20on%20March%2031
http://www.hydrogen.energy.gov/pdfs/progress08/ii_d_4_semelsberger.pdf%20%20Accessed%20on%20March%2031

66.

67.

68.

69.

70.

71.

Taghavi S., Garafola C., Monchy S., Newman L., Hoffman A., Weyens N., Barac T.,
Vangronsveld J. and Van Der Lelie D.D. (2009) Genome survey and characterization of
endophytic bacteria exhibiting a beneficial effect on growth and development of poplar

trees. Applied and Environmental Microbiology 75:748-757.

Takeuchi, K. & Frank, J. F. (2000) Penetration of Escherichia coli O157:H7 into lettuce
tissues as affected by inoculum size and temperature and the effect of chlorine treatment

on cell viability. Journal of Food Protection 63:434-440.

Tauxe, R., Kruse, H., Hedberg, C., Potter, M., Madden, J. and Wachsmuth, K. (1997)
Microbial Hazards and Emerging Issues Associated with Produce: A Preliminary Report
to the National Advisory Committee on Microbiologic Criteria for Foods. Journal of

Food Protection, 60:1400-1408.

Thompson J.P., Bailey M.J., Fenlon J.S., Fermor T.R., Lilley A.K., Lynch J.M.,
McCormack P.J., McQuilken M.P., Purdy K.J., Rainey P.B. and Whipps J.M. (1993)
Quantitative and qualitative seasonal changes in the microbial community from the

phyllosphere of sugar beet (Beta vulgaris). Plant Soil 150:177-91.

Ting, A.S.Y., Meon, S., Kadir, J., Radu, S. and Singh, G. (2008) Endophytic
microorganisms as potential growth promoters of banana. Biological Control 53:541—

553.

Tsien, R..Y. (1998) The Green Flourscent Protein. Annual Review of Biochemistry.

67:509-44.

36



72.

73.

74.

75.

76.

77.

78.

UC Santa Cruz. (2004). For the gardener: Growing a goose foot trio: spinach, beets, and
chard. Center for Agroecology and Sustainable Food Systems
<.http://casfs.ucsc.edu/publications/gardenideas/beets handout.pdf> Accessed on
November 18, 2009

United States Department of Agriculture (1998) “Guide to minimize microbial food
safety hazards for fresh fruits and vegetables.” Center for Food Safety and Applied

Nutrition

United States Department of Agriculture: Economic Research Service. Food-borne illness

cost calculator, www.ers.usda.gov. Accessed on August 5, 2009.

Vangronsveld J., van der Lelie D. (2009) Genome survey and characterization of
endophytic bacteria exhibiting a beneficial effect on growth and development of poplar.

Applied and Enviromental Microbiology 75:748-757.

Vasilchenko, L.G., Khromonygina, V.V., Karapetyan, K.N., Vasilenko O.V. and
Rabinovich M.L. (2005) Cellobiose dehydrogenase formation by filamentous fungus

Chaetomium sp. INBI 2-26(—). Journal of Biotechnology 119: 44-59.

Vialette, M., Jandos-Rudnik, A.M., Guyard, C., Legeay, O., Pinon, A. and Lange, M.
(2004) Validating the use of green fluorescent-marked Escherichia coli O157:H7 for
assessing the organism behavior in foods. Journal of Applied Microbiology 96:1097—

1104.

Wachtel M.R., Whitehand L.C. and Mandrell R.E. (2002) Association of Escherichia
coli O157:H7 with pre-harvest leaf lettuce upon exposure to contaminated irrigation

water.” Journal of Food Protection 65:18-25.

37


http://casfs.ucsc.edu/publications/gardenideas/beets_handout.pdf
http://www.foodborneillness.org/www.ers.usda.gov
http://www.sciencedirect.com/science/journal/01681656
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wachtel%20MR%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Whitehand%20LC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mandrell%20RE%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract

79.

80.

81

82.

83.

&4.

85.

Warriner, K., F. Ibrahim, M. Dickinson, C. Wright, and W. M. Waites. (2003).
Interaction of Escherichia coli with growing salad spinach plants. Journal of Food

Protection. 1790-1797.

Wei, H., Wolf, G. & Hammes, W.P. (2006) Indigenous microorganisms from iceberg
lettuce with adherence and antagonistic potential for use as protective culture. Innovative

Food Science and Emerging Technologies. 7:294-301.

. Weimer, P. J., & W. M. Weston. (1985) Relationship between the fine structure of native

cellulose and cellulose degradability by the cellulase complexes of Trichoderma reesei

and Clostridium thermocellum. Biotechnical Bioengineering. 27:1540-1547.

Whipps, J.M. (2001) Microbial interactions and biocontrol in the rhizosphere. Journal of

Experimental Botany. 52:487-511.

Wilson, D.B. (2009) Cellulases and biofuels. Current Opinion in Biotechnology 20:295-

299.

Wilson M. and Lindow S.E. (1994) Coexistence among epiphytic bacterial populations
mediated through nutritional resource partitioning. Applied and Environmental

Microbiology 60(12):4468-77.

Wisconsin Center for Cooperatives (2004) Preliminary feasibility study of fresh cut
produce facility for Madison, Wisconsin.
<http://danedocs.countyofdane.com/webdocs/PDF/foodCouncil/20040910_public_marke

t feas study.pdf> Accessed on February 5, 2010.

38


http://www.sciencedirect.com/science/journal/09581669

86. Yang, C.-H., D. E. Crowley, J. Borneman, and N. T. Keen. (2001) Microbial
phyllosphere populations are more complex than previously realized. Proceedings of the

National Academy of Science USA 98:3889-3894.

87. Lopez-Velasco, G. 2010. Molecular characterization of spinach (Spinacia
oleracea) microbial community structure and its interaction with Escherichia
coli O157:H7 in modified atmosphere conditions. Dissertation. Virginia Tech,

Blacksburg.

39



Chapter 3

Isolation and identification of epiphytic microorganisms isolated from spinach

leaves which inhibit growth of E.coli O157:H7 in vitro

Introduction

Epiphytic microbiota that are naturally present on the surface of the leaves, have evolved
to survive the harsh environmental conditions that are present on the surface of spinach leaves.
These bacteria may compete for nutrients with food-borne pathogens that may lead to inhibition
of the growth of food-borne pathogens, such as E.coli O157:H7. The purpose of this study was to
isolate epiphytic microorganisms from three different spinach cultivars, Monza, Menorca and
Unipack. The isolated microorganisms were then tested identify bacteria which inhibit the

growth of E.coli O157:H7 in vitro, which is characterized as antagonism.

Materials and Methods:

Microbial Counts for Different Cultivars and Isolation of Bacteria from Spinach Leaves

In the spring 2008 spinach, cultivars Monza, Unipack and Menorca, were grown using
conventional agricultural practices, as previously described (6). When plants reached a 6-8 leaf
stage of maturity, the leaves were harvested and placed into sterile plastic bags. The spinach was
transported in a cooler that had a temperature of around 10°C. Within an hour of harvest, the
leaves were rinsed with sterile water to remove any dirt and soil and microbial counts were

determined. Microbes were removed from the leaf surface by combining 10g of spinach leaves
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with 90ml of sterile peptone water that contained 1% Tween 80 in a sterile stomacher bag and
then mixing it in a BagMixer (InterScience Labs) for five minutes. The solution was serially
diluted and plated onto R2A, plate count agar (PCA) and potato dextrose agar (PDA). All plating
was completed in triplicate. The plates were incubated for 16 days at 25°C and counts were

performed after 16 days.

Additional plates were also made using the same procedure and incubated at 25°C and at
4°C and the colonies were counted after days 2, 5, 7, 10 and 15 days of incubation. Plating for
each temperature of incubation was completed in triplicate. At each interval, new colonies were
transferred to an individual square in a 36 grid plate containing R2A. A total of 1,062 colonies

were transferred.

Preparation of Inoculum for Antagonist Test and Screening of Isolates for Antagonism towards

E.coli O157:H7

The inoculum used in the test for antagonism was prepared by inoculating 10mL of 72
strength tryptic soy broth (TSB) with 1mL of E.coli O157:H7 culture and incubating it at 35°C
for 24 hours. A 1mL aliquot of the culture was placed in a flask containing 100mL of sterile '2
TSB and incubated at 35°C shaking at 120 RPM for 48 hours to achieve a density of 10° CFU/ml
in stationary phase. The inoculum was then prepared by taking 25mL of the culture and placing

it in a tube containing 25mL of ' TSB, creating a final density of 10* CFU/ml.

One hundred microliters of the mixture was then spread plated onto 2 R2A and allowed
to dry for 3 minutes in a Bio-safety cabinet to create a lawn of E,coli O157:H7. Isolated colonies
were transferred with a sterile toothpick and transferred to a plate containing the lawn of E.coli

O157:H7. A total of seven colonies were transferred to each plate, with each plate being
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replicated in triplicate. The plates were incubated at 25°C and checked every 24 hours for 72
hours for signs of antagonism, which was indicated by a clear halo surrounding the spinach

bacterial isolate where the pathogen was not able to grow.

Identification of Isolated Antagonists

The bacteria that were determined to be antagonists were identified at the taxonomic
level by extracting the bacterial DNA using the Puregene genomic DNA purification kit and
amplifying the 16S rRNA gene. The amplified 16S rDNA was then sequenced at Virginia
Bioinformatics Institute. Sequences were analyzed using the Ribosomal Database Project,
version 10, by comparing the similarities of the sequences to the database in order to determine

taxonomic identity (5).

Growth Curves of Antagonists and E.coli O157:H7

Growth curves were made for the identified antagonists and E.coli O157:H7 strain H1730
to determine each bacterium’s growth rate individually. A GFP tagged strain of E.coli was
utilized for this portion of the experiment. Tubes containing 9mL of 2 TSB were inoculated with
either one of the antagonists or E.coli O157:H7 and incubated at 120 rpm at 25°C to a density of
ODjo corresponding to 10® cells/ml in stationary phase. In triplicate, 270pl of TSB was placed
into each well of the 100 well Bioscreen Honeycomb Plates along with either 30ul of an
individual antagonist or E.coli O157:H7. The lid was then placed onto the plate and it was
incubated in a Microbiological Growth Reader Bioscreen C Version2.1.2 (Oy Growth Curves Ab
Ltd) for 72 hours at 25°C with measurements being taken every 15 minutes. The data was then
graphed using Microsoft Excel to create growth curves for each antagonist and E.coli O157:H7.

Growth rates and time in log phase was calculated for each antagonist and E.coli O157:H7
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Results and Discussion

Total culturable bacterial populations ranged from 5.52 log CFU/g on Monza cultivar to
over 6.5 log for the savoyed cultivars (Figure 1). Numbers of total culturable bacteria were
significantly smaller for the flat cultivar, Monza in comparison to savoyed cultivars Menorca and
Unipack (Figure 1). This may be due to differences in the surface area and/or structure of their
leaves. As a flat leaf cultivar, Monza leaves have less surface area and the fewer ridges and
crevices (6). By increasing the surface area the number of ridges and crevices present on the
spinach leaves may increase, potentially providing protection from environmental factors such as
UV light. Crevices may also collect nutrients and water, two factors that often limit a
bacterium’s growth on the phyllosphere (1, 3). Bacteria are often found in higher numbers
around the stomata, veins and trichomes of leaves (7). Stomata can secrete water and nutrients
that bacteria can utilize, offering a possible explanation for why bacterial populations are higher
around them (4). However, it should be noted that the differences in surface area, leaf thickness

and amount of crevices were not measured in this study.

Individual colonies with different colony morphologies and pigmentation were tested for
antagonism towards E.coli O157:H7. Antagonism was defined as inhibition of the growth of
E.coli O157:H7 surrounding the spinach bacterial isolate. Colonies were randomly chosen from
each cultivar and screened for antagonism. A total of 49 isolates were identified that displayed
antagonism toward E.coli O157:H7 (Table 3). These bacteria represent 7.4%, 1.8%, 1.4% of the
randomly chosen bacteria isolated from Monza, Unipack and Menorca cultivars (Table 2). These
bacteria belonged to fifteen different species. Two species, Ps. sp. and Flav. sp., were isolated
from two or more cultivars (Table 3). Bacteria belonging to these genera, specifically

Pseudomonas and Erwinia, are frequently isolated from the surfaces of leaves (2,8,9). A study
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conducted by Randazzo et al. with fresh salad mixes containing leafy greens such as endive,
chicory and sugar loaf found that bacteria from the genera Acintinobacter, Enterobacter,
Erwinia, Pseudomonas and Pantoea were commonly found on the surface of the leaves (8). Rudi
et al. found high populations of Pseudomonas and Enterobacteriaceae in the microbial

community of crisp head lettuce (9)

The growth rates, time in lag phase and number of hours before entering stationary phase
were calculated for a representative isolate from each species (Table 4). Of the screened
antagonists the majority entered log phase around the same time as E.coli O157:H7. However,
three isolates entered log phase before E.coli O157:H7, suggesting they may use nutrients faster
that E.coli O157:H7. In contrast, four bacteria took significantly longer to enter log phase (Table
4). The majority of antagonists grew at a significantly slower rate in comparison to E.coli
O157:H7 (Table 4). The amount of time in log phase before entering stationary phase was
significantly different from E.coli O157:H7 for all isolates except, Erw. persicina, Ps. sp., Ent.
sp. and Pan. ananatis. Out of the sixteen different species, 4 of the isolated antagonists, Erw.
persicina, Ps. sp., Ent. sp. and Pan. ananatis, overall had similar growth characteristics as E.coli
O157:H7 in vitro (Appendix A). Five of the isolated antagonists, Erw. pantoea, Flav. sp., Ps.
espejiana, B. cereus and S. sp., had a growth curve that overall followed a similar trend, but was
not identical to E.coli O157:H7 and 7 antagonists, Brev. vesicularis, Paen. polymyxa, Micro. sp.,
Frigo. actinobacterium, B. pumilus, Acidovorax sp., S. maltophilia, had an overall growth curve
different from E.coli O157:H7. (Appendix A). These antagonists generally remained in lag phase
for a longer period of time and did not have as steep of a log phase as E.coli O157:H7. Because
of this, these antagonists did not start exponentially increasing as fast or at as high of a rate as

E.coli O157:H7, allowing the E.coli O157:H7 to grow faster than the antagonists. This is
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significant because it shows that not all of the antagonists have the same growth characteristics
and that a majority of them display growth curves that are different from the one displayed by
E.coli O157:H7. As a result of this, it can be proposed that since the growth curves by the
antagonists are different, all of the antagonists do not display antagonism towards E.coli
O157:H7 by the same mechanism. For example, the antagonists such as the Ent. sp. that have
growth curves very similar to the one displayed by E.coli O157:H7 might create antagonism by
out competing E.coli O157:H7 for resources such as carbon sources (Appendix A). Antagonists
such as Frigo. actinobacterium have growth curves different from £.coli O157:H7 by remaining
in stationary phase for longer and not having as steep of a log phase (Appendix A). These
antagonists therefore are probably not able to out compete E.coli O157:H7 for resources that are
utilized by both bacteria and instead more than likely must utilize other mechanisms to display
antagonism, such as secreting an antagonistic molecule or utilizing carbon sources that E.coli

0157:H7 cannot use.

Acknowledgements

We acknowledge the assistance Dr. Gabriela Lopez-Velasco in growing the spinach
during the summer of 2008 and participating in the screening and identification of the epiphytic
spinach isolates used in the study. Financial support for Heather Tydings was partially provided

by the Fralin Institute Summer Undergraduate Research Fellowship.

45



Tables

Table 1: Total bacterial counts from different spinach cultivars after 16 days incubated at 25°C

on R2A.

Cultivar | Microbial Count (log CFU/g)
Monza 5.52+3.3x 10°(A)
Menorca 6.88 + 7.5 x 10°(B)
Unipack 6.63 + 4.3 x 10° (B)

Samples with different letters (A, B) were statistically different (p=0.0005) by Tukeys comparison.
Normalized to numbers/g

Table 2: Numbers and identities of bacterial isolates that displayed antagonism towards E.coli
O157:H7 from three spinach cultivars.

Number
of Number of
Isolates | Antagonists
Cultivar | Screened (%) Species Identified
Bacillus cereus, Enterobacter sp., Erwinia sp.,
Erwinia persicina, Flavobacterium sp.,
Pseudomonas espejiana, Pseudomonas sp.,
Stenotrophomonas maltophilia and
Monza 317 10 (3.15%) | Stenotrophomonas sp.
Acidovorax sp., Bacillus pumilus,
Brevundimonas vesicularis, Enterobacter sp.,
Frigoribacterium actinobacterium,
Microbacterium sp. and Stenotrophomonas
Unipack 450 8 (1.78%) | sp.
Menorca 295 5(1.69%) | Flavobacterium sp. and Pseudomonas sp.
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Table 3: Species designations of spinach bacterial isolates that display antagonism towards

E.coli O157:H7.

Genus Species Monza Unipack Menorca
Acidovorax Acidovorax sp. ()
Bacillus B. cereus )
B. pumilus H)
Brevundimonas Brev. vesicularis (+)
Enterobacter Ent. sp. () +)
Erwinia Erw. pantoea ()
Erw. persicina ()
Flavobacterium Flav. sp. () (+)
Frigoribacterium Frigo. actinobacterium (+)
Microbacterium Micro. sp. (+)
Paenibacillus Paen. polymyxa
Pantoea Pan. ananatis
Pseudomonas Ps. espejiana )
Ps. sp. (+) ()
Stenotrophomonas S. sp. (+) (+)
S. maltophilia ()

A (+) means that an antagonist of this species was isolated from the cultivar.
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Table 4: Time entering into log phase, growth rate (replications per hour) and time entering into
stationary phase for representative antagonists and E.coli O157:H7 at 25°C in 2 TSB.

Growth Rate Time Entering into
Time Entering Constant Stationary Phase
into Log Phase
Isolate (hours) (hour':) (hours)
E.coli O157:H7 12.45 1.93 49.30
Acidovorax sp. 15.30%* 1.16* 24.15%
B. cereus 11.45 0.78%* 54.45*
B. pumilus 12.15 1.39* 31.00%*
Brev. vesicularis 21.30* 1.28%* 39.00%*
Ent. sp. 12.15 1.81 46.45
Erw. pantoea 12.15 1. 67 35.00*
Erw. persicina 9.45% 1. 88 37.15*
Flav. sp. 14.15 0.85* 68.30%*
Frigo. actinobacterium 25.00%* 0.58* 42.30*
Micro. sp. 10.30* 1.99 28.15%*
Paen. polymyxa 15.30* 1.06* 40.30*
Pan. ananatis 10.45 1.53 40.30%*
Ps. espejiana 10.00* 1.98 19.15%
Ps. sp. 12.30 1.43 37.45%
S. sp. 12.30 0.91* 65.00%*
S. maltophilia 21.00%* 0.87* 35.00%*

A * means that the value was found to be statistically significant when compared to E.coli O157:H7 alone.
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Chapter 4
Mechanism of growth inhibition of E.coli O157:H7 by select spinach epiphytic

bacteria

Introduction

As the previous chapter has shown, some epiphytic bacteria isolated from spinach leaves
inhibit the growth of E.coli O157:H7 in vitro, a phenomenon which we describe as antagonism.
The growth rates, time in lag and stationary phase, collectively referred to as the growth pattern,
for these antagonists vary, suggesting that direct competition is not solely responsible for the
antagonism. Microorganisms found on the surface of plants and leaves have been shown to
display antagonism towards other microorganisms by production of acid, secretion of inhibitory
molecules such as antibiotics or siderophores, or out competing the other microorganisms for
space and nutrients (1, 12, 18, 20, 21, 22). Secreted molecules could play an important role in
preventing the growth of a food-borne pathogen on the surface of fresh produce since the
application of these molecules could have negative minimal impact upon the quality of the
produce compared to the direct application of the microorganism. The purpose of this study is to
examine the mechanism through which the select spinach epiphytic bacteria inhibit growth of
E.coli O157:H7 in vitro.

Materials and Methods

Bacterial cultures

Bacteria isolated from spinach leaves which were shown to inhibit growth of E.coli O157:H7 in
vitro (Chapter 2) were grown shaking (120 rpm) to stationary phase in 2 TSB media at 25°C,

achieving a density of 10® cells/ml, which was diluted in % TSB to a final density of 10* cells/ml.
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Supernatant inhibition assay

Twenty antagonists, corresponding to one isolate per species, were screened to determine
if a secreted molecule was responsible for the antagonism towards E.coli O157:H7. When there
was more than one antagonist of the same species, the antagonist that displayed the largest zone
of inhibition was selected. Cells were collected from 10 mL 2 TSB by centrifugation for 15
minutes at 4,500 RPMs at 4° C. The resulting supernatant was then filtered through a 0.2um
PTFE filter to remove any remaining cells. The filtered supernatant was then spotted (10uL) onto
a plate where a lawn of E.coli O157:H7 was just applied to on %2 R2A as described in Chapter 2.
Each supernatant was spotted in triplicate with eight supernatants spotted per plate. The plates
were incubated at 25°C and checked every 24 hours for 72 hours for signs of antagonism, which
were indicated by a clear halo surrounding the supernatant where the pathogen was not able to
grow. The diameters of the zones of inhibition were measured for comparison to the size of the
inhibition zones obtained from the bacterial colonies.

Protease Activity Assay

The protease activity assay was carried out on the isolated antagonists that tested positive
in the supernatant inhibition assay by following the protocol described by Chavira et. al. (27).
Briefly, Smg of Azocoll (Sigma, St. Louis, MO) was combined with 4.5mL of 10mM potassium
phosphate buffer and inoculated with ~ 1.0 x 10* cells/ml in stationary phase. A negative control
was also made by adding 0.5mL of sterile water to a tube. The tubes were immediately incubated
at 30°C water in a shaking water bath at 85 rpm for fifteen minutes then chilled on ice before
filtering through Whatman No. 4 filter paper into spectrometer cuvettes. The absorbance of the

filtrate was measured at 520nm against the water blank, which was the negative control. The
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amount of Azocoll hydrolyzed by each isolate was calculated based on the absorbance of 1mg/ml
Azocoll at ODs,gnm which was found to be 0.593 (27). For this study, the ODs,o was multiplied
by 2.965.

Acid Production Assay

Phenol red agar plates were prepared as previously described (5). Each plate was spread
with 107 E.coli O157:H7 stationary phase cells in 100pL to form a lawn. The antagonists were
then inoculated onto the lawn in a concentration of 2.0 x 10 stationary phase cells in a 2 pl
droplet. There was one 2 ul droplet placed onto the center of each plate and each plate was
replicated in triplicate. Each plate also contained a negative control consisting of a 2 pl droplet of
sterile DI water. The plates were then incubated at 25°C and checked every 24 hours for 72 hours
for signs of antagonism, which was apparent by a clear halo surrounding the isolated bacteria. A
change in color from red to yellow signified that the pH had fallen below 6.6 indicated acid was
produced by the antagonist.

Results

Supernatant Inhibition and Protease Activity Assay

The supernatant of two spinach isolated bacteria, Paen. polymyxa and Ps.espejiana,
resulted in growth inhibition of E.coli O157:H7 in vitro (Table 1). The zone of inhibitions for the
supernatants of the two antagonists were Smm and 6.5mm in diameter for Paen. polymyxa and
Ps. espejiana , respectively. Colonies of these antagonists resulted in larger zones of inhibition;
13mm diameter for Paen. polymyxa and 9mm diameter for Ps. espejiana. Azocoll hydrolysis was
not observed for supernatants of Paen. polymyxa or Ps. espejiana, indicating secreted proteases
are not responsible for the inhibition (Results not shown).

Acid Production Assay
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Acid production was determined by inoculating the antagonistic bacteria onto a lawn of
E.coli O157:H7 and examining the phenol red agar plate for acid production after 48 hours. The
production of acid, denoted by + + +, describes color change of the media to a bright yellow,
while + + acid production describes a pale yellow media and a + acid production describes a
orange color production (Figure 1). From the twenty antagonistic bacteria that were examined,
six were found to produce acid ( + + +) , eight were found to + + produce acid, 2 were found to
have + acid production and 4 were found to have no acid production when grown on phenol red
agar (Table 2).

Discussion

When bacteria like E. coli O157:H7 land on edible plants, they will compete for
resources with native members of the phyllosphere. Native members are well adapted to nutrient
limitation, low water activity, and harsh environmental (4). It is likely that interactions with the
native microorganisms have a role in the persistence and establishment of pathogenic bacteria. In
this study, in vitro interactions of E. coli O157:H7 with the phylloepiphytic bacteria isolated
from spinach leaves were studied under conditions of low nutrients. The objectives were to
identify bacteria that can potentially inhibit (negative interactions) growth of E.coli O157:H7 in
vitro and describe the mechanisms used for this antagonism. Mechanisms of growth inhibition
observed in this study include: alteration of the microenvironment due to acid production,
secretion of a soluble molecule and likely competition for nutrients.

The filtered supernatants of two isolates, Paen. polymyxa and Pseudo.espejiana, resulted
in growth inhibition; however the amount of growth inhibition was smaller compared to the
inhibition zone observed in the presence of the bacteria itself (Table 1). This suggests that while

a secreted molecule plays a role in the displaying antagonism of E.coli O157:H7, the actual
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bacteria is more important. These bacteria may out compete the E.coli O157:H7 for essential
carbon, nitrogen, iron and other nutrients that are necessary for its growth (20, 25). Previous
work in this laboratory has shown a strong correlation between carbon sources used by E.coli
O157:H7 and a strain of Pseudomonas closely related to Ps. espejiana (20). This suggests that
Ps. espejiana may antagonize growth of E.coli O157:H7 through a combined mechanism of
competition for nutrients and secretion of an inhibitory molecule. The closely related
Pseudomonas syringae secretes large numbers of siderophores that allows for the P. syringae to
outcompete other plant epiphytic bacteria for iron and thereby limit its growth (25). It is unlikely
that the secreted inhibitory molecules in this study for Paen. polymyxa and Ps. espejiana are
siderophores, as no azocoll hydrolysis occurred, indicating no protease compounds were present
in the supernatant. Another secreted molecule that could be responsible for the antagonism is one
that alters the ability of the pathogen to survive in the environment. It was found that compounds
isolated during an acid-challenge test were found to alter the acid resistance pathways of food-
borne pathogens E. coli O157:H7, Salmonella enterica or Listeria monocytogenes so that they
were more susceptible to lower acid levels. This could also offer an explanation for why many of
the antagonists displayed at least minimal acid production while they were displaying
antagonism, with the acid production not being the primary mechanism of antagonism but still
playing a role (2). A secreted antagonistic molecule offers the possibility of adding an
antagonistic compound without adding bacteria that could be harmful to the plant or consumer.
This could be useful in pre-harvest management of food-borne pathogens, where the application
of a compound would be more useful than applying a live bacterium.

Epiphytic bacteria found on plants have been shown to utilize non-proteinaceous

secondary metabolites as a method to inhibit growth of other bacteria. A Pseudomonas sp. CHAQ
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has been shown to produce hydrogen cyanide, a highly poisonous chemical compound. The
production of this chemical allow it to suppress the growth of Thielaviopsis basicola, a bacteria
that is responsible for black root rot on tobacco. In another case several strains of pseudomonads
have been shown to produce 2,4-diacetylphloroglucinol (DAPG), which can reduce growth of
food-borne pathogens such as Staphylococcus aureus (10, 20). Other strains of Pseudomonas sp.
produce pyridine-2,6-dithiocarboxylic acid (PDTC), a metal chelator, which degrades carbon
tetrochloride and is associated with growth inhibition of E.coli (20). In these cases, antagonistic
secondary metabolites produced by bacteria are only partially the mechanism through which they
display antagonism (1). This supports the results found in this study, where the sterile
supernatant of Paen. polymyxa and Ps. espejiana, was able to display antagonism towards E.coli
O157:H7, but not at as effectively as when the bacteria was present. It could also be that for
these antagonists the method of antagonism involves the production of cell signals that interfere
with functions in the pathogen’s cells. It has been found that Bac. thuringiensis is able to limit
the virulence of Erw. carotovora through signal interference. In this case, the Bac. thuringiensis
produces an acyl-homoserine lactone-lactonase that degrades AHL quorum-sensing signals that
are necessary for Erw. carotovora to be growth and virulence (6). In another case, probiotic
microorganism that were co-cultured with Clostridium difficile were found to alter the
surrounding environment so that the signal pathways necessary for C. difficile toxin were no
longer as active (29)

The majority of antagonist isolates did not secrete a soluble inhibitory molecule. These
isolates may inhibit growth by competing for carbon sources or acidification of the environment
as a by-product of its metabolism as shown by Johnston et al. Enterobacter asburiae inhibits

growth of E.coli O157:H7 by out competing it for nitrogen and carbon sources (4, 11). This is
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significant because one of the isolated antagonists identified in this study was Ent. sp.
KFSNOI1E4. This strain of Enterobacter had a similar growth rate to £.coli O157:H7, suggesting
that it also uses competition as a mechanism of antagonism towards E.coli O157:H7. Acid
production by bacteria is also a potential mechanism of antagonism. Lactic acid bacteria on
sprouts inhibited growth of E. coli O157:H7, Salmonella enterica or Listeria monocytogenes
(28). While presence of acid alone resulted in a reduction in all three food-borne pathogens, it
was necessary for the bacteria to be present on the sprouts for growth inhibition, presumably
because the bacteria were able to maintain a suboptimal pH by continually produce the acid over
an extended period of time (28). In this study Frigo. actinobacterium, Pan. ananatis, Ps.
espejiana, B. pumilus, Ps. sp KF21AS. and S. maltophilia resulted in production of the most acid,
as determined through colorimetric change of the phenol red dye, in the presence of E.coli
O157:H7. Also, the production of acid by the bacterium could be potentially problematic if the
antagonistic bacteria are going to be applied to spinach leaves, as the excessive acid production
could negatively affect the appearance and flavor of the spinach. Application of organic acids,
such as lactic or acetic acid, can have a negative impact upon the flavor and texture of fresh
produce and accelerates browning, where the spinach loses its green color and loses its
nutritional value, texture and flavor (15, 17).

Antagonism of growth of E.coli O157:H7 by several of these isolates cannot be explained
by any methods tested in this paper. In these cases the isolates may be out competing the
pathogen for the limited amount of space that is available, in a process called “metabolic
crowding”. The food-borne pathogen Yersinia enterocolitica is out-competed by other Gram-
negative bacteria. By growing faster than the Y. enterocolitica and reaching stationary phase

first, the other Gram-negative bacteria limit the level of growth that Y. enterocolitica can
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achieve, possibly due to nutrient exhaustion (19). This could possibly be the mechanism of
antagonism for isolates such as Ent. sp., where the growth rates, time entering into log and
stationary phase is comparable to E.coli O157:H7. Another possibility is that the antagonists
produce molecules that give them a competitive advantage over E.coli O157:H7 in the
environment, such as a sideophore (23).

The antagonistic bacteria isolated from the surface of spinach leaves have therefore been
shown to have different mechanisms of displaying antagonism towards E.coli O157:H7. This
mechanism could consist of the secretion of an antagonistic molecule, competition for nutrients
and space or acid production. Due to the differences in the mechanism of antagonism, it
important to examine how the antagonist and E.coli O157:H7 behave in co-culture both in vitro
and on the surface of a spinach leaf. Along with this, several of the mechanism of antagonism,
including nutrient competition and production of an antagonistic compound, can be impacted by
the carbon sources present. Therefore, it is important to study the impact of adding a carbon
source utilized by the isolated antagonists but not E.coli O157:H7 could have on the rate of

antagonism.
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Tables and Figures

Figure 1: Key for phenol red media color change in acid production assay

No acid production + ++

+++
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Table 1: The size of the zones of inhibition of growth of E.coli O157:H7 surrounding select

spinach bacterial epiphytes on 2 R2A incubated at 25°C for 72 hours.

Bacteria

Supernatant Inhibition
(Diameter of Zone of Inhibition

(mm))

Acidovorax sp.
B. cereus
B. pumilus
Bac. sp.
Brev. vesicularis
Ent. sp.

Erw. pantoea
Erw. persicina
Flav. sp.
Frigo. actinobacterium
Micro. sp.
Paen. polymyxa
Pan. ananatis
Ps. espejiana
Ps. sp. KF20F6
Ps. sp. KFNO2D2A
Ps. sp. KF21AS5
Ps. sp. KF2C3
S. sp.

S. maltophilia

A (-) indicates that no zone of inhibition was observed
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Table 2: Relative amounts of acid produced by select spinach bacterial epiphytes when
inoculated onto a lawn of E.coli O157:H7 on phenol red agar when incubates at 25°C for 72
hours

Acid
Bacteria production
Acidovorax sp. ++
B. cereus ++
B. pumilus +++
Bac. sp. ++
Brev. vesicularis + +
Ent. sp. -
Erw. pantoea -
Erw. persicina ++
Flav. sp. ++
Frigo. actinobacterium +++
Micro. sp. ++
Paen. polymyxa ++
Pan. ananatis +++
Ps. espejiana +++
Ps. sp. KF20F6 +
Ps. sp. KFNO2D2A -
Ps. sp. KF21AS +++
Ps. sp. KF2C3 -
S. sp. +
S. maltophilia +++

The presence of a (-) indicates that no inhibition occurred
while the presence of a (+) indicates that inhibition did occur.
See Figure 1 for depiction of the levels of acid production.
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Chapter 5
Effect of Cellobiose as the Sole Carbon Source on the Growth Rate of E.coli

0157:H7 and Antagonistic Isolates in vitro and on Spinach Leaves

Introduction

After examining the potential mechanisms used by spinach phylloepiphytic bacteria to
antagonize growth of E.coli O157:H7, it was important to look at potential factors that could
improve the rate of antagonism, especially on the leaf’s surface. Environmental conditions on
leaf surfaces fluctuate in temperature, water and nutrient availability. Within the field it may be
possible to manipulate the amount and type of nutrients available in the leaf surface. By
amending the leaves with a carbon source that is metabolized by spinach epiphytic bacteria but
not by E.coli O157:H7, it may be possible to decrease populations of E.coli O157:H7 (13). One
carbon source that cannot be utilized by E.coli O157:H7 and is naturally found in plants is
cellobiose (1). Epiphytic bacteria are adapted to use carbon sources naturally found on the
surface of leaves, such as fructose or cellobiose. Since it can be utilized by many of the
antagonistic microorganism found on the surface of the spinach leaves, the presence of
cellobiose as the sole carbon source could potentially improve the level of antagonism displayed
towards E.coli O157:H7. Also, since it is naturally found in trace amounts on plants, cellobiose
is considered by the FDA to be Generally Regarded as Safe and therefore could be applied to
spinach, such as in the form of a spray or a dip (1).

The purpose of this portion of the study was to determine if the presence of cellobiose as
the sole carbon source improved the rate of antagonism towards E.coli O157:H7. In vitro assays
examined the ability of the antagonist to reduce the numbers of E.coli O157:H7 when co-

cultured in minimal media containing cellobiose as the sole carbon source. /n vivo assays were
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also performed to determine the effect of cellobiose introduction on a leaf surface when co-

inoculated with E.coli O157:H7 and one of the antagonists.

Materials and Methods

Spinach Used for Study

The spinach used for this portion of the study was Dole Brand Baby Spinach.

Preparation of Inoculum

Due to similarities of colonial morphology of E.coli and some epiphytic bacteria a GFP
tagged strain of E.coli O157:H7 strain H1730% that was kanamycin resistant was used for this
portion of the study. All cultures were grown shaking at 120 rpm in %2 TSB at 25°C to stationary
phase. The cells were then collected by centrifugation and re-suspended in 9mL of 0.8% sodium
chloride solution. The process was repeated three times so that all residual nutrients would be
removed. All cultures were re-suspended to a density of ~4 log CFU/ml.

Co-culture plate counts of E.coli O157:H7 and the isolated antagonists on TSA and M9 Minimal

Media with 20% cellobiose as the sole carbon source

E.coli O157:H7 and bacterial antagonists identified in Chapter 2 were co-cultured in a
rich media (2 TSB) or a minimal media containing 20% cellobiose as the sole carbon source (1).
This was done to determine the effect of cell-cell contact on the growth of E.coli O157:H7 in
vitro. Co-cultures were prepared as described by Leroi ef al. (4). Briefly, 9mL of 2 TSB or M9
Minimal Media with 20% cellobiose were inoculated with 10* stationary phase cells of the
antagonist and E.coli O157:H7 H1730°™". The tubes were then incubated while shaking at 120
rpm at 25°C for 48 hours. Bacterial numbers were determined by serial dilution and plating onto

TSA or M9 cellobiose agar, depending on the starting media. The plates were then incubated for
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48 hours at 25°C. Colonies which fluoresced under UV light were counted as E.coli O157:H7, as
the isolated antagonists did not fluoresce. This was based upon a control plate, where E. coli
O157:H7 colonies were observed to fluoresce under UV light. Data was normalized by
conversion to log;o CFU/g" of spinach. The results were assessed for statistical significance
using PROC Mixed function of SAS (SAS Institute Inc., Cary, NC). Bacterial enumeration
experiments were repeated with spinach leaves (18-29) totaling 10g per treatment with duplicate
plate counts. In order to minimize error from the differences in sizes of the leaves all samples
were processed with 10g of fresh weight. This resulted in varying numbers of spinach leaves due
to natural variation in sizes of the leaves

Growth rates for antagonists and E.coli O157:H7 with cellobiose as the sole carbon source and

the presence of spinach extract

E.coli O157:H7 and each antagonist were grown individually and in co-culture to
determine growth rates. Microwell plates (96) were filled according to the grouping described in
Table 1, with each well containing a total of 300ul. Growth measurements were completed in
triplicate for each group described in Table 1. Growth rates at 25°C for select antagonists and
E.coli O157:H7 were calculated based on increases in optical density OD4so-600nm for 48 hours
with readings performed every 15 minutes.

Population sizes of E.coli O157:H7 on spinach leaves in co-culture with an antagonist provided

cellobiose as a carbon source

Spinach leaves were surface disinfected by soaking in a solution of 70% ethanol for 30
seconds, and subsequently allowed to air dry in a biosafety cabinet for one hour (17).
Approximately 18-29 of surface disinfected spinach leaves with a total weight of 10g were

selected for each group. The spinach leaves dipped into a solution of 20% cellobiose or into
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sterile water for 5 seconds and subsequently air dried in the biosafety cabinet for 30 minutes.
After drying, the leaves were inoculated with E.coli O157:H7 and/or one of the antagonists, as
described in Table 2 that had a final concentration of ~10° cells/ml in stationary phase. The
leaves were subsequently air dried in the biosafety cabinet for 30 minutes. The leaves were
incubated at 25°C for 24 hours inside of plastic bags to reduce wilting of the spinach leaves.
After incubation, inoculated cells were dissociated from the leaves by stomaching 10g of the
leaves with 90mL of sterile peptone water with 1% Tween in a stomacher (BagMixer,
Interscience). Serial dilutions were performed and plated in triplicate onto TSA media with
kanamycin (25mg per 500ml) to select for only the inoculated E.coli O157:H7. After 24 hours
incubation at 25°C all colonies were counted. Data was normalized by conversion to log;o
CFU/g™" of spinach. Statistical significance of the carbon source and presence of the antagonist
on the counts of E.coli O157:H7 were determined using the PROC mixed function of SAS.
Results and Discussion

Growth rates for antagonists and E.coli O157:H7 with cellobiose as the sole carbon source and

the presence of spinach slurry

The growth rates and final yield were calculated for E.coli O157:H7 in pure culture in
different media types. The growth rates and yields of co-cultures of E.coli O157:H7 with B.
pumilis, Paen. polymyxa and Ps. espejiana were reduced compared to E.coli O157:H7 alone but
increased in comparison to the antagonist alone (Table 3). The final yield of the E.coli O157:H7
in the pure culture was however found to be significantly higher than the final yield of all of the
co-cultures grown in 2 TSB and "2 TSB with spinach extract. In comparison to the pure
antagonist cultures, Bac. sp., Paen.polymyxa and Ps. espejiana were found to have significantly

lower yields than the co-cultures when both grown in %2 TSB and %2 TSB with spinach extract
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(Appendix B). As the growth curves were calculated based on a change in OD4s¢-600, it i not
possible to determine which bacteria contributes to the change in growth rates in co-culture
reported in Table 3. Attempts to quantify E.coli O157:H7 by measuring the absorbance at OD4y-
520, Which corresponds to the emitting wavelength of GFP, were unsuccessful. No difference in
optical density could be measured when plate counts indicated an increase in numbers (results
not shown).

E.coli O157:H7 did not grow in M9 minimal media with 20% cellobiose with or without
spinach extract when incubated at 25°C for 72 hours. This suggests that alterations to the growth
rates observed in the M9 minimal media were due to the presence of the antagonist. There were
significantly higher growth rates for all of the co-cultures grown in M9 Minimal Media when
compared to the growth of the pure E.coli O157:H7 in M9 Minimal Media (Table 3). The growth
rates of both Bacillus isolates co-cultured with E.coli O157:H7 increased in M9 media with 20%
cellobiose, while the rest of the antagonists did not significantly increase the growth rate
compared to the pure culture (Table 3).

For the time that the cultures entered into log phase, all of the strains except Erw.
persicina, Pan. ananatis and Ps. sp. grown in pure culture and Bac. sp., Erw. persicina, Pan.
ananatis, Ps. espejiana and Ps. sp. grown in co-culture with E.coli O157:H7 the time entering
into log phase for the cultures grown in 2 TSB and 2 TSB with spinach extract was significantly
different from the cultures grown in M9 Minimal Media with 20% cellobiose and M9 Minimal
Media with 20% cellobiose and spinach extract (Table 4). For Pan. ananatis and Ps. sp. in pure
culture there was a significant difference in the time entering into log phase when grown in %2
TSB and 2 TSB with spinach extract when compared to only cultures grown in M9 Minimal

Media with 20% cellobiose (Table 4).
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The addition of spinach extract to the 2 TSB did not increase the growth rate, final yield
or time entering into log of E.coli O157:H7. This is due to the fact that the TSB media contains a
large amount of dextrose, which E.coli O157:H7 prefers to use as a carbon source, which is not
exhausted within 24 hours of growth (12). Although the E.coli O157:H7 could possibly utilize
nutrients found in the spinach extract, the spinach extract is lower in nutrients than the TSB,
making its addition to the media not significant. Addition of spinach extract to the M9 media
allowed the growth of E.coli O157:H7 when co-cultured with all antagonists, indicating that
E.coli O157:H7 can use nutrients in spinach extract as a nutrient source. The spinach extract
provided additional nutrients extending the amount of time in log phase for all co-cultures with
the exception of E.coli O157:H7 in cultures with Bac. sp. and Pan. ananatis. For the antagonist,
Ps. sp. it is possible that its lower growth rate in the co-culture than in the pure culture was due
to its ability to out compete the E.coli O157:H7 for the nutrients in the spinach extract, giving it a
competitive advantage (15). Although the antagonists Paen. polymyxa and Ps. espejiana have
been shown to secrete an antagonistic compound, in the M9 Minimal Media with spinach slurry
these antagonists were unable to significantly reduce the growth of E.coli O157:H7. 1t is possible
that in the cellobiose media necessary nutritional components were not present for the two
isolated antagonists to produce the secreted molecule. This has been seen in Ps. fluorescens
isolated from the sugar beet rhizosphere that produces an antibiotic antagonistic toward Pythium
ultimum and Rhizoctonia solani. 1t was found that P. fluorescens only produced the antibiotic
2,4- in a medium that was rich in glucose (15). Therefore, it could be that Paen. polymyxa and
Ps. espejiana need a carbon source other than cellobiose to produce their antagonistic secreted

molecule.

71



When the cultures entered into stationary phase, the time for all of the cultures grown in
2 TSB and 2 TSB with spinach extract were significantly lower from the culture grown in M9
Minimal Media with 20% cellobiose and M9 Minimal Media with 20% cellobiose and spinach
extract (Table 5). For Bac. sp., Ent. sp., Erw. persicina and Pan. ananatis in pure culture and
Paen. polymyxa, Pan. ananatis, Ps. espejiana and Ps. sp. KF2C3 in co-culture with E.coli
O157:H7 there was a significant difference in the time entering into stationary phase when
grown in M9 Minimal Media with 20% cellobiose when compared to cultures grown in M9
Minimal Media with 20% cellobiose and spinach extract (Table 5). It took significantly less time
for co-cultures of E.coli O157:H7 with Paen. polymyxa and Ps. espejiana to reach stationary
phase compared to the pure antagonist culture in M9 media with 20% cellobiose and spinach
extract (Table 5). This suggests that E.coli O157:H7 and the antagonist were competing for some
essential nutrient in the spinach extract that was exhausted faster in the presence of the pathogen.
In contrast, it took significantly more time to reach stationary phase for Erw. persicina co-
cultured with E.coli O157:H7 in M9 media with 20% cellobiose and spinach extract (Table 5),
suggesting that presence of the pathogen may have provided additional nutrients that could be

used or that E.coli O157:H7 may have reduced the growth rate of the antagonist.

Effect of cellobiose as a carbon source and presence of an antagonist on numbers of E.coli

O157:H7 in vitro

The presence of an antagonist in co-culture with E.coli O157:H7 significantly reduced
the numbers of culturable E.coli O157:H7 after 12 hours in TSB media for five antagonists, by
24 hours all antagonists resulted in smaller populations of the pathogen (Table 6). Growth was

completely inhibited when co-cultured with one of the bacteria isolates, Ps. espejiana for 12
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hours. However, after 24 hours E.coli O157:H7 populations began to increase but were still
reduced in numbers compared to E.coli O157:H7 alone. E.coli O157:H7 continued to grow
achieving large populations in 48 hours. Significant decreases in the population of E.coli
O157:H7 were detected for all antagonists for 48 hours when compared to E.coli O157:H7
grown alone (Table 6).

The co-culture tests were also carried out on a media containing 20% cellobiose, a carbon
source that can support only limited or no growth of E.coli O157:H7. Growth of E.coli O157:H7
was significantly reduced in cellobiose media compared to TSB (Table 6). No growth of E.coli
O157:H7 occurred in cellobiose media when incubated alone for up to 36 hours, indicating that
E.coli O157:H7 could not use cellobiose as a carbon source (Table 6). After 36 hours a limited
amount of growth occurred, presumably due to nutrients becoming available as cells began to
die. Although its level of growth would be less than the E.coli O157:H7 that was co-cultured in
TSB, the nutrients provided by the lysed cells have been shown to be significant enough to allow
E.coli cells to grow in what would be otherwise a low nutrient environment (4). Two antagonists,
Erw. pescinia and Pan. ananatis, supported the growth of low levels of E.coli O157:H7 in
cellobiose media (Table 6). The reduction of cellobiose results in production of glucose which
can then be used by E.coli O157:H7 as a carbon source (1). After 48 hours only the bacteria B.
pumilus, Paen. polymyxa and Ps. espejiana significantly reduced the counts of E.coli O157:H7
in co-culture in cellobiose media, suggesting these bacteria out competed the E.coli O157:H7 for
the glucose by-product or that a secreted molecule prevents the E.coli O157:H7 from growing
(10). These isolates could only inhibit growth of E. coli O157:H7 completely in vitro in
cellobiose media. In the richer TSB media the numbers of E.coli O157:H7 were reduced but not

inhibited.
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Three isolates, Paen. polymyxa, Ps. sp. KF2C3, and Ps. espejiana, reduced growth of
E.coli O157:H7 within 12 hours of inoculation, while both bacteria were in logarithmic stage of
growth. The other strains needed to reach stationary phase before significant reductions in E.coli
O157:H7 numbers occurred (Table 6). Previous studies have also shown that an acclimation
period is necessary before an optimal level of inhibition is produced since it can take the bacteria
time to produce any molecules that it might be utilizing as a source of its antagonism (9,11).
Stationary phase cultures of two of these isolates, Paen. polymyxa and Ps. espejiana, were found
to secrete a soluble molecule that antagonized growth of E.coli O157:H7 in vitro (Chapter 4).
For the 48 hour time period the log reduction rate was in general lower than what was expressed
at 24 hours. By 48 hours the log reduction in E.coli O157:H7 began to decline, which may be
due to exhaustion of nutrients and/or death of the antagonists, allowing the remaining E.coli
O157:H7 cells to grow (4).

Effect of immersion in inoculum consisting of cellobiose on the growth of the isolated

antagonists and E.coli O157:H7 on spinach leaves

Populations of E.coli O157:H7 increased one log on spinach leaves that were dipped into
water or a cellobiose solution (Table 7). A statistically significant decrease in the numbers of
E.coli O157:H7were recovered from leaves inoculated with E.coli O157:H7 and the antagonists
Ps. sp. KF2C3, Erw. perscina, Pan. ananatis, Ent. sp. and B. pumilus (Table 7). No difference in
numbers of E.coli O157:H7 recovered were determined when a solution of 20% cellobiose was
applied to the leaf surface prior to inoculation compared to when water was applied (Table 7).
No colonies were recovered on TSA-KAN plates for the groups that did not include the
kanamycin resistant E.coli O157:H7, indicating that epiphytic bacteria did not contribute to these

counts.
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The population decreases of E.coli O157:H7 on the leaves in the presence of the
antagonist were significantly smaller than observed for the in vitro studies. In addition growth of
E.coli O157:H7 occurred on the leaf surface in the presence of Ps. sp KF2C3., Ps. espejiana,
Paen. polymyxa, Ent. sp., Bac. sp., and B. pumilus that inhibited growth of E.coli O157:H7 on
the cellobiose media in vitro. These differences in growth inhibition are likely due to the
presence of additional carbon sources on the surface of the leaf surface that can be used by the
pathogen as an energy source (13). Since cellobiose would no longer be the sole carbon source
for the bacteria to utilize, the antagonists would no longer have as great a competitive advantage
over the E.coli O157:H7. Also, although the spinach leaves were surface disinfected, there were
still residual bacteria that remained on the leaf. These bacteria could also have impacted the
ability of E.coli O157:H7 to survive on the leaf (15). It is possible that for the leaves dipped into
cellobiose, the other bacteria present on the leaf’s surface were able to utilize the carbon source.
This could both create competition over the carbon source with the antagonists and allow for the
bacteria on the leaf’s surface to break down the cellobiose into a compound that could be utilized
by the pathogen (1). It is also possible that the remaining bacteria on the surface of the spinach
leaves were able to secrete compounds that could enhance the ability of E.coli O157:H7 to grow.
This has been seen with Wasteria paucula, an epiphytic bacterium that has been isolated from
lettuce leaves. This bacterium has been shown to be able to significantly increase the growth of
E.coli O157:H7 that had been inoculated onto the surface of the leaves (2). Other studies have
also shown an inability for antagonism co-culture tests performed in vitro to transfer to in vivo
studies. This has been seen with a study that used Lactobacillus sakei to inhibit the growth of
E.coli O157:H7 on ground beef. It was found that although the L. sakei was able to statistically

inhibit the growth of E.coli O157:H7 in vitro, when the experiment was performed on ground

75



beef no significant reduction in E.coli O157:H7 was found and the presence of the antagonist

negatively impacted the quality of the beef (11).

Conclusions

In this study, the effect of co-culturing E.coli O157:H7 with isolated antagonists both in
vitro and in viva was studied. It was first observed that the growth rate of a co-culture of E.coli
O157:H7 and select antagonists were reduced when compared to E.coli O157:H7 alone but
greater than the antagonist alone, suggesting that two bacteria interact, even compete in vitro.
Co-culture plate studies confirmed that the presence of select antagonists did reduce populations
of E.coli O157:H7 when incubated in the presence of the antagonists both in vitro and on the leaf
surfaces. Strains of Pseudomonas, closely related to the strains isolated in this study, have been
shown as able to successfully out compete other bacteria for nutrients and space. A study
conducted by Simons et al. found that in the rhizosphere of tomatoes roots inoculated with
Pseudomonas fluorescens strain WCS365, an effective root colonizing pseudomonad, the Ps.
Sfluorescens WCS365 was able to out compete other strains of Pseudomonas and Rhizobium (12).
Isolates of Ps. sp. have been shown to reduce the numbers of Salmonella typhimurium, in vitro
(8).

This study showed that while all eight of the isolated antagonists that were co-cultured in
vitro with E.coli O157:H7 were able to significantly inhibit the growth of the pathogen, when the
antagonists were added to the surface of the spinach leaves only Ps. sp., Erw. perscina, Paen.
polymyxa, Pan. ananatis, Ent. sp. and B. pumilus were able to significantly inhibit the pathogen’s
growth. It was also demonstrated that while the presence of cellobiose is able to increase the

inhibition of isolated antagonists towards E.coli O157:H7 in vitro, when added as a dip onto the
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surface of spinach leaves it does not improve the level of inhibition displayed by an added

antagonist towards E.coli O157:H7.
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Tables and Figures

Table 1: Composition of the groups for the growth curves.

Cellobiose
TSB Media Type of Inoculum
Group A 270ul Oul 30ul of either one of the antagonists or E.coli O157:H7
Group B Oul 270ul 30ul of either one of the antagonists or E.coli O157:H7
Group C  240ul Ol 30pl of one of the antagonists and 30ul of E.coli O157:H7
GroupD  Oul 240ul 30ul of one of the antagonists and 30ul of E.coli O157:H7
Group E  240ul Oul 30ul of spinach slurry and 30ul of E.coli O157:H7
Group F Oul 240ul 30ul of spinach slurry and 30ul of E.coli O157:H7
Group G 240ul Oul 30ul of spinach slurry and 30ul of one of the antagonists
GroupH  Oul 240ul 30ul of spinach slurry and 30ul of one of the antagonists
30ul of spinach slurry, 30ul of one of the antagonists and
Group I  210ul Oul 30ul of E.coli O157:H7
30ul of spinach slurry, 30ul of one of the antagonists and
Group J Oul 210pl 30ul of E.coli O157:H7
Group K 300ul Ol No Inoculum
GroupL  Oul 300ul No Inoculum
GroupM  Opl Oul 300ul of spinach slurry

Table 2: Composition of groups for spinach leaf inoculation.
Dip Solution

Type of Inoculum

Group A
Group B
Group C
Group D
Group E
Group F

Cellobiose Solution

Sterile Water

Cellobiose Solution

Sterile Water

Cellobiose Solution

Sterile Water

100l of E.coli O157:H7

100ul of E.coli O157:H7

100pl of one of the antagonists and 100ul of E.coli O157:H7
100pl of one of the antagonists and 100ul of E.coli O157:H7
No Inoculum

No Inoculum
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Table 3: Growth rate (hours™) determined for selected antagonists individually in %2 TSB
or M9 Minimal Media or in co-culture with E.coli O157:H7 as determined by ODus0.600

M9
Minimal
Media with
M9 Minimal 20%
TSB with Media with Cellobiose

Spinach 20% and Spinach
Isolate TSB Extract Cellobiose Extract
Individual ~ E.coli O157:H7  0.75' 0.68' 0.00* 0.00°
Bac. sp. 0.53! 0.56™ 0.01**2 0.00
B. pumilus 0.17% A 0.184 0.01 **! 0.01 *A!
Ent. sp. 0.53 4 0.56"! 0.01 **2 0.03 *A2
Erw. persicina~ 0.60 ! 0.524 0.03 *A2 0.02 *A2
Paen. polymyxa ~ 0.35%%! 0.154 0.03 *42 0.02 *42
Pan. ananatis 0.78 M 0.724 0.00 0.02 *A2
Ps. espejiana 0.17% ! 0.154 0.30 **2 0.02 *A!
Ps. sp. KF2C3 0.66 " 0.19 0.02% 0.03% "
Co-culture Bac. sp. 0.65! 0.64 1 0.18 "2 0.01% 42
with E.coli B.pumilus 0.55%! 0.50% B! 0.18 ™2 0.14™2
O157:H7 Ent. sp. 0.58 4! 0.624! 0.03* 4 0.03 2
Erw. persicina  0.57 0.46 ! 0.02"42 0.01"*2
Paen. polymyxa ~ 0.56"' 0.46* B! 0.09 42 0.02"42
Pan. ananatis 0.69*! 0.69 ! 0.02% A2 0.01 2
Ps. espejiana 0.64 5! 0.68 ! 02142 0.01% 42
Ps.sp. KF2C3  0.70 ™! 0.69 ! 0.02% A 0.01%2
Number with a * next to them were found to be statistically significant when compared to E.coli O157:H7 with
I;i((l;i.gfz.rent letter within each column is significantly different from the same antagonist in the same media with
p<0.05.

A different number within each row is significantly different from other values in the same row with p<0.05.
Initial incoulum density of 1 x 10*
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Table 4: Amount of time (hours) entering into log determined for selected antagonists individually
in %2 TSB or M9 Minimal Media or in co-culture with E.coli O157:H7 as determined by OD4s0.600

M9
Minimal
Media with
M9 Minimal 20%
TSB with Media with Cellobiose

Spinach 20% and Spinach

Isolate TSB Extract Cellobiose Extract
Individual ~ E.coli O157:H7 0.50" 0.50" NG’ NG’
Bac. sp. 0.50 " 0.50™! 27.5% A2 NG*

B. pumilus 0.50 ! 0.50 ! 20.0 42 23.5% A2

Ent. sp. 0.50A! 0.50 ! 5.00 A2 2.00% A2

Erw. persicina 1.004! 1.00*! 2.50% A1 0.50"!

Paen. polymyxa 0.50 4! 0.50 ! 24.5% A2 30.0% A

Pan. ananatis 1.00"! 1.00™! 35.5 A2 1.50% A1

Ps. espejiana 0.50 " 0.50™! 27.5% A2 27.5% A2

Ps. sp. KF2C3 1.00*! 1.00"! 15.0 ™2 0.50% !

Co-culture Bac. sp. 0.50"! 0.50"! 19.5%82 26.5% B3

with E.coli B.pumilus 0.50 ! 0.50 ! 18.5™42 18.5% B2

O157:H7 Ent. sp. 0.50*! 0.50 A1 19.5%P2 21.5%52

Erw. persicina 1.00*! 1.00*! 6.50 42 13.5% B3

Paen. polymyxa 0.50 " 0.50" 11.0%P2 4.50% B3

Pan. ananatis 1.00%! 1.00%! 3.50%8! 10.0% B2

Ps. espejiana 0.50 " 0.50" 15.5%P2 6.00%* B3

Ps. sp. KF2C3 1.00*! 1.00™! 15.0 ™2 4.00% 53

Number with a * next to them were found to be statistically significant when compared to E.coli O157:H7 with
p<0.05.

A different letter within each column is significantly different from the same antagonist in the same media with
p<0.05.

A different number within each row is significantly different from other values in the same row with p<0.05.
Initial incoulum density of 1 x 10*.

NG designates that no growth on the plate was observed.
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Table 5: Time (hours) entering into stationary phase determined for selected antagonists
individually in 2 TSB or M9 minimal media or in co-culture with E.coli O157:H7 as determined
by ODa4s0-600

M9
Minimal
Media with
M9 Minimal 20%
TSB with Media with  Cellobiose

Spinach 20% and Spinach
Isolate TSB Extract Cellobiose Extract
Individual ~ E.coli O157:H7 7.00" 7.00" NG NG
Bac. sp. 6.50 ! 6.50 A1 44 5% A2 NG**
B .pumilus 8.50 8.00 ! 41.5% A2 44.0% A
Ent. sp. 4504 450 26.5% A 48.0% 3
Erw. persicina~ 5.50* 50.0 30.0% A2 14.0% 43
Paen. polymyxa 6.00"! 7.50 4 46.0% A 45.5% A2
Pan. ananatis 6.50 " 6.50 ! 48.0% A2 30.0% A
Ps. espejiana 6.50 ! 6.00 4! 45.5% A2 45.5% A2
Ps. sp. KF2C3 9.004! 8.50 ! 48.0% A2 48.0% A2
Co-culture Bac. sp. 6.50 " 6.50 " 46.0% 42.0% B2
with E.coli B.pumilus 8.00! 8.00"! 45.5% A2 41.0% 2
O157:H7 Ent. sp. 4504 4504 45.5% B2 47.5% A2
Erw. persicina 500 550" 29.5% A2 33.0% B2
Paen. polymyxa 7.004! 7.00 48.0% A2 36.5%"
Pan. ananatis 6.50 1 6.50 ! 17.0% B2 28.5% A3
Ps. espejiana 6.004! 6.00 ! 48.0% A2 38.5% 53
Ps. sp. KF2C3 8.50" 8.50 48.0% A 42.5% 43

Number with a * next to them were found to be statistically significant when compared to E.coli O157:H7 alone with
p<0.05.

A different letter within each column is significantly different from the same antagonist in the same media with
p<0.05.

A different number within each row is significantly different from other values in the same row with p<0.05.

Initial incoulum density of 1 x 10",

NG designates that no growth on the plate was observed after 72 hours of incubation.
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Table 6: Plate counts of E.coli O157:H7 when co-cultured with select antagonists in vitro

Bacteria 12 hours 24 hours 36 Hours 48 Hours
M9 M9 M9 M9
Minimal Minimal Minimal Minimal
Media w/ Media w/ Media w/ Media w/
20% 20% 20% 20%

TSA  Cellobiose TSA  Cellobiose TSA  Cellobiose TSA  Cellobiose

E.coli O157:H7 431 08 7.7243 08 946%™  1.62% 100  4.11®

Antagonist bacteria
in the co-culture
with E.coli O157:H7

Bac. sp. 3.93% 0" 5.544%° 052 6.574%" 0% 8.79"" 2398
B. pumilus 4.24M 0" 4437 0" 714" 0" 8.80%" 0B
Ent. sp. 4.46™ 0" 6.95%" 0" 7.53%7  147% 9134 3,058

Erw. persicina 438" 1.48%" 53147 1.96%"  723%" 3657 846™" 48"
Paen. polymyxa ~ 2.33" 0" 3464 0% 714" 0% 7270 0%

Pan. ananatis 377 1.79%F 61347 2.09%  7.06% 32287 8467 4.62%
Ps. sp. KF2C3 2.78% 0" 5.834%° 052 6.94%" 1478 8.94M 3. 74®

Ps. espejiana 0" 0" 3.734% 0" 7.04%° 0BT 75087 B
Number with a * next to them were found to be statistically significant when compared to E.coli O157:H7 with
p<0.05.

A different number within each row is significantly different with p<0.05.

Numbers with a different letter next to them were found to significantly different from the same antagonist/time count
that was made in the other media.

Initial incoulum density of 1 x 10*

Cultures were incubated in corresponding broth
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Table 7: Co-culture plate counts of E.coli O157:H7 and the isolated antagonists incubated on
spinach leaves dipped in either water or 20% cellobiose for 24 hours and plated on 2 TSA and
incubated at 25°C for 24 hours

Spinach Dipped Spinach Dipped
into Sterile into 20%
Water Cellobiose
(E.coli Solution
O157:H7 log Log ( E.coli O157:H7 Log
Isolate CFU/ml) Reductiont log CFU/ml ) Reductiont
Individual E.coli O157:H7 7.26 7.28
Co-culture
with E.coli Bac. sp. 7.25 0.01 7.36 -0.08
O157:H7 B. pumilus 6.62% 0.64° 6.68%* 0.6"
Ent. sp. 6.49% 0.77° 6.40% 0.88"
Erw. persicina 5.97* 1.29° 5.20% 2.06°
Paen. polymyxa 7.00 0.26 7.22 0.06
Pan. ananatis 6.72% 0.54° 6.58%* 0.7"
Ps. espejiana 7.19 0.07 7.25 0.03
Ps. sp. KF2C3 6.42% 0.84° 6.66* 0.62°

Number with a * next to them were found to be statistically significant when compared to E.coli O157:H7 alone
with p<0.05.

Initial incoulum density of 1 x 10°

tLog Reduction refers to decrease in log CFU/ml compared to E.coli O157:H7 when grown alone and as a co-
culture.
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Chapter 6

Conclusions and Future Directions

The overall purpose of this study was to identify bacteria present on the surface of
spinach leaves that are antagonistic towards E. coli O157:H7, determine the mechanism through
which the antagonism is displayed and establish if the addition of a carbon source not utilized by
E. coli O157:H7 will increased the antagonistic potential of the isolated bacteria.

The presence of epiphytic bacteria on spinach leaves was shown to be impacted by the
spinach cultivar, with the cultivars with the highest surface area having the greatest number of
epiphytic bacteria. The cultivar could also impact the diversity of the epiphytic microbiota, but
this was not shown conclusively in this study. Also, only conventionally grown spinach was
compared in this study. Studying the impact of cultivar on diversity of epiphytic bacteria should
be examined, along with the impact that organic growing conditions could have on the number
and diversity of epiphytic bacteria on the spinach.

Following isolation and screening for antagonism towards E.coli O157:H7, the
mechanism of antagonism for the isolated bacteria was studied. Acid production during
antagonism was studied, with 14 of the isolated antagonists producing either moderate or heavy
acid, indicating that acid production could play a role in the antagonism of these isolates. For two
of the bacteria Paen. polymyxa and Ps. espejiana it was determined that a non-proteinaceous
secreted molecule was partially responsible for the antagonism towards E. coli O157:H7. Growth
curves that were performed also determined that 9 of the strains had curves that closely

resembled the growth curve of E. coli O157:H7, suggesting that these bacteria could display
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antagonism through nutrient or space competition. The secreted molecule produced by Paen.
polymyxa and Ps. espejiana should be identified and future research could examine the impact of
co-culturing the secreted molecule with E. coli O157:H7.

The isolated antagonists were co-cultured both in vitro and on spinach leaves with E. coli
O157:H7 to determine the impact on the display of antagonism. The co-cultures were also
performed in a minimal nutrient media with 20% cellobiose to determine the impact of having a
carbon source not utilized by E. coli O157:H7 on the rate of antagonism. For the majority of the
isolated antagonists, it was found that co-culturing them with E. coli O157:H7 resulted in a
significant reduction in the population of E. coli O157:H7. On the spinach leaves, the majority of
isolated antagonists still displayed antagonism towards E. coli O157:H7, though it was a reduced
reduction from the study that was conducted in vitro. There was also no significant difference in
the reduction of E. coli O157:H7 between the spinach leaves that were dipped in water and the
ones dipped in cellobiose. This is possibly because although the antagonistic bacteria could
utilize cellobiose, it was not a preferred carbon source, making their growth minimal. Future
research could examine if the addition of another carbon source better utilized by the isolated
antagonists and that is not broken down into a carbon source utilized by E. coli O157:H7 could
improve upon the antagonism displayed towards E. coli O157:H7. This could be important in
helping to determine if the alternate carbon source could increase the level of antagonism

displayed towards E. coli O157:H7.
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Appendix A: Growth Curves of Isolated Antagonists and E.coli O157:H7.
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Time vs Absorbance
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Time vs. Absorbance
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Time vs Absorbance
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Time vs Absorbance
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Time vs Absorbance
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Appendix B: Growth Curves of Antagonists and E.coli O157:H7 grown in

pure and Co-Culture in TSB and M9 Minimal Media with 20% Cellobiose

and Spinach Extract.
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