A STUDY OF THE MICROBIAL CONTAMINATION IN IMPORTED AND DOMESTIC
FRESH PRODUCE AT RETAIL LEVEL IN ONTARIO
by
Rebecca Chung

Bachelor of Environmental Studies, University of Waterloo, Waterloo, 2012

A thesis
presented to Ryerson University
in partial fulfillment of the
requirements for the degree of
Master of Applied Science
in the Program of

Environmental Applied Science and Management

Toronto, Ontario, Canada, 2014

© Rebecca Chung 2014



AUTHOR'S DECLARATION FOR ELECTRONIC SUBMISSION OF A THESIS

I hereby declare that I am the sole author of this thesis. This is a true copy of the thesis,
including any required final revisions, as accepted by my examiners.

I authorize Ryerson University to lend this thesis to other institutions or individuals for the
purpose of scholarly research.

I further authorize Ryerson University to reproduce this thesis by photocopying or by other
means, in total or in part, at the request of other institutions or individuals for the purpose of
scholarly research.

I understand that my thesis may be made electronically available to the public.

i



A study of the microbial contamination in imported and local fresh produce at retail level
in Ontario

Master of Applied Science, 2014

Rebecca Chung
Environmental Applied Science and Management

Ryerson University

Abstract
Globalization has enabled the year-round availability of imported fresh produce in Toronto,
supplementing the variety of locally grown produce in Ontario. Increased consumption of
produce has led to more foodborne outbreaks, with E. coli O157:H7 as the second most frequent
cause of illnesses. In this study, the levels of heterotrophic bacteria, coliforms, and generic
E. coli were compared between three types of imported and local produce. Significantly higher
levels (p<0.04) of heterotrophic bacteria were found in imported basil. Local romaine (p<0.01)
and local spinach (p<0.001) contained significantly higher levels of coliforms. Local spinach
also had a significantly higher (p<0.005) number of samples with coliform levels above 100
CFU/g. Although no statistical significance was found between the presence of E. coli and
origin of produce, the five imported samples positive for E. coli compared to zero local samples

supports the hypothesis that imported produce is more susceptible to microbial contamination.
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Chapter 1

Introduction

1.1 The Growing Produce Problem

Canada has one of the highest consumption rates of fresh fruits and vegetables per capita in the
world (Kozak et al., 2013). According to the 2009 Food Statistics published by Statistics Canada
(2010a), fresh fruit consumption, including citrus, and vegetable consumption, excluding
potatoes, reached a record of 39.3 kg per person and 40.7 kg per person, respectively. Moreover,
globalization and improved efficiency in producing, transporting, and distributing fresh produce
have enabled year-round availability of a variety of produce but have also contributed to an
increasingly complex food system (Fan et al., 2009; Olaimat, and Holley, 2012). The effects of
globalization can be especially challenging to control since there is a lack of information and
direct control over manufacturing processes and products abroad (Canadian Food Inspection
Agency [CFIA], 2010). As farms become larger, produce fields have become situated closer to
livestock and other potential environmental and health hazards, posing serious concerns that can

impact the quality and safety of fresh produce (Kozak et al., 2013).

Since produce is minimally processed and often consumed raw, consumers face increased health
risks and are exposed to foodborne pathogens that are not eliminated through a cooking process
(Kozak et al., 2013). According to Health Canada, approximately 11 to 13 million Canadians are
affected by foodborne illnesses each year (Health Canada, 2012a). An incident of contaminated
produce often leads to sporadic cases and sometimes widespread disease outbreaks, creating
significant barriers in tracing and detecting the origin of the contamination (Lynch et al., 2009).

In a publication from the U.S. Centers for Disease Control and Prevention (CDC), approximately



46 percent of foodborne illness cases from 1998 to 2008 are linked to produce (Painter et al.,
2013). Moreover, the consumption of leafy vegetables is among the top five leading causes of

hospitalizations and deaths (Painter et al., 2013).

1.2 Canadian Produce and Produce Imports

Ontario’s farmland is located in the southwest part of the province where the climate and soils
provide farmers with ideal conditions for growing a wide selection of fruits and field vegetables
(Lister, 2008; Bernier et al., 2010; Statistics Canada, 2011). The farm area encompasses 7.9
percent of Ontario’s total land space, representing 12.7 million acres in 2011, a 4.8 percent
decrease since 2006 (Statistics Canada, 2011). However, the average area per farm increased
from 233 acres in 2006 to 244 acres in 2011 (Statistics Canada, 2011). Despite having a lower
average farm size compared to other provinces, Ontario has the highest number of farms in
Canada at 51,950 (Statistics Canada, 2011). Of the total farm area in Ontario in 2011, 70.5
percent was cropland, consisting of field crops, field vegetables, fruit, hay, sod, and nursery, and
accounted for 10.2 percent of the total cropland in Canada (Statistics Canada, 2011).
Additionally, vegetables comprised 1.5 percent of Ontario’s cropland, and greenhouse vegetables

accounted for 54.2 percent of Canada’s total greenhouse area (Statistics Canada, 2011b).

Canada produces a diverse variety of fresh fruits and vegetables, although the production season
is limited from April to October (Lister, 2008; Allen et al., 2013). Consequently, Canada faces
challenges in meeting consumer demands for produce during months of limited availability and
must therefore rely on imports (Allen et al., 2013; Kozak et al., 2013). In fact, approximately 41
percent of vegetables consumed by Canadians are imported (Kozak et al., 2013). The proportion

of fresh produce consumed in Toronto that is imported is approximately 60 percent, with one



third of the imported produce consumed during Ontario’s growing season (Lister, 2008).
Despite that the majority of the imported produce consumed by Torontonians during Ontario’s
growing season can also be grown in the province (Lister, 2008), the increased demand for year-
round and exotic produce has resulted in an increase in imports from foreign countries (Olaimat
and Holley, 2012). In 2010, Canada imported 7.1 million dollars of vegetables, an increase from
3 million in 2005 (Gauthier, 2011). United States and Mexico were among the top countries that
exported vegetables to Canada, followed by China, Peru, and Spain (Statistics Canada, 2010).
The produce available in supermarkets is often sourced globally and the import process from
distant countries increases the distance that the produce travels, consuming fossil fuels and
emitting greenhouse gases (Kissinger, 2012; Caputo et al., 2013). In 2012, the main method of
transportation for vegetables imported into Canada was by truck, followed by sea, together

contributing over 800,000 tonnes of CO, emissions (Kissinger, 2012).

Although Canadian producers are becoming increasingly compliant with fresh produce standards
and agricultural practices, standards may vary widely in exporting countries where information
on production standards or practices may be limited or do not exist (Kozak et al., 2013).
Consequently, fresh produce has become an increasingly frequent cause of foodborne disease
outbreaks worldwide (Sewell and Farber, 2001; Kozak et al., 2013; Painter et al., 2013). In fact,
the increased foodborne outbreaks caused by fresh produce has also coincided with increased
sales of imported produce (Johnston, 2005). The multiple distribution stages and subsequent
handling associated with importing can introduce foodborne pathogens to, or increase the

prevalence of foodborne pathogens in, the imported produce (Lynch et al., 2009).



1.3 Food Safety in Canada

There are three authorities responsible for food safety in Canada. Health Canada establishes
policies, regulations, and standards related to the quality and safety of food sold in Canada
(Health Canada, 2013). The Canadian Food Inspection Agency (CFIA) enforces food safety
policies and standards established by Health Canada (Health Canada, 2013). The Public Health
Agency of Canada manages foodborne outbreak surveillance and epidemiology, and collaborates
with the CFIA and Health Canada to provide support to the public during an outbreak (Health
Canada, 2013). Health Canada and the CFIA maintained separate responsibilities until October
2013 when the responsibilities of the CFIA became adopted by Health Canada, strengthening the
coordination and communication between the federal authorities and increasing the benefit to
Canadians (Health Canada, 2013). Although Canada’s food system is generally regarded as safe
relative to other food systems worldwide, there are still opportunities for improving the

surveillance of hazards and management of risks (Holley, 2010; Nesbitt et al., 2014).

Food safety is defined as ensuring that food will not cause harm to human health after being
prepared or consumed according to its anticipated use (World Health Organization [WHO],
2000; Sun, 2012) and does not expose biological, chemical, and physical hazards to consumers
(Munro et al., 2012). However, most biological pathogens are indiscernible to human senses,
making it difficult for consumers to determine the safety of the foods they consume (Munro et
al., 2012). To ensure that fresh produce is free from microbial contamination, the produce must
comply with microbiological guidelines that are set by health authorities. In Canada, a
“satisfactory” microbiological quality of fresh fruits and vegetables is based on a generic
Escherichia coli threshold level of 100 CFU/g and the absence of pathogens such as E. coli

O157:H7, Salmonella, Campylobacter jejuni, Shigella, and Listeria monocytogenes, and for
4



fresh produce the microbiological quality is based on a total coliform threshold level of 100
CFU/g (CFIA, 2010; Allen et al., 2013). E. coli levels between 100 and 1000 CFU/g require
further investigation, and levels greater than 1000 CFU/g are considered as unsatisfactory (CFIA,

2010).

In Canada, Kozak and colleagues (2013) found that eight of the 27 produce-related outbreaks
between 2001 and 2009 were from imported produce. However, the incidence of foodborne
disease outbreaks related to produce has not been clearly documented, with Sewell and Farber
(2001) reporting a lack of an observable pattern. Although the amount of produce consumed and
the number of produce-related foodborne outbreaks have increased over the years, increased
mass production of produce, as well as improved detection, may have revealed more produce-
related illnesses that would have previously gone unreported (Sewell and Farber, 2001). For
every reported case there are approximately 350 cases that remain unreported (Sewell and
Farber, 2001). Moreover, since the emergence of the E. coli O157 strain, the number of
produce-related outbreaks caused by this pathogen has increased (Sewell and Farber, 2001;

Matthews, 2009; Olaimat and Holley, 2012; Kozak et al., 2013).

1.4 E. coli and Leafy Herbs and Vegetables

Since the 1990s, E. coli has been one of three major foodborne bacterial agents in the food
system that have garnered a significant amount of attention and awareness from government
agencies and the food industry (Newell et al., 2010). Although most outbreaks of E. coli-related
illnesses have been linked to meat products, produce has become increasingly recognized as a
cause of E. coli outbreaks (Barker-Reid et al., 2009; Kozak, et al. 2013). In addition, Barker-
Reid and colleagues (2009) found that E. coli contamination in fresh produce closely followed

5



the leading cause of contamination — Salmonella. Mukherjee and colleagues (2004) noted that
among fresh produce, lettuce was the most vulnerable to bacterial contamination. Moreover,
investigations of total coliforms in produce found a significant prevalence of bacterial species
that are part of the fecal coliform group (Mukherjee et al., 2004; Diez-Gonzalez, 2011).
Although fecal coliforms are not agents that can cause disease, they indicate the potential
presence of other undesirable microorganisms such as E. coli and pathogenic E. coli that may

pose public health concerns for consumers (Carrero-Colon et al., 2011).

Culinary herbs and leafy vegetables have been increasingly associated with produce-related
foodborne disease outbreaks (Matthews, 2009; CFIA, 2010; Kozak et al., 2013). Among fresh
fruits and vegetables, herbs and leafy vegetables are considered by the Food and Agriculture
Organization of the United Nations (FAO) and the World Health Organization (WHO) as the
highest priority with regards to microbial hazards (CFIA, 2010). In addition to the increased
consumption of leafy vegetables, especially in its raw state, these produce possess intrinsic
factors that make them susceptible to pathogen contamination (Wachtel et al., 2002; Matthews,
2009; Solomon and Sharma, 2009). For example, leafy vegetables are grown closer to the
ground and are more likely to come in contact with soil, making them more vulnerable to
contamination from pathogens in the soil (Matthews, 2009). Another factor is that leafy
vegetables have large, fragile, and rough surfaces that are ideal breeding sites for pathogens and

are difficult to clean effectively (Solomon et al., 2002; Wachtel et al., 2002).

1.5 Purpose of the Research

There is limited existing research that compares the quality of imported and local produce in
Canada, as attention is mostly focused on organically and conventionally grown produce. Of the

6



studies related to imported and local produce, only surveys on overall microbial contamination
have been carried out to examine the overall microbial levels in imported and local produce
(Sagoo et al., 2001; CFIA, 2009, 2010), or only provide comparisons between imported and local
produce but for a very limited produce selection (Johnston et al., 2006). Moreover, the testing of
both imported and local varieties for microbial contamination for each type of produce was not
always included for comparison (Johannessen et al., 2002). The majority of previous studies are
also not specific to Canada. Research specific to Ontario is also limited, as only one study
focuses on local produce, organic and conventional, that is grown in Ontario (Arthur et al.,
2007). Another study examined imported produce available in Canada but only compared

organic and conventional produce types (Allen et al., 2013).

The objective of this feasibility study is to compare the prevalence of microbial contamination in
imported and domestic produce, based on the hypothesis that imported fresh produce is more
susceptible to microbial contamination. Since an increased prevalence of E. coli associated with
fresh produce has been well documented (Sewell and Farber, 2001; Allen et al., 2013; Kozak et
al., 2013), this study will seek to compare the microbial loads between imported and local
produce, using coliforms and E. coli as indicators of fecal contamination. Pre-harvest and post-
harvest factors that can influence the microbial loads in produce at the farm level are also
examined. Toronto is an ideal study area for investigating the quality of fresh produce as it is
one of Canada’s largest urban population centers (C. Ong, personal communication, September
30, 2013; Statistics Canada, 2011a). With the population within the Greater Toronto Area is
estimated to reach 8.6 million by 2031 (Lister, 2008), there is an increasing concern to provide
fresh produce to Toronto that is free from pathogens and other harmful biological agents that

may cause harm to human health after consuming (Lister, 2008; Allen et al., 2013).



1.6 Composition of the Thesis

Chapter 2 presents a review of the literature and existing knowledge surrounding the microbial
loads in fresh produce and the common pathogens associated with fresh produce outbreaks. The
chapter also examines the factors that can influence the microbial loads in produce from the pre-
harvest stage to the distribution stage. Chapter 3 details the methods and procedures used for
sample collection, laboratory analysis, and statistical data analysis. The data and results from the
statistical analysis are provided in Chapter 4. Chapter 5 presents a discussion of the findings and
how they relate to other studies previously conducted in the field. Finally, a conclusion of the
findings of the study, the ways in which this study contributes to the research on food safety and

fresh produce, and recommendations for future research are provided in Chapter 6.



Chapter 2

Literature Review

2.1 Introduction

This chapter examines the literature surrounding fresh produce and pathogens that can
compromise the quality of produce. Possible routes of exposure in which produce can become
contaminated at the farm from the pre-harvest, harvest, and post-harvest stages to the distribution

stage are explored.

2.2 E. coli and Coliforms

The term “coliform” was coined to describe the group of gram-negative, facultative anaerobic,
rod-shaped bacteria that ferment lactose and produce acid and gas at 35°C within 48 hours
(Leclerc et al., 2001). Members of the total coliform group are generally from the
Enterobacteriaceae family and were originally thought to be found in the intestines of humans
and warm-blooded animals (Carrero-Colon et al., 2011). However, it was later discovered that
their presence is not consistently associated with fecal sources and that they can also be found
naturally occurring in the environment such as in water, soil, and sediments (Caplenas and
Kanarek, 1984; LeChevallier, 1990; Camper et al., 1991; Carrero-Colon et al., 2011). Although
coliforms could be detected easily, their inconsistent association with fecal contamination was
concerning (Carrero-Colon et al., 2011). As a result, the class of “fecal coliforms” was

introduced and replaced coliforms as an indicator of fecal contamination (Feng et al., 2002)

Fecal coliforms, which was first defined by Eijkman in 1904, is a sub-category of total coliforms

and is also referred to as ‘thermotolerant coliforms’ (Rompre et al., 2002). Fecal coliforms

9



possess the enzymes B-galactosidase and B-glucuronidase and are defined based on their ability
to grow and ferment lactose and mannitol to produce acid, gas, and indole at higher temperatures
between 44 °C and 45°C (Payment et al., 2003). The primary members of the fecal coliform
group include E. coli, Klebsiella spp., Enterobacter spp., and Citrobacter spp. (Carrero-Colon et
al., 2011). However, the fecal coliform assay is based on the assumption that E. coli is the only
species from the group that can grow at higher temperatures (Dockins and McFeters, 1978).
Although the association of Enterobacter spp. and Klebsiella spp. with fecal sources is
uncommon, they are part of the fecal coliform group, making the correlation between fecal
coliforms and fecal contamination not always reliable (Dockins and McFeters, 1978;
Johannessen et al., 2002). Moreover, prior to the realization of this limitation, fecal coliforms

were commonly used as indicators of fecal contamination in food (Diez-Gonzalez, 2011).

Other instances have questioned the efficacy of using fecal coliforms as an indication of fecal
contamination (Edberg et al., 2000). For example, the Canadian Food Inspection Agency (1999)
issued two recalls of alfalfa sprouts after the detection of fecal coliforms, specifically the species
Klebsiella pneumonia. Although Klebsiella pneumonia has rarely been associated with fecal
contamination, the recalls were nonetheless issued due to their association with fecal coliforms
(Edberg et al., 2000; Johannessen et al., 2002). This recall highlights the limitations of using
fecal coliforms and reveals issues surrounding their suitability as indicators of fecal
contamination. These concerns increased after the development of single-step methods to

rapidly detect E. coli in the 1980s (Edberg et al., 2000; Diez-Gonzalez, 2011).

The term E. coli was introduced in 1885 by Theodor Escherich, a German paediatrician, after he

isolated the bacteria from the feces of a patient (Diez-Gonzalez, 2011). E. coli is a gram-
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negative, facultatively anaerobic, rod-shaped organism from the Enterobacteriaceae family
(Fields, 1979). Although other species such as Salmonella and Shigella are also members of the
Enterobacteriaceae family, E. coli is the only species that is detected in the intestines of healthy
humans and warm-blooded animals, and is present in over 90 percent of human and animal feces
(Borczyk et al., 1987; Edberg et al., 2000; McElhany and Pillai, 2011). E. coli has been shown
to be more widely distributed in terms of habitat than Salmonella, and can range from strains that
are commensal with little to no virulence, to strains that have evolved over many years to
become very infectious and virulent (Ochman and Wilson, 1987; Ochman and Davalos, 2006;
McElhany and Pillai, 2011). In the 1890s, E. coli was first proposed as a possible indicator for
fecal contamination after researchers noticed that it was frequently present in the feces of

humans and animals yet absent in other niches (Diez-Gonzalez, 2011).

Technologies to rapidly detect E. coli were developed based on the fact that the B-glucuronidase
enzyme was present in 95 percent of E. coli strains (Rompre et al., 2002). Chromogenic and
fluorescent substrates, such as the 4-methylumbelliferyl-beta-D-glucuronide, increased the ease
of isolating E. coli in liquid and solid media and these substrates were incorporated in many
different commercial media formulations (Edge and Bohem, 2011). For almost a century,
researchers have attempted to seek other coliform bacteria or indicators that could replace or
complement E. coli as a fecal indicator (Diez-Gonzalez, 2011). However, E. coli remains the
only microorganism to date that meets the largest number of guidelines for the ideal fecal
indicator bacteria and has been the preferred indicator bacteria in a variety of food and water
related studies (Johannessen et al., 2002; Johnston et al., 2006; Bohaychuk et al., 2009; Oliveira

etal., 2010; Allen et al., 2013).
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2.2.1 E. coli O157:H7

Pathogenic E. coli can be differentiated from commensal, or non-pathogenic, E. coli by the
presence of pathogenicity-associated islands, where additional genetic material is present in the
chromosomes (Johnson, 2011). Pathogenic E. coli can be categorized according to the types of
genetic material present or absent in the chromosomes, or pathotypes, and the types of diseases
they can cause in the host (Hacker et al., 1997; Kaper et al., 2004). E. coli O157:H7, or
enterohemorrhagic E. coli, is a serotype of E. coli that possesses gene-encoding toxins and can
cause severe disease, especially in vulnerable populations (McElhany and Pillai, 2011). The
most common illnesses caused by a pathogenic E. coli infection include diarrheal disease and
urinary tract and systemic infections (Forsythe, 2000). Compared to E. coli and Salmonella, E.
coli O157:H7 has a relatively narrowly distributed habitat (Borczyk et al., 1987). Nevertheless,
since E. coli O157:H7 is a serovar of E. coli, it was assumed at one point that commensal E. coli
could also be a reliable indicator for serotype O157:H7 strains (Diez-Gonzalez, 2011). However,
this assumption has not been proven in studies involving animal waste and fresh produce and the

use of commensal E. coli as an indicator has thus been dismissed (Diez-Gonzalez, 2011).

E. coli O157:H7 is a zoonotic organism commonly found in the intestinal tracts and feces of
cattle and small ruminants (Maule, 2000; Fremaux et al., 2008; McElhany and Pillai, 2011). The
pathogen has also been associated with monogastric mammals as well as with birds and insects,
although their colonization is temporary and may not cause disease to the host (Cizek et al., 1999;
Elder et al., 2000). Since the main transmission route of the pathogen is through manure, it is

imperative to determine its prevalence and fate in the environment in order to control its

dissemination (Maule, 2000; Fremaux et al., 2008). Although the affinity of E. coli O157:H7 for
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the intestinal tracts of large and small ruminants has been well documented, the prevalence and

method of its colonization has been sporadic and less understood (Diez-Gonzalez, 2011).

E. coli O157:H7 became a prominent foodborne pathogen in the 1980s and was commonly
linked to contaminated ground beef (Diez-Gonzalez, 2011). However, the pathogen has been
increasingly implicated in ready-to-eat fresh vegetables and leafy vegetables over the years
(Nguyen-the and Carlin, 1994; Kozak et al., 2013). A review of produce-related outbreaks
associated with E. coli O157:H7 from 1984 to 1993 in Canada shows one outbreak in 1995
linked to spoiled lettuce received at and served from a hospital kitchen that affected 8 patients,
10 staff, and 3 volunteers (Sewell and Farber, 2001). In 2002, 17 confirmed cases, 81 possible
cases, and 11 probable cases were attributed to the consumption of fresh vegetables used in
prepared salads (Kozak et al., 2013). Among those infected, four people were hospitalized and
two people died (Kozak et al., 2013). In 2006, a large-scale outbreak linked to spinach occurred
in both Canada and the United States, with 207 cases and three deaths, although only three of
those cases were documented in Canada (Jay et al., 2007). The sources of contamination were
attributed to wildlife having access to the spinach crops and a cattle ranch downstream from the
spinach field (Jay et al., 2007). In 2008, shredded iceberg lettuce caused 38 illnesses and 21
hospitalizations illnesses in Ontario (Kozak et al., 2013). An investigation revealed that the
shredded lettuce originated from California and was sent to another company for processing
before bagging (Kozak et al., 2013). In the same year, romaine lettuce was the culprit of 38
probable and 29 confirmed cases in Ontario (Kozak et al., 2013). However, the sources of

contamination were not identified in either of the two lettuce outbreaks (Kozak et al., 2013).
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2.2.2 Salmonella

Salmonella serovars also naturally occur in the gastrointestinal tracts of animals and its
transmission route is commonly through direct contact with the animals or through direct or
indirect contact with fecal contamination (Callaway et al., 2008). The Salmonella genus consists
of over 2,500 different serovars, which originate from the S. enterica subspecies (D'Aoust and
Maurer, 2007; Johnson, 2011). While most Salmonella serovars do not particularly colonize in a
specific animal, some serovars such as Enteritidis and Montevideon have been frequently linked
to poultry and ground beef, respectively (Callaway et al., 2008). Salmonella can colonize in
mammals and farm animals such as cattle, swine, poultry, horses, reptiles, and domestic animals
(Callaway et al., 2008; Diez-Gonzalez, 2011). Salmonella is not only an intestinal bacterium but
can also cause many infections in the host, a characteristic that differentiates it from E. coli
(Diez-Gonzalez, 2011). As such, it is regarded as one of the most diverse pathogens due to its

ability to colonize and cause disease in many types of animal species (Callaway et al., 2008).

Since Salmonella has such a wide distribution in nature and is commonly associated with poultry,
it has been responsible for 26 percent of foodborne diseases in the United States (Doyle, 1990;
Johnson, 2011). In Canada, outbreaks of Salmonella related to produce have been commonly
associated with alfalfa sprouts (1995-7), mung bean sprouts (2001, 2005), cucumbers (2004),
roma tomatoes (2004), and cantaloupe (1991, 1996-7, 2002, 2006, 2008), (Sewell and Farber,
2001; Kozak et al., 2013). The sources of contamination were not always identified, but in cases
where identification was possible, the sources were attributed to poor worker hygiene, equipment
maintenance and sanitation, and pest management practices (Sewell and Farber, 2001; Kozak et
al., 2013). Other sources included temperature abuse and using contaminated water to irrigate

and clean or rinse produce (Sewell and Farber, 2001; Kozak et al., 2013).

14



2.2.3 Shigella

The genetic makeup of Shigella makes it nearly identical to Escherichia, with the exception that
Shigella has a reduced ability to colonize in animals (Warriner et al., 2009). In the United States,
Shigella has been estimated to be the cause of 6.6 cases of foodborne illnesses per 100,000
people and is considered the third most frequent foodborne disease-causing bacterial culprit in
the United States (Diez-Gonzalez, 2011). Shigella is normally isolated from the intestinal tracts
of humans and can also be present asymptomatically in humans (Diez-Gonzalez, 2011). As a
foodborne pathogen, Shigella is typically associated with poor food handling practices resulting
in direct fecal contamination or exposure to sewage or wastewater (Johnson, 2011). In fact,
international outbreaks of shigellosis associated with fresh produce have occurred as a result of
wastewater contamination (Kapperud et al., 1995). One of the concerns surrounding Shigella is

the low infective dose required to cause illness (Sewell and Farber, 2001).

In 1998, an outbreak of Shigella sonnei was traced back to parsley and affected 400 people in
Ontario, Alberta, and three U.S. states that ate at the same kiosk or restaurant (CDC, 1999;
Sewell and Farber, 2001). The source of the outbreak was identified to be farms in Mexico and
California where unchlorinated water was used to clean the parsley in the packing shed (CDC,
1999). Inadequate sanitation facilities and limited knowledge of food hygienic practices among
farm workers added to the list of risk factors (Sewell and Farber, 2001). In 2001, an outbreak of
S. sonnei linked to spinach in British Columbia resulted in 31 cases of illness (Kozak et al.,
2013). Investigations into this outbreak revealed that the contamination originated from water
used to wash the spinach, which was obtained from a ditch adjacent to the field (Kozak et al.,
2013). Although Shigella was not isolated in the ditch water, E. coli was detected, suggesting

that the contamination was due to sewage water from a septic system (Kozak et al., 2013).
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2.3 Farming Practices

Within the foodborne outbreaks of E. coli O157:H7, Salmonella, and Shigella, the source of
contamination, if identified, was often linked to a combination of factors such as contaminated
irrigation water, inadequate farming practices during harvest and processing, and improper
worker hygiene (Sewell and Farber, 2001; Kozak et al., 2013). Additionally, many of the
outbreaks were linked to produce imported from farms outside of Canada (Sewell and Farber,
2001; Kozak et al., 2013). As a result of the increased scale of farms, the processing of produce
with other commodities such as meat has become more common (Olaimat and Holley, 2012).
Moreover, the short shelf-life of produce makes it difficult to investigate produce-related
outbreaks since the implicated batch of produce may no longer be available for testing by the

time an investigation is initiated (Kozak et al., 2013).

Sources of contamination can originate from pre-harvest processes and post-harvest processes
(Beuchat and Ryu, 1997; Suslow et al., 2003). Although post-harvest measures such as pruning
old leaves and cleaning aim to preserve the microbiological quality of fresh produce throughout
the processing and distribution stages, proper management of pre-harvest farming practices is
instrumental to ensuring high external and internal quality in produce (Nicola and Fontana,
2007). Contamination from humans occurs in both processes (Mukherjee et al., 2007; Barker-
Reid et al., 2009). Several studies (Ibekwe et al., 2004; Doyle et al., 2005; Islam et al., 2005;
Mukherjee et al., 2007; Barker-Reid et al., 2009) have found that E. coli is capable of persisting
in soil and water and can be transmitted to produce through farm management practices during

pre-harvest and post-harvest processes.
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2.3.1 Sources of Contamination: Pre-harvest

The microbial contamination of farm environments from enteric pathogens that in turn affect the
microbial levels in pre-harvest fresh produce has been well documented in field studies. Pre-
harvest sources of enteric pathogens are generally associated with manure-based fertilizers or
soil amendments (Hutchison et al., 2004; Johannessen et al., 2004; Millner, 2009), improperly
composted manure and implications on pathogens introduced to soil (Gagliardi et al., 2003;
Islam et al., 2004; Ingham et al., 2005; Johannessen et al., 2005), runoff caused by rain or floods
(Muirhead et al., 2006; Millner, 2009), contaminated irrigation water (Duffy et al., 2005; Steele
et al., 2005; Stine et al., 2005; Hamilton et al., 2006), animal farming and the presence of
wildlife or domestic animals (Rice et al., 1995; Wallace et al., 1997; Doane et al., 2007; Millner,
2009), the mishandling of produce by workers or unhygienic worker practices (McEvoy et al.,
2009; Millner, 2009), and improper maintenance and sanitation of equipment and processing

facilities during harvest (Espinoza-Medina et al., 2006).

Many farmers apply manure-based fertilizer due to its high nutritional value and its benefits in
maintaining soil quality (Suslow et al., 2003; Millner, 2009). Despite these benefits, untreated
manure-based fertilizers applied to produce fields have been shown to significantly increase the
survival of E. coli and the risk of contamination in fresh produce, especially those grown on
organic farms (Kudva et al., 1998; Lung et al., 2001; Hutchison et al., 2004; Mukherjee et al.,
2007; Fremaux et al., 2008). Among the different types of manure-based fertilizers, which
include cattle, chicken, swine, and horse manure, cattle-based fertilizers posed the highest risk
for E. coli contamination (Millner, 2009). Various studies have demonstrated the ability of E.
coli and other enteric pathogens to survive in soils for extended periods of time after being

amended with manure or treated with manure-based fertilizers (Jiang et al., 2002; Topp et al.,
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2003; Avery et al., 2004; Islam et al., 2004; Berry and Miller, 2005; Johannessen et al., 2005;
Sinton et al., 2007; Fremaux et al., 2008). Factors such as the type of organism and presence of
other indigenous organisms, as well as the soil moisture, texture, and nutrients can influence the
survivability of these pathogens in the environment (Jiang et al., 2002; Topp et al., 2003; Sinton
et al., 2007; Byappanahalli et al., 2011). In one study, cattle manure was applied to a pasture and
E. coli survived approximately 48 days, which was 10 days longer than the survival time of
Salmonella (Bolton et al., 1999; Sinton et al., 2007). Similarly, Sinton et al. (2007) observed
varying growth levels of E. coli O157:H7 and S. enterica in cow pats on pastures, suggesting that
cattle manure not only introduced enteric bacteria into the environment but also provided an
environment and nutrients for these pathogens to flourish in the soil. E. coli O157:H7 has also
been found to out-survive other enteric pathogens in manure (Kudva et al.,, 1998; Guan and
Holley, 2003). However, Gagliardi and Karns (2002) did not observe that the addition of manure
to soil affected the persistence of the pathogen. In addition to animal manure being a contributor
to the growth of enteric bacteria in soils, chemical fertilizers have also been shown to encourage

the growth of E. coli (Byappanahalli and Fujioka, 2004; Whitman et al., 2006).

In addition to surviving in soil for extended periods of time, E. coli can also attach to and even
be internalized into produce (Solomon et al., 2002; Wachtel et al. 2002). E. coli was found on
lettuce plants grown in both greenhouse and field conditions after direct contact with manure-
based fertilizers or contaminated irrigation water (Solomon et al., 2002; Cooley et al., 2006;
Franz et al., 2008). After compost inoculated with E. coli O157:H7 was applied to soil, the
pathogen survived over 5 months and was also detected on crops that were planted in the soil
(Islam et al., 2004). In another study, Solomon and colleagues (2002) sprayed water inoculated

with 10" CFU per ml of E. coli O157:H7 onto greenhouse-grown lettuce and the strain was
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detected in the lettuce samples after 20 days. In contrast, a study on the potential for E. coli
O157:H7 contamination in leafy greens and herbs after the application of composted, manure-
based fertilizer (Johannessen et al., 2004) showed that E. coli O157:H7 could not be detected in
lettuce samples even though the pathogen was present in all the manure fertilizers applied to the
soils. Johannessen and colleagues (2004) concluded that further research was required to
investigate how the lettuce avoided contamination. Moreover, several studies (Sagoo et al., 2001;
Johannessen et al., 2002; Mukherjee et al., 2004) have attempted to detect E. coli O157:H7 in
fresh fruits and vegetables, though no substantial evidence of E. coli contamination during the

pre-harvest stage has been found.

The implementation of proper Good Agricultural Practices is also extremely important to ensure
that the potential for microbial contamination is minimized in pre-harvest produce (Delazari et
al., 2006). These practices include applying properly composted manure, using irrigation water
from a potable source, and applying pesticides made from potable water to minimize exposure of
fruits and vegetables in the field to contaminants (Delazari et al., 2006). Other factors that
should be managed include controlling domestic animals, wildlife, and insects, which are
potential vectors for enteric pathogens, and providing regularly-maintained toilets, hand washing
stations, and sanitation facilities to field workers (Suslow et al., 2003; Hajmeer and Crozier-
Dodson, 2012). For example, Canadian good agricultural practices advise that uncomposted
manure should be applied more than four months before harvesting (Martin, 2005; Blakely et al.,
2008). Studies also found that ageing non-composted manure for more than 6 months
significantly reduced the risk of microbial contamination among organic produce (Mukherjee et
al., 2006; Millner, 2009). Hutchison and colleagues (200