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Abstract

While there are several sources of contamination, irrigation water (groundwater and
surface water sources) is an important source of fruit and vegetable contamination where
Salmonella is the leading bacterial cause of fresh produce-related outbreaks in the United States.
The goal of this systematic review and meta-analysis is to better understand the occurrence and
potential indicators for estimating the presence of Salmonella in irrigation waters used to grow
fruits and vegetables consumed in the U.S. The research questions identified for this research
were 1) What is the occurrence of Salmonella in irrigation water used for fresh produce
production in the U.S., Mexico, and Canada?; 2) Is there one or a combination of biological,
physical, or chemical indicators that can be used to predict the occurrence of Salmonella in
irrigation water used for fresh produce production in the U.S., Mexico, and Canada?; 3) Is there
any regional climate effect on the occurrence of Salmonella in irrigation water sources?; and 4)
Is there any difference in the occurrence of Salmonella in flowing and non-flowing surface
water? As part of the systematic review process, peer-reviewed research publications that report
the occurrence of foodborne pathogens in irrigation waters used for fresh produce production
were identified. While 6248 articles were identified, there were only 30 that evaluated the
presence of Salmonella. From these 30 articles, data were extracted, synthesized, and analyzed.
The occurrence of Salmonella and potential water quality indicators (i.e., generic Escherichia
coli, water temperature, pH, and precipitation events) in surface water and groundwater sources
across Canada, Mexico, and the U.S. were also evaluated. Out of 30 studies, 22 were conducted
in the U.S., five in Mexico, two in Canada, and one in the U.S. and Mexico. The majority of data
extracted were for ponds (33 different ponds), followed by groundwater (13 different sites),
irrigation channels (13 different channels), rivers (nine different rivers), creeks (four different
creeks), irrigation ditches (three ditches), basins (three basins), and streams (two streams). The
occurrence of Salmonella varied across surface water sources, from undetected to 100%. The
highest median occurrence was reported for basins, ranging from 23.9% to 100%. The lowest
was observed in groundwater where Salmonella was not detected in nine groundwater sources
out of a total of 13 but was detected in four, with an occurrence up to 7%. The occurrence
of Salmonella across climate regions varied with a range of undetected to 100% in U.S.
Southeast, undetected to 64.6% in U.S. West, undetected to 91.7% in U.S. Northeast, undetected



to 100% in U.S. South, undetected to 14.3% in Canada West North Central, undetected to 8.6%
in Canada Northwest, and undetected to 66.7% in Mexico West. Salmonella occurrence was
significantly lower in non-flowing surface water in the U.S. West compared to water sources in
the U.S. Southeast, either non-flowing (P=0.0040) or flowing surface water (P=0.0015). Further,
ten studies analyzed the association between the presence of Salmonella and generic E. coli, of
which four reported a positive association and six found no association. The highest mean
concentration of generic E. coli (4.61 log CFU/100ml) was reported in irrigation channels in the
West climate region in Mexico where Salmonella was present in 36.4% of samples evaluated.
The water quality standard (2.1 log CFU/100ml for generic E. coli) specified by the Food Safety
Modernization Act's Produce Safety Rule was exceeded in four studies conducted in the United
States, two in Canada, and one in Mexico, with a range of 2.11 log CFU/100ml- 4.61 log
CFU/100ml for generic E. coli. Through this study’s synthesis of available data, the impact of
water source or climate region on the occurrence of Salmonella could not be determined. Further,
conclusions could not be made on the potential of water quality indicators as indicators for the
presence of Salmonella in irrigation water. While the initial research questions could not be
answered, this review and synthesis has provided recommendations for the design of
environmental public health studies (e.g., methodological approach, minimum reporting, and
sharing of experimental details) needed to address complex questions like those posed in this
study. With the proper approach to future irrigation water studies, a systematic review and meta-
analysis could provide significant insights to inform policies for the safe production of produce.
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Chapter 1 — Introduction

1.1 Statement of the Problem

Irrigation water is an important source of fresh produce contamination, as evidenced by
numerous fresh produce-related outbreaks (1-9). The risk of irrigation water contamination has
been increasing (10). Currently, most of the fresh produce consumed in the United States is
grown across specific locations in the United States, Mexico, and Canada. While there are
individual studies targeting specific locations within these fresh produce growing areas, to our
knowledge, the synthesis of individual findings to provide a comprehensive picture of the

occurrence of foodborne pathogens in irrigation water is lacking.

Among the foodborne pathogens likely to contaminate irrigation water, the majority of
peer reviewed literature available is on Salmonella. While this may be surprising as pathogenic
E. coli has been the cause of several devastating outbreaks in leafy greens in recent years (11),
Salmonella is the leading cause of produce-related outbreaks in the U.S., causing significant
morbidity and mortality (12, 13). Salmonella has been regularly detected in irrigation water used

for fresh produce production in many parts of the U.S., Mexico, and Canada (14-22).

Value of a Systematic Review and Meta-Analysis to Better Understand the Occurrence of
Salmonella in Irrigation Water

While there are many individual studies focused on one water body or watershed in
specific locations or regions where fresh produce is grown, there has been no synthesis of the
findings to provide an overall assessment of irrigation water quality nor the applicability of
climatic regions, seasons, water source types, biological and physicochemical indicators for

1



predicting Salmonella occurrence in irrigation water sources used to irrigate fresh produce that is
consumed in the U.S. A systematic review and meta-analysis are a method for synthesizing
previously published research to address a research question on a specific topic. While
systematic reviews were first developed for clinical research, they are now also utilized in
environmental public health studies to identify research gaps and influence policy. Several
studies have been conducted to understand the occurrence of pathogens and potential of
indicators of these pathogens in irrigation water sources used for fresh produce production in the
U.S., Mexico, and Canada (14, 19, 23, 24). However, these are individual studies conducted in
specific growing areas under different conditions. To our knowledge, this is the first systematic
review and meta-analysis on understanding the occurrence of Salmonella across growing areas
important to the production of produce consumed in the U.S. This study also set out to better
understand the potential relationship and impact of climate regions, water source types, seasons,
and physicochemical and biological indicators on the occurrence of Salmonella in irrigation

water across the study area.
1.2 Research Questions and Objectives

The research questions initially identified in this study were: 1) What is the occurrence of
foodborne pathogens in irrigation waters used to grow fresh produce in the U.S., Mexico, and
Canada?; 2) Is there an effect of water source type, season, and land use on the occurrence of
foodborne pathogens in irrigation water sources? and 3) Is there is an association between the
occurrence of foodborne pathogens with water quality indicators in irrigation waters used to
grow fresh produce in the U.S., Mexico, and Canada? After a comprehensive literature search to
answer these questions, more focused questions emerged based on the available data in the peer-
reviewed literature: 1) What is the occurrence of Salmonella in irrigation water used for fresh

2



produce production in the U.S., Mexico, and Canada?; 2) Is there an effect of climate regions,
water source type, season, and land use on the occurrence of Salmonella in irrigation water
sources?; 3) Is there one or a combination of biological, physical, or chemical indicators that can
be used to predict the occurrence of Salmonella in irrigation water used for fresh produce
production in the U.S., Mexico, and Canada?; and 4) Is there any difference in the occurrence of

Salmonella in flowing and non-flowing surface water?

In order to answer these research questions, a systematic review and meta-analysis was
conducted to better understand occurrence of Salmonella in irrigation water used for fresh fruits
and vegetable production in the U.S., Mexico, and Canada and to understand relationships
between potential indicators for Salmonella occurrence. The specific steps conducted to carry out

this systematic review were:

1. Perform a literature search to identify high-quality peer-reviewed journal articles and
extract data on pathogenic microorganisms in irrigation water used for fresh fruits and

vegetable production in the U.S., Mexico, and Canada.

2. Evaluate and compare the occurrence of Salmonella spp. across different climatic

regions, seasons, and water sources.

3. Identify if there is a relationship between the occurrence of Salmonella spp. and
biological (generic E. coli), physicochemical (e.g., temperature, pH) and other potential
indicators or risk factors (e.g., landscape use, precipitation, irrigation water source,

climate region) in irrigation water.

4. Based on this systematic review’s findings, develop recommendations on irrigation water

use for the safe production of fresh produce in the U.S., Mexico, and Canada.
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Chapter 2 — Literature Review

2.1 Foodborne Outbreaks Associated with Fresh Fruits and Vegetables

The consumption of fresh fruits and vegetables has increased with consumer's demands
for nutrient-rich food and the choice of a healthier lifestyle (1). With the increased consumption
of fruits and vegetables, the occurrence of foodborne infections associated with fresh produce
has also increased (2, 3). Fresh produce is often consumed raw without any processing steps to
eliminate harmful microorganisms. The consumption of raw produce has been increasingly
identified as an important vehicle for human pathogen transmission (4). Fresh produce may
become contaminated at any point during the production chain. Preharvest sources of
contamination include irrigation water, soil, improperly composted manure, wildlife and
livestock feces, dust, and human contact with produce at any point during production (Figure

2.1).
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Figure 2.1 Factors contributing to preharvest contamination of fruits and vegetables.

A foodborne illness outbreak occurs when two or more people contract the same illness
after consuming food from the same source. Previous studies have reported different estimates of
foodborne illnesses over different time frames. For example, Painter et al. (2013) developed a
method to attribute illnesses to food commodities using outbreak-associated illness data from
1998 to 2008, in which the produce category was associated with 4.4 million illnesses, 21,885
hospitalizations, and 333 deaths (5). In addition, during 2004 to 2010, 1779 foodborne outbreaks
with a confirmed food vehicle and a confirmed etiology occurred of which 9.2% (163) were
attributed to fresh produce (6). According to another report by Bennet et al. (2018), there were

972 raw fruit and vegetable-related outbreaks during the year 1998-2013. A single etiological



agent was identified in 778 outbreaks associated with the consumption of fresh produce.
Norovirus caused the highest number of outbreaks (418), followed by Salmonella enterica (167)
and Shiga toxin-producing Escherichia coli (STEC) (74) (7). The highest number of outbreaks
were caused by vegetable row crops (235) during 1998-2013, followed by fruits (216), seeded
vegetables (66), sprouts (42), fungi (23), root and underground vegetables (18), and herbs (12).
Among outbreaks that reported food and etiological agents, most outbreaks were caused by
norovirus in vegetable row crops (119 outbreaks), followed by norovirus in fruits (93 outbreaks),
and Salmonella enterica in fruits (51 outbreaks) during 1998-2013. In addition, according to a
Centers for Disease Control and Prevention (CDC) surveillance report during 2009-2015, plant-
based foods were responsible for 26% of the total foodborne outbreaks and 37 % of illnesses. In
the plant-based food category, leafy and stem vegetables were responsible for the highest number
of outbreaks (81) and resulted in 1,972 illnesses. Fruits were responsible for 78 outbreaks that
resulted in 2,420 illnesses. Herbs were responsible for seven outbreaks that resulted in 476
illnesses (Table 2.1). In addition, during 2009-2015, Salmonella caused most outbreaks in fresh
produce including 25 outbreaks associated with seeded vegetables, and 24 outbreaks associated
with fruits. However, in fruit related outbreaks, L. monocytogenes caused the highest number of
deaths (n=41) (8). Further, 1797 foodborne outbreaks with confirmed etiology and confirmed
food vehicle occurred in the U.S. from 2010-2017, of which fresh produce were implicated in
12.7% (228) of outbreaks (9). Salmonella was the principal pathogen responsible for multistate
outbreaks during 2010-2017, which was responsible for 67.5% of fresh produce outbreaks (9).
Further, cucumbers, watercress, onions, parsley, cilantro, and celery have also been implicated in

foodborne outbreaks (10).



Table 2.1 Number of foodborne disease outbreaks and outbreak-associated illnesses, by food
category — Foodborne Disease Outbreak Surveillance System, United States and Puerto Rico,
2009-2015 (8)

Food category Outbreaks Outbreaks Number of  Percentage
numbers  percentage illnesses of illnesses
Aquatic animals 344 27 2,288 8
Land animal 565 44 13,709 52
Plant 334 26 9,746 37
Leafy and stem vegetables 81 6 1,972 7
Fruits 78 6 2,420 9
Sprouts 21 2 766 3
Herbs 7 1 476 2
Seeded vegetables 44 3 2,572 10
Roots and other underground 20 2 383 1
vegetables
Fungi 16 1 56 <1
Grains and beans 52 4 838 3
Nuts and seeds 11 1 245 1
Oils and sugars 4 <1 18 <1
Other 38 3 807 3
Total 1,281 100 26,550 100

Although the route of contamination in most of the produce-related outbreaks remains
unclear, field sampling and whole-genome sequencing methodologies have provided important
information regarding the origin of the contamination. Degradation of irrigation water quality is
one of the suspected routes (11). In 2008, a multistate outbreak of Salmonella Saintpaul linked to
peppers was traced back to contaminated irrigation water (12). In addition, an outbreak
investigation in 2018 revealed that a potential source of E. coli 0157:H7 contamination of
lettuce was a surface water reservoir (13). Several other studies also have shown that irrigation
water is a potential source of contamination of fruits and vegetables (14-18). Major foodborne
outbreaks and the implicated pathogens and their source for several foodborne outbreaks are

summarized in the table below (Table 2.2).



Table 2.2 Major foodborne outbreaks related to fresh produce (2005- 2018)

Produce

Spinach

Celery

Strawberry

Cantaloupe

Cantaloupe

Cucumber

Cucumber

Romaine
Lettuce
Onion

Yea
r
2006

2010

2011

2011

2012

2014

2015

2018

2020

Pathogen

Shiga toxin-producing

Escherichia coli
(STEC)
Listeria
monocytogenes

Shiga toxin-producing

Escherichia coli
(STEC)
Listeria
monocytogenes

Salmonella enterica
(serotypes
Typhimurium,
Newport)
Salmonella enterica
(serotype Newport)
Salmonella enterica
(serotype Poona)

Escherichia coli
0O157:H7
Salmonella enterica
Newport

Source

Feral pig

Unknown

Black-tailed
Deer Feces

Soil/Water and
Biological Soil
Amendments
Unknown
(Imported from
Guatemala)

Unknown

Unknown
(Imported from
Mexico)
Irrigation
Reservoir
Irrigation water

Outbreak
location
Multistate

Texas

Oregon

Multistate

Multistate

Multistate

Multistate

Multistate

Multistate

IlInesses

238

10

15

147

261

275

907

210

1127

Deaths

5

33

Reference

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

The presence of pathogens in raw produce is of concern because there is a high potential

for human illnesses compared to the presence of pathogens in food that undergoes a cooking step

(28). A wide range of pathogens are associated with fresh fruits and vegetable outbreaks in the

U.S. (Table 2.3). Fresh produce such as lettuce and spinach were implicated in multistate

outbreaks of pathogenic E. coli in 2010, 2011, 2014, and 2016 in the U.S. (9). Melons and

romaine lettuce have been implicated in recent multistate outbreaks caused by Salmonella and

pathogenic E. coli in 2018 and 2019 (29, 30). Other fresh produce such as tomatoes have been

implicated in large multistate outbreaks of Salmonella in 1990, 1993, and 1999 in the U.S. (31).

Fresh fruits have been implicated in outbreaks caused by Salmonella, norovirus, and Cyclospora
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cayetanesis (32). In addition, celery, melon, and caramel apples have been implicated in

outbreaks caused by Listeria monocytogenes in the U.S. (33).

Table 2.3 List of major pathogens associated with fresh produce outbreaks (9, 34, 35)

Type of pathogens Examples

Bacteria Escherichia coli
Salmonella spp.
Listeria monocytogenes

Parasites Cyclospora
Cryptosporidium parvum
Giardia spp.

Viruses Norovirus (NoV)
Hepatitis A virus
Rotavirus
Enterovirus

Fungi Alternaria spp.
Fusarium spp.
Aspergillus niger

Pathogens, both considered foodborne and waterborne, commonly implicated in fresh
produce outbreaks include Salmonella, pathogenic E. coli, L. monocytogenes, norovirus, hepatitis
A virus, enteroviruses, Cyclospora, Cryptosporidium, and Giardia (36). While all these
pathogens have been found to occur in irrigation water used for food production, the focus of this
systematic review and meta-analysis is on the occurrence of Salmonella. The following literature
review prioritizes information on Salmonella, its occurrence and survival in waters used for

irrigation.
2.2 Salmonella Species

Salmonella species are estimated to cause 93.8 million cases of gastroenteritis worldwide
each year, with 155,000 deaths. Of these, 80.3 million were foodborne illness (37). Salmonella

is responsible for approximately 1.35 million infections, 26,500 hospitalizations, and 420 deaths
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in the U.S. each year, according to the CDC (30). In addition, gastroenteritis caused by
foodborne Salmonella is estimated to cost $3.7 billion in medical costs in the U.S. (38).
According to a recent report from the CDC, produce consumption was linked to nearly half

(46%) of foodborne illnesses and 23% of deaths (39).

Although the major source of salmonellosis was previously higher in food of animal
origin including eggs and meats, the number of outbreaks associated with domestic or imported
fresh fruits and vegetables, spices, and nuts has been increasing in recent years (40). During 2002
— 2003, 31 Salmonella outbreaks were associated with fresh produce, while 29 outbreaks were
associated with associated with poultry (41, 42). Salmonella is the primary bacterial cause of
foodborne outbreaks related to produce in the U.S. (2, 43-45). From 2006 to 2017, Salmonella
caused 53.4% (55/103) of large multistate foodborne outbreaks and of these 32.7% (18/55) were
associated with produce (46). Also, Salmonella has caused several large multistate outbreaks in
the U.S. For example, notable multistate outbreaks caused by Salmonella Newport and
Salmonella Poona on cucumbers resulted in 275 and 907 illnesses, respectively (47). An
outbreak investigation revealed that the cucumbers were imported from Mexico and the possible
causes of contamination was poor wastewater management and equipment design of the flume
handling system area, and improper storage of packing materials (47). Additionally, Salmonella
Newport caused a multistate outbreak associated with onions resulting in 1127 illnesses in 2020.
Several studies have reported the contamination of fresh produce such as cantaloupe, lettuce,
tomatoes, watermelon, and sprouts with Salmonella spp. (44). In addition, fresh produce such as
tomatoes, hot peppers, lettuce, cucumbers, cantaloupes, papayas, and mangoes have been
implicated in Salmonella related outbreaks in the U.S., however the source of contamination was

not determined for most of these outbreaks.
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Salmonella can be transmitted to produce in the field via soil, manure, contaminated
irrigation water, and contact with wildlife (10, 48). Irrigation water has been considered an
important source of fruits and vegetable Salmonella contamination (10, 48). A number of studies
have implicated irrigation water as a source of Salmonella contamination in fruits and vegetables
(14, 18, 49). Some produce related outbreaks of Salmonella have confirmed irrigation water as a
source of contamination (12, 50). For example, in 2005, a multistate Salmonella Newport
outbreak associated with tomatoes occurred and the trackback investigation found the same
strains a pond used for irrigation (50). A multistate outbreak associated with peppers in 2008 was
caused by Salmonella Saintpaul and the contamination source was irrigation ponds (12). Also, a
study done in Georgia found that the PFGE pattern of some Salmonella strains isolated from
irrigation ponds were indistinguishable from many produce-related outbreak causing Salmonella

serotypes (51).

Table 2.4 Fresh produce associated Salmonella outbreaks in the U.S. between 2005- 2020

Produce Pathogen Number of cases and Year
(mortalities)

Wood ear Mushrooms Salmonella enterica (serotype 55 (0) 2020
Stainley)

Peaches Salmonella enterica (serotype 101 (0) 2020
Enteritidis

Onions Salmonella enterica (serotype 1127 (0) 2020
Newport

Cut fruit Salmonella enterica (serotype 165 (0) 2019
Javiana

Fresh papayas Salmonella enterica (serotype 81 (0) 2019
Uganda

Pre-cut melon Salmonella enterica (serotype 137 (0) 2019
Carrau

Pre-cut melon Salmonella enterica (serotype 77 (0) 2018
Adelaide)

Alfalfa and raw clover Salmonella spp. 506 (0) 2017

sprouts

Cucumbers Salmonella spp. 991 (6) 2017

Bean sprouts Salmonella spp. 115 (0) 2017

Mangoes Salmonella spp. 127 (0) 2017
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Papayas Salmonella spp. 106 (0) 2017

Cantaloupe Salmonella spp. 332 (3) 2017

Tomatoes Salmonella spp. 111 (0) 2017

Alfalfa sprouts Salmonella enterica (serotype 25 (0) 2016
Muenchen)

Imported cucumbers Salmonella enterica (serotype 907 (6) 2015
Poona)

Bean sprouts Salmonella enterica (serotype 115 (0) 2014
Enteritidis)

Imported cucumbers Salmonella enterica (serotype 84 (0) 2013
Saintpaul)

Mangoes Salmonella enterica (serotype 127 (0) 2012
Braenderup)

Cantaloupe Salmonella enterica (serotype 261 (3) 2011
Typhimurium and Newport)

Imported papayas Salmonella enterica (serotype 106 (0) 2011
Agona)

Alfalfa sprouts and spicy  Salmonella enterica (serotype 25 (0) 2011

sprouts Enteritidis)

Cantaloupe Salmonella enterica (serotype 20 (0) 2011
Panama)

Alfalfa sprout Salmonella spp. 140 (0) 2010

Raw alfalfa sprout Salmonella enterica (serotype 44 (0) 2010
Newport)

Raw alfalfa sprout Salmonella enterica (serotype 234 (0) 2009
Saintpaul)

Raw produce Salmonella enterica (serotype 565 (2) 2008
Saintpaul)

Jalapenos and serrano Salmonella spp. 1442 (2) 2017

peppers

Cantaloupes Salmonella enterica (serotype 183 (0) 2006
Typhimurium)

Tomatoes Salmonella spp. 459 (0) 2005

Source: (52)

As irrigation water is critical factor for production of fresh fruits and vegetables, presence
of Salmonella in irrigation water is a public health concern. Salmonella has been regularly
detected in surface water sources used for irrigation purposes in many parts of the U.S. (53-55).
More than half of the water used for irrigation in the U.S. is surface water, which includes water

from ponds, lakes, rivers, and streams (40). Several studies have found a very high occurrence of
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Salmonella in rivers. For example, one study found that Salmonella occurrence was up to 95%
during high flow (56). Additionally, Haley et al, (2009) found that 79.2% of river samples
contained Salmonella. Additionally, Salmonella has been detected in ponds used for fresh

produce irrigation (57, 58).

Generally, the natural habitat of Salmonella is the gastrointestinal tract of vertebrates
including humans, livestock, reptiles, birds, and wildlife (59, 60). Fecal contamination from
these animal sources can directly contaminate irrigation water. Furthermore, heavy rain events
that cause surface runoff or subsurface transport can carry contaminants from manure or feces

present on land to irrigation water sources (53).

In the environment, Salmonella can multiply over a broad range of temperatures (7-48° C)
and may survive across a broad range of pH (4.05-9.5) (61). Studies have shown that Salmonella
survives for less than 30 days in irrigation waters, including ponds and rivers (10). Multiple
environmental factors such as temperature, pH, salt, dissolved oxygen concentration, nutrient
availability, interaction with other microorganisms, and exposure to ultraviolet light radiation
impact the survival of Salmonella in water (40). Additionally, many studies have found that

Salmonella can survive longer when associated with biofilms (62).

According to research, Salmonella can be internalized into tomato plants via various routes
and may colonize and use the plant as an alternative host (40). Salmonella in irrigation water
have been shown to attach and enter plants though plant stomata as well as injured areas on the
plant surface (63). Salmonella have also been shown to persist in the phyllosphere of

greenhouse-grown parsley plants following irrigation with contaminated water (64).
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2.3 lrrigation Water

In the U.S., agriculture is a major user of ground and surface water, accounting for
approximately 80% of the nation’s total water use. Also, in the U.S., irrigation water accounts for
37% of all freshwater withdrawal but varies by region (65). In several western states where
relatively low precipitation occurs, more water is withdrawn (up to 85%) for agricultural use
(65). Irrigation is a process of water application to the soil during agricultural production, which
helps to maximize the yield of fresh produce. Farmers usually use irrigation during dry seasons
(66). Different water sources such as groundwater from well, surface water, drainage ponds, rain,
reclaimed water, and municipal water have been used for crop irrigation in the U.S. (67). In
Canada, groundwater and surface water are used for the irrigation of fresh produce (68). In

Mexico, surface water, groundwater, and reclaimed wastewater are used for irrigation.

2.3.1 Groundwater

Groundwater is one of the safest waters used for agricultural production. Groundwater
comes from aquifers beneath the earth’s surface. The aquifers help to protect water from drought
and make water always available for domestic and agricultural purposes (69). Groundwater
sources are less prone to contamination by microbial pathogens compared to surface water due to
the enclosed nature of the groundwater, hence are recommended to use for irrigation of farm
fresh-produce (69). Nevertheless, groundwater can become contaminated from various routes
such as landfills, industrial pollutants, sludge, and septic tank seepage. For example, a study
done in Argentina showed that urban solid waste disposal, horticulture activity, and sewage

disposal caused groundwater contamination (70). Another study conducted in Canada showed
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that concentration and frequency of detection of E. coli in well water were highest after manure

application in the field (71).

2.3.2 Surface Water

Surface waters include various freshwater sources, such as rivers, ponds, streams, lakes,
and creeks (18). United States agriculture used around 118 million gallons of irrigation water in
2015, with more than half withdrawn came from surface water sources (72). Surface water
bodies are the most frequently used water sources for irrigation purposes, yet they are most
vulnerable to contamination from various pathogens compared to other water sources (16).
Surface water bodies can become contaminated by urban, rural, and industrial pollutants
containing organic and inorganic material harboring pathogenic microorganisms of fecal origin,
which can be transferred to fresh produce, hence poses a threat to food safety and public health
(73). Various studies concluded that surface water became contaminated from sewage discharge,
storm drains, and industrial effluents disposal (18). In addition, environmental conditions such as
rainfall increase flooding and runoff events, which increase the transport of pathogens and other
organic material to the surface water bodies (74). The fluctuation in concentration and diversity
of human pathogens in surface water used for irrigation depends various factors such as seasonal
weather patterns and the landscape characteristics within the watershed (75). Various waterborne
pathogens have been detected from different surface water sources used for agricultural
production in the U.S. For example, Salmonella was detected in 79.2% of water samples
collected from the surface water in Georgia (53). In Canada, E. coli O157:H7 and Salmonella

have been detected from the canal and river water (76).
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Further, several foodborne outbreaks related to fresh produce were linked to
contaminated irrigation water. Examples of produce-related foodborne illness outbreaks

associated with contaminated irrigation water source are listed in Table 2.5.

Table 2.5 Foodborne illness outbreaks linked to contaminated water sources in the U.S.

Pathogen Water source  Associated produce  Number  Year
of
illnesses
E. coli O157: H7 Pond lettuce 40 1995
E. coli O157: H7 Stream lettuce 135 2005
E. coli O157: H7 Well Lettuce 80 2006
E. coli O157: H7 Pond Spinach 200 2006
Salmonella enterica Pond Tomato 510 2002
(serotype Newport)
Salmonella enterica Pond Tomato 72 2005
(serotype Newport)
Salmonella enterica Pond Serrano and jalapeno 1442 2008
(serotype Saintpaul) peppers
Salmonella enterica Irrigation water  Onion 1127 2020

(serotype Newport)
Source: (27, 77)

2.3.3 Treated Wastewater

In areas with water scarcity, reclaimed and other treated wastewaters have been used to
meet agricultural demands. In California about 894 million tons of reclaimed water was reused
in 2009, which was nearly four times than in 1970 (78). In the U.S., the quality of reclaimed
water has been determined to be comparable to other sources. Reclaimed water used on
agriculture is safe for humans and environments and its quality is often higher than surface water
which is exposed to varieties of contaminants (79). Reclaimed and other treated wastewaters
increase the availability of crop nutrients. However, if used without proper treatment, it can
contain pathogens and negatively impact the safety of fresh produce. For example, sewage water

irrigation was implicated as source of hepatitis A virus outbreaks of spring onions in
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Pennsylvania in 2003 and lettuce in 2004 in California (18). In addition, untreated sewage water
was a cause of pathogenic E. coli contamination in ready-to-eat salad composed of raw

vegetables in Mexico (80).

2.4 Survival of Pathogens in Irrigation Water

The survival of pathogens in irrigation water is a critical factor in considering the risk of
transmission to fresh produce. Pathogens can survive for an extended period of time in water and
are influenced by the surrounding environment (81). Several factors such as water pH, UV light
exposure, indigenous biota, pathogen type, water temperature, air temperature, pathogen load,
and nutrient availability affect the survival of pathogens in irrigation water (18, 82). Some of the

factors affecting the survival of the pathogens in irrigation water are discussed below.

Water pH is one of the factors affecting the survival of pathogens in irrigation water.
Several studies analyzed the effect of pH on pathogen survival. A study reported pH ranging
from 5.5 to 8 did not affect the survival of pathogenic E. coli in irrigation water. However, a very
low and very high pH substantially decreased the survival (83). A proton gradient generated by
lowering pH was used by E. coli to persist for longer period in the agueous environment (48).
Exposure to sunlight is another factor that may affect the survival of microorganisms in water. E.
coli and Salmonella Typhimurium decreased substantially under direct sunlight (84). Indigenous
biota can also play an important role in pathogen survival in water. For example, the increased
survival of Campylobacter was observed in the water containing amoeba and algae (48). In
addition, studies reported that amoeba can harbor Salmonella enterica and E. coli 0157 inside
the cell and support the survival of these pathogens (14). However, due to the presence of non-

pathogenic bacteria in water sources, competitive inhibition can occur (85).
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Another factor impacting survival rate is the type of microorganisms. Different pathogens and
indicator microorganisms have different survival rates in surface water. A study reported that
generic E. coli survived two times longer than E. coli O157: H7. Another study reported that E.
coli survived longer than Campylobacter jejuni and Streptococcus. Additionally, different
microorganisms respond differently to environmental factors. For example, E. coli has a greater
die-off rate and stress at water temperatures less than 10 C in comparison to Salmonella spp.
(85). Availability of nutrients is another factor affecting pathogen survival in irrigation water
(86). In a study done by Hutchison et al. (2005), an increase in survival of E. coli O157:H7 was
seen when manure was added to water (87). However, another study reported significant cell
survival of E. coli in a nutrient-deficit water environment (88). Further, due to the presence of

non-pathogenic bacteria in water sources, competitive inhibition can occur (85).
2.5 Risk Factors Affecting Microbiological Quality of Irrigation Water

Bacterial pathogens can survive and multiply in irrigation water. Recent studies have
shown that the concentration and occurrence of pathogens in irrigation water is influenced by
several factors such as the time of irrigation water application, the surrounding environment,
water source, and the method of irrigation. The likelihood of finding pathogens in water varies

by region, locality, and season (89).

There is a high risk of contamination to fresh produce if irrigation is conducted near to
harvesting season with contaminated water (36). However, a study by Islam et al. (2004)
reported that Salmonella spp., and E. coli O157: H7 persisted for more than five months in
lettuce and parsley plants. The seedling of lettuce and parsley were exposed to contaminated

irrigation water during the growing season and the pathogens persisted until harvesting (90).

20



Additionally, a study by Machado-Moreira et al. (2021) have shown that E. coli persisted for up

to 28 days after being introduced via irrigation water (91).

Time of the year is a potential risk factor contributing to irrigation water contamination.
The risk of finding pathogens in surface water increased during hot summer months. In summer

months, drought due to high temperature can concentrate pathogens in water (92).

Another factor contributing to contamination of irrigation water is the surrounding
environment. Potential sources of contamination near water sources include manure piles, septic
systems, animal farms and grazing cattle, wild animals and birds, proximity to residents,
proximity to the highway, sewage discharge, and industrial discharge (18). Pathogens from these
different sources get into water through direct deposition or surface runoff or subsurface

transport (93).

The microbiological quality of irrigation water from groundwater and surface water can
differ significantly. Typically, groundwater has good microbial water quality whereas, surface
water is more vulnerable to contamination (75). Therefore, surface water has been reported to

have a higher level of contamination in comparison to groundwater (16).

Method of irrigation water application can be a potential risk factor for produce
contamination. Several methods such as furrow, drip, and sprinkler have been used for irrigation
of produce. The sprinkler irrigation method possesses the highest risk of microbial contamination
to produce if irrigation water is contaminated, as the harvestable portion of the crop comes in
direct contact with the irrigated water (14). In conclusion several factors play role in irrigation
water contamination. In addition to eliminating the factors that cause irrigation water

contamination, it is necessary to ensure that irrigation water is safe so that contamination is kept
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to a minimum. Therefore, governmental agencies have established water use and reuse criteria

and guidelines for the irrigation of produce.

2.6 Food Safety Guidelines and Regulations

As foodborne illnesses and outbreaks attributed to fresh produce were rising in the 1990s,
the Food and Drug Administration (FDA) released the “Guide to Minimize Microbial Food
Safety Hazards for Fresh Fruits and Vegetables,” also known as Good Agricultural Practices
(GAPs) in 1998 (94). In the GAPs guidance, water was considered a significant contamination
source. These guidelines addressed the appropriate use of pre-harvest and post-harvest produce
production steps to control microbial contamination of fresh produce. This guidance also
highlighted safe water usage for agricultural production and processing (95). The most recent
rule on produce safety is the Produce Safety Rule (PSR). FDA published the PSR under Food
Safety Modernization Act (FSMA) in 2015, which describes standards for safe production,

harvesting, packaging, and holding of fruits and vegetables for human consumption (96).

2.6.1 FSMA Produce Safety Rule (PSR)

The PSR is a science-based rule that provides standards on factors impacting produce
safety. These factors include worker training, health and hygiene, agricultural water quality,
biological soil amendments, the presence of domesticated and wild animals, equipment, tools,
and buildings (97). The PSR is applicable to produce that is consumed raw (raw agricultural
commaodities) without any processing (e.g., cooking) that could reduce microbial pathogens of
public health importance (96). Some fresh produce that is produced in the food packaging
facility, for example, fresh-cut operations, is regulated by the FDA Preventive Controls

regulation (98).
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These regulations are applied to produce production and packaging facilities. However,
some operation facilities are exempt. Facilities that grow produce for personal or on-farm
consumption, that is not a raw agricultural commodity such as processed food, destined for
commercial processing where there is a kill step, and that is rarely consumed raw such as black
beans, asparagus, garden beets, chickpeas, eggplants, figs, etc. are exempt from these regulations

(96).

The PSR was made available publicly on November 13, 2015, and published in the
federal register on November 27, 2015. The rule came into effect on January 26, 2016. This rule
emphasizes safety practices in multiple stages of handling and produce production chain

including agricultural water use for the produce production (96).

2.6.2 FSMA Requirement for Agricultural Water

According to PSR, “agricultural water means water used in covered activities on covered
produce where water is intended to, or is likely to, contact covered produce or food contact
surfaces, including water used in growing activities (including irrigation water applied using
direct water application methods, water used for preparing crop sprays, and water used for
growing sprouts) and in harvesting, packing, and holding activities (including water used for
washing or cooling harvested produce and water used for preventing dehydration of covered
produce).” (96).

The PSR only covers microbiological hazards, so the water requirements only include
microbiological testing. Two different criteria are in use to test the water used during growing
activities and for water used during and after harvest. Both categories require testing for the

generic E. coli, which is an indicator of fecal contamination.
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In the first criterion, “no detectable generic E. coli are allowed for certain agricultural
water in which it is reasonably likely that potentially dangerous microbes, if present, would be
transferred to produce through direct or indirect contact” (96). For example, water that a) is used
for handwashing during or after harvest, b) contacts food contact surfaces, c) directly contacts
produce (such as making ice) during or after harvest, and d) is used for sprout irrigation. The rule
says that if generic E. coli is detected, corrective action should be taken. The corrective measures
according to FSMA are: (1) Re-inspect agricultural water system and take corrective actions to
address contamination sources and other issues, (2) Treat the water, being sure that any
antimicrobials pesticides (e.g., sanitizers, disinfectants) are being used according to label, and (3)
Allow time interval to die off before harvest or log reduction during other steps. According to the

law, the use of untreated surface water is prohibited for any of these uses (96).

The second criterion is for agricultural water that is directly used for the growing produce
(other than sprouts). The rule stipulates that the geometric mean (GM) of sampled irrigation
water should be less than 126 colony forming units (CFU) of generic E. coli per 100 mL of water
and the STV (statistical threshold value) of samples should be 410 CFU or less of generic E.
coli in 100 mL of water (96).The GM and STV value are used to evaluate microbial quality of
agricultural water, determine compliance, and determine the suitable use of water for crop
production. According to FDA “The GM is an average, and therefore represents what is called
the central tendency of the water quality (essentially, the average amount of generic E. coli in a
water source)”. STV is the value of variability of E. coli in the water samples tested. The STV

standard should be lower than 410 cells/100 mL of water samples for 90% of test results (96).

If any of these criteria have not been met, corrective actions are required within the

following year. The farmer may choose to allow “time for potentially dangerous microbes to die
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off on the field by using a certain time interval between last irrigation and harvest” (within four
consecutive days), or he/she can remove harmful microbes during commercial activities through

washing the produce with treated water or treating the irrigation water itself (96).

The final rule adopts the approach to test untreated water used for certain agricultural
uses, and it bases testing frequency on the type of water source (i.e., surface or groundwater).
Surface water is considered as most vulnerable to external influences that can contribute to
pathogenic microorganisms. Therefore, FDA requires farms to evaluate the microbial water
quality prior to harvest season. The final rule requires collecting 20 irrigation water samples
prior to harvest season over 2 to 4 years to determine whether it meets microbial water quality

standards. After the initial survey, farms need to test an additional five samples each year.

PSR requires fresh produce growers to develop a microbial water quality profile
(MWQP) for each water source used on the farm through testing and reporting generic E. coli
concentrations per 100 mL of water. The current water sampling criteria for MWQP are in

Table 2.6.

Table 2.6 Water testing frequency for different water source to determine MWQP

Source Testing requirement
Public water supply Copy of test results or current certificates of compliance
Groundwater 4 or more times during the growing season or over the

period of a year 1 or more samples rolled into profile
every year after the initial year

Surface Water 20 or more times over a period of 2 to 4 years; 5 or more
samples rolled into profile every year after an initial
survey

For untreated groundwater that is directly applied to growing produce (other than sprout),

FDA requires farms to test a minimum of four samples during the year and which must be
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collected close to harvest. The GM and STV for generic E. coli are calculated to determine if the

water quality criteria have been met.

There is no requirement to test agricultural water directly received from a public water

supplier if the water is treated in compliance with the rule’s treatment requirement (96).

2.7 lrrigation Water Treatment

Water treatment is a process to improve the quality, microbiological or chemical, for
potable, agricultural or other uses (99). The Environmental Protection Agency requires surface
water testing under the Surface Water Treatment Rule for drinking water (100). However, for
irrigation purposes, farmers can continue using surface water without treating it if the
agricultural water has met the criteria set by FSMA PSR (96). As described previously, the FDA
also provides farmers guidance on the testing and use of irrigation water. If the water used for
agricultural purposes does not meet FDA standards, farmers can treat irrigation water through
physical or chemical treatment methods (96). Several methods are available for the treatment of
irrigation water including, removal of suspended material through sedimentation and

coagulation, filtration as well as water disinfection including chlorine, UV light, and ozone.

2.7.1 Removal of Suspended Material Through Sedimentation and Coagulation

Water turbidity occurs due to the mixing of suspended particles and debris, such as clay,
silt, organic matter, or sand in water. Microorganisms can attach to the surface of suspended
particulates and survive for a longer period than when not associated with particulates (101).
Suspended particulates can be removed through sedimentation, flocculation, and coagulation
(102). Sedimentation through gravity is an effective process to remove suspended particles.

Coagulation is the process of destabilizing the particulate suspension in water by adding

26



chemicals such as alum or ferric, causing particulates to bind together. The flocculated

particulates fall out of the water column by gravity (sedimentation) (103).

2.7.2 Filtration

Filtration physically removes particulate matter and dissolved solids from the water.
Although filtration can remove most of the microorganisms present in water, particulates that are
smaller than the pore of the filter are not removed and pass through the filter. Therefore, the right
filter size is necessary to remove specific microorganisms. For example, microfiltration and

ultrafiltration membrane with 0.01 um can remove sediment and bacteria but not viruses (104).

2.7.3 Ultraviolet Radiation (UV) Treatment

UV light has been used successfully to kill and inactivate human pathogenic
microorganisms in drinking water. UV light treatments are effective for treated drinking water
since it has low turbidity and a low microbial load (105). In the past, UV light was considered
unsuitable for the treatment of surface water due to its high turbidity level which blocked UV
light from reaching microorganisms. However, recently a new UV light technology has been
introduced which can reduce microorganisms, including Salmonella and E. coli by at least 99.9%
in surface water (106). UV radiation is harmful to most microorganisms including bacteria, virus,

and protozoa. UV radiation directly disrupts microbial deoxyribonucleic acid (DNA) (107).

2.7.4 Chlorination

Chlorination is one of the most widely used disinfection methods due to its cost-
effectiveness (108). Chlorine, a strong oxidizer, significantly reduces a wide range of pathogens
in water (109). Chlorine Kills bacterial pathogens by damaging cell membranes and other cell

structures, including DNA. Chlorine is broken down into hypochlorous acid (HOCI) and
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hypochlorite ions (OCI-) and during water treatment. These are the major disinfecting

compounds in chlorination (110).

2.7.5 Ozone

Ozone is an effective option to treat irrigation water. In ozone treatment, an electrical arc
is used to produce the ozone from bottled or atmospheric oxygen. The ozone gas is then bubbled
through water. Ozone inactivates microorganisms by disrupting cell membranes through

oxidation of integral membrane proteins and lipids (111, 112).

2.8 Biological Indicators of Water Quality

Waters used for irrigation purposes are monitored less frequently than drinking or
recreational water. Even when irrigation water is monitored, only indicator organisms are
measured rather than pathogens (14). Water testing for the presence of pathogens is complex
requiring specialized expertise and equipment, takes longer to obtain results and is therefore
costly. Because of these challenges, microbial indicators have been used as an estimate of

irrigation water quality and safety (14).

Indicator microorganisms are used to indicate the possible presence of waterborne
pathogens. Fecal indicator microorganisms indicate fecal contamination and not necessarily the
occurrence or concentration of any specific pathogen (14). By definition, indicator
microorganisms are non-pathogenic, indicate the presence of fecal contamination, present in
water contaminated with pathogens, can be detected in low concentrations, present in higher
concentrations than pathogens, and have similar survival times as pathogenic microorganisms

(113). Many indicator microorganisms have been used, the most common being, fecal coliforms,
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total coliforms, fecal enterococci and streptococci, and bacteriophages. However, total coliforms,
fecal coliforms, and E. coli are the most common indicators used to assess the microbial water
quality of irrigation water (10). In addition, according to FSMA PSR, the FDA requires

monitoring irrigation waters for generic E. coli rather than actual pathogens (96).

2.8.1 Total Coliforms

Total coliforms are a group of bacteria that are commonly present in the environment
including soil, water, and human and animal waste (114). The total coliform group are the oldest
and most frequently used indicator organisms used to evaluate the microbiological quality of
water. However, the presence of total coliforms does not necessarily indicate the presence of
fecal contamination since they have a wide range of habitats (115). Therefore, a positive total

coliform test is not an adequate indicator for fecal contamination. (114).

Total coliforms are a group of bacteria that include Citrobacter, Enterobacter,
Escherichia, Klebsiella, Serratia, and Hafnia. These bacteria ferment lactose with gas and acid at
35° C. They are gram-negative, non-spore-forming, oxidase-negative, rod-shaped, and

facultative anaerobic bacteria (115).

2.8.2 Fecal Coliforms and Generic E. coli

Fecal coliforms (FC) include most E. coli strains which can grow and ferment lactose at
elevated temperatures (44.5° C for 24-48 hours) (116). Fecal coliforms inhabit the
gastrointestinal tract of warm-blooded animals and are excreted in the feces of warm-blooded
animals. Although these organisms are used as indicators of fecal contamination, the presence of
the FC bacteria in the water is not necessarily an indicator of the presence of pathogenic

microorganisms.
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Several studies demonstrated that fecal coliforms predict the presence of pathogens in
irrigation water and other aquatic bodies. For example, a positive association between fecal
coliform and the presence of Salmonella was reported in some studies (117-120). In addition,
Wilkes et al. (2009) found that fecal coliform most appropriately predicted the presence of
Salmonella in Canadian watershed used for agricultural purpose (121). Further, FC bacteria can
be affected by physical and chemical parameters. For example, water turbidity and the
concentration of phosphate, nitrate, and chloride have been positively correlated with the
presence of fecal coliform in water used for produce irrigation (122). Chigbu et al. (2005) found
that the concentration of fecal coliforms was positively correlated with temperature (123). In
addition, the concentration of fecal coliform bacteria was correlated positively with the

concentration of E. coli (70).

The most common member of the fecal coliform group is E. coli. E.coli has been used
most commonly as a fecal contamination indicator because it meets most of the criteria of a good
water quality indicator (116). Most E. coli are non-pathogenic and are part of natural and
commensal inhabitant of gut. Only a small portion of E. coli are pathogenic (124). E. coli is a
member of the coliform group and is almost exclusively associated with feces, in comparison to
other coliform members (124). E. coli can be detected easily by several relatively inexpensive,
fast, sensitive, specific, and easy detection methods (125). Additionally, survival rate of E. coli is
similar to many fecal bacterial pathogens (126). Although E. coli are the most commonly used
indicator organisms, several recent studies in different parts of the U.S. and other countries
highlighted the varying reliability of generic E. coli as an indicator of fecal contamination in
freshwater sources. For example, several studies found that the E. coli is the good indicator of

presence of pathogens (127, 128). Yet, other studies did not find any association between the
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level of E. coli and the presence of pathogens in irrigation water or crops irrigated with water

(15, 129-131).
2.9 Physical and Chemical Indicators of Water Quality

In addition to biological indicators, physical and chemical indicators are used to access
water quality. Physical and chemical indicators include pH, temperature, turbidity, and,
precipitation (132). Association analysis between the presence of pathogens such as pathogenic
E. coli and Salmonella and physicochemical parameters such as temperature and rainfall were
performed in several studies to determine the usefulness of these indicators to reliably indicate
pathogen presence. Some studies found a negative relationship between the presence of
pathogens and physicochemical indicators (133, 134). However, some other studies reported a
positive relationship between pathogens and physicochemical indicators (135, 136). By using a
physiochemical parameter to monitor water quality, nearly instantaneous results can be obtained

(130). Some physicochemical indicators analyzed in this thesis are discussed below:

291 pH

The pH is one of the most commonly used chemical indicator to determine the water
quality (137). pH is an expression of hydrogen ion concentration in water. The pH is used to
measure of alkalinity or acidity that can affect biological or chemical processes in water (138).
pH is measured on a scale of 0-14, of which reading between 0-6 is considered as acidic and
reading between 9-14 is considered basic. Most of the natural organisms in water prefer a neutral

pH within the range of 6.5-8.5. However, a change in the pH in water bodies can be an indication
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of contamination (139). Several factors such as acid rain and pollution sources can impact the pH

value.

2.9.2 Temperature

Temperature is another parameter used to access the condition of the water body.
Temperature affects other indicators of water quality such as dissolve oxygen (DO) level and the
level of indicator organisms (139). Aquatic organisms mostly prefer a narrow temperature range,
and they die when the water temperature becomes too high or too low (140). Some studies found
a positive association between the presence of pathogens and the temperature of water (53, 141),

however, some other studies found a negative association (134, 135).

2.9.3 Precipitation Events

Precipitation can decrease the concentration of microorganisms in water because of
dilution. However, it also can increase the bacterial population through surface runoff and
resuspension of sediment that may harbor a bacteria and other microorganisms (77). Runoff
caused by rain events carries microorganisms from the surrounding environment to the water
body. Several previous studies have concluded that precipitation events can influence the
microbiological quality of water. For example, after a rain event, natural waterways can flood
leading to transmission of pathogens into agricultural fields (142). Several studies have
suggested the positive association between the presence of pathogens and the rainfall event (53,

82, 133), however, some other studies reported no significant association (134, 141).

2.9.4 Turbidity

Turbidity is a measure of the clarity of a water body. It is a measurement of suspended particles

in water. Turbidity is measured in nephelometric turbidity units (NTU). High turbidity in the

32



water bodies is caused by soil erosion, wastewater discharge, urban runoff, and farming (139).
Turbidity is a useful tool to access the water quality because the turbidity level can be associated
with the level of contamination. High turbidity of water can provide a place for attachment of

contaminants such as heavy metals and pathogens (143).

2.10 Fresh Fruit and Vegetable Production and Consumption

Increased consumption of fruits and vegetables is directly related to health benefits such as
a decrease in the risk of cardiovascular disease and a decrease in all-cause overall mortality
(144). In the U.S., an estimated 67.3% of adults aged above 20 years consumed some kind of
fruits each day, and an estimated 95% consumed some kind of vegetables every day from 2015
to 2018 (145). According to a report by the Census of Agriculture, US vegetable sales in 2017
were 19.6 billion, which is 5% of total agricultural sales. Total vegetable sales were increased by
$2.7 billion since 2012. In 2017, however, the acreage of vegetable production was 4.4 million
acres, which is 0.1 million less than in 2012 (146). California is the leading state producing
vegetables which accounted for 42% of US vegetable sales. Other top states producing fresh
vegetables following California are Washington, Arizona, Florida, Wisconsin, Idaho, North
Carolina, and Minnesota (147). In addition, California is also the leading fruit production state
that, on average, produces 51% of total fruit production in the U.S (148). Other top producers of
fruit are, Florida followed by Washington, Michigan, Oregon, New York, Texas, and
Pennsylvania (148). California was the top state producing fresh and processed vegetables in

2020 (
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Figure 2.2).

Top 10 U.S. states based on production of principal fresh and processing market
vegetables in 2020 (in 1,000 cwt)*

California 435 922
Washington 393299
Arizona 318135
Florida 30797.5
Wiscensin 227237
North Carolina 21 506.5
Georgia 17 909.4
Minnesota 17 310.5
New York 13 761
Texas 12841.7
0 50 000 100 000 150 000 200000 250000 300 000 350000 400000 450000 500..
Production in thousand cwt
Sources Additional Information:
US Department of Agriculture; Economic Research  United States; US Department of Agriculture; Economic Research Service; 2020

Figure 2.2 Top 10 U.S. states based on production of principal fresh and processing market vegetables in

2020 (in 1,000 cwt).
Source: https://www.statista.com/statistics/192727/top-10-us-states-by-production-of-fresh-market-

vegetables
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Figure 2.3 Value of the US import of horticulture product in fiscal year 2019

Source: https://www.ers.usda.gov/amber-waves/2020/september/us-fruit-imports-grew-
by-89-billion-over-the-last-decade-to-meet-rising-demand/

The consumption of fresh produce in the U.S. has exceeded domestic production for
many years. Increased fresh produce consumption is the primary reason for the importation of
fresh produce in the U.S. In 2019, 24% of fresh produce was imported among total horticulture.
The total fresh fruits and vegetable imports were increased in comparison to previous years
(Figure 2.3). In the same year, the value of imported fresh fruits was 14 billion, and fresh
vegetables were $9 billion. Some reasons for rising imports of fruits and vegetables in the U.S.
are, higher U.S. income that supports the year-round demand for fresh produce, a free trade
agreement with countries exporting goods to the U.S., limited production of fruits and vegetables
in the U.S., and off-season supplies (149). Mexico is the largest supplier of agricultural goods to
the U.S. Mexico accounts for more than half of total fresh fruits and vegetable imports in the

U.S. The top agricultural commaodities from Mexico are fresh fruits (6.9 billion), followed by
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fresh vegetable commodities (6.3 billion). The most valuable fresh vegetables imported from
Mexico are tomatoes, followed by bell peppers, squash, cucumber, and onions (149).
Additionally, Canada is the 2nd leading country of the U.S. import of agricultural goods. The
agricultural goods imported from Canada totaled 24 billion, of which fresh vegetables were 1.6
billion (149). The top fruits exported from Canada to the U.S. are cranberries, apples, cherries,
and grapes. And the top vegetables exported to the U.S. are potatoes, tomatoes, peppers,

cucumbers, carrots, cabbages, and onions (150).

2.10.1 Guidelines for Imported Produce in the U. S.

A large portion of fresh produce consumed in the U.S. is imported from foreign countries
(151). FDA has implemented a safety guideline for foods imported into the U.S. Under the U.S.
Federal Food, Drug, and Cosmetic Act, importers of food products intended for introduction to
the U.S. are required to ensure that the food products are safe and labeled according to U.S.
requirements. If the foreign facilities that produce, store, or handled the products are registered
with FDA, importers can import food into the U.S. without restriction by FDA. However, prior
notice of shipment is mandatory. The importer can perform risk-based foreign supplier
verification activities to verify if the food is produced by following standards for the safe
production and harvesting of certain fruits and vegetables that are raw agricultural commodities

(96).
2.11 Systematic Review and Meta-analysis

The Cochrane Collaboration was the first organization to conduct a systematic review. Its
primary focus is on the effectiveness of interventions or therapies, with a strong emphasis on

synthesizing evidence from randomized controlled trials (RCTs) (152). A systematic review is a
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process of converting a large body of information to easy to understand format, which can
answer gquestions about what is important in a relevant topic (153). In addition, a systematic
review is used in areas to identify where little or no relevant research has been done, and
appropriate novel studies are needed. Also, a single study may produce significant results even
though the intervention is ineffective, whereas multiple studies may produce a range of estimates
of the impacts of an intervention. Thus, systematic reviews are needed to uncover overall
findings rather than focusing on a single study. Moreover, when contradictory findings among
studies arise, and we don’t know which one to believe, a systematic review may help to
determine reasons for the differences (153). The systematic review procedure can provide more
reliable findings from which conclusions and recommendations can be made to ease the
decision-making process (152). Through a systematic review, research gaps, deficiencies, and
trends in current findings are discovered, and the information is also used to suggest future

research in the study area (154).

According to Aromataris and Alan (2014), the systematic review’ characteristics are well

defined and internationally accepted (155). The defining features of systematic review are,

e Clearly defined research questions and clearly articulated objectives

e Predefined inclusion and exclusion criteria that determine the studies eligibility

e A comprehensive search strategy to identify relevant studies

e Appraisal of studies quality, assessment of the validity of their results, and

reporting of any exclusions based on quality

e Analysis of data extracted from the included research
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e Synthesis of finding and presentation
e Transparent reporting of methodology used to conduct the review

Although there have been many systematic reviews conducted in human health sectors,
very few systematic reviews were available in the food safety-related field (156). Some food
safety-related systematic reviews have focused on the presence of pathogens in the food itself
rather than contributing factors for the presence of pathogens in food (157-160). The risk factors
for microbial contamination at the preharvest level were studied by Park et al. (2012), but the in
depth information on the natural contamination range of pathogens and whether different factors
affect occurrence was not available (161). Additionally, a comprehensive review, not a
systematic review, on factors impacting the occurrence of pathogens in agricultural water was

conducted, although this study focused on a single region in the U.S. (162).
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Chapter 3- Methodology

3.1 Ildentification of the Research Problem

Through a systematic review and meta-analysis, a large body of research is collected and
synthesized to address new comprehensive research questions that cannot be addressed through a
single focused study. The previously identified methodology by Popay et al. (2006) to conduct a
systematic review was followed in this study. These steps are (1) define the research problem(s)
and question(s); (2) define search terms; (3) conduct a literature search; (4) screen the study and
assess if they meet inclusion criteria; (5) assess the quality of included studies; (6) synthesize the
findings; and (7) disseminate the outcome(s) of the review (1). A summary of the systematic

review process used in this thesis is presented in Figure 3.1.

The first step in a systematic review is to identify comprehensive research question(s)
with the potential to be answered using data from multiple studies. The main questions initially

identified for investigation in this study were:

1) What is the occurrence of foodborne pathogens in irrigation waters used to grow fresh
produce in the U.S., Mexico, and Canada?; 2) Is there an effect of water source type, season, and
land use on the occurrence of foodborne pathogens in irrigation water sources? and 3) Is there is
an association between the occurrence of foodborne pathogens with water quality indicators in
irrigation waters used to grow fresh produce in the U.S., Mexico, and Canada? After collecting
literature to answer these questions, more focused questions emerged based on the available data
in the peer-reviewed literature: 1) What is the occurrence of Salmonella in irrigation water used
for fresh produce production in the U.S., Mexico, and Canada?; 2) Is there an effect of climate

regions, water source type, season, and land use on the occurrence of Salmonella in irrigation
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water sources?; 3) Is there one or a combination of biological, physical, or chemical indicators
that can be used to predict the occurrence of Salmonella in irrigation water used for fresh
produce production in the U.S., Mexico, and Canada?; and 4) Is there any difference in the

occurrence of Salmonella in flowing and non-flowing surface water?

Identify the research
problem(s)

7

N

Identify inclusion and
exclusion criteria

7

[ Identify search terms ]

A

[ Conduct a literature search ]

7

N

Screen articles by applying inclusion and
exclusion criteria to identify studies to
include in the review

- 7

[ Extract data and appraise study quality ]

-

[ Synthesize findings and ]

meta-analysis

w7

Disseminate findings

Figure 3.1 A summary of the systematic review process
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3.2 Systematic Review Criteria Used to Include or Exclude Studies

The following criteria were used to determine whether a study will remain in the final

inclusion list.

3.2.1 Type of Publications

Articles included in this systematic review were primary research articles that were peer-
reviewed. Other types of publications than peer-reviewed primary research articles such as

review articles, conference papers, book chapters, editorials, and newspapers were excluded.

3.2.2 Type of Organisms

Initial search criteria included waterborne pathogens such as Escherichia coli,
Salmonella, Listeria monocytogenes, enteric viruses (e.g., noroviruses, Hepatitis A virus,
enteroviruses), Giardia, Cyclospora cayetanensis, and Cryptosporidium parvum. However,
because Salmonella is the leading bacterial cause of produce-related foodborne illnesses in the
U.S. and a greater number of publications were available, publications that contain information
on Salmonella were selected for further data extraction and analysis in this systematic review.

Pathogens not listed in the inclusion criteria were excluded.

3.2.3 Type of Irrigation Water

Untreated irrigation water (surface water and groundwater) used for fresh produce field
production were included. Irrigation water used to irrigate recreational areas, irrigation water that
was treated (e.g., chlorination, filtration) prior to application, and crops not traditionally eaten

raw were excluded.

53



3.2.4 Countries

Studies that were conducted in the U.S., Mexico, and Canada, which grow most of the
fresh produce consumed in the U.S. were included in this review. Studies conducted in countries

other than these three countries were excluded from this review.

3.2.5 Language

Publications that were published in either English or Spanish or French were eligible to

be included in the review. Studies published in other languages were excluded.

3.2.6 Date of Publication

No restriction was applied for the date of publication while searching. The search was

conducted in January 2020 and updated in December 2020 to include recently published studies.

3.2.7 Availability of Full Text

If the full text of an article was not available for included studies based on title and

abstract screening, it was excluded.
3.3 Search Strategy to Identify of Relevant Studies
3.3.1 Literature Search

A thorough search of the peer-reviewed literature was carried out by using a combination
of keywords related to waterborne pathogens, irrigation water, and fresh produce. Search terms
were chosen based on the research questions in this systematic review. The search terms are

listed in Table 3.1.
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3.3.2 Electronic Databases

The following electronic Kansas State University library databases were searched: The
Agricultural and Environmental database, CABI: CAB Abstracts® and Global Health, Web of
Science Core Collection, Scopus, PubMed, and FSTA® - the Food Science Resource to identify

relevant publications.

3.3.3 Manual Search

Reference lists of included studies were also examined for relevant studies not identified through

the electronic database search.

Table 3.1 Search terms used to identify relevant articles

Category  Search term

Pathogen  Pathogen, human pathogen, Escherichia coli, E. coli,
Salmonella, Listeria monocytogenes, hepatitis A virus,
norovirus, enteric virus, protozoan parasite, Giardia,
Cyclospora cayetanensis, and Cryptosporidium parvum

Water irrigation, and irrigation water

Produce produce, fresh produce, fruit, vegetable, lettuce, tomato,
onion, basil, cilantro, spinach, berries, carrot, cucumber,
cantaloupe, broccoli, celery, grapes, and herb

Country USA, United States of America, United States, Canada, and
Mexico

3.4 Literature Documenting

All articles that were included and excluded were catalogued and organized using the

reference management program EndNote X9.2 (Clarivate Analytics (US) LLC).

3.5 Screening and Selecting Studies
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Duplicate articles were identified by Endnote but were removed manually from the
EndNote library. All abstracts and titles were initially screened using the inclusion/exclusion
criteria. Through this initial screening, unless one of the exclusion criteria were evident, full-text
screening was conducted. Screening of the full text was necessary to confirm articles that met the
inclusion criteria and therefore, were to be included in this systematic review. An Excel
spreadsheet was used to document which publications were included or excluded and why they
were included or excluded. A primary reviewer (Yashoda Subedi), and a secondary reviewer
(Jeanette Thurston) were involved in the process of studies screening and selection. A tentative
inclusion spreadsheet was developed and later discussed between the two reviewers. Consensus
between the two reviewers was reached regarding which publications to include or exclude in
this systematic review. Any other resulting discrepancies identified during the analysis were
discussed between the two reviewers in order to reach a consensus decision (e.g., whether or not
to combine some similar water source types and whether or not to combine climate regions in the

U.S., Canada and Mexico).

Two articles written in Spanish were translated to the English by using a freely available

google translator (Google, Inc., Mountain View, CA) before reviewing the full text.
3.6 Quality Assessment of Included Studies

Only peer-reviewed publications were included for final data extraction and analysis.
Methods used for the detection of pathogens and the indicator bacteria were evaluated in detail to
assess the quality of included studies. For example, the sample collection procedure is needed to
represent a sample from a surface or groundwater source without accidental contamination that

could occur during collection. Samples should be collected in a sterile collection bottle or bag. A
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study that did not report careful water collection would be excluded from this systematic review.
Only studies that included pathogen detection by valid cultural or molecular (i.e., PCR) methods

were included in this study.
3.7 Data Extraction and Management

A data extraction form was designed and employed to systematically extract relevant
information from all included studies. Data were extracted from each included study by the
primary reviewer and a secondary reviewer checked for data errors including the type of
irrigation water sources, number of samples analyzed, occurrence of pathogens, and number of
water sources. Any discrepancies were documented and reconciled through discussion. For
included studies, information including, the country and climate region, water source, sample
size, number of positive samples, concentration of generic E. coli, specific location of sample
collection, date of sample collection, physiochemical indicators (temperature, pH, and
precipitation), landscape used, and method used to detect Salmonella spp. were extracted and
entered into a data extraction form developed in the Microsoft Excel (Microsoft Corp, Redmond,
WA). Each article was denoted by unique article ID in order to easily identify the article during

data analysis.

3.7.1 ldentifying Climatic Regions

To understand whether there are regional climatic effects on Salmonella occurrence, six
climatic regions, identified by the National Centers for Environmental Information (NOAA),
were included (Table 3.2). To determine regions in Canada and Mexico, monthly average
temperature data of 2020 were collected for the study sites and for nearby U.S. climate regions.

Temperatures between Canadian and Mexican study sites and nearby NOAA climatic regions
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were compared by using a t-test. If the difference between temperatures was not significant, data
from these studies were included in the analysis of the identified NOAA climate region

(Appendix A. 15).

Table 3.2 Designations of climatic regions used to categorize studies analyzed in this
systematic review

Climatic regions Place Country
Southeast Georgia, Florida, Virginia u.S.
South Texas, Mississippi uU.s.
West California u.s.
West Colima and Sinaloa Mexico
Northeast Maryland, Pennsylvania, New York, u.S.
Delaware, New Jersey, Mid-Atlantic region

Northwest BC Canada
West North Central Qu’Appelle Canada

3.7.2 Missing Data

When a study did not provide specific information about the study’s methods or findings,
the author (typically the lead author) of the study was contacted by email to request the missing
information. If a response was not obtained, follow-up emails were sent. If no response was
obtained from the author after a follow-up email, the observation(s) was excluded from further

analysis in this systematic review.
3.8 Data Synthesis and Analysis
3.8.1 Frequency Distributions

Frequency distributions were used to describe the characteristics of eligible publications,

diversity of water sources, occurrence of Salmonella, and biological and physicochemical
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indicators among all of the included studies. Descriptive statistics were performed using

Microsoft Excel version 13 (Microsoft Corp, Redmond, WA).

To determine the frequency of data for surface and groundwater, Salmonella occurrence
data were categorized for groundwater and surface water sources. The surface water category
includes irrigation water from ponds, rivers, creeks, ditches, reservoirs, streams, irrigation
channels/canals, and basins. Further, surface water was categorized into non-flowing (pond,
reservoir, ditches, and basin) and flowing water (stream, creek, river, and irrigational channel)
types. The minimum, maximum, and median values of Salmonella occurrence for groundwater
and surface water sources were calculated using Microsoft Excel and compared across water
sources, climate regions, and countries. To compare the occurrence of Salmonella, researchers
identified the water sources with the highest or lowest occurrence in a specific country or climate

region.

To determine if there is a seasonal effect to the occurrence of Salmonella, occurrence
data were categorized into four seasons. The four seasons include summer (June, July, and
August), fall (September, October, and November), winter (December, January, and February),
and spring (March, April, and May). The minimum and maximum values of Salmonella
occurrence for each season were calculated using Microsoft Excel and compared using highest

and lowest Salmonella occurrence across water sources and seasons.

The observations containing data on irrigation lines, irrigation water after treatment (e.g.,
after filtration or chlorination) were excluded when calculating ranges and median value of

the occurrence of Salmonella and concentration of generic E. coli in this systematic review.
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Data collected from irrigation channels and irrigation canals were placed in a single
category during analysis because both categories represent similar source of water. In several
publications, water samples were taken from more than one water source and have been

categorized as “mixed water sources” in this study.

Frequency distribution for the concentration of generic E. coli was performed using
Microsoft Excel. The minimum, and maximum concentration values of generic E. coli were
calculated and compared across water sources and countries. In addition, all water sources that
had a higher concentration of generic E. coli than the regulatory threshold (2.1 logs CFU/100ml)

set by FSMA PSR were categorized and compared across water sources and countries.

Data on association analysis between the occurrence of Salmonella and the concentration
of generic E. coli, water and air temperature, pH, and precipitation were summarized in the data
extraction spreadsheet. The data synthesis of water temperature, air temperature, pH, and
precipitation were not conducted because of insufficient data. However, the results from
association analysis in included studies (when available) were summarized in the excel
spreadsheet. The association was presented as either positive or negative or no significant
association with coefficient (when present). The association between Salmonella and one of the

indicators was compared across water sources and countries.

3.8.2 Statistical Analysis for Determining the Effect of Climate on Salmonella Occurrence

To determine whether regional climate affects the occurrence of Salmonella, occurrence
data from six climatic regions were used. A generalized linear mixed model was fitted to the
response number of positive samples of Salmonella out of number of samples of surface water or

groundwater collected, assuming a binomial distribution and the canonical logit link function.
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The model was fitted using the GLIMMIX procedure of SAS (Version 9.4, SAS Institute, Cary,
NC). The linear predictor included the fixed effects of water source nested within climate region
and the random blocking effect of article ID. This model specification directly reflects the data
collection process. Overdispersion was evaluated using the maximume-likelihood based fit
statistic Pearson Chi-Square/DF. No evidence for overdispersion was apparent. The final
statistical model used for inference was estimated using a Laplace approximation to the data
likelihood. Estimated least square mean probability (i.e., estimated occurrence) of Salmonella
presence and corresponding standard errors and confidence intervals were determined. Pairwise
comparisons between combinations of water source and climate region were adjusted using

Tukey-Kramer’s procedure to prevent inflation of Type I error.
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Chapter 4. Results

4.1 Literature Review Search

The initial peer-reviewed publication search employing the search criteria yielded a total
of 6248 citations from the following Kansas State University Library databases: Agricultural and
environmental database (n=1362), CABI: CAB Abstracts® and Global Health (n=1611),
FSTA® - the food science resource (n=81), PubMed (n=571), Scopus (n=1976), Web of Science
(n=645), and by a manual search (n=2). No additional publications were found by searching the
reference lists of included articles. No additional relevant publications were found when
searching later in December on Kansas State library databases. After removing duplicate
references, 5025 publications were retained for further screening. After screening titles and
abstracts, 4914 articles were excluded because they did not meet inclusion criteria resulting in
111 potentially relevant full articles. Next, in-depth eligibility assessment of these 111 full
articles resulted in 43 articles that met the inclusion criteria (Figure 4.1). The list of included
publications is available in the supplementary Table (A13 and A14). Of 43 publications that met
the inclusion criteria, Salmonella (n=30) was studied most followed by pathogenic E. coli
(n=16), L. monocytogenes (n=8), Cryptosporidium (n=2), Giardia (n=2), Norovirus (n=1), and
Enterovirus (n=1) (Table 4.1). Because Salmonella is the leading bacterial cause of produce-
related foodborne illnesses and outbreaks in the U.S. (2) and a greater number of publications
were available, publications that contain information on Salmonella were selected for further

data extraction and analysis in this systematic review.

62



Table 4.1 Number of included peer reviewed publications that contained data on

pathogens

Organism

Salmonella spp.
Pathogenic E. coli
L. monocytogenes
Cryptosporidium
Giardia
Norovirus

Enterovirus

4.2 Included Studies

A total of 30 full-text articles were used for data extraction and analysis in this study. Out
of 30 articles, 22 were conducted in the U.S., five in Mexico, two in Canada, and one in the U.S.
and Mexico (Table 4.2). Data on the occurrence of Salmonella in irrigation water was extracted
and analyzed along with additional data such as study location, water source (i.e., ground or
surface) and water body type (e.g., canal, pond, reservoir) used for irrigation, month and year of

sample collection, concentration of generic E. coli, temperature, pH, precipitation, and water

source characteristics
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6248 potentially relevant articles identified through
database search

*Agricultural and environmental database (n= 1362)
*CABI: CAB Abstracts® and Global Health (n=1611)
*FSTA® - the Food Science Resource (n=81)
*PubMed (n=571)

*Scopus (n=1976)

*Web of Science (n=645)

\°Manual search (n=2)
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Figure 4.1 Literature selection method and results
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The majority of data extracted are from articles that studied ponds (10 papers and 33
different ponds) followed by groundwater (eleven papers with 13 different groundwater
locations), irrigation channels (four papers with 13 different channels), rivers (six papers with
eight different rivers), reservoirs (two papers with seven different reservoirs), creeks (three
papers with four different creeks), irrigation ditches (one paper with three different ditches), and
one paper each for basin, stream, and irrigation water with an unidentified water source (Table

4.3).

Table 4.2 Number of articles describing irrigation water research conducted in the U.S.,
Mexico, and Canada

Country Number of Percentage
Salmonella articles

U.S. only 22 (3-24) 73.33

U.S. and Mexico 1(25) 3.33

Mexico only 5 (26-30) 16.67

Canada only 2 (31, 32) 6.67

Table 4.3 Number of Salmonella occurrence articles for surface water and groundwater
irrigation sources

Water source Number of Number Total number of
papers of sites observations

Groundwater 11 13 13

Pond 10 33 37

River 6 9 13

Creek 3 4 4

Irrigation canal/channel 4 13 13

Ditch 1 3 3

Irrigation water (unknown 1 1 1

source)

Reservoir 2 7 7

Stream 1 2 2

Basin 1 3 3

Mix water source? 7 - 11

1 Samples are taken from more than one water source and reported together
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4.3 Type of Produce Grown

A total of 16 studies reported the type of fresh produce grown in the area of study. Types
of fresh produce grown varied across study areas. Tomatoes were grown in most of the study
areas (n=7), followed by cantaloupes (n=5) and leafy greens (n=4). Fourteen studies did not

report any produce grown in the study area (Table 4.4).

Table 4.4 Type of produce grown in the study area

Reference Type of produce grown Place

Antaki et al., 2016 (3) Not available Southern Georgia
Baoguang et al., 2014 (4) Not available Southern Georgia

Bell et al., 2015 (5) Tomatoes Virginia

Benjamin et al., 2013 (6) Leafy greens California

Callahan et al., 2018 (7) Not available Maryland Eastern Shore

Castillo et al., 2004 (25)

Cantaloupes

South Texas and Colima,
Mexico

Cooley et al., 2014 (8) Not available California Central Coast

Cuevas et al., 2009 (33) Tomatoes, cucumbers, peppers, and  Sinaloa Mexico
aubergines

Draper et al., 2019 (9) Not available Pennsylvania

Duffy et., al 2005 (10)
Espinoza et al., 2006 (34)

Cantaloupes, oranges, and parsley
Cantaloupes

Texas
Sonora, Mexico

Estrada et al., 2014 (35) Tomatoes Sinaloa, Mexico

Falardeau et al., (36) Not available British Columbia, Canada

Fremaux et al., 2009 (37) Vegetables Saskatchewan, Canada

Gallegos et al., 2008 (38) Cantaloupes and chili pepper Coahuila, Mexico

Ganyu et al., 2016 (11) Vegetables Eastern Shore of Virginia

Gu et al., 2018 (12) Tomatoes Eastern Shore of Virginia

Harris et al., 2018 (13) Not available Southern Georgia

Hernandez et al., 2008 (39) Cantaloupe melon Mexico

Jones et al., 2014 (14) Not available New York

Lee et al. 2018 (15) Not available Southern Georgia

Marine et al., 2015 (16) Leafy greens Mid-Atlantic regions

McEgan et al., 2013 (17) Not available Florida

Micallef et al., 2012 (18) Tomatoes Mid-Atlantic region,

Partyka et al., 2016 (19) Not available California, Mississippi,
and Florida

Partyka et al., 2018 (20) Not available California

Rajabi et al., 2011 (21) Not available Florida/Georgia

Topalcengiz et al., 2017 (22) Not available Florida
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Reference

Weller et al., 2015 (23)

Xu et al., 2015 (24)

Type of produce grown

Carrot, onion, berries, leafy greens,
peppers, squash, tomatoes, cabbage,
and melons

Tomatoes, peppers, eggplants,
zucchinis, green beans, okra,
squash, cucumbers, and grapes;
bulbous and root vegetables were
spring onions, carrots, and turnips;
and leafy greens and herbs were
lettuce, spinach, mizuna, chard,
kale, mustard, and basil

4.4 Methodology Used for Salmonella Detection

New York

Maryland

The volume of the sample analyzed was ranged from 1 milliliter- 20 liter. The highest

volume (20 Liter) was analyzed by Partyka et al., (2018) in basin water. A total of eight studies

of 30 reported the detection limit for Salmonella. The detection limit was ranged from 0.001

MPN/100 ml - 1 (MPN/CFU)/100ml. In addition, three studies out of 30 analyzed the sample to

detect Salmonella only through polymerase chain reaction (PCR) methods, while 27 studies used

both culture and PCR method to detect and confirm Salmonella (Table 4.5).

Table 4.5 Summary of Salmonella identification methodology for included studies

Reference

Antaki et al., 2016
Lietal, 2014

Bell et al., 2015
Benjamin et al., 2013
Callhan et al., 2019
Castillo et al., 2004
Cooley et al., 2014
Cuevas et al., 2009
Draper et al., 2016
Duffey et al., 2004
Espinoza et al., 2005
Estrada et al., 2014
Falardeau et al., 2016
Fremaux et al., 2009

Volume of water analyzed

888 ml

1000 ml

1000 ml

Not available
10000 ml

25 ml

Not determined*
Not available
100 ml 2, 90 ml @
10mi

25 ml

1000 ml

25 ml

200 ml

67

Detection method

PCR/culture
PCR

PCR/culture
PCR/culture
PCR/culture
PCR/culture
PCR/culture
PCR/culture
PCR/culture
PCR/culture
PCR/culture
PCR/culture
PCR/culture
PCR/culture

Detection limit
<0.001MPN/100ml
Not available
Not available
Not available
Not available
Not available
Not available
Not available
Not available
Not available
Not available
Not available
Not available
Not available



Reference
Gallogos et al., 2008

Volume of water analyzed
1ml

Detection method
PCR/culture

Detection limit
Not available

Gynyu et al., 2016 2440 ml PCR/culture 0.041 MPN/100 ml
Gu et al., 2018 2600 ml*4, 610 ml° PCR/culture 0.003 MPN/100 ml
Harris et al., 2018 1830 mi PCR/culture 0.05 MPN/100ml
Hernandez et al., 2008 100 ml PCR/culture Not available
Jonas et al., 2014 100 ml PCR/culture Not available

Lee etal., 2018 1830 ml PCR/culture 1 MPN/100ml
Marine et al., 2015 250 ml PCR 1 CFU/100ml
Mcegan et al., 2013 10000 ml PCR 0.1 CFU/100 ml
Micallef et al., 2012 250 ml PCR/culture Not available
Partyka et al., 2016 20000 ml PCR/culture <1 CFU/100ml
Partyka et al., 2018 20000 ml PCR/culture Not available
Rajabi et al., 2011 1830 ml PCR/culture Not available
Topalcengiz et al., 2017 150 ml PCR/culture Not available
Weller et al., 2015 250 ml PCR/culture Not available

Xu et al., 2015 200 ml PCR/culture Not available

! Moore swabs (cut cotton gauze tied to a string) were deployed in in irrigation water sources for up to 24 h
2Year 1 (100ml)

3Year 2 (90 ml)

42600 ml (monthly sampling)

5610 ml (weekly sampling)

4.5 Occurrence of Salmonella in Surface and Groundwater Sources

The occurrence of Salmonella between ground and surface water sources were grouped
and analyzed. The surface water category includes irrigation water from ponds, rivers, creeks,

ditches, irrigation channels/canals, reservoirs, streams, and basins.

The occurrence of Salmonella in groundwater was evaluated in 10 studies in the U.S. (13
groundwater sites). The occurrence of Salmonella in pond water was evaluated in ten studies (33
ponds) in the U.S., river water in four studies (eight rivers) in the U.S. and one study (one river)
in Canada, irrigation channel/canal in one study in the U.S. (one irrigation channel) and three
studies (12 irrigation channels) in Mexico, creek water in two studies (two creeks) in the U.S.
and one study (two creeks) in Canada , ditch water in one study (three ditches) in Canada,

reservoir water in two studies (seven reservoirs) in the U.S., basin water in one study (three
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basins) in the U.S., and stream water in one study (twelve streams) in Canada (Appendix A. 2-
A. 11). Six studies from the U.S. and one from Mexico studied the occurrence of Salmonella in

mixed water.

When comparing all studies, the highest median occurrence of Salmonella of 79.2% was
reported in basin water, with a range of 23.9% to 100%. Conversely, Salmonella was not
detected in nine of 13 groundwater sites but detected in four. Of these four groundwater sites

positive for Salmonella, the occurrence ranged from 2% to 7%.

When Salmonella occurrence data was grouped by water source and country, occurrence
data collected in the U.S. was available for all water sources except ditch, stream, and basin had
higher median occurrence 79.2% with a range of 23.9%-100%. Irrigation channels and mixed
water were studied in Mexico and irrigation channels had median occurrence (40%) with a range
of 16.7% to 66.7%. Rivers, ditches, streams, and creeks were studied in Canada. Ditches in
Canada had the highest median occurrence of Salmonella (7.7%), with a range of 3.3% to 8.6%
in comparison to rivers, streams, and creeks studied in the country. However, the river had the

highest occurrence (14.2%).

Table 4.6 Range and median values of the occurrence of Salmonella in surface water and
groundwater in the U.S., Canada, and Mexico

Country  Water source Occurrence (%) Number of  Number of
sites observations
Minimum Maximum Median
u.s. Groundwater Not detected 7 not 13 13
detected
Pond 2.1 52.5 22.2 33 37
River Not detected 95.4 40.8 8 8
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When evaluating data by climate region groundwater data were available for four of six
NOAA climate regions, specifically the northeast, south, southeast, and west (Table 4.7).
Overall, the estimate of Salmonella occurrence in groundwater were low across all regions.
There was no difference in Salmonella occurrence in groundwater across climatic regions

(P=0.89).

Table 4.7 Number of water source and observations reported Salmonella
occurrence in different climatic regions in the U.S.

Region Number of Occurrence (%)

water source range (median)
Northeast 4 Not detected -4 (0)
South 1 Not detected
Southeast 7 Not detected -7 (0)
West 1 Not detected
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To better understand whether or not there was a difference in Salmonella occurrence
reported for not only climatic regions but also if there was a difference in whether the water was
flowing or not, surface waters were categorized into non-flowing (pond, reservoir, and basin) and
flowing water sources (creek, river, irrigation channel, and stream). Overall, Salmonella
occurrence in surface water in the U.S., Canada and Mexico were variable and ranged from
undetected to 100% (Figure 4.2). However, these variable estimates were based on multiple
samples and sampling events, depending on the particular study. In general, the highest
occurrence values were based on fewer sampling events and limited samples per event. A
significant difference for the occurrence of Salmonella between regions and water source was
identified. Specifically, Salmonella occurrence in non-flowing surface water was decreased in
the U.S. west compared to water sources analyzed in the U.S.-southeast, either standing
(P=0.0040) or flowing water (P=0.0015). There was no evidence for any other significant

differences in Salmonella occurrence across the remaining regions evaluated.
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Figure 4.2 Occurrence of Salmonella across climate regions and water sources.

When categorizing occurrence data by climate regions in all water sources, the
occurrence of Salmonella ranged from undetected to 100%. The highest median occurrence
(67%) was observed in Mexico west. The highest occurrence (100%) in the southeast region was
reported by McEgan et al. (2013) in mixed water sources. The higher occurrence (64.7%) in the
U.S. west was reported by Cooley et al. (2014) in mixed water. In addition, the highest
occurrence (66.7%) in Mexico west was reported in the irrigation channel. Further, the U.S.
northeast had the highest occurrence (91.2%) in the river, while the U.S. south had the highest

occurrence (100%) in the basin.
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Table 4.8 Range of Salmonella occurrence in irrigation water (including groundwater) of

different climatic region

Climate region

U.S. Southeast

U.S. West

U.S. Northeast

U.S. South

Canada West North Central
Canada Northwest

Mexico West

Occurrence range Number of observations

(median)

Not detected -100(22) 46
Not detected-64.6(18.2) 11
Not detected-91.7(7.7) 21
Not detected -100 (26.7) 5
Not detected-14.3 (7.1) 5
Not detected-8.6(0) 8

Not detected-66.7(37.65) 16

Table 4.9 Range of Salmonella occurrence in irrigation water (without groundwater) of

different climatic region

Climate region

U.S. Southeast

U.S. West

U.S. Northeast

U.S. South

Canada West North Central
Canada Northwest

Mexico West

4.6 Seasonal Occurrence

Occurrence range Number of observations

(median)

2.1-100(25) 39
Not detected-64.6(18.2) 10
Not detected-91.7(11.4) 17
Not detected -100 (26.7) 4
Not detected-14.3 (7.1) 5
Not detected-8.6(0) 8

Not detected-66.7(37.65) 16

Thirteen studies evaluated the seasonal occurrence of Salmonella in irrigation water

sources, nine were conducted in the U.S., two in Mexico, and two in Canada. However, only four

studies with eleven observations have reported data for all four seasons. The highest median

occurrence (60%) was observed in U.S. west in all three seasons except for fall. In the U.S., the

highest occurrence of Salmonella was reported in the spring, in river water in northeast region in

by Callahan et al. (2018) (Appendix A.12). In Canada, the highest occurrence (14.3%) was

reported in rivers in the summer months in west north central region (Appendix A. 12). Seasonal

73



occurrence was determined in two studies conducted in Mexico, both studies reported the
occurrence of Salmonella in irrigation channels in the summer. The highest occurrence ( 50%)

was reported by Gallegos et al. (2008) in the west climate region (38) (Appendix A. 12).

Table 4.10 Range of seasonal occurrence of Salmonella across climate regions

Climate region Season Occurrence range (%) Number of observations
Southeast Fall Not detected-66.6 (30.95) 12
Winter 4.9-50 (36) 12
Spring not detected 33.3 (31.70) 7
Summer not detected 50 (36.73) 12
Northeast Fall not detected-83.3 (16.67) 7
Winter not detected-not detected 2
)
Spring not detected 100 (43.33) 6
Summer not detected-22.2 (8.40) 4
U.S. west Fall 36-71 (47) 5
Winter 41-71 (60) 5
Spring 49-81 (60) 5
Summer 52-84(60) 5
Mexico west Fall Not available -
Winter Not available -
Spring Not available -
Summer 36.1-50 (42.9) 3
Northwest Fall 5-6.7 2
Winter not detected-8 2
Spring not detected-2.6 2
Summer not detected-2.2 2
West north central Fall Not available -
Winter Not available -
Spring Not available -
Summer Not detected-14.3 (7.1) 5

4.7 Concentration of Generic E. coli in Surface and Groundwater Sources

Concentration data for generic E. coli in irrigation water were extracted from 12 articles.
Three articles out of 12 evaluated the concentration of generic E. coli in groundwater, three in
ponds, one in ditches, one in basins, two in mixed water sources, and two in rivers in the U.S.

(Table 4.11). In Canada, two articles reported the concentration of generic E. coli. In these
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studies, irrigation waters were analyzed from creek and river. Only one study conducted in

Mexico evaluated the concentration of generic E. coli in irrigation water channels.

The concentration of generic E. coli was reported using different units between studies.
For example, in irrigation channels studied in Mexico, geometric means were reported (33), and
in groundwater studied in the U.S. arithmetic means were reported (10). In addition, differences
in the type of detection method used resulted in reported concentrations of generic E. coli being
reported as MPN (most probable number)/100ml or CFU/100ml. For example, Fremaux et al.,
(2009) reported concentration in MPN/ 100ml in river water in Canada (32), and Antaki et al.,

(2016) reported concentration in CFU/ 100ml in pond water in the U.S. (3)

Across all study locations and sites, irrigation water canal had the highest mean
concentration of generic E. coli (4.61 log CFU/100ml) in west climate region in Mexico where
the occurrence of Salmonella was 36.4%. On the other hand, a study in groundwater reported
that generic E. coli was not detected (Table 4.11) in west climate region in the U.S where
Salmonella was also not detected. Generic E. coli data in the U.S. were available for
groundwater, pond, river, basin, and reservoir irrigation water sources. Of these, Drapper et al.
(2016) reported the highest mean concentration of 3 log CFU/100ml in mixed water sources in
the northeast climate region with the low occurrence (8.6%) of Salmonella (Table 4.11). In
addition, generic E. coli data collected in Canada included rivers, ditches, and creeks as irrigation
water sources. Of all reported data collected in Canada, the highest mean concentration (2.61 log
MPN/100ml) was reported by Fremaux et al (2009) in river in west north central region where
Salmonella was present in 14.3% of samples (Table 4.11). Finally, only irrigation water channels

were studied in Mexico. These studies reported the concentration of generic E. coli ranged from
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2.63 log CFU/100ml to 4.61 log CFU/100ml in west climate region with a reported occurrence

of Salmonella were 27.3% and 36.4% respectively.

Table 4.11 Summary of data from different studies showing the concentration of generic E. coli

and Salmonella occurrence

Reference

Antaki et al., 2016
Antaki et al., 2016
Antaki et al., 2016
Antaki et al., 2016
Benjamin et al., 2013

Benjamin et al., 2013
Benjamin et al., 2013
Cuevas et al., 2009
Cuevas et al., 2009
Cuevas et al., 2009

Cuevas et al., 2009
Draper et al., 2016

Draper et al., 2016
Duffy et al., 2005
Duffy et al., 2005
Duffy et al., 2005
Falardeau et al., 2017
Falardeau et al., 2017
Falardeau et al., 2017

Falardeau et al., 2017

Falardeau et al., 2017
Falardeau et al., 2017

Falardeau et al., 2017
Fremaux et al., 2009

Fremaux et al., 2009

Country

U.S.
u.s.
U.S.
U.S.
uU.S.
U.S.
u.S.
Mexico
Mexico
Mexico

Mexico
U.s.

uU.Ss.
U.s.
uU.s.
uU.s.
Canada
Canada
Canada

Canada

Canada
Canada

Canada
Canada

Canada

Climate region

Southeast
Southeast
Southeast
Southeast
West

West
West
West
West
West

West
Northeast

Northeast
South
South
South
Northwest
Northwest
Northwest

Northwest

Northwest
Northwest

Northwest
Westnorthcentral

Westnorthcentral

Water source

Pond
Pond
Pond
Pond
Groundwater

Reservoir

Irrigation (Not specified)
Irrigation channel/canal
Irrigation channel/canal
Irrigation channel/canal
Irrigation channel/canal
Ponds, creeks, rivers,
streams, lakes, and open
wells

Ponds, creeks, rivers,
streams, lakes, and open
wells

River

River

Groundwater
Ditch
Ditch
Creek

Stream

Ditch
Creek

Stream
River
River
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Occurrence
(%) of
Salmonella
(number of
total sample)
9.5 (21)
19.2 (26)
11.1 (18)
5.6 (18)

Not detected
(18)

Not detected
(26)

7.7 (13)
27.3 (11)
38.9 (18)
54.5 (11)
36.4 (11)
Not detected
(94)

8.5 (59)

26.7 (30)
Not detected
(30)

Not detected
(10)

8.6 (35)

7.7 (26)

Not detected
(34)

Not detected
(34)

3.3(30)

Not detected
(34)

Not detected
(30)

Not detected
(14)

14.3 (14)

Concentration
of generic E.
coli

0.60?
0.60?
0.53!
0.53!
Not detected?

1.912
2.322
2.63°
4.273
3.13

4.613
2.79

31

13

2.113
2.69°
2.043
1.89°
1.47°
1.623

2.13°
2.243

2.39°
1.6°

2.4



Reference

Fremaux et al., 2009
Fremaux et al., 2009
Fremaux et al., 2009

Harris et al., 2018
Harris et al., 2018
Harris et al., 2018
Harris et al., 2018
Lee et al., 2018
Lee et al., 2018
Leeetal.,, 2018
Leeetal., 2018
Lee et al., 2018
Partyka et al., 2018
Partyka et al., 2018
Partyka et al., 2018
Partyka et al., 2018
Partyka et al., 2018
Partyka et al., 2018
Partyka et al., 2016
Partyka etal., 2016
Partyka et al., 2016
Xu et al., 2015

Xu et al., 2016

Country

Canada
Canada
Canada

u.S.
u.s.
u.s.
u.S.
u.S.
u.S.
u.S.
u.S.
u.S.
u.S.
u.S.
u.S.
uU.S.
u.S.
u.S.
u.S.
u.S.
u.S.
uU.S.

u.s.

Climate region

Westnorthcentral
Westnorthcentral
Westnorthcentral

Southeast
Southeast
Southeast
Southeast
Southeast
Southeast
Southeast
Southeast
Southeast
West
West
West
West
West
West
West
Southeast
South
Northeast

Northeast

1Geometric mean E. coli Log CFU/100ml

2 Arithmetic mean E. coli (Log MPN (Most Probable Number)/100 ml

Arithmetic mean E. coli (Log CFU/100 ml)
“Geometric mean E. coli Log MPN/100ml

Water source

River
River
River

Pond
Pond
Pond
Pond
Pond
Pond
Pond
Pond
Pond
Reservoir
Reservoir
Reservoir
Reservoir
Reservoir
Reservoir
Basin
Basin
Basin
Groundwater

Pond and creek

4.7.1 Generic E. coli Exceeding FSMA PSR Guideline

Occurrence
(%) of
Salmonella
(number of
total sample)
7.1(14)
14.3 (14)
Not detected
(14)

33.3 (6)
33.3(6)
16.7 (6)
50.0 (6)
52.5 (99)
39.2 (102)
49.0 (102)
28.4 (102)
45.1 (102)
14.6 (41)
18.2 (44)
16.7 (42)
18.2 (44)
26.2 (42)
61.4 (44)
23.9 (71)
79.2 (24)
100.0 (12)
Not detected
(18)

Not detected
(11)

Concentration
of generic E.
coli

243
2.612
1.572

14
1.14*
0.69*
0.84*
1174
0.70*
0.57
0.78*
0.80*
1.65°
0.78°
1.67°
0.93°
1.06°
0.4

2,533
1.832
1.793
0.023

0.35°

Seven studies reported that the concentration of generic E. coli levels was higher than the

FSMA Produce Safety Rule GM criteria (2.1 log CFU/100ml) (Table 4.11). Of seven studies,

four studies reported data from the U.S., two from Canada, and one from Mexico. Of all

irrigation water sites, the highest concentration (4.61 log CFU/100ml) that exceeded criteria was

reported by Cuevas et al (2009) in west in irrigation channel with Salmonella occurrence of
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36.4%, and the lowest concentration (2.11 log CFU/mI) was reported by Duffy et al. (2005) in
river in south climate region where Salmonella was not detected (Table 4.11). The irrigation
water from river samples exceeded the guideline most (n=7 observations) in comparison to other

water sources.

4.7.2 Association Between the Occurrence of Salmonella with Concentration of Generic
E. coli
The association between the occurrence of Salmonella and the concentration of generic

E. coli was determined by ten studies. Of these ten studies, nine were conducted in the U.S. and
one in Canada (Table 4.12). Six studies reported no significant association (40-45), of which
three were conducted in ponds, one in groundwater, one in a river, and one in mixed water
sources in the U.S. The studies with no significant association were from various regions (e.g.,
southeast, northeast, west, and west north central) (Table 4.12). Other four studies reported a
positive association (46-49) of which one was conducted in ponds, one in rivers, one in basins,
and one in mixed water sources in the U.S. Two studies that reported positive association were
from west, and one was from northeast, and one was from southeast climate region (Table 4.12).
The association between occurrence of Salmonella and concentration of generic E. coli was not

evaluated for any of the studies conducted in Mexico.
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Table 4.12 The association between the concentration of generic E. coli and Salmonella
occurrence across water sources and climate regions

Reference

Antaki et al.,
2016 (40)

Benjamin et al.,

2013 (41)
Draper et al.,
2016 (42)

Fremaux et al.,

2009 (32)
Harris et al.,
2018 (44)
Jones et al.,
2014 (45)

Lee et al., 2018

(46)
Mcegan et al.,
(47)

Partyka et al.,
2018 (48)
Partyka et al.,
2016 (49)

Place

U.S., Georgia
U.S., California

U.S., Pennsylvania

Canada, Prairie
Qu'Appelle, Canada
U.S., Georgia

U.S., New York
U.S., Georgia

U.S., Florida

U.S., California

U.S., California

1 Correlation coefficient
2 Odds ratio

Climate
region

Southeast
West

Northeast

West north
central
Southeast
Northeast

Northeast

Southeast

West

West

Water source

Pond
Groundwater
Ponds, creeks,
rivers, streams,
lakes, and open
wells

River

Pond

Pond

Pond

Lake, pond, creek
stream, river, and
canals

River

Basin

4.8 Temperature, pH, and Precipitation

air temperature, pH, and precipitation. Therefore, meta-analysis was not performed on these

Most of the included studies did not report physicochemical indicators such as water and

Salmonella

association with

generic E. coli
No significant
association
No significant
association
No significant
association

No significant
association
No significant
association
No significant
association
Positive
association
Positive
association

Positive
association
Positive
association

Coefficient

Not available
Not available

Not available

Not available
Not available
0.094!

1.312

0.248!

2.12

2.64?

indicators. However, some studies evaluated the association of these indicators with the

occurrence of Salmonella, which is summarized in the following section.
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P value

Not available

Not available

Not available

Not available

Not available

Not available

Not available

0.0005

0.050

0.0001



Table 4.13 Association between the occurrence of Salmonella and physicochemical indicators
in irrigation water sources studied in the U.S. and Canada

Indicator

Water
temperature

Air
temperature

Ph

Precipitation

L Correlation coefficient, 20dd ratio

Reference

Antaki et al.,
2016 (40)
Falardeau et
al., 2017 (31)

Ganyu et al.,
2016 (50)
Gug, 2018
(51)

Jones et al.,
2014 (45)
Leeetal.,
2018 (46)
Mcegan et al.,
2013 (47)

Partyka et al.,
2018 (48)
Antaki et al.,
2016 (40)
Mcegan et al.,
2013 (47)

Antaki et al.,
2016 (40)
Falardeau et
al., 2017 (31)

Jones et al.,
2014 (45)
Mcegan et al.,
2013 (47)

Antaki et al.,
2016 (40)
Harris et al.,
2018 (44)
Jones et al.,
2014 (45)
Mcegan et al.,
2013 (47)

Place

u.s.,
Georgia
Canada,
British
Columbia
u.s,,
Virginia
u.s,,
Virginia
U.S., New
York
u.s,
Georgia
u.s.,
Florida

u.s.,
California
u.s.,
Georgia
u.S.,
Florida

u.s.,
Georgia
Canada,
British
Columbia
U.S., New
York
u.s.,
Florida

u.s.,
Georgia
u.s,,
Georgia
U.S., New
York
u.s,,
Florida

Climate
region

Southeast

Northwest

Southeast
Southeast
Northeast
Southeast

Southeast

West
Southeast

Southeast

Southeast

Northwest

Northeast

Southeast

Southeast
Southeast
Northeast

Southeast

Water source

Pond

Ditch

Pond
Pond
Pond
Pond
Lake, pond, creek,
stream, river, and
canals
River
Pond
Lake, pond, creek,
stream, river, and
canals

Pond

Ditch

Pond
Lake, pond, creek,
stream, river, and
canals
Pond
Pond
Creek
Lake, pond, creek,

stream, river, and
canals
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Salmonella
association
with indicator
Positive
association

No significant
association

Positive
association
No significant
association
Positive
association
No significant
association
Positive
association

No significant
association
No significant
association
No significant
association

No significant
association
No significant
association

No significant
association
No significant
association

No significant
association
Positive
association
Negative
association
No significant
association

Coefficient

Not
available
-0.059!

Not
available
Not
available
0.038!

12

0.12¢

Not
available
Not
available
0.05!

Not
available
-0.005!

-0.0092*

0.05!

Not
available
Not
available
-0.24211

Not
available

P value

Not
available
0.05

Not
available
Not
available
0.05

Not
available
0.09

Not
available
Not
available
0.46

Not
available
Not
available

Not
available
0.48

Not
available
Not
available
0.05

Not
available



4.8.1 Association Between the Occurrence of Salmonella with Water and Air
Temperature

A total of eight studies determined the association between the occurrence of
Salmonella and water temperature. Seven studies were conducted in the U.S., and one was
conducted in Canada. Four of studies reported no significant association (31, 46, 48, 51), of
which two were conducted in southeast region and one was conducted in northwest and one was
conducted in west region (Table 4.13). Four others reported a positive association (40, 45, 47,
50), of which three were conducted in southeast region and one was conducted in northeast
region (Table 4.13). Pond was reported as a source of irrigation water in 3 studies and a mixed
water source was reported in one study where a positive association between Salmonella
occurrence and water temperature were observed. No significant association was observed for
three studies conducted in the U.S. that evaluated pond and river. One study in ditch water in

Canada was conducted in which no significant relationship was observed.

In addition, an association analysis with air temperature was performed in two studies,
and both were conducted in the U.S. (40, 47). Both concluded no significant association
between the occurrence of Salmonella in pond and mixed water sources and air temperature.

Association analysis was not reported in the studies conducted in Mexico.

4.8.2 Association Between the Occurrence of Salmonella and Water pH

The relationship between the occurrence of Salmonella and water pH was analyzed in
four studies (31, 40, 45, 47). Of these four studies, three (two pond studies and one mixed water

study) were conducted in the U.S., and one (ditch water) was conducted in Canada (Table 4.13).
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All studies reported no significant relationship between the occurrence of Salmonella and the

water pH.

4.8.3 Association Between the Occurrence of Salmonella and Precipitation Event

Four studies evaluated whether or not there was a significant association between
Salmonella occurrence and precipitation (40, 44, 45, 47). Two studies reported no significant
relationship (40, 47), one reported a positive relationship (44), and one reported a negative
relationship (45). All studies were conducted in the U.S., three were conducted in southeast
region and one was conducted in northeast region (Table 4.13). Studies conducted in Canada and
Mexico did not perform association analysis. One pond study reported a positive association and
one creek study reported negative association. In addition, one pond study and one mixed water

study reported no significant relationship (Table 4.13).
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Chapter 5- Discussion

Foodborne outbreaks of caused by non-typhoidal Salmonella enterica are a major public
health concern in the U.S. (52). The number of produce-related outbreaks caused by Salmonella
enterica has increased in recent years (53), and Salmonella is the leading bacterial cause (2, 54).
As irrigation water is an important source of contamination of fresh produce, this research
synthesis reveals important information on the occurrence of Salmonella in irrigation water

sources across growing regions for produce consumed in the U.S.

This is the first comprehensive research synthesis to better understand the occurrence of
Salmonella in irrigation water used for fresh produce production in the U.S., Mexico, and
Canada. As a result, this research revealed the critical research components needed to
appropriately answer wide reaching and complex research questions as those posed in this study.
The principal reasons for selecting Salmonella for this systematic review were, (1) it is the most
common bacterial pathogen responsible for produce-related food-borne outbreaks in the U.S. (2,
54) and (2) the highest number of peer reviewed research publications were available across all
identified articles. Other information such as the type of water source, climate region, season,
and land use were also considered in the analysis to better understand the possible factors
influencing the occurrence of Salmonella in irrigation water. Also, generic E. coli, temperature,
pH, and precipitation were evaluated to understand their potential as indicators for Salmonella

presence in irrigation water.

5.1 Water Sources
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Data from different types of water sources were examined to determine whether or not
the occurrence of Salmonella is impacted by water source type, groundwater or surface water.
Surface water was further subdivided into flowing and non-flowing surface water. Irrigation
water from irrigation channels, rivers, creeks, and streams was classified as flowing surface
water, whereas non-flowing irrigation water sources included basins, ponds, reservoirs, and
irrigation ditches. Water sources and the number of observations varied widely across the
locations where these studies were conducted (Figure 5.1). The occurrence of Salmonella was
also varied across surface water types with higher median occurrence in basins followed by

irrigation channels and was lowest in ground water.

‘ s \ ver

*1-5 water sources

® 6-10 water sources

@ > 10 water sources
MEXICO

® Flowing surface water
Non-flowing surface water

® Groundwater
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Figure 5.1 Map of study locations, type of water source, and number water sources.
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ND- Not detected ¢ Sampling site

Figure 5.2 Range of Salmonella occurrence across climate region.

This research synthesis has shown that irrigation basins may have a highest risk of
Salmonella contamination compared to other irrigation water sources. These basins were located
in the U.S. (California, Missisipi, and Florida). Irrigation basins from Florida and Missisipi
analyzed in this study were recirculated irrigation water reservoirs, where irrigation water that
runs off fields is collected, stored, and used again for fresh produce irrigation without any
treatment. It was observed that water samples taken from Southeastern U.S. were nearly ten
times more likely to test positive for Salmonella than in samples taken from California. Surface

runoff after rainfall was suspected as the reason for the high occurrence of Salmonella in these
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agricultural basins. However, the presence of wild animals was negatively associated with the

occurrence of Salmonella.

This study’s synthesis of previous research findings also indicates that irrigation water
channels may have a higher risk of Salmonella contamination. Irrigation water channels have the
second highest median occurrence reported, with a range of 16.7%-66.7%. All but one of
irrigation channels were located in Mexico and one in the U.S. Reported potential sources of
contamination in these irrigation channels that may have contributed to a higher Salmonella
occurrence were wastewater discharge and the presence wild animals and livestock feces (33, 35,
38). Studies conducted on the occurrence of other important foodborne pathogens have reported
similar findings. For example, generic E. coli was detected in all irrigation water canals in a
study conducted in Sonora Mexico by Gortares et al. (2011). The study identified runoff from
rain events, septic tank leakage, human bathing or recreation, and the presence of animals in the
area as potential sources of pathogen contamination (55). In addition, Canizalez et al. (2019) also
found that pathogenic E. coli was present in 14% of irrigation canal samples in Sinaloa Mexico,
where potential sources of contamination were intensive agricultural activity, industry, and

insufficient sanitation facilities (56).

The observed occurrence of Salmonella in rivers across the studies evaluated in this study
varied widely from not detected to 95.5%. Of the research included in this study, rivers had the
third highest median occurrence. Rivers were located in various locations (Maryland, Texas,
New Jersey, Delaware, Florida, Georgia, and Qu’Appelle) across the U.S. and Canada. The
presence of animal farms and wildlife nearby or with access to the rivers and the application of
manure and poultry litter to nearby fields were suggested causes of river contamination. These

findings are in alignment with conclusions made by Sharma et al. (2020) who observed that the
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occurrence of Salmonella in river water was substantially greater (p<0.01) than in pond and
reclaimed water where runoff from manure applied agricultural fields and storm runoff were
hypothesized to be the main contributors for pathogen contamination (57). Resuspension of
pathogens from rivers and other water body sediments, especially in flowing water sources, has

also been shown to reintroduce pathogens into irrigation water (58, 59).

Salmonella was detected in all irrigation ponds in the study area although the observed
occurrence varied across ponds. These ponds were located in Georgia, Virginia, New York,
Florida, and the Mid-atlantic region. The presence of pastures, residential, commercial and
industrial areas, animal agriculture including cattle and broiler chickens, and wildlife activity
near water sources were reported as possible sources of pond contamination. A study not
included in this review by Sharma et al. (2020) found lower Salmonella occurrence in ponds (20-
29.4%) than in rivers (78.1-79.4%) (57). It was suggested that the lower occurrence of
Salmonella in some ponds was due to sedimentation of pathogens. A previous study observed

that the concentration of bacteria was higher in sediment than overlaying water (60).

Irrigation ditch water from Canada had a lower observed Salmonella occurrence with a
range of 3.3%-8.6%. These ditches store water that comes from the watershed and is later used
for irrigation during summer months. The proximity of the ditches to roads and animal farming

was suspected as the likely source of Salmonella contamination by the study’s authors.

Salmonella was not detected in creek water from Canada, however two other studies
included in this review by Jones et al. (2014) (14) and Ganyu et al. (2016) (11) discovered that
many creek water samples collected from the Eastern shore of Virginia and New York were

contaminated with Salmonella (11, 14). These latter studies suggested that the presence of broiler
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farms near the water source could have contaminated creeks in Virginia and wildlife, livestock,

and humans contributed to the contamination observed in New York creeks.

It is important to acknowledge that the variation across studies could be attributed to
differences in experimental design such as differences in water collection, volumes analyzed, and
detection method performance. In Cooley et al. (2014) study, for example, the use of Moore
swabs (cut cotton gauze tied to a string) may represent a larger volume of water, depending on
water flow and the time the swab remained in the water (8). Furthermore, Partyka et al. (2018)
analyzed higher volume (20-liter) of water sample in comparision to others, which could have
increased the likelihood of Salmonella detection (20). In contrast, the low occurrence of
Salmonella in the Fremaux et al. (2009) study could be attributed to the small sample amount
(150ml) used to detect Salmonella (37). Furthermore, the reported occurrence could have been
influenced by the limit of detection, as different studies had different limits of detection, For
example, methodology used by McEgan et al. (2013) had detection limit of 0.001 CFU/100ml
where 100% samples were Salmonella positive, whereas studies conducted by Harris et al.
(2018) and Lee et al. (2018) had a detection limit of 0.05 MPN/100ml, where the occurrence of
Salmonella was in a range of 16.7%- 52.5% (13, 15, 17). However, many of the studies included

in this review did not report the limit of detection.

Unlike the surface water sources included in this research synthesis, Salmonella was not
detected in most groundwater sources. The occurrence in Salmonella-positive groundwater
sources was low with maximum occurrence of 7%. Out of 13 groundwater sources included in
this study’s analysis, only 4 were positive for Salmonella and were located in Virginia and New
Jersey (11, 16). There is a paucity of information on the presence of Salmonella in groundwater,

however there are a number of studies that provide information on other microorganisms. These
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studies also demonstrate the higher microbiological quality of groundwaters. For example,
Borchardt et al. (2003) found <1% of groundwater sources were positive for E. coli in Wisconsin
while Glibson et al. (2011) reported that E. coli were not detected in any groundwater sources in
Washington (61, 62). In addition, Li et al. (2015) found no pathogenic bacteria or viruses in
groundwater sources in California (63). The low reported occurrence of these microorganisms is
likely attributable to the fact that most groundwater sources are less susceptible to contamination.
Microorganisms can be absorbed to soil and rocks during their transport to groundwater
reservoirs (64). In addition, groundwater is located in aquifers beneath the earth’s surface and
thus is less susceptible to contamination by pathogens (65). Groundwater sources that were
positive for Salmonella in Virginia, however, were shallow groundwater sources which could be
contaminated from sewage overflow, agricultural runoff, and contaminated stormwater runoff
entering the groundwater well (11). Salmonella occurrence varied more widely in surface water
than groundwater sources across the study area. This finding has also been reported in other
scientific reviews for canals, ponds, rivers, and lakes and are attributed to the increased
susceptibility to pathogen contamination compared to groundwater (66, 67). Of course, reasons
for the differences in observed occurrence of Salmonella may be due to differences in sampling
location, time of year and many other factors that can influence the presence of pathogens in

water bodies.

A Dbetter understanding of the occurrence of Salmonella in irrigation water is a critical
need because of the risk contaminated water poses to the safety of fresh produce and thus, public
health. Previous studies have demonstrated that pathogens can be transferred to the edible
portion of plants via contaminated water (68, 69). In addition, isolation of a strain of Salmonella

related to outbreak strain in surface water from an irrigation pond in Georgia strongly suggested
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that irrigation water was the source of the pathogen (4). Growers may need to consider effective
strategies to eliminate pathogens from waters used to irrigation fresh produce, such as water
treatment. A study by Maria et al. (2015) highlighted the use of methods such as coagulation,
flocculation, filtration, and chemical disinfection to treat irrigation water (70). Chlorine can be
used to treat irrigation water, which is a common, low cost, and effective method to kill or
inactivate foodborne pathogens (67). Also physical methods such as Ultraviolet (UV) light
disinfection and membrane and sand filtration have been successfully used to treat irrigation

water (71)
5.2 Climate Regions

Climate conditions can impact the presence of pathogens in the environment either
directly through influencing their survival, replication, or life cycle or indirectly through
influencing the pathogen’s habitat. This may result in a change in concentration or a change in
the regional and seasonal distribution of pathogens (72). Temperature, for instance, affects the
survival of Salmonella in the environment, where the rate of replication increases as temperature
rises in the range of 7 °— 37° C (73). However during the winter, the growth is greatly reduced
(74). In this study, occurrence data were grouped into six separate NOAA climatic regions in the
U.S. and Canada, and one additional region in Mexico (75). Although Salmonella was detected
in all climate regions, the occurrence differed. When compared to non-flowing (p=0.0040) or
flowing (p=0.0015) surface water in the Southeast region, the occurrence of Salmonella in non-
flowing surface water was significantly lower in the U.S. West. No other statistically significant

associations could be made for the remaining climate regions.
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The overall observed occurrence of Salmonella in Mexico West was higher in
comparison to U.S. west. The finding in Mexico west of this study was similar to the finding by
Bratz et al. (2017), who found the higher occurrence (41%) of generic E. coli in irrigation water
in Mexico west (76). Another study in the same region also found a high occurrence up to 43.6%
of E. coli (56). A study in the U.S. west region found low occurrence of E. coli 0157 in 1.5%
(3/204) of surface water samples (77). Reported sources of contamination in water sources
having a high occurrence in Mexico west in our study were the presence of wildlife and livestock

and the introduction of untreated wastewater in irrigation water sources.

Based on available data, the observed occurrence of Salmonella in the Southeast region
varied from not detected to 100%. However, differences in water sources accounted for the wide
range. Salmonella was not detected in four groundwater sites but detected in 100% of mixed
water sources. Other studies conducted in the Southeast region yielded a variety of outcomes as
well. For instance, Salmonella was present in 55% (47/84) of surface water sample in North
Carolina (78). In addition, Haley et al. (2009) reported a high occurrence (79.2%) of Salmonella
in a rural Georgia watershed (79). Conversely, in a study conducted in Georgia's Southeast
Oconee watershed, enteropathogenic E. coli was present in 3.8 % (19/496) of the samples, while
shiga toxin-producing E. coli (STEC) was found in only 0.2 % (1/496) of water samples (80). In
this study, residential, commercial, and industrial areas, pasture and broiler chicken farms, and

wildlife were identified as possible sources of contamination (13, 15).

The occurrence of Salmonella in irrigation waters analyzed in the U.S. northeast and
south were also varied. The occurrence ranged from no detection to 91.7% in the northeast where
Salmonella was not detected in 3 groundwater, 1 river, and 3 mixed water sources. The

occurrence ranged from no detection to 100% in the south where Salmonella was not detected in
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one river and one groundwater sites and was 100% in one basin However, the observed
occurrence in Canada northwest and North-central-west were lower in comparison to any other
regions in our study. These findings were in consistent with previous finding by Steele and
Odumeru (2005) in Canada who found that between 70.6 and 98.2% of irrigation water samples
contained acceptable levels of fecal coliforms or E. coli, according to published irrigation water

quality guidelines (65).

Variations in Salmonella occurrence could be due to the time of sample collection or
season. A season can contribute to the change in level and presence of foodborne pathogens in
irrigation water due to difference in temperature, weather events, and human, livestock, and
wildlife activity (70). Across the studies included in this review, Salmonella was found in
irrigation water throughout the year and the overall occurrence of Salmonella varied across
seasons. Most studies did not disclose seasonal data, while other studies reported seasonal data
for some seasons but not for others. In a study not included in this review, seasonal occurrence
was reported, for example, the highest occurrence of Salmonella was found in summer in a
study by Li et al. (2014) and Luo et al. (2015) (4). The increased occurrence in summer is not a
surprising finding as warmer temperatures and increased activity of humans and animals can
contribute to fecal contamination in water. Additionally, Fremaux et al. (2009) analyzed
irrigation water only during the summer months in Canada (37), while Callahan et al. (2018)
collected samples during the fall and spring in U.S. northeast (7). Several other studies looked at
the occurrence of pathogens in surface water on a seasonal basis. For example, in field trials
conducted in Arizona, E. coli was found to survive in the field for 2.5 weeks in the winter and
only 5 days in the summer. The survival time of pathogens was shortened in the summer when

the temperature of irrigated water and soil increased (81). A study in southern Alberta reported
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that the concentration of E. coli O157:H7 in surface water was higher in the summer months
(82). Several studies conducted in the Eastern part of the U.S. reported increased survival in the

summer months as well (83-86).

Environmental studies, such as this one, are highly complex, with many factors
influencing fecal contamination sources. However, the identified climate regions, grouped by
location and weather, may be used to predict increased risks of pathogens in produce growing
environments. For each climate region, weather conditions (temperatures, amount of rain,
extreme events, sunshine, etc) throughout the year are similar. Also, flora and fauna, landscape
use, and other influences on water quality can be regionally similar. While it could not be
concluded in this study, climate regions should be further studied to determine its importance as

a driver of fecal contamination in produce growing environments.
5.3 Generic E. coli Level and the Produce Safety Rule

Several articles included in this research synthesis reported the concentration of
generic E. coli in addition to the presence or absence of Salmonella. Similar to the occurrence of
Salmonella, the observed concentration of generic E. coli varied across water sources and
climate regions. The Mexico West region had the highest overall observed concentration in
irrigation channels and groundwater had a low concentration. This is not surprising as
groundwater has been shown in numerous studies to have a lower concentration of generic E.
coli than untreated surface water (87). Some water sources, however, failed to meet the FSMA's
regulatory requirements. Water sources such as irrigation channels, rivers, groundwater, streams,
creeks, ditches, and basins in various regions of the U.S., Canada, and Mexico contained generic

E. coli levels higher than the FSMA criterion. Mostly, irrigation channels and rivers had higher

93



levels of E. coli. Irrigation channels may be contaminated by wastewater discharge, wildlife and
livestock (64). Rivers and streams in Canada in the same locations as those included in this study
surpassed regulatory standards, as indicated in a previous study by Fremaux et al. (2009). Up to
85 % of samples exceeded recommended levels in the Qu’Appelle River (Saskatchewan,
Canada) (43). In consideration of both the presence of Salmonella and the concentration of E.
coli in irrigation water included in this study, the sites with high E. coli concentrations did not
always correspond to the presence of Salmonella. Some water sources where no Salmonella were

detected also exceeded regulatory criteria.

Further, the relationship between the occurrence of Salmonella and the occurrence and
concentration of generic E. coli was analyzed and reported in ten studies. Out of 10 studies, six
found no relationship (3, 6, 9, 13, 14, 37). However, four reported a positive correlation (15, 17,
19, 20). A poor association between generic E. coli and pathogens has also been shown in
previous surface water studies (79, 88). Unfortunately, the available literature on the use of E.
coli as an indicator of Salmonella is limited. Thus, a conclusive link between E. coli as a reliable

indicator for the presence of Salmonella could not be determined.
5.4 Physiochemical Indicators

Many of the papers included in this research synthesis did not include data on air or water
temperature, pH, or precipitation events. Only nine studies investigated the association between

the presence of Salmonella and possible physicochemical indicators.

The association between Salmonella occurrence and air and water temperature varied
across studies. Only eight studies analyzed whether or not there was a relationship between

Salmonella and water temperature while only 2 attempted to determine a relationship between
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Salmonella and air temperature. Several other studies also reported various associations between
the presence of Salmonella and water temperature in water sources not specifically identified as
irrigation water sources. A survey on the Central and Northern California coasts, for example,
found a negative association between Salmonella and water temperature (89). A study by Strawn
et al. (2013) reported that air temperature did not affect the presence of Salmonella in a rural
Georgia watershed (90). Haley et al. (2009) reported a high Salmonella concentration in the
summer, where the water temperature was positively associated with the presence of Salmonella
(79). Water temperature and/or air temperature and pathogens were found to have a variable
relationship in other research conducted in irrigation water sources (65, 91, 92). The reason for
these different results is complex and at a high level, to do with the locations and weather

conditions impacting each.

The association between the presence of Salmonella and precipitation was inconsistent
across studies based on four studies in this review. A number of other studies also analyzed the
association between the occurrence of pathogens and precipitation events. For instance, a study
in Arizona, reported that the concentration of E. coli increased in months with no precipitation in
comparison to months with high precipitation (93). This observation may simply be due to the
concentration of water in the high heat of the summertime and a dilution effect with heavy
precipitation. Furthermore, E. coli O157 concentrations in surface water in a major produce-
growing region in California increased during and after a rainfall event (94). The possible
explanation for this positive association could be due to increased transport of pathogens by
surface runoff from manure in grazing pasture and animal farms to the irrigation water source.
After rainfall events, concentrations of pathogens and indicator organisms in surface water

bodies such as streams, reservoirs, and ponds have been shown to increase due to surface runoff
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and the resuspension of organisms from bottom sediments (59) (95, 96). A negative association
could simply be due to a decrease in the concentration of the bacterial population through

dilution (97, 98).

No association between pH and the occurrence of Salmonella in irrigation water was
reported for the four studies where a correlation analysis was performed. Because most irrigation
water has a pH range of 6.5-8.4, which is also an optimum pH for the growth of most enteric
pathogens, slight changes in pH in irrigation water are unlikely to alter the presence or

concentration of Salmonella (99).

An association between the presence of Salmonella and physicochemical parameters
could not be determined from this research synthesis. This is because a small number of studies

collected data and analyzed for these associations.

5.5 Future Research Recommendations

This review yielded recommendations for further investigation. More research is needed
in produce-growing regions, as there were no studies in top-producing states like Washington,
Oregon, Arizona, and Wisconsin. While some studies were conducted in other top-producing
regions like California, Texas, and Florida, data was limited. Future research should be carried
out in produce-producing regions so that we can better understand the factors that increase the
risk of irrigation water contamination. Salmonella detection methodology, such as the volume of
sample tested, differed between investigations, which could have influenced the reported
occurrence. Furthermore, for several investigations, the detection limit, sensitivities, and
specificities of detection methods were not published, which could have provided important

insight on the occurrence reported in each study. Future research should also be structured in
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such a way that the experimental designs are similar and that the experimental approach details

and associated research data is made available after publication. We were unable to evaluate

seasonal occurrence because data was not collected or reported. Future research should include

experimental details, such as the number of samples analyzed and the number of positive results

for each collection date to answer questions on seasonal occurrence. Other recommendations,

based on this systematic review are detailed in Table 5.1.

Furthermore, future systematic review studies should modify the search criteria used in

this study to include terms related to all potential fresh produce irrigation water sources. This

would increase the amount of data needed for meta-analysis and would likely include studies

from other fresh produce-producing regions not captured in this research synthesis. Furthermore,

including more databases in the literature search may increase the number of articles identified.

In contrast to our study, which included many different types of pathogens, future studies may

focus on a specific pathogen to answer more focused questions about its occurrence and fate.

Table 5.1 Limitations of this study and experimental design recommendations for future
investigations

Study Component

Limitations Identified in this Study

Experimental Design Recommendations for
Future Studies

Volume of Sample
Analyzed

Difficult to determine the amount of volume
analyzed and the volume of irrigation water
analyzed ranged from 1ml to 20L.

Report information on sample volume
analyzed.

Utilize consistent volumes of water
analyzed across studies and in
consideration of water source.

Detection Method

The sensitivity, specificity, and limit of detection
were not reported or available for many studies.

Report the detection limit, sensitivity, and
specificity of the method so that there is a
better understanding of the presence and
levels of pathogens under study.

Seasonal Data

Most studies did not report the total number of
samples collected and the number of those that
were Salmonella positive for each date of
collection, making determining a relationship, if
present, impossible.

Collect samples across seasons and must
include those that encompass produce
production and harvest.

Report dates of sample collection and align
with detection results.
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Concentration of
Salmonella

Salmonella concentration data was not available
for most studies.

Evaluate the concentration of pathogens
rather than only their presence or absence.

Study Location

Data on major produce production regions was not
available.

Include coverage of major produce
production regions.

Water Source
Characteristics

Most studies lacked site characteristics such as
wildlife, human, or livestock activity, land use, and
how the water source was managed (e.g., source of
water and management of ponds and irrigation
canals).

Collect and report data on adjacent land
use and human, wildlife, and livestock
activity and details on the water source and
its management.

Weather
Information

Most studies did not report weather conditions (air
temperature, precipitation, extreme events, etc.).

Collect and report weather data before and
during the study period and for every
sampling date and site.

Biological indicator

Generic E. coli data was not available for most
studies.

Collect data on biological indicators such
as generic E. coli which could be used to
determine if it is a good indicator to
indicate potential presence of pathogens in
water.

Possible Water or air temperature, pH, and turbidity data Collect data on potential water quality

Physicochemical were not available for most studies. indicators such as pH, temperature, and

Indicators turbidity that can be easily determined at
low cost.

Serotype Many studies did not determine Salmonella Identifying the serotype could determine

information serotype(s) for the irrigation water under differences in the occurrence and fate

investigation.

between serotypes and inform risk-based
recommendations, as some serotypes cause
more serious infection.

Production practice

Details on production practices were lacking from
studies included in this research synthesis.

Knowing production practices can assist in
determining contamination sources as well
as identifying practices that reduce the risk
of contamination.

5.6 Strengths of the Systematic Review Procedure

There are several strengths of this research synthesis and meta-analysis. The standard

systematic review procedure by the Cochrane Collaboration, which was developed for clinical

studies, was used to carry out this study (100). This systematic review approach could be a

reliable way to address the complex environmental water microbiology study questions

identified in this study. Like other systematic reviews, the use of multiple databases increased the

yield of relevant peer reviewed publications in this study. Also, the inclusion of two evaluators
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strengthened the selection of quality studies included in this research synthesis, the extraction of

relevant data, accuracy of data extracted, and the relevance of overall findings.
5.7 Limitations of the Systematic Review Procedure

This study has several limitations. A few studies combined data from several water
sources but presented the occurrence as a single number. For these mixed water sources, data
could not be used to evaluate differences between water sources. The sample collection
procedure, volume of sample analyzed, Salmonella detection methods, and detection limits
differed between studies from which we synthesized the findings. This likely had an impact the
reported occurrence of Salmonella. Salmonella concentration was not determined in this study
because it was not reported in many studies. The concentration is important to understand level
of contamination in irrigation water. Lack of sufficient data in many produce production regions
restricted our ability to make conclusions on the association between climate regions and

Salmonella occurrence in irrigation water.
5.8 Summary and Conclusions

This study identified and analyzed all of the available data on the presence of Salmonella
in irrigation waters used for fresh produce production in the U.S., Canada, and Mexico, all areas
where produce consumed in the U.S. is grown. Understanding the occurrence of Salmonella in
irrigation water will be useful in developing strategies to reduce contamination and prevent

future produce-related outbreaks.

While data from this review’s included studies did not provide sufficient evidence for the
identified potential risk factors for Salmonella occurrence in irrigation water, certain conclusions
did emerge. Specifically, this research synthesis demonstrated that irrigation basins, irrigation
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channels, and rivers had a higher median occurrence of Salmonella in comparison to other water
sources, and groundwater had the lowest. Also, the occurrence of Salmonella varies by climate
region, but a significantly lower occurrence was observed in non-flowing surface water in the
U.S. west in comparison to surface water in the U.S. southeast. Weather and land use
characteristics, both of which can vary across geographical space, are likely important drivers of
fecal contamination in water. While it could not be concluded in this study due to a paucity of
data across each climate region, investigations on whether climate regions (those investigated
here or others) are an important factor to consider in understanding and mitigating pathogen

contamination in produce growing environments should be conducted.

This review also illuminated the need for well thought future research approaches, having
all required data available summarized in Table 5.1. Through well thought out, consistent, and
thorough research approaches across studies, a research synthesis would be likely to better
address this study’s research questions. These findings could be used to identify and develop
appropriate practices and policies to control Salmonella contamination in the produce production

environment.

The application of the systematic review process commonly applied for clinical research
has great value in the application of more complex environmental studies. The limitation,
however, lies in the availability and quality of data. Since a single research study would not be
able to address this study’s research question, a research synthesis enables the evaluation of
geographically broad and complex research questions. With the proper approach to future
irrigation water studies, a systematic review and meta-analysis could provide significant insights

to inform policies and practices to ensure the safe production of produce.
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Appendix A

Appendix A.1 definitions of terms used to describe characteristics of water sources

Type of water Definitions

source

Pond Smaller than a lake, where the water temperature is the same at the surface and
bottom of the body of water.

Reservoir A large supply or stock of anything which may be rapidly put to use; a reserve.

Lake Inland body of water that fill depressions in the earth

Canal An irrigation canal or lateral is constructed to convey water from the source of
supply to one or more farms.

River A perennial watercourse, a large flow of water in a highly defined channel

Stream An unbroken flow of water which moves by gravity downward in a narrow and
defined channel

Creek An intermittent flow of water which may not exist year-round

Channel Open Channel is constructing or improving a channel, either natural or artificial, in

which water flows with a free surface.
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Appendix A.2 Occurrence of Salmonella in groundwater in the U.S. and Mexico

Reference Place Number Number Occurrence
of of positive | (%)
samples samples

Antaki et al., 2016 U.S., Georgia, Southern Georgia 26 0 0.0

Bell et al., 2015 U.S., Virginia Eastern Shore 60 0 0.0

Ganyu et al, 2016 U.S., Eastern shore of Virginia (A) 100 4 4.0

U.S., Eastern shore of Virginia B 100 0 0.0
U.S., Eastern shore of Virginia C 100 2 2.0
U.S., Eastern shore of Virginia D 100 7 7.0

Gu. et al.,2018 U.S., Eastern shore of Virginia 117 0 0.0

Weller et al., 2015 U.S., New York 9 0 0.0

Xuetal., 2015 U.S., Maryland 18 0 0.0

Marine et al., 2015 U.S., Maryland/Delaware /New Jersey 96 4 4.2

Benjamin et al., 2013 U.S., California, California Central Coast 1 0 0.0

Duffy et al., 2005 U.S., Texas 10 0 0.0

Micallef et al, 2012 U.S., Mid-Atlantic region 25 0 0.0
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Appendix A.3 Occurrence of Salmonella in ponds in the U.S.

Reference | Place Number | Number | Occurrence | Water source
of of (%) characteristics
samples | positive
samples
Antaki et U.S., Southern Georgia, pond 1 21 2 95 Wildlife activity was
al., 2016 surface water observed in this area
U.S., Southern Georgia, pond 1 26 5 19.2
subsurface water
U.S., Southern Georgia, pond 2 18 2 111
surface water
U.S., Southern Georgia, pond 2 18 1 5.6
subsurface water
Baoguang U.S., Southern Georgia (BB) 8 2 25.0 Wildlife activity was
etal., 2014 | U.S. Southern Georgia (VH) 8 1 125 observed
U.S., Southern Georgia (RT1) 8 2 25.0
U.S., Southern Georgia (RT2) 8 3 37.5
U.S., Southern Georgia (CC1) 8 2 25
U.S., Southern Georgia (MD1) 27 8 29.6
U.S., Southern Georgia (CC2) 27 8 29.6
U.S., Southern Georgia (LV) 27 9 33.3
U.S., Southern Georgia (NP) 27 6 22.2
U.S., Southern Georgia (SC) 27 8 29.6
Harris et al., | U.S., Southern Georgia in the Little | 6 2 33.3 Pastures, residential/
2018 River watershed (Farm 1) (Pond at commercial/industrial
intake) areas were present in the
U.S., Southern Georgia in the Little | 6 2 33.3 vicinity, animal
River watershed (Farm 1) (Pond agriculture included an
edge) estimated cattle and
U.S., Southern Georgia in the Little | 6 1 16.7 broiler chickens
River watershed (Farm 2) (pond
edge)
U.S., Southern Georgia in the Little | 6 3 50.0
River watershed (Farm 2) (Pond
edge) (pond edge)
Lee etal, U.S., Southern Georgia (CC2) 99 52 52.5 Included homes/buildings
2018 U.S., Southern Georgia (LV) 102 40 39.2 and adjacent landscaped
U.S., Southern Georgia (MD1) 102 50 49.0 areas. No livestock,
U.S., Southern Georgia (NP) 102 29 28.4 occasional fishing, and
U.S., Southern Georgia (SC) 102 46 45.1 wildlife were present
Ganyu et U.S. Eastern shore of Virginia A 100 16 16.0 Broiler farm nearby,
al., 2016 U.S. Eastern shore of Virginia B 100 12 12.0 application of poultry
U.S. Eastern shore of Virginia C 100 22 22.0 litter to the field.
U.S. Eastern shore of Virginia D 100 27 27.0

111




Reference | Place Number | Number | Occurrence | Water source
of of (%) characteristics
samples | positive
samples
Guetal., U.S. Eastern shore of Virginia 117 23 19.7 Local broiler farms were
2018 present in this region
Jonesetal., | U.S., New York 99 46 46.5 Not available
2014
Micallefet | U.S., Mid-Atlantic region 39 3 7.7 Not available
al., 2012
Topalcengiz | U.S.A, West Central Florida pond 1 | 95 4 4.2 Turtles, fishes, frogs,
etal., 2017 | U.S. West Central Florida pond 2 95 7 7.4 alligators, and various
U.S. West Central Florida pond3 | 95 2 2.1 types of bird including
U.S. West Central Florida pond4 | 95 8 8.4 ibis, heron, Sandhill
U.S. West Central Floridapond5 | 95 2 2.1 cranes, wood storks, wild
U.S. West Central Floridapond 6 | 95 3 3.2 and farm ducks, and
vultures were observed in
and around the ponds.
Domesticated animals
were also present in the
surrounding
Weller et U.S., New York 7 1 14.3 Not available
al., 2015
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Appendix A.4 Occurrence of Salmonella in rivers in the U.S., and Canada

Reference Place Number | Number of | Occurrence | Water source characteristics
of positive (%)
samples | samples
Callahan et U.S. Maryland Eastern Shore 12 5 41.7 High number of poultry farms
al., 2018 (Choptank) on the Maryland Eastern
U.S. Maryland Eastern Shore 12 10 83.3 Shore, application of poultry
(Nanticoke) litter to fields
U.S. Maryland Eastern Shore 10 4 40.0
(Wicomico)
U.S. Maryland Eastern Shore 12 11 91.7
(Pocomoke)
Duffy et al, Wild birds were seen in the
2005 U.S., Texas 30 8 26.7 vicinity
U.S., Texas 30 0 0.0
Marine etal, | U.S., Maryland/Delaware /New Jersey 2 0.0 NA
2015
Rajabi et al, U.S., Florida/Georgia, Suwannee 110 105 95.5 Greater distance from
2011 River watershed agriculture and other human
impact in some areas, while
the other sites are in direct
contact with human
populations.
Fremaux et Canada, Prairie Qu'Appelle, downstream | 14 0 0.0 These sites have pastures
al, 2009 of Craven (IRPC) (especially cattle), but the
Canada, Prairie Qu'Appelle, 14 2 14.3 Qu'Appelle River also runs
Downstream of Lumsden (IRP1) through urbanized areas such
Canada, Prairie Qu'Appelle, Lumsden 14 1 7.1 as the towns of Lumsden and
__ Craven and is under the
Canada, Prairie Qu'Appelle, Wascana 14 2 14.3 influence of effluent from the
Canada, Prairie Qu'Appelle, Qu'Appelle | 14 0 0.0 city of Regina sewage

treatment facility
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Appendix A.5 Occurrence of Salmonella in irrigations channels in the U.S. and Mexico

Reference | Place Number of | Number | Occurrence | Water source characteristics
samples of (%)
positive
samples
Cuevas et | Mexico, Sinaloa, Mexico, A) 11 3 27.3 Presence of wild animals and
al., 2009 Culiacan; livestock cattle nearby. Some rural
Mexico, Sinaloa, B) Villa Juérez 18 7 38.9 communities discharge wastewaters
Mexico, Sinaloa, C) Navolato 11 6 54.5 without any treatment for various
Mexico, Sinaloa, D) Eldorado. 11 4 36.4 bodies of water. Also, the channels
for agricultural use in the Culiacan
Valley are found outdoors, so
contamination can have diverse
origins, such as the introduction of
water residual to canals, domestic
discharges, and excreta of wild
animals such as reptiles and birds
Estrada et | Mexico, central region of Sinaloa | 6 1 16.7 Irrigation water is accessible to
al., 2014 A wild animals and livestock
Mexico, central region of Sinaloa | 6 1 16.7
B
Mexico, central region of Sinaloa | 6 1 16.7
C
Mexico, central region of Sinaloa | 6 3 50.0
D
Mexico, central region of Sinaloa | 6 4 66.7
E
Mexico, central region of Sinaloa | 6 3 50.0
F
Gallegos et | Mexico, Sinaloa, Matamoros, 4 2 50.0 Water used for irrigation of the
al., 2008 Coahuila, (cantaloupe farm) cantaloupe farms originated from
Mexico, Sinaloa, Matamoros, 14 6 429 the Rio Nazas and flowed through
Coahuila, (chili farm) open channels without any
protection against contact with
animals. In addition, the cantaloupe
farms were irrigated from the same
channels used to irrigate forage
crops with sewage.
Jones et U.S., New York 5 2 40.0 Not available
al., 2014
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Appendix A.6 Occurrence of Salmonella in creeks in the U.S. and Canada

Reference Place Number of Number of Occurrence (%) | Water source
samples positive characteristics
samples
Jones et al., U.S., New York 19 5 26.3 Not available
2014
Ganyu et al., U.S., Eastern shore of Virginia 66 16 24.2 Broiler farm is present
2016 nearby, application of
poultry litter may impact
irrigation water
Falardeau et al., | Canada, British Columbia, Sumas prairie | 34 0 0.0 Adjacent road and animal
2017 near Abbotsford, (Sumas 2) farming
Canada, British Columbia, Serpentine 34 0 0.0

watershed in the Cloverdale region of
Surrey, (Serpentine 2)

Appendix A.7 Occurrence of Salmonella in irrigation ditches in Canada

Reference | Place Number of | Positive Occurrence | Water source
samples sample (%) characteristics

Falardeau Canada, British Columbia, Sumas prairie near 35 3 8.6 Adjacent road and animal
etal., 2017 | Abbotsford, (Sumasla) farming

Canada, British Columbia, Sumas prairie near 26 2 7.7

Abbotsford, (Sumas1B)

Canada, British Columbia, Serpentine watershed in 30 1 3.3

the Cloverdale region of Surrey, (Serpentine 1)
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Appendix A.8 Occurrence of Salmonella in mixed water sources in the U.S., Canada, and

Mexico
Referenc | Place Water source Number of | Number of | Occurren | Water source characteristics
e samples positive ce (%)
samples
Castillo et | Colima, three farms in River, or aquifer, | 70 9 12.9 Not available
al., 2004 Mexico or groundwater
Colima, three farms in River, or aquifer, | 5 0 0.0
Mexico or groundwater
Colima, three farms in River, or aquifer, | 15 1 6.7
Mexico or groundwater
U.S., Texas, five farms in | River, or aquifer, | 15 4 26.7
the Rio Grande Valley or groundwater
and one in Uvalde
Cooley et | U.S., California Creek, lake, river, | 1405 908 64.6 Urban runoff and seepage from septic
al., 2018 and slough systems. Runoff from agriculture,
wildlife in riparian areas and runoff
from cattle ranches (primarily cow/calf
operations).
Draper et | U.S., Pennsylvania, Ponds, creeks, 94 0 0.0 Pond adjacent to a highway, river
al.,, 2016 | Susquehanna, and rivers, streams, located adjacent to a chicken house,
Delaware watersheds lakes, and open cattle and horses had free access to the
within southern and wells irrigation ponds.
southeastern
Pennsylvania
U.S., Pennsylvania, Ponds, creeks, 59 5 8.5
Susquehanna, and rivers, streams,
Delaware watersheds lakes, and open
within southern and wells
southeastern
Pennsylvania
Marine et | U.S., Maryland/Delaware | Pond, creek, 28 2 7.1 Not available
al., 2015 | /New Jersey, stream
Mcegan U.S., Central Florida Lake, pond, 202 202 100.0 Sites in rural agricultural areas, away
etal., creek, stream, from animal agriculture
2013 river, and canals
Welleret | U.S., New York River, creek, and | 2 0 0.0 Not available
al., 2015 stream
Xu et al, U.S., Maryland Pond and creek 11 0 0.0 Not available
2016
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Appendix A.9 Occurrence of Salmonella in reservoirs in the U.S.

Reference | Place Number of Number of Occurrence (%) Water source characteristics
samples positive
samples
Benjamin | U.S., California Central Coast 8 0 0.0 Presence of wildlife and
etal., animal farming in this region
2013
Partyka et | U.S., California's Central Valley (Lake | 41 6 14.6 Much of the surrounding
al., 2018 | success) LS landscape is open to mixed
P uses, including grazing by
E.S., Cﬁll[ol;nlas Central Valley Lake | 44 8 18.2 sheep and cattle. All of the
aweah (LK) reservoirs were open to the
U.S., California's Central Valley New | 42 7 16.7 public and were frequented
Hogan (NH) by recreators during the study
eriod.
U.S., California's Central Valley 44 8 18.2 P
Woodward (WR)
U.S., California's Central Valley Camp | 42 11 26.2
Far West (CF)
U.S., California's Central Valley 44 27 61.4
Englebright (EB)
Appendix A.10 Occurrence of Salmonella in streams, and unknown irrigation water in the
U.S., Canada, and Mexico
Reference | Place Water Number Number of | Occurrence | Water source characteristics
source of positive (%)
samples samples
Falardeau | British Columbia, Canada, Sumas Stream 34 0 0.0 Adjacent road and animal
etal., 2017 | prairie near Abbotsford, (Sumas 3) farming
Canada, British Columbia, Canada, Stream 30 0 0.0
Serpentine watershed in the Cloverdale
region of Surrey, (Serpentine 3)
Benjamin | U.S., California Central Coast Unknown | 13 1 7.7 Presence of wildlife and animal
etal., 2013 irrigation farming in this region
water
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Appendix A.11 Occurrence of Salmonella in irrigation basins in the U.S.

Reference Place Detection Location | Water | Number | Positive | Occurrence | Mean Water source
method of sample | source | of sample | (%) concentration | characteristics
collection samples of E. coli

Partyka USA, Culture/PCR | NA Basin | 71 17 23.9 2.53* Wildlife is present near to
etal, 2016 California the basins

USA, Culture/PCR | NA Basin | 24 19 79.2 1.83*

Florida

USA, Culture/PCR | NA Basin | 12 12 100.0 1.79*

Mississippi
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Appendix A.12 Seasonal occurrence of Salmonella in different irrigation water sources

Refere | Place Water | Nu Nu Occu | Num | Numb | Occ Numb | Occu | Numb | Numbe | Occu
nce source | mbe | mbe | rrenc | ber er of urre | Nu er of rrenc | er of r of rrenc
rof |rof |e of sampl | nce | mbe |sampl |e sampl | sample |e
sam | sam | (Fall) | samp | e (win | rof |e (spri | e positive | (sum
ple ple le positiv | ter) | sam | positiv | ng) (summ | (summe | mer)
(fall) | posit (wint | e ple e er) r
ive er) (winte (spri | (sprin
(fall) r ng) |9
Antaki et | U.S., Georgia Pond NA |11 NA NA 0 NA [ NA |7 NA NA 16 NA
al., 2016
Baoguan | U.S., Georgia Pond 3 0 0.0 2 1 50.0 | NA | NA NA 2 1 50.0
etal.,
8014 U.S., Georgia Pond 3 0 0.0 2 1 50.0 | NA | NA NA 2 0 0.0
U.S., Georgia Pond 3 1 33.3 2 1 50.0 | NA | NA NA 2 0 0.0
U.S., Georgia Pond 3 2 66.7 2 1 50.0 | NA | NA NA 2 1 50.0
U.S., Georgia Pond 3 1 33.3 2 1 50.0 | NA | NA NA 2 1 50.0
U.S., Georgia Pond 7 3 42.9 6 2 333 | 6 2 33.3 8 2 25.0
U.S., Georgia Pond 7 0 0.0 6 2 333 |6 0 0.0 8 4 50.0
U.S., Georgia Pond 7 1 14.3 6 2 333 | 6 1 16.7 8 4 50.0
U.S., Georgia Pond 7 4 57.1 6 2 333 | 6 2 33.3 8 1 12.5
U.S., Georgia Pond 7 2 28.6 6 1 16.7 | 6 2 33.3 8 2 25.0
Callahan | U.S., Maryland River | 6 1 16.7 NA NA NA |6 4 66.7 NA NA NA
etal, U.S., Maryland River | 6 5 83.3 NA NA NA |6 5 83.3 NA NA NA
2018 U.S., Maryland River |5 3 60.0 NA NA NA |5 1 20.0 NA NA NA
U.S., Maryland River |6 5 83.3 NA NA NA |6 6 100.0 | NA NA NA
Cooley et | U.S., California | Creek | NA | NA | 620 NA NA 710 | NA [ NA 77.0 NA NA 69
al.,, 2014 | U.S., California | Lake NA | NA |470 NA NA 50.0 | NA | NA 60.0 NA NA 52
U.S., California | River NA | NA |710 NA NA 60.0 | NA | NA 81.0 NA NA 84
U.S., California | Slough | NA | NA | 36.0 NA NA 61.0 | NA | NA 58.0 NA NA 60
U.S,, California Creek NA NA 39.0 NA NA 41.0 | NA NA 49.0 NA NA 54
Draper u.s., Mixed | NA NA NA NA NA NA NA NA NA 59 5 8.5
etal, Pennsylvania
2016
Estrada Mexico, Sinaloa, | Irrigati | NA | NA | NA NA NA NA | NA | NA NA 36 13 36.1
etal, Mexico on
2014 channe
I
Falardea | Canada, British Ditch, | 20 1 5.0 25 2 8 39 1 2.6 45 1 2.2
uetal., Columbia, creek,
2017 Canada and
stream
Canada, British Ditch, | 15 1 6.7 18 0 0.0 25 0 0.0 36 0 0.0
Columbia, creek,
Canada and
stream
Fremaux | Prairie River NA | NA | NA NA NA NA | NA | NA NA 14 0 0.0
etal., Qu'Appelle,
2009 Canada
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Refere | Place Water | Nu Nu Occu | Num | Numb | Occ Numb | Occu | Numb | Numbe | Occu
nce source | mbe | mbe | rrenc | ber er of urre | Nu er of rrenc | er of r of rrenc
rof |rof |e of sampl | nce | mbe |sampl |e sampl | sample | e
sam | sam | (Fall) | samp | e (win | rof |e (spri | e positive | (sum
ple ple le positiv | ter) | sam | positiv | ng) (summ | (summe | mer)
(fall) | posit (wint | e ple e er) r
ive er) (winte (spri | (sprin
(fall) r ng) | Q)
Prairie River | NA | NA | NA NA NA NA | NA | NA NA 14 2 14.3
Qu'Appelle,
Canada
Prairie River | NA | NA | NA NA NA NA [ NA | NA NA 14 1 7.1
Qu'Appelle,
Canada
Prairie River | NA | NA | NA NA NA NA [ NA | NA NA 14 2 14.3
Qu'Appelle,
Canada
Prairie River NA NA NA NA NA NA NA NA NA 14 0 0.0
Qu'Appelle,
Canada
Gallegos | Sinaloa, Mexico | Irrigati | NA | NA | NA NA NA NA | NA | NA NA 4 2 50.0
et al, on
2008 channe
I
Gallegos | Sinaloa, Mexico | Irrigati | NA | NA | NA NA NA NA | NA | NA NA 14 6 42.9
etal, on
2008 channe
I
Hernand | Mexico, River NA | NA | NA NA NA NA | 18 3 16.7 NA NA NA
zetal, Zirandaro
2008
Leeetal, | U.S., Georgia Pond 105 | 57 54.3 75 29 38.7 | 164 |52 31.7 163 79 48.5
2018
Marineet | U.S,, Pond NA 3 NA NA NA NA NA 1 NA NA NA NA
al, 2015 Meryland/Delaw
are /New Jersey
U.S. Groun | NA | NA | NA NA NA NA [ NA |2 NA NA NA NA
Meryland/Delaw | dwater
are /New Jersey
Micallef | U.S., Mid- Groun |8 0 0.0 6 0 0.0 3 0 0.0 8 0 0.0
etal., atlantic region dwater
2012 U.S. Mid-atlantic | Pond 13 1 7.7 7 0 0.0 7 1 14.3 12 1 8.3
region
U.S. Mid-atlantic | Ditch | 4 0 0.0 NA NA NA [ NA | NA NA 9 2 22.2
region
Topalcen | U.S. Florida Pond 72 0 0.0 204 10 4.9 240 | 15 6.3 24 1 4.2
gizetal.,
2017
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Appendix A.13 Reference of inclusion list for Salmonella

Author Year Title

Antaki, E. M.: Vellidis, G.: 2016 Low Concentration of Salmonella enterica and Generic Escherichia coli in Farm

Harris, C.: Aminabadi, P.: Levy, Ponds and Irrigation Distribution Systems Used for Mixed Produce Production in

K.: Jay-Russell, M. T. Southern Georgia

Baoguang, Li: Vellidis, G.: 2014 Diversity and antimicrobial resistance of Salmonella enterica isolates from surface

Huanli, Liu: Jay-Russell, M.: water in southeastern United States

Shaohua, Zhao: Zonglin, Hu:

Wright, A.: Elkins, C. A.

Bell, R. L.: Zheng, J.: Burrows, 2015 Ecological occurrence, genetic diversity, and epidemiological aspects of Salmonella

E.: Allard, S.: Wang, C. Y.: Keys, isolated from tomato agricultural regions of the Virginia Eastern Shore

C. E.: Melka, D. C.: Strain, E.:

Luo, Y.: Allard, M. W.: Rideout,

S.: Brown, E. W.

Benjamin, Lisa: Carychao, Diana: | 2013 Occurrence of generic Escherichia coli, E. coli 0157 and Salmonella spp. in water

Atwill, Edward R.: Gorski, Lisa: and sediment from leafy green produce farms and streams on the Central California

Cooley, Michael: Jay-Russell, coast

Michele: Mandrell, Robert E.

Callahan, M. T.: Kessel, J. A. van: | 2018 Salmonella enterica recovery from river waters of the Maryland Eastern Shore reveals

Micallef, S. A. high serotype diversity and some multidrug resistance

Castillo, A.: Mercado, I.: Lucia, L. | 2004 Salmonella contamination during production of cantaloupe: a binational study

M.: Martinez-Ruiz, Y.: Ponce de

Leon, J.: Murano, E. A.: Acuff, G.

R.

Cooley, M. B.: Quifiones, B.: 2014 Occurrence of shiga toxin producing Escherichia coli, Salmonella enterica, and

Oryang, D.: Mandrell, R. E.: Listeria monocytogenes at public access watershed sites in a California Central Coast

Gorski, L. agricultural region

Cuevas, O. L.: Félix, J. L.: Edeza, | 2009 Detection and antibiotic resistance of escherichia coli and Salmonella in water and

M. J.: Quiroz, C. C. agricultural soil

Draper, A. D.: Doores, S.: 2016 Microbial survey of Pennsylvania surface water used for irrigating produce crops

Gourama, H.: LaBorde, L. F.

Duffy, E. A.: Lucia, L. M.: Kells, | 2005 Concentrations of Escherichia coli and genetic diversity and antibiotic resistance

J. M.: Castillo, A.: Pillai, S. D.: profiling of Salmonella isolated from irrigation water, packing shed equipment, and

Acuff, G. R. fresh produce in Texas

Espinoza-Medina, I. E.: 2006 PCR identification of Salmonella: Potential contamination sources from production

Rodriguez-Leyva, F. J.: Vargas- and postharvest handling of cantaloupes

Arispuro, I.: Islas-Osuna, M. A.:

Acedo-Félix, E.: Martinez-Téllez,

M. A.

Estrada-Acosta, M.: Jiménez, M.: | 2014 Irrigation water quality and the benefits of implementing good agricultural practices

Chaidez, C.: LeOn-Félix, J.: during tomato (Lycopersicum esculentum) production

Castro-del Campo, N.

Falardeau, J.: Johnson, R. P.: 2017 Occurrence, characterization, and potential predictors of verotoxigenic Escherichia

Pagotto, F.: Wang, S. Y. coli, Listeria monocytogenes, and Salmonella in surface water used for produce
irrigation in the Lower Mainland of British Columbia, Canada

Fremaux, B.: Gritzfeld, J.: Boa, 2009 Evaluation of host-specific Bacteroidales 16S rRNA gene markers as a

T.: Yost, C. K.

complementary tool for detecting fecal pollution in a prairie watershed
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Author Year Title

Gallegos-Robles, M. A.: Les- 2008 Identification of Salmonella Serotypes Isolated from Cantaloupe and Chile Pepper

Loredo, A. M.: Aivarez-Ojeda, G.: Production Systems in Mexico by PCR-Restriction Fragment Length Polymorphism

Vega, A.: Chew, Y.: Velarde, S.:

Fratamico, P.

Ganyu, Gu: Ottesen, A.: Jie, 2016 Diversity and dynamics of Salmonella enterica spp. in irrigation water and poultry

Zheng: Oryang, D.: Boyer, R.: litter amended fields on the eastern shore of Virginia

Strawn, L.: Rideout, S.

Gu, G. Y.: Strawn, L. K.: Oryang, | 2018 Agricultural Practices Influence Salmonella Contamination and Survival in Pre-

D. O.: Zheng, J.: Reed, E. A. harvest Tomato Production

Ottesen, A. R.: Bell, R. L.: Chen,

Y. H.: Duret, S.: Ingram, D. T.:

Reiter, M. S.: Pfuntner, R.:

Brown, E. W.: Rideout, S. L.

Harris, C. S.: Vellidis, G.: Levy, 2018 Impact of storm runoff on Salmonella and Escherichia coli occurrence in irrigation

K.: Tertuliano, M.: Rajeev, S. ponds of fresh produce farms in southern Georgia

Hernandez-Dominguez, C.: 2008 Detection of Salmonella and fecal coliforms in water for agricultural use destined to

Hernandez-Anguiano, A. M.: melon "Cantaloupe": Deteccion de Salmonella y coliformes fecales en agua de uso

Chaidez-Quiroz, C.: Rendon- agricola para la produccion de melon "Cantaloupe"

Sanchez, G.: Suslow, T.

Jones, L. A.: Worobo, R. W.: 2014 Plant-pathogenic oomycetes, Escherichia coli strains, and Salmonella spp. Frequently

Smart, C. D. found in surface water used for irrigation of fruit and vegetable crops in New York
State

Lee, D.: Tertuliano, M.: Vellidis, | 2018 Evaluation of Grower-Friendly, Science-Based Sampling Approaches for the

G.: Harris, C.: Grossman, M. K.: Detection of Salmonella in Ponds Used for Irrigation of Fresh Produce

Rajeev, S.: Levy, K.

Marine, S. C.: Sivaranjani, 2015 The growing season, but not the farming system, is a food safety risk determinant for

Pagadala: Fei, Wang: Pahl, D. M.: leafy greens in the mid-Atlantic region of the United States

Melendez, M. V.: Kline, W. L.:

Oni, R. A.: Walsh, C. S.: Everts,

K. L.: Buchanan, R. L.: Micallef,

S. A

McEgan, R.: Mootian, G.: 2013 Predicting Salmonella populations from biological, chemical, and physical indicators

Goodridge, L. D.: Schaffner, D. in Florida surface waters

W.: Danyluk, M. D.

Micallef, S. A.: Goldstein, R. E. 2012 Occurrence and antibiotic resistance of multiple Salmonella serotypes recovered from

R.: George, A.: Kleinfelter, L.: water, sediment and soil on mid-Atlantic tomato farms

Boyer, M. S.: McLaughlin, C. R.:

Estrin, A.: Ewing, L.: Beaubrun,

J. J. G.: Hanes, D. E.: Kothary, M.

H.: Tall, B. D.: Razeq, J. H.:

Joseph, S. W.: Sapkota, A. R.

Partyka, M. L.: Bond, R. F.: 2016 Multistate Evaluation of Microbial Water and Sediment Quality from Agricultural

Chase, J. A.: Kiger, L.: Atwill, E. Recovery Basins

R.

Partyka, M. L.: Bond, R. F. 2018 Spatial and temporal variability of bacterial indicators and pathogens in six California

Chase, J. A.: Atwill, E. R. reservoirs during extreme drought

Rajabi, M.: Jones, M.: Hubbard, 2011 Distribution and Genetic Diversity of Salmonella enterica in the Upper Suwannee

M.: Rodrick, G.: Wright, A. C.

River
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Author Year Title

Topalcengiz, Z.: Strawn, L. K.: 2017 Microbial quality of agricultural water in Central Florida

Danyluk, M. D.

Weller, D.: Wiedmann, M.: 2015 Irrigation Is Significantly Associated with an Increased Occurrence of Listeria
Strawn, L. K. monocytogenes in Produce Production Environments in New York State

Xu, A.: Pahl, D. M.: Buchanan, R. | 2015 Comparing the microbiological status of pre- and postharvest produce from small
L.: Micallef, S. A. organic production

Appendix A.14 Average monthly temperature in different regions of the United States, Mexico,

and Canada in 2020 was used to identify climate region

Month | Abbots | Orovill | Regina, | Minot, | Colima | Sinaloa | San
ford e, WA | Saskatc | ND : : Diego
BC hewan Mexico | Mexico | CA
Jan 40.1 34.1 14.76 23.63 75.67 73.02 58.02
Feb 36.43 30.8 -1.38 7.43 78.06 74.41 59.72
March 43.18 43.6 31.46 37.08 81.46 82.08 60.96
April 50.93 53.8 39.03 435 83.61 84.72 63.66
May 54.96 61.2 51.17 55.72 83.57 88.52 68.07
Jun 66.09 75.5 65.73 71.37 81.09 | 101.16 67.83
Jul 67.39 82.6 71.12 75.89 78.62 89.46 69.98
Aug 64.98 72.9 63.2 69.29 76.42 88.81 72.28
Sep 62.29 66.47 54.38 58.3 76.59 86.74 72.98
Oct 50.44 51.83 35.62 40.39 77.63 86.63 70.56
Nov 43.23 36.77 23.99 33.03 77.67 83.01 61.47
Dec 39.58 30.99 17.03 26.03 75.25 73.87 57.52

Appendix A.15 Results of t-Test (: Two-Sample Assuming Equal Variances) between temperature

of Canadian and Mexico region and nearby NOAA region

Place P(T<=t) Result NOAA region
two-tail

Abbotsford BC and Oroville, 0.781 No significant difference Northwest

WA

Regina, Saskatchewan and 0.491 No significant difference West North Central

Minot, ND

Colima, Mexico and 2.257 No significant difference West

San Diego, CA

Sinaloa, Mexico and 8.433 No significant difference West

San Diego, CA

123




