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ABSTRACT

Protozoan parasites are neglected pathogens of concern. Cryptosporidium spp.,
Cyclospora cayetanensis, Giardia intestinalis, and Toxoplasma gondii cause 678,828;
11,522; 1.12 million; and 173,415 cases of domestically acquired illness in the United
States each year, respectively. Protozoan parasites are typically transmitted by the
fecal-oral route, through consumption of contaminated food, water, and soil. Each
year, 8%, 99%, 7%, and 50% of domestically acquired cases associated with
Cryptosporidium, Cyclospora, Giardia, and Toxoplasma, are attributed to
contaminated food, respectively. Although many past outbreaks have been attributed
to contaminated drinking and recreational water, there is growing evidence to suggest
that protozoa are becoming more common contaminants of fresh produce. This is
particularly concerning due to the robust nature of these microorganisms, which can
remain viable after various postharvest interventions, such as chlorine baths, cleaning,
and blast chilling. In addition, the sensitivity of fresh produce to quality degradation
prevents the application of many hurdles and technologies that inactivate protozoa due
to concerns about quality. The extent to which protozoa impact the produce industry is
not well understood. Protozoan parasites are also often neglected from primary food
safety considerations. This is due, in part, to their complex and diverse lifecycles, and
gaps in scientific knowledge critical to providing guidance for growers and informing
prevention and intervention strategies in produce production and processing. This
emphasizes the importance of environmental surveillance and evaluation of novel

intervention technologies targeting protozoan parasites.
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As produce-associated outbreaks attributed to protozoan parasites have
increased, the importance of irrigation water as a critical resource and a vehicle for
contamination of produce has become clear. Groundwater resources for irrigation are
finite and non-traditional alternatives to groundwater will be essential to sustainably
meet the needs of the agricultural industry. It is imperative that the microbial quality
of non-traditional water is evaluated for protozoan parasites prior to use in irrigation.
Environmental surveillance at three reclaimed and three surface water sources in the
Mid-Atlantic region from June 2017 to October 2018, indicated Cryptosporidium,
Giardia, and Toxoplasma (0o0)cysts were detected in both reclaimed (40.9%, 27.3%,
9.1%; n=22) and surface (34.0%, 2.0%, 10.0%; n=50) water samples, respectively.
Overall Cryptosporidium was detected most frequently (36.1%) of the protozoa
evaluated. There was not a significant association with season and evaluated protozoa
(p>0.13). The detection of Cryptosporidium and Giardia was not significantly
associated with precipitation (p>0.09) but was significantly associated with ambient
air temperature (p<0.03). Toxoplasma detection was associated with precipitation,
chloride concentration, and conductivity of the water (p<0.03).

Current postharvest practices are not sufficient to inactivate protozoa on or in
produce and water. Cilantro has been identified as a vehicle for protozoan illness. Cold
plasma (CP) is an emerging nonthermal waterless technology with potential
applications in food processing. In these studies, the impact of CP treatment on the
viability of Cryptosporidium parvum (C. parvum) oocysts inoculated onto cilantro was
investigated. Studies performed with CP on C. parvum oocysts inoculated onto
cilantro showed overall, each CP treatment significantly reduced oocyst infectivity

compared to the 0-s treatment control (p < 0.02). Log inactivation of oocysts observed

Xiv



on cilantro were 0.84, 1.23, and 2.03 for the 30-, 90-, and 180-s treatment times,
respectively. Drying and darkening of cilantro leaves was observed with treatments
longer than 30 s. CP can reduce C. parvum infectivity on cilantro.

Pulsed light (PL) is an emerging technology with potential applications in food
processing as well. The impact of PL treatment on the viability of C. parvum oocysts
inoculated onto cilantro, mesclun lettuce, spinach, and tomatoes was investigated.
Studies performed with PL on C. parvum oocysts inoculated onto raw agricultural
commodities, showed that maximum log reductions achieved on cilantro, mesclun
lettuce, spinach, and tomato were 2.46, 4.27, 2.51, and 2.19, respectively. Significant
changes in color values were not observed for leafy greens or herbs; however, wilting
was observed in samples treated longer than 10 s. Significant change in the b* value
for tomato treated for 90 s was observed. PL can reduce the infectivity of C. parvum
oocysts on cilantro, mesclun, lettuce, spinach, and tomato.

Collectively these studies indicate that non-traditional agricultural water
sources are susceptible to contamination with protozoan parasites and that with further
optimization, CP and PL treatment technologies have potential applications in
postharvest processing of a variety of commodities to reduce food safety risks

associated with protozoan parasites.
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Chapter 1

PROTOZOAN PARASITES IN THE UNITED STATES: A CHALLENGE TO
PRODUCE SAFETY

1.1 Abstract

Disease associated with protozoan parasites has been on the rise in the United
States for the past forty years. Although many outbreaks have been attributed to
contaminated drinking and recreational water, there is growing evidence to suggest
that protozoa are becoming more common contaminants of fresh produce. Protozoan
parasites are often neglected from food safety considerations due to a lack of
awareness of their public health significance, complex and diverse lifecycles, and lack
of standardized detection methods. This report explores the impact of
Cryptosporidium, Cyclospora, and Toxoplasma on the produce industry, and the
United States and its legislation. This review further delves into challenges and
developments associated with the detection and identification of these robust

organisms in the environment.



1.2 Introduction

In recent years, protozoan parasites have been recognized for their potential to
cause outbreaks of foodborne and waterborne illness. Cryptosporidium spp.,
Cyclospora cayetanensis, and Toxoplasma gondii continue to be organisms of great
concern, especially in the produce industry (Chaidez et al., 2005; Dixon et al., 2016;
Robertson et al., 2018; Shapiro et al., 2019). There is growing interest in novel
mitigation strategies to prevent the contamination of raw agricultural commodities.
However, there are still gaps in understanding factors impacting the spread and control
of protozoan contamination. For each organism, gaps in the literature vary;
nevertheless, general deficits have been observed in understanding the regional
prevalence, persistence, and transfer of these organisms in the environment (Chaidez
et al., 2005; Dawson, 2005). In addition, the challenges associated with testing and
testing strategies have hindered the successful adoption and implementation of
mitigation strategies specific to protozoan parasites. The scope of this review will
focus on challenges associated with the isolation, detection, and identification of
Cryptosporidium spp., Cyclospora cayetanensis (C. cayetanensis), and Toxoplasma
gondii (T. gondii).

1.3 Protozoan Parasites

Protozoan parasites are single-celled eukaryotic organisms that have
contributed significantly to the global burden of infectious disease. Historically,
protozoan parasites have disproportionately impacted developing nations but over the
last few decades they have been identified as a significant problem in developed

nations as well (Fletcher et al., 2012). Protozoan parasites are typically transmitted



through the fecal-oral route. T. gondii can be transmitted through other routes which
will be discussed later in this review (Dawson, 2005). All of the parasites discussed in
this review can cause fatal infections in the immunocompromised. In 2014, the Food
and Agriculture Organization of the United Nations (FAQO) and World Health
Organization (WHO) jointly published a report, Multicriteria-based ranking for risk
management of food-borne parasites, listing the 24 most important foodborne
parasites worldwide; Toxoplasma gondii ranked fourth, Cryptosporidium spp. ranked
fifth, and Cyclospora cayetanensis ranked thirteenth (FAO & WHO, 2014).
Cryptosporidium spp. are considered one of the most important intestinal
pathogens causing disease in humans and animals (Bamaiyi & Redhuan, 2016;
Pumipuntu & Piratae, 2018). There are at least 26 recognized species of
Cryptosporidium and 40 genotypes of unknown species status (Bamaiyi & Redhuan,
2016; Ryan et al., 2014). Nearly 20 species and genotypes of Cryptosporidium have
been reported to cause infection in humans (Ryan et al., 2014). A few of the species
reported to infect humans can also infect other animals and are considered zoonotic or
possessing zoonotic potential such as, Cryptosporidium andersoni, Cryptosporidium
baileyi, Cryptosporidium canis, Cryptosporidium felis, Cryptosporidium hominis,
Cryptosporidium meleagridis, Cryptosporidium muris, Cryptosporidium parvum,
Cryptosporidium suis, cervine genotype, and skunk genotype (Fayer, 2004a; Xiao and
Fayer, 2008). Of the aforementioned species, Cryptosporidium parvum, and
Cryptosporidium hominis are responsible for most documented human infections
(Xiao & Fayer, 2008; Pumipuntu & Piratae, 2018). Over 155 species of mammals,
including humans, are reportedly susceptible to infection with Cryptosporidium

parvum (C. parvum) alone (Fayer, 2004a).



Cryptosporidiosis is characterized by self-limiting watery diarrhea, nausea,
stomach cramps, dehydration, fever, weight loss, and sometimes vomiting or
respiratory problems (Fayer, 2004a). Symptoms usually last 1 to 2 weeks but may last
longer in immunocompromised individuals (Dawson, 2005). The infectious dose
varies by species; for humans the infectious dose of C. parvum can be below 10 to
over 1000 oocysts and for C. hominis ranges from 10 to 83 oocysts (Chappell et al.,
2006; Okhuysen et al., 1999; Ryan et al., 2014). Oocysts range from 4-6 pm in
diameter and are infectious when shed in the feces of the host. Transmission of
Cryptosporidium primarily occurs through the consumption of fecally-contaminated
food or water; infection can also occur through exposure to infected persons or
animals.

There are several species of Cyclospora that have been identified in animals.
Cyclospora cayetanensis is the only species known to infect humans, and seems to be
extremely host specific (Dawson, 2005; Ortega, 2013). The oocysts are roughly 8-10
pm in diameter. Oocysts are not immediately infectious when shed from the host and
have to undergo sporulation. Sporulation is theorized to occur 7-15 days after
shedding under room temperature conditions (15-25°C) (Ortega & Robertson, 2017).
The infectious dose is not known, but it is presumed to be low (Sterling & Ortega,
1999). Cyclosporiasis is characterized as self-limiting watery diarrhea, stomach
cramping, weight loss, nausea, fatigue, and sometimes vomiting or low-grade fever.
Symptoms typically persist for 2 weeks (Bhunia, 2018). The modes of transmission of
C. cayetanensis have not been fully elucidated, although fecal-oral transmission

through the consumption of contaminated food, water, and soil is a major route.



Person-to-person transmission is unlikely because a sporulation period is required
(Almeria et al., 2019).

Toxoplasmosis is widely regarded as a neglected parasitic infection and is
considered “neglected” based on high prevalence, chronic and disabling features, and
strong links with poverty (Jones et al., 2014; Hotez, 2014). Toxoplasma gondii is also
recognized as the second leading cause of death associated with domestically acquired
foodborne disease (Scallan et al., 2011). It is predicted to infect at least 40 million
Americans and perhaps has the most severe symptoms and sequelae of the protozoa
discussed in this review (CDC, 2013Db). T. gondii differs from Cryptosporidium spp.
and C. cayetanensis, as it causes an extraintestinal infection rather than gastroenteritis.
Toxoplasmosis is characterized by self-limiting flu-like symptoms, fever, malaise,
swollen lymph nodes, and fatigue (Jones et al., 2014; Tenter et al., 2000) Severe
toxoplasmosis infections can cause blurred vision, lung problems, seizures,
spontaneous abortion in pregnant persons, death, and in some cases neurological
disorders, depending on the location of the formed tissues cysts (CDC, 2017b). This
organism forms tissue cysts in the host after the initial infection. These tissues cysts
have been shown to remain viable for years and may rupture and cause a relapse of
infection (Dawson, 2005; Dubey et al., 1998). The definitive hosts for T. gondii are
felids, but most warm-blooded animals are also susceptible to infection. Humans and
animals can contract toxoplasmosis through the ingestion of soil, produce, or water
contaminated with oocysts from cat feces, or the consumption of raw or undercooked
meat of an animal infected with tissue cysts (Shapiro et al., 2019). Humans can also

contract toxoplasmosis through blood transfusion, organ transplantation, or vertical



transmission from mother to child through the placenta (CDC, 2017b; Dawson, 2005;

Shapiro et al., 2019). The infectious dose for humans is not known.

1.3.1 Notable Domestic Outbreaks and Vehicles

The first case of cryptosporidiosis was reported in 1976. Outbreaks have
largely been attributed to contaminated water. In 1993, the largest documented
outbreak of waterborne disease in U.S. history occurred in Milwaukee, Wisconsin,
USA. Over 403,000 people were sickened due to contaminated drinking water
(Bhunia, 2018; Dawson, 2005). The Surface Water Treatment Rule passed in 1989,
was amended with the Interim Enhanced Surface Water Treatment Rule (IESWTR) in
1998, which included Cryptosporidium as a target organism (Chalmers, 2012). For the
first time, testing of source water and in some instances finished water for
Cryptosporidium was required. The IESWTR also set more stringent standards for
filtration, record keeping, and sanitary surveys of groundwater (Gostin et al., 2000;
EPA, 2008). Since 1993 more outbreaks have been attributed to drinking water and
recreational water, but none of the subsequent outbreaks have been on a similar scale
as the Milwaukee outbreak (Dawson, 2005; Fletcher et al., 2012; Gharpure, 2019;
Gostin et al., 2000). Foodborne outbreaks of cryptosporidiosis have also occurred on a
smaller scale and have been attributed to leafy greens, raw milk, apple cider, and
chicken salad (Gharpure et al., 2019; Ryan et al., 2018).

Cyclospora cayetanensis was first described in 1977 and confirmed as a
coccidian parasite in 1993 (Ashford, 1979; Bhunia, 2018; Herwaldt, 2000; Ortega et
al., 1993). Outbreaks have largely been attributed to produce. One of the largest

outbreaks in the U.S. occurred in 2019, when approximately 1,696 cases were



reported. Basil was implicated as the suspected source of exposure (Almeria et al.,
2019). Other foodborne outbreaks have been linked to leafy greens, herbs, sugar snap
peas, Snow peas, green onions, berries, vegetable trays, and vegetable mixes (Almeria
et al., 2019; CDC, 2019c). Outbreaks in which water was a suspected vehicle have
occurred in Poland, Nepal, and Turkey (Almeria et al., 2019). Water has been also
suspected as a vehicle in the United States; tap water was the suspected vehicle in an
outbreak in Illinois in 1990 where 20 cases were reported (Almeria et al., 2019).
Toxoplasma gondii was first discovered in 1908 (Ferguson, 2009; Shapiro et
al., 2019). The burden of toxoplasmosis in the U.S. will be further discussed in the
following section; however, there are very few reported outbreaks in the United States.
Historically, outbreaks of toxoplasmosis have been associated with the consumption of
raw or undercooked meat containing tissue cysts of the parasite, there is growing
evidence to suggest that produce could be an underrecognized vehicle for T. gondii
oocysts (Shapiro et al., 2019). T. gondii oocysts have been detected on a variety of raw
agricultural commodities (carrots, herbs, leafy greens, radish); however, there is a lack
of cases associated with consumption of produce (Shapiro et al., 2019). Raw milk has
been implicated in outbreaks of foodborne toxoplasmosis; the tachyzoite form, which
is another infectious stage of this parasite, was observed in the implicated milk of
infected goats (Sacks et al.,1982). Waterborne outbreaks have been documented in
Brazil, Canada, Colombia, India, Panama, and Suriname (Pinto-Ferreira et al., 2019).
T. gondii oocysts have also been detected in drinking water, surface water,
groundwater, irrigation water, and treated wastewater in the U.S. and across the globe
(Atherholt et al., 1998; Chaidez et al., 2005; Cirkovi¢ et al., 2017; EPA, 2001;

Hamilton et al., 2018; Hancock et al., 1998; LeChevallier et al., 1991; Rose et al.,



1986; Thurston-Enriquez et al., 2002). Due to these findings, water is a suspected
source of exposure for T. gondii in the U.S. but, like produce, has not been implicated
in a specific outbreak (Shapiro et al., 2019).

Several studies have reported finding Cryptosporidium spp., C. cayetanensis,
and T. gondii oocysts during environmental surveillance of soil, irrigation water
sources, and on raw agricultural commaodities in or adjacent to produce growing
operations. However, oocyst presence has not always been associated with infection of
humans, further highlighting gaps in the understanding of these organisms (Amoros et
al., 2010, Chaidez et al., 2005; Ortega & Robertson, 2017; Shapiro et al., 2019;
Thurston-Enriquez et al., 2002).

1.3.2 Estimated Case Burden of Protozoan IlIness in the United States

Cryptosporidium spp. and C. cayetanensis are increasingly problematic
protozoa in the United States. For T. gondii, due to limited surveillance, the extent to
which the burden of toxoplasmosis has changed in recent years is unclear.

An estimated 678,828 domestically acquired cases of cryptosporidiosis occur
annually (Scallan et al., 2011). From 2013-2018, there were over 64,960 cases of
cryptosporidiosis reported in the U.S. Of the reported cases 4,766 were associated with
known outbreaks (Gleason et al., 2019a-e; CDC, 2019a). In a study performed by
Gharpure et al. (2019), from 2009-2017, the annual number of reported cases of
cryptosporidiosis increased on average by about 13% per year. In that time, there were
444 outbreaks and 7,465 laboratory-confirmed cases of cryptosporidiosis voluntarily
reported from 40 states and Puerto Rico. Outbreaks were linked to contaminated food
(5.0%), water (41.2%), environmental fomites (0.5%), and exposure to infected

persons (19.8%) and animals (19.4%). The transmission modes or vehicles for the



other outbreaks remain unknown (14.2%) (Gharpure et al., 2019). Of the estimated
678,828 domestically acquired cases of cryptosporidiosis that occur annually, roughly
57,616 cases are attributed to contaminated food (Scallan et al., 2011). Approximately
8% of the annual burden of foodborne disease in the United States may be attributed to
cryptosporidiosis (FAO & WHO, 2014). It is important to note the disparity between
the estimated and reported number of cases of cryptosporidiosis. Less than 2% of
cases are nationally notified, and this lack of notification limits our understanding of
the true burden of this parasite and its transmission routes (Scallan et al., 2011).
Scallan et al. (2011) reported an estimated 11,522 domestically acquired cases
of cyclosporiasis annually (Scallan et al., 2011). From 2013-2019, there were
approximately 7,637 laboratory-confirmed cases of C. cayetanensis (CDC, 2013a-
2019b). Two large annual percent increases in reported cyclosporiasis cases were
observed from 2013-2019. More specifically between 2016 to 2017 with an annual
percent increase of approximately 177%, and 2017 to 2018, with an annual percent
increase of roughly 116% (CDC, 2013a-2019b). The annual reported cyclosporiasis
cases increased again between 2018 and 2019; however, the percent increase was
much smaller (4%). Nevertheless, this suggests that C. cayetanensis remains a
problem for the United States. Of the estimated 11,522 domestically acquired cases of
cyclosporiasis that occur annually, approximately 11,407 cases or 99% of cases are
attributed to contaminated food (Scallan et al., 2011). In a review performed by the
CDC (2019c), from 2000-2017 there were roughly 39 reported foodborne outbreaks of
cyclosporiasis and 1,730 resulting cases. A food vehicle was only identified (or
suspected) in 17 of the 39 (43.6%) outbreaks, but produce was most frequently

implicated (CDC, 2019c). Interestingly, produce imported from counties (Guatemala



and Mexico) endemic for Cyclospora was implicated and suspected in several
outbreaks. However, in 2018, Cyclospora oocysts were found on domestically grown
produce, solidifying that this organism is not solely an import issue but a domestic
issue as well (FDA, 2018).

An estimated 173,415 domestically acquired cases of toxoplasmosis occur
annually (Scallan et al.., 2011). A study evaluating the burden of toxoplasmosis in the
U.S., reported 61,373 cases from 2003 to 2012, roughly 6,137 cases of toxoplasmosis
each year (Lykins et al., 2016). There is less information available on outbreaks of
toxoplasmosis; however, of the estimated 173,415 domestically acquired cases of
toxoplasmosis that occur annually, around 86,686 cases or 50% of cases are attributed
to contaminated food (Scallan et al., 2011). Pinto-Ferreira et al. (2019), reported from
1960-2018, there were 7 U.S. outbreaks published in the literature. Undercooked meat
(1968, 1975, 1980), raw goat’s milk (1978), and soil and sand (1976, 1977, 1982)
were implicated as vehicles for toxoplasmosis in the United States. Other countries,
like Brazil, experienced T. gondii outbreaks associated with the aforementioned
vehicles, in addition to water, and fresh produce (Pinto-Ferreira et al., 2019). Though
the number of toxoplasmosis outbreaks reported for the U.S. seems low compared to
Cryptosporidium spp. and C. cayetanensis, it is theorized that outbreaks of
toxoplasmosis are rarely seen because most immunocompetent individuals show few
or no symptoms, further complicating surveillance for T. gondii (Pinto-Ferreira et al.,
2019; Shapiro et al., 2019; Smith, 1993). T. gondii seroprevalence in the U.S. is
estimated to have declined from 14.1% to 9.0% from 1988-1994 to 1999-2004, while
outbreaks of toxoplasmosis associated with produce are suspected to have increased

since 2010 (Jones et al., 2007; Pinto-Ferreira et al., 2019).
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It is important to acknowledge with each organism that increasing awareness
and improved diagnostic testing could have impacted reporting. It is equally important
to remember that underreporting and underdiagnosis of infections is still apparent,
which makes it difficult to assess the full scope of the burden of Cryptosporidium spp.,
C. cayetanensis, T. gondii in the U.S. (Casillas et al., 2019; Gharpure et al., 2019;

Pinto-Ferreira et al., 2019).

1.4 Challenges to the Produce Industry

Produce and irrigation water have been identified as vehicles for protozoan
illness (Bhunia, 2018; Chaidez et al., 2005; Dawson, 2005; Shapiro et al., 2019; Steele
& Odumeru, 2004; Uyttendaele et al., 2015). In the past decade there has been a
significant fundamental change in food safety approaches, the passing of the Food
Safety Modernization Act (FSMA) in 2011 marked the shift from reactive to
preventative food safety. The Produce Safety Rule (PSR) of FSMA is the first rule to
establish science-based minimum standards for the safe growing, harvesting, packing,
and holding of fruits and vegetables grown for human consumption (FDA, 2019).
Contamination of produce with foodborne pathogens can occur at any point from
farm-to-table. Three main routes of protozoan contamination were highlighted by
Dawson (2005), and are as follows: contamination of raw agricultural commaodities in
the preharvest environment; contaminated water used in product processing or
washing, handwashing, cleaning processing equipment; or transfer or spread via
infected food handlers in production, food service, or domestic settings. Preharvest
contamination can occur through contact with contaminated soil, biological soil
amendments, or feces of wildlife; contact with contaminated water used in irrigation

or spraying of produce; and poor personal hygiene practices of farm workers.
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Postharvest contamination can arise from or be exacerbated by preharvest
contamination through cross-contamination, in addition to poor hygiene of food
handlers, contaminated food contact surfaces and equipment, or using contaminated
water that will contact produce or food contact surfaces (Dawson, 2005; Dixon, 2016).
These routes of transmission are targeted for mitigation by Good Agricultural
Practices (GAPS), Good Hygiene Practices (GHP), and Hazard Analysis and Critical
Control Points (HACCP) programs, whose concepts in some instances are included
and even expanded upon in PSR guidance and training programs.

The current PSR guidance for agricultural water, or water used in growing,
harvesting, packing, and holding of produce commonly consumed raw, relies on
generic E.coli presence or concentration as an indicator of fecal contamination and
microbial quality of a water source (Dery et al., 2018; FDA, 2019). There is a lack of
scientific consensus on the reliability of generic E. coli concentration as a predictor of
risk associated with foodborne pathogen presence in water (Falardeau et al., 2017;
Pachepsky et al., 2016). There are disparities in studies’ findings on whether or not
generic E. coli is a good indicator organism for protozoan parasites (Ahmad et al.,
2009; Keeley & Faulkner, 2008; Rose et al., 1991; LeChevallier & Norton,1992; Lipp
et al., 2001). Keeley & Faulkner (2008), did not find an association with
Cryptosporidium and generic E. coli. Other studies found a significant association
with Cryptosporidium oocyst presence and fecal coliforms in surface water
(LeChevallier & Norton,1992). Lipp et al. (2001) found no correlation between
Cryptosporidium oocyst concentration and fecal coliforms in surface water. There is a
lack of literature pertaining to the potential association between Cyclospora or

Toxoplasma oocysts presence and the presence of generic E. coli or fecal coliforms. It
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is possible that the current guidance may not be sufficient to aid growers in gauging
risk of agricultural water contamination with protozoan parasites. This situation
further highlights the importance of preventing contamination of produce and
agricultural water whenever possible and indicates the need for better indicators of
protozoan environmental contamination when other testing methods are not feasible.

Several multidisciplinary projects evaluating comprehensive characterization
of microbial communities across surface and reclaimed water are underway.
Evaluation includes the role of weather and physicochemical properties of water
samples in the prevalence of bacterial, viral, and protozoan pathogens. Land-use
factors, generic E. coli, pharmaceuticals, herbicides, fecal indicators, and disinfectants
in relation to bacterial, viral, and protozoan pathogens are also being explored
(Haymaker et al., 2019; Panthi et al., 2019; Sharma et al., 2020). More information on
these studies can be found on the CONSERVE Center website:

http://conservewaterforfood.org/publications

Toxoplasma gondii and many Cryptosporidium spp. are considered to be
zoonotic, capable of causing infections in animals and humans, making these protozoa
more difficult to control because livestock, wildlife, and companion animals can act as
reservoirs and/or vehicles of disease (Dawson, 2005; Fayer, 2004a; Gebreyes et al.,
2014). Wildlife and companion animal intrusion in produce fields, in addition to
produce fields being in close proximity to livestock operations have been identified as
factors that have likely contributed to outbreaks of foodborne disease linked to
contaminated produce (Budu-Amoako et al., 2011; Jay et al., 2007). Cyclospora is

considered anthroponotic, but it is possible that animals could be involved in the
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dissemination of oocysts (Ortega & Sanchez, 2010). There are gaps in our
understanding of the survival and movement of these organisms in the environment.

The protozoa discussed in this review are all considered to be robust and can
remain viable after various postharvest interventions, such as chlorine baths, cleaning,
and blast chilling (Mirza Alizadeh et al., 2018; Dubey et al., 1970; Duhain et al.,2012;
Lietal., 2019; Ortega & Sanchez, 2010; Robertson & Chalmers, 2013; Wainwright et
al., 2007). Chlorine, in particular, is commonly used in the treatment of produce and
water (Aieta & Berg, 1986; FDA, 2009; Gil et al., 2009; Korn et al., 2002). Produce is
often consumed in a raw or minimally processed state and may not be subjected to
treatments that could effectively reduce or eliminate pathogen contamination in order
to maintain produce quality (Brackett, 1999; Sivapalasingam et al., 2004; Utaaker et
al., 2017). Many raw agricultural commodities may be subjected to a chlorinated bath
or washing step after harvest. There is evidence that post-harvest washing under
commercial conditions has limited efficacy in the decontamination of produce and can
potentially lead to cross contamination (Barrera et al., 2012; Murray et al., 2017,
Gombas et al., 2017).

Considering Cyclospora oocysts are not immediately infectious when shed
from the host and have to undergo sporulation to be infective, there is interest in the
potential to utilize postharvest conditions as a hurdle to control the sporulation
efficacy by lengthening the duration of sporulation for Cyclospora. Under laboratory
conditions, storage of oocysts at 4°C or 37°C for 14 days was found to retard oocyst
sporulation (Smith et al., 1997). Based on the literature, there is speculation that the
consistent low temperature-controlled conditions of cold chain production may impact

sporulation time on contaminated produce and thus impact resulting illnesses. The
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impact of commodity-specific production and storage conditions on the sporulation
duration and sporulation efficiency of oocysts has not been well-characterized but is a
promising area for future research and control of Cyclospora for the produce industry.

For agricultural water, additional treatment beyond chlorination may be
necessary to remove or inactivate protozoan parasites (Dawson, 2005). Water
treatment facilities often utilize a combination of physical and chemical treatments
like coagulation, flocculation, sedimentation, filtration, UV, and ozone to remove and
inactivate protozoan parasites (Dawson, 2005; Betancourt & Rose, 2004; Rakness,
2005). However, water treatment technologies can be expensive and/or difficult to
implement and maintain, which may act as a barrier to the adoption of these
technologies (Raudales et al., 2017). In addition, the efficacies of these technologies
vary based on the characteristics of the water, volume of water treated, treatment time,
and concentration of pathogens present (Dawson, 2005; Betancourt & Rose, 2004;
Rakness, 2005, LeChevallier et al., 1991; Sobsey et al., 2008). Furthermore, the
efficacies of these technologies vary by parasite (Betancourt & Rose, 2004; Jones &
Dubey, 2010).

Water is highly dynamic and the risks associated with agricultural water can
vary by water source, region, season, and many other production related factors
(Suslow et al., 2003) Many PSR trainings using the Produce Safety Alliance
curriculum include brief discussions on agricultural water treatment options; yet a
more consistent guidance for growers on treatment technology options based on their
specific agricultural water sources remains a great need. More information on the
Produce Safety Alliance can be found on their website:

https://producesafetyalliance.cornell.edu/. In addition, in the absence of reliable
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indicators of protozoan contamination, more research is needed to inform testing

strategies for on-farm mitigation and control of protozoan contamination.

1.4.1 Methods for Protozoa Detection, Surveillance, and Limitations

There are a variety of methods currently used in the detection of protozoan
parasites in food, water, and soil. Standard methods of detection for protozoa generally
have steps for elution, concentration, isolation, detection, and quantification of oocysts
(Chalmers et al., 2020). The specific methodology is dependent on the matrix being
sampled. See Tables 1-3 for standard methods used in the detection of
Cryptosporidium spp., C. cayetanensis, and T. gondii. While several methods were
identified, it was noted that the U.S. Food and Drug Administration (FDA) and
International Organization for Standardization (ISO) did not have methods for
isolation or detection of T. gondii oocysts in food, water, or soil (Table 1-3). ISO also
did not have methods related to the recovery of C. cayetanensis from food, water, or
soil. It is problematic when major organizations do not have recommended
methodology available for the food industry for guidance in approaches for testing for
protozoan parasites in the environment or processing facility.

A common concern cited in the evaluation of methodologies was the
sensitivity of the assay to detect low-level contamination thought to be likely in
produce, water, and soil (Rzezutka et al., 2010; Chaidez et al., 2005; Robertson &
Gjerde, 2001; Erickson & Ortega, 2015). Relatively low concentrations or prevalence
of oocysts have been reported in a variety of matrices, see Table 4-6. Due to the low
(10 to 1000 oocysts) or suspected low infectious doses of protozoan parasites, it is
crucial that the methods or combination of methods used can detect low level

contamination capable of causing illness (Chappell et al., 2006; Dubey et al., 1996;
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Fayer, 2004b; Okhuysen et al., 1999; Sterling & Ortega, 1999; Ryan et al., 2014). As
a result, there has been a shift towards molecular methods, like polymerase chain
reaction (PCR) and next generation sequencing, which tend to offer higher sensitivity
compared to methods that rely on microscopy, immunofluorescence, or
immunochromatographic assays (Ryan et al., 2018).

As more diverse matrixes are being tested for protozoan contamination,
limitations of molecular methods have been identified as well. Sample characteristics,
such as pH, turbidity, and the presence of other matrix-derived inhibitors can
significantly impact the efficacy of certain molecular assays in the detection of
protozoa (Erikson & Ortega, 2006; Ryan et al., 2018; Wells et al., 2015). In particular,
quantitative PCR (gPCR), Real-time PCR, and multiplex PCR assays have been
identified as being sensitive to inhibition (Cirkovi¢ et al., 2017; Ryan et al., 2017;
Ryan et al., 2018). Inhibitor removal steps are now common in many commercially
available DNA extraction Kits, nevertheless it is encouraged to investigate the
potential for inhibition in each matrix being evaluated (Schrader et al., 2012).
Development of inhibitor-resistant methods has progressed as well, loop-mediated
isothermal amplification (LAMP) and droplet digital PCR (ddPCR) have been
identified as promising molecular methods in applications with plant matter, soil and
water (Gallas-Lindemann et al., 2013; Racki et al., 2014; Ryan et al., 2018).

Additionally, concerns were cited regarding the specificity of assays to
correctly identify protozoa by genus and even species (Murphy et al., 2017; Ryan et
al., 2018; Wells et al., 2015; Temesgen et al., 2019). Though sensitivity and
specificity are higher with molecular methods compared to methods using microscopy

or immunological assays, cross-reactivity is a possibility (Temesgen et al., 2019).
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Issues with cross-reactivity of primers and probes targeting the 18S rRNA gene in C.
cayetanensis have been documented under a variety of conditions (Temesgen et al.,
2019). The 18S rRNA gene is a common target of molecular methods used to detect
protozoan parasites because it is highly conserved. Due to the high conservation of
this gene the potential exists for cross-reactivity of molecular assays with protozoa
that are closely related to C. cayetanensis, including protozoa that do not impact
human health (Temesgen et al., 2019). Concerns over cross-reactivity and advances
with next generation sequencing have led to the use of sequencing after PCR to not
only confirm the results of PCR but to aid in species and subspecies identification
(Cirkovi¢ et al., 2017).

While advances in methodology for detection of protozoan parasites discussed
above are promising for the future of parasite detection, molecular methods can be
very expensive and/or challenging to utilize. This is due, in part, to the tedious nature
of some methods, the need for expensive equipment and reagents, the need for highly
trained personnel, and laboratories that can perform environmental testing (Ryan et
al., 2017). The lack of validated methods for protozoa detection in a variety of
matrices continues to be a limitation as well.

Public health and clinical laboratories rely on molecular methods for detection
and diagnosis or parasitic infections. There is a need for simple multiplex molecular
methods that can aid public health laboratories in simultaneous identification of
several pathogenic organisms including protozoa in foods, water, and soil. Several
molecular assays based on multiplex PCR have become available for simultaneous
sensitive and specific detection of several pathogens, causing gastrointestinal illness

including protozoa, in feces. The following assays are FDA-approved: BioCode®
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Gastrointestinal Pathogen Panel (GPP) (Applied BioCode Inc., Sante Fe Springs, CA),
Biofire FilmArray™ Gastrointestinal Panel (BioFire Diagnostics, Salt Lake City, UT),
BD MAX™ Enteric Parasite Panel (EPP) (Becton, Dickinson and Company, USA),
the EasyScreen™ Enteric Parasite Detection Kit (Genetic Signatures, Sydney,
Australia), the Luminex XTAG® Gastrointestinal Pathogen Panel (Luminex
Corporation, Toronto, Canada), the NanoCHIP® GIP (Savyon® Diagnostics Ltd.,
Israel), and the Verigene Enteric Pathogens (EP) test (Nanosphere, Inc., Northbrook,
IL) ( Binnicker, 2015; Ryan et al., 2018). At the time of writing, there have not been
any publications indicating the successful adaptation of these assays or development
of novel assays for use in detection of protozoa in produce washes, or protozoa
recovered from water or soil.

Aside from limitations surrounding molecular methods, other significant
challenges to surveillance of protozoan pathogens are linked to the inability to identify
outbreaks and outbreak-associated vehicles (Caccio et al., 2018). Produce presents a
particular challenge to outbreak investigation, due to its short shelf life, rapid
distribution, the inherent delays in outbreaks identification and investigation, and
limits with traceability (Lynch et al., 1996). On-farm investigations can be challenging
for similar reasons; fields may have been cleared, equipment may have been cleaned,
and irrigation water may no longer contain detectable parasite DNA prior to the
investigation (Lynch et al., 1996).

Things that could aid in reducing the gap between the onset of an outbreak and
the initiation of an outbreak investigation are increased awareness of protozoan

disease amongst the public and medical professionals, more inclusive and improved
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pathogen testing, and improvements in technology and approaches used in traceability
of produce and identification of disease trends or spikes.

Overall, more clear information is necessary to bridge the gaps in our
understanding of protozoan prevalence and transmission, and to elucidate important
sources or reservoirs of these pathogens in the environment. As described above, this
information could be derived from traceback in outbreak investigations, but these
often occur too late in the contamination cycle. As this cycle becomes more rapid, we
may gain this information in the future. In addition, we lack crucial information
regarding their viability and virulence. Improvements in detection methods are also
critical for the establishment of mitigation strategies to reduce the burden of protozoan
illness. Although current regulations, like the PSR, aim to reduce the burden of all
foodborne pathogens, more specific approaches may be necessary for the control of

protozoan parasites.
1.5 Conclusions

- Number of cases of protozoan illness seems to be increasing. This increase
may be artificial, but cases are still suspected to be underdiagnosed and
underreported leaving the true burden of these organisms unclear.

- Preventing and controlling contamination of produce with
Cryptosporidium, Cyclospora, and Toxoplasma gondii is an immense
challenge facing the produce industry. These organisms are robust and able
to remain viable after various postharvest interventions currently used on

fresh produce.
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Contaminated water and soil have been identified as significant routes of
contamination for produce.

Current legislation and guidance may not be sufficient to reduce risks of
produce contamination with protozoa.

Current detection methods may not be sufficient to detect low-level
contamination in a wide variety of raw agricultural commodities. More
validated methods are needed.

More research to address gaps in knowledge of protozoan biology, transfer,

and fate in the environment is critical.
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Table 1.1.  Standard methods for Detection of Cryptosporidium spp.
Substrate  Method  Means of Advantage(s) Disadvantage(s) Reference
Isolation and
Identification
Produce: FDA Wash, Optimized for  Further validation is ~ FDA, 2004
Leafy BAM IMS, use with needed for other
Produce, 19a Microscopy, several commaodities to
Berries PCRa, RFLPb  implicated understand impact on
vehicles. Uses  assay. No further
molecular molecular
method for characterization.
limited Lacks viability
speciation analysis. Requires
analysis. expensive equipment
and materials.
Produce: ISO Wash, IMS, Optimized for  Further validationis ~ Chalmers et al.,
Leafy 18744:20 IFA use with needed for other 2020;
Green 16 several commodities to 1SO, 2016
Vegetable implicated understand impact on
s, Berries vehicles. assay. Lacks
viability and
speciation analyses.
Water: EPA Filtration Developedto  Evaluation of EPA, 2012
Drinking, 1622/ (Pleated evaluate applicability to
Treated, 1623/ Cartridge public health highly turbid surface
Surface 1623.1 Filter), IMSc, risks with water is needed.
Water IFAd, drinking
water,
including
evaluation of
untreated

surface water.
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Table 1.1 continued

Substrate  Method Means of Advantage(s)  Disadvantage(s) Reference
Isolation and
Identification
Water: ISO Filtration Applicabletoa Relies on chemical 1SO, 2006;
Surface 15553:2  (Membrane wide variety of  flocculation, recovery  Karanis &
Ground, 006 Filter), IMS, water sources.  rate may be lower Kimura, 2002
Treated, IFA, Does not when low number of
Mineral, require oocysts present in
Recreation expensive sample. Exposure to
al Waters equipmentand  high pH during
materials. processing interferes
with viability testing.
Soil No Studies have Several No validated Hong et al., 2014;
validate  used Sucrose variations of methodology. Limits ~ Kuczynska &
d flotation or NaCl  methods can understanding of the  Shelton, 1999;
method  flotation or be utilized. impact of soil Liang & Keeley,

centrifugation
with sieving for
isolation and
concentration;
IFA and or PCR
(Conventional,
Nested, Real-
Time) for
identification
and
quantification.

characteristics on
recovery.

2011

a PCR: Polymerase Chain Reaction
b RFLP: Restriction Fragment Length Polymorphism
¢ IMS: Immunomagnetic Separation
d IFA: Immunofluorescence assay
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Table 1.2. Standard Methods for Detection of Cyclospora cayetanensis
Substrate  Method Means of Advantage(s) Disadvantage(s) Reference
Isolation and
Identification
Produce: FDA BAM  Wash/ Limit of Further FDA,
Leafy 19b Centrifugation/ Detection for validation is 2017;
Produce, Microscopy/ PCRaslowas5 needed forother Ortega &
Berries, PCR oocysts. commodities to Sanchez,
Carrots Optimized for understand their ~ 2010;
use with several  impact on assay.  Shields &
implicated Concerns with Olson,
vehicles. specificity and 2003
observed cross
reactivity of
primers and
probes.
Water: FDA BAM  Filtration Filter can be Evaluation of FDA,
Drinking,  19a-b (Pleated used to isolate applicability to 2004;
Treated, (Modified Cartridge Filter)/  Cryptosporidiu  highly turbid FDA, 2017
Surface from EPA Microscopy/ m, Giardia, and  surface water is
Water 1623.1) PCR Cyclospora. needed.
Water: FDA DEUF Filtration Optimized for N/A Durigan et
Highly (Validation  (Hollow Fiber use with high al., 2019
Turbid underway)  Ultrfilter)/ turbidity water
Surface Microscopy/
Water PCR
Soil No Studies have Several No validated Hong et
Validated used Sucrose variations of methodology. al., 2014;
Method flotation; or NaCl methods canbe  Limited Giangaspe
(Most flotation, or utilized. understanding of roetal.,
methods centrifugation the impact of soil  2015;
adapted with sieving, and characteristics on  Kuczynska
from Microscopy, recovery. & Shelton,
Cryptospori  and/or PCR 1999
dium soil
isolation

techniques)

a DEUF: Dead-End Ultrafiltration
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Table 1.3.

Standard Methods for Detection of Toxoplasma gondii

Substrate  Method Means of Isolation ~ Advantage Disadvantage  Reference
and Identification
Produce: No Studies have used Several Further Shapiro et
Leafy Validated = Washes (specifically  variations of  commaodity- al., 2019
Vegetable  Method manual, passive, methods can  specific
s, Radish, sedimentation or be utilized. validation is
Carrots flotation, or orbital needed for to
shaking) for understand
isolation; impact of the
centrifugation for matrix on
concentration; assay.
Microscopy, or PCR
2 (Conventional,
quantitative) for
identification.
Water: Studies have used Several Methods Aubert &
Drinking, filtration (Orlon- variations of  require further  Villena et
Treated, Wound Cartridge, or  methods can  validation to al., 2009;
Surface Pleated Cartridge, or  be utilized. better Borchardt
Water polypropylene filters understand etal.,
for isolation; limitationsand  2009;
Sucrose flotation; the best Isaac-
Aluminum sulfate method based Renton et
flocculation for on water type al., 1998;
concentration; for being Sotiriadou
mouse bioassay, or evaluated. & Karanis,
PCR, or LAMP?®, or 2008;
epifluorescent Villena et
microscopy for al., 2004;

identification.
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Table 1.3 continued

Substrate  Method Means of Isolation ~ Advantage Disadvantage  Reference
and ldentification

Soil No Studies have used Several No validated Shapiro et
Validated  Sodium nitrate variations of ~ methodology. al., 2019
Method flotation, or methods can  Limited
Sucrose flotation, or  be utilized. understanding
suspension in of the impact
distilled water for of soil
isolation and characteristics
concentration; and on recovery.

PCR (Conventional,
Nested, Real-Time)
and or LAMP or LF-
RPA ¢ for
identification.

@ PCR: Polymerase Chain Reaction
b LAMP: Loop-mediated isothermal amplification
¢LF-RPA: Recombinase polymerase amplification-lateral flow
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Table 1.4.  Studies documenting detection of Cryptosporidium spp. in produce,

water, and soil.

Substrate(s) Sample  Percent Samples Identification Reference
Size Recovery of  Positive or Method
Oocysts Oocysts
Observed
Vegetables: 30¢ 4 -47% 1 — 47 oocysts Microscopy Rzezutka
Cabbage, Red (varied by (Confirmed etal., 2010
Cabbage, commaodity) with PCR?)
Peking
Cabbage,
Celery, Leek
Vegetables: 100 g 42% 2 — 6 oocysts Immunomagnet  Robertson
Mung Bean (lettuce ic Separation & Gjerde,
Sprouts, only, and Immuno- 2001
Lettuce undetermine fluorescence
d for mung
bean
sprouts)
Vegetables: 509 NRP 42-110 Quantitative Hong et
Carrots, Winter oocysts/g of PCR (qPCR) al., 2014
Grown sample and Sequencing
Cabbage, Confirmation
Blueberries
Water: 0L 43% 1.23 (mean Immunomagnet  Robertson
Irrigation concentration of  ic Separation & Gjerde,
oocysts per 10 and Immuno- 2001
L) fluorescence
Water: 100 L 15% <17-200 Immuno- Chaidez et
Canal oocysts/sample  fluorescence al., 2005
Agricultural
Wastewater 32.94 geometric
River mean
Soil 20¢g NR 809-3710 Quantitative Hong et
oocysts/g PCR and al., 2014
Sequencing

Confirmation

2PCR: Polymerase Chain Reaction
®NR: Not Reported
¢ LAMP: Loop-mediated isothermal amplification
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Table 1.5.  Studies documenting detection of Cyclospora cayetanensis in produce,
water, and soil.
Substrate(s) Sample Percent Samples Identification Reference
Size Recovery of  Positive or Method
Oocysts Oocysts
Observed
Vegetables: 100 ¢ NR 6/49 samples gPCR and Giangaspe
Lettuce, Fennel, were positive Melting Curve roetal.,
Celery Analysis 2015
Cucumber, 1000 g
Melon
Tomato
Vegetables: 200 ¢ 3-18% 6/1171 samples gPCR and Lalonde &
Retail Leafy were positive Melting Curve Gajadhar,
Greens Analysis 2016
Water: 100 L NR 1/16 samples gPCR and Giangaspe
Drinking Water were positive Melting Curve roetal.,
Well Water 0/6 samples were Analysis 2015
positive
Treated 20/94 samples
Wastewater were positive
Soil 10¢g NR 6/51 samples gPCR and Giangaspe
were positive Melting Curve roetal.,
Analysis 2015

a8PCR: Polymerase Chain Reaction
®NR: Not Reported
¢ LAMP: Loop-mediated isothermal amplification
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Table 1.6.  Studies documenting detection of Toxoplasma gondii in produce, water,
and soil.
Substrate(s) Sample Percent Samples Positive Identification Reference
Size Recovery or Oocysts Method
of Oocysts  Observed
Vegetables: 200¢g 3-18% 3/1171 samples gPCR and Lalonde &
Retail Leafy were positive Melting Curve  Gajadhar,
Greens Analysis 2016;
Shapiro et
al., 2019
Vegetables: NR 21/216 samples gPCR Lass et al.,
Radish, 20 were positive 2012;
Carrot, radishes Shapiro et
Lettuce 500 g of al., 2019
carrot
1 head of
lettuce
Water: 10 mL NR 1/34 samples were  PCR and Pinto-
positive Sequencing Ferreira, et
Spring Confirmation al., 2018
4/22 samples were
well positive
. 3/6 samples were
River positive
Water: upto6.12 NR 8/83 samples were  LAMP ¢ Gallas-
Wastewater L positive Lindemann
etal., 2013
Soil NR NR 27/482 samples Nested PCR Shapiro et
were positive al., 2019

aPCR: Polymerase Chain Reaction
®NR: Not Reported
¢ LAMP: Loop-mediated isothermal amplification
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Chapter 2

THE PRESENCE OF CRYPTOSPORIDIUM SPP., GIARDIA INTESTINALIS,
AND TOXOPLASMA GONDII IN NON-TRADITIONAL SOURCES OF
AGRICULTURAL WATER IN THE MID-ATLANTIC REGION OF THE U.S.

2.1 Abstract

Agricultural water is a critically important resource that can serve as a vehicle
for foodborne illness. Groundwater resources for irrigation are finite and in some
regions of the U.S. are in danger of being depleted. Non-traditional alternatives to
groundwater are essential to sustainably meet the needs of the agricultural industry.
The purpose of this study was to evaluate the presence of protozoan parasites in non-
traditional irrigation waters of the Mid-Atlantic, U.S. This study evaluated water from
six different sites from June 2017 to October 2018; three sites were characterized as
reclaimed and three as surface water sources. Cryptosporidium, Giardia, and
Toxoplasma (0o0)cysts were detected in both reclaimed (40.9%, 27.3%, 9.1%; n=22)
and surface (34.0%, 2.0%, 10.0%; n=50) water samples, respectively. Overall
Cryptosporidium had the highest percent detection (36.1%) of the protozoa evaluated.
There was not a significant association with season and evaluated protozoa (p>0.13).
The detection of Cryptosporidium and Giardia was not significantly associated with
precipitation (p>0.09) but was significantly associated with ambient temperature
(p<0.03). Toxoplasma detection was associated with precipitation, chloride

concentration, and conductivity of the water (p<0.03). These results indicate the non-
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traditional agricultural water sources identified are susceptible to contamination with

protozoan parasites.

2.2 Introduction

Agricultural water, a crucial component of food production and processing, has
been recognized as a vehicle for the contamination of fruits and vegetables with
foodborne pathogens (Steele and Odumeru, 2004; Rambo and Pillai, 2001; Rodrigues
et al., 2019; Uyttendaele et al., 2015). As a result, the microbial quality of agricultural
water has become a prominent issue. The Produce Safety Rule (PSR) within the Food
Safety Modernization Act (FSMA) in the U.S. puts forth stricter guidelines for
growers on determining and improving the microbial quality of water. Simultaneously,
the need to consider water as a critical resource is growing. Irrigation water
withdrawals accounted for 42% of total freshwater withdrawals in the U.S., while 52%
of water used for irrigation was obtained from surface water sources (Dieter et al.,
2018).

Agricultural water, encompasses water used in growing, harvesting, packing,
and holding of produce commonly consumed raw. These waters can become
contaminated through a variety of routes (Dery et al., 2018; Markland et al., 2018).
For example, irrigation water which is often obtained from surface and groundwater
sources can become contaminated with polluted runoff from wildlife, in addition to
runoff from animal husbandry, industrial, and urban operations (Markland et al., 2018;
Uyttendaele et al., 2015). In many regions, groundwater sources of irrigation water are
preferred as they tend to be less prone to pollution compared to surface water.
However, climate change, over-withdrawal of, and increasing demands for

groundwater threaten its availability, as it is being withdrawn at rates faster than it can
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be recharged (Konikow, 2013; Konikow, 2015; Siebert et al., 2010). There is a
pressing need to find alternative sources of irrigation water for agriculture (USDA,
2017).

There is growing interest in evaluation of non-traditional waters for
agriculture, which includes water from sources other than groundwater such as
agricultural runoff, treated wastewater, recycled water, produced water, untreated
surface water, and brackish surface or brackish groundwater (Dery et al., 2018;
USDA, 2017). In 2019, a survey of 515 growers in the United States revealed that,
76% of growers indicated some concern about water availability; 61% of growers in
the Mid-Atlantic and 42% in the Southwest expressed willingness to use non-
traditional water in the irrigation of fruits, vegetables, and nuts (Suri et al., 2019).
However, growers also expressed hesitation in using non-traditional water, the most
common concerns were related to water quality (Mid-Atlantic 28%; Southwest 28%)
and food safety risks (Mid-Atlantic 19%; Southwest 19%) (Suri et al., 2019).

Water has been a suspected and implicated vehicle in several produce-
associated outbreaks from 1997 to 2014 (Uyttendaele et al., 2015). The associated
commaodities were berries, cantaloupes, leafy greens, herbs, sprouted seeds, tomatoes,
and a number of other fruits and vegetables. The pathogens contaminating these
commodities included bacteria like Escherichia coli O157:H7, and Salmonella spp.;
viruses like norovirus; and parasites such as Cyclospora cayetanensis and
Cryptosporidium parvum (Markland et al., 2018; Uyttendaele et al., 2015). While
protozoan parasites have been historically recognized as waterborne pathogens, there
is evidence that parasites are a critical issue in food, more specifically fresh produce

(Domenech et al., 2018; Hong et al., 2014; McKerr et al., 2015; Robertson, 2018).
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This paper will focus on food and waterborne parasites of concern
Cryptosporidium, Giardia, and Toxoplasma which are annually responsible for, on
average, 748, 000, 1.2 million, and 174,000 cases of illness in the U.S. respectively
(Dawson, 2005; Scallan et al., 2011). Cryptosporidium and Giardia are transmitted
through the fecal-oral route. Cryptosporidiosis is characterized as self-limiting
gastroenteritis that lasts approximately 1 to 2 weeks, while giardiasis may include a
variety of intestinal symptoms lasting longer than 2 weeks (CDC, 2015; CDC, 2017a).
Cryptosporidium and Giardia are zoonotic pathogens with a wide host range including
humans, ruminants, dogs, cats, rodents, and birds (Cirkovié et al., 2017; Fletcher et
al., 2012; Rovid Spickler, 2012; Smith et al., 2007). Toxoplasma gondii differs from
Cryptosporidium and Giardia as it causes an extraintestinal infection characterized by
flu-like symptoms (Dawson, 2005; Tenter et al., 2000). Severe infections can cause
blurred vision, lung problems, seizures, death, and in some cases neurological
disorders (CDC, 2017b). The definitive hosts of Toxoplasma gondii are felids;
however, most warm-blooded animals are susceptible to infection with this organism
(Shapiro et al., 2019). Toxoplasma gondii can be transmitted through ingestion of soil,
produce, or water contaminated with oocysts from cat feces; consumption of
undercooked meat of an infected animal harboring tissues cysts; blood transfusion or
organ transplantation; and through the placental blood barrier, from mother to fetus
(CDC, 2017b; Dawson, 2005; Shapiro et al., 2019). Toxoplasma gondii is recognized
as the second leading cause of domestically acquired foodborne illness resulting in
death (Scallan et al., 2011). It is important to note that the aforementioned protozoa
have been found in a variety of water sources such as drinking water, runoff, irrigation

water, groundwater, surface water, and treated wastewater in the U.S. and abroad
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(Atherholt et al., 1998; Chaidez et al., 2005; Cirkovi¢ et al., 2017; EPA, 2001;
Hamilton et. al., 2018; Hancock et al., 1998; LeChevallier et al., 1991; Rose et al.,
1986; Thurston-Enriquez et al., 2002). These findings further emphasize the
importance of including these organisms when evaluating the microbial risks
associated with non-traditional water use in crop irrigation. Previous studies in the
Mid-Atlantic region have examined the presence of protozoan parasites in surface
water, and treated wastewater (Atherholt et al., 1998; LeChevallier et al., 1991,
Thurston-Enriquez et al., 2002). There is a paucity of recent literature on the presence
of protozoan parasites in non-traditional water sources tested over the course of
multiple growing seasons. There is a need for assessment of these water types for
parasite presence. In addition, to the collection of physicochemical properties of water
sources, along with weather, and seasonal factors to better understand the risks and
potential mitigation strategies necessary to allow the safe use of non-traditional water
in the irrigation of raw agricultural commodities. The objective of this study was to
evaluate the occurrence of protozoan parasites in various water sources being
considered for use in the irrigation of raw agricultural commodities in the Mid-

Atlantic region of the United States.
2.3 Materials and Methods

2.3.1 Sample Sites and Sampling Frequency

Water samples were collected from six different sites in the Mid-Atlantic
region over the course of 17 months, from June 2017 to October 2018. Three sites
were classified as surface water (MA04, MA10, MA11) and three sites were classified
as reclaimed water (MAO1, MA02, MA12), with further details provided in Table 1.

Samples were collected biweekly during the months of the fruit and vegetable growing
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season (June to October 2017 and May to September 2018), and once a month during
the non-growing season (November 2017 through April 2018, October 2018). In this

paper, the water types considered will be surface and reclaimed water.

2.3.2 Water Sample Collection

A total of 72 water samples were collected in sterile 20-L Nalgene carboys.
The samples were collected either from below the surface of the water with care to
avoid disruption of sediment or using a spigot at the water site (MA04, MAOQ1,
MAO02). Samples were transported to the laboratory and processed immediately or
stored at 4°C for up to 24 hours prior to processing.

Physicochemical properties of water samples such as water temperature (°C),
dissolved oxygen (%), conductivity (uS/cm), pH, oxygen reduction potential
(ORP)(mV), and turbidity (FNU) were measured in triplicate using EXO2 or ProDSS
multiparameter water quality sonde/meter (YSI, USA). Terrestrial and weather
conditions, if applicable, were recorded such as cumulative precipitation (cm) 1, 7,
and 14 days prior to sample collection and ambient temperature (°C) were retrieved

from Weather Underground (https://www.wunderground.com/history/).

2.3.3 Sample Filtration and Concentration

A modified U.S. Environmental Protection Agency Method 1623.1:
Cryptosporidium and Giardia in Water by Filtration/IMS/FA protocol was performed
for the recovery, concentration, and detection of protozoan parasites. Water samples
were agitated and filtered in volumes of up to 20 L using Envirochek® HV Capsules
(Pall Corporation, Puerto Rico). Other filtration materials included sterile

polytetrafluoroethylene (PTFE) or high-density polyethylene (HDPE) tubing, and a
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3.8 GPM (14.4 LPM) model 04300-042 FloJet pump (Xylem, Rye Brook, NY). See
Fig.1 for a depiction of the filtration apparatus.

(Oo)cyts were eluted from the Envirochek® HV Capsules through the
combined use of a laboratory shaker, 115 V, 50/60 Hz (Pall Corporation. Ann Arbor,
MI) and elution buffer containing Laureth-12, Tris, ETDA and Antifoam A in
accordance with the EPA 1623.1 protocol. Eluate was transferred from the filter into a
250 mL centrifuge tube (Thermo Scientific™ Nunc™, Rochester, NY) and
centrifuged at 15,000 X g for 15 mins. Supernatant was decanted and pellet volume
was measured and recorded. Pellets equal to or less than 0.5 mL in volume were stored
at -80°C until DNA was extracted. Pellets greater than 0.5 mL were subsampled into
quantities of 0.5 mL or less and then stored at -80°C. Prior to DNA extraction, samples

were thawed at 37°C and centrifuged at 15,000 X g for 15 mins.

2.3.4 DNA Extraction and Detection

DNA was extracted from pelleted samples using DNeasy® PowerWater® Kits
(Qiagen, Hilden, Germany). After consultation with the kit manufacturer, it was
determined that each roughly 0.5 mL pellet was to be evenly split between six
extraction columns to ensure PCR-inhibitor removal. After this additional step, DNA
extraction was performed according to manufacturer’s instructions.

Real-Time PCR was conducted using the QuantiNova™ Probe PCR kit
(Qiagen, Hilden, Germany) according to manufacturer’s instructions. The final
reaction volume of 20 puL was the same for all targets. For Cryptosporidium spp., the
final reaction concentrations were 600 nM of forward primer, 600 nM reverse primer,
250 nM of probe and up to 5 pL of DNA template was added (Guy et al., 2003; Table

2). For G. intestinalis, the final reactions concentrations were 300 nM of forward
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primer, 300 nM reverse primer, 250 nM of probe and up to 5 uL of DNA template was
added (Guy et al., 2003; Table 2). For T. gondii, the final reaction concentrations were
500 nM of forward primer, 500 nM reverse primer, 250 nM of probe and up to 5 pL of
DNA template was added (Villena et al., 2004; Table 2). DNA from Cryptosporidium
parvum, Giardia intestinalis, and Toxoplasma gondii (0o)cysts were used as positive
controls, while nuclease free water and elution buffer were used as two separate
negative controls.

The cycling conditions for Cryptosporidium spp., G. intestinalis, T. gondii
were as follows: 95°C for 2 mins followed by 50 cycles of 95°C for 5 s, and 60°C for
30 s based on the recommended cycling conditions for the Roto-Gene Q thermocycler
and QuantiNova Probe-PCR Kit. For all water samples, if one replicate of the
unknown sample was positive, the sample was considered positive. In a control test of
the filtration set-up, it was determined that the limit of detection for C. parvum and G.
intestinalis was established at 10-100 oocysts or cysts and the limit of detection for T.

gondii was between 100-1000 oocysts.

2.3.5 Statistical Analysis

All data organization, analyses, and model and figure preparation were
performed using JMP 14 (SAS Institute Inc., Cary, NC) and XLSTAT (Addinsoft Inc.,
New York, NY) statistical software. Analyses for parasite detection by year, season,
and water type were performed using Contingency, Likelihood ratio Chi-square, and
Fisher’s exact test. Multivariate data, including physicochemical and weather, were
evaluated for correlations using principal component analysis and Pearson product-
moment analysis with the row-wise estimation method, and Tukey-Kramer HSD.

Binary logistic regression models were created using XLSTAT software to determine
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the effects of physicochemical and weather parameters on the detection of parasites.
The models included here displayed area under the curve (AUC) values from the
receiver operating characteristic (ROC) curve, greater than or equal to 0.70 with a -2
log-likelihood ratio approaching or less than 0.05. Additionally, all results were
considered significant if the p-value was less than 0.05 within a confidence interval of

95%.
2.4 Results
2.4.1 Detection of Cryptosporidium spp., Giardia intestinalis, and Toxoplasma

gondii by Water Type and Water Source

Detection of protozoan parasite data were analyzed by water type. As seen in
Table 3, Cryptosporidium oocysts were detected in 40.9% of reclaimed water samples
(n=22) and in 34.0% of surface water samples (n=50). Overall Cryptosporidium was
detected in 36.1% of water samples (n=72). Contingency analysis showed that the
detection of Cryptosporidium oocysts was independent of water type (p=0.58)

Giardia intestinalis was detected in 27.3% of reclaimed water samples (n=22)
and in 2% of surface water samples (n=50). Giardia was detected overall in 9.7% of
water samples (n=72) (Table 3). Contingency analysis revealed that the detection of
Giardia was associated with water type (p<0.001). Using Fisher’s exact test, it was
determined that there was a higher probability of Giardia being detected in reclaimed
water than surface water (p<0.002).

Toxoplasma gondii was detected in 9.1% of reclaimed water samples (n=22)

and in 10.0% of surface water. Overall T. gondii was detected in 9.7% (n=72) (Table
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3). Contingency analysis showed that the detection of T. gondii. was independent of

water type (p=0.90).

2.4.2 Association between Year, Season, Weather, or the Physiochemical
properties of Water and Parasite Presence

2.4.2.1 Detection of Cryptosporidium spp., Giardia intestinalis, and Toxoplasma

gondii by Year and Season

The protozoan parasite data was also analyzed by year and by season. In year 1
(June 2017-December 2017), 32 water samples were collected. In year 2 (January
2018-October 2018), 40 samples were collected. Contingency analysis of the protozoa
data did not reveal any association between detection of G. intestinalis or T. gondii
and year (p>0.93). However, there was an association with year and Cryptosporidium
spp. detection (p<0.001), using Fisher’s exact test it was determined that there was a
higher probability of Cryptosporidium spp. being detected in year 1 rather than year 2
(p<0.002).

Detection of protozoan parasites varied seasonally (Table 4). In spring,
summer, autumn, and winter, 16, 28, 19, and 9 water samples were collected,
respectively. There was no association between season and the presence/absence of
Cryptosporidium spp., G. intestinalis, and T. gondii across water types (p>0.13).
Although no statistically significant differences observed, there were a few
observations of interest. Cryptosporidium spp. were generally detected more during
the summer (46.7-53.8%) compared to other seasons for all water types (11.1-38.5%).
Percent detection of G. intestinalis tended to be higher during the spring (7.7-66.7%)

compared to other seasons by water type (0.0-33.3%) and T. gondii was generally
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detected more during the summer (15.4%) for reclaimed water and winter (22.2%) for

surface water.

2.4.2.2 \Weather

Weather parameters, ambient temperature (°C) and cumulative precipitation
(cm) 24 hours, 7 days, and 14 days prior to sampling were analyzed by water type,
year, and season. Overall, weather parameters were not significantly different
between water types (p>0.07), see Table 5. There were also no significant differences
observed in ambient temperature or precipitation 24 hours, 7 days, or 14 days prior to
sampling between years 1 and 2 (p> 0.25). The seasonal median and range of ambient
temperatures are shown in Fig. 2. The ambient temperature did change seasonally,
which was expected in the U.S. Mid-Atlantic, a temperate region. Ambient
temperatures were not significantly different in the Spring or Autumn (p=0.28). The
average ambient temperature during the Summer (26.50 * 4.11) was significantly
warmer compared to Spring (20.03 £ 7.67°C), Autumn (15.92 + 7.40°C), and Winter
(6.48 £ 3.29°C), respectively (p<0.006). Water temperature data were also collected,
and there was no significant difference between ambient temperature or water
temperature by year or by season (p>0.28).

The average seasonal cumulative precipitation prior to sampling is shown in
Fig. 3. Precipitation 24 hours and 7 days prior to sampling did not change significantly
by season (p>0.12). Precipitation 14 days prior to sampling was significantly greater
in summer (7.25 £ 5.50 cm) compared to autumn (2.45 + 2.14 cm) (p=0.015), while
spring (4.91 £ 5.75 cm) and winter (5.60 + 5.69 cm) were not significantly different

from summer or autumn (p>0.43).
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Binary logistic regression analysis was used to evaluate the relationship
between parasite detection and weather parameters (Table 6). Of the weather
parameters evaluated in the model, ambient temperature was significantly associated
with detection of Cryptosporidium and Giardia in water overall (surface and
reclaimed combined; p<0.03). Precipitation that occurred 24 hours and 14 days prior

to sampling was significantly associated with the detection of T. gondii (p<0.03).

2.4.2.3 Physicochemical Properties of Water Samples

The physiochemical properties of water samples evaluated by water type, year,
and season were chloride, conductivity, dissolved oxygen, oxidation reduction
potential, pH, and turbidity. Overall, all physicochemical properties except for pH
varied by water type (Table 7). By year, conductivity, dissolved oxygen, oxidation
reduction potential, pH, and turbidity were not significantly different (p>0.49);
however, chloride was significantly higher in year 1 (66.37 + 81.73 mg/L, n=32)
compared to year 2 (32.41 + 33.67 mg/L, n=40) (p=0.03).

The average seasonal variation in physicochemical properties by water type is
shown in Table 8. In reclaimed water, conductivity and oxidation reduction potential
were significantly different by season (p<0.05). In surface water, conductivity,
oxidation reduction potential, and turbidity varied by season (p<0.05).

Binary logistic regression analysis was used to evaluate the relationship
between parasite detection and physicochemical properties in surface and reclaimed
water (Table 9). Of the physicochemical properties evaluated in the model, chloride
was significantly associated with the detection of Cryptosporidium and Toxoplasma

(p<0.05). Oxidation reduction potential was associated with Cryptosporidium
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detection (p<0.05) and turbidity approached significance (p=0.057). Conductivity was

also associated with Toxoplasma detection (p=0.02).
2.4.2.4 Interaction of Weather and Physicochemical properties of Water

Samples

Relationships between weather and physicochemical parameters were analyzed
using principal component analysis (PCA) and Pearson Product-Moment Analysis
(PPMA) utilizing the row-wise estimation method. The PCA loading plots in Figure 4
are a visual representation of the relationship between the weather and
physicochemical parameters by water type. Precipitation (24 hours, 7 days, and 14
days prior to sampling) and turbidity were closely associated and in similar orientation
as were chloride and conductivity in both reclaimed and surface water. Dissolved
oxygen and pH were also closely associated in each load plot but were in opposing
directions in reclaimed compared to surface water. Ambient temperature was similarly
oriented in both loading plots.

The PPMA vyielded correlations between parameters also utilizing the row-wise
method of estimation in reclaimed and surface water types (Table 10 and 11). In both
water types, chloride, dissolved oxygen, and pH were significantly correlated with
each other (p<0.05). In addition, precipitation (24 hours, 7 days, and 14 days prior to
sampling) was significantly correlated in reclaimed and surface water (p<0.05). In
reclaimed water, chloride, dissolved oxygen, and pH were also associated with
oxidation reduction potential (Table 10). Conductivity was correlated with dissolved
oxygen, oxidation reduction potential, pH, and turbidity (p<0.05). Dissolved oxygen
and pH were associated with every parameter except ambient temperature, and

precipitation (24 hours, 7 days, and 14 days prior to sampling). Oxidation reduction
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potential was associated with every parameter except for turbidity, ambient
temperature, and precipitation (24 hours, 7 days, and 14 days prior to sampling).
Turbidity was correlated with dissolved oxygen, oxidation reduction potential, pH, and
precipitation (24 hours and 7 days prior to sampling) (p<0.05).

In surface water, conductivity was associated with chloride (p<0.05) (Table
11). Oxidation reduction potential was found to be correlated with ambient
temperature and precipitation 24 hours prior to sampling. Dissolved oxygen was
associated with chloride, and pH. The combination of parameters that were not

mentioned were not found to significantly correlate with one another (p>0.05).

2.5 Discussion and Conclusions

Surveillance for Cryptosporidium spp., Giardia intestinalis, and Toxoplasma
gondii revealed that these organisms can be found in a variety of non-traditional
sources of agricultural water in the Mid-Atlantic region of the U.S. To our knowledge,
this study was the first to evaluate the detection of protozoan parasites in surface and
reclaimed waters of the Mid-Atlantic over the course of multiple fruit and vegetable
growing seasons. Overall detection was as follows: Cryptosporidium species (36.1%),
G. intestinalis (9.7%), and T. gondii (9.7%) (Table 3). While the viability of detected
(oo)cysts could not be elucidated, finding (oo)cysts in potential sources of irrigation
water presents risk of contamination of fresh produce (Thurston-Enriquez et al.,
2002).

Cryptosporidium spp. were detected at higher levels than other protozoa
evaluated in this study. Cryptosporidium spp. are widely recognized as common
causes of food- and water-borne outbreaks of gastroenteritis globally (Efstratiou et. al,

2017; Ryan et al., 2018; Widmer et al., 2020). Several studies have reported the
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widespread presence of Cryptosporidium oocysts in water and foods (Atherholt et al.,
1998; Budu-Amoako et al., 2011; Chaidez et al., 2005; Dawson; 2005; Fayer, 2004;
Hong et al., 2014; Robertson, 2018; Rose et al., 1991; Smith et al., 2007; Smith and
Nichols, 2010). However, both G. intestinalis and T. gondii are recognized as food-
and water-borne pathogens with the potential for zoonotic transmission like
Cryptosporidium (Ajmal et al., 2013; Atherholt et al., 1998; Chaidez et al., 2005;
Dawson, 2005; Shapiro et al., 2019; Smith et al., 2007, Tenter et al., 2000). When
comparing Cryptosporidium and Toxoplasma it is possible that biology of each
organism could have impacted the likelihood of oocyst detection in water. T. gondii is
known to only have felids as definitive hosts and a wide range of intermediate and
accidental hosts (most warm-blooded animals including humans) while
Cryptosporidium has a wide range of definitive hosts (wildlife, domestic animals, and
humans) (Rovid Spickler, 2017; Rovid Spickler, 2018). While both organisms have
what would be considered a large host range, definitive hosts are characterized by
their ability to shed oocysts, it is possible that the water sources tested in this study
were more likely to be contaminated by definitive hosts of Cryptosporidium (Bhunia,
2018). When comparing Cryptosporidium and Giardia both have wide definitive host
ranges and it is unclear why their occurrence differed; however, Cryptosporidium
oocysts are more environmentally resistant than Giardia (Rovid Spickler; 2012; Rovid
Spickler, 2018; Olson et al., 1999).

It is possible that variation in recovery efficiencies could have influenced the
detection of each organism. In a test of the filtration set-up and molecular detection
methods for this study, it was determined that the limit of detection for C. parvum and

G. intestinalis was between 10-100 (oo)cysts and the limit of detection for T. gondii
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was between 100-1000 oocysts. In this study, recovery efficiencies could not be
determined but based on a review of the literature by Hamilton et al., (2018), recovery
efficiencies for protozoa from U.S. environmental waters can range from 22 to 68%
and can be impacted by specific sampling site characteristics (including heavy rainfall,
seasonal variation, proximity to pathogen sources), in addition to the laboratory
methods used. Inability to discern the recovery efficiency of the method used for each
protozoan parasite is a potential drawback of this study and should be considered as an
area of future research.

When evaluating parasite presence by water type, Cryptosporidium species
(40.9% reclaimed, 34.0% surface) were also detected at higher levels in reclaimed and
surface waters than G. intestinalis (27.3% reclaimed, 2.0% surface) or T. gondii (9.1%
reclaimed, 10.0% surface) (Table 3). There was not a statistically significant
difference in the detection of Cryptosporidium spp. or T. gondii in reclaimed and
surface waters (p>0.58). Giardia was significantly more likely to be detected in
reclaimed water than surface water (p<0.001). In several studies, Cryptosporidium,
Giardia, and Toxoplasma presence has been reported in environmental water,
wastewater, soil, and produce (Ajmal et al., 2013; Amoros et al., 2010; Armon et al.,
2002; Balderrama-Carmona et al., 2014; Chaidez et al., 2005; Hamilton et al., 2018;
Robertson and Gjerde, 2000; Shapiro et al., 2019; Thurston-Enriquez et al., 2002). In
a review of Cryptosporidium and Giardia in wastewater and surface water
environments, Hamilton et al. (2018) noted that there was high prevalence of Giardia,
1543 of 2010 (77%), and Cryptosporidium, 763 of 1801 (42%), in untreated sewage.
Other work also described a higher prevalence of Giardia than Cryptosporidium in

untreated sewage and treated wastewater effluents (Robertson et. al., 2006). The
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findings of our study with respect to reclaimed waters in the Mid-Atlantic U.S. are in
agreement with the higher prevalence of Giardia in wastewater compared to other
waters but differ in with regards to the overall prevalence of Cryptosporidium
compared Giardia. Atherholt et al. (1998) reported that the geometric mean of
Giardia cysts detected in the Delaware River was higher than the geometric mean of
Cryptosporidium oocysts detected in every season of testing. The findings of
Atherholt et al. (1998) differed from those observed in this study. LeChevallier et al.
(1991) found a higher prevalence of Cryptosporidium (74 out of 85, 87%) than
Giardia (69 out of 85, 81.5%) in untreated surface water. Rose et al. (1988) reported
similar findings in surface water. However, each study was carried out in different
bodies of water, at different times, and under different conditions, all of which could
have impacted the likelihood of detecting specific protozoan parasites. The findings of
this Mid-Atlantic study are in agreement with the higher prevalence of
Cryptosporidium than Giardia in surface water. There was little comparative
information on the prevalence of Cryptosporidium and Giardia in various sources of
surface water in recent years (Hamilton et al., 2018).

Previous findings related to T. gondii presence in wastewater and surface
waters have suggested low prevalence of this parasite in the environment (Ajmal et al.,
2013; Gallas-Lindemann et al., 2013; Villena et al., 2004). Several studies have also
reported higher likelihood of detecting oocysts in water around farms (13% detection
of oocysts) and higher seropositivity in mammals in riparian environments (Ajmal et
al., 2013; Aramini et al., 1999). T. gondii presence in the Mid-Atlantic sampling sites
was also found to be low overall and did not demonstrate higher prevalence in

reclaimed (9.1%) compared to surface (10.0%) water. The potential for T. gondii
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oocysts to be present in wastewater has been documented (Gallas-Lindemann et al.,
2013). It is hypothesized that the contamination of wastewater can occur through the
disposal of cat feces in toilets. However, it is important to note that two out of three of
the Mid-Atlantic reclaimed water sites evaluated had a storage pond or open air-
lagoon that were open to the environment after treatment or prior to storage (Table 1).
The site MAOQL1 is a wastewater treatment facility that treats raw sewage and stores
effluent in an open-air lagoon. Cats were observed on this site and evidence of cat
activity was observed around the open-air lagoon. It is possible that cat feces could
have been introduced to the lagoon in runoff after precipitation events. The site MA12
is a produce washing facility. The produce wash and runoff from a cement pad and the
surrounding area were collected and stored in an enclosed tank from which samples
were collected. No cat activity or evidence of cat activity was observed at this site.
Shapiro et al. (2019), has reported the detection of Toxoplasma oocysts on produce. It
is also possible that the oocysts detected at MA12 were present in the soils and debris
removed from the produce at the facility. Produce at this facility were all designated
for further processing.

There was no statistically significant association with season and the detection
of Cryptosporidium spp., G. intestinalis, or T. gondii (p>0.13). However, there were
observations of interest. Several studies have reported seasonality of detection of
protozoa in the environment and outbreaks of protozoan illness (Adam et al., 2016;
Ajmal et al., 2013; Atherholt et al., 1998; Gharpure et al., 2019; Naumova et al.,
2007). The prevalence of Cryptosporidium spp. was higher in samples during the
summer for both reclaimed and surface water types compared to other seasons (Table

4). The percent detection of G. intestinalis was higher during the spring in both
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reclaimed and surface waters. The percent detection of T. gondii was also higher
during the summer for reclaimed water and higher in the winter for surface water.

Atherholt et al. (1998) reported a higher geometric mean for Cryptosporidium
spp. per 5 liters of surface water during the spring compared to other seasons and for
Giardia during the winter and spring compared to other seasons. Researchers noted
that prevalence of both protozoan parasites was correlated with precipitation levels,
turbidity, and water flow which were significantly higher during the winter and spring
compared to other seasons (Atherholt et al., 1998). Rose et al. (1988) noted higher
geometric mean of Cryptosporidium and Giardia in summer (3.3 (0o)cysts/5 L, 0.35
(oo)cysts/5 L) and autumn (1.6 (oo)cysts/5 L, 0.31 (oo)cysts/5 L), significantly lower
geometric means were reported in winter (0.06 (oo)cysts/5 L, 0.007 (oo)cysts/5 L) and
spring (0.06 (oo)cysts/5 L, 0.001(oo)cysts/5 L) in surface water. It is important to
mention that turbidity values (NTU) were highest in spring (75), followed by summer
(63), autumn (46), and winter (25). Atherholt et al. (1998) found higher average
turbidity was associated with higher prevalence of (0o)cysts; however, Feng et al.
(2003) reported significantly decreased percent recovery of Cryptosporidium oocysts
with turbidity values greater than 40 NTU. It is possible that the higher turbidity
observed in the Rose et al. (1988) study in the spring could have impacted their
results. Nevertheless, researchers did not report seasonal information on precipitation
or water flow, which limits comparison to other studies.

Naumova et al. (2016) observed seasonality of outbreaks of cryptosporidiosis,
which peaked almost one month (August) after ambient temperature peaked and
Giardiasis peaked a week after cryptosporidiosis in the first week of September.

Researchers postulated that hot weather leads to increased water consumption,
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promotes outdoor swimming, and other activities that may involve exposure to
environmental or recreational water. Similar trends were observed by the CDC in
outbreaks of cryptosporidiosis from 2009 to 2017; Gharpure et al. (2019) reported
peaks of cryptosporidiosis in July and August. The highest proportion of cases in July
and August were linked to contaminated water. Contaminated water included
recreational, treated, untreated, drinking, and other water sources. Cases of
cryptosporidiosis with an unknown source/mode of transmission also peaked from
July-September. Cases of cryptosporidiosis attributed to contaminated food peaked in
October slightly lagging the peak of waterborne cases (Gharpure et al., 2019). In
outbreaks of Giardiasis from 1971 to 2011 reported by CDC, Adam et al. (2016)
reported a peak in cases of Giardiasis during the summer months as well (June-
September). The highest number of cases were reported in July. The highest
proportion of cases were linked to contaminated water (drinking, recreational, other).
The highest number of Giardiasis cases attributed to foodborne illness occurred from
July through September with another spike in November. A substantial number of
foodborne Giardiasis cases were also reported in December, January, and March
(Adam et al., 2016).

In our Mid-Atlantic study, the highest prevalence of Cryptosporidium was
during the summer. The average overall precipitation was highest during summer
(3.67 £ 4.49 cm) and winter (3.77 £ 5.03 cm) compared to spring (2.61 + 4.64 cm) and
autumn (1.66 £ 1.83 cm). The precipitation levels were not significantly different in
the spring, summer, or winter. Nevertheless, precipitation levels were significantly
higher in summer compared to autumn (p<0.03), which could correspond with the

higher detection of Cryptosporidium during the summer in surface water. While
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similar levels of precipitation occurred during the winter as in the summer,
Cryptosporidium percent detection during the winter was the lowest compared to all
other months (11.1%).

For Giardia, the findings of this study are in agreement with the finding of
Atherholt et al. (1998) of increased detection of Giardia during the spring in surface
water. Higher percent detection of Giardia was also observed in the autumn for
reclaimed water. Considering the findings by Adam et al. (2016), the increase in cases
of Giardiasis could be a lag in detection of cysts from cases of Giardiasis that tend to
peak during the mid-summer to early autumn, this could also be an indication of an
unrelated increase in Giardia detection in the reclaimed water. A high prevalence of
Giardia was also observed in the spring for reclaimed water. Based on the literature,
cases of foodborne giardiasis tend to occur during the spring, and could be linked to
increased detection of Giardia during that time in reclaimed water or again this could
be an unrelated increase in Giardia detection in the reclaimed water during that time
(Adam et al., 2016). However, it is interesting to observe potential links between
transmission and prevalence of protozoa in the environment.

The findings by Naumova et al. (2016), on seasonality of outbreaks of
cryptosporidiosis and giardiasis are of particular interest. Especially considering that
ambient temperature was significantly higher during the summer (Figure 2, p<0.0001)
and in the binomial-logistic regression model (Table 6) evaluating the impact of
weather parameters (ambient temperature, precipitation 24 hours, 7 days, and 14 days
prior to sampling) on detection of protozoa by organism, ambient temperature was
significantly associated with Cryptosporidium and Giardia detection (p=0.010,

p=0.026). Although precipitation levels were higher during the summer, within this
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model, a significant potential impact of precipitation on Cryptosporidium and Giardia
presence was not observed (p>0.095).

Turbidity was identified as a factor that significantly impacted the prevalence
Cryptosporidium and Giardia (Atherholt et al., 1998; LeChevallier et al., 1991). In a
binomial-logistic regression model (Table 9) evaluating the impact of the
physicochemical properties of water (chloride, conductivity, dissolved oxygen,
oxidation reduction potential, pH, turbidity) on detection of protozoa by organism,
turbidity did not have an association with the detection of Cryptosporidium and
Giardia (p>0.05). Although, turbidity did approach significance with regards to
Cryptosporidium detection (p=0.057). Chloride and oxidation reduction potential had
a significant impact on Cryptosporidium detection within the model. There is little to
no literature establishing a connection between chloride, oxidation reduction potential,
and Cryptosporidium detection. Atherholt et al. (1998) found negative correlations
between detection of Cryptosporidium and Giardia and pH, alkalinity, and hardness of
surface water. However, Atherholt et al. (1998) did not evaluate chloride or oxidation
reduction potential. In the Mid-Atlantic study, water pH was not associated with
Cryptosporidium detection within the model. The binomial-logistic regression model
did not indicate associations between detection of Giardia and any of the
physicochemical parameters evaluated (p> 0.09). Although the low detection of
Giardia cysts (7/72 samples) may have limited observation of these associations.

Seasonality of T. gondii oocysts shedding in cats has been observed primarily
in the summer and autumn in association with temperature and other climatic indices
(Schares et al., 2016). In soil, seasonality of T. gondii oocyst prevalence has been

reported in the autumn and winter in regions of China; and associated with the wet
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season, coastal sites, and small cat colony size in the USA/California (Shapiro et al.,
2019). In surface water, higher prevalence of Toxoplasma has been observed during
the autumn than other seasons. Researchers theorized that the increased prevalence
could have been linked to higher precipitation during that season (Wells et al., 2015).
Other studies have reported similar findings with higher prevalence of T. gondii during
times with high rainfall and potential for contamination of water through runoff
(Shapiro et al., 2015; Swaffer et al., 2014; Wilkes et al., 2013).

It is possible that precipitation could have impacted the detection of T. gondii
in reclaimed and surface water. Considering that the percent detection of T. gondii was
higher during the summer for reclaimed water and higher in the winter for surface
water. In addition, the average overall precipitation was highest during summer (3.67
+ 4.49 cm) and winter (3.77 = 5.03 cm) compared to spring (2.61 = 4.64 cm) and
autumn (1.66 £ 1.83 cm). Average precipitation was highest during the winter months,
reclaimed water could not be collected during the winter and as a result it is unclear if
precipitation impacted the presence of T. gondii in reclaimed water during the winter.

According to Bobi¢ et al. (2010), seasonality of outbreaks of toxoplasmosis in
symptomatic patients was observed between October and March. In patients with
asymptomatic acute infections were diagnosed between February and July, although
researchers observed low 1gG avidity and theorized that initial infection may have
occurred previously between November and April. Consumption of undercooked
meats and contact with soil and cats were identified as risk factors for symptomatic
and asymptomatic infections. Contaminated water and produce were not included in

analysis of transmission risk factors (Bobic¢ et al., 2010).
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Precipitation was further identified as a potential factor influencing
Toxoplasma prevalence (Shapiro et al., 2015; Swaffer et al., 2014; Wilkes et al.,
2013). In our Mid-Atlantic study, precipitation 24 hours and 14 days prior to sampling
were associated with Toxoplasma detection within a binomial-logistic regression
model (Table 6) evaluating the impact of weather parameters (ambient temperature,
precipitation 24 hours, 7 days, and 14 days prior to sampling) on detection of protozoa
by organism. While other studies did not evaluate precipitation in similar terms (hours,
days), it was noted that higher precipitation was associated with higher prevalence of
oocysts (Shapiro et al., 2015; Swaffer et al., 2014; Wilkes et al., 2013).

In a binomial-logistic regression model (Table 9) evaluating the impact of
physicochemical factors (chloride, conductivity, dissolved oxygen, oxidation
reduction potential, pH, turbidity) on detection of protozoa by organism, chloride and
conductivity were associated with Toxoplasma detection. Shapiro et al. (2012)
demonstrated the association of T. gondii oocysts with aquatic aggregates and
suggested particle aggregation significantly influences waterborne transmission.
Oocyst aggregation is enhanced in intermediate to high salinity waters (Shapiro et al.,
2012). Although, only conductivity was included in the modeling of the Mid-Atlantic
study, salinity was also measured and found to be positively correlated with
conductivity in both water types. It is possible that conductivity and salinity should be
further evaluated for potential associations with T. gondii presence in environmental
waters. The detection of Toxoplasma was low (7/72 samples), it is possible the low
detection of oocysts influenced the connections observed between Toxoplasma

presence and physicochemical parameters.
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Upon further examination of variation between year 1 and year 2, the only
significant difference was with detection of Cryptosporidium. The factors influencing
the higher detection of Cryptosporidium in year 1 (56.25%) than year 2 (20.00%) are
unclear based upon the parameters observed in this study.

Water is incredibly dynamic and changes in water quality can be observed
based on time of day, season, year, and beyond (Murphy and Sprague, 2019; Peterson
et al., 2014; Xu et al., 2019). Major factors that can influence water quality include
changes in surrounding land usage, pollution events, and extreme weather events
(Peterson et al., 2014; Xu et al., 2019). Seasonal water quality data can vary
significantly; however, annual water quality data tends not to significantly change in
the absence of extreme influence including the factors mentioned previously (Murphy
and Sprague, 2019). Further evaluation of the area surrounding the sampling sites and
watershed from which samples were collected could provide further insights into
trends observed.

Cryptosporidium, Giardia, and Toxoplasma were detected in both reclaimed
and surface waters of the Mid-Atlantic U.S., suggesting that the non-traditional
agricultural water sources identified were susceptible to contamination with protozoan
parasites and would require further treatment to be safely used in the irrigation of raw
agricultural commaodities. While the detection of hazardous organisms does not
indicate viability, presence of these organisms in irrigation water presents a risk of
contamination of fresh produce. Our unique study examining the prevalence of these
zoonotic protozoa in waters of the Mid-Atlantic region improves the understanding of
the impact of region-specific environmental factors on the occurrence, transmission,

and distribution of these organisms. Further efforts are needed to understand protozoa
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prevalence and their relationship to seasonal and physicochemical and land use factors
to enable future safe use of non-traditional waters and simultaneously improve control

of protozoan illness.
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Figure 2.1. Diagram of filtration apparatus and water flow. The influent tubing was
placed into the water sample (A) and connected to the Envirochek HV
capsule (B) and additional tubing connects the capsule to the FloJet pump
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Figure 2.2. Ambient temperatures (°C) recorded at the time of sample collection by

season: Spring (n=16, M ), Summer (N=27, ¥\ ), Autumn (n=18,
I ), and Winter (n=9, =<==2=2 ). The whiskers on each box plot represent
the range of the data within that season and the shaded region represents
the interquartile range. The horizontal line within the shaded region
represents the median. The letters above each box were generated
through the connecting letter report of Tukey’s HSD analysis. Levels not
connected by the same letter are significantly different (p<0.05).
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Figure 2.3. Average precipitation (cm) 24 hours, 7 days, and 14 days prior to sample

collection by season: Spring (n=16, IE), Summer (N=27, W),
Autumn (n=18, ), and Winter (n=9, <=2=2). The letters above each bar
were generated through the connecting letter report of Tukey’s HSD
analysis. Levels not connected by the same letter are significantly
different (p<0.05) by time period prior to sample collection.

85



10 RPrecip 7 doys e
Precip Zthours | APrecip 14 days
% 1 1
A\ :
05 urbidity AN Chigride 05
. \ -
~ \ - Do
.--"'--"
" ORP
o - ¢ " |
.i-,”'.
Ambient Terr!peratu re
05 -05
-10 - 5, 1.0
A - 05 0.0 05 1.0 B
Figure 2.4

-1.0

Precip 14 days
v
APrecip T days
s

Ambient Tempdrature
o v Pe /g arbiity \
1 7 BretiB 24 hours

AConduttivity

Principle component analysis loading plots with all weather and

physicochemical parameters analyzed by water type, reclaimed (A) and

surface (B).

86



Table 2.1.  Description of study sites
Site Water Water Catchment Land Site Description Reference
ID Type Source Use
MAOQO1 Reclaimed Treated Wooded pines with  Influent is treated through ~ Chopyk et
Wastewater grass lanes activated sludge al., 2020
processing (Sequential
Batch Reactor), filtration,
UV light, chlorination,
and then stored in an
open-air lagoon before
land application.
MAO2 Reclaimed Treated Agronomic Influent is treated through
Wastewater cropland (Corn and  activated sludge
Soybeans) processing (Sequential
Batch Reactor), filtration,
UV light, chlorination,
and then stored in an
open-air lagoon before
land application.
MAOQ4  Surface Tidal River Marshland/Forested Tidal brackish river
flowing into the Choptank
River. At sampling site,
width of ~76 m and depth
of ~0.3-0.6 m.
MA10 Surface Untreated Agricultural Freshwater pond with a
Freshwater maximum depth of ~3.35
Pond m and a surface area of
~0.26 ha
MA11 Surface Untreated Agricultural Freshwater pond with a
Freshwater maximum depth of ~3 m
Pond and a surface area of
~0.40 ha
MA12 Reclaimed Produce -- Produce wash water was Sharma et
wash water retrieved from enclosed al., 2020

holding tank that may
contain reclaimed produce
wash water and runoff
from cement pad and
surrounding area
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Table 2.2.  Primer and Probe Set for the detection of Cryptosporidium spp., Giardia
intestinalis, and Toxoplasma gondii
Primer Organism Target Sequence (5'-3") Nucleotide Reference
/Probe Position Source
Set (bp)
COW  Cryptosporidium  Cryptospori  Forward- 583-607 Guy et
P702 spp. dium CAAATTGATACCGTTTG al.,2003
(C. hominis, Oocystwall TCCTTCTG
C. parvum, Protein gene  Reverse- 711-733
C. meleagridis, (GenBank GGCATGTCGATTCTAAT
C. wrairi) no. TCAGCT
AF248743) Probe- 672-702
TGCCATACATTGTTGTCC
TGACAAATTGAAT
Probe 5’ Code: /56-FAM/
Probe 3° Quencher: ZEN-3’
lowa Black FQ
Probe 3° Code: /3IABKFQ/
B- Giardia B-giardin Forward- 222-239 Guy et
Giardi intestinalis gene CATCCGCGAGGAGGTCA al.,2003
n P241 (GenBank A
no. Reverse- 278-296
M36728) GCAGCCATGGTGTCGAT
CT
Probe- 241-268
AAGTCCGCCGACAACAT
GTACCTAACGA

Probe 5’ Code: /SHEX/
Probe 3° Quencher: ZEN-3’
lowa Black FQ

Probe 3 Code: /3IABKFQ/
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Table 2.2 continued

Primer  Organism Target Sequence (5'-3") Nucleotide  Reference
/Probe Position Source
Set (bp)
T. Toxoplasma T. Forward- N/A Villena et
gondii  gondii gondi TCCCCTCTGCTGGCGAAAA al., 2004
B1 i GT
Bl Reverse-
gene  AGCGTTCGTGGTCAACTAT
CGATTG
Probe-
TCTGTGCAACTTTGGTGTA
TTCGCAG

Probe 5’ Code: /SHEX/
Probe 3° Quencher: ZEN-3’
lowa Black FQ

Probe 3’ Code: /3IABkKFQ/
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Table 2.3.  Percent detection of Cryptosporidium spp., Giardia intestinalis, and
Toxoplasma gondii in surface (n=50), reclaimed (n=22), and water

samples overall (n=72).

Organism Reclaimed Surface Overall
Cryptosporidium spp. 40.9% 34.0% 36.1%
Giardia intestinalis 27.3% 2.0% 9.7%
Toxoplasma gondii 9.1% 10.0% 9.7%
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Table 2.4.  Seasonal percent detection of Cryptosporidium spp., Giardia intestinalis,
and Toxoplasma gondii in reclaimed (n=22), surface (n=50), and overall

water (n=72) samples.

Organism Water Spring Summer Autumn Winter@
Type

Cryptosporidium spp. Reclaimed  33.3% 53.8% 16.7%
Surface 30.8% 46.7% 38.5% 11.1%
Overall 31.3% 50.0% 31.6% 11.1%

Giardia intestinalis Reclaimed 66.7% 15.4% 33.3%
Surface 7.7% 0.0% 0.0% 0.0%
Overall 18.8% 7.1% 10.0% 0.0%

Toxoplasma gondii Reclaimed  0.0% 15.4% 0.0%
Surface 0.0% 13.3% 7.7% 22.2%
Overall 0.0% 14.9% 5.3% 22.2%

@ Reclaimed water samples were not collected during the winter season, as a result no data are
available

91



Table 2.5. Comparison of overall means and standard deviations of weather
parameters by water type for reclaimed (n=22) and surface (n=50) water

samples.

Weather Parameter Reclaimed Surface p-value?

Ambient Temperature (°C) 21.59+6.65 17.89+9.98 0.07
Precipitation pts®

24 hours 0.50 +£1.06 0.74+2.00 0.51
7 days 2.93 +2.33 2.83+3.83 091
14 days 598+484 499+542 045

a p-values less than 0.05 were considered statistically significant and
are bolded along with their associated coefficients.
b pts means prior to sampling
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Table 2.6.  Binary-logistic regression analysis of the weather parameters and
detection of Cryptosporidium spp., Giardia intestinalis, and Toxoplasma
gondii (n=72). Variables were evaluated using Likelihood Ratio Chi-

square analyses. The coefficients and associated p-values are displayed.

Organism Weather Parameter Likelihood p-value?
Ratio Chi-
square
Cryptosporidium Ambient Temperature 6.631 0.010
spp. Precipitation pts®
24 h 0.253 0.615
7 days 0.607 0.436
14 days 0.101 0.750
Giardia intestinalis  Ambient Temperature 4.971 0.026
Precipitation pts
24 h 0.668 0.414
7 days 0.900 0.343
14 days 2.794 0.095
Toxoplasma gondii ~ Ambient Temperature 3.354 0.067
Precipitation pts
24 h 5.919 0.015
7 days 1.492 0.222
14 days 4.552 0.033

a P-values less than 0.05 were considered statistically significant and are bolded along
with their associated coefficients.
b pts means prior to sampling
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Table 2.7  Comparison of overall means and standard deviations of physicochemical

parameters by water type for reclaimed (n=22) and surface (n=50) water

samples.
Physicochemical Parameter Reclaimed Surface p-value?
Chloride (mg/L) 86.42 + 84.47 30.85 + 38.85 <0.01
Conductivity (SPC uS/cm) 614.92 +162.82  194.24 +137.47  <0.0001
Dissolved Oxygen (DO%) 64.48 + 33.48 104.37 + 38.97 <0.0001
Oxidation Reduction Potential 79.16 £ 160.17 184.39 + 46.76 <0.01
(mV)
pH 7.46 £ 0.86 7.43+£0.89 0.91
Turbidity (FNU) 49.81 +67.91 9.92 £ 16.52 0.01

a p-values less than 0.05 were considered statistically significant and are bolded.
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Table 2.8.  Seasonal means and standard deviations of physicochemical parameters

for reclaimed (n=22) and surface (n=50) water samples.

Water Physicochemical  Spring? Summer Autumn Winter®
Type Parameter
Reclaimed Chloride (mg/L) 69.68 76.29 £ 116.74 +
32.35a 73.92a 122.10a
Conductivity 795.57 + 551.12 + 662.83 +
(SPC pS/cm) 39.86a 128.61b 195.16ab
Dissolved Oxygen 91.33 % 54.34 + 73.03 £
(DO%) 15.67a 32.27a 36.36a
Oxidation 217.03 £ -11.42 + 206.48 +
Reduction 16.41a 147.75b 55.26a
Potential (mV)
pH 7.70+£0.29a 742+ 741+£0.74a -
1.02a
Turbidity (FNU) 8.01+4.80a 5764+ 53.77 +
53.96a 105.57a
Surface Chloride (mg/L) 1449 £ 29.71 48.32 + 23.21 +
10.27a 33.69a 62.14a 13.36a
Conductivity 149.15 + 187.43 + 285.67 134.37 £
(SPC uS/cm) 28.74b 101.07ab 223.45a 43.43b
Dissolved Oxygen 107.12 + 122.28 + 86.92 + 99.51 +
(DO%) 37.84a 56.73a 15.15a 21.28a
Oxidation 168.81 + 176.75 181.95 + 227.41 +
Reduction 47.99b 24.56b 49.21ab 49.71a
Potential (mV)
pH 731+0.74a 741+ 753+0.82a 7.52+1.24a
0.94a
Turbidity (FNU) 8.37+5.3lab 6.24+ 475+1.71b 2404+
4.05b 35.88a

@ Connecting letters report generated through the Tukey-Kramer HSD test and were used to
indicate significant difference between levels. Levels not connected by the same letter are

significantly different (p<0.05).

b Reclaimed water samples were not collected during the winter season, as a result no data are

available
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Table 2.9.  Binary-logistic regression analysis of the physicochemical properties of

water samples and detection of Cryptosporidium spp., Giardia

intestinalis, and Toxoplasma gondii (n=72). Variables were evaluated

using Likelihood Ratio Chi-square analyses. The coefficients and

associated p-values are displayed

Organism Physicochemical Likelihood p-value?
Parameter Ratio Chi-
square
Cryptosporidium spp. Chloride (mg/L) 8.580 0.003
Conductivity (SPC pS/cm) 1.175 0.278
Dissolved Oxygen (DO%) 1.192 0.275
Oxidation Reduction 7.262 0.007
Potential (mV)
pH 0.018 0.892
Turbidity (FNU) 3.611 0.057
Giardia intestinalis Chloride (mg/L) 2.775 0.096
Conductivity (SPC pS/cm) 2.222 0.136
Dissolved Oxygen (DO%) 0.411 0.522
Oxidation Reduction 0.146 0.702
Potential (mV)
pH 0.006 0.940
Turbidity (FNU) 0.004 0.951
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Table 2.9 continued

Organism Physicochemical Likelihood p-value?

Parameter Ratio Chi-
square

Toxoplasma gondii Chloride (mg/L) 5.074 0.024
Conductivity (SPC pS/cm) 5.235 0.022
Dissolved Oxygen (DO%) 3.332 0.068
Oxidation Reduction 0.463 0.496
Potential (mV)
pH 1.968 0.161
Turbidity (FNU) 0.675 0.411

aP-values less than .05 were considered statistically significant and are bolded along

with their associated coefficients.
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Table 2.10. Pearson Product-Moment Analysis Multivariate Correlation probability

table of weather and physicochemical parameters related to reclaimed

water samples (n=22). Below are the p-values corresponding with the

Principle Component Analysis in Figure 4A.

Weather Chl Cond Dissol Oxida- pH Turb Ambi Preci Preci Precip-
and ori  uc- ved tion i-dity ent p- p- itation
Physico- de tivity  Oxyge Reduc- Temp itatio itatio 14

chemical (mg (SPC n tion eratu n n7 days
Paramete /L)? uS/cm (DO% Potential re 24 days

rs ) ) (mV) hours

Chloride 0.0760 0.0020 0.0145 0.0 0.157 0425 0.655 0.154 0.1641
(mg/L) 222 0 1 0 4

Conductiv  0.07 <.0001 <.0001 <0 0.007 0.088 0.485 0.764 0.9009
ity (SPC 60 001 9 1 6 9

puS/cm)

Dissolved 0.00 <.0001 <.0001 <0 0.028 0.076 0550 0.574 0.6204
Oxygen 20 001 9 0 6 2

(DO%)

Oxidation 0.01 <.0001 <.0001 0.0 0.111 0.206 0.460 0.797 0.6873
Reduction 45 006 1 0 6 4

Potential

(mV)
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Table 2.10 continued

Weather Chlor Condu Dissol Oxida- pH Turbi Ambi Preci Preci Precip-

and ide c- ved tion -dity ent p- p- itation

Physico- (mg/ tivity Oxyge Reduc- Temp itatio itatio 14

chemical L)? (SPC n tion eratu n n7 days

Paramet uS/cm  (DO% Potenti re 24 days

ers ) ) al (mV) hours

pH 0.022 <.0001 <.0001 0.0006 0.005 0925 0.121 0.722 0.8310
2 9 1 3 0

Turbidity 0.157 0.0079 0.0289 0.1111  0.005 0.777 0.002 0.045 0.4730

(FNU) 0 9 8 7 7

Ambient 0.425 0.0881 0.0760 0.2060 0.925 0.777 0520 0.701 0.5543

Tempera 1 1 8 5 7

ture

Precipita 0.655 0.4856 0.5506 0.4606 0.121 0.002 0.520 0.000 0.0189

tion 0 3 7 5 3

24 hours

Precipita 0.154 0.7649 0.5742 0.7974 0.722 0.045 0.701 0.000 <.0001

tion 4 0 7 7 3

7 days

Precipita 0.164 0.9009 0.6204 0.6873 0.831 0.473 0.554 0.018 <.000

tion 1 0 0 3 9 1

14 days

aP-values less than .05 were considered statistically significant and are bolded

99



Table 2.11. Pearson Product-Moment Analysis Multivariate Correlation probability

table of weather and physicochemical parameters related to surface water

samples (n=50). Below are the p-values corresponding with the Principle

Component Analysis in Figure 4B.

Weather Chlo Cond Dissolv Oxida pH Turb  Ambi Preci Preci Precip
and ride uc- ed -tion idity ent p- p- -
Physico- (mg/  tivity  Oxygen Reduc Tem itatio itatio itation
chemica L)® (SPC  (DO%) -tion perat n n7 14

I puS/cm Potent ure 24 days days
Paramet ) ial hours

ers (mV)

Chloride <.0001 0.0160 0.4588 0.025 0.887 0.527 0.329 0.794 0.8231
(mg/L) 4 0 9 4 2

Conducti  <.000 0.1043 0.4862 0.198 0.342 0.595 0.454 0.308 0.3540
vity 1 4 6 2 7 6

(SPC

pS/cm)

Dissolve 0.016 0.1043 0.1959 <000 0.452 0.062 0.653 0.244 0.4263
d 0 1 9 4 2 3

Oxygen

(DO%)

Oxidatio 0.458 0.4862 0.1959 0.698 0.626 0.000 0.037 0.828 0.8840
n 8 9 9 8 2 4

Reductio

n

Potential

(mV)
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Table 2.11 continued

Weather Chlor Condu Dissolv  Oxida- pH Turbi Ambi Preci Preci  Precip-
and ide c-tivity ed tion -dity ent p- p- itation
Physico- (mg/L (SPC Oxygen Reduc- Temp itatio itatio 14
chemical )@ puS/cm) (DO%) tion eratu n n7 days
Paramet Potenti re 24 days
ers al hours
(mV)

pH 0.025 0.1984 <.0001  0.6989 0.101 0.859 0.306 0.122 0.2585

4 8 4 0 6
Turbidity 0.887 0.3426 0.4529  0.6269 0.101 0.183 0.732 0.099 0.2449
(FNU) 0 8 5 4 6
Ambient  0.527 0.5952 0.0624  0.0008 0.859 0.183 0.142 0.839 0.1959
Temperat 9 4 5 6 9
ure
Precipitat 0.329 0.4547 0.6532 0.0372 0.306 0.732 0.142 0.000 0.0043
ion 4 0 4 6 4
24 hours
Precipitat 0.794 0.3086 0.2443  0.8284 0.122 0.099 0.839 0.000 <.0001
ion 2 6 6 9 4
7 days
Precipitat 0.823 0.3540 0.4263 0.8840 0.258 0.244 0.195 0.004 <.000
ion 1 5 9 9 3 1
14 days

aP-values less than .05 were considered statistically significant and are bolded
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Chapter 3

COLD ATMOSPHERIC PLASMA JET INACTIVATES CRYPTOSPORIDIUM
PARVUM OOCYSTS ON CILANTRO

3.1 Abstract

Cilantro was recently identified as a vehicle for protozoan illness. Current
postharvest practices are not sufficient to inactivate protozoa on cilantro. Cold plasma
is an emerging nonthermal waterless technology with potential applications in food
processing that are currently being investigated to enhance the safety of herbs. The
purpose of this study was to determine the impact of cold atmospheric plasma (CP) on
the viability of Cryptosporidium parvum oocysts on cilantro. C. parvum oocysts were
inoculated onto cilantro and treated with a CP jet for 0, 30, 90, and 180 s at a working
distance of 10 cm with a flow of 1.42 x 103 m?®/s. Oocyst viability was determined
using HCT-8 cell culture infectivity assays. Overall, each treatment significantly
reduced oocyst infectivity compared with the 0-s treatment control (p < 0.02). Log
inactivation of oocysts observed on cilantro were 0.84, 1.23, and 2.03 for the 30-, 90-,
and 180-s treatment times, respectively. Drying and darkening of cilantro leaves was
observed with treatments longer than 30 s. CP can reduce C. parvum infectivity on
cilantro. With further research and optimization, this treatment technology has

potential applications in postharvest processing of cilantro.
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3.2 Introduction

From 1996 to 2014, fresh herbs were among the top six produce-related
commodities linked to outbreaks (FDA, 2015). Herbs accounted for 5% of the
outbreaks associated with produce, closely following berries (6%), tomatoes (10%),
and melons (10%). The top two commodities were sprouts and leafy greens (25%
each) (FDA, 2015). Fresh culinary herbs, such as cilantro, basil, and parsley, present a
difficult challenge in the prevention of foodborne illness. These commodities are often
consumed raw and are added to a variety of dishes and condiments in a minimally
processed state, making them difficult to identify and control as vehicles of foodborne
iliness. The Centers for Disease Control and Prevention recently identified cilantro as
a vehicle for protozoan illness, after linking the herb to several multistate outbreaks of
cyclosporiasis (Casillas et al., 2019). Over the past 7 years, these multistate outbreaks
have resulted in 130 to 2,299 illnesses annually in the United States, indicating that
current intervention processes may not be sufficient to control protozoan
contamination and that new intervention practices are needed. Several limitations exist
regarding our thorough knowledge of these outbreaks, including difficulties with
sampling and detection of protozoa, such as Cryptosporidium spp., Cyclospora
cayetanensis, and Toxoplasma gondii, in food products with rapid and reliable
laboratory and clinical diagnostics. It is essential that we continue to develop better
means of control and prevention while advancing the science in these areas (Kniel &
Jenkins, 2005).

Cold atmospheric plasma (CP) is an emerging waterless, nonthermal
technology with potential applications in commercial food production (Knorr et al.,

2011; Mastwijk & Groot, 2010). CP is characterized as an ionized gas generated by
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electrical discharges that cause the ionization of ambient air, which produces
photoinactivating light, reactive oxygen species, and charged particles. Studies have
shown this technology to be effective in inactivating planktonic cells of major
bacterial pathogens (Escherichia coli O157:H7, Listeria monocytogenes, and
Salmonella spp.) on produce, food contact surfaces, and in low-moisture foods
(Niemira & Sites, 2008; Niemira, 2012a; Niemira, 2012b; Niemira et al., 2014;
Niemira et al., 2018; Noriega et al., 2011). Microbial inactivation has been attributed
to the generation of UV light, ozone, electrons, ions, oxygen-containing radicals, and
other reactive species that damage microbial membranes, DNA, and proteins
(Gallagher et al., 2007; Moisan et al., 2001, Niemira et al., 2012b, Norman, 1954;
Sureshkumar et al., 2010). Studies conducted with produce found CP treatments had
minimal impacts on the gross visual quality of prepackaged mixed salad, apples, and
blueberries (Hertrich et al., 2017, Lacombe et al., 2015; Niemira & Sites, 2008). There
is little to no literature on the effects of CP on cilantro or parasites.

Cryptosporidium parvum is an enteric coccidian parasite of the phylum
Apicomplexa. C. parvum typically causes an acute, self-limiting gastroenteritis;
however, in immunocompromised individuals, cryptosporidiosis can be persistent and
even fatal (CDC, 2017). Transmission often occurs through the fecal-oral route, but
exposure to the pathogen may occur through contaminated food or water, person-to
person contact, and even animal-to-person contact (Scallan, et al., 2011).
Contamination can occur at any stage from farm to table, including transfer from soil,
irrigation water, storage containers, packaging, and food handlers (Fayer et al., 2000,
Hong et al., 2014, Hrudey & Hrudey, 2004). Although C. parvum outbreaks have

often been associated with contaminated drinking and recreational water, outbreaks
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associated with foods (raw milk, apple cider, and produce) remain a concern
(Blackburn et al., 2006; Domenech et al., 2018; Hong et al., 2014; Laberge et al.,
1996, McKerr et al., 2015; Millard et al., 1994; Rosenthal et al., 2015).

Coccidian parasite contamination is a unique challenge facing the produce
industry; aspects of the biology and environmental persistence of these organisms are
not well understood (Macpherson, 2005). However, a well-documented and
burdensome characteristic of coccidia is their extreme chlorine resistance (Omarova et
al., 2018; EPA, 2001). After harvest, many raw commodities are treated with a
chlorinated solution as an intervention to prevent cross-contamination events and to
remove soil from the surface of produce before further processing and packaging.
Studies have found that conventional postharvest washing and sanitizing treatments
are not highly effective in the removal or inactivation of pathogens (Annous et al.,
2001; FDA, 2009). Most fresh herbs, like cilantro, are only subjected to a chlorinated
wash step, due to the highly perishable nature of the product and potential negative
impacts of further processing on freshness and quality (Gao et al., 2017). The
chlorinated wash step alone is not sufficient to inactivate protozoan parasites. This
further supports the need for novel interventions to prevent protozoan outbreaks on
fresh produce like cilantro.

This study proposes the use of a novel intervention technology, CP, as a
postharvest treatment to inactivate coccidian parasites on herbs, specifically C.
parvum on cilantro. C. parvum was used as a model to establish whether CP could
potentially be used on produce to inactivate a variety of coccidian parasites, which
include notable parasites such as Cyclospora cayetanensis, Toxoplasma gondii, and

other Cryptosporidium spp.
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3.3 Materials and Methods

3.3.1 Parasites

C. parvum (lowa isolate) oocysts sourced from experimentally infected calves
and stored in Phosphate Buffered Saline (PBS) with penicillin, streptomycin,
gentamicin, Amphotericin B, and 0.01% Tween 20 were obtained from Waterborne
Inc (New Orleans, LA). The oocysts were stored at 4°C and used within 2 months of

the date of shipment, as recommended by Waterborne Inc.

3.3.2 Inoculation of Cilantro

Cilantro was purchased from a local retailer. Four to five leaves of cilantro
(Coriandrum sativum), approximately 0.5 g, were placed in a petri dish and spot
inoculated with 10° oocysts in 125 pL of PBS. Oocysts were also spot inoculated onto
sterilized glass slides as non-produce controls. Samples were air dried for up to 1 h, if

necessary. All samples were performed in duplicate.

3.3.3 Cold Plasma Treatment

The equipment used was described by Niemira (2012a, 2012b) and Lacombe
(2015), with the following modifications. A customized version of a Dyne-A-Mite HP
AC plasma jet device (Enercon Corp., Menomonee Falls, WI) was used with a pulse
frequency of 47 kHz and power consumption of 549 W. Samples were placed on a
spinning platform under the CP jet at a working distance of 10 cm with a flow of 1.42
x 103 m¥s and treated for 0, 30, 90, and 180 s with a gentle spinning at approximately

10 rpm (Fig. 1). Samples treated for O s were used as a control for sample methods and
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handling during the study and, as such, were subjected to the same conditions as

treated samples with the exception of CP treatment.

3.3.4 Recovery of Oocysts

Recovery of C. parvum oocysts was accomplished using a modification of
method 19a:4, “Wash Procedure for Fresh Produce,” from the U.S. Food and Drug
Administration Bacteriological Analytical Manual. The treated samples were placed in
a Whirl-pak bag (Nasco, Milton, WI) with 20 mL of PBS, mounted on a Nutator
rocker platform (Clay Adams Brand, TCS Scientific, New Hope, PA) and gently
agitated for 30 minutes at room temperature; the bag was inverted after 15 minutes.
Sample solution from the Whirl-pak bag was decanted into a 15-mL conical tube in a
10-mL aliquot and centrifuged for 20 minutes at 2,000 x g. The supernatant was then
carefully aspirated to avoid disruption of the pelleted oocysts. The process was
repeated until all the supernatant from the Whirl-Pak bag was centrifuged and
aspirated from the pellet (FDA, 2004). The pellet was then treated with 2% bleach
solution and incubated for 10 minutes at 37°C to reduce natural microflora,
centrifuged again and then triple rinsed with PBS (Peckova et al., 2016).
Centrifugation of oocysts in between bleaching and rinse steps was performed at
12,100 x g for 3 minutes. Next, the pellet was resuspended in 1 mL of PBS; 800uL of
the treated oocysts were designated for use in cell culture infectivity assay and 200puL
of the treated oocyst were saved for microscopic observation. Microscopic
observations were performed with a hemocytometer and an upright compound

microscope.
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3.3.5 Cell Culture Infectivity Assay

Human ileocecal adenocarcinoma cells, also referred to as HCT-8 cells (ATCC
CC-244, American Type Culture Collection, Manassas, VA) were maintained in
RPMI-1640 medium (Mediatech Inc., Manassas, VA) supplemented with 2 or 10%
fetal bovine serum (FBS) (Atlanta Biologicals, Flowery Branch, GA) and 100U/ml
penicillin G-streptomycin-0.25 pg/ml Amphotericin B (Hyclone, Logan, UT) at 37°C
in a humidified cell culture incubator with 5% CO.. For maintenance of cells, media
supplemented with 2% FBS for routine cell maintenance, or 10% FBS during infection
were used. HCT-8 cells were grown in 6-well plates (Castar, Corning, NY), incubated
until a confluency of 85-90% was achieved. The maintenance medium was removed
from the cell monolayers, and the cells were rinsed with Hanks’ Balanced Salt
Solution with calcium and magnesium (HBSS 1X, Mediatech Inc., Manassas, VA).
The inoculum (800 pl of the treated oocysts/ sample) were applied to one well each
and incubated at 37°C for 1 h. The inoculum was removed, and 2 mL of fresh
maintenance media was applied to each well. After 48 h of incubation at 37°C, the
wells were rinsed three times with HBSS; 500 pl of Accutase (BD Biosciences, San
Jose, CA) was applied to each well and incubate for 10 mins at 37°C or until the cell
layer became detached. The cell solution was collected for subsequent DNA

extraction.

3.3.6 DNA Extraction and Detection

DNA extraction was performed with the ZR-Duet™ DNA/RNA MiniPrep Plus
(Zymo Research, Irvine, CA) according to manufacturer instructions. Real-time
guantitative PCR was conducted with a Rotor-Gene SYBR® Green PCR Kit (Qiagen,

Valencia, CA). Primers specific for the C. parvum oocysts hsp70 gene were used,
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generating a 346-bp target. The primer sequences were as follows: forward primer
(CPHSPT2F, 5> TCC TCT GCC GTA CAG GAT CTC TTA 3’) and reverse primer
(CPHSPT2R, 5’ TGC TGC TCT TAC CAG TAC TCT TAT CA 3’) (LeChevallier et
al., 2003). Real-time reactions were performed with a total reaction volume of 25 pL
containing: 10 pL Rotor-Gene SYBR Green PCR Master Mix (Qiagen, Germantown,
MD), 1 uL of each primer, forward and reverse, 8 uL of DNA template, and 5 pL of
Nuclease-free water. A Rotor-Gene Q thermocycler (Qiagen, Hilden, Germany) was
used with the following settings: Hold at 95°C for 5 mins, followed by 40 cycles of
denaturation at 95°C for 5 s and combined annealing and extension at 60°C for 10 s.
Acquisition of SYBR signal occurred during the combined annealing and extension
step. Log inactivation was determined using the following formula: L=log10[Nd/No],
where L is log inactivation, No is the average concentration of viable infectious
oocysts detected on samples treated for O s as a control, Nq is the average
concentration of viable infectious oocysts detected post CP treatment (Garvey et al.,
2010; Lee et al., 2008). Standard deviations were calculated based on the mean log
copies detected per reaction for a sample. Quantification of the concentration of
infectious oocysts and the limit of detection were based on a standard curve generated
in cell culture infectivity assay with serially diluted oocysts. Untreated C. parvum
oocysts served as a positive control, and HCT-8 cellular DNA, Nuclease-free water,

and HBSS served as negative controls.

3.3.7 Statistical Analysis

For inactivation studies, experiments were performed in duplicate, with three
trials (n = 6). One-way analysis of variance was performed to compare means within

the dataset (Tukey’s HSD Test) on JMP software (SAS Institute Inc., Cary, NC). P-
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values less than or equal to 0.05 were considered statistically significant with an alpha

level of 0.05 (a=0.05) and confidence interval of 95% (CI = 95%).
3.4 Results

3.4.1 Cilantro

Overall log inactivations of oocysts observed on cilantro were 0.84, 1.23, and
2.03 for the 30-, 90-, and 180-s treatment times, respectively (Table 1). The 30-, 90-,
and 180-s treatment times yielded statistically significant reductions in infectivity of
oocysts on cilantro compared with the 0-s control (p < 0.01). Longer treatment times
were correlated with higher log inactivation of oocysts.

Log inactivation by trial yielded similar trends as those observed in the overall
results, with some important distinctions. The greatest inactivation on cilantro was
observed for treatments of 180 s. Infectious oocysts were not detected at 180 s for the
first trial, but the second and third trials had log inactivations of 2.32 and 2.04, which
were not significantly different (p = 0.96) (Table 2). The cilantro samples treated for
90 s had the second greatest inactivation but also higher variability among trials. In the
third trial, infectious oocysts were not observed at the 90-s treatment time; however,
the first and second trial had log inactivations of 0.16 and 2.16, which were
significantly different (p < 0.01).

Cilantro treated for 30 s had the lowest log inactivation of the three treatment
times. Trials 1, 2, and 3 had log inactivations of 0.66, 0.99, and 0.77 for cilantro
samples treated for 30 s. The log inactivation of the second trial was not significantly
different from the first and third trials (p > 0.16); however, the first and third trial
mean log copies of infectious oocysts per reaction were significantly different (p <

0.01). The standard deviations were calculated based on the mean log copies of
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infectious oocysts per reaction for a sample, and in this instance, the interpretation of

the mean values differed from the interpretation of the log inactivation values.

3.4.2 Glass

Overall log inactivation of oocysts observed on glass slides was 0.71 for the
30-s treatment time compared with the 0-s control, which was statistically significant
(p < 0.001). Infectious oocysts were not detected in samples applied to glass slides and
treated for 90 and 180 s, although intact oocysts were observed during microscopic
examination of samples.

For log inactivation by trial, the greatest inactivation on glass slides was
observed for treatments of 30 s; the first, second, and third trials had log inactivation
values of 1.96, 1.10, and 0.53, respectively. The log-inactivation values for this
treatment time were significantly different for all three trials: trials 1 and 2, trials 1 and

3, and trials 2 and 3 (p <0.01).

3.4.3 Cilantro Compared to Glass

Greater log inactivation was achieved on cilantro, 2.03, compared with glass,
0.71. On glass, infectious oocysts were not detected for the 90- and 180-s treatment
times; therefore, the comparisons cannot be made between the two substrates based on
the 90- and 180-s treatment times. However, when examining the overall results, the
log inactivation achieved on cilantro after 30 s of CP treatment, 0.84, was not
significantly different from the log inactivation observed on glass after 30 s of CP
treatment, 0.71 (p = 0.79). By trial, the log inactivation on samples treated for 30 s in
trial 1 on cilantro and trial 1 on glass were not significantly different (p = 0.99). Nor

were the log-inactivation values on samples treated for 30 s in trial 2 on cilantro or
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trial 3 on glass (p = 0.99). In addition, by trial, the mean concentration of detected
infectious oocysts per reaction for the 0-s controls were not significantly different for
trials 2 and 3 on cilantro, and trials 1 and 2 on glass (p > 0.86). There was a
statistically significant difference in the overall mean log infectious oocysts per

reaction detected on glass and on cilantro (p < 0.01).

3.4.4 Trials Overall

In all cases, the efficacy of the treatments was determined based on
comparison to a standard curve, repeated with each trial (Fig. 2). For the trials overall,
the second and third trials of the experiment were not significantly different (p = 0.97).
The first trial was significantly different from the second and third trials (p < 0.01).
Recovery of oocysts from cilantro and glass was between approximately 3.46 + 0.21
and 3.28 = 0.44 log, respectively, of the original inoculum. CP treatment for more than

30 s did cause visible drying and darkening of the cilantro leaves.

3.5 Discussion and Conclusions

CP treatment resulted in inactivation of C. parvum oocysts on cilantro leaves.
This study is the first to investigate the impact of CP treatment on the viability of a
protozoan oocyst inoculated onto a plant surface. Overall greater log inactivation was
observed on cilantro treated for 180 s (2.03-log inactivation); however, infectious
oocysts were not detected on samples treated on glass slides for 90 or 180 s. It is
difficult to compare the overall differences between application of the CP treatment on
the cilantro and glass for this reason. Upon microscopic examination, intact oocysts
were observed in these samples. It is possible that oocysts on the glass slides were

more susceptible to desiccation; Robertson et al. (1992) reported 97% inactivation of
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C. parvum oocysts on glass slides after air drying at room temperature for 2 h, with
viability judged using DAPI-PI viability staining. Deng & Cliver (1999) reported
similar rates of inactivation, 95%, in samples that were air dried on glass slides at
room temperature for up to 4 h; and, as in the previous study, viability was judged
using PI vital dye staining. It was expected that greater log inactivation would occur
on glass because it is a dry flat surface that could also reflect photoinactivating light
compared with the relatively rough surface of cilantro leaves, which have been
observed to naturally accumulate water (Brandl et al., 2002). The moisture on the leaf
surface, especially around leaf stomates, could potentially help protect oocysts from
desiccation (Macarisin et al., 2010). On spinach, Cryptosporidium oocysts were
observed passing through stomatal openings, which shielded the oocysts from
desiccation and UV light (Macarisin et al., 2010). It is possible that similar
interactions could have occurred with oocysts on cilantro, which may have played a
role in why it was possible to detect viable oocysts on cilantro after longer treatment
times with CP compared with glass. Note that there were not significant differences in
the log inactivation of oocysts on samples treated for 30 s in trial 1 on cilantro and trial
1 on glass (p = 0.99) or on samples treated for 30 s in trial 2 on cilantro or trial 3 on
glass (p = 0.99); there were some similarities in the impact of CP treatment on samples
treated on cilantro and glass for the shortest treatment time. In addition, the mean
concentrations of detected infectious oocysts per reaction for the 0-s controls were not
significantly different for trials 2 and 3 on cilantro and trials 1 and 2 on glass (p >
0.86); the majority of the 0-s controls for the cilantro and glass had similar detection
of infectious oocysts, which was expected. Studies using this same plasma jet showed

efficacy when applied to bacterial biofilms on glass slides. Treatment times of 15 s
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reduced E. coli O157:H7 biofilms by 3.03 log (Niemira et al., 2018) and Salmonella
biofilms by 2.12 log (Niemira et al., 2014). Whereas the potential for application of
CP as a sanitizing treatment for food contact surfaces is evident, the lower reductions
observed for C. parvum on glass slides suggest that optimization for protozoa may be
distinct from operational conditions optimized for bacterial or mixed species biofilms.
The log inactivation by trial showed greater variation in the detection of
infectious oocysts. This variation could be attributed to issues with recovery of
oocysts, issues with uniform application of the treatment, and the concentration of
infectious oocysts being below our limit of detection (40 genomic copies or
approximately 10 oocysts). It has been theorized that oocyst recovery from substrates
can vary due to factors that cannot be controlled, such as microscopic variations in the
surface of the cilantro leaves, variation in the organic load naturally present on leaves,
and variation in the application of the CP treatment (Kniel & Jenkins, 2005; Lalonde
& Gajadhar, 2016). Several factors to optimize recovery and reduce loss were
considered, such as using a higher inoculum of oocysts, smaller produce sample size,
and smaller elution volumes (Robertson & Gjerde, 2001). Recovery of oocysts treated
on glass and cilantro was between 3.28 + 0.44 and 3.46 + 0.21 logs of the original
inoculum. To account for variations in recovery due to the matrices and sampling
process, log inactivation was calculated based on a comparison between a treated
sample and the corresponding 0-s treatment control. This method was used as opposed
to calculating log inactivation based on a comparison between the initial inoculum and
treated sample, which would fail to take variations in recovery into account. A rotating
platform was used to turn samples under the plasma jet to try to ensure uniform

delivery of the treatment to each leaf. In this experimental arrangement, the plasma jet
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generated airflow that was strong enough to cause the cilantro leaves to move.
Whereas great care was taken to secure the leaves, it is possible that this could have
impacted the recovery by changing the strength of adherence of the oocysts to the
cilantro. Drying and darkening of cilantro leaves was observed in samples treated for
more than 30 s. This could have impacted inactivation of oocysts as well and would
need to be addressed in further studies to improve treatments for commercial
applications. The treatment needs to be further optimized to reduce the observed
damage to cilantro, assess the impact of the treatment on the nutritional and sensory
quality of the commodity, and increase inactivation of C. parvum oocysts.

The reduction of infectivity of C. parvum oocysts by 2.03 log is not sufficient
to meet the industry’s “gold standard” (5 log reduction); nevertheless, it is still a
reduction that could have public health significance (Sela Saldinger & Manulis-
Sasson, 2015). Studies have found coccidian parasites in relatively low concentrations
on contaminated produce and in water, 1 to 47 oocysts in 30 g of vegetables and 1 to
533 oocysts in 100 L of water (Chaidez et al., 2005; Rzezutka et al., 2010). CP has the
potential to effectively reduce oocyst viability in cases of low-level contamination,
which would reduce risks of cross-contamination of produce postharvest and
positively impact public health by lowering the burden of foodborne protozoan illness.
Research is ongoing to explore the potential for synergistic combinations of CP with
other sanitizing interventions.

The resistance of protozoan parasites to postharvest interventions commonly
applied to fresh leafy green and herbs is of great concern to the food industry.
Emerging technologies such as CP could produce novel mitigation strategies. The

2.03-log reduction in infectivity of C. parvum oocysts observed suggests that CP could
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potentially reduce the infectivity of other protozoan parasites on produce as well.
Future studies may consider further evaluation of the efficacy of CP treatment on other
produce commaodities and on larger protozoan oocysts with slightly different
morphology, such as Cyclospora cayetanensis and Toxoplasma gondii, and the
inclusion of additional hurdles and/or longer treatment times to achieve greater log

reduction in infectivity of oocysts for standard commercial applications.
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Figure 3.1.  Typical configuration of cilantro leaves during cold plasma treatment. A:

Control sample (cold plasma system powered off), B: Treated sample (cold

plasma system powered on).
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Table 3.1.

Overall impact of cold atmospheric plasma (CP) treatment on infectivity

of C. parvum oocysts as determined by in vitro HCT-8 cell culture-

quantitative PCR assay. CP treatments were performed at 10 cm distance

from the jet

HCT-8 cell culture infectivity assay

Overall Treatment Log Standard Connecting
Results Time Inactivation  Deviation Letters P
(seconds)
C. parvum 0 0 +0.26 A
oocysts on 30 0.71 +0.87 BC
glass slide 90 -a
180 -
C. parvum 0 0 +0.57 B
oocysts on 30 0.84 +0.49 CD
Cilantro 90 1.23 +0.56 DE
180 2.03 +0.14 E

anot detected, limit of detection was the DNA equivalent of 10 oocysts or 40
genomic copies
b Connecting letters were used to indicate significant difference. Levels not
connected by the same letter are significantly different
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Table 3.2.  Impact of cold atmospheric plasma (CP) treatment by trial on infectivity
of C. parvum oocysts as determined by in vitro HCT-8 cell culture-
quantitative PCR assay. CP treatments were performed at 10 cm distance

from the jet.

HCT-8 cell culture infectivity assay

Results by  Trial Treatment Log Standard Connecting
Trial Time Inactivation Deviation Letters "
(seconds)
C.parvum  Trial 1 0 0 +0.06 AB
oocysts on 30 1.96 +0.27 EF
glass slide 90 -2
180 -
Trial 2 0 0 +0.21 AB
30 1.10 +0.43 C
90 -
180 -
Trial 3 0 0 +0.06 A
30 0.53 +0.16 AB
90 -
180 -
C.parvum  Trial 1 0 0 +0.39 CD
oocysts on 30 0.66 +0.27 DEF
Cilantro 90 0.16 +0.38 CDE
180 -
Trial 2 0 0 +0.06 B
30 0.99 +0.36 CD
90 2.16 +0.12 F
180 2.32 +0.29 F
Trial 3 0 0 +0.16 B
30 0.77 +0.10 C
90 -
180 2.04 +0.28 EF
2 not detected, limit of detection was the DNA equivalent of 10 oocysts or 40 genomic
copies

b Connecting letters were used to indicate significant difference. Levels not connected
by the same letter are significantly different
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Figure 3.2.  Standard Curve for serially diluted Cryptosporidium DNA. The limit of

detection was the DNA equivalent of 10 oocysts or 40 genomic copies.
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Chapter 4

THE USE OF PULSED LIGHT TO INACTIVATE CRYPTOSPORIDIUM
PARVUM OOCYSTS ON HIGH-RISK COMMODITIES (CILANTRO,
MESCLUN LETTUCE, SPINACH, AND TOMATOEYS)

4.1 Abstract

Pulsed light (PL) is an emerging technology with potential applications in food
processing. This study investigated the impact of PL treatment on the viability of
Cryptosporidium parvum oocysts inoculated onto cilantro, mesclun lettuce, spinach,
and tomatoes. Samples were treated for 0, 10, 45, and 90 s at a working distance of 40
cm. Oocyst viability was determined using an HCT-8 cell culture infectivity assay.
The maximum log reductions achieved on cilantro, mesclun lettuce, spinach, and
tomato were 2.46, 4.27, 2.51, and 2.19, respectively. Significant changes in color
values were not observed in leafy greens or herbs; however, wilting was observed in
samples treated longer than 10 s. Significant change in the b* value for tomato treated
for 90 s was observed. Pulsed light can reduce the infectivity of C. parvum oocysts on
cilantro, mesclun, lettuce, spinach, and tomato and with further optimization could

have potential applications in postharvest processing of these commodities.
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4.2 Introduction

Cryptosporidium parvum (C. parvum) is a coccidian protozoan parasite that
causes infection in humans, ruminants and a wide range of other animal hosts (Fayer,
2004; Leitch & He, 2011). In humans, C. parvum causes acute gastroenteritis lasting 1
to 2 weeks in healthy persons; infection may be persistent and even fatal in the
immunocompromised (Colley, 1995). The infectious dose of C. parvum is low,
ingestion of approximately 10-30 oocysts can cause illness in a healthy person
(Hlavsa, Watson, & Beach, 2005). Cryptosporidium oocysts are transmitted through
the fecal-oral route, humans may be exposed to oocysts through the consumption of
contaminated food or water, in addition to direct contact with contaminated soil or an
infected host (Fayer, 2004).

Although outbreaks of C. parvum have historically been associated with
drinking and recreational water, outbreaks associated with contaminated food are
increasing in incidence (Blackburn et. al., 2006; Domenech et al., 2018; FAO/WHO,
2012; Hong et al., 2014; McKerr et al., 2015). In 2012, the Food and Agriculture
Organization of the United Nations (FAO) and World Health Organization released a
joint global risk ranking of foodborne parasites. The report ranked 24 parasites in
terms of importance as a foodborne pathogen based on public health, microbial
ecology, animal health, agribusiness and trade, and socioeconomic impact.
Cryptosporidium species were ranked fifth overall, preceded only by Taenia solium,
Echinococcus granulosus, Echinoscoccus multilocularis, and Toxoplasma gondii
(FAO/WHO, 2012; Ryan, Hijjawi, & Xiao, 2018). In 2017, a Morbidity and Mortality
Weekly report noted a 45% increase in the incidence of confirmed Cryptosporidium

infections associated with contaminated food in 2016 compared to 2013-2015 (Marder
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et al., 2017). The primary food vehicles of Cryptosporidium were identified as fresh
produce, fruit juice, and raw milk (FAO/WHO 2012). Numerous outbreaks have been
attributed specifically to leafy greens, mixed salads and herbs (Ryan, Hijjawi, & Xiao,
2018). In 2015, the FDA released a Final Qualitative Assessment of Risk from On-
Farm Contamination of Produce, which provides a scientific evaluation of potential
health risks associated with contaminated produce. The ranking was based on hazard
identification and characterization, exposure assessment, and risk characterization.
Leafy greens (lettuce and spinach) and cilantro were considered high risk, and
tomatoes were considered moderate to high risk for contamination with pathogens
(FDA, 2015).

Cryptosporidium contamination in the produce industry is a unique challenge,
particularly in commodities that are often consumed raw or in a minimally processed
state and often are not subjected to treatments that could effectively reduce or
eliminate pathogen contamination in order to maintain freshness (Brackett, 1999;
Sivapalasingam et. al., 2004; Utaaker et al., 2017). Cryptosporidium oocysts are
robust and can remain viable after various postharvest interventions such as blast
chilling, washing, and chlorine baths (Duhain et al., 2012; Li et al., 2019; Robertson
& Chalmers, 2013). The latter two are more commonly used to treat fresh produce
(Annous et al., 2001; FDA, 2009). There is some evidence that oocysts may be able to
infiltrate leafy greens through stomatal openings and evade direct exposure to
processing treatments as well (Macarisin, Bauchan, & Fayer, 2010). The resistance of
Cryptosporidium oocysts to commonly used produce postharvest treatment practices

highlights the need for novel intervention strategies.
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Pulsed light (PL) is an emerging nonthermal decontamination technology with
potential applications in commercial food production (EImnasser et al., 2007; Cao,
Huang, & Chen, 2017). PL is characterized as a broad-spectrum light, wavelength
200-1100 nm, that utilizes short intense pulses to inactivate microorganisms
(Elmnasser et al., 2007; Gomez-Lopez et al., 2007). Several studies have
demonstrated the effectiveness of PL in the inactivation of microorganisms such as
bacteria, viruses, and mold (Anderson et al., 2000; MacGregor et al., 1998; Roberts &
Hope, 2003; Rowan et al., 1999; Huang & Chen, 2014; Cao, Huang, & Chen, 2017,
Huang & Chen, 2019). The antimicrobial activity of PL has been attributed to the
short-wave UV portion of the PL spectrum and its photochemical and potentially the
photothermal effect (Anderson et al., 2000; EImnasser et al., 2007). PL disrupts
nucleic acids through photochemical dimerization of pyrimidine bases, which impairs
replication and transcription (ElImnasser et al., 2007; Huang & Chen, 2014). A few
studies have evaluated the efficiency of PL in the inactivation of C. parvum oocysts in
water and on raspberries and were able to achieve 2 to 3 log reduction in infectivity of
oocysts (Lee et al., 2008; Le Goff et al., 2015). Several studies have evaluated the
impact of PL on various commodities and have found that prolonged exposure and/or
short treatment distance from the PL lamp can negatively impact produce quality
(Bialka & Demirci, 2007; Cao, Huang, & Chen, 2017; Pataro, Donsi, & Ferrari 2015b;
Huang & Chen, 2014; Luksiene et al., 2012). However, there is little to no literature
on the efficacy of PL treatment on the viability C. parvum oocysts on leafy greens,
herbs, or tomatoes and the subsequent impact on color quality of produce.

C. parvum represents a public health threat due to the very low infectious dose

and high resistance to commonly used sanitizers. The increase in the cases of
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foodborne illness, and the increase in detection of oocysts in foods further supports the
need for novel interventions to prevent protozoan contamination of fresh produce.
This study proposes the use of an emerging intervention technology, PL, as a
postharvest treatment to inactivate protozoan parasites on leafy greens, herbs, and
tomatoes, specifically C. parvum on cilantro, mesclun lettuce, spinach, and grape

tomatoes.
4.3 Materials and Methods

4.3.1 Cryptosporidium parvum Oocysts

C. parvum (lowa isolate) oocysts were purchased from Waterborne Inc (New
Orleans, LA). Oocysts were sourced from experimentally infected calves and then
stored in Phosphate Buffered Saline (PBS) with penicillin, streptomycin, gentamicin,
Amphotericin B, and 0.01% Tween 20. Upon receipt, oocysts were stored at 4°C and

used within 2 months of the date of shipment, as recommended by the retailer.

4.3.2 Inoculation of Cilantro, Mesclun Lettuce, Spinach, and Tomato

Cilantro, mesclun lettuce, spinach and tomatoes were purchased from a local
retailer and stored at 4 °C until use. The samples were treated and analyzed within
three days of storage. Approximately 0.5 g of cilantro (Coriandrum sativum), mesclun
lettuce or spring mix (may contain a variety of up to sixteen types lettuces and greens),
spinach (Spinacia oleracea), or 20 g of grape tomatoes (Solanum lycopersicum) were
placed in a petri dish and spot inoculated with 1.56 x 10°® oocysts in 125 uL of PBS.
The same quantity of oocysts was spot inoculated onto glass slides as non-produce
controls. Grape tomatoes were prepared prior to inoculation, a portion of the underside

of the tomato was cut to create a flat surface to prevent tomatoes from rolling during
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and after inoculation. Samples were air dried for up to 1 h, if necessary. All samples

were performed in duplicate.

4.3.3 Pulsed Light Treatment

Treatments were conducted with a reconstructed Pulsed light (PL) system for
all produce models at a working distance of 40 cm and treatment times of 0, 10, 45,
and 90 seconds (Lee et al., 2008). The reconstructed PL system, described in Huang
and Chen (2019), consists of a commercial PL lamp with controlling and cooling
modules (Xenon Steripulse-XL RS-3000, Xenon Corp., Wilmington, MA) and an
enclosed stainless steel chamber with an inner size 60 cm (L) x 45 cm (W) x 70 cm
(H). The chamber was also connected to a high flow ozone destruction unit (Ozone
Solutions Inc., Hull, 1A). The housing for the PL lamp was enclosed and mounted at
the top of the chamber. Detailed equipment and set-up information can be found in
Huang & Chen (2019; however, PL treatments for this study were carried out with
some minor modifications: equipment for agitation and mixing were removed and
samples contained in petri dishes were placed directly on a shelf at a distance of 40 cm
from the PL lamp. This pulsed light unit produced pulses at wavelengths of 180-1100
nm, which were generated at 3 pulses/s with a pulse width of 360 ps (Cao, Huang, &

Chen, 2017; Huang & Chen, 2019).

4.3.4 Recovery of Oocysts

As described in Craighead et al. (2020), recovery of C. parvum oocysts was
accomplished using a modified FDA BAM method 19a: 4, Wash Procedure for Fresh
Produce (FDA, 2004). The treated samples were placed in a Whirl-pak bag (Nasco,

Milton, WI) with 20 mL of PBS for cilantro, mesclun lettuce and spinach or 40 mL for
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grape tomatoes. This volume of buffer was selected to reduce the dilution factor while
ensuring the commodities were covered with buffer to aid in oocyst recovery. The
samples were then mounted on a Nutator rocker platform (Clay Adams Brand, TCS
Scientific, New Hope, PA) and gently agitated for 30 mins at room temperature; the
bag was inverted after 15 mins. The sample solution from the Whirl-pak bag was
decanted into a 15 mL conical tube in a 10 mL aliquot and centrifuged for 20 mins at
2,000 x g. The supernatant was carefully aspirated to avoid disruption of the pelleted
oocysts. The process was repeated until all the supernatant from the Whirl-Pak bag
was centrifuged and aspirated from the pellet (FDA, 2004). The pellet was treated with
2% bleach solution and incubated for 10 mins at 37°C to reduce natural microflora,
centrifuged again and triple rinsed with PBS (Peckov, et al., 2016). Centrifugation of
oocysts in between bleaching and rinse steps was performed at 12,100 x g for 3 mins.
Next, the pellet was resuspended in 1 mL of PBS; 800 uL of the treated oocysts were
designated for use in a cell culture infectivity assay and 200 uL of the treated oocysts
were saved for microscopic observation performed with a hemocytometer and an

upright compound microscope.

4.3.5 Cell Culture Infectivity Assay

Human ileocecal adenocarcinoma cells, also referred to as HCT-8 cells (ATCC
CC-244, American Type Culture Collection, Manassas, VA) were maintained in
RPMI-1640 media (Mediatech Inc., Manassas, VA) supplemented with 2 or 10% fetal
bovine serum (FBS) (Atlanta Biologicals, Flowery Branch, GA) and 100 U/ml
penicillin G-streptomycin-0.25 pg/ml Amphotericin B (Hyclone, Logan, UT) at 37°C
in a humidified cell culture incubator with 5% CO.. For maintenance of cells, media

supplemented with 2% FBS for routine cell maintenance, or 10% FBS during infection
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were used. HCT-8 cells were grown in 6-well plates (Castar, Corning, NY) and
incubated until a confluency of 85-90% was achieved. The maintenance medium was
removed from the cell monolayers, and the cells were rinsed with Hanks’ Balanced
Salt Solution with calcium and magnesium (HBSS 1X, Mediatech Inc., Manassas,
VA). As described in Craighead et al. (2020), the inoculum (800 pl of the treated
oocysts/ sample) were applied to one well each and incubated at 37°C for 1 h. The
inoculum was removed, and 2 mL of fresh maintenance media were applied to each
well. After 48 h of incubation at 37°C, the wells were rinsed three times with HBSS;
500 ul of Accutase (BD Biosciences, San Jose, CA) were then applied to each well
and incubated for 10 mins at 37°C or until the cell layer became detached. The cell

solution was collected for subsequent DNA extraction.

4.3.6 DNA Extraction and Detection

The ZR-Duet™ DNA/RNA MiniPrep Plus kit (Zymo Research, Irvine, CA)
was used to perform DNA extraction according to manufacturer instructions. Primers
specific for the C. parvum oocysts hsp70 gene were used. The primer sequences were
as follows: forward primer (CPHSPT2F, 5° TCC TCT GCC GTA CAG GAT CTC
TTA 3’) and reverse primer (CPHSPT2R, 5 TGC TGC TCT TAC CAG TAC TCT
TAT CA 3’), this primer set generated a 346-bp target (LeChevallier et al., 2003).
Real-time quantitative PCR was conducted with a Rotor-Gene SYBR® Green PCR
Kit (Qiagen, Valencia, CA). Real-time reactions were performed with a total reaction
volume of 25 pL, containing 12.5 uL. of Rotor-Gene SYBR Green PCR master mix
(Qiagen, Germantown, MD), 1 uL (400 nM) of each primer, forward and reverse, 8
uL of DNA template, and 2.5 uL of nuclease-free water. A Rotor-Gene Q

thermocycler (Qiagen, Hilden, Germany) was used with the following settings: hold at
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95°C for 5 mins, followed by 40 cycles of denaturation at 95°C for 5 s and then
combined annealing and extension at 60°C for 10 s, in accordance with the
manufacturer’s instructions. Acquisition of SYBR signal occurred during the

combined annealing and extension step.

4.3.7 Inactivation Analysis

Log inactivation was determined using the following formula: L=l0g10[N4/No],
where L is log inactivation, No is the average concentration of viable infectious
oocysts detected on samples treated for O s as a control, Nq is the average
concentration of viable infectious oocysts detected post PL treatment (Garvey et al.,
2010). Standard deviations were calculated based on the mean log copies
detected/reaction for a sample. Quantification of infectious oocysts concentration was
based on a standard curve generated in cell culture infectivity assay spiked with a
known number of oocysts (106, 10°, 10%, 103, 102, 10, 10°) (Fig. 1). C. parvum
oocysts served as a positive control and HCT-8 cellular DNA, Nuclease-free water,

and HBSS served as negative controls (Craighead et al., 2020).

4.3.8 Color Analysis

Color measurements of cilantro, mesclun lettuce, spinach, and grape tomatoes
were determined using a colorimeter WR-10 (FRU by Shenzhen Wave
Optoelectronics Technology Co., Shenzhen, China). The colorimeter was calibrated
according to manufacturer’s instructions. Color values (CIE L*, a*, b*) were
measured by placing the head of the measurement port on to a blade of the leaf
(mesclun lettuce, spinach, cilantro) or skin (tomato) and recording the result. In leafy

samples, care was taken to avoid the veins of the leaves. In tomatoes, great care was
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taken to avoid the stem scar when taking measurements. In all samples, care was taken
to obtain the before and after color reading from approximately the same spot. Color
readings were performed in duplicate, both before and after PL treatments of 0's, 10 s,
45 s, and 90 s. Color values were further used to calculate chroma, browning index
(B1) according to Sekhon, Maness, and Jones (2015), and hue angle according to

Nunes and Emond (1998) and McLellan, Lind and Kime (1995) using Egs. (1), (2),
(3), (4).

Chroma = V((a*)*+ (b*)?) (1)
X = (a* + 1.75 L*) / (5.645 L* + a* - 3.012b®) )
BI = ((100 (x - 0.31)) / (0.17)) 3)
Red hue: Hue angle = ArcTan (b*/a*) 4)

Green hue: Hue angle= 180 + ArcTan (b*/a*)

When using the CIELAB (L*a*b*) color scale, L* defines lightness (0 = black,
100 = white), a* can indicate green or red colors (negative = green, positive = red),
and b* can indicate blue or yellow colors (negative = blue, positive = yellow). Hue
angle is another statistic used to characterize color in food products, an angle 0° or
360° is associated with red hue, while 90°, 180°, or 270° are associated with yellow,
green, and blue hues, respectively (Maskan, 2001). Chroma indicates color saturation,

and Browning index or Bl indicates purity of brown color (Shah et al., 2019).

4.3.9 Statistical Analysis

Experiments were performed in duplicate, with three trials (n=6).
Nonparametric multiple comparisons were performed using the Steel-Dwass method

to compare medians within the dataset, MANCOVA with partial least squares
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regression was performed to evaluate the relationship between treatment time and
inactivation of oocysts according to substrate using JMP software (SAS Institute Inc.,
Cary, NC). P-values less than 0.05 were considered statistically significant with an

alpha level of 0.05 (0=0.05) and confidence interval of 95% (CI = 95%).
4.4 Results

441 Treatment Conditions

As shown in Table 1, the average parameters of pulsed light treatment,
including PL intensity, PL dose, temperature and relative humidity did vary by
treatment time. PL intensity per pulse, PL dose, and temperature within the chamber
generally increased with treatment time. The relative humidity decreased as treatment
time increased. It is possible that these factors could have impacted log inactivation of

oocysts.

4.4.2 Cilantro

The log inactivation observed on cilantro was 1.47, 2.46, and 1.65 for the 10 s,
45 s, and 90 s treatment times, respectively (Table 2). The 45 s and 90 s treatment
times yielded statistically significant reductions compared to the 0 s control (p<.005).
The log inactivation between the 45 s and 90 s treatments were also found to be
significantly different (p<0.05). The 10 s treatment time did not yield reductions that
were significantly different from the 45 s, and 90 s treatments (p>0.05). The log
inactivation rate at 90 s (1.65) was lower than log inactivation at 45 s (2.46). The
recovery of oocysts from cilantro was 54.9% + 0.43. There was not a statistically
significant difference observed in L*, a*, b*, Chroma, Hue or Bl values as PL

treatment time increased for cilantro (Table 3).

137



4.4.3 Mesclun Lettuce

The log inactivation of oocysts observed on mesclun lettuce was 1.69, 4.27,
and 2.64 for the 10 s, 45 s, and 90 s treatment times, respectively. The 10 s, 45 s and
90 s treatment times yielded statistically significant reductions in infectivity compared
to the 0 s control (p<0.05). The log inactivation rate at 90 s (2.64) was lower than the
log inactivation at 45 s (4.27). The 45 s and 90 s treatment times did not yield
reductions that were significantly different from each other (p=0.91) nor did the 90 s
and the 10 s treatment (p=0.26). On mesclun lettuce, 55.2% + 0.93 of oocysts were
recovered. There was not a statistically significant difference observed in L*, a*, b*,

Chroma, Hue or Bl values as PL treatment time increased for mesclun lettuce.

4.4.4 Spinach

The log inactivation of oocysts on spinach was 1.14, 2.36, and 2.51 for the 10
s, 45 s, and 90 s treatment times, respectively. The 10 s, 45 s, and 90 s treatment times
were significantly different compared to the 0 s control (p<0.05). The 45 s and 90 s
treatments times did not yield reductions that were statistically significant from each
other (p=0.28). Again, longer treatment times were correlated with higher log
inactivation of oocysts. The recovery of oocysts from spinach was 55.9% = 0.80.
There was not a statistically significant difference observed in L*, a*, b*, Chroma,

Hue or Bl values as PL treatment time increased for spinach.

445 Tomato

The log inactivation of oocysts on grape tomatoes was 0.28, 0.98, and 2.19 for

the 10 s, 45 s, and 90 s treatment times, respectively. The 10 s, 45 s, and 90 s treatment
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times were significantly different compared to the 0 s control (p<0.05). The 10 s and
45 s treatments times did not yield reductions that were statistically significant from
each other (p=0.70) nor did the 45 s and 90 s treatments (p=0.28). On tomato, 48.1%
+1.02 of oocysts were recovered. There was not a statistically significant difference
observed in L*, a*, Chroma, Hue or Bl values as PL treatment time increased for
grape tomatoes. However, a statistically significant color change was observed for b*
pre- and post-treatment values at 90 s (p<0.05). The change in b* can be characterized
as an increase in yellow color. This change in color was not visible to the human eye

at the time of observation.

4.4.6 Control Samples on Glass

The average log inactivation of oocysts on glass was 1.71, 5.57, and 4.70 for
the 10 s, 45 s, and 90 s treatment times, respectively. See Table 2 for standard
deviations associated with log inactivation. The 10 s, 45 s, and 90 s treatment times
were significantly different compared to the 0 s control (p<0.05). The 45 s and 90 s
treatments times did not yield reductions that were statistically significant from each
other (p=0.88). The log inactivation rate at 90 s (4.70) was lower than log inactivation

at 45 s (5.57). The recovery of oocysts from glass was 48.1% + 1.02.

4.4.7 Impact of Substrate and Treatment Time on Inactivation

A MANCOVA with partial least squares regression was used to evaluate the
relationship between treatment time, inactivation of oocysts, and substrates. When
comparing mesclun lettuce, spinach, and tomato within a model, the commodities
themselves were not found to have a significant impact on observed log inactivation of

C. parvum (p >0.05). Within each model when comparing glass to mesclun lettuce and
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glass to spinach, the substrate had an impact on inactivation (p<0.05); however, when
comparing glass to tomato, the substrate was not found to have a significant impact on
inactivation (p>0.05). Within each model, treatment time had a significant impact on
inactivation when comparing glass to mesclun lettuce, spinach, and tomatoes (p<0.05).
When examining cilantro, there was an observed interaction between treatment time
and matrix preventing the evaluation of the individual impact of these independent

variables.

4.5 Discussion

PL treatment resulted in reduction of viable C. parvum oocysts on cilantro
mesclun lettuce, spinach, and grape tomatoes. This study is the first to investigate the
impact of PL treatment on the viability of C. parvum oocysts inoculated onto select
produce surfaces. Greater log inactivation values were generally observed with longer
treatment times. Log inactivation of oocysts was highest on glass with PL treatment at
45 s and 90 s (4.70-5.57). There are several factors that could have impacted oocyst
viability on glass and the other substrates evaluated in this study. Glass has a dry and
relatively flat surface compared to leafy greens, herbs, and tomatoes. As observed in
Craighead et al. (2020), oocysts on glass slides may be susceptible to desiccation.
Studies have observed 95-97% inactivation of oocysts on glass slides due to
desiccation after airdrying at room temperature for 2-4 hours, viability was judged
using DAPI/PI viability staining (Robertson, Campbell, & Smith, 1992; Deng &
Cliver, 1999). There is some evidence to suggest that the phylloplane or the surface of
plant leaves may release, retain, and or naturally accumulate moisture (Brandl &
Mandrell, 2002; Lindow & Brandl, 2003; Macarisin, Bauchan, & Fayer, 2010).

Lindow and Brandl (2003) reported that plant leaves are surrounded by a thin laminar
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layer where moisture emitted from the stomata may be sequestered, potentially aiding
in reducing water stress to which microorganisms may be exposed and possibly
shielding oocysts from desiccation. The surface of tomato fruits has been described as
having low water activity that does not support the growth of planktonic foodborne
pathogenic bacteria. Biofilm formation has been observed to support bacterial survival
in adverse environments like the surface of a tomato (FDA, 2014). It is unclear if there
are factors regarding the nature of the tomato fruit surface that would reduce water
stress on oocysts.

On glass, a slightly higher reduction was observed at 45 s compared to 90 s.
Again, the difference observed in log inactivation between the two treatment times on
glass was not found to be statistically significant There were samples in which
infectious oocysts were not detected using real-time PCR; this was observed more so
in samples treated for 45 s. It is possible that oocysts were not detected in these
samples because the number of infectious oocysts in the sample were below the
detection limit of the gPCR assay, which was 40 genomic copies or roughly the DNA
equivalent of 10 oocysts. It is also possible that oocyst aggregation or clumping could
have impacted results, enabling oocysts to evade the PL and remain infectious on the
samples treated for 90 s compared to 45 s. Other studies have found that aggregation
or clumping can interfere with the efficacy of UV treatments on parasites and bacteria
(Altic et al., 2007; Bukhari et al. 2000; Mamane, 2008). Oocysts were observed
during microscopic examination however, oocyst clumping was not observed.
Although, it is possible that clumped oocysts may not have been uniformly distributed

within the observed sample (Bukhari et al., 2000).
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A slightly higher log inactivation at 45 s compared to 90 s was observed in
oocysts on mesclun lettuce and cilantro. In addition to clumping, it is also possible that
the shadowing effect, also referred to as shielding, or the inability of PL to reach its
target due to poor penetration could have impacted results (Lagunas-Solar et al., 2006;
Cao, Huang, & Chen, 2017). The natural crevices and curling of leaves observed in
cilantro and mesclun lettuce could have shielded oocysts from full exposure to the PL
treatment (Lagunas-Solar et al., 2006; Cao, Huang, & Chen, 2017).

While a higher reduction at 45 s of treatment compared to 90 s was not
observed in spinach or tomato, it is still possible that the inactivation of oocysts on the
surface of these commodities was affected by shielding or shadowing as well, due to
slight differences in shape and surface. A crucial consideration for the application of
this technology in the disinfection of leafy greens, herbs, tomatoes, and other produce
will be developing a system that ensures uniform exposure of the produce surface to
the PL treatment. While great care was taken to attempt to fully expose the inoculated
surface to the PL, variation in shape and conformation could not be controlled.

Colorimeter data was also collected to assess the impact of treatment on visual
quality of the commaodities tested. For cilantro, mesclun lettuce, and spinach a
statistically significant difference in L*, a*, b*, Chroma, Hue, and BI values was not
observed. It is worth noting that the variation observed within sample replicates for
mesclun lettuce, spinach, and cilantro resulted in high standard deviations in L*, a*,
b*, and BI values that could have obscured potentially significant changes in color.
Much of the deviation in pre- and post-treatment samples is suspected to be the result
of differences in color of individual leaves. As observed in Shah et al. (2019), two

leaves from the same batch of produce may have different color values and when
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subjected to the same treatment may show quality changes to different degrees. As a
result, the variation in the post-treatment values may also be due to differences in the
individual leaves sampled. Slight wilting was observed in cilantro, and mesclun lettuce
after treatments longer than 10 s. It is assumed that the wilting observed was due to a
loss of turgor pressure in the leaves. It is also possible that the increase in temperature
and decrease in relative humidity observed as treatment time increased could have
contributed to this phenomenon (Table 1). It is also possible that wilting could have
impacted the post-treatment deviation within the tested samples. In tomato, there was
a statistically significant change in b* values after treatment for 90 s. This change is
characterized as yellowing, was not noticeable to the human eye and only detected by
changes in colorimeter values. Pataro et al.(2015a), investigated the impact of PL on
the quality and antioxidant properties of tomato fruits during storage and found that
lycopene, total carotenoid, phenolic compounds and antioxidant activity increased 6.2,
2.5, 1.3, and 1.5-fold, respectively during storage after PL treatment. Noting that PL
has the potential to enhance the accumulation of antioxidants in tomatoes without
significant changes to physical properties post-treatment (Pataro et al., 2015a). The
treatment must be further optimized for use with leafy greens and herbs to reduce the
wilting observed and increase the inactivation of C. parvum oocysts.

A potential drawback of the study was the pre-treatment of tomatoes. In order
to prevent the inoculated tomatoes from rolling during transport to and from the
treatment facility, the tomatoes were flattened on one side exposing some of the flesh
of the tomato prior to inoculation. Lower recovery of oocysts was observed from
tomatoes compared to the other commaodities, it is possible that oocysts adhered more

strongly to the exposed flesh of the tomatoes or even could have been drawn into the
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tomatoes during sample processing. For all commodities, several factors were
considered to reduce variations in recovery from smaller sample volume, smaller
elution volumes, and higher inoculum of oocysts. In addition, log inactivation was
calculated by comparing the infectivity of treated oocysts to the corresponding control
oocysts (0-s treatment) for that commodity, to account for commodity-specific
recovery factors. A few studies have proposed that oocyst recovery from substrates
can vary due to factors that cannot be controlled such as microscopic variations in the
surface of the cilantro leaves, variation in the organic load naturally present on leaves,
and variation in postharvest treatments (Craighead et al. 2020; Kniel and Jenkins,
2005; Lalonde and Gajadhar, 2016)

The log inactivation achieved with PL treatment on cilantro, mesclun lettuce,
spinach, and tomato ranged from 1.65 - 4.27, while the efficacy of this treatment
varied, the reduction achieved has potential public health significance. PL has
potential applications in targeting low levels of C. parvum contamination on produce.
In addition, the impact of PL on bacterial and viral inactivation has already been
evaluated. Studies using the same PL unit reported efficacy of treatment when applied
to E. coli O157:H7, Salmonella, and norovirus surrogate murine norovirus (MNV) on
blueberries. After treatment for 60 s, reductions observed on the calyx and skin of
blueberries were 4.3 and 6.7 logs for E. coli O157:H7 and 4.1 and 5.7 logs for
Salmonella, respectively (Huang & Chen, 2014). After treatment for 24 s, a 3.8 log
reduction in MNV was achieved on blueberries, respectively (Huang et al., 2017).
With further optimization, it is possible that PL will be able to achieve higher
inactivation rates for multiple foodborne pathogens of concern on produce

(Elmanasser et al., 2007; Sela-Saldinger & Manulis-Sasson, 2015).
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4.6 Conclusions

The resistance of C. parvum to common postharvest interventions continues to
be a concern for the produce industry. This study demonstrated that PL could achieve
significant reductions in infectivity of C. parvum oocysts inoculated onto cilantro,
mesclun lettuce, spinach, and tomatoes after treatment times of 45-90 s, respectively.
The effect of PL treatment time on the color of each commodity was not found to be
significant with the exception of grape tomatoes treated for 90 s, in which yellowing
was observed. Due to deviations observed in color values for cilantro, mesclun lettuce,
and spinach, further evaluation is warranted of the impact of PL on these commodities
including impact of treatment on nutritional quality attributes and shelf-life. In
addition, the inclusion of additional hurdles, evaluation of other combinations of
treatment times and distances, and incorporation of measures to ensure uniform
exposure of produce surfaces to PL could improve log reduction in infectivity of

oocysts while maintaining produce quality for industry applications.
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Table 4.1  Average parameters and standard deviations of Pulsed Light (PL)
Treatment by treatment time, including PL intensity, PL dose,
temperature and relative humidity in the treatment chamber.

Treatment  PL Intensity PL Dose ? Temperature ¢ Relative

Time per Pulse Humidity

(Seconds)  (J/cm?)

0 0.00 £0.002 0.00 £ 0.00 23.85+0.94a 35.6+3.16a

10 0.0675 +0.00 2.12+0.00 28.81+2.17b 27.77 £ 2.90b

45 0.0676 £ 0.00 9.53+0.00 31.83+4.73b 26.54 + 4.26b

90 0.0680 £ 0.00 19.05+0.00 34.90 £ 6.49b 24.40 £ 6.36b

a Standard deviation of mean values for PL Intensity, PL Dose, Temperature and
Relative Humidity
bPL Dose = PL Intensity per pulse * time * 3 pulses/second

¢ Connecting letters were used to indicate significant difference. Levels not connected

by the same letter are significantly different
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Figure 4.1  Standard Curve for serially diluted Cryptosporidium DNA. The limit of
detection was the DNA equivalent of 10 oocysts or 40 genomic copies.
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Table 4.2.

Overall impact of pulsed light (PL) treatment on infectivity of C. parvum

oocysts by commodity as determined by in vitro HCT-8 cell culture -

quantitative PCR assay. PL treatments were performed at 40 cm distance

from the light source.

HCT-8 cell culture infectivity assay

Results by Substrate Treatment Log Standard  Connecting
Trial Time Inactivation Deviation  Letters by
(seconds) Substrate @
C. parvum Glass 0 0 +1.26 A
oocysts 10 1.71 +1.32 B
Control 45 5.57 +0.56 C
90 4.70 +1.06 C
C. parvum Cilantro 0 0 +0.90 A
oocysts on 10 1.47 +1.01 ABC
Commodities 45 2.46 +0.67 B
90 1.65 10.79 C
Mesclun 0 0 £1.10 A
Lettuce 10 1.69 +1.00 B
45 4.27 +0.84 C
90 2.64 +1.66 BC
Spinach 0 0 +0.22 A
10 1.14 +0.23 B
45 2.36 +0.15 C
90 2.51 10.42 C
Tomato 0 0 +0.45 A
10 0.28 +0.91 B
45 0.98 1+1.04 BC
90 2.19 +1.15 C

@ Connecting letters by substrate were used to indicate significant difference log
inactivation within a particular substrate. Levels not connected by the same letter are
significantly different. Limit of detection was the DNA equivalent of 10 oocysts or 40

genomic copies
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Table 4.3.

spinach, cilantro, and tomato.

Effect of pulsed light treatment on color values of mesclun lettuce,

Commo- Treat- L* a* b* Chroma Hue angle Bl
dity ment
Time
(seconds)
Mesclun 0 29.94+14.8a -5.29+12.5a 14.85+12.0a 17.39+17.5a 179.85t1.3a 48.40+22.3a
Lettuce 30.52+9.6a  -6.10+10.9a 15.71+16.2a 17.53+18.3a 180.05t1.6a 52.70+39.9a
10 32.96+9.3a  -13.57+1.1a 29.39+5.7a  32.39+5.6a  178.87+0.0a 65.44+10.0a
35.34+5.6a  -15.284+2.3a 28.29+4.1a  32.15+4.7a  178.92+0.0a 64.06+22.6a
45 38.80+13.9a -13.85+0.1a 28.28+6.7a  31.56+5.9a  178.89+0.1a 85.31+11.0a
40.61+21.4a -14.33x0.9a 29.80+11.6a 33.20+10.8a 178.90+0.1a 88.48+12.4a
90 29.49+54a  -7.99+9.3a 15.48+14.9a 17.47+17.5a 178.82+0.2a 52.90+£10.1a
30.25+4.5a  -8.21+9.9a 14.99+14.8a 17.17+17.7a 178.83+0.2a 47.50+21.7a
Spinach 0 30.10+0.7a  -14.70+0.1a 24.70+1.02a 28.74+0.9a 178.97+0.0a 94.66+14.7a
32.06+2.3a  -15.88+1.2a 25.73+2.3a  30.24+2.7a  178.98+0.0a 87.64t4.5a
10 31.79+2.5a  -14.91+0.7a 24.54+6.2a  28.78+5.7a  178.98+0.1a 83.04+39.3a
30.02+2.3a  -15.11+0.2a 23.21+6.3a  27.80t+5.4a  179.02+0.1a 80.01t46.l1a
45 33.97+5.1a  -15.30+#0.3a 26.00+4.6a  30.19+4.0a  178.96+0.1a 96.97+27.3a
35.98+59a  -15.61a+0.7 26.77+0.5a  30.99+0.1a  178.96+0.0a 81.33+19.8a
90 31.66+2.7a  -14.77+0.4a 23.54+1.1a  27.80+0.7a  178.99+0.0a 74.61t1.la
30.09+0.6a - 22.39+0.8a  27.00+1.3a  179.02+0.0a 70.81t5.6a
15.11+1.13a
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Table 4.3 continued

Commo- Treatme L* a* b* Chroma Hue angle Bl
dity nt Time
(seconds)
Cilantro 0 33.02+2.6a  -15.84+0.4a 27.39+0.1a  31.64+0.2a  178.95+0.0a 99.06x14.4a
36.44+2.1a  -15.98+0.2a 26.88+0.3a  31.27+0.2a  178.97+0.0a 87.64a+5.2
10 32.66+2.3a  -15.30+1.7a 28.36xl.4a  32.22+2.0a  178.92+0.0a 115.13+27.5
32.25#3.3a  -16.15+0.3a 27.57+1.0a 31.95+1.0a 178.95+0.0a a
108.21+33.9
a
45 37.91+11.7a -15.97+0.9a 30.53+9.3a  34.54+8.6a  178.92+0.1a 95.05+10.8a
37.26x12.5a -15.84+1.2a 28.75+10.1a 32.94+95a  178.95+0.1a 83.67+17.2a
90 29.35+0.3a  -15.01+0.4a 26.54+3.3a  30.52+2.6a  178.95+0.0a 123.67+2.9a
29.89+1.9a  -14.45+0.8a 23.29+4.4a  27.43+42a  178.99+0.0a 82.93+2.1a
Tomato 0 31.74+0.15a 13.67+1.7a  17.83x1.2ab 22.47+1.9a  0.91+0.0a 110.27+10.2
32.00+£0.7a  15.65+1.5a  18.41+0.7ab 24.16+1.5a  0.87+0.0a a
116.84+4.2a
10 32.87+1.0a  14.95+0.4a  17.72+0.8ab 23.19+0.3a  0.87+0.0a 107.65+7.9a
33.12+0.8a  14.15+15a  16.97+0.2ab 22.10+1.2a  0.88+0.0a 100.39+1.5a
45 34.14+0.5a  15.35#0.6a  15.60+0.3ab 20.14+0.6a  0.79+0.0a 91.87+1.0
33.26+0.8a  15.20+0.7a  16.35+1.9ab 22.33a+1.9  0.82+0.0a 99.04+15.0a
90 31.74+0.3a  13.23+2.5a  15.09+1.0b  20.15+0.9a  0.85+0.la 92.98+0.6a
31.81+0.8a  16.53+1.9a  20.39+2.6a  26.25+3.2a  0.89+0.0a 115.22+14.2
a

@There are two values for a given for each L*, a*, b*, Chroma, Hue, Bl measurement at a given time for a given
commodity, the first number is the color value prior to treatment and the second value represents the color values post

treatment.

bThe 0 second controls were subjected to the same conditions as the treated samples in the absence of the pulsed light
treatment itself (e.g. exposure to room temperature conditions and transport to the treatment facility) measurements
were taken before and after the samples were subjected to these conditions to account for the impact of variables
outside of the pulsed light treatment on color.
¢Color values (L*, a*, b*, Chroma, Hue, BI) with different letters (a,b) within each commaodity (mesclun lettuce,
spinach, cilantro, tomato) are statistically different (p<0.05).

dL_*: lightness; a*: red(+)/green (-); b*: yellow(+)/blue(-)

Bl=Browning index.
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