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An increasing global population demands a continuous supply of nutritious and safe
food. Edible products can be contaminated with biological (e.g., bacteria, virus,
protozoa), chemical (e.g., heavy metals, mycotoxins), and physical hazards during
production, storage, transport, processing, and/or meal preparation. The substantial
impact of foodborne disease outbreaks on public health and the economy has led
to multidisciplinary research aimed to understand the biology underlying the different
contamination processes and how to mitigate food hazards. Here we review the
knowledge, opportunities, and challenges of plant breeding as a tool to enhance the
food safety of plant-based food products. First, we discuss the significant effect of
plant genotypic and phenotypic variation in the contamination of plants by heavy metals,
mycotoxin-producing fungi, and human pathogenic bacteria. In addition, we discuss the
various factors (i.e., temperature, relative humidity, soil, microbiota, cultural practices,
and plant developmental stage) that can influence the interaction between plant genetic
diversity and contaminant. This exposes the necessity of a multidisciplinary approach
to understand plant genotype × environment × microbe × management interactions.
Moreover, we show that the numerous possibilities of crop/hazard combinations make
the definition and identification of high-risk pairs, such as Salmonella-tomato and
Escherichia coli-lettuce, imperative for breeding programs geared toward improving
microbial safety of produce. Finally, we discuss research on developing effective assays
and approaches for selecting desirable breeding germplasm. Overall, it is recognized
that although breeding programs for some human pathogen/toxin systems are ongoing
(e.g., Fusarium in wheat), it would be premature to start breeding when targets and
testing systems are not well defined. Nevertheless, current research is paving the way
toward this goal and this review highlights advances in the field and critical points for the
success of this initiative that were discussed during the Breeding Crops for Enhanced
Food Safety workshop held 5–6 June 2019 at University of California, Davis.

Keywords: food safety, crop improvement, plant breeding, enterobacterium, mycotoxins, heavy metals, human
pathogens on plants, allergens
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INTRODUCTION

The demand for nutritious and safe food will increase as
the human population is expected to reach between 9.4
and 10.1 billion in 2050 and between 9.4 and 12.7 billion
in 2100 (United Nations [UN], Department of Economic,
and Social Affairs, Population Division., 2019a), along with
increasing urbanization and standards of living (United Nations
[UN], Department of Economic, and Social Affairs, Population
Division, 2019b). Healthy consumption of grains, oilseeds,
nuts, and fresh fruits and vegetables is part of an integrated
strategy to decrease the risk for diet-related chronic diseases,
such as cardiovascular disease, type 2 diabetes, some types
of cancer, and obesity (U.S. Department of Health and
Human Services-U.S. Department of Agriculture [HHS-USDA],
2015). However, the World Health Organization (WHO)
report shows that at global level, 31 hazards caused 600
million foodborne illnesses and 420,000 deaths in 2010 (World
Health Organization [WHO], 2015). Health concerns exist
due to the consumption of mycotoxins produced by fungi
that frequently infect grain, oilseed, and nut crops (Binder
et al., 2007; Marin et al., 2013). The health burdens placed
on consumers and economic burdens placed on farmers and
processors by the presence of these toxins can be severe
(Schaafsma, 2002; Wu, 2007; Zain, 2011). Furthermore, heavy
metals (e.g., cadmium and arsenic), allergens (e.g., actinidin and
Ara h proteins), and accumulations of natural molecules and
compounds (e.g., nitrates, cyanoglycosides, vicine and convicine,
gluten, and Kunitz trypsin inhibitor) may be detrimental
to human health.

The fresh market has resulted in a wide variety of fresh
fruits and vegetables available throughout the year (Huang, 2013;
Siegel et al., 2014). At the same time, the number of foodborne
disease outbreaks related to consumption of contaminated fresh
or minimally processed produce has been increasing (Nguyen
et al., 2015; Bennett et al., 2018; Turner et al., 2019). In the
United States, 48 million illnesses and 3000 deaths associated
with food-borne diseases occur annually, with approximately
one half associated with crops (Painter et al., 2013). In the
European Union, during the period 2004–2012, there were
198 outbreaks linked to the consumption of fresh produce
(Callejón et al., 2015). Beyond the burden on public health,
foodborne illness outbreaks negatively affect the economics of
the industry. It is estimated that the overall cost of food safety
incidences for the economy of the United States is $7 billion
per year, which comes from notifying consumers, removing food
from shelves, and paying damages from lawsuits (Hussain and
Dawson, 2013). Furthermore, a single produce-borne disease
outbreak can trigger a sharp decrease in the market of the
affected crop for years (Calvin et al., 2004; Arnade et al., 2009;
Ribera et al., 2012).

Following a number of large multistate foodborne disease
outbreaks linked to contaminated fresh produce1, the American
Phytopathological Society-Public Policy Board (APS-PPB)

1https://www.cdc.gov/foodsafety/outbreaks/multistate-outbreaks/outbreaks-list.
html

convened the first formal activity in 2007 in a symposium
titled “Cross Domain Bacteria: Emerging Threats to Plants,
Humans, and Our Food Supply”2. A working group on
“Human Pathogens on Plants” was assembled to create
solutions for this problem and has since convened as a satellite
meeting during annual APS meetings. Similar activities have
been conducted in Europe through the COST Action on
“Control of Human Pathogenic Micro-organisms in Plant
Production Systems”3.

Leafy greens are annually involved in food safety incidents
in the United States. From 1996 to 2016, 134 confirmed
incidents, including 46 outbreaks, were identified to be
linked to products from California (Turner et al., 2019)
that provides one-third of the vegetables and two-thirds
of the fruit and nuts in the United States according to
the California Department of Agriculture (CDFA), California
Agricultural Production Statistics4. During this period, lettuce
and spinach were reported as the main vehicles of food
safety incidents (39 and 26%, respectively; Turner et al.,
2019). After three major outbreaks in 2006, the leafy green
industries in Arizona and California created the Leafy Green
Marketing Agreement (LGMA) with evidence-based food
safety metrics that are updated to incorporate the most
current state-of-the-science5. Likewise, the U.S. Food and Drug
Administration (FDA) subsequently implemented the Food
Safety Modernization Act (FSMA) to address the significant
public health burden of preventable foodborne diseases. Under
FSMA, the Produce Safety Rule established, for the first
time, science-based minimum standards that include on-
farm regulation of fresh fruits and vegetables grown for
human consumption6.

Food safety is a complex issue that requires a concerted effort
among scientists, regulators, seed/nursery industry, processors,
retailers, and other stakeholders from diverse disciplines and
research fields who do not often have the opportunity
to meet and discuss global, comprehensive, and objective
solutions. On 5–6 June 2019, the University of California,
Davis hosted the first workshop on Breeding Crops for
Enhanced Food Safety7 to identify knowledge gaps and research
priorities in this emerging field to inform the USDA-NIFA
and other agencies for funding and research priorities. This
workshop connected plant scientists, plant breeders, extension
specialists, microbiologists, and food safety experts from
industry and academia to discuss collaborative efforts and
multidisciplinary approaches geared toward preventing the
occurrence of hazardous microbes, mycotoxins, elements, and
allergens in crop and food production systems. Together, these
pivotal steps by academia, industry, and government groups
have laid out the opportunities to enhance food safety with

2http://www.apsnet.org/members/outreach/ppb/Pages/FoodSafety.aspx
3http://www.cost.eu/COST_Actions/ca/CA16110?
4https://www.cdfa.ca.gov/statistics/
5https://lgma.ca.gov/food-safety-program
6https://www.fda.gov/food/food-safety-modernization-act-fsma/fsma-final-rule-
produce-safety
7https://melotto.ucdavis.edu/nifa-workshop-2019
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plant breeding and created avenues for unique collaborative
efforts and new research directions, which formed the basis
for this review.

BREEDING RESEARCH TO
UNDERSTAND THE OPPORTUNITIES TO
REDUCE FOOD SAFETY ISSUES
ASSOCIATED WITH CROPS

The presence of mycotoxins, elements, and allergens in affected
food crops has a high potential for mitigation via plant breeding
(Zhou et al., 2013; Warburton and Williams, 2016; Arias et al.,
2018; Gaikpa and Miedaner, 2019). These substances, produced
by the fungus, the plant itself, or taken up by the plant
from the environment, are generally not defense compounds,
but can be severely detrimental to the health of humans and
animals who consume the crop in which the substances have
accumulated. Crop varieties that do not support growth of
the fungi that produce mycotoxins have been created in some
cases (i.e., aflatoxin resistant maize; Williams and Windham,
2012) and heritability is sufficiently high for genetic gain in
others (e.g., Fusarium resistant wheat; Petersen et al., 2016).
Additionally, it may be possible to create host plants that do not
allow or create the need for the fungi to produce mycotoxins.
The level of allergens in crop plants can also be reduced
in some cases via plant breeding, or in others, via genetic
engineering or gene editing (e.g., removal of peanut allergens
via transformation; Sáiz et al., 2013) and breeding for wheat
varieties that do not accumulate heavy metals (Liu et al., 2019).
Furthermore, breeding efforts are conducted for the reduction of
antinutritional compounds, such as vicine and convicine in faba
bean (Hazaei et al., 2019) and the acrylamide-forming potential
of potatoes (Bethke, 2018).

Mounting evidence suggests that zoonotic bacterial pathogens
of humans (e.g., non-typhoidal Salmonella enterica and
Escherichia coli O157:H7) may have adapted to both animal and
plant hosts, enabling them to survive in the food production
chain (Brandl, 2006; Barak and Schroeder, 2012; Sapers
and Doyle, 2014; Wiedemann et al., 2015). For example,
romaine lettuce and other leafy greens continue to be
linked to E. coli O157:H7 outbreaks traced to major leafy
green production regions in Arizona and California despite
widespread implementation of LGMA food safety practices;
moreover, traceback and environmental assessments suggest that
contamination is occurring at the pre-harvest level, but root
causes remain elusive (California Department of Public Health,
Emergency Response Unit [CDPH], 2010, 2014; Centers for
Disease Control and Prevention [CDC], 2018; U.S. Food and
Drug Administration [FDA], 2018, 2020). A few research groups
have discovered phenotypic variability in the interaction between
these pathogens and fresh produce, suggesting that plant genetic
traits may affect plant susceptibility or tolerance to human
pathogen colonization (Table 1). A complete description of the
methods used in each study is listed in Supplementary Table S1.
Similarly to the examples of breeding strategies described

above, these reports support the basis for breeding (i.e., genetic
variability) for decreased microbial hazards in several systems.

PLANT BREEDING TO ADDRESS THE
PRE-HARVEST COMPONENT OF A
SYSTEMS APPROACH REQUIRED TO
MANAGE FOOD SAFETY

Host plant resistance to the fungi that produce mycotoxins can be
a synergistic part of a systems approach to reducing mycotoxins
in crop plants (Grace et al., 2015). The method is economical
for the farmer because it requires no additional equipment or
supplies and is integral to the seed itself. It works well with
other methods for controlling mycotoxins, including the use
of biocontrol agents that farmers can buy and apply to the
field, and proper handling and environmental conditions during
harvest, drying, and storage, which can also help prevent the
growth of the fungi. There has been a long history of breeding
wheat for resistance to Fusarium graminearum that produces
deoxynivalenol (DON; Moghimi et al., 2019), although complete
resistance remains elusive. Significant progress has also been
made, for example, in pre-breeding germplasm in maize that does
not support the production of aflatoxin or significantly reduces
it compared to conventional maize varieties. These traits are
being introgressed into U.S. maize inbreds by Paul Williams and
Marilyn Warburton at USDA–ARS, Mississippi, and Seth Murray
and Wenwei Xu at Texas A&M University. Heritable plant traits
that reduce the numbers of harmful human pathogen cells on
the edible portions of the plant may also be incorporated into
a system designed to reduce risk from these microorganisms
without negatively influencing the other components of the
system. Similarly, Charlie Brummer and Allen Van Deynze, with
support from Richard Smith (University of California, Davis)
have identified and are breeding lines of spinach that have
reduced accumulation of cadmium, a heavy metal found in
some soils in California that can have chronic health effects,
especially in children. Wheat varieties that accumulate low levels
of cadmium are being developed using the latest genomic and
phenotyping technologies (Liu et al., 2019).

The fresh produce industry faces several major challenges
related to controlling risks from in-field contamination of
crops by zoonotic enteric pathogens (Beuchat, 1996; Cooley
et al., 2007; Jay-Russell, 2013; Jeamsripong et al., 2019). First,
zoonotic fecal-borne pathogens may be widespread in the
environment, but rarely detected in field crop, thus making
it difficult to precisely define the most important direct and
indirect routes of contamination (e.g., agriculture water, animal
intrusion, bioaerosols, soil amendments, etc.). Second, if bacterial
contamination occurs in the field, there is no subsequent “kill
step” for many popular produce items such as salad greens
that are consumed raw or minimally processed. Third, the
infectious dose for these pathogens may be low, especially among
vulnerable populations such as young children (Tuttle et al.,
1999). Although it may seem improbable that a low level of
in-field contamination could result in large numbers of human
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TABLE 1 | A comprehensive list of studies focused on the effect of plant genotypic variation in the interaction between plants and human pathogenic bacteria.

Classification Plant genotypes Pathogen genotype(s) References

Seeds Alfalfa, fenugreek, lettuce (cultivar Iceberg),
spinach, and tomato (cultivar Roma)

Escherichia coli serotypes O157:H7 (strains
F4546, K4499, and H1730) and O104:H4
(strain BAA-2326). Salmonella enterica serovars
Baildon, Cubana, Montevideo, and Stanley

Cui et al., 2017

Sprouts and seedlings Alfalfa, fenugreek, lettuce (cultivar Iceberg),
spinach, and tomato (cultivar Roma)

E. coli serotypes O157:H7 (strains F4546,
K4499, and H1730) and O104:H4 (strain
BAA-2326). S. enterica serovars Baildon,
Cubana, Montevideo, and Stanley

Cui et al., 2018

Broccoli, carrot, cilantro, endive, lettuce
(cultivars Balady Aswan, Salinas 88, Little Gem,
PI251246, Pavane, Valmaine, Iceberg, La
Brillante, Paris Island, and Parade, Calmar),
tomato (cultivars Brandywine, Amish Paste,
Money Maker, Rose, Soldacki, Stupice, Green
Grape, San Marzano, Nyarous, and Yellow
Pear), parsley, radicchio, radish, spinach, and
turnip

S. enterica serovars Baildon, Cubana, Eteritidis,
Havana, Mbandaka, Newport, Poona, and
Schwarzengrund; eight strains cocktail

Barak et al., 2008

Lettuce (cultivars Vaila-Winter Gem, Lobjoits
Green, Marshall, Little Gem, Dazzle, Unrivaled,
Rosseta, Lakeland, Regina dei Ghiacci, Webbs
Wonderful, Set, and Lollo Rossa)

E. coli serotype O157:H7 (bioluminescent strain
Tn5 luxCDABE)

Quilliam et al., 2012

Lettuce (cultivars Tamburo, Nelly, and Cancan) S. enterica serovars Dublin, Typhimurium,
Enteritidis, Newport, and Montevideo

Klerks et al., 2007

Tomato (cultivars, CA Red Cherry, Heinz-1706,
Moneymaker, Nyagous, Micro-Tom, Florida
91VFF, Rutgers Select, Rutgers VFA, Virginia
Sweets, Plum Dandy VF. Genotypes LA4013,
Movione, and Mobox)

S. enterica serovars Newport and Typhimurium Han and Micallef, 2014

Tomato (cultivars H7996, Yellow Pear, and
Nyagous) and Solanum pimpinellifolium (cultivar
WVa700)

S. enterica serovars Baildon, Cubana, Eteritidis,
Havana, Mbandaka, Newport, Poona, and
Schwarzengrund; eight strains cocktail

Barak et al., 2011

Mature leaves Arugula, basil, lettuce (iceberg and romaine
types and cultivar Ruby Red), parsley, tomato
(cultivar MP1)

S. enterica serovar Typhimurium (strain SL1344
expressing green fluorescent protein)

Golberg et al., 2011

Basil, cilantro, lettuce (butterhead and romaine
types), and spinach

E. coli serotype O157:H7 (strain 86-24).
S. enterica serovar Typhimurium (strain SL1344)

Roy and Melotto, 2019

Cabbage (red type), lettuce (green leafy), and
spinach

S. enterica serovars Enteritidis (strain ME18),
Newport (strain 11590), and Typhimurium
(strain χ3985 1crp-11)

Erickson and Liao, 2019

Corn salad (cultivar Verte à coeur plein 2) and
lettuce (cultivar Tizian) and

S. enterica serovar Typhimurium (strain 14028s) Jechalke et al., 2019

Lettuce (cultivars Saladin and Iceberg) and
Lactuca serriola (accession US96UC23)

S. enterica serovar Senftenberg (strain 070885) Hunter et al., 2015

Lettuce (romaine types line RH08-0464 and
cultivar Triple Threat)

E. coli serotype O157:H7 (strain ATCC43888) Simko et al., 2015

Lettuce (cultivars Gabriella, Green Star, Muir,
New Red Fire, Coastal Star, Starfighter,
Tropicana, and Two Star)

E. coli serotype O157:H7 (USDA 5, MD56, and
MD58). S. enterica serovars Enteritidis (strain
ME 18), Newport (strain 11590K), and
Typhimurium (strains χ3985 1crp-11 and
1cya-12)

Erickson et al., 2019

Lettuce (cultivars Salinas, Emperor, La Brillante,
Lollo Rossa, Red Tide, Grand Rapids, Green
Towers, and Bibb and accession 13G640-1)
and L. serriola (accessions 12G239-1 and
UC23US96)

E. coli serotype O157:H7 (strain 86-24).
S. enterica serovar Typhimurium (strain 14028s)

Jacob and Melotto, 2020

Spinach (cultivars Tyee, Space, and Bordeaux) E. coli serotype O157:H7 (strains ATCC 43888,
EO122, K3995, K4492, and F4546); five strains
cocktail

Mitra et al., 2009

Spinach (cultivars Emilia, Waitiki, Lazio, and
Space)

E. coli serotype O157:H7 (strain EDL933) Macarisin et al., 2013

(Continued)
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TABLE 1 | Continued

Classification Plant genotypes Pathogen genotype(s) References

Spinach (cultivars Whale, Shasta, Barbosa, and
Avenger)

E. coli (generic strains TVS 353, 354, and 355);
individually and three strains cocktail. E. coli
serotype O157:H7 (strains ATCC 700728 and
ATCC 43888); two strains cocktail

Gutiérrez-Rodríguez et al., 2011

Tomato (cultivars Florida Lanai, Crown Jewel,
and Alisa Craig)

S. enterica serovar Typhimurium (strain
MAE110)

Gu et al., 2013

Fruits Cucumber (cultivars Marketmore 97, Patio
Snacker, Corinto, Bella, Pepinex, and Summer
Dance)

S. enterica serovars Newport (strain MDD 314)
and Javiana (strain ATCC BAA-1593)

Callahan and Micallef, 2019

Melon (cultivars Arava, Athena, Dulce Nectar,
Jaune de Canaries, and Sivan)

S. enterica serovar Newport Korir et al., 2019

Melon (cultivars Burpee’s Ambrosia, Hale’s
Best, Hearts of Gold, Israel Old Original, and
Sweet ‘n Early)

S. enterica serovar Thompson. E. coli serotype
O157:H7

Duffy et al., 2008

Melon (cultivars Oro Rico, Top Mark, and
Summer Dew)

S. enterica serovar Typhimurium (strain
aPTVS150)

Lopez-Velasco et al., 2012a

Melon and watermelon E. coli serotype O157:H7 (strains 04P,30lC,
505B, and 5753-35); four strain cocktail

Del Rosario and Beuchat, 1995

Melon (types cantaloupe and honeydew) and
watermelon

S. enterica serovars Anatum, Chester, Havana,
Poona, and Senftenberg); five strain cocktail

Golden et al., 1993

Tomato (cultivars Bonny Best, Florida-47, and
Solar Fire)

S. enterica serovar Typhimurium (strain 14028);
individually. S. enterica serovars Javiana (strain
ATCC BAA-1593), Montevideo (strain LJH519),
Newport (strain C6.3), and Braenderup (strains
04E01347, 04E00783, and 04E01556); six
strain cocktail

Devleesschauwer et al., 2017

Tomato (cultivars Bonny Best, Florida-47, and
Solar Fire)

S. enterica serovar Typhimurium (strain 14028);
individually. S. enterica serovars Javiana (strain
ATCC BAA-1593), Montevideo (strain LJH519),
Newport (strain C6.3), and Braenderup (strains
04E01347, 04E00783, and 04E01556); six
strain cocktail

Marvasi et al., 2013

Tomato (cultivars, CA Red Cherry, Heinz-1706,
Moneymaker, Nyagous, Micro-Tom, Florida
91VFF, Rutgers Select, Rutgers VFA, Virginia
Sweets, Plum Dandy VF. Genotypes LA4013,
Movione, and Mobox)

S. enterica serovar Typhimurium (strain LT2) Han and Micallef, 2016

Tomato (cultivars Alisa Craig, Amish Salad,
Beefsteak, Bloody Butcher, Bonny Best, Brown
Berry, Campari, Celebrity, Cocktails on Vine,
Early Wonder, Florida74, Florino, Glacier, Hawaii
7997, HP/HP, John Baer, Kumato, Large Red
Cherry, Mariana, Marmande, Money Maker,
Never Ripe, Pearson, Red Calabash, Sebring,
Snow White, Solar Fire, Solar Set, Success,
Sun Gold, Tasti-Lee, and Tommy Toe)

S. enterica serovar Typhimurium (strain 14028);
individually. S. enterica serovars Javiana (strain
ATCC BAA-1593), Montevideo (strain LJH519),
Newport (strain C6.3), and Braenderup (strains
04E01347, 04E00783, and 04E01556); six
strain cocktail

Marvasi et al., 2014b

Tomato (cultivars Bonny Best, Florida-47, and
Solar Fire) and pepper (cultivar Aristotle)

S. enterica serovar Typhimurium (strain 14028);
individually. S. enterica serovars Javiana (strain
ATCC BAA-1593), Montevideo (strain LJH519),
Newport (strain C6.3), and Braenderup (strains
04E01347, 04E00783, and 04E01556); six
strain cocktail

Marvasi et al., 2015

Tomato (cultivars Campari, Hawaii 7997, and
Bonny Best)

S. enterica serovar Typhimurium (strain 14028) Noel et al., 2010

Tomato (cultivars Solar Fire and Sebring) S. enterica serovar Typhimurium (strain 14028);
individually. S. enterica serovars Javiana (strain
ATCC BAA-1593), Montevideo (strain LJH519),
Newport (strain C6.3), and Braenderup (strains
04E01347, 04E00783, and 04E01556); six
strain cocktail

Marvasi et al., 2014a
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foodborne illnesses, Danyluk and Schaffner (2011) developed a
quantitative risk assessment model that predicted that exposure
to levels of E. coli O157:H7 in the field—as low as -1 log CFU/g
and 0.1% prevalence—could result in a nationwide outbreak
in combination with postharvest contributing factors such as
cross-contamination during the washing process.

These challenges underscore the critical need to identify
novel approaches to prevent or reduce the public health risk
from pre-harvest microbial contamination of fresh produce.
Although to date, no breeding program has adopted strategies
to control human pathogens on fresh produce, a few studies
have taken steps in this direction. For instance, Shirley Micallef
(University of Maryland) is exploring cultivar variability in fatty
acid content in tomato fruit as a means to reduce the favorability
of tomato fruit for Salmonella (Han and Micallef, 2016). Maeli
Melotto (University of California, Davis) is screening lettuce
germplasm for susceptibility or tolerance to E. coli O157:H7
and S. enterica to define the genetic basis for the persistence of
these pathogens in leafy vegetables (Jacob and Melotto, 2020).
Additionally, in collaborative studies with USDA-ARS, Salinas,
CA, United States and FDA-CFSAN, Laurel, MD, Maria Brandl
(USDA-ARS, Albany, CA, United States) has been investigating
lettuce cultivars in relation to basal plant defense responses
to plant pathogen infection and to processing for their role
in enteric pathogen colonization (Simko et al., 2015; Leonard
et al., unpublished).

RESEARCH TO DEFINE AND FOCUS ON
HIGH-RISK CROP–HAZARD PAIRS

Given the complexity of produce safety issues and the need to
prioritize efforts for the highest impact, a logical step would be
to identify the crop–hazard pairs (e.g., human pathogen–fresh
produce) that create the largest burden on public health and
the economy. Typically, the severity of an outbreak is estimated
by the number of illnesses, hospitalizations, and deaths. With a
hazard × occurrence (probability of infection or accumulation
of toxin) risk model, one can begin classifying crop/hazard
pairs. Although these are relevant metrics, it is very difficult to
calculate the relative risk of each crop–hazard pair due to the
low re-occurrence of particular pairs associated with outbreak
events and the need to accumulate a substantial amount of data
over extended periods of time (sometimes decades). Nonetheless,
potential targets for plant breeding that are being identified may
be the basis of future research to reduce human pathogens,
mycotoxins, heavy metals, toxic elements, and allergens in foods.

Currently, the National Outbreak Reporting System (NORS8)
of the Centers for Disease Control and Prevention reports
disease outbreaks in the United States and maintains a
comprehensive searchable database with information spanning
from 1998 to 2017. Using this resource, we have generated
a heatmap illustrating the relative importance of the major
fresh produce in combination with reported etiological agents
of outbreaks (Figure 1 and accompanying raw data in

8https://www.cdc.gov/nors/

Supplementary Table S2). Hierarchical clustering analysis (R
heatmap.2 package) of the etiological agents revealed Salmonella,
Norovirus, and Escherichia as the three most important
biological hazards based on the number of outbreaks, illnesses,
hospitalizations, and deaths (Figure 1). In addition, the
compilation of these data has enabled the identification of high
priority pairs (i.e., lettuce–E. coli O157:H7, tomato–Salmonella,
melon–Salmonella, and melon–Listeria) for breeding programs
geared toward improving microbial safety of produce (Figure 1).
These systems have been studied at the genetic level by Jeri
Barak (University of Wisconsin-Madison), Maria Brandl (USDA,
ARS, Albany, CA, United States), Maeli Melotto (University of
California, Davis), and Shirley Micallef (University of Maryland,
College Park). For instance, it has been discovered that certain
varieties of tomato (Marvasi et al., 2013, 2014b; Han and
Micallef, 2014), lettuce (Klerks et al., 2007; Quilliam et al.,
2012; Simko et al., 2015; Jacob and Melotto, 2020), cucumbers
(Callahan and Micallef, 2019), and melons (Korir et al., 2019)
are less likely to support pathogen populations than others,
suggesting a plant genetic component underlying these traits
(Table 1 and Supplementary Table S1). Bacterial serotype and
strain specificities to plants have also been uncovered (Klerks
et al., 2007; Cui et al., 2018; Erickson and Liao, 2019; Wong
et al., 2019). Identifying the molecular mechanisms underlying
these interactions can point to promising plant traits to further
explore and integrate in plant breeding programs. Encouraging
commercial production of plant varieties that carry relevant traits
without compromising other aspects of plant productivity and
product marketing might help reduce illness from produce.

In the area of mycotoxin contamination, Fusarium in wheat
is an annual occurrence with prevalence determined by local
weather at crop maturity (GIPSA, 2006). Aflatoxin in maize is
regional and limited to more hot and humid regions, but remains
relatively low in the main U.S. corn belt. However, on a global
scale, up to 80% of maize seed lots can be contaminated in
tropical areas such as Sub-Saharan Africa and India (GIPSA,
2006). Peanuts have similar occurrence of aflatoxin in areas such
as East Africa. Heavy metals are predicted to continue to be
a problem as arable land becomes increasingly scarce due to
desertification and urbanization, and lands or irrigation water
with heavy metals are more extensively used (Arora et al., 2008).
These hazards can also be prioritized and paired with the crops
in which the highest occurrence makes them the greatest human
health hazards (Figure 1).

MULTIDISCIPLINARY APPROACH TO
UNDERSTANDING PLANT GENOTYPE ×

ENVIRONMENT × MICROBE ×

MANAGEMENT INTERACTIONS

A multidisciplinary approach will be necessary to develop
plant breeding research programs since the occurrence of a
contamination event depends on the interaction of several factors
such as plant genotype, environmental conditions, the microbe
and its community, and plant management practices. Together,
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FIGURE 1 | Number of outbreak (O), illness (I), hospitalization (H), and death (D) episodes of human diseases caused by the consumption of fresh produce
contaminated with different etiological agents between 1998 and 2017 in the United States, according to the National Outbreak Reporting System database
(https://www.cdc.gov/nors/index.html). Data were transformed with the Log10(x + 1) function. The plot was constructed with the heatmap.2 package of R using
hierarchical clustering analysis for etiological agents.

these variables may create “The Perfect Storm.” Interactions
between enteric pathogens and plants affect all mitigation
strategies aimed at inhibiting pathogen growth and survival on
crops to improve their microbial safety. Below, we discuss various
hurdles and important aspects of these interactions that must be
considered to ensure the success of a plant breeding program for
enhanced crop safety.

One of the most significant challenges in breeding crops to
decrease the risk of contamination with enteric pathogens is that
they have lower fitness on plants than most well-characterized
plant commensal and pathogenic bacterial species. Nevertheless,
given the recurrence of food-borne illness outbreaks linked to
produce (Figure 1), the ability of enteric pathogens to multiply
and survive as epiphytes and endophytes implies that particular
plant phenotypes and genotypes can affect their fitness in
the plant habitat (Table 1). For example, the composition of
substrates available on fruit and leaf surfaces as well as in their
internal tissue (Brandl and Amundson, 2008; Marvasi et al.,
2014b; Crozier et al., 2016; Han and Micallef, 2016); the density
of trichomes, stomata, and veins (Barak et al., 2011; Kroupitski
et al., 2011; Macarisin et al., 2013; Jacob and Melotto, 2020),
which harbor larger pools of substrates than other areas of leaves;
and the physical and chemical composition of the cuticle layer
on various parts of the plant (Lima et al., 2013; Hunter et al.,
2015), which affects water dispersal and hence, water and nutrient
availability to microbial inhabitants (Marcell and Beattie, 2002),
may all be relevant traits to investigate in plant breeding efforts
for their effect on enteric pathogen colonization.

Temperature and humidity conditions, and the presence of
free water, are important in the multiplication and survival of

enteric pathogens (Brandl and Mandrell, 2002; Brandl et al.,
2004; Stine et al., 2005; Fonseca et al., 2011; Deblais et al., 2019;
Roy and Melotto, 2019) and must be investigated simultaneously
with the role of other plant traits. This includes consideration
of agricultural practices, such as irrigation type and frequency
(Fonseca et al., 2011; Williams et al., 2013; Castro-Ibáñez et al.,
2015; Moyne et al., 2019), which may greatly affect the success
of any breeding strategy aimed at reducing surface and internal
plant colonization by food-borne pathogens. It is also clear
that physicochemical stressors in the plant environment (e.g.,
desiccation and UV radiation) (Jacobs and Sundin, 2001; Lindow
and Brandl, 2003; Poza-Carrion et al., 2013) may overshadow
other factors in their inhibitory effect on enteric pathogens.
Therefore, the role of certain heritable plant traits at microsites
that shield the bacterial cells from such fatal stressors should
be investigated at the microscopic level as well as the plant
or tissue level.

Fully elucidating the interaction between food safety-relevant
microbes and crops necessitates the consideration of the entire
plant microbiome below and above ground. Plant microbiota
are complex and strongly driven by plant genetics, plant age,
plant anatomical structure, and environmental factors (Lopez-
Velasco et al., 2011; Rastogi et al., 2012; Ottesen et al., 2013;
Lima et al., 2013; Williams et al., 2013; Yu et al., 2018).
Identifying conditions that select for members of the plant
microbiota able to competitively exclude enteric pathogens,
which in general exhibit reduced fitness in the plant niche, can
form an important component of this phytobiome approach
(Cooley et al., 2003, 2006; Lopez-Velasco et al., 2012b; Williams
et al., 2013; López-Gálvez et al., 2018). In addition, rhizosphere
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and phyllosphere microbial communities can comprise epiphytes
(including pathogenic species) known to affect plant colonization
by enteric pathogens or toxigenic fungi either antagonistically
through biocontrol strategies or favorably by supporting survival
and growth. For instance, phytopathogens that actively degrade
plant tissue or trigger plant chlorosis and necrosis may cause
changes in pH and nutrient levels that favor the establishment
and proliferation of enteric pathogens (Brandl, 2008; Goudeau
et al., 2013; Potnis et al., 2014, 2015; Simko et al., 2015;
George et al., 2018). Adjustment of management practices and
environmental conditions to modulate and exploit microbe–
microbe interactions should be actively investigated as part of a
holistic approach to inhibit or prevent the colonization of enteric
pathogens on/in plants.

Certain plant phenotypes may have independent as well as co-
dependent effects with other plant features so that their role may
only be fully revealed by actively investigating and/or selecting
for both traits simultaneously. For example, entry of enteric
pathogens into the plant tissue, where they are shielded from
external environmental stressors, is thought to increase their
survival in the plant habitat (Kroupitski et al., 2009; Erickson,
2012; Roy et al., 2013; Roy and Melotto, 2019). Thus, selecting
for genotypes with lower stomatal density and stomatal pore
size (Jacob and Melotto, 2020) may prove to be effective in
reducing the probability of pathogen survival on plants in the
field, provided that plant productivity is not impacted by the
selection of that trait. Furthermore, basal plant defense responses
to the presence of human pathogens (Thilmony et al., 2006;
Schikora et al., 2011; Garcia et al., 2014), which can only take
place upon exposure of plant cells to, and close interaction
with, microbial cells in the plant apoplast, require entry of the
enteric pathogen cells into the substomatal space of the tissue.
Consequently, the full potential of breeding for a cultivar that is
less hospitable to the endophytic lifestyle of an enteric pathogen
may require consideration of both plant traits, i.e., traits that
affect the entry of the pathogen cells into the plant (Oblessuc et al.,
2019) and those that affect the plant response once the cells have
gained entry (Jacob and Melotto, 2020; Oblessuc et al., 2020).

The role of the physiological state of plants in their interaction
with enteric pathogens cannot be understated. Plant defense
responses may vary depending on the age of the plant tissue, the
overall plant age, challenge history, and association with other
microbes such as plant growth promoting rhizobacteria and plant
pathogens (Simko et al., 2015; Bernstein et al., 2017; Hsu and
Micallef, 2017). The carrying capacity of plant tissue for enteric
pathogens depends on plant species and cultivar, leaf age, fruit
ripeness, and root age given that structure and opening density
via cracks at the secondary root emergence sites change over time
(Table 1). Evidence is increasing that changes in temperature and
rainfall caused by climate change may affect plant physiological
and anatomical responses. These include stomatal conductance
and density, leaf area and cuticle thickness, plant morphology,
and plant nutrient cycling (Wang et al., 2008; Fraser et al., 2009;
Cornelissen and Makoto, 2014). The level of relative humidity
can significantly influence stomatal movement that can affect
colonization of the leaf interior by human pathogenic bacteria
(Roy and Melotto, 2019). It is clear that if these are targets of

breeding programs for improving food safety, these traits will
have to be resilient under long-term shift in weather patterns.
Enteric pathogens vary broadly in their fitness as epiphytes and
endophytes in a species-specific manner, and even based on
variation at the inter- and intra-strain level (Klerks et al., 2007;
Cui et al., 2018; Erickson and Liao, 2019; Wong et al., 2019). In
particular, surface appendages, such as different types of fimbriae
and adhesins that act as important plant attachment factors or
flagella and other surface molecules that may trigger defense
signaling cascades, vary among and within enteric species and
strains (Lapidot and Yaron, 2009; Macarisin et al., 2012; Seo
and Matthews, 2012; Roy et al., 2013; Garcia et al., 2014; Carter
et al., 2018). Preferential bacterial pathogenic species and even
serotype-commodity pairs are not uncommon and the basis for
this specificity is still poorly understood. Clearly, phenotypic and
genotypic variation among food-borne pathogen targets must
also be taken into account while selecting for plant targets to
enhance microbial crop safety.

Domestication of several crops has resulted in desirable
agronomic and organoleptic traits such as shape, color, and
prolonged shelf-life, with the unintended loss of other traits
(Gepts, 2014; Purugganan, 2019). The resulting loss in genetic
variation may have reduced the ability of some crops to cope
with fluctuating environmental conditions and biotic challenges
(Chen et al., 2015; Brisson et al., 2019). Despite this, genetic
diversity could still reside in germplasm that is not commercially
grown (such as traditional varieties, landraces, and crop wild
relatives), allowing for the possibility of reintroducing genotypic
and phenotypic traits that restore lost properties or establish new
ones (Tanksley and McCouch, 1997; Smale and Day-Rubenstein,
2002). The underlying genetic basis for traits that enhance food
safety are largely unknown, but as more research uncovers
the interactions between plant, pathogen, and the environment,
opportunities for identifying these traits will increase.

Traits that confer enhanced food safety are likely complex and
controlled by multiple genes, presenting challenges to breeding
efforts, especially for human pathogen–plant interactions.
A starting point could be genome-wide association studies
followed by metabolic pathway analysis (Li et al., 2019; Thrash
et al., 2020) or functional analysis of mapped intervals (Korte and
Farlow, 2013; Bartoli and Roux, 2017). For instance, one could
predict various biochemical pathways needed for the synthesis
of secondary metabolites with antioxidant and antimicrobial
properties that could influence plant-microbe interactions and
plant responses to associated microbiota. These interactions may
be extremely important in food safety and should be a major focus
of pre-breeding efforts.

Given the overall challenge of considering numerous aspects
of plant genotype × environment × microbe × management
interactions, a concerted effort to focus on given pathogen–
crop models may be necessary to make headway in utilizing
plant breeding as a feasible strategy to enhance produce safety.
For effective genetic gain, a systems approach that maximizes
consistency and differentiation of the desired phenotypes
is essential. These traits must be considered with major
traits of crop yield, quality, and resistance to abiotic and
biotic stresses.
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RESEARCH ON DEVELOPING
EFFECTIVE ASSAYS AND APPROACHES
FOR SELECTING DESIRABLE BREEDING
GERMPLASM

Microbial food safety issues are rare events and tracking the
source of disease outbreaks is extremely complex, making it
difficult to predict or determine their cause (Slayton et al., 2011;
Taylor et al., 2013; Hu et al., 2016). Thus, the best way to minimize
these events is to perform risk assessment analyses (Uyttendaele
et al., 2016; Pang et al., 2017). As discussed above, it has become
evident that the plant is not a passive vehicle for microbial
food hazards, hence providing opportunities to breed crops for
enhanced food safety. The challenge remains to identify effective
traits and genetic variability useful for breeding.

It has long been possible to breed plant germplasm that is
resistant to plant pathogens. For example, the Fusarium pathogen
synthesizes toxic DON and/or fumonisins and reduces seed
set and fill in wheat; Aspergillus flavus can cause ear rots of
maize in environmental conditions suitable for fungal growth.
In both cases, these fungi can reduce plant yield and germplasm
resistant to these pathogens is available (Petersen et al., 2016;
Pekar et al., 2019). However, in cases where the fitness of the
plant is not as directly reduced by the presence of the pathogen,
traits that could potentially increase food safety may be harder to
find and may require indirect or more creative solutions. They
also compete with priorities for crop production and quality in
breeding programs.

Edible plants carrying human pathogens generally do not
show visual symptoms as they would when infected with
plant pathogens, particularly when they occur at low levels9.
This creates a challenge in developing screening assays to
identify phenotypes with useful variation to support breeding
efforts. Unlike the challenges associated with microbial hazards,
detection of elements such as nitrates or heavy metals (e.g.,
cadmium) is relatively easy with standard tissue analysis.
Allergens can often be detected by routine (but still somewhat
costly) assays (Senyuva et al., 2019). However, for human
pathogens, rapid and cost-effective assays still need to be
developed for routine screening of breeding populations,
although some efforts have been made in this direction (Jacob and
Melotto, 2020)9. These assays will allow large scale assessment of
germplasm to find the best expression of useful traits and their
introgression into cultivated varieties. Despite the challenges,
variations in human pathogen colonization of lettuce, tomato,
and spinach genotypes have already been determined.

An additional hurdle comes from the fact that microbial
colonization is a complex behavior influenced by the plant host–
pathogen combination and crop management practice such as
irrigation type and crop fertilization (Fonseca et al., 2011;
Marvasi et al., 2014a). Human pathogen–plant models
should be developed for the purpose of breeding efforts

9Oblessuc, P. R., and Melotto, M. (under review). A simple assay to assess
Salmonella enterica persistence in lettuce leaves after a low inoculation dose. Front.
Plant Sci.

to enhance food safety based on enteric pathogen strain–
plant commodity variety pairs identified from prominent or
recurring foodborne illness outbreaks. At the same time, plant
genetic resources that may facilitate genome-wide association
studies should not be excluded. Furthermore, the use of
human pathogens in routine assays requires highly trained
personnel and laboratory/greenhouse biosafety conditions
according to NIH guidelines, in addition to considerable
costs associated with the handling of microbial hazards in
contained facilities. These approaches will require collaborative
efforts among food safety experts, plant–microbe interaction
biologists, microbiologists, and crop breeders for successful
advancements in the field.

CONCLUSION AND
RECOMMENDATIONS

It is generally recognized that although breeding programs
for certain human pathogen/toxin systems are ongoing (e.g.,
Fusarium in wheat), it would be premature to engage in plant
breeding for other aspects of food safety for which targets and
testing systems are not yet well defined. Nevertheless, current
research is paving the way toward this goal. To ensure advances
in the field, the following points are critical to the success of this
initiative:

(1) Continue foundational research to generate crucial
knowledge of plant interactions with human pathogens
and contamination of food with microbes, mycotoxins,
elements, and allergens.

(2) Initiate pre-breeding screening strategies to characterize
genetic variability, heritability, and efficacy of target traits.

(3) Support breeding programs where genetic variation and
efficacy is established (e.g., breeding lines that accumulate
less aflatoxins or heavy metals).

Ultimately, in combination with agricultural practices and
interventions, the recognition that plant breeding for enhanced
food safety can be another layer in our fight to reduce foodborne
illness associated with crops necessitates research goals and
funding prioritization to enable advances in this area.
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