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Abstract

Recent efforts to address concerns about microbial contamination of food plants and resulting
foodborne illness have prompted new collaboration and interactions between the scientific
communities of plant pathology and food safety. This article provides perspectives from scientists
of both disciplines and presents selected research results and concepts that highlight existing

and possible future synergisms for audiences of both disciplines. Plant pathology is a complex
discipline that encompasses studies of the dissemination, colonization, and infection of plants by
microbes such as bacteria, viruses, fungi, and oomycetes. Plant pathologists study plant diseases
as well as host plant defense responses and disease management strategies with the goal of
minimizing disease occurrences and impacts. Repeated outbreaks of human illness attributed to
the contamination of fresh produce, nuts and seeds, and other plant-derived foods by human
enteric pathogens such as Shiga toxin-producing Escherichia coliand Salmonella spp. have led
some plant pathologists to broaden the application of their science in the past two decades, to
address problems of human pathogens on plants (HPOPS). Food microbiology, which began with
the study of microbes that spoil foods and those that are critical to produce food, now also focuses
study on how foods become contaminated with pathogens and how this can be controlled or
prevented. Thus, at the same time, public health researchers and food microbiologists have become
more concerned about plant—-microbe interactions before and after harvest. New collaborations
are forming between members of the plant pathology and food safety communities, leading to
enhanced research capacity and greater understanding of the issues for which research is needed.
The two communities use somewhat different vocabularies and conceptual models. For example,
traditional plant pathology concepts such as the disease triangle and the disease cycle can help
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to define cross-over issues that pertain also to HPOP research, and can suggest logical strategies
for minimizing the risk of microbial contamination. Continued interactions and communication

among these two disciplinary communities is essential and can be achieved by the creation of an
interdisciplinary research coordination network. We hope that this article, an introduction to the

multidisciplinary HPOP arena, will be useful to researchers in many related fields.

Fruits and vegetables, often eaten without cooking, are important in a healthy diet, but

they also are implicated increasingly in outbreaks of foodborne illnesses (54); annual public
health outbreak surveillance has revealed increases in both numbers and sizes of disease
outbreaks over the past several decades (77). The produce items most often identified in
these outbreaks were leafy greens, melons, sprouts, berries, tomatoes, and green onions,

all of which are likely to be eaten with minimal further processing. Outbreaks of Shiga
toxin-producing Escherichia coli 0157:H7 infection linked to lettuce and spinach (38,87);
salmonellosis linked to cantaloupes, tomatoes, and hot peppers (10,14,33,60); hepatitis

A linked to green onions (88); the Shiga toxin-producing £. coli 0104 infections in
Germany linked to fenugreek seed sprouts; and Listeria monocytogenes infections linked

to cantaloupe (17) underline the challenge of fresh produce contamination (see Glossary
for definitions of terms in bold font) occurring in the field or early in the processing phase.
Enteric bacterial pathogens, commonly transmitted through foods, like Sa/monella, Shiga
toxin-producing E£. coli, Shigella, and Campylobacter, are well adapted to vertebrate hosts
and typically colonize the gut. Some have humans as their primary or sole host, while
many others are sustained in animal populations, are adapted to a particular reservoir or
environment, and affect humans only incidentally. For example, members of the genus
Campylobacter are adapted to birds, in which they are commensal intestinal flora, and can
transfer to poultry meat at slaughter (85). Some strains colonize cattle and are transmitted
via raw cows’ milk. Shiga toxin-producing £. coli O157:H7 can colonize the peri-rectal
glands of ruminants and transfer from hides and feces to meat during the slaughter process
(34). Salmonella enterica serotype Enteritidis can leave the gut to colonize the peri-ovarian
tissues of a hen’s reproductive tract, thereby contaminating the internal contents of normal
appearing eggs (53). The phrase “human pathogens on plants” (HPOPS) has been proposed
recently to describe such pathogens when they inhabit, colonize, enter, or otherwise interact
with plants.

Interestingly, the Gram negative bacterial family Enterobacteriaceae, which includes many
of the human pathogens associated with plant foods (e.g., £scherichia, Salmonella, and
Shigella), also contains a number of genera of plant pathogens (Enterobacter, Erwinia,
Pantoea, Pectobacterium, etc.) that cause plant diseases such as blights, wilts, and soft

rots. The taxonomic relatedness of these plant and human pathogens raises interesting
questions about the possibilities for niche competition or synergism, horizontal nucleic acid
exchange in protected plant niches, or even host range expansion. There are microbial
species, sometimes referred to as cross-over pathogens, that infect and cause disease on
both plants and humans, though these are relatively uncommon. Examples of currently
recognized cross-kingdom pathogens include a few bacterial species that commonly inhabit
plant surfaces and the rhizosphere, such as Pseudomonas aeruginosa, Burkholderia cepacia,
Dickeya spp., Enterococcus faecalls, and Serratia marcescens (84).
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The plant disease triangle.

A central dogma of plant pathology known as the disease triangle (Fig. 1) maintains that
the development of a plant disease requires at least three components: (i) the pathogenic
microbe must be virulent on a particular species and cultivar of plant; (ii) the plant host must
be susceptible to a particular strain/isolate/biotype of a pathogen; and (iii) environmental
conditions including temperature, humidity, and availability of nutrients for the pathogen
must be suitable for both pathogen survival and the interactions that lead to disease. In cases
in which an insect vector is required for pathogen dissemination, some plant pathologists
have expanded the concept to that of a disease pyramid with the fourth dimension
representing the insect (this fourth dimension would encompass any other type of living
vector as well). Venn representations of these concepts (Fig. 1) emphasize that without all
three (or four) components disease will not occur.

The plant disease cycle.

A second dogma of plant pathology is that, although every disease is unique, for a

given plant disease the pathogen, plant, and environment (and insect vector, if involved)
interact with one another in generally predictable ways that can be represented as a

disease cycle. The disease cycle is a holistic picture that summarizes the process within

the context of an environment that includes both natural systems and agricultural inputs.
Critical nodes include pathogen overwintering/overseasoning, dissemination/transmission
mechanisms, inoculation, colonization (multiplication), infection and establishment, disease
initiation, symptom development, and pathogen propagule formation finally closing the
cycle. Relevant subcycles and alternative pathways are often incorporated.

The disease cycle is far more than a device by which to remember the steps of the disease
process, however. Logic tells us that disease may be hampered or prevented by blocking
any step in the cycle. Thus, each cycle node or pathway is an opportunity for disease
management and a potentially fruitful area for research into best management practices.
For example, the plant pathogenic bacterium Xanthomonas axonopodis pathovar (pv.)
vesicatoria spends much of its life as an ephiphyte on the surfaces of a variety of plants,
living on plant exudates, interacting with other members of the phylloplane microbial
community, and forming colonies protected and facilitated by biofilm formation (Fig. 2).
Only on certain plants in the family Solanaceae, such as tomatoes and peppers, and only
when conditions remain suitably warm and humid for several days do some bacteria enter
the plant through natural openings such as stomata or through wounds. Their internal
colonization leads to infection and to the physiological processes that result in the disease
known as bacterial spot, and to the appearance of characteristic necrotic spot symptoms on
leaves and fruits (Fig. 2; 68).

Affected leaves often abscise and accumulations of bacteria-laden plant debris and seeds
provide inoculum for subsequent infections. The impact of this disease can be economically
devastating with some growers even plowing under their crops if disease begins early in the
season when a minimal yield appears certain. The bacterial spot disease cycle (Fig. 2; 68)
shows not only the steps of disease progression but also that disease development can be
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interrupted by strategies that target various nodes. Although the cycle could begin at any
point, for the sake of simplicity we begin our example with seed contamination (#1 in Fig.
2), where a farmer could kill bacteria in contaminated seeds by applying heat or chemical
treatments during storage or before planting. Other strategies to limit damage take advantage
of different weak points in the cycle, including (#2 in Fig. 2) removing potentially infected
crop debris from the field after harvest, (#3) targeting the epiphytic phase of the life cycle,
(#4) preventing aerial pathogen dispersal, or (#5) treating plants with bactericide sprays,
either at the time of symptom appearance or on a regular spray schedule during periods
when the plant is susceptible and weather conditions are conducive to disease development.

The involvement of arthropods and other animals (birds, wild mammals, reptiles, etc.) as
vectors of a number of plant pathogens, the ample evidence that a variety of insect species
move freely between livestock holdings and produce fields, and the many reports of human
pathogens carried on insect mouthparts, legs, and wings suggests that studies of HPOP
dissemination within the environment would be incomplete without consideration of the
myriad of species that commonly move back and forth between these agricultural settings
(15,23,55,80). Indeed, laboratory experiments have shown that blow flies can pick up £. coli
0157:H7 from contaminated manure and deposit them onto the phylloplane of a number of
edible plant species, where the bacteria can then colonize and multiply (80). Whether this
happens in nature on a significant level remains unclear.

Can a holistic diagram such as the plant disease cycle be useful for managing foodborne
human pathogens too? Several authors have represented HPOP—plant interactions and
associated factors (9,15,82) in diagrams reminiscent of a disease cycle, and these do, in
fact, suggest a variety of points for interrupting the process or reducing human pathogen
amplification.

Disease management—plant-pathogenic bacteria.

Numerous plant disease management strategies that are not obvious from the disease cycle
also could be useful when applied to HPOPs. Cultural practices, such as providing well-
drained soils, avoiding low, frost-prone or water-logged areas, and applying fertilizers well-
matched to a crop species, promote healthy, robust plant growth and plant defense responses.
Identifying and treating pathogen reservoirs such as contaminated water, soil, or equipment
helps eliminate or reduce inoculum the next season. Insects that can disseminate bacteria
and also cause wounds through which bacteria enter can be controlled through integrated
pest management (IPM) strategies, including judicious application of appropriately labeled
antimicrobials. While partial control of some plant diseases can be achieved with biological
control (i.e., the use of benign microbes to occupy plant niches that would otherwise be
available to pathogens, to secrete bacteriocins, or to out-compete harmful ones for scarce
nutritional resources), more effective biocontrol agents are needed. Finally, we now have
plant cultivars that are resistant to certain plant pathogens. Although complete immunity

is an unreasonable goal, increased resistance can help keep plant disease levels below an
economic threshold. Can some of these same strategies work also for HPOPs?
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Understanding interactions reveals clues for control.

Most of our knowledge of plant-microbe interactions is built on studies involving plant
interactions with plant pathogenic or beneficial microbes (48,51,52,72). Communications
between the plant and the microbe can occur on the plant surface (epiphytes on leaves,
roots, fruits, or stems) or within the plant (endophytes that colonize between plant cells

or in the vascular system). In other words, the plant senses the pathogens’ presence, and
this recognition can determine whether the microbe can successfully colonize the plant

or whether the plant mounts a defensive response and thwarts infection. Recent research,
stimulated in part by human disease outbreaks attributed to plant based foods (nine research
projects were funded in 2007 by a fresh produce company to address practical questions and
find practical solutions to microbial contamination of fresh produce [63]) has shown that
human enteric pathogens also can have complicated interactions with plants.

HPOPs are usually thought of as having a reservoir in the intestines of a vertebrate host
and, once shed in manure, can come into direct or indirect contact with produce by

various routes. Thus, historically, they were considered to be transient on plant surfaces,
persisting passively in cracks, wounds, and natural openings such as stomata or hydathodes
(respiratory pores on plant surfaces or edges, respectively). They were thought incapable of
actively modifying the plant or communicating with it. However, it is now clear that enteric
bacteria don’t just “land” on and passively inhabit plants. These pathogens can adhere
tightly to produce, multiply, and enter into the tissues of leaves or fruits, in some cases even
moving into other plant parts (12,24). Since washing food surfaces can remove only part of
this contamination (13), it is particularly important to understand and prevent contamination
from happening in the first place (9,62,70,73).

For example, £. coli O157:H7 or Salmonella spp. that contaminate alfalfa seeds will
multiply rapidly in the young sprouts, appearing at high counts throughout the young plant
(24,53). Salmonella spp. splashed onto leaves may enter them and spread via the plant’s
vascular system to other edible parts of the plant (12). Human enteric pathogens have

been shown to enter warm fruits placed in cold water because of internal pressure changes
(30,43,44) and to enter edible plant tissues through bruises and wounds (64,71). There

are recurrent associations between particular pathogens and particular produce types, e.g.,
pathogenic £. coliis more often associated with leafy greens, while Salmonella sp. is more
often associated with tomatoes and cantaloupes. Is this simply the result of contamination
geography and opportunity or is a more specific specialization present? Once on a plant,
bacteria demonstrate preference for certain niches; on tomato leaves, S. enterica prefers the
shelter of type | trichomes on leaf surfaces (6). In contrast, on fresh lettuce leaves in the
dark Salmonella cells distribute randomly over the leaf surface, but when light stimulates
photosynthesis, they concentrate at the stomatal openings (respiratory pores) on the leaf,
possibly drawn to products of photosynthetic metabolism (47). Some HPOPs, like some
phytopathogenic bacteria, even manipulate the opening or closing of those stomatal pores
by signaling the encircling guard cells, whose turgor pressure changes control the pore
size (16,47,57,58,72,91). One research group reported that £. coli 0157 uses a specific
type 111 secretion system effector to manipulate the stomatal guard cells of spinach leaves
so that they open (72). Human bacterial pathogens may even spread within a plant during
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the reproductive process, as Salmonella spp. placed on the pistil of a tomato or cantaloupe
flower can travel to the ovule and colonize new fruits as they form there (28,32). Many

of these interactions mimic those of other microbes that have nothing to do with human
illness, but which are well studied by plant pathologists. The field of plant pathology thus
has important contributions to make in understanding the factors involved in microbial
contamination of plant based foods and improving strategies for minimizing that risk.

As a result of these and other findings, a working hypothesis emerging among food scientists
and plant pathologists is that adaptation to persist and grow on plants and associated
environments (soil, rhizosphere, etc.) is a natural part of the life cycle for human pathogens
just as it is for plant-pathogenic microbes (73,82). Like plant pathogens, human pathogens
can persist in soil and in crops for prolonged periods (7,41,42,45,89,90). Some human
pathogens, such as Salmonellaspp. and E. coli 0157, not only associate with and colonize
plant surfaces, but more alarming from a food safety perspective, they internalize within

the structure of the plant, though not necessarily within the plants cells, and live as
endophytes within the plants (21). Even more surprising to the research community was
evidence that human pathogens actively communicate with plants and other plant-associated
microbes during the plant/environment part of their life cycle (40,73-75). Knowing how
human pathogens interact with plants and what these processes share in common with plant
pathogens provides clues for actively managing HPOPs.

HPOPs and plant pathogens share lifestyle strategies.

When it comes to the genes that are required for survival in the environment and for
interactions with eukaryotic hosts, microbes, regardless of whether they are adapted to
human or plant hosts, share many genetic mechanisms. Since human pathogens attach

to, multiply in and colonize plants, and exhibit preferences for tissues, commonalities

with plant pathogens in the mechanisms they use for colonization of plants would be
expected. The nature of the particular phylloplane environment encountered by any microbe
is a critical element in whether that organism will perish, survive, or thrive there. The
availability of water and nutrients is essential for colonization and may also contribute

to host specialization. Nutrients are supplied in the form of natural plant exudates, fluids
that leak from wounded plant surfaces or broken trichomes, insect feces (honeydew), and
decaying organic matter (2,83). If a film of water is present, plant pathogens may display
chemotaxis, translocating by means of flagella toward attractive substances or away from
repellent ones. For example, Erwinia amylovora, the causal agent of fire blight of apples and
pears, moves toward a variety of organic acids present on apple leaves (66).

Some genes that affect human pathogen virulence in vertebrates are also involved in their
attachment to and colonization in plants, though not to cause plant disease (4,5,72). Further,
some Salmonella sp. genes, such as those encoding cellulose and O-antigen capsule seem
to be related specifically to colonization of plants (and not necessarily of vertebrates) (5).
An early described example of shared strategies was that both plant and human pathogens
require type 111 secretion systems (TTSS) to cause disease. Not surprisingly, when whole
genome comparisons among microbes became feasible, even more commonalities between
human and plant pathogens microbes were revealed. The use of mutagenesis approaches to
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characterize the functions of common genes has shown repeatedly that many are involved
in the production of virulence factors or are required for host invasion and colonization or
adaption to environment-imposed stresses, and that these are essential for pathogenesis to
both plants and humans (4,5,74,79) Both groups of pathogens produce exopolysaccharides
that can protect pathogens from desiccation as well as from host recognition; appendages
such as flagella, pili, or in the case of some HPOPs, coiled, aggregative filaments known
as curli (83), and fimbriae, all of which have roles in co-aggregation and adherence to host
surfaces (81). Siderophores produced by both groups sequester elemental iron, an essential
cofactor in many host functions (35). Both human and plant pathogens form biofilms,
complex, often multispecies microbial communities that allow diversification of roles of
individual community members and toxins (3,35,49,50,67). While they may use different
molecular languages for quorum sensing, there is evidence that human enteric bacteria can
perceive signal molecules used by plant pathogens for regulation of pathogenicity genes
(for review, see Roper [69] and Smith et al. [78]). As mentioned above, both use highly
conserved secretion systems, such as TTSS, to deliver virulence factors to the host surface or
inside the host cell (73,74,79).

Bacteria that cause illness in both plants and vertebrates may have genes that contribute to
the virulence in both hosts. For example, Pseudomonas aeruginosais a particular problem
for children with cystic fibrosis, in whom it causes persistent lung infections; it also can
infect plants and other hosts. Isolates of P aeruginosa obtained from ill humans studied by
gene deletion showed two pathogenicity islands, both of which contained genes for plant
and animal virulence. Remarkably, half of the genes studied contributed to virulence in both
hosts (36). Using cross kingdom models may provide a way to screen for virulence factors.
For example, strains of P aeruginosa from cystic fibrosis patients were tested for their ability
to invade a wounded alfalfa seedling. Invasiveness in young plants was associated with a
gene controlling the production of alginate, a factor related to harmful persistence of certain
strains in children with cystic fibrosis (76).

It is important to note that the common tools shared by human and plant pathogens

are not used only for interactions or communications with their hosts. They are also

critical components of their interactions with other microbes in the environment and

within the tissues of either host. For example, biofilms, which are important in many

cases for pathogenesis (3,5,49) and protection of microbes, are frequently composed

of multispecies communities (20,26,27,61,67). Forming such a community would likely
involve communications among the bacteria within the biofilms (3,7). It has been speculated
that colocalization of human and plant pathogens within biofilms or within plants may
benefit the less adapted human pathogen (3,7,86). In addition, colocalization of the microbes
would provide opportunities for genetic exchange among the diverse pathogens; this
possibility for transfer of genetic information is of concern, as traits that improve fitness

of both types of pathogens (antibiotic resistance, etc.) may be exchanged. One example

is the emergence of streptomycin-resistant strains of plant pathogens (Erwinia amylovora,
Pseudomonas spp., and Xanthomonas campestris) and the observations that some of the
streptomycin resistance genes in these bacteria are associated with transfer-proficient mobile
elements, and that the genes are similar to streptomycin resistance genes found in bacteria
isolated from humans, animals, and soil (for review, see Heuer et al. [37] and McManus et
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al. [56]). The fact that several important and widely occurring plant pathogens are members
of the family Enterobacteriaceae, closely related to significant HPOPs, makes interspecies
gene transfer even more likely.

Since plant pathogens and human pathogens use several common mechanisms for infection,
colonization, and survival in the host, strategies that interfere with these processes, used

for controlling plant pathogens, might also control HPOPs. One approach is to target the
quorum sensing communication pathways used by the microbes. Several plant pathogenic
members of the family Enterobacteriaceae, including those that colonize vascular and
intercellular spaces, communicate using N-acyl-L-homoserine lactones (AHLS) that bind

to transcriptional regulators and activate or regulate target genes important for plant
colonization (for review, see Crepin et al. [19] and Roper [69]). Human enteric pathogens,
such as £. coliand S. enterica, do not synthesize AHLs, but they do contain an AHL
receptor that can bind AHLs produced by other bacterial species and thereby use this
quorum sensing signal to regulate their own gene transcription (for review, see Smith et al.
[78]). By expressing an enzyme that hydrolyzes the lactone bond of AHLSs in tobacco, Dong
et al. (22) interfered with the inter-bacterial communications and significantly increased
resistance of the tobacco to infection by the plant-pathogenic Enterobacterium Erwinia
carotovora.

Plant genetic resistance.

Plants are protected from potential pathogens by surface barriers (e.g., thick cell walls, waxy
cuticle) or through the activation of innate immune responses (reviewed by Abramovitch

et al. [1]). The latter are activated by the interaction of pathogen-associated molecular
pattern (PAMP) molecules with plant extracellular plasma membrane receptors called
pattern recognition receptors (PRRs) (reviewed by Ingle et al. [39]). PAMPs, such as
flagellin, lipopolysaccharides, and chitin, are essential components of many microbes,
including human and plant pathogens, regardless of their location. Detection of PAMPs

by PRRs leads to the activation of a series of defensive responses that inhibit microbial
multiplication and growth. These responses include production of reactive oxygen species
(ROS), alkalinization of the spaces between plant cells, and cell wall reinforcement through
deposition of callose and lignin (reviewed by Gimenez-Ibanez et al. [29]). Collectively, these
responses are called PAMP-triggered immunity (PTI) (39). Successful plant pathogens have
evolved the capacity to actively suppress PTI by translocating proteins called effectors into
the plant cell using a TTSS (reviewed by Chisholm et al. [18]). As plants and pathogens
co-evolved, plants developed the capacity to detect the pathogen-produced effectors and

to activate stronger and faster defense responses. This process, called effector triggered
immunity (ETI), is activated by plant resistance (R) proteins that ‘recognize’ and inhibit

the activity of the effector proteins and, through activation of ETI, suppress microbial
multiplication and spread. Fascinating recent studies suggest that human enterobacteria,
such as S. enterica serovar Typhimurium, also have the capacity to actively suppress

the plant PTI (74,75). A TTSS mutant of Sa/monella spp. was unable to suppress plant
defense responses, suggesting that Sa/monella spp. depend upon the TTSS during plant
infection (65). Furthermore, Salmonella Typhimurium effectors, introduced into tobacco and
Arabidopsis cells via Agrobacterium tumefaciens transformation or via the TTSS of the

Phytopathology. Author manuscript; available in PMC 2024 March 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fletcher et al.

Page 9

plant pathogen Xanthomonas campestris pv. vesicatoria transformed with the Salmonella
Typhimurium effector genes, were able to suppress PTI responses (74,75). These and other
studies provide strong evidence that human pathogenic microbes communicate intimately
with plant cells through the delivery of TTSS effectors, and that these effectors elicit and
control plant responses (73-75).

It is important to remember that since human pathogens cause human illness merely by
being physically present (and viable) in low numbers, a traditional definition of plant
resistance to plant pathogens may not work as a functionally useful definition of plant
resistance to human pathogens. Yet, if human pathogenic microbes do produce PAMPs and
are able to control plant responses through injection of TTSS effectors, the implications
would be profound. If plants have evolved resistance mechanisms that protect against
HPOPs as well as plant pathogens, those pathways can be exploited to minimize HPOP
establishment and colonization on and in plants. In fact, plant hosts that differentially
respond to human pathogens already have been identified (6,8,46,59,65). Different tomato
cultivars vary in their abilities to support colonization by S. enterica, and these differences
seem to be correlated with variation in the types of leaf trichomes present (6). £. coli
0157:H7 colonization patterns on different spinach cultivars correlated with leaf surface
topography (59). Knowing that plant host variation is associated with resistance or
differences in ability to support human pathogen populations is the first step in identifying
the correlated heritable traits, and integrating these into crop improvement strategies to
reduce the risk of food contamination.

Hypothesis: A multihost cycle?

The observation that some enteric bacteria are surprisingly well adapted to persistence on
and in plants raises the question of whether these bacteria, and perhaps some viruses and
parasites as well, that typically are assigned to a reservoir in the vertebrate gut, could persist
in plants through plant life cycle stages and be present in leaves, fruits or seeds. Doing so
may be an advantage to enteric bacteria whose vertebrate hosts are herbivores. Presence in
the plants that the herbivores eat may represent a pathway to the next herbivore (Fig. 3).
Enteric pathogens will be excreted from the herbivores’ guts along with undigested seeds
of the plants that the herbivore ate, seeds that will subsequently sprout and produce another
generation of food plants. If the pathogens are either already within or attached to the seeds,
enter the young plant and persist as the plant grows, then they again have the opportunity

to be eaten by a passing herbivore. Transfer events from herbivore to plant and from plant
to herbivore may be very frequent in the prairie or pasture. The omnivorous human may
encounter the bacteria on either side of this more complex cycle, by eating either the
herbivore or the plants bearing the pathogen. This scenario supports a previously proposed
viewpoint that efforts to reduce the contamination of our food supply should be designed
within a holistic framework, that includes the water, soil, and environments in which our
food plants grow as well as to the more traditional concerns about safer water, fodder, and
environments for our food animals (11).
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Research priorities.

Over the past decade we have learned much about the commonalities among and differences
between HPOPs and plant pathogens, and this growing area of study informs a larger body
of knowledge about foodborne pathogens and their management. Nonetheless, outbreaks
have continued to occur, and we need to learn much more about the processes by which
foodborne illness arises from the consumption of plant-based products. The continued
challenge of outbreaks associated with fruits and vegetables led, in 1998, to the provision
by the FDA of general industry guidance for minimizing food safety hazards (31), and

in late 2010 the U.S. Congress passed the FDA Food Safety Modernization Act (Public
Law 111-353), commonly referred to as FSMA. FSMA calls for a variety of science-based
performance standards focused on major food contaminants. Significantly, FSMA expands
the FDA'’s regulatory authority to the farm level and requires the FDA to establish new,
science-based minimum performance standards for the production and harvesting of fruit
and vegetables (Public Law 111-353; 21 United States Code 350h) (25). This proposed
regulation, which was announced by the FDA on 4 January 2013, addresses water quality,
wildlife incursion, worker sanitation, and other likely sources of contamination of fresh
produce based on available scientific data (FDA, Docket No. FDA-2011-N-0921). As this
regulation is put into final form and implemented, additional applied research questions are
likely to arise.

To minimize foodborne illnesses associated with HPOPs and, at the same time, provide
scientific information for improving on-farm production and harvesting standards, we will
need to continue to support targeted rigorous research. It is important to gather more
fundamental knowledge of the biology and genetic variability of HPOPs, over time and

by commaodity and location, the differences in farming practices and other governmental
requirements (e.g., conservation or environmental requirements), and, most importantly,
the interactions between the human pathogens, plant associated microbes, the host plant,
and the environment. This is not a single simple system; there are issues specific to each
fruit or vegetable cultivar, the location in which it is grown, and the practices associated
with that location. Though most of the work to date has focused on bacterial pathogens,
viral, protozoal and fungal pathogens also must be addressed. It will be helpful to apply a
systems approach that recognizes and takes advantage of the full cycle. Addressing HPOPs
from a disease cycle perspective brings a number of research questions to mind (Research
Priority Boxes 1 to 5), including aspects of epidemiology, biology, control, surveillance, and
ecology.

Next steps: Encouraging multidisciplinary research, extension, and

education through an HPOP Research Coordination Network.

Several years ago, The American Phytopathology Society’s (APS) Public Policy Board
(PPB) began to encourage more plant pathologists to become involved in efforts to reduce
the risks of HPOPs and to explore opportunities to bring relevant disciplinary communities
together. Plant pathology careers vary widely and include both fundamental and applied
researchers, educators, and extension agents who work directly with growers and farmers.
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While a number of APS members already were engaged in advancing the science of HPOPs,
it was clear that more could be done. Even plant pathologists who do not work with

HPOPs may have unique, important perspectives that may be relevant as practical solutions
are sought. Furthermore, plant pathologists will benefit from gaining an appreciation of
approaches typically taken by food microbiologists and epidemiologists. Leaders from

the APS PPB held workshops at the FDA and the U.S. Department of Agriculture that
presented the basics of plant pathology from the disease cycle to extension. Encouraged

to disseminate our message more broadly to the food safety community, we held highly
successful symposia at the annual meetings of both the International Association for Food
Protection and APS, both of which brought in food microbiologists and epidemiologists.
Enthusiastic audience participation at those workshops led to the establishment of the cross-
disciplinary APS Food Safety Interest Group.

Most recently, to further enhance the relationship between our diverse professions, a
multidisciplinary team with broad representation from both the plant pathology and food
safety communities hosted a research workshop in College Park, MD, in February 2012 for
active researchers and extension pathologists working on HPOPs. Goals of the meeting were
to bring members of the disciplines together, exchange research strategies and findings, set
research priorities for interdisciplinary cooperation, and develop a mechanism for continuing
those interactions into the future. The event, which was funded by a conference grant

from the U.S. Department of Agriculture AFRI Food Safety Program, attracted over 125
attendees. One highlight was the announcement by Editor-in-Chief George Sundin of the
first-ever Phytopathology focus issue, to highlight the expanding field of HPOP research.

To sustain the momentum and further encourage the food safety and plant pathology
communities to work together to reduce the threat of HPOPs, we propose the establishment
of a research coordination network (RCN). While funding for developing a network may
come from a variety of sources, the U.S. National Science Foundation (NSF) has supported
several RCNs in the biological and engineering sciences in the past, including the APS
supported RCN for U.S. culture collections. According to the NSF (www.nsf.gov), RCNs
should advance a field or create new directions in research and education. A successful
NSF RCN would gain support for fostering collaborations (domestic and international) and
multidisciplinary activities. An HPOP RCN can provide an opportunity for collaborations
between extension educators and agents, growers, and scientists (plant pathologists, food
microbiologists, and epidemiologists) in academia, government, and industry. It can serve
to facilitate the development of multidisciplinary proposals aimed at addressing some of
the fundamental and applied questions. It also may allow us to bring to the HPOPs field
additional plant pathologists with expertise in understanding plant-microbe interactions and
to prepare extension personnel to assist growers in understanding and compliance with new
production and harvesting standards. Finally, an HPOP RCN will allow us to continue to
expand our understanding of the entire HPOPs system—the full disease cycle.
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Abscise

Colonization

Contamination
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detach, as a senescing leaf from a stem

multiply and establish a physiologic relationship with a
host; may or may not lead to disease

presence of undesirable organisms

Enteric associated with the animal gut

Epiphyte resident on a plant surface

Endophyte resident within a plant

HPOP a human pathogen that can be found in association with
plants

Hydathode natural plant pore, located at leaf tips and edges, through
which gas exchange and water loss occurs

Infect establish a physiological relationship with a host leading to
disease

Infest be present on or in

Pathovar (pv.)

Phylloplane
Propagule

Rhizosphere

informal plant-pathogenic bacterium taxon defined by the
plant host range

the surface of a plant
a pathogen life stage, usually asexual, that is dispersed

the region proximal to a plant’s roots

Serotype pathogen type defined by serological reactions to surface
antigens

Stomate/stomata natural plant pores, on leaf, flower and stem surfaces,
through which gas exchange and water loss occurs;
openings regulated by the turgor pressure of guard cells

Trichome hair-like projection of a leaf epidermal cell
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Research Priorities: 1. The disease cycle

. How often are HPOPs found on or in plants at point of harvest, or in seeds
destined for production of edible sprouts?

. What are the most important pathways for HPOP contamination of plants?
Are there as yet unrecognized vectors and hosts?

. What mechanisms do HPOPs use to colonize, persist, and thrive on plants?
. Are HPOP genes expressed differentially in different hosts/tissues/niches?
. Are there elements in the phyllosphere or rhizosphere that encourage or

discourage HPOPs?

. How do human pathogens interact with plant pathogens on plants?
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Research Priorities: 2. On the farm
. How can we best communicate risk that may be low, but not zero?
. What can growers do to reduce risk?
. Avre there farming practices that may influence the environment and make it

easier or harder for HPOPs to persist?

. How can we develop standards that recognize the differences in practices,
location, commaodities, scope, and mitigation?

. How do we engage and learn from extension pathologists and crop
consultants?

. How can we best communicate risk that may be low, but not zero?
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Research Priorities: 3. Management strategies

. Are some plant cultivars more resistant to HPOPs than others?

. What active resistance mechanisms and natural inhibitors do plants use
against HPOPs?

. Can we make plants more resistant to colonization by HPOPs?

. Can epiphytic phylloplane microbes trigger plant resistance to pathogens?
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Research Priorities: 4. Basic questions
. Are (some) HPOPs pathogenic to plants?
. Can plant defense responses be harnessed to reduce HPOP risk?
. Do cross kingdom pathogens pose a risk to food safety?

. What additional HPOPs can be identified?
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Research Priorities: 5. Other research dilemmas

. How can we establish effective strategies for detecting very low microbial
populations in the field?

. What would an appropriate surrogate model look like?

. How can plant pathology principles be applied to human viruses (i.e.,
Norovirus, hepatitis A, etc.) on plants?
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FIGURE 1.
The plant disease triangle indicates the three components necessary for disease to occur. If a

pathogen requires an insect vector for dissemination or inoculation then a fourth dimension
is added (a plant disease pyramid). Venn versions of the plant disease triangle and pyramid
emphasize that disease can occur only at the intersection of all components.
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FIGURE 2.
Disease cycle of bacterial spot of pepper and tomato, caused by Xanthomonas axonopodris

pv. vesicatoria. (Adapted, with permission, from Ritchie [68]. Images courtesy of Florida
Division of Plant Industry Archive, Florida Department of Agriculture and Consumer
Services, Bugwood.org (diseased leaves); Graves, A. S., and Alexander, S. A. 2002.
Managing bacterial speck and spot of tomato with acibenzolar-S-methyl in Virginia.
Online. Plant Health Progress doi:10.1094/PHP-2002-0220-01-RS [diseased tomato fruit];
Kawia Scharle/Shutterstock.com [tomato seeds]; Denis Nata/Shutterstock.com [tomato
seedlings]; Jerry Horbert/Shutterstock.com [tomato plants]; J. Bicking/Shutterstock.com
[nonhost plants]; and Farres/Shutterstock.com [twig]).
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FIGURE 3.

An emerging concept of the ecological cycle of human enteric pathogens on humans,
animals, and plants. Plant exposure to human pathogens on plants (HPOP species) via direct
contact with contaminated manure or indirect contact via bacteria-carrying water, soil, or
other agricultural elements. Consumption of contaminated or infected plants by herbivores
followed by shedding of the pathogen in feces, sometimes along with viable seeds. Humans
can become infected by consumption of contaminated foods of either kingdom: fresh fruits
and vegetables or meats and dairy products. Diagram by Angela Records.

Phytopathology. Author manuscript; available in PMC 2024 March 25.



	Abstract
	The plant disease triangle.
	The plant disease cycle.
	Disease management–plant-pathogenic bacteria.
	Understanding interactions reveals clues for control.
	HPOPs and plant pathogens share lifestyle strategies.
	Plant genetic resistance.
	Hypothesis: A multihost cycle?
	Research priorities.
	Next steps: Encouraging multidisciplinary research, extension, and education through an HPOP Research Coordination Network.
	References
	FIGURE 1
	FIGURE 2
	FIGURE 3

