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Abstract

:

Outbreaks of produce-associated foodborne illness continue to pose a threat to human health worldwide. New approaches are necessary to improve produce safety. Plant innate immunity has potential as a host-based strategy for the deactivation of enteric pathogens. In response to various biotic and abiotic threats, plants mount defense responses that are governed by signaling pathways. Once activated, these result in the release of reactive oxygen and nitrogen species in addition to secondary metabolites that aim at tempering microbial infection and pest attack. These phytochemicals have been investigated as alternatives to chemical sanitization, as many are effective antimicrobial compounds in vitro. Their antagonistic activity toward enteric pathogens may also provide an intrinsic hurdle to their viability and multiplication in planta. Plants can detect and mount basal defenses against enteric pathogens. Evidence supports the role of plant bioactive compounds in the physiology of Salmonella enterica, Escherichia coli, and Listeria monocytogenes as well as their fitness on plants. Here, we review the current state of knowledge of the effect of phytochemicals on enteric pathogens and their colonization of plants. Further understanding of the interplay between foodborne pathogens and the chemical environment on/in host plants may have lasting impacts on crop management for enhanced microbial safety through translational applications in plant breeding, editing technologies, and defense priming.
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1. Background and Importance


Outbreaks of produce-associated foodborne illness pose a threat to human health worldwide [1]. Norovirus, S. enterica, and Staphylococcus aureus are among the most prevalent etiological agents of disease linked to produce [2]. In the European Union, fresh fruits and vegetables are on the highest priority list for new control measures aimed at reducing outbreaks of foodborne disease [3]. Throughout the United States, multistate outbreaks have been on the rise [4,5]. Annual losses from these outbreaks can be in the millions of US dollars, with thousands of lost quality-adjusted life years (QALYs) [6,7]. During the year 2020 in the USA, seven of the ten multistate outbreaks of foodborne illness were confirmed to be associated with produce [8]. Of these outbreaks, all but one were caused by the enteric pathogens S. enterica, Shiga-toxin-producing E. coli, and L. monocytogenes. Of particular concern are outbreaks associated with the consumption of fresh-cut ready-to-eat produce, which presents new opportunities for enteric pathogen colonization due to the inherent presence of compromised tissue.



Despite recurrent outbreaks of foodborne illness associated with fruit and vegetables, the prevalence of enteric pathogens on crops is generally low [9], which may contribute to difficulties in controlling their contamination [10]. Currently, good agricultural and manufacturing practices in conjunction with chemical sanitization during processing are the main control measures available to the produce industry. However, as outbreaks of produce-associated foodborne illness continue to present a threat to human health, it has become clear that these mitigation strategies are insufficient. Furthermore, produce wash water treated with chemical disinfectants has the potential to generate hazardous byproducts [11,12,13,14]. Hence, alternative sustainable approaches to enhancing the microbial safety of fresh fruit and vegetables are direly needed.



In the past two decades, we have achieved a greater understanding of how human pathogens colonize plants. Similar to most bacterial plant colonists, enteric bacterial pathogens tend to aggregate around stomata, trichomes, and cut edges of leafy vegetables [15,16,17,18,19]. The ability of these pathogens to enter plant tissue [20,21,22,23] and form biofilms on plant surfaces [24], thereby resisting efforts aimed at the removal of established colonies, presents important challenges in food safety. Whether bacteria can establish on or within plants depends on various physical, chemical, microbial, and abiotic factors. Some of these factors are influenced by plant genotype, a significant determinant of plant colonization by human pathogens [25,26].



The plant surface presents numerous obstacles to colonization by human pathogens. Physical barriers such as rigid cell walls and waxy cuticles serve as a first defense against foreign invaders. Bacteria must also be equipped to defend against dry conditions and harmful ultraviolet radiation. Furthermore, seasonality and extreme weather events can directly impact surface conditions [27,28], improving or reducing the ability of human pathogens to colonize plant tissue. Once established, bacteria will face competition for nutrients and exposure to inhibitory compounds, including reactive oxygen species (ROS) [29,30]. The phyllosphere native microbiome may itself inhibit the colonization of immigrant cells through competition or the release of antimicrobial compounds [31,32,33].



Damage to plant tissue in the form of mechanical injury, insect herbivory, and contamination with fungal and bacterial pathogens occurs throughout all phases of crop production. Compromised plant tissue is an important determinant of colonization by enteric pathogens. While S. enterica, L. monocytogenes, and E. coli are capable of internalizing into plant tissue through various openings [34], their access to damaged tissue has been shown to promote their multiplication and survival [16,35,36,37,38]. Once in contact with plant cells, in the plant apoplast or in injured tissue, enteric pathogens may face a chemical environment at least partly modulated by plant defenses. The plant response to stressors is governed chiefly by jasmonic acid (JA) and salicylic acid (SA) signaling molecules [39,40,41,42]. Activation and suppression of these pathways are further regulated by other phytohormones, which include ethylene, abscisic acid, auxin, gibberellins, cytokinins, and brassinosteroids [43]. The interactions between these pathways and hormones have been recently reviewed [44] and are outside the scope of this review. Once induced, these plant defense molecules lead to signaling cascades that result in physiological changes and the synthesis of defense compounds (summarized in Figure 1). This review presents and discusses (1) the various phytochemicals produced by plants in the context of their defense to biotic and abiotic stresses that may antagonize the viability and multiplication of enteric pathogens in the plant environment, (2) the known mechanisms of antimicrobial activ-ity of some of these compounds, (3) their effect on enteric pathogen behavior and fit-ness on/in plants, and (4) potential applications of phytochemical production in pro-duce safety.




2. Basal Immunity against Biotic and Abiotic Stress


2.1. Induction of Plant Defenses


The JA signaling pathway is activated in response to abiotic stresses, including physical injury, insect herbivory, and osmotic stress, as well as by elicitors associated with infection by necrotrophic pathogens [39,40,45]. Detection of mechanical wounding or tissue damage begins a signaling cascade with the release of glutamate that culminates in the system-wide release of jasmonates [46,47]. Locally, tissue damage releases JA via the LOX, AOS, AOC, and OPDA signal cascades, resulting in the release of JA and jasmonoyl-L-isoleucine [48,49,50]. Upon release, these jasmonates then coordinate immune responses and the release of defense compounds through binding to the Col1-JAZ coreceptors [49]. In contrast to physical damage, foreign microbes activate the SA and nitrous oxide signaling pathways. Induction of the SA pathway begins upon the recognition of pathogen effectors, termed effector-triggered immunity (ETI), present in the gene-for-gene immune response to recognized plant pathogens along with pathogen-associated molecular patterns, microbe-associated molecular patterns, and damage-associated molecular patterns (PAMPs, MAMPS, and DAMPs, respectively) [51,52,53]. Regardless of the route of induction, activation of these pathways leads to increased expression of pathogenesis-related (PR) genes and their resultant proteins (see Figure 1) [44,54,55,56]. PR genes are involved in the plant defense response and their expression causes an increased level of enzymes necessary for further regulation of the defense response and generation of antimicrobials. While there is a wide array of PR proteins, belonging to over 17 families [57], we will focus here on those relevant to compounds with antibacterial activity.




2.2. Generation of Defense Compounds


Together, JA, SA, and the additional modulating phytohormones cause an increase in the enzymes peroxidase, phenylalanine ammonia lyase (PAL), and polyphenol oxidase (PPO). Indeed, relative levels of these enzymes are important markers of plant defense activity. Activation of plant defense pathways and increased levels of these enzymes result in the release of antimicrobial compounds and system-wide physiological changes. These compounds include ROS, quinines, lignin-like substances, phenolic compounds, anthocyanins, and defensins, among others [58]. The increase in production of ROS due to environmental stressors, termed oxidate burst, is one of the earliest plant defense responses and is an effective inhibitor of both fungal and bacterial pathogens [59]. Despite the harmful nature of ROS to plants and other living organisms, they play vital roles in signaling and defense [60]. Superoxide radicals (•O2−), hydroxyl radicals (•OH), hydrogen peroxide (H2O2), and singlet oxygen (O2) are produced in chloroplasts, mitochondria, peroxisomes, and glyoxysomes [61]. Once activated, receptors of microbial patterns in the plant plasma membrane direct accumulation of ROS in the apoplast [62,63].



In addition to ROS, plants produce a variety of phenolic compounds from simple phenolic acids to larger compounds, such as phenylpropanoids, phytoalexins, tannins, flavonoids, and anthocyanins, in response to biotic and abiotic stress [64,65]. These compounds are known to perform a wide range of activities in plants, including defending against human and plant pathogens [66,67,68,69,70,71,72,73]. A recent review has highlighted the role of defensins, another class of PR proteins, and their importance as antimicrobial peptides [74]. Although defensins have largely been recognized as having antibacterial activity against fungal and plant pathogens, synthetic peptides and peptides from Medicago truncatula have also shown antimicrobial activity against E. coli [75]. Along with the release of defensive compounds, plants will also deposit callose and lignin into cell membranes in an effort to slow the spread of invading pathogens, providing another layer of defense [76,77]. Each of these defense mechanisms has been shown to protect plants against herbivory and plant pathogens, and many bioactive compounds associated with them have the potential to affect colonization by enteric pathogens as well.





3. Effect of Plant Compounds on Enteric Pathogens


3.1. Plant Extracts


Plants produce a variety of secondary metabolites with a wide range of effects. These metabolites include flavonoids, tannins, anthocyanins, terpenoids, alkaloids, glucosinolates, and polyphenolic compounds. Examples of the structure of these different types of compounds can be found in Figure 2. Among their medicinal effects, these compounds are known to have bactericidal and bacteriostatic effects against enteric pathogens under clinical settings in their pure forms [78,79]. There has been increased interest in the efficacy of plant extracts as antimicrobials due to the emergence of antibiotic-resistant pathogens [80]. In this regard, many plant extracts have been proven to be effective antagonists of enteric pathogens. Friedman and co-workers reported on the bactericidal activity of more than 100 essential oils and oil compounds against Campylobacter jejuni, E. coli, L. monocytogenes, and S. enterica in vitro [81]. Of those compounds tested, 27 oils and 12 compounds were active against all four pathogens. Carvacrol and cinnamaldehyde, the primary constituents of cinnamon and oregano essential oils, significantly reduced E. coli serovar O157:H7 (EcO157) densities on spinach and lettuce when added to wash water [82,83,84]. Kombucha extracts containing mostly catechin and isorhamnetin flavonoids showed antibacterial activity against Vibrio cholera, Shigella flexneri, S. enterica, and E. coli [85]. Similarly, extracts of cranberry juice and blueberries, both high in phenolic content and anthocyanins, are inhibitory towards E. coli, S. enterica, and L. monocytogenes [86,87,88]. The inhibition of L. monocytogenes by plant-derived compounds and essential oils is well-established and has been reviewed recently [89].




3.2. Phenolic Compounds


Of great interest in relation to foodborne disease caused by virulent pathogens that produce toxins is that several plant compounds, including polyphenols, can reduce the biological activity or release of toxic molecules, such as Shiga toxins (pathogenic E. coli) and enterotoxins (Staphyloccocus aureus) [90,91,92]. Research into the efficacy of plant bioactive compounds has, however, provided mixed results. In a survey of 35 polyphenols, Bouarab-Chibane et al. reported that both antibacterial and growth-promoting effects were exhibited by these compounds [93]. Of the 35 compounds tested, 51% either promoted or had negligible effects on the growth of E. coli; this number fell to 22% and 9% for S.enterica Enteritidis and L. monocytogenes, respectively. These results suggest that the interaction between these compounds and pathogenic bacteria, as well as their appropriate dosage, requires further investigation, in particular to ensure that the control of one pathogen does not allow for the amplification of another.




3.3. Reactive Oxygen Species


Reactive oxygen species play an important role in biological systems and must therefore be carefully regulated. In addition to their inhibitory effects, tannins, a subclass of phenolic compounds, generate reactive oxygen species, which can either inhibit E. coli growth or protect against subsequent exposure to ROS depending on dosage [94,95]. Whether through exposure from outside sources or produced endogenously, excessive concentrations of ROS are known to damage DNA and interfere with multiple physiological processes in bacteria; this has been well-studied in E. coli [96,97]. Hence, the strong antimicrobial potential of ROS has given them consideration as a replacement for synthetic antimicrobials [98]. Owing to their prevalence, enteric pathogens encounter ROS in a wide range of environments. Salmonella must survive oxidative burst in macrophages and phagosomes prior to its establishment of the Salmonella-containing vacuole [99,100,101]. Besides exposure to toxic oxygen radicals in the animal host, E. coli experiences oxidative stress upon predation by free-living protozoa such as Tetrahymena [102]. Much evidence exists that enteric pathogens also encounter oxidative stress in the plant environment, as discussed below in Section 5.2. Hence, the generation of ROS along with that of various inhibitory phenolic compounds by plant tissue in response to various stresses presents a framework and rationale for the use of these bioactive molecules to enhance produce safety.





4. Antimicrobial Mode of Action of Plant Polyphenols


Plant polyphenols have multifunctional properties, among which, bactericidal or bacteriostatic effects. The mechanisms of antimicrobial activity of this large class of compounds, which includes flavonoids, phenylpropanoids, and phenolic acids, have been generally poorly studied at the cellular and molecular level. Bouarab-Chibane et al. [93] determined that bacterial species, and not cell wall composition, is the deciding factor in the susceptibility of bacteria to polyphenols. While the mechanism of action of these compounds against enteric pathogens has not been fully explored, it is generally understood that membrane disruption through the accumulation of phenolic compounds on the bacterial surface plays a role [103]. Taguri et al. [104] determined the minimum inhibitory concentration (MIC) of 22 polyphenols in 26 bacterial species and established a relationship between their structure and antibacterial activity. Polyphenols with pyrogallol groups in their structure exhibited strong antibacterial activity, while catechol and resorcinol rings imparted lower activity. Phenols with pyrogallol groups and those with catechols both generate higher H2O2 at non-acidic pH; thus, other mechanisms may explain differences in their potency against bacterial cells. Although the presence of pyrogallol groups is not a strict requirement for high potency, given that theaflavin and pure catechol, which do not have pyrogallol rings, also showed strong antibacterial activity, these observations provide a basis for in-depth investigations of the interaction of classes of polyphenols with their bacterial target. A large study of 800 plant extracts from different countries identified 12 extracts that inhibited L. monocytogenes in vitro [105]. Although further characterization of the chemical nature of the bioactive compounds that are responsible for this inhibition is still in progress, SEM revealed that some plant extracts disrupted the cell membrane and/or caused loss of flagella in L. monocytogenes, which is in line with the reported mode of action of various phenolic compounds in bacteria. The section below, also summarized in Table 1, describes some of the current information available regarding the effect of major classes of polyphenols on enteric pathogens commonly associated with illness from contaminated crops.



4.1. Flavonoids


The flavonoids quercetin, anthocyanins, and other flavonols disrupt the bacterial membrane potential in E. coli, and hence membrane integrity, leading to cell leakage [88,106]. This toxicity is thought to result from enzyme inhibition by the oxidized phenolic compounds, including that of membrane-bound proteins, based on the inhibition of plant cell membrane glucan synthase [107]. Quercetin also damaged the cell membrane in Staphylococcus aureus [108]. Damage to the lipid bilayer and aggregation in the cell membrane in this pathogen was caused by the catechin derivative epigallocatechin-3-gallate (EGCG) [109], a flavan-3-ol abundant in tea leaves that also binds to enterotoxin B [91]. In contrast, EGCG appeared to produce morphological changes in the cell wall of E. coli that are consistent with the release of H2O2 [109]. Luteolin, which is present in many fruit, vegetables, and herbs, is active against E. coli. FT-IR spectroscopy revealed that luteolin effected a cellular increase in fatty acid and nucleic acid, but a decrease in proteins in the bacterial envelope, suggesting that its mode of action involves membrane alteration and protein inhibition [110]. Flavonoids are known to efficiently chelate iron. Thus, it is noteworthy that flavonoids with the pyrogallol group form strong complexes with Fe2+ [116], while this pyrogallol group also imparted onto polyphenols the strongest antimicrobial activity in the study by Taguri et al. discussed above [104]. Iron chelation may explain the general antimicrobial activity of flavonoids and variation in the antimicrobial efficacy of members of this family, but evidence to support this common hypothesis is still lacking to date.




4.2. Tannins


Fruit such as mango, berries, and especially grapes and pomegranate contain high levels of the hydrolyzable tannins gallotannins and ellagitannins. Although they are effective in vitro against common foodborne pathogens that have caused epidemics linked to contaminated produce (S. enterica, E. coli, and L. monocytogenes), their mode of action against these pathogens has not been elucidated. In a large study in which a broad range of foodborne pathogens were tested for their suppression by tannins and 24 different fruit extracts, numerous phenolic compounds were quantified; the total phenol content of the extract, but not the flavonoid-to-total-phenol ratio, was strongly associated with higher antibacterial activity [111]. In particular, mango seed extract and tannic acid containing mostly polygalloyl glucoses had the most potent antibacterial activity. The general antagonistic effect of hydrolyzable tannins was proposed to (1) enzyme inhibition, including that of extracellular enzymes such as glucosyltrans-ferases, (2) reduced microbial growth due to deprivation of substrates, (3) reduced me-tabolism due to the inhibition of oxidative phosphorylation, and (4) iron deprivation [112].




4.3. Phenylpropanoids


These compounds comprise chlorogenic acids and hydroxycinnamic acids. The latter compounds, namely coumaric, caffeic, and ferulic acids, are among the most widely distributed phenylpropanoids in plants and are produced through the shikimic acid pathway from the aromatic amino acids L-phenylalanine or L-tyrosine [117]. Phenylalanine ammonia-lyase (PAL), which is activated in plants by wounding, among other stressors, further converts L-phenylalanine into trans-cinnamic acid. The latter is then transformed into various phenolic compounds, including coumaric, caffeic, and ferulic acid. The lipophilicity of these weak organic acids allows for their diffusion through bacterial membranes where they subsequently acidify the cytoplasm; it is unclear if cell death is the result of this acidification or of multiple likely physiological disturbances due to the accumulation of the weak acid anion [113]. Their antibacterial activity may vary depending on their degree of hydroxylation and local pH. In L. monocytogenes, greater hydroxylation of the cinnamic acid molecule increased its MIC [114], while in another study the degree of hydroxylation of hydroxycinnamic acids only had minor effects on the inhibition of E. coli, Bacillus subtilis, and Lactobacillus spp. [115]. In both studies, lower pH potentiated antibacterial activity, indicating that the environment may be a significant contributor to their efficacy as antimicrobials in planta.




4.4. Biofilm Formation


Phytochemicals may also prevent, in enteric pathogens, behavior that is critical to their survival on plants and to their resistance to sanitization treatments. As reviewed by Ta and Arnason [118], eugenol and cinnamaldehyde inhibited biofilm formation and inactivated pre-formed biofilms of L. monocytogenes, while cinnamaldehyde, resveratrol, quercetin, and epicatechin also reduced biofilms formed by Cronobacter sakazakii and E. coli O157:H7. In L. monocytogenes and C. sakazakii, this effect was associated with the downregulation of genes that are critical for biofilm formation. The inhibition of S. enterica and E. coli motility by the tannin punicalagin and curcumin, respectively, may additionally modulate their behavior on and interactions with, surfaces, possibly including plant surfaces. While gallic acid, methyl gallate, epigallocatechin gallate, and tannic acid all were bactericidal and inhibited swarming motility, the latter three phenolics induced biofilm formation in strains of pathogenic E. coli at low concentrations; for tannic acid, this promoting effect may be related to the overexpression of the curli fimbriae genes csgA, csgD, and cyaA. [119]. On the contrary, gallic acid inhibited biofilm formation in all tested pathogenic E. coli, irrespective of concentration. This indicated that for certain phytochemicals, concentration may be a major discriminant between a beneficial and antagonistic effect on pathogen behavior. Transcription of the operon pgaABCD, which codes for the synthesis and transport of a glucosamine polymer involved in the ability of E. coli to produce biofilms in vitro and adhere to plants [120], was downregulated by gallic acid at sub-bactericidal levels and may explain its inhibitory effect on biofilm formation [121].




4.5. Differential Effects among Pathogens


It is clear from the large body of research on the effect of phytochemicals on foodborne pathogens and other bacterial species of interest to human health that large differences exist in their response to treatment with plant-derived compounds. For example, after 24 h and 60 h of incubation, thymoquinone was most inhibitory against E. coli, followed by rutin, epichatechin, and myricetin [68]. By contrast, epichatechin had the lowest minimum inhibitory concentration against S. enterica, followed by thymoquinone, rutin, and myricetin. Further investigation of the mode of inhibition and of the specific bacterial targets that interact with given moieties of the phytochemical are critical to a better understanding of these differences or commonalities in function and/or efficacy. Both quercetin and EGCG were reported to affect Gram-positive and -negative bacteria differently. The bacteriostatic effect of quercitin was stronger in S. aureus than in E. coli and S. enterica Typhimurium [108]. Atomic force microscopy of bacterial cells revealed that EGCG caused aggregation in the cell envelope of S. aureus followed by cell lysis, whereas temporary grooves and perforations similar to the effect of H2O2 damage were observed in EcO157. Importantly, EGCG caused similar differences in cell morphology in Streptococcus mutans versus Pseudomonas aeruginosa, supporting a role for outer cell structure in this causality [109]. On the other hand, the antibacterial activity of 22 polyphenols against 26 bacterial species did not depend on whether the bacterial strains were Gram-positive or -negative; rather, it was species-dependent, with overall weaker activity in members of Enterobacteriaceae compared with that in Aeromonas hydrophila, Vibrio parahaemolyticus, and V. vulnificus [104]. Given that the mode of action of phytochemicals frequently results in synergistic antagonism when combined with antibiotics and other antimicrobials [122], knowledge of the chemical and molecular basis for their level of specificity will be essential for developing phytochemical-based approaches to use in produce safety or human health. Furthermore, differences in the efficacy of plant compounds against pathogenic bacteria will be an important consideration in the application of such approaches when ensuring the microbial safety of crops that may be contaminated by multiple pathogens.





5. Enteric Pathogen Exposure to Bioactive Compounds in Planta


The interaction between human enteric pathogens and plants is a burgeoning area of scientific inquiry, prompted by public health concerns regarding the recurrent outbreaks of foodborne disease associated with the consumption of contaminated fruit and vegetables. Much evidence supports the idea that plants detect S. enterica and pathogenic E. coli and respond to their presence via basal immunity, which triggers signaling cascades, the expression of defense proteins, oxidative burst, and callose deposition in various plant species [123,124,125,126,127]. Melotto and co-workers recently observed that the phenylpropanoid pathway is induced in lettuce, but not in A. thaliana, in response to apoplast colonization by EcO157 and S. Typhimurium [128], providing further evidence in planta that enteric pathogens are exposed to defense-associated antagonistic phytochemicals in a plant species relevant to produce safety and public health. Thus, in turn, enteric pathogens also respond to chemical cues from the plant environment to facilitate their adaptation and hence survival in this secondary habitat [129]. Phenolic compounds were partly associated with the phyllosphere bacterial community structure of 26 lettuce accessions, especially members of Enterobacteriaceae [130], suggesting that phenolics differentially affect plant colonists in shaping the composition of microbial communities. Enteric pathogens are exposed to antagonistic chemicals on the surface and in the apoplast of intact plant tissue due to the presence of plant cell exudates and defense compounds following signaling that microbial colonization is taking place. Furthermore, tissue damage caused by infection and degradation by plant pathogens, herbivory, and mechanical injury during cultivation, harvesting, and processing also result in inhibitory phytochemicals both leaching out of the compromised tissue passively and produced actively in response to physical injury. Molecular and omic approaches in produce safety research, transcriptomics in particular, have contributed to providing evidence that enteric pathogens indeed experience such chemical stresses on plants and in plant tissue.



5.1. Antimicrobial Stress


The mar operon controls resistance to multiple antibiotic molecules in E. coli and is induced by salicylic acid, a key signaling molecule involved in the plant stress response, by ROS, and by plant-derived phenolics [131,132]. marA was upregulated in E. coli K12 and in EcO157 strain Sakai on intact lettuce leaves [133,134] as well as in S. enterica on tomato shoots and roots [135]. The transcription of this operon and members of its regulon were also activated in EcO157 in lettuce lysate and on cut lettuce leaves, in addition to other genes coding for multidrug efflux pumps, such as emrD [136]. S. Enteritidis upregulated emrB upon treatment with cranberry pomace extract [137], suggesting that this operon likely has a role in sensing antimicrobial stress in multiple enteric pathogens on plants. In cilantro and lettuce leaves macerated by the soft rot pathogen Dickeya dadantii, various genes with a potential role as drug efflux pumps and in multidrug resistance were induced in S. Typhimurium during its multiplication in degraded leaf tissue [138]. On the other hand, azoR (cleavage of aromatic azo compounds), yhhW (dioxygenase, degradation of quercetin), and ygiD (dioxygenase, catabolism of aromatic compounds) were among the genes whose expression increased the most in S. Typhimurium in the latter experimental system, and azoR was also upregulated in EcO157 Sakai in lettuce [134]. Transcription of yhhW was additionally enhanced during tomato shoot colonization by S. Typhimurium [135], indicating that this pathogen may actively catabolize inhibitory phytochemicals on both intact and damaged plant tissue. Linalool, an aromatic terpene present in many plant species, including basil, perforates E. coli and S. enterica Senftenberg cell membranes and alters motility [139]. Consequently, mutants of S. Senftenberg in genes that impart resistance to linalool through chemotaxis (mcpL) and lipopolysaccharide production (rfaG) had lower survival on basil leaves than their parental strain, demonstrating their role in the fitness of this pathogen in the basil phyllosphere.



Low-nitrogen stress in tomato plants promoted the accumulation of defense compounds such as rutin and kaempferol-rutinoside, caffeic acid derivatives, and chlorogenic acid in leaves [140,141]. S. enterica was not affected in multiplication in vitro by the addition of rutin, quercetin, and kaempferol to a culture medium [142]. However, in planta studies may be necessary to fully assess the possibility that an enteric pathogen may be inhibited in fruit colonization of tomato plants cultivated under nitrogen limitation, particularly because bacterial physiology is very distinct in culture media and on plants.



Although not explored in planta to date, the potentiation of bacterial inhibition by phytochemicals through exposure to additional environmental stresses on plants has been documented. For example, the combined antibacterial activity of UV radiation and caffeic acid, a common plant-derived phenolic, was synergistic in vitro against EcO157, S. Typhimurium, and L. monocytogenes [143]. Furthermore, low pH was a potentiator of the antibacterial activity of cinnamic acid and derivatives in biocide studies [144] as well as in other studies discussed above in Section 4.3. The potentiation of microbial inhibition by the production of phytochemicals in plants may be worthy of investigating in the context of a hurdle approach in produce safety.




5.2. Oxidative Stress


Besides aromatic compounds, plant microbial colonists encounter various ROS on plant surfaces, in the apoplast, and in injured tissue. The upregulation of sodC, encoding a superoxide dismutase, and of ycfR (bhsA), encoding a multi-stress resistance protein that is highly inducible in E. coli and S. enterica under oxidative stress, was observed in EcO157 cells and strain K12 on lettuce leaf surfaces [133]; furthermore, a YcfR mutant of EcO157 strain Sakai had impaired survival on spinach leaves [145]. Increased expression of sodC and ycfR was further reported in S. Typhimurium in tomato shoots and roots [135]. ycfR was also upregulated in S. Typhimurium in D. dadantii-macerated cilantro and lettuce leaves [138] and in EcO157 in lettuce lysate and cut lettuce leaves [136]. Transcriptional analyses in EcO157 in lettuce lysate and cut leaves also revealed that several members of the OxyR regulon, which mediates the response to H2O2 in E. coli, were highly expressed [136]. Additional genes involved in the response to oxidative stress in S. enterica and EcO157 were determined to be upregulated by transcriptome analysis in the above model systems and additional ones [134,135,136,138,146].



Several further lines of evidence support the role of plant ROS in the colonization of produce by enteric pathogens. The modulation of H2O2 released at the site of cut wounds on lettuce showed distinct effects on EcO157 survival [147]. More precisely, heat or Na pyruvate treatment to reduce peroxide concentrations on cut lettuce enhanced colonization by EcO157, while infiltration of the cut leaves with the ROS elicitor harpin reduced its population sizes during storage. Likewise, the multiplication of EcO157 on damaged lettuce leaves was greater when the potent antioxidant ascorbic acid was added to the inoculum than with the non-supplemented inoculum, suggesting that ROS inhibited EcO157 growth in nontreated cut lettuce [148]. On the contrary, ascorbic acid treatment reduced EcO157 growth on spinach leaves in the latter study, perhaps due to secondary effects of the antioxidant on the chemical environment of spinach wounds. Such differences are at play not only at the higher plant taxa level, but also among genotypes of the same plant species. For example, the screening of 11 lettuce genotypes for their epiphytic and apoplastic colonization by EcO157 and S. Typhimurium revealed a broad range of bacterial fitness, with lettuce cultivars allowing for high vs. low colonization displaying, respectively, low vs. high oxidative burst and callose deposition [123].



Similarly, from the bacterial side of the interaction, differences in response to plant bioactive compounds exist, as also discussed above in Section 4.5. Among twenty-nine strains of L. monocytogenes, there was a positive correlation between their resistance to oxidative stress and their ability to colonize alfalfa, radish, and broccoli sprouts [149]. Overall, these observations point to a central role of the oxidative stress response and ROS detoxification in the physiology of enteric pathogens in the pre- and post-harvest plant habitat.




5.3. Nitrosative Stress


The effect of nitrosative stress on enteric pathogens in the plant environment has received relatively little attention despite the known occurrence of NO and RNS produced by plants for essential signaling functions as well as in stress responses. Goudeau et al. [138] showed increased activity of the S. Typhimurium NsrR regulon, which is responsible for NO detoxification and nitrosative stress resistance, in cilantro leaves macerated by D. dadantii. Micallef and co-workers [135] reported that several genes in the S. Typhimurium NsrR regulon had enhanced transcription during the colonization of tomato shoots and roots. In a follow-up study, evidence was obtained that the main nitrosative stress response gene hmpA, as well as yoaG, were significantly upregulated in S. enterica Newport on tomato fruit and leaves compared with similar tissue treated with a NO scavenger [125]. Importantly, greater S. Newport population sizes were recovered from NO-scavenged tomato leaves (but not fruit) than from nontreated ones, and the pathogen densities were lower on leaves pre-elicited to produce endogenous NO. The above observations indicate an important role for RNS production in the survival of S. enterica on plants. It is, however, unclear if other foodborne pathogens are affected similarly.





6. Potential Applications


The treatment of fruit and vegetables with bioactive plant compounds directly on the plant tissue or via addition in the wash water has been reported to decontaminate post-harvest produce with various efficacy, as we mention above in Section 3.1. It is clear also, based on solid lines of evidence discussed herein, that antimicrobial stress imposed onto enteric pathogens passively or actively by the plant per se has an important role in their epiphytic and endophytic fitness on/in produce. Thus, the potential for bioactive phytochemicals produced in situ as in planta tools in produce safety cannot be disregarded and should be thoroughly investigated. The screening of plant varieties has already contributed significantly to improving our knowledge of enteric pathogen—plant interactions to reveal some of the components of defense responses that act as determinants of their colonization ability. Large plant screens, which are a daunting task when human pathogens are part of the experimental system due to biosafety concerns, may nevertheless unveil important new phenotypes and genotypes of great value in crop safety. Newly uncovered traits, some of which may be associated with the production of potent antimicrobial compounds against human pathogens, could be included in plant breeding programs to improve the microbial safety of crops, as has been recently proposed [25]. In tomato, breeding for desirable traits coincidentally selected for genotypes that are more capable of inducing defense pathways in response to tissue damage [150], a promising outcome for the further exploration of these genotypes in the control of enteric pathogens given that they have increased fitness in wounded plant tissue.



Plant technologies can be explored to help plants mount a faster and stronger defense response, including the production of bioactive molecules that would effectively inhibit or kill enteric pathogens. For example, plants can be primed to improve their defensive capability against microbial colonists and abiotic stresses [151]. Priming may be achieved through various means. We have demonstrated that priming through induced systemic resistance and systemic acquired resistance lower the growth and survival of S. enterica in the lettuce and basil leaf apoplast [152]. Treatment with beneficial bacteria that produce quorum sensing molecules can also serve the function of priming plant defenses. A. thaliana plants grown in soil inoculated with Ensifer meliloti producing oxo-C14-homoserinelactone were more resistant to colonization by S. enterica [153]. Plants that are exogenously provided ethylene, another form of priming, inhibit colonization by S. enterica compared with plants that are insensitive to ethylene [154,155]. Gene editing was also shown to be an effective method for enhancing plant defense responses to invading bacteria [156]. The new gene editing tool CRISPR/Cas is being explored in plant–microbe interactions to improve resistance to plant pathogens [157]. Mutants of A. thaliana with increased PAMP-triggered immunity were constructed with CRISPR/Cas [158]. Hence, gene editing technologies that suppress enteric pathogens on plants via the enhanced or altered production of defense-based phytochemicals may offer novel approaches to improve crop safety.




7. Conclusions and Perspectives


While plant bioactive compounds have been of major interest for their nutritional and medicinal properties, investigation into their efficacy in reducing the microbial contamination of plants that are recurrently associated with outbreaks of foodborne disease has been thus far very limited. Most studies have focused on the inactivation of enteric pathogens by applying phytochemicals into bacterial cultures or onto plant surfaces to assess their potential as sanitization agents. From the knowledge acquired to date about the interaction of enteric pathogens with plants, it is clear that these human pathogens are sensed by plant basal immunity systems and that they reciprocally respond physiologically to plant defenses. However, research must be pursued to gain a deeper understanding of the specific plant pathways and molecules involved in the potentially deleterious effect of immunity on enteric pathogens. This field of research will benefit from a more extensive use of plant genetic and molecular approaches to provide solid evidence for pathways that antagonize enteric pathogens on plants and the mechanisms at the root of enteric pathogen recognition. Likewise, chemical and molecular approaches will provide much needed insight into the antibacterial function of phytochemicals. Once both sides of this interaction are better understood, it may be feasible to manipulate plant pathways such that their resulting products are more potent antimicrobials and more specifically and locally effective against enteric pathogens.



While plant breeding, gene editing, and the priming of plant defenses are promising avenues for reducing human pathogens on plants, the complexity of these systems and the variety of plant–microbe interactions will require a multi-faceted approach. Given that there is zero tolerance for the presence of foodborne pathogens in produce, it is imperative that any single mitigation that cannot guarantee the inactivation of every enteric pathogen cell be part of hurdles that will decrease the probability of a pathogen be-coming established on the plant tissue. Hence, the production of phytochemicals as intrinsic deterrents of enteric pathogen survival and colonization of edible crops must be valued as a strategy in a spectrum of hurdle technologies that aim at enhancing the microbial safety of fresh fruit and vegetables.
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Figure 1. Plant basal defenses and production of antimicrobial compounds. Recognition of pathogen-associated molecular patterns, microbe-associated molecular patterns, and damage-associated molecular patterns (PAMPS, MAMPS, and DAMPS) trigger activation of the jasmonic acid (JA)- and salicylic acid (SA)-mediated defense responses. Through various interconnected pathways, JA and SA, along with secondary phytohormones, lead to an accumulation of peroxidases, phenylalanine ammonia lyase (PAL), polyphenol oxidase (PPO), and the expression of pathogenesis-related (PR) genes, some of which encode defensins. Together, peroxidases, PAL, and PPO are responsible for the generation of compounds important for defending against abiotic and biotic stressors. These pathways and resulting bioactive molecules may be harnessed to control the contamination of plants by enteric pathogens. 
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Figure 2. Basic structure of secondary metabolite classes with known antimicrobial properties. (A) Tannin (gallic acid). (B) Anthocyanin (flavylium). (C) Flavonoid. (D) Terpenoid (isoprene). (E) Alykyloid (quinine). (F) Allylglucosinolate. (G) Polyphenol (lignin). 
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Table 1. Mode of action of phytochemicals with known inhibitory activity against enteric pathogens that caused foodborne illness from contaminated produce.
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Class

	
Bioactive Compound

	
Mode of Action

	
Antimicrobial Activity Against

	
Reference






	
Flavonoids

	
Quercetin

	
Disruption of cell membrane integrity leading to cell leakage.

Enzyme inhibition

	
E. coli

S. aureus

	
[106,107,108]




	
Epigallocatechin-3-gallate

	
Damage to lipid bilayer

	
E. coli

S. aureus

	
[109]




	
Luteolin

	
Membrane alteration and protein inhibition

	
E. coli

	
[110]




	
Tannins

	
Gallotannins

Ellagitannins

	
Enzyme inhibition, substrate deprivation, metabolism reduction, and Fe deprivation

	
S. enterica

E. coli

L. monocytogenes

	
[111,112]




	
Phenylpropanoids

	
Coumaric acid

Caffeic acid

Ferulic acid

	
Acidification of cytoplasm, physiological disturbances due to accumulation of weak acid anion

	
L. monocytogenes

E. coli

B. Subtilis

Lactobacillus spp.

	
[113,114,115]
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