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ABSTRACT: The complete aerial plant surfaces (above-ground sections) were referred to as the
phyllosphere, which served as a microorganism home. On the leaf surface, microorganisms form
compositionally complex communities. Bacteria, fungus, Actinomycetes, Cyanobacteria, and
viruses abound in the phyllosphere's microbiome. The physiochemistry, habitat, and immunity of
the host plant all influence the variety, dispersal, and community growth on the leaf surface. A
colonization process is a significant occurrence that benefits both the microorganism and the host
plant. On the phyllosphere, microbes often establish either an epiphytic or an endophytic life cycle,
which aids the host plant's functional communication with the surrounding environment. These
communities regulate plant fitness, mediate foliar functional features, and contribute to a variety of
environmental activities, including nutrient and water cycling. Beneficial microbes can be used in
agriculture to improve plant growth, health, and production. Growth-promoting bacteria and
biocontrol agents isolated from the phyllosphere of various plant species have thus far been
underutilized compared to those isolated from the soil or rhizosphere. Successful examples include
the treatment of plant diseases, pathogen reduction, and nitrogen fixation in natural and agricultural
systems. Based on existing research, this review gives a fundamental overview of the microbiome
in leaf structure and its physiology, microbial interactions, particularly among bacteria, fungus, and
actinomycetes, and their adaptability in the phyllosphere environment. The work is the compilation
of the importance of the microbiome in the phyllosphere to the host plant and its surroundings which
has been collected in detail and put together here.
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1. INTRODUCTION

The term phyllosphere refers to the aerial part of the plant. Both the top and bottom of the leaves
are typical, thought-about as an environment for microorganisms. The global leaf space corresponds
to each higher and lower surface and has close to double as niche because of the land extent [1]. The
phyllosphere is the close region for microbes to colonize and establish their association with plants
typically called epiphytes. This is often an area wherever usually a range of microorganisms
colonizes. The microbiome of the phyllosphere is a wealth of diversity of bacteria, fungi,
Actinomycetes, true bacteria, and viruses. The variety, dispersal, and community development of
microbes on the leaf surface area unit supported the physiochemistry, environment, and additionally
the immunity of the host plant. This reaction results in the mutual interaction of the host plant and
the microorganisms is benefited. Microbes normally establish the endophytic mode of the life cycle.
Phyllosphere surroundings generally help the host plant to establish practical communication with
the encircling surroundings. The type of plant and invasive microbic populations (pathogens) that
are influencing the commensals and/or mutualistic relationship with their host plant[2]. Moreover,
with increasing evolution stresses, the diversity and community structure of phyllosphere microflora
are frequently modified.

1. Microbial Diversity In The Phyllosphere

The phyllosphere consists of various microbial communities together with bacterium, filamentous
fungi, yeasts, algae, and protozoans [3,4,5,6]. The character of assorted microorganisms (epiphytic
and endophytic) related to the phyllosphere is given in Fig. 1. Among the various community of
microbes, bacterium per unit area of the predominant community on leaves, and its range is between
102 and 1012 g! of the leaf[7]. The standard culture-based technique has been used for the
identification of various microbial communities of the leaves. Thompson[8] known seventy-eight
microorganism species from the sugar beet, and Legard [9] screened eighty-eight microorganism
species from thirty-seven genera. However, the culture-dependent technique primarily based
identification of phyllosphere communities is likely to be incorrect and miscalculates diversity[10].
The culture-independent approaches like 16s TDNA sequences of the total microbial mass of the
phyllosphere may offer the entire and complicated microbial community structure of the
surroundings. Molecular studies recommended that alpha-, beta- and gamma proteobacteria and
firmicutes area unit the dominant microorganism inhabitants of the phyllosphere. Frequently, lactic
acid bacteria, “Actinobacteria”, and true bacteria also are occurring within the phyllosphere
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surroundings[11]. Lambais[12] detects that ninety-seven of the microorganism sequences of the

phyllosphere have been new and unidentified. Yang[13] rumored massive numbers of novel bacteria

from the phyllosphere of crop plants. Several studies confirmed the diversity of yeast within the

phyllosphere surroundings as associate flora.

Epiphytes

Figure 1: Epiphytic microbes on phyllosphere®

The cultivatable yeast genera like Cryptococcus, Sporobolomyces, and Rhodotorula and their
species are for the most part human within the plant leaf[8,14]. Moreover, culture-dependent
methods have been used to study the abundance of filamentous fungi, starting from 102 to 108 CFU
g !. Genera like Cladosporium, Alternaria, genus Penicillium, Acremonium, Mucor, and Aspergillus
area unit the frequent thin fungi colonizing as epiphytes and endophytes[15,7,16]. However, the
culture-independent strategy is the best to analyze the variety and distribution of specific
microorganisms in terms of interest[17,18]. Aside from the 16s/18s rDNA sequences, multiplex
terminal restriction fragment length polymorphism (TRFLP) has been needed to analyze many
phylogenetic teams or practical genes in the micro environment[19]. Soils, water, air, tree buds, and
plant trash from the previous crops area unit the sources of microbes in the phyllosphere[20]. Those
microorganisms may be clad in phyllosphere either transient or residual epiphytes[21,22]. The
atmospherical microflora, rainfall, humidity, wind, etc. will directly influence the transients of
microorganisms to the phyllosphere[23]. During the plant growth amount, the plant life
microorganism population can increase in quantity[7]. The microorganisms on the seed or roots
could also be established as epiphytes or endophytes[24]. Some epiphytes could also be injected
into the inner house of the leaf and colonized as endophytes. The distribution pattern of the
phyllosphere microorganisms isn't even, largely bacterium colonizes at the dermal wall junctions,
specifically within the grooves and also the veins or stomata or at the bottom of trichomes[25],
additionally found within the cuticle layer, near hydathodes and stomatal pits[26]. The microbic load

is higher at the lower leaf surface may be the lower leaf surface contains skinny cuticles, stomata,
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and/or trichomes[27]. Mostly, all microorganisms that seem in the phyllosphere area unit capable to

colonize and grow[3], and it disperses throughout the surface by rain splash, bounce-off, wash-off,
water movement, or removal by insects or tormenter[28,13,12].

2. Strategies For Bacterial Colonization

Bacterial colonization occurs on the leaf's surface, and its abundance and diversity are determined
by the leaf habitat's properties, as well as a variety of other host and environmental factors. Their
colonization of the leaves is likewise confined, and the bacteria's metabolic activities determine how
they interact with the leaf. For their growth and survival on the aerial surfaces of the plant, epiphytes
generally employ two distinct fitness strategies: first, a tolerance strategy that allows the inhabitants
to tolerate direct exposure to environmental stresses on the leaf surface, primarily UV radiation and
low moisture conditions; and second, a survival strategy that allows the inhabitants to avoid direct
exposure to environmental stresses on the leaf surface, such as UV radiation and low moisture
conditions and, secondly, avoidance approach that permits epiphytes to invade areas where they are
not subjected to these pressures[29]. Because saprophytes cannot survive endophytically, they must
rely on tolerance techniques to survive in the foliar zone. Foliar pathogens, on the other hand, can
employ both techniques to more effectively harbour plants.

2.1. Sites Of Colonization in The Phyllosphere

Bacterial colonization is most common in trichome bases, stomata, hydathodes, vein grooves,
epidermal cell connections, and cuticle depressions on the leaf surface[27]. These microsites on the
surface of leaves provide ideal conditions for epiphytes to thrive and propagate[30]. Large clusters
of bacterial populations were found at specific places, including stomata, epidermal cell grooves
along veins, and the bases of trichomes, according to analyses. The presence of trichomes, active
secretory cells, and the absence of epicuticular waxes are the three key anatomical criteria that aid
in the proliferation of phyllo-epiphytic communities, according to the research reviewed[31]. The
cuticle is a complex hydrophobic structure formed of epicuticular wax that serves as a leaf's first
line of protection (made up of long chain fatty acids or their derivatives, cutin, and polysaccharides).
It is a thin layer that covers the leaf surface and varies in thickness from plant to plant or species to
species. In terms of beginning pre-invasion, infection, and immune responses, cuticular components
are major drivers of bacterial community structure and significant to both plants and pathogens[32].
Trichomes are epidermal appendages that aid in the regulation of leaf temperature, UV protection,
and the secretion of a range of secondary compounds that discourage herbivores and prevent disease
development[31]. The commonly occupied areas involved in the secretion of chemical components
such as sugars, proteins, oils, secondary metabolites, and mucilage are found at the base of these
glandular trichomes[33,34]. This creates favorable conditions for microbial colonization by
assisting in the retention of water droplets[35], as well as influencing the epiphytic fitness of
different bacteria. Baldotto and Olivares (2008) looked at the phyllosphere bacterial community of
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47 distinct plant species in a tropical climate and discovered that epiphytic bacteria dominated the

population, with three basic distribution patterns—solitary cells, biofilms, and microcolonies.
Regardless of plant species, epidermal cell wall junctions, glandular and non-glandular trichomes,
veins, stomata, and epidermal cell wall surfaces were found to be the favored locations for
colonization. The presence of trichomes on the leaf surface favored the formation of microbial
communities, but epicuticular wax hampered their development. Using conventional
microbiological procedures, a greater number of culturable bacteria are recovered from broad leaves
than from grasses or waxy plants[36,37]. Nongkhlaw and Joshi (2014) used scanning electron
microscopy (SEM) to investigate the epiphytic bacterial community of Rubia cordifolia, Centella
asiatica, Potentilla fulgens, Acmela oleracea, and Houltuynia cordata, which are ethnomedicinal
plants native to Meghalaya (India)[38]. The availability of nutrients on the leaf surface is a factor
that influences epiphytic bacteria development. Tukey (1970) found that the leaching of solutes from
the leaves releases a variety of organic and inorganic nutrients, with older leaves exuding more due
to increased wettability [31].

2.2. Hormones and Other Chemicals

Several bacteria can boost nutrient concentrations on the leaf surface by producing plant hormones,
mostly auxins (indole 3-acetic acid), which encourage cell wall loosening and improve larger levels
of release even at extremely low concentrations (Fry 1989). Cytokinins are also assumed to be
important in Methylobacterium colonization because they are engaged in plant cell division and
expansion, causing the release of methanol from the plant cell wall, which is a source of C for their
growth[39]. In some circumstances, bacteria create chemicals that increase the wettability of the
leaf surface[40], enabling the solubilization and diffusion of substrates and increasing their
availability to bacteria[40]. Burch ef al. (2016) discovered that the phyllosphere has a higher
abundance of surfactant-producing bacteria than other habitats. Trehalose is a widely utilized
osmoprotectant that helps Pseudomonas syringae stay alive and well in the phyllosphere[41]. This
has also been linked to Pseudomonas aeruginosa's behavior as an opportunistic pathogen, as it
enhances nitrogen acquisition and stimulates nitrogen proliferation in the leaf apoplast. Phytotoxins
are often released by phytopathogenic microorganisms, and they either cause direct harm to plant
cells or contribute to increased bacterial virulence by overcoming the host barrier and exacerbating
the damage caused by chlorosis and tissue rot. Toxins such syringomycins and syringopeptins are
produced by Pseudomonas syringae during plant infection. Because they are amphipathic, they
cause necrosis, which causes pores in the plasma membrane of plant cells[42]. These toxins are
designed to impair the enzymatic machinery of amino acid biosynthesis or nitrogen metabolism,
resulting in the build-up of nitrogen-containing intermediates, which infections commonly use as
sustenance[43]. Some phytotoxins alter the host's metabolic and signaling processes, making
pathogen invasion easier. Auxins and other plant hormones are structurally and functionally
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identical to most of these phytotoxic compounds. Pseudomonas syringae produces the toxin

coronatine, which mimics the plant hormone jasmonic acid isoleucine and causes several types of
pathogenicity. This encourages bacterial entry through stomata and growth in the apoplast, resulting
in systemic vulnerability and illness symptoms[44]. Other ways include releasing or inhibiting
hormones to manipulate plant defenses and metabolism[45]. Certain phytopathogens also generate
enzymes that aid in the breakdown of plant cell wall structural components or the hydrolysis of
connective tissues between plant cells, supplying the pathogen with a source of carbon[31].

2.3. Exopolysaccharides

Bacteria can also grow as biofilms, changing the leaf surface by producing extracellular
polysaccharide (EPS), which aids in cell anchoring and enhances bacteria's water availability. EPS
protects against desiccation in low-moisture environments by retaining water in its highly
hygroscopic polysaccharide matrix[46]. Freeze-thaw resistance[47], osmotic stress tolerance[48],
and microbial population sustenance are all linked to EPS molecules[49]. Such organized
communities, which form as biofilms, are known to govern EPS synthesis utilizing diffusible signals
or quorum sensing. Due to the quenching of calcium signaling, these biofilms are often not mono-
specific and are made up of a complex mixture of bacteria and fungi that also assist certain
phytopathogens in evading the plant immune response[50]. The gum gene cluster (gumB to gumM)
encodes xanthan gum, a characteristic EPS produced by the Xanthomonasspecies, and mutant
strains (unable to produce EPS) exhibit a variety of phenotypes, including altered biofilm formation,
impaired survival under oxidative stress during stationary phase, and reduced epiphytic survival on
citrus leaves[49,51,52].

2.4. Quorum Sensing

Bacterial development alters the leaf environment, and a succession of microorganisms in this niche
leads to the dominance of various microorganisms throughout time. Quorum sensing occurs when
bacteria communicate with one another via small signaling molecules known as autoinducers. Once
a threshold number is reached, these are detected by other bacteria in the area, influencing gene
expression. This leads to changes in the richness and variety of microbial communities in the
phyllosphere due to not only distinct groupings of organisms and quantitatively different features,
but also density-dependent behavior [53]. AHLs (acyl homoserine lactone) are common signaling
molecules employed by phytopathogens; Pseudomonas syringae produces 3-oxo-C6-HSL
(homoserine lactone), which regulates motility and EPS production[54].

2.5. Motility

Chemotaxis, or the ability of bacteria to swarm across solid surfaces like leaves, is enhanced by the
expression of the flagellar gene and the activity of surfactant molecules[55]. Epiphytic pathogens
use motility systems to travel towards stomata, or other ports of entry in the leaves, or to the plant's
interior, to survive. Flagella-driven motility is primarily responsible for Pseudomonas syringae's
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epiphytic fitness, which aids in enhanced surface colonization and effective plant pathogenicity[56].

There is frequently a continuity between the external and internal leaf-related populations due to the
phenomenon of motility[56].

3. Metabolic Dynamics Of Phyllosphere Microbiota

Flavobacteria are abundant in the rhizosphere and phyllosphere of terrestrial plants like A. thaliana,
where they constitute one of the most dominating leaf microbiota genera (10%)[57]. According to a
recent genome comparison of Flavobacteria isolated from aquatic habitats and plants, Flavobacteria
may be highly adapted to plant glucose metabolism. Only Flavobacteria from terrestrial plant
communities, not aquatic plant communities, had genes for glycoside hydrolase families GH78 and
GH106, which are responsible for the utilization of rhamnogalacturonan, which is only found in
hemicelluloses from terrestrial plants[58]. Microorganisms linked with the phyllosphere live in a
light-rich environment. The photochemical conversion of this light resource into carbon and energy,
which might supplement carbon resources from the host plant, could provide a significant benefit
for development in nutrient-limited environments. In phyllosphere ecosystems, metagenomic data
revealed the presence of bacterial rhodopsin genes[59]. It appears that some epiphytic
microorganisms have retinal-dependent rhodopsin proton pumps that can be light-activated by
radiations with wavelengths different from chlorophyll and carotenoids' absorption spectra, which
stimulate photosynthetic processes in plants and consequently the creation of plant carbon resources
that epiphytic bacteria can use[59,60] Given the importance of carbon and nitrogen resources in
nutritional signaling and regulation, as well as their impact on light-dependent processes[61,62],
The carbohydrate and nitrogen status of the host plant, and thus the oscillations of plant—light
interactions and photoassimilate synthesis in the host plant, are expected to influence several
metabolic pathways of epiphytic bacteria[63,64]. Manching[65] published a study that found global
relationships between plant nitrogen balance and the diversity of leaf epiphytic bacterial species in
maize. Ren[66] revealed significant changes in phyllosphere bacterial populations in rice treated
to various combinations of high CO, and variable amounts of nitrogen fertilization in a free air CO>
enrichment experiment. In contrast, phyllosphere microorganisms' enzymatic activities appear to act
on essential plant metabolites[67], highlighting the prospect of complicated metabolic feedback
loops between plant tissues and phyllosphere bacteria[68]. In a separate study, researchers looked
for gene markers linked to aerobic anoxygenic phototrophic bacteria[59]. Five distinct metagenomes
from phyllosphere microbiota have homologs of bchY, which encodes the Y subunit of
chlorophyllide reductase, and pufM, which encodes the M subunit of the photosynthetic reaction
center (rice, soybean, tobacco, tamarix, clover). The presence of particular pigments linked with
aerobic anoxygenic phototrophic bacteria was detected using epifluorescence microscopy. The
presence of the genus Methylobacterium, as well as an unknown group of bacteria that appear to be
peculiar to the phyllosphere, was discovered to account for 1-7% of the overall population of
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epiphytic bacteria, with the presence of the genus Methylobacterium [59]. As a result,

complementary means to detect low-abundance bacterial species in the phyllosphere should be
developed, particularly through microscope observation methods such as FISH or fluidic force
microscope approaches[60]. Complementary techniques are also required to examine the nutritional
and functional mechanisms of microbial adaptation to life in the phyllosphere, particularly by
combined meta-analysis of proteomics, transcriptomics, and metabolomics data[69,70,71,72], such
as auxotrophic interactions and the probable dependence of phyllosphere microbial community
structure on light availability, resulting in foliage and canopy stratification[68] .

4. Impact Of Phyllospheric Microorganisms On Plant-Atmosphere-Climate Interactions
Plants release a variety of volatile organic compounds (VOCs) or VOC precursors, which are
transported through the phyllosphere and are thought to play a role in climate regulation[73,74,75] .
Plants are the primary source of VOC emissions in the biosphere, accounting for over 1,000 Tg per
year and including terpenes, monoterpenes, and C1 compounds such as methanol, methane, and
halogenated methane. A thorough overview of what is known about how VOC emissions from plants
interact with bacterial epiphytes at their surface was recently published[76]. It's still unclear how
and to what extent VOCs released by plants could be bio-captured, absorbed, or eaten by epiphytes
living directly on their surfaces through bacterial metabolism, or by transiently occurring airborne
bacteria, and how climate change would affect microbial metabolism's number, diversity, and ability
to filter plant-emitted VOCs[68]. Methanol, a common C1 source for epiphyte microbiota, has been
shown to benefit methylotrophic epiphytes such as the Alphaproteobacteria, Methylobacterium
extorquens, and the methylotrophic yeast Candida boidinii in situ[77]. In the presence of M.
extorquens, Nicotiana seedlings exhaled methanol at 0.005 to 0.01 ppb, but plants not colonized by
these bacteria emitted substantially more (0.4—0.7 ppb)[78]. Methane (CH4) is a major greenhouse
gas and the most abundant organic trace gas in the atmosphere (with a mixing ratio of 1.8 ppm). At
an initially estimated source strength of 62— 236 Tg/year for living plants and 1-7 Tg/year for plant
litter, both entire plants and detached leaves exhale methane[79]. In the phyllosphere of plants,
methanotrophic bacteria have been discovered that use methane as a source of carbon and
energy[80]. Many plant species release isoprene (2-methyl-1,3-butadiene), which has been proven
to rise with greater temperatures in some circumstances[81]. Isoprene emissions to the atmosphere
are comparable to methane emissions, and isoprene is a key precursor for photochemical ozone
generation when nitrogen oxide levels are high[82]. Chloromethane (CH3Cl; methyl chloride) is the
most prevalent chlorinated organic chemical in the atmosphere (now 550 parts per trillion) and is
thought to be responsible for over 16 percent of halogen-catalyzed stratospheric ozone depletion
(World Meteorological Organization, 2014). The chloromethane utilization (cmu) pathway has been
used to characterize bacterial adaptation to growth on chloromethane as the sole source of carbon
and energy in M. extorquens CM4[83]. So far, the few cultivable chloromethane-degrading bacteria
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obtained from plants[84] were also capable of degrading methanol, allowing them to filter a variety

of C1 VOCs generated on plant leaf surfaces[68]. The volatile dimethyl sulfide (DMS) is thought to
play a role in global climate regulation[85,75,86]. The oceanic sulfur cycles and phytoplanktonic
production of the DMS precursor dimethylsulphoniopropionate (DMSP) are tightly linked to DMS
fluxes and dynamics[85,75,86]. Some plant species[73], such as salt marsh grasses of the genus
Spartina and sugar canes (Saccharum sp.), are effective providers of DMSP, which can be converted
to acrylate and DMS by plant-associated microorganisms containing DMSP lyase[87]. As a result,
phyllosphere microbes likely play a key role in carbon and sulfur biogeochemical cycles,
ecosystemic signaling, and climate regulation via their action on plant-related volatile compounds,
necessitating a better understanding of the functional ecology of phyllosphere microbes, particularly
in Spartina and Saccharum species[68]. The existence of prominent bacteria that are associated with
phyllosphere microbiota has been discovered in pioneering cloud microbiota research. Tropospheric
microorganisms are believed to operate as water condensation or nucleation centers during cloud
formation, as well as participate in global carbon cycles by metabolizing organic molecules found
in clouds[83]. Furthermore, epiphytic microorganisms, notably ice nucleation-active (INA) bacteria,
maybe a key source of airborne bacteria[68]. Microbial communities' combined activities in the
phyllosphere, such as VOC production and interactions with plant VOCs, complicated
phyllosphere—atmosphere exchanges, and ice nucleation processes, are thus potential mechanisms
of large global influence on the biosphere[68].

5. Impact Of Phyllosphere Microorganisms On Plant-Plant, Plant-Insect Herbivory, And
Plant-Atmosphere-Chemical Exchanges

Plants produce a wide range of volatile organic compounds (VOCs) that can either encourage or
hinder specific species, influencing a wide range of biotic interactions and microbial ecosystems.
Microbes, on the other hand, can intercept or change plant smell emissions, and hence plant
signaling with other plants or animals[88]. Plant surface microbiota research can disclose the
mechanisms that govern processes at the interface between plants, microbes, and plant-interacting
creatures, or between plants, microorganisms, and the atmosphere, in both natural and anthropogenic
settings[68]. Plant loci involved in defense, such as virus reproduction and cell wall integrity,
trichome branching, and morphogenesis, shape the microbial species richness of the leaf microbiota,
according to a genome-wide association study of the associated leaf microbial community using 196
recombinant inbred lines of field-grown Arabidopsis thaliana [89]. Deficiency in phytohormone
jasmonic acid production had no influence on the structure of bacterial communities in another
investigation focusing on tobacco plants[90]. A variety of plant defense and signaling molecules,
both volatile and non-volatile, are involved in plant biotic interactions, in addition to
phytohormones[91]. Plant defense compounds have been demonstrated to be degraded by plant
foliage-associated bacteria, resulting in diminished protection against insect defoliators[91]. When
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produced on plant surfaces by Colorado potato beetle larvae, bacterial symbionts of the genera

Stenotrophomonas, Pseudomonas, and Enterobacter decrease the anti-herbivore defenses of tomato
by boosting the microbial defense response, favoring larval growth[92]. Experimental bacterial
infections of the phyllosphere revealed that individual Pseudomonas spp. strains promoted
herbivore host choice and that bacterial strains exhibited variation in the way they ecologically
impacted insect herbivores in a recent study of interactions between a specialist chewing insect
herbivore and its sole plant host, Cardamine cordifolia[93]. Epiphytic microbes have the metabolic
capability to degrade chemicals that are harmful to plants, humans, or the environment. Depollution
procedures based on phyllosphere could benefit from such detoxifying capabilities[68]. Aromatic
hydrocarbons (phenol, BTEX, chlorophenol, phenanthrene), s-triazines (atrazine, cyanazine), and a
variety of other pesticides are all degraded by Arthrobacter species (glyphosate, phenylurea
herbicides, malathion)[88]. Plants with sufficient microbial communities that digest a particular set
of organic compounds could be used for processes of atmospheric depollution (clean up) in urban
or industrial settings, as well as for the depletion of phytosanitary product atmospheric drifts in
agricultural settings[68]. Finally, epiphytic bacteria with plant-friendly properties could be
employed as probiotic agents[94].

2. CONCLUSION

The phyllosphere is an important environment for microbial ecology research, both scientifically
and economically. Many phyllosphere microbial occupants are critical to plant health, a greater
knowledge of microorganisms' interactions with plants and among themselves will almost certainly
lead to plenty of practical applications. The phyllosphere has several characteristics that make it an
ideal environment for studying microbial ecology. This new knowledge could further help us better
understand the ecology of potential human pathogenic bacteria on plant surfaces, as well as bring
fresh insights into the development of preventative or control techniques for enteric pathogen
contamination of crops before harvest.
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