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ABSTRACT:

The phylloplane is a highly varied, ecologically active microbial surface that hosts various fungal communities
that can determine plant health, physiology, and ecosystem functionality. Such epiphytic fungi are both resident
taxa that can potentially go through their life cycle on the leaf surface and transient species that come with
environmental vectors. The heterogeneous microhabitat of the leaf that contains stomatal grooves, epidermal
folds, cuticular chemistry, and nutritional hotspots created by the exudate creates selective niches that promote
fungal assembly and functional differentiation. Phylloplane fungi enhance the host vitality by several mechanisms,
such as nutrient absorption, hormone production, phytopathogen resistance, and systemic resistance. Some of
these epiphytic fungi, such as Trichoderma, Aureobasidium, and Pseudozyma, are good bio-controlling agents
since they are resource competitors, secrete antimicrobial chemicals, or alter the plant immunological pathways.
Their ecological activities involve the control of senescence, leaf-surface interaction, decomposing processes, and
influencing the nutrient cycle. The current review is a summary of the existing knowledge on phylloplane fungal
diversity, colonization, ecological associations, and functional importance, through which we aim to develop the

findings that will add to our knowledge of leaf-associated microbiomes.

1. Introduction

Leaves are colonized by a variety of microbes from the
moment they are formed and continue to support
microbial communities throughout their lives. The term
phyllosphere refers to the portion of a plant that is
above ground and comprises stems, buds, leaves, and
flowers. F.T. Last, a plant pathologist, was the first to
use the term '"phyllosphere" in 1955. Among its
components, the phylloplane, or the leaf surface,
represents the most significant habitat. The leaf area
provides a perfect place for hostile microorganisms to
flourish and regulate their lives. Although bacteria are
thought to be the most prevalent microbes in the
phyllosphere, other microorganisms, such as yeasts,
filamentous fungi, and archaea, also inhabit this
environment. Fungal epiphytes settle on the plant
surface and form a variety of relations with the host
they associate with. According to Xu et al., (2020),
these relations might be mutualistic, commensal, and
pathogenic. These fungi depend on the sugars secreted
by the surface of the leaf, honeydew, and the waste of
fauna on leaves. The phylloplane is occupied more by
yeast and sporulating species than by the filamentous
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fungi, which are usually the transient occupants. The
composition and diversity of phylloplane microbiota are
massively dependent on biotic and abiotic factors,
including geographical location (Chen et al., 2020),
plant species (Wellner et al., 2011), disease severity
(Luo et al., 2019, pesticide applications (Chen X. et al.,
2021), growth season (Ding and Melchner, 2016), and
agricultural management (Karlsson et al, 2017).
Surfaces of leaves offer the most favorable conditions
to microbiota compared to all other tissues of plants
since the nutrition, moisture, pH, and temperature
requirements needed by microbiota to survive are met
by the leaf exudates (Shukla & Sharma., 2016). The
variability of the plant-associated microbes is not only
dependent on environmental and developmental factors
but also on host identity and selection pressure.
Phyllosphere-associated fungi have the potential to
influence plant growth, development, ecophysiological
activities, and ecosystem processes. They, therefore,
have a great impact on the productivity and health of
plants (Kirichuk & Pivkin, 2015). Phylloplane fungi are
antagonistic to pathogenic fungi and can be developed
as biocontrol agents through the production of toxins. In
case of colonization, microbes, in most cases, release
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antimicrobial phenolic compounds and can be used as
bio-control agents by inhibiting the growth of
microflora. Adult leaves are normally higher producers
of these metabolites as compared to their younger ones,
and cause microbial colonization to be extremely
disproportional. There is a need to unravel the richness,
ecology, and functionality of nonpathogenic fungi,
which are linked to foliicolous fungalists; thus, it is only
natural to utilize the benefits that could be accrued as a
result of their presence to enhance the well-being of
plants, productivity, and sustainability of the ecosystem.
Finally, it is important to say that phytopathogens also
enter plants through phylloplane, thus bypassing the
plant defense mechanisms and colonizing plants,
displacing native microbial communities (Bringel &
Couee., 2015). The relationship between abiotic factors
and microbial entities affects the ecology of the
phyllosphere, thus making the study of such complex
microbial communities a necessity. Although the
phylloplane is a critical microbial habitat, it is still
poorly researched when compared to the rhizosphere.
Deep investigation in this field can help us discover
unexplored ecological functions and biocontrol
mechanisms in the standard rhizosphere research. With
this in mind, the current review corresponds to
diversity, fungi colonization, and the development of
our paradigms on leaf microbial populations and their
value in microbiology.

2. Leaf Surface Microhabitat

The leaf surface structure is complex and comprises
epidermal elevations, stomata, hydathodes, grooves, and
glandular trichomes. These microstructures, as well as
the waxy cuticle, determine the permeability,
wettability, and the ability of the surface to sustain
microbial life. The cuticle plays a vital regulatory role
in the aerial regions of the plant, as it is the primary site
of interaction between plants and fungi.  Most
successful colonization achieved by fungal epiphytes
requires the capacity of the fungus to adhere to the
cuticular layer, the thickness of which, and its content,
depend on the plant species, and so affect the fungal
settlement. The cuticle is a layer of cross-linked
polymer having exceptional mechanical strength; its
modulus of elasticity has been shown to exceed 200
MPa, being 20 times stiffer than the normal rubber of a
car tire. Leaves capture the fungal spores through their
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trichomes and waxy surfaces. Once an appropriate
microhabitat is located, colonization takes place. The
microtopography, nutritional distribution, and physical
traits of the leaf surface are highly heterogeneous,
resulting in a mosaic of possible habitats that could be
inhabited. Nutrients, particularly sugar and water,
would accumulate within epidermal grooves. Carbon is
usually, in the form of simple sugar, the most limiting
factor for the growth of epiphytes, although not all
soluble sugars are readily available to the microbes
(Das et al., 2022; Fones & Gurr., 2017). The radiation
and wind also modify conditions on the leaf surface.
The exposure to wind leads to the closure of stomata,
reducing the moisture on the leaf, limiting nutrient
transfer, and influencing microbial colonization. The
contrasting microenvironment of upper and lower
phylloplanes affects the relationships among epiphytic
microorganisms inhabiting plant surfaces either by
providing routes of penetration within the plant
endosphere or by regulating access to nutrition coming
from tissues of leaves by offering varying levels of
protection from incoming sunlight (Bringel & Couée.,
2015). Apart from that, anatomical differences between
adaxial and abaxial leaf surfaces affect microbial
dispersal. Abaxial surface stomatal grooves offer a
more protected environment for microorganisms against
desiccation or chemical perturbations (Yi et al., 2022;
Doan et al., 2020). The composition of fungal
communities varies due to the different ecological
niches created by structural and chemical variations in
leaf surface topography, which vary significantly
between plant taxa. Selective filters, such as host traits
of leaf chemistry, exudate secretion, and surface
structure, predetermine which fungal taxa can
successfully colonize. Such host-driven niches are
further reinforced by mutualistic interactions between
plants and microbes for efficient resource niche
differentiation (Guo et al., 2024). Consequently, distinct
fungal assemblages are commonly found to associate
with different plant species, but the epiphytic
community is usually more diverse and abundant
compared to the endophytic ones (Gong & Xin, 2021).

3. Diversity of Phylloplane Fungi

The phyllosphere represents a microbially rich
ecosystem on Earth with both endophytes residing
(inside the plant tissues) and epiphytes (on the surface
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of plant tissue), and influences the plant through
negative and positive interactions (Leveau., 2019). It is
difficult to differentiate between the above two because
they are quite close to each other. The phylloplane fungi
are divided into two broad groups: resident and core
assemblages. Fungi that can survive and complete their
life cycle on healthy leaves are known as resident fungi.
On the other hand, core fungi momentarily reside on the
leaf surface but are unable to thrive, making their
presence fleeting. Earlier studies on Arabidopsis foliar
structures showed that the endophytic populations are
limited to 10>-10° colony-forming units (CFU)cm?, but
the epiphytic microbial load is 100 times more (Sohrabi
et al, 2023). The resident communities exhibit
physiological features such as production of
extracellular polysaccharides and pigmentations that
enable them to survive in a wide range of ecological
niches (Kemler et al., 2017), frequently dominated by
genera like Alternaria and Cladosporium, and their
diversity tends to rise with leaf age because older leaves
offer more established and resource-rich homes
(Chanda et al., 2022). Transient fungi, on the other
hand, are governed by abiotic and biotic variables, and
their abundance is varied by humidity, growth, death,
emigration, and immigration (Kemler et al., 2017).
These communities even fight with core communities
and pathogenic taxa for resources (Zugaib et al., 2022;
Mir et al., 2022). While transient taxa enhance leaf
microenvironmental change and adaptation, core
communities maintain resilient and consistent plant-
microbe interactions (Goswami et al., 2021). The
phylogenetic group Ascomycota is the most common,
which inhabit the surfaces of leaves and contribute
approximately 79% of all fungal diversity, followed by
Basidiomycota (approximately 11%), Chytridiomycota
(approximately 5%) (Kembel & Mueller.,, 2014).
Gomes et al., (2018) came up with the conclusion that
fungi that conquered the epiphytic community are
mainly the species having melanized spores and hyphae
mainly belonging to the families Pleosporaceae
(Alternaria spp., Ulocladium spp.), Davisiellaceae
(Cladosporium), and Pathyrellaceae (Coprinus spp.). It
is speculated that melanin protects against desiccation
and UV radiation. Genera such as Alternaria,
Cladosporium, and Penicillium are commonly found in
a wide variety of plant genera, a fact that implies their
functional significance in the phyllosphere and their
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wide ecological adaptability (Kembel and Mueller,
2014). Exogenous factors such as traffic pollution may
alter the diversity and functional activity of phylloplane
fungi, the ecological role and structure of the
community. In order to correlate the activity of the
aboveground microbes with broader processes in the
ecosystem, Basidiomycota serve in the processing of
nitrogen and leaf litter, whereas Ascomycota members
typically participate in nutrient cycling (Liu et al.,
2024). Chytridiomycota have an ecological significance
due to their influence on the dynamics of the microbial
population of leaf surfaces in general and due to their
relatively low prevalence. Host phylogeny is a strong
determinant of the fungal richness: in general,
pathogenic fungi have narrow host selection
requirements, whereas mycorrhizal or mutualistic fungi
exhibit broader associations (Wang et al., 2019).
Nevertheless, a large number of species are more
generalists and are able to succeed under a variety of
conditions, especially in tropical and subtropical
settings, where microclimate and leaf exudates are the
determining factors of success (Chanda et al., 2022).
Taken together, these imply the regulation of ecological
versatility and specialization in the phylloplane fungi.
Their taxonomic and functional diversity underpins,
beyond merely reflecting adaptation to diverse leaf
microhabitats, their contribution to plant health and
nutrient cycling.

4. Factors affecting microbial colonization

Phylloplane mycoflora does not maintain a consistent
composition throughout the year because its growth and
development are impaired by several factors, such as
humidity, temperature, pH, wind, rainfall, UV radiation,
and daylight hours. Community assembly is
significantly driven by stochastic forces, including
erratic timing, sequence of microbial arrival, and
variable exposure to immigrant sources. Leaves from
the same plant or from different individuals of the same
species at the same site can support strikingly different
fungal communities. Researchers observed a significant
decrease in mycoflora in rainy months, probably due to
the leaching of nutrients from leaf surfaces (Tanti et al.,
2012). Several phyllosphere residents vary with
seasonally prevailing conditions and leaf age since it
may favour propagule generation. The epiphytic fungi
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have to invade the new leaves shortly after they emerge,
when the phyllospheric taxon richness may be minimal
at that time. High humidity encouraged the germination
of fungal spores and growth of mycelium (Bogdanova
et al., 2019). The local leaf humidity may change
according to the climatic conditions of the canopy,
including increased wind, and gas exchange may affect
leaf surface fungi. It is essential to have water on the
leaf surface for the growth, survival, and activities of
phyllospheric microorganisms. When water evaporates
from the leaf surface, the microbial population goes
down, which makes them release osmoprotectants
(Scott et al., 2017) and biofilms (Doan et al., 2020) to
avoid desiccation. Seasonality influences bacterial
communities more than fungal ones, but it has less
effect on the formation of microbial communities than
host species identity (Li et al.,, 2022). The most
important characteristic is the content of calcium in
leaves, which significantly correlates negatively with
bacterial populations. This is probably because calcium
helps to build cell walls and prevents bacteria from
penetrating (Kembel et al., 2014). According to some
reports, the genetic composition of plants influences
keystone microbial groups, which then transmit these
impacts to the rest of the microbial community by
altering interactions between microbes and so altering
the overall performance of the plant (Gupta et al.,
2021).

5. Entry Points of Phylloplane Fungal Assemblage

Microorganisms can colonize plant leaves horizontally
from the air, soil, insects, and vertically by seeds or
pollen (Rastogi et al., 2013). The seed tissue and the
germination environment are the first possible sources
(Vacher et al., 2016). Seed-borne microbes are
important for early plant growth and present chances to
foster long-term host-microbe co-evolution. The soil is
the primary source of the plant microbiome. Most fungi
use a brute force approach to physically breach the
plant's mechanical barriers by generating tremendous
invasive pressures and enzymatically degrading the
constituent parts of the barrier (Ryder et al., 2025).
Research on Arabidopsis thaliana illustrates that the
microbial communities can migrate from soil to
phyllosphere, underlining the dynamic connectivity
between above and below compartments (Ma et al.,
2025). Although the continuous influx of airborne
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propagules, only a few microorganisms can survive,
proliferate, and become the "true" permanent occupants
of the phyllosphere due to its extreme environmental
conditions. The preformed biochemicals on the leaf
surface must be tolerated by the spores for phylloplane
germination to be successful. While most airborne
spores are transient and may even serve as nutrients for
other leaf-associated organisms. Microorganisms attach
to the leaf surfaces to avoid removal by environmental
forces. Environmental variability is intimately related to
persistence strategies. For instance, phylloplane fungal
community networks become more interconnected
under drought, indicating that environmental
restrictions improve community cooperation and
resilience. The selective forces affecting endophytic
populations are very different from those affecting
epiphytic fungi. Although phylloplane offers limited
nutrients, a large number of microorganisms persist by
exploiting microscale nutrient hotspots. Accidental
sources of exogenous nutrients include pollen,
honeydew, air pollution, and microbiological detritus.
In rare cases, mechanical injuries caused by frost
damage or insect feeding may spill plant sap, supporting
microbial proliferation. Even strong plants, however,
passively emit trace amounts of metabolites, such as
organic acids, amino acids, and sugars, onto their leaf
surfaces (Leveau & Lindow, 2001). In addition to
supporting microbial growth, these exudates mediate
interactions that affect the persistence and stability of
communities across the phyllosphere ecosystem.

Figurel. Main Sources of phylloplane mycoflora. The
sources are insects, pollens, seeds, water, soil, and air.

Certain fungi make use of naturally occurring fissures
or openings in plant surfaces, such as stomata on leaves.
Density of stomata and pH of the leaf surface are two
significant variables affecting the makeup of microbial
communities (Smets et al., 2023). Compared to the
upper leaf surfaces, the undersides of the leaves (lower
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leaf surfaces) contained larger abundances of core
community members but lower microbial richness
(Legein et al., 2020). Phyllosphere microbial diversity
is determined by host plant genetics and the availability
of essential food supplies such as leaf exudates and
nectar, although it is unclear that these resources are
specifically designed to promote beneficial microbes
(Koskella, 2020). Environmental factors such as
temporal dynamics and site conditions also strongly
influence microbial composition.

6. Impact on Host Plant Vitality

Plant diseases were the main focus of early research on
phyllosphere microbes, but in-depth studies have shown
that many of them live harmlessly on their host plant.
They do release certain advantageous compounds that
may aid in the promotion of plant development,
resistance to pathogenic microbes, elimination of
hazardous pollutants, and synthesis of secondary
metabolites (Kumar et al., 2017; Sivakumar et al.,
2020). Many of these fungi produce plant hormones
(Ritpitakphong et al., 2016) or chemicals similar to
hormones in mutualistic relationships with their host
plants, thus contributing to growth and stress tolerance,
improving plant health, and allowing greater stability of
the environment (Kemler et al., 2017; Mir et al., 2022;
Goswami et al., 2021). Mitra et al., (2019) isolated
Aspergillus niger and Fusarium oxysporum from the
phylloplane of tomato and barley, respectively. They
found that the presence of these fungi increased the
activity of carbonic anhydrase and Rubisco in the host
plants, suggesting that microbial metabolites could
mitigate the detrimental effects of pathogens on
photosynthesis. They release antimicrobial compounds
that can either directly harm pathogens or induce
systemic acquired resistance (SAR) in plant cells,
thereby contributing to plant defense mechanisms
(Goswami et al., 2021). Phylloplane yeast, such as
Aureobasidium  pullulans, defends the same
environment from UV-induced oxidative stress by
producing extracellular polysaccharides as well as
melanin (Liu et al., 2021). Jasmonic acid and salicylic
acids are key signaling molecules that mediate the
expression of many resistance genes, including PR
genes and PR proteins (pathogenesis-related proteins)
designed to fight infection, present in huge amounts by
leaf of Ipomoea cairica (Convolvulaceae ) of innocuous
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isolates of Fusarium oxysporium and F. fujikuoroi (Xu
et al., 2020). These communities can either positively or
negatively affect plants by conditioning metabolic
processes like leaf senescence, stomatal regulation, and
stress tolerance (Pajares-Murgo et al., 2025). Diaporthe
amygdali, also known as Fusicoccum amygdali,
generates fusicoccin, a terpenoid that causes the host
plant's stomata to open permanently due to increased
potassium inflow (Kembler., 2017). According to
information produced by genomic, transcriptomic,
proteomic, and metabolomic methods, Trichoderma
spp. is thought to be the most thoroughly researched
fungal biological agent (Chaibub et al.,, 2020).
According to (Buxdorf et al., 2013), Pseudozyma
aphidis, an epiphytic fungus, exhibits substantial
biocontrol capability against Botrytis cinerea, thereby
mitigating the severity of the disease. It works by
inducing plant defenses as well as by showing direct
antagonism to them. In addition to activating plant
defense genes like PATHOGENESIS-RELATEDI
(PR1) and PLANT DEFENSIN1.2 (PDF1.2), P. aphidis
secretes antifungal compounds that inhibit a variety of
phytopathogens. Even in Arabidopsis mutants lacking
in salicylic acid (SA) or jasmonic acid (JA) signaling, it
remarkably develops resistance. This suggests that
other, hormone-independent mechanisms are involved.
Additionally, the fungus strengthens plant defenses,
improving the reaction to disease assault. Plants are
protected by phylloplane microbes in two ways: directly
by generating antimicrobial chemicals, or indirectly by
inducing systemic acquired resistance (SAR) or induced
systemic resistance (ISR). SAR is activated throughout
the plant following exposure to elicitors from virulent,
avirulent, or non-pathogenic microbes or synthetic
chemical inducers. In contrast, ISR is typically triggered
by non-pathogenic microorganisms and functions by
enhancing the plant’s chemical and physical defenses,
rather than directly targeting the invading pathogen.
Prior inoculation with non-pathogenic microbes can
induce resistance in wheat by priming the plant’s
defense responses, thereby reducing the severity of
subsequent pathogenic infections (Langridge, 2017).
Abdelrahman et al. (2016) showed that applying
Trichoderma longibrachiatum to onion plants increased
their resistance to Fusarium oxysporum infection and
oxidative damage by causing the buildup of metabolites
linked to responses to both biotic and abiotic stimuli.
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Superoxide dismutase, peroxidase, and catalase activity
all climbed in treated plants, whereas H»O, and
superoxide radicals in the leaves declined.
Ritpitakphong et al. (2016) studied Arabidopsis cuticle
mutants bdg (BODYGUARD) and lacs2.3 (LONG
CHAIN FATTY ACID SYNTHASE 2), both initially
resistant to Botrytis cinerea. In sterile conditions, bdg
became susceptible to Botrytis cinerea, while lacs2.3
retained resistance when infected with Botrytis cinerea,
but resistance was restored in bdg by its phyllosphere
wash. The diurnal cycle and atmospheric exposure
affect microbial epiphytes, which are impacted both
directly by sunlight and indirectly by plant metabolism.
These microbes, which are sometimes called
endophytes, can enter the apoplast and set off a variety
of plant defense mechanisms.  Phyllosphere
microorganisms are the leaders of the decomposition
process and start the recycling of nutrients on living,
recently died and senescent leaves (Gulati et al., 2022).

7. Inter-Fungal and Cross-Kingdom Communication

The leaf epidermis is not only the first physical barrier
of plants, but also a site where organisms can be
perceived, and plant defense reactions can be triggered.
Quorum sensing (QS) is the most extensively studied
method of cell-cell communication that microbes have
evolved to confer benefits to their community in the
environment or during infections. Farnesol-mediated
control in Candida albicans is an example of how QS
was discovered in fungi, proving its evolutionary and
functional relevance beyond bacteria (Padder et al.,
2018). Quorum sensing in fungi enables cell-density-
dependent communication that regulates growth,

morphology, and biofilm formation. Other QS
molecules, such as tyrosol, phenylethanol, and
tryptophol, further illustrate that QS is a common
feature amongst fungal species (Albuquerque &
Casadevall, 2012). Surface water allows
microorganisms to move laterally, pick up nutrients that
are leached from the interior of leaves, and interact with
other organisms (Doan et al.,, 2020). Plant-fungal
interactions are highly context-dependent and adaptive,
but the involved molecular mechanisms are sometimes
referred to as "black boxes"(Franco et al. 2022). As
suggested by previous studies on plants, electrical
signaling controls how plants respond to external
stimuli. Better experimental design, repeatable
measurements, and unambiguous proof linking
electrical activity to physiological or ecological
processes inside the mycelium are needed for a
complete understanding of fungal electrical behavior
(Blatt et al., 2024).

8. Biocontrol Agents for Sustainable Agriculture

Phylloplane fungi are promising biocontrol agents that
provide environmentally benign substitutes for
conventional pesticides by suppressing diseases,
managing insect pests, and promoting plant growth. The
most commonly used are Trichoderma spp., which
produce metabolites and enzymes that strengthen plant
defenses (Guzman-Guzman et al., 2023; Beauveria and
Metarhizium, which target insect pests (Gohel et al.,
2022). Commercial formulations are commonly used,
particularly those based on Trichoderma; however, host
specificity and environmental circumstances frequently
affect how well they work.

Tablel. Summary of important contributions to phyllosphere microbial studies

Serial Host Dominant
No. microbiota

Major Findings

Reference

1. Ipomoea F. oxysporum and

cairica (L.) F. fujikuroi

acid

By neutralizing the antagonistic effects | (Xu et al., 2020)
of jasmonic acid (JA) on the salicylic
Fusarium  oxysporum  contributes
significantly to the development of
resistance in Ipomoea cairica against
Colletotrichum gloeosporioides, hence
augmenting the overall resilience of

signaling  pathway,
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the plant
2. Solanum Alternaria alternate | As leaves became older, microbial | (Saleem & Paul, 2016)
lycopersicum | and Aspergillus colonization increased. Over time,
niger dense populations were seen on the
adaxial surface, whereas newly formed
leaves' abaxial surfaces showed
especially high microbial diversity
3. Stylosanthes | LAB, aerobic | Microbial colonization was facilitated | (Tang et al., 2023)
guianensis, bacteria, yeasts, | by surface sugars and trichomes,
Medicago molds which improved food availability and
sativa, Zea offered refuge. Conversely, LAB and
mays, aerobic bacteria were supported by
Dactylis surface inorganic phosphorus, whereas
glomerata microbial abundance was restricted by
high wax concentration
4. Hedera helix | Filamentous fungi, | Old leaves colonized by microbes | (Knoll& Schreiber, 2000)
L. (ivy) yeasts, and bacteria | showed reduced wettability and pH-
dependent contact angles. Microbial
colonization can mask native surface-
wetting properties
5. Gnetum Members of These  produce  biofilms and | (Bogdanova et al., 2019)
gnemon, G. | micromycetes demonstrate seasonal species turnover,
montanum notably in the upper epidermis. Their
reduced variety in the lower epidermis
during winter implies environmental
filtering and site-specific colonization
6. Rauwolfia Penicillium Effectively reduced conidial | (Alternata  Shikhathakur,
serpentina sublateritium, germination of Alternaria alternata, | 2016)
Trichoderma causing leaf spot disease of Rauwolfia
harzianum serpentina, decreased disease
development, and increased root
biomass
7. Oryza sativa | Enterobacteriaceae, | Temperature and CO: have a | (Renetal., 2015)
Xanthomonadaceae | considerable impact on the structure,
richness, and diversity of microflora;
CO: alone has no effect
8. Sorghum Engyodontium Exhibited strong ability to degrade | (Koitabashi et al., 2012)
vulgare album (strain B47- | biodegradable plastic films. Facilitated
9) film decomposition in soil and altered

the local microbial community
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9. Rhizophora | Lasiodiplodia Showed strong antagonistic activity | (Shara & Basyuni, 2023)
apiculata theobromae, against Fusarium oxysporum f. sp.
Trichoderma cubense, with L. theobromae showing
harzianum, highest inhibition of fusarium wilt
Nigrospora (11.11%) in banana (Musa acuminata
sphaerica L)
10. Ipomoea Fusarium Fusarium species serve as important (Xu et al., 2020)
cairica oxysporum and inducers of pathogen resistance against
Fusarium fujikuroi | Colletotrichum gloeosporioides.
F. oxysporum played the dominant
role by alleviating JA—SA antagonism
and maintaining stronger resistance
against C. gloeosporioides

Trichoderma harzianum and Aspergillus spp. are
examples of phylloplane fungi that are crucial to
integrated pest management (IPM) because they
suppress pests and diseases, improve nutrient uptake,
and increase plant resistance, all of which lessen the
need for chemical pesticides (Das et al., 2021). In order
to make sure that these fungi work in tandem with other
IPM techniques rather than in opposition to them, more
field-based research is necessary. Important factors
include  formulation,  application  time, and
environmental  conditions.  Important  secondary
metabolites that inhibit microbial growth and survival
are  cyclic  peptides, sesquiterpenoids, and
anthraquinones, are responsible for the antibacterial
activity of phylloplane fungus (Deshmukh et al., 2022).
Their effective use in IPM, however, rests on
compatibility with other control approaches, given that
certain insecticide-fungus combinations may work
while others may inhibit fungal development, thus
reducing efficacy (Musso et al., 2022). Considering
these, more field-based research is needed to ensure that
these fungi interact positively with other IPM strategies
rather than against them.

9. Commensal and Epiphytic Roles

Diverse epiphytic fungi that can act as commensals,
mutualists, or antagonists are found on the leaf surface
of plants. Many phylloplane dwellers form constructive
interactions with their host by promoting growth,
increasing nutrient absorption, often via the production
of phytohormones and bioactive substances that
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enhance growth and tolerance against pathogens
(Goswami et al., 2021; Mir et al., 2022). The surface of
the leaf offers a favourable environment in which
saprophytic fungi can thrive, making them obtain water
and nutrients without having to pierce the host tissues.
The fungi that are not pathogenic on leaves depend on
the nutrients emitted by the atmosphere (Thakur.,
2017). The competition between the native microbial
communities determines the interaction of plants and
microbes on the leaf surface of plants, which,
respectively, contributes to a great part of healthy plant
growth and the prevention of disease (Tanti et al,
2016). The leaf surface features, such as hair size and
sculpturing, have a significant effect on the fungal
diversity. Chen et al., (2021) concluded that the use of
pesticides can drastically change phyllosphere
communities and affect the uncommon and core
microbiomes. According to this selective interference,
chemical interventions could reduce the resilience and
long-term health of plants in an ecosystem by disturbing
the natural plant-microbe interactions, besides
disturbing the microbial diversity.

10. Source of Bioactive Compounds

Phylloplane fungi are recognized as a treasure of
antimicrobial agents with applications in agriculture and
medicinal practices. They generate a great diversity of
bioactive chemicals with a strong antimicrobial activity.
Several species, e.g., Penicillium expansum, Fusarium
oxysporum, and Cladosporum herbarum, Trichoderma
harzianum, have antibacterial effects (Varpe., 2020).
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Major secondary metabolites that play a role in the
antibacterial activity of fungi are cyclic peptides,
anthraquinones, and sesquiterpenoids (Deshmukh et al.,
2022). Because of their distinct structures, the
metabolites that phylloplane fungi produce may help to
produce new antibiotics, which are crucial in the rising
issue of antibiotic resistance (Deshmukh et al., 2022).
Their ecological interactions with the host favor the
yielding of diverse metabolites, such as phenols,
terpenoids, or steroids (Hashem et al., 2023). Some
yeasts and Aspergillus niger are examples of
phylloplane fungi that play a key role in enzyme
synthesis and the activation of plant defense. Goswami
et al., (2019) assert that 4. niger enhances the action of
various significant defensive enzymes such as tyrosine
ammonia lyase (TAL), phenylalanine ammonia lyase
(PAL), polyphenol oxidase (PPO), and peroxidase
(POX). Cutinase-like enzymes (CLEs) are secreted by
Pseudozyma and other yeasts like Cryptococcus,
hydrolyze cutin, which may change the environment in
the phylloplane and facilitate the defense (Ueda et al.,
2021). In addition, the secondary metabolites of these
fungi may suppress the growth of phytopathogens,
stimulate the growth of plants, and cause general
resistance (Sikandar et al., 2020). Also, the phylloplane
itself serves as a biochemical barrier, as the fungi that
live there inhibit the germination of pathogen spores
(Zugaib et al., 2022). Interestingly, it is important to
note that phylloplane fungi are specialised to the
breakdown of tough organic substances such as plant
cuticles. Bhanot et al., (2023) employ polystyrene lids
as a source of carbon; the fungus Curvularia
dactyloctenicola VIPOS successfully invaded and broke
them down. This clarifies the phylloplane fungi's
capacity to biodegrade and their potential for
sustainably handling plastic trash.

11. Methodological Advances and Challenges

The molecular techniques have expanded the
knowledge of phylloplane fungal diversity, enabling the
identification of species that are difficult to culture but
ecologically significant. While there are certain pitfalls
to culture-dependent approaches, including the biases
imposed by growth media and incubation conditions,
these methods do have considerable value for
morphological studies and experimentation regarding
functions. With the availability of large-scale
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sequencing technologies and sophisticated
bioinformatics tools, a new age of plant microbiota
research has begun that enables the powerful culture-
independent characterization of microbial communities
inhabiting  plants. = Molecular  approaches like
metaproteomics and metagenomics have been employed
to investigate the functional and physiological
relationships of microbes with their host and
environment. For example, many species from basal
lineages, such as Basidiomycota, which are poorly
represented in culture-based inventories, have been
identified in culture-independent studies (Rungjindamai
& Jones, 2024). High-throughput technologies use
transcriptomics to give complete datasets of microbial
life in the phyllosphere (Remus-Emsermann &
Schlechter, 2018). Li et al. (2022) illustrated the value
of multi-method strategies for comprehensive analysis
of the phylloplane microbiome through an integrated
approach incorporating 16s rRNA metabarcoding,
shotgun  metagenomics, and  culture-dependent
techniques to investigate microbial dynamics associated
with foliar fungal colonization in citrus. Over the last
decade, breakthroughs in next-generation sequencing
technologies and  bioinformatic  pipelines  for
phylogenomic research have resulted in tremendous
gains in fungal systematics and taxonomy (Zhang et al.,
2017; Chiang and Dekker, 2020). The CLSM and SEM
imaging techniques are valuable to learn about the
spatial organization of phylloplane fungi, as well as
their contact with plant surfaces. Unlike CLSM, which
allows the visualization of fungal communities in situ
and the discovery of their distribution and role in the
well-being of plants, SEM offers high-resolution
imaging of the leaf topography and structural
characteristics that affect fungal colonization.
Nonetheless, the complexity of the microbes cannot be
untangled by imaging only, and the combination of
these methods, combined with the molecular ones, is
required to gain profound knowledge of the ecological
processes and dynamics within the communities.
Besides allowing functional assays of antifungal
activity relevant to phylloplane functioning and plant
health, culturomics extends the list of cultivable species.
Synthetic community tests, which have more frequently
revealed nonadditive and synergistic effects on plant
growth and productivity, further illustrate the impact of
assembled fungal consortia on plant performance.
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Despite several advances in phylloplane fungal
research, there are considerable issues concerning
standardization, repeatability, and classification.
Molecular methods, in particular, are required for
complex groups such as Trichoderma and Metarhizium,
because traditional phenotypic identification is
problematic due to morphological stability, plasticity,
and unculturable taxa. During the past decade, leaves
from wvarious plant species have undergone deep
sequencing, thus presenting large microbial catalogs.
Culturing approaches, though mostly cost-effective, are
rather time-consuming and only detect less than 1% of
microorganisms.

12. Phyllosphere Microbiota: Ecological Insights

Climate, farming region, host development, and
agricultural practices all have an impact on the
phyllosphere microbiota (Karlsson et al., 2017). The
structure of the forest canopy affects fungal community
growth on the leaf surfaces by changing the light,
humidity, and microclimate conditions. Lower canopy
leaves and those farther from the top of the stem tend to
have higher levels of fungal colonization because they
are more exposed and retain more moisture than upper
leaves, which creates more favourable conditions for
spore deposition and fungal growth. Previous studies
exemplify only a few fungi from young plants, but the
fungal population grows exponentially as plants mature
and their leaves begin to deteriorate (Gulati et al.,
2022). Plant-associated microbial populations can be
significantly influenced by flooding or severe drought.
The biological variables that impact the microbial
populations in the plant phyllosphere include
competitive microorganisms. One of the key factors
affecting epiphytic colonization is the presence of
carbon-containing nutrients in the leaves. A variety of
factors influence the concentration of fungi on the
phylloplane, including nutrition availability, humidity,
leaf age, inhibitor presence, immigration (the arrival of
viable propagules on the phylloplane), and emigration
(the removal or physical loss of viable propagules. In
addition, plants themselves evolved defense
mechanisms to lessen the number of creatures that
colonized their leaves. Especially in subtropical and
tropical areas characterized by relatively high
temperature and humidity, the phyllosphere harbours a
wide range of microorganisms (Kim et al., 2012).
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Though microbial conservation has not gained much
attention, studies of phylloplane microflora can play
key roles in understanding the ecology and role of host
influence on the building up of communities of the
phylloplane fungi wunder a changing seasonal
environment. According to recent research, changes in
the microbiome of plants are not only a passive
reaction; rather, as a result of coevolution, plants are
likely to actively seek out collaboration with
microorganisms to alleviate stressors. Microorganisms
in the phyllosphere perform a variety of ecological tasks
by affecting fruit development, seed mass, leaf
functions and longevity, and host growth homeostasis.

Conclusion

The phyllosphere is one of the most vast and dynamic
microbial ecosystems, supporting a varied range of
fungi, bacteria, and yeasts. Previously thought to be a
harsh and nutrient-poor environment, leaf surfaces have
evolved into sophisticated microhabitats with variable
humidity, temperature, light, and nutritional inputs. In
this way, foliicolous fungi, in particular, reflect a
delicate balance between ambient air conditions, leaf
characteristics, and microbial interactions.
Understanding fungal communities is critical because
they influence plant performance via nutrient cycling,
competition, and alteration of leaf surface chemistry.
Resident fungi serve as stable colonizers, surviving and
reproducing on leaves, whereas casual colonization
contributes to short-term ecological interactions. They
work together to degrade organic matter, promote
microbial succession, and modulate the phyllosphere
microbiome. Despite substantial advances in the study
of the rhizosphere, the phylloplane is still poorly
understood, with several gaps in knowledge about
fungal diversity, adaptation processes, and ecological
functions. With shifting worldwide climate patterns, the
study of phylloplane fungi is becoming more relevant.
Temperature, humidity, and atmospheric chemical
variations will continue to influence colonization
behavior, competition, and community stability.
Improved understanding of such dynamics may support
long-term plant health initiatives, such as the use of
beneficial epiphytic fungi to boost plant resilience. In
conclusion, the phyllosphere is an important ecological
contact between plants, microorganisms, and the
environment. Strengthening studies on foliicolous fungi


http://www.jchr.org/

Journal of Chemical Health Risks

www.jchr.org

JCHR (2026) 16(2), 604-620 | ISSN:2251-6727

will advance our understanding of plant ecology and
create new prospects for ecological management and
agricultural innovation.

Author contributions

NK: Writing — review & editing, Writing — original
draft; PS and NT: Review & editing; AR and SG:

review & figures, SU: Validation, Supervision,
Conceptualization.
Funding

No funding was received.

Data availability

Not applicable

Clinical Trial Number

Not applicable

Declarations

Ethics approval and consent to participate

Not applicable

Consent for publication

Not applicable

Competing interests

The authors declare no competing interests.

Declaration of competing interest

None

References

614

1.

Abdelrahman, M., Abdel-Motaal, F., El-Sayed,
M., Jogaiah, S., Shigyo, M., Ito, S. I., & Tran,
L. S. P. (2016). Dissection of Trichoderma
longibrachiatum-induced defense in onion
(Allium cepa L.) against Fusarium oxysporum
f. sp. cepa by target metabolite profiling. Plant
Science, 246, 128-138.

Ali, N., Sorkhoh, N., Salamah, S., Eliyas, M.,
& Radwan, S. (2012). The potential of
epiphytic hydrocarbon-utilizing bacteria on
legume leaves for attenuation of atmospheric
hydrocarbon pollutants. Journal of

10.

11.

environmental management, 93(1), 113-120.
Albuquerque, P., & Casadevall, A. (2012).
Quorum sensing in fungi — a review. Medical
Mycology, 50(4), 337-345.
https://doi.org/10.3109/13693786.2011.652201
Almeida, B. K., Tran, E. H., & Afkhami, M. E.
(2024). Phyllosphere fungal diversity generates
pervasive nonadditive effects on plant
performance. New
https://doi.org/10.1111/nph.19792
Alternata Shikhathakur, A. (2016). Application
of phylloplane fungi to manage the Leaf spot
of Rauwolfia serpentina caused. Int. J. Life.
Sci. Scienti. Res, 2(2), 163-172.
http://ijlssr.com

Arag6n, W., Reina-Pinto, J. J., & Serrano, M.
(2017). The intimate talk between plants and
microorganisms at the leaf surface. Journal of
Experimental Botany, 68(19), 5339-5350.
https://doi.org/10.1093/jxb/erx327

Austin, B., Goodfellow, M., & Dickinson, C.
H. (1978). Numerical taxonomy of phylloplane
bacteria isolated from Lolium
perenne. Microbiology, 104(1), 139-155.

Avis, T. J., & Bélanger, R. R. (2002).
Mechanisms and means of detection of
biocontrol
against plant-pathogenic fungi. FEMS Yeast
Research, 2(1), 5-8.

Blatt, M. R., Pullum, G. K., Draguhn, A.,
Bowman, B., Robinson, D. G., & Taiz, L.
(2024). Does electrical activity in fungi
function as a language?. Fungal Ecology, 68,
101326.

Bhanot, V., Gupta, S., & Panwar, J. K. (2023).
Phylloplane fungus Curvularia
dactyloctenicola VJP08 effectively degrades
commercially available PS product. Journal of
Environmental ~Management, 351, 119920.
https://doi.org/10.1016/j.jenvman.2023.119920
Bogdanova, 1., Pautov, A., Zelenskaya, M.,
Krylova, E., & Vlasov, D. (2019). Seasonal
changes in the phylloplane of genus Gnetum
(Gnetaceae) representatives in greenhouse

Phytologist.

activity of Pseudozyma yeasts

conditions. Biological Communications, 64(4),
260-269.
https://doi.org/10.21638/spbu03.2019.405


http://www.jchr.org/

Journal of Chemical Health Risks

www.jchr.org

JCHR (2026) 16(2), 604-620 | ISSN:2251-6727

615

12.

13.

14.

15.

16.

17.

18.

19.

Bringel, F., & Couée, 1. (2015). Pivotal roles
of phyllosphere microorganisms at the
interface between plant functioning and
atmospheric trace gas dynamics. Frontiers in
microbiology, 6, 486.

Buxdorf, K., Rahat, 1., Gafni, A., & Levy, M.
(2013). The epiphytic fungus Pseudozyma
aphidis induces jasmonic acid-and salicylic
acid/monexpressor of PRI1-independent local
and systemic resistance. Plant Physiology,
161(4), 2014-2022.
https://doi.org/10.1104/pp.112.212969
Chaibub, A. A., Sousa, T. P. d., Araujo, L. G.
d., & Filippi, M. C. C. d. (2020). Molecular
and morphological characterization of rice
phylloplane fungi and determination of the
antagonistic activity against rice pathogens.
Microbiological 231(September
2019), 126353.
https://doi.org/10.1016/j.micres.2019.126353
Chanda, D., Dev, S. P., & Das, N. (2022).
Ecological diversity of Phylloplane Mycoflora

Research,

of medicinal plants in Naharlagun, Papumpare
District, Arunachal Pradesh, India. Ecology,
Environment and Conservation, 28(04), 1976—
1983.
https://doi.org/10.53550/eec.2022.v28i04.047.
Chiang, A. D., & Dekker, J. P. (2020). From
the Pipeline to the Bedside: Advances and
Challenges in Clinical Metagenomics. The
Journal  of  Infectious  Diseases, 221.
https://doi.org/10.1093/INFDIS/JIZ151

Chen, X., Wang, H., Xiang, L., Cui, M., Zhou,
H., Dai, Y., & Chen, X. (2019). Identification
and analysis of powdery mildew pathogens in
tobacco fields of Guizhou. Chinese Tobacco
Science, 40(3), 55-59

Chen, X., Wicaksono, W. A., Berg, G., &
Cernava, T. (2021). Bacterial communities in

the plant phyllosphere harbour distinct
responders to a broad-spectrum
pesticide. Science of the Total

Environment, 751, 141799.

Dai, Y. F., Wu, X., Wang, H., Li, W, Cai, L.,
Li, J.,, Wang, F., Sehar, S., & Shamsi, 1. H.
(2022). Spatio-Temporal Variation in the

Phyllospheric ~ Microbial  Biodiversity  of

20.

21.

22.

23.

24.

25.

26.

27.

Alternaria Alternata-Infected Tobacco
Foliage. Frontiers in  Microbiology, 13.
https://doi.org/10.3389/fmicb.2022.920109.
Das, S., Singh, S., Verma, J. P., & Mukherjee,
A. (2021). Fungi: A potential candidate for
sustainable agriculture and agroecosystem (pp.
159-164). Elsevier.
https://doi.org/10.1016/B978-0-444-64325-
4.00014-6

Debbi, A., Boureghda, H., Monte, E., &
Hermosa, R. (2018). Distribution and genetic
variability of Fusarium oxysporum associated
with tomato diseases in Algeria and a
strategy with indigenous
Trichoderma spp. Frontiers in microbiology, 9,
282.

Debray, R., Herbert, R. A., Jaffe, A. L., Crits-
Christoph, A., Power, M. E., & Koskella, B.
(2022).  Priority effects in
assembly. Nature
Microbiology, 20(2), 109-121.
Deshmukh, S. K., Dufossé, L., Chhipa, H.,
Saxena, S., Mahajan, G. B., & Gupta, M.
(2022). Fungal Endophytes: A Potential
Source of Antibacterial Compounds. Journal
of Fungi, 8(2), 164.
https://doi.org/10.3390/j0f8020164

Das, B. K., Ishii, S., Antony, L., Smart, A. J.,
Scaria, J., & Brozel, V. S. (2022). The
microbial  nitrogen

biocontrol

microbiome
Reviews

cycling,  bacterial
community  composition,
potential in a natural grassland are stable from
breaking dormancy to
again. Microorganisms, 10(5), 923..

Ding, T., & Melcher, U. (2016). Influences of
plant species, season and location on leaf
endophytic bacterial communities of non-
cultivated plants. PloS one, 11(3), e0150895.
Doan, H. K., Ngassam, V. N., Gilmore, S. F.,
Tecon, R., Parikh, A. N., & Leveau, J. H.
(2020). Topography-driven shape, spread, and
retention of leaf surface water impacts
microbial dispersion and activity in the
phyllosphere. Phytobiomes Journal, 4(3), 268-
280..

Fones, H. N., & Gurr, S. J. (2017). NOXious
gases and the unpredictability of emerging

and functional

being dormant


http://www.jchr.org/

Journal of Chemical Health Risks

www.jchr.org

JCHR (2026) 16(2), 604-620 | ISSN:2251-6727

616

28.

29.

30.

31.

32.

33.

34.

plant pathogens under climate change. BMC
biology, 15(1), 36.

Fonseca, P. L. C., Skaltsas, D., da Silva, F. F.,
Kato, R. B., de Castro, G. M., Garcia, G. J. Y.,
Quintanilha-Peixoto, G., Mendes-Pereira, T.,
do Carmo, A. O., Aguiar, E. R. G. R,, de
Carvalho, D. S., Costa-Rezende, D. H.,
Drechsler-Santos, E. R., Badotti, F., Ferreira-
Silva, A., Oliveira, G., Chaverri, P., Vaz, A. B.
M., & Gobes-Neto, A. (2022). An Integrative
View of the Phyllosphere Mycobiome of
Rubber Trees in the Brazilian
Amazon. Journal of  Fungi, 8(4), 373.
https://doi.org/10.3390/j0f8040373

Franco, M. E., Wisecaver, J. H., Arnold, A. E.,
Ju, Y. M., Slot, J. C., Ahrendt, S., ... & U’Ren,
J. M. (2022). Ecological generalism drives
hyperdiversity of secondary metabolite gene
clusters in xylarialean endophytes. New
Phytologist, 233(3), 1317-1330.

Fracchia, F., Basso, V., Guinet, F., Veneault-
Fourrey, C., & Deveau, A. (2022). Confocal
Laser Scanning Microscopy Approach to
Investigate Plant-Fungal Interactions. (Vol.
2605, Pp- 325-335).
https://doi.org/10.1007/978-1-0716-2871-3_16
Fungal Biocontrol Agents: An Eco-friendly
Option for the Management of Plant Diseases
to Attain Sustainable Agriculture in India.
(2022). Fungal Biology, 455-481.
https://doi.org/10.1007/978-981-16-8877-5_22
Garcia-Estrada, C., Cat, E., & Santamarta, 1.
(2016). Beauveria
Agent: Formulation and Commercialization for
Pest Management (pp. 81-96). Springer,
https://doi.org/10.1007/978-981-

Native

bassiana as Biocontrol

Singapore.
10-2576-1 5
Gohel, N. M., Raghunandan, B. L., Patel, N.
B., Parmar, H. V., & Raval, D. B. (2022). Role
of fungal biocontrol agents for sustainable
agriculture. In Fungal diversity, ecology and
control management (pp. 577-606). Singapore:
Springer Nature Singapore.

Gomes, T., Pereira, J. A., Benhadi, J., Lino-
Neto, T., & Baptista, P. (2018). Endophytic
and epiphytic phyllosphere fungal

communities are shaped by different

35.

36.

37.

38.

39.

40.

41.

42.

environmental factors in a Mediterranean
ecosystem. Microbial ecology, 76(3), 668-679
Gong, T., & Xin, X. F. (2021). Phyllosphere
microbiota: Community dynamics and its
interaction with plant hosts. Journal of
Integrative Plant Biology, 63(2), 297-304.
https://doi.org/10.1111/jipb.13060

Goswami, S., Goel, N., & Majumdar, R. S.
(2021). Phylloplane microbes impact host
physiology: a review. Journal of Plant
Protection Research, 61(3), 213-221.
https://doi.org/10.24425/JPPR.2021.137949
Goswami, S., Paul, P. K., & Sharma, P. D.
(2019).  Aspergillus
phylloplane coloniser, influences the activity
of  defense Solanum

niger, a dominant
enzymes in
lycopersicum. Journal of Plant Protection
Research, 59(4), 512-518.
https://doi.org/10.24425/JPPR.2019.131265
Gulati, S., Chitralekha, P., Pandit, M. A.,
Katyal, R., Bhandari, N., Mehta, P., ... & Kaur,
J. (2022). Diversity, succession and seasonal
variation of phylloplane mycoflora of
Leucaena leucocephala in relation to its leaf
litter decomposition. Journal of Fungi, 8(6),
608.

Gupta, R., Anand, G., Gaur, R., & Yadav, D.
(2021). Plant-microbiome interactions for
sustainable agriculture: a review. Physiology
and Molecular Biology of Plants, 27(1), 165-
179.

Guzman-Guzman, P., Kumar, A., de los
Santos-Villalobos, S., Parra-Cota, F. 1.,
Orozco-Mosqueda, Ma. del C., Fadiji, A. E.,
Hyder, S., Babalola, O. O., & Santoyo, G.
(2023). Trichoderma Species: Our Best Fungal
Allies in the Biocontrol of Plant Diseases—A
Review. Plants, 12(3), 432.
https://doi.org/10.3390/plants12030432
Hashem, A. H., Attia, M. S., Fawzi, M. M.,
Abdelrahman, A. S., Emam, A. E., Goma, M.,
& Abdelaziz, A. M. (2023). Bioactive
compounds and biomedical applications of
endophytic fungi: a recent review. Microbial
Cell Factories, 22(1).
https://doi.org/10.1186/s12934-023-02118-x
Inacio, J., Pereira, P., De Carvalho, M.,


http://www.jchr.org/
https://doi.org/10.3390/jof8040373
https://doi.org/10.24425/JPPR.2019.131265
https://doi.org/10.1186/s12934-023-02118-x

Journal of Chemical Health Risks

www.jchr.org

JCHR (2026) 16(2), 604-620 | ISSN:2251-6727

617

43.

44,

45.

46.

47.

48.

49.

50.

Fonseca, A., Amaral-Collago, M. T. &
Spencer-Martins, 1. (2002). Estimation and
diversity of phylloplane mycobiota on selected
plants in a Mediterranean-type ecosystem in
Portugal. Microbial Ecology, 44(4), 344-353.
https://doi.org/10.1007/s00248-002-2022-z
Ivashchenko, K. V., Korneykova, M. V.,
Sazonova, O. 1., Vetrova, A. A., Ermakova, A.
0., Konstantinov, P. 1., ... & Gavrichkova, O.
(2022). Phylloplane biodiversity and activity in
the city at different distances from the traffic
pollution source. Plants, 11(3), 402..
Klimasmith, I. M., & Kent, A. D. (2022).
Micromanaging the nitrogen cycle in
agroecosystems. Trends in
microbiology, 30(11), 1045-1055..

Karlsson, 1., Friberg, H., Kolseth, A. K.,
Steinberg, C., & Persson, P. (2017). Organic
farming increases richness of fungal taxa in the
wheat phyllosphere.
26(13),
https://doi.org/10.1111/mec.14132

Katoch, A., & Kapoor, P. (2014). Recent
Concepts in  Fungal Taxonomy: A
Review. Research & Reviews: Journal of
Agriculture and Allied Sciences, 3(2), 23-35.
https://www.rroij.com/open-access/recent-
concepts-in-fungal-taxonomy-a-review-23-
35.pdf

Kembel, S. W., & Mueller, R. C. (2014). Plant
traits and taxonomy drive host associations in
tropical phyllosphere fungal
communities. Botany, 92(4), 303-311.

Kembel, S. W., O’Connor, T. K., Arnold, H.
K., Hubbell, S. P., Wright, S. J., & Green, J. L.
(2014). Relationships between phyllosphere
bacterial communities and plant functional
traits in a neotropical forest. Proceedings of the
of Sciences, 111(38),

Molecular  Ecology,
3424-3436.

National  Academy
13715-13720.
Kemler, M., Witfeld, F., Begerow, D., &
Yurkov, A. (2017). Phylloplane yeasts in
temperate
ecosystems: Diversity (pp. 171-197). Cham:
Springer International Publishing.

Kim, M., Singh, D., Lai-Hoe, A., Go, R.,
Abdul Rahim, R., AN, A., ... & Adams, J. M.

climates. In Yeasts in natural

51.

52.

53.

54.

55.

56.

57.

58.

59.

(2012). Distinctive phyllosphere bacterial
communities in tropical trees. Microbial
ecology, 63(3), 674-681..

Kirichuk, N. N., & Pivkin, M. V. (2015).
Filamentous fungi associated with the seagrass
Zostera marina Linnaeus, 1753 of Rifovaya
Bay (Peter the Great Bay, the Sea of Japan).
Russian Journal of Marine Biology, 41(5),
351-355.
https://doi.org/10.1134/S1063074015050053
Knief, C., Ramette, A., Frances, L., Alonso-
Blanco, C., & Vorholt, J. A. (2010). Site and
plant species are important determinants of the
Methylobacterium community composition in
the plant phyllosphere. The ISME
Jjournal, 4(6), 719-728..

Koskella, B. (2020). The phyllosphere.
Current Biology, 30(19), RI1143-R1146.
https://doi.org/10.1016/j.cub.2020.07.037
Koitabashi, M., Noguchi, M. T., Sameshima-
Yamashita, Y., Hiradate, S., Suzuki, K.,
Yoshida, S., ... & Kitamoto, H. K. (2012).
Degradation of biodegradable plastic mulch
films in soil environment by phylloplane fungi
isolated from  gramineous plants. AMB
express, 2(1), 40

Leveau, J. H. (2019). A brief from the leaf:
latest research to inform our understanding of
the phyllosphere microbiome. Current Opinion
in Microbiology, 49, 41-49..

Lajoie, G., & Kembel, S. W. (2021). Plant-
bacteria phylogenetically
structured in the phyllosphere. Molecular
Ecology, 30(21), 5572-5587.
Laforest-Lapointe, 1., Messier, C., & Kembel,
S. W. (2016). Host species identity, site and
time drive temperate tree phyllosphere
bacterial community
structure. Microbiome, 4(1), 27.)(20-22)
Laforest-Lapointe, 1., Messier, C., & Kembel,
S. W. (2016). Tree phyllosphere bacterial
communities: Exploring the magnitude of
intra- and inter-individual variation among
host  species. PeerJ, 2016(8), 1-18.
https://doi.org/10.7717/PEERJ.2367

Legein, M., Smets, W., Vandenheuvel, D.,
Eilers, T., Muyshondt, B., Prinsen, E., ... &

associations are


http://www.jchr.org/

Journal of Chemical Health Risks

www.jchr.org

JCHR (2026) 16(2), 604-620 | ISSN:2251-6727

618

60.

61.

62.

63.

64.

65.

66.

67.

Lebeer, S. (2020). Modes of action of
microbial biocontrol in the
phyllosphere. Frontiers in microbiology, 11,
1619..

Leveau, J. H. J.,, & Lindow, S. E. (2001).
Appetite  of an epiphyte: Quantitative
monitoring of bacterial sugar consumption in
the phyllosphere. Proceedings of the National
Academy of Sciences of the United States of
America, 98(6), 3446-3453.
https://doi.org/10.1073/pnas.061629598

Li, M., Hong, L., Ye, W., Wang, Z., & Shen,
H. (2022). Phyllosphere bacterial and fungal
communities vary with host species identity,
plant traits and seasonality in a subtropical
forest. Environmental Microbiomes, 17(1), 1—
13. https://doi.org/10.1186/s40793-022-00423-
3

Liu, J., Ding, C., Teng, C., Zhang, W., Su, X.,
& Zhu, W. (2024). Impacts of litter microbial
community on litter decomposition in the
absence of soil microorganisms. Applied and
environmental microbiology, 90(4), €¢0023924.
https://doi.org/10.1128/aem.00239-24.

Li, P. D,, Zhu, Z. R., Zhang, Y., Xu, J., Wang,

H.,, Wang, Z., & Li, H. (2022). The
phyllosphere  microbiome shifts toward
combating melanose

pathogen. Microbiome, 10(1), 56.

Liang, M., Johnson, D., Burslem, D. F. R. P.,
Yu, S., Fang, M., Taylor, J. D., Taylor, A. F.
S., Helgason, T., & Liu, X. (2020). Soil fungal

networks maintain local dominance of
ectomycorrhizal trees. Nature
Communications, 11(1), 1-7.

https://doi.org/10.1038/s41467-020-16507-y
Lu, A., Meyer, K., Zhou, G., Chen, X., Zhu,
D., Yu Z., & Huang, Z. (2025).
Neighbourhood Tree Competition Promotes
Microbial Diversity in Phyllosphere. Ecology
Letters, 28(11), €70240..

Luo, L., Zhang, Z., Wang, P., Han, Y., Jin, D.,
Su, P, ... & Liu, Y. (2019). Variations in
phyllosphere microbial community along with
the development of angular leaf-spot of
cucumber. Amb Express, 9(1), 76.

Liu, F., Zhang, J., Zhang, L., Diao, M., Ling,

68.

69.

70.

71.

72.

73.

74.

P, & Wang, F. (2021). Correlation between
the synthesis of pullulan and melanin in
Aureobasidium pullulans. International
journal of biological macromolecules, 177,
252-260..

Maignien, L., DeForce, E. A., Chafee, M. E.,
Eren, A. M., & Simmons, S. L. (2014).
Ecological succession and stochastic variation
in the assembly of Arabidopsis thaliana
phyllosphere communities. MBio, 5(1), 10-
1128.

Ma, J., Peng, Q., Chen, S., Liu, Z., Zhang, W.,
Zhang, C., Du, X., Sun, S., Peng, W., Lei, Z.,
Zhang, L., Su, P., Zhang, D., & Liu, Y. (2025).
Microbiome Migration from Soil to Leaves in
Maize and Rice. Microorganisms, 13(4).
https://doi.org/10.3390/microorganisms 130409
47

Manching, H. C., Carlson, K., Kosowsky, S.,
Smitherman, C. T., & Stapleton, A. E. (2017).
Maize Phyllosphere Microbial Community
Niche Development Across Stages of Host
Leaf Growth. bioRxiv, 161158.
https://doi.org/10.1101/161158

Meyer KM, Porch R, Muscettola IE,
Vasconcelos ALS, Sherman JK, Metcalf CJE,
Lindow SE, Koskella B. 2022. Plant
neighborhood shapes diversity and reduces
interspecific variation of the phyllosphere
microbiome.  ISME J  16:1376-1387.
https://doi.org/10.1038/s41396-021-01184-6).
Mir, M. Y., Hamid, S., & Parray, J. A.
(2022). Phyllosphere
implications and ecofunctional diversity (pp.
81-95).  https://doi.org/10.1016/b978-0-323-
90148-2.00005-5

Musso, A., Lopez Lastra, C. C., Padin, S. B,
Minardi, G. M., & Marcondes Almeida, J. E.
(2022). Effects of the combination of
phytosanitary products and entomopathogenic
fungi for the control of insect pests. Acta
Agronomica, 71(2), 207-214.

Osono, T. (2008). Endophytic and epiphytic
phyllosphere fungi of Camellia japonica:
seasonal and leaf age-dependent variations.
Mycologia, 100(3), 387-391.
https://doi.org/10.3852/07-110R1

microbiomes:


http://www.jchr.org/
https://doi.org/10.1101/161158
https://doi.org/10.1038/s41396-021-01184-6

Journal of Chemical Health Risks

www.jchr.org

JCHR (2026) 16(2), 604-620 | ISSN:2251-6727

619

75.

76.

77.

78.

79.

80.

81.

82.

Padder, S. A., Prasad, R., & Shah, A. H.
(2018). Quorum sensing: A less known mode
of communication among
fungi. Microbiological research, 210, 51-58..
Pajares-Murgo, M., Garrido, J. L., Perea, A. J.,
Lopez-Garcia, A., Bastida, J. M., & Alcéntara,
J. M. (2025). Mutualistic and antagonistic
phyllosphere  fungi contribute to plant
recruitment in natural communities. Journal of
Ecology, 113(6), 1422-1433..

Rastogi, G., Coaker, G., & Leveau, J. H. J.
(2013). New insights into the structure and
function of phyllosphere microbiota through
high-throughput molecular approaches. Fems
Microbiology Letters, 348(1), 1-10.
https://doi.org/10.1111/1574-6968.12225
Rungjindamai, N., & Jones, E. B. G. (2024).
Why Are There So Few Basidiomycota and

Basal Fungi as Endophytes? A
Review. Journal of fungi (Basel,
Switzerland), 10(1), 67.

https://doi.org/10.3390/jof10010067.

Ray, M. K., Mishra, P. K., Baruah, P. K., &
Choudhury, D. (2014).
comparative study of Phylloplane mycoflora of
Muga host plants Som and Sualu from
Goalpara district of Assam. Int. J. Pure Appl.
Biosci, 2(6), 78.

Remus-Emsermann, M. N. P., & Schlechter, R.
O. (2018). Phyllosphere microbiology: at the
interface between microbial individuals and
the plant host. New Phytologist, 218(4), 1327—
1333. https://doi.org/10.1111/nph.15054

Ren, G., Zhu, C., Alam, M. S., Tokida, T.,
Sakai, H., Nakamura, H., Usui, Y., Zhu, J.,
Hasegawa, T., & Jia, Z. (2015). Response of
soil, leaf endosphere and phyllosphere
bacterial communities to elevated CO2 and soil
temperature in a rice paddy. Plant and Soil,
392(1-2), 2744,
https://doi.org/10.1007/s11104-015-2503-8
Ritpitakphong, U., Falquet, L., Vimoltust, A.,
Berger, A., Métraux, J. P., & L’Haridon, F.
(2016). The microbiome of the leaf surface of
Arabidopsis  protects against a fungal
pathogen. New Phytologist, 210(3), 1033—
1043. https://doi.org/10.1111/nph.13808

Isolation and a

83.

84.

85.

86.

87.

88.

89.

90.

91.

Ryder, L. S., Sprakel, J., & Talbot, N. J.

(2025). Mechanobiology of fungal
invasion. Current  Biology,35(11), R485-
R490..

Shara, M., & Basyuni, M. (2023). Potential of
Phylloplane Fungi from Mangrove Plant
(Rhizophora apiculata Blume) as Biological
Control Agents against Fusarium oxysporum f.
sp. cubense in Banana Plant (Musa acuminata
L.). Forests, 14(2), 167.
https://doi.org/10.3390/£14020167

Sohrabi, R., Paasch, B. C., Liber, J. A., & He,
S. Y. (2023).
microbiome. Annual
biology, 74(1), 539-568.
Saleem, B., & Paul, P. K. (2016). Microbial
Colonization of Tomato Phylloplane is
Influenced by Leaf Age. Journal of Functional
6(1), 8.

Phyllosphere
of  plant

review

And  Environmental  Botany,
https://doi.org/10.5958/2231-
1750.2016.00002.0

Saleem, B., & Paul, P. K. (2016). Leaf age
correlation to phyllosphere, microbe-microbe,
plant-microbe
lycopersicum (Doctoral dissertation,
Amity University, India).

Siddique, A. B., Khokon, A. M., & Unterseher,
M. (2017). What do we learn from cultures in
the omics age? High-throughput sequencing
and cultivation of leaf-inhabiting endophytes

Solanum
Thesis.

interactions  on

from beech (Fagus sylvatica L.) revealed
complementary community composition but
similar  correlations  with habitat
conditions. 20(20), 1-16.
https://doi.org/10.3897/MYCOKEYS.20.11265
Scott, R. A., Thilmony, R., Harden, L. A.,
Zhou, Y., & Brandl, M. T. (2017). Escherichia
coli O157: H7 converts plant-derived choline
to glycine betaine for osmoprotection during
pre-and post-harvest colonization of injured

local

lettuce leaves. Frontiers in Microbiology, 8,
2436.

Shukla S., Sharma R.B. 2016. Diversity of
surface mycoflora on Tinospora cordifolia.
Indian Journal of Plant Science 5:42-53.
Singh U.B.,

Smets, W., Chock, M. K., Walsh, C. M,,


http://www.jchr.org/
https://doi.org/10.3897/MYCOKEYS.20.11265

Journal of Chemical Health Risks

www.jchr.org

JCHR (2026) 16(2), 604-620 | ISSN:2251-6727

620

92.

93.

94.

95.

96.

97.

98.

99.

Vanderburgh, C. Q., Kau, E., Lindow, S. E., ...
& Koskella, B. (2023). Leaf side determines
the relative importance of dispersal versus host
filtering in the phyllosphere
microbiome. MBio, 14(4),e01111-23.
Sikandar, S., Saqib, A. Y., & Afzal, L
(2020). Fungal Secondary Metabolites and
Bioactive Compounds for Plant Defense (pp.
149-179). Springer, Cham.
https://doi.org/10.1007/978-3-030-48474-3 5
Tanti, A., Madhab, M., Bordoloi, M., Phukan,
I., Sarmah, S. R., & .. (2012). Seasonal
occurrence of phylloplane microflora of tea.
Two Bud, March 2017.
https://www.researchgate.net/profile/ Amarjyoti
-Tanti/publication/305295324.

Tanti, A., Bhattacharyya, P. N., Dutta, P.,
Sarmah, S. R., Madhab, M., Saikia, D., ... &
Berceroyjyrwa, R. (2016). Diversity of
phylloplane microflora in certain tea cultivars
of Assam, North-East India. Eur J Biol
Res, 6(4), 287-292.

Thakur, S. (2017). Study of phylloplane
mycoflora of some selected medicinal
plants. International ~ Journal of Applied
Biology and Phamaceutical Technology, 8, 1-
7.

Trucco, D. (2022). Role of Fungal Biocontrol
Agents for Sustainable Agriculture (pp. 577—
600). https://doi.org/10.1007/978-981-16-
8877-5 28

Ueda, H., Tabata, J., Seshime, Y., Masaki, K.,
Sameshima-Yamashita, Y., & Kitamoto, H.
(2021). Cutinase-like biodegradable plastic-
degrading enzymes from phylloplane yeasts
have cutinase activity. Bioscience,
Biotechnology, and Biochemistry, 85(8), 1890—
1898. https://doi.org/10.1093/BBB/ZBAB113
Vacher, C., Hampe, A., Porté, A. J., Sauer, U.,
Compant, S., & Morris, C. E. (2016). The
Phyllosphere: Microbial Jungle at the Plant-
Climate Interface. Annual Review of Ecology,
Evolution, and Systematics, 47, 1-24.
https://doi.org/10.1146/annurev-ecolsys-
121415-032238

Vorholt, J. A. (2012). Microbial life in the
phyllosphere. Nature reviews

microbiology, 10(12), 828-840..

100.Varpe, B. D., & Kopargaon, A. M. (2020).
Isolation and identification of phylloplane and
endophytic fungi from Sapindus
mukorossi. Flora and Fauna, 26, 218-220.

101.Whipps, J. M., Hand, P., Pink, D., & Bending,
G. D. (2008). Phyllosphere microbiology with
special reference to diversity and plant
genotype. Journal of Applied Microbiology,
105(6), 1744-1755.
https://doi.org/10.1111/j.1365-
2672.2008.03906.x

102.Xu, H., Zhu, M., Li, S., Ruan, W., & Xie, C.
(2020). Epiphytic fungi induced pathogen
resistance of invasive plant Ipomoea cairica
against Colletotrichum gloeosporioides. Peer.J,
2020(4), 1-26.
https://doi.org/10.7717/peerj.8889

103.Y1i, J., Leveau, J. H., & Nitin, N. (2022). Role
of multiscale leaf surface topography in
antimicrobial efficacy of chlorine-based
sanitizers. Journal of Food Engineering, 332,
111118.

104.Zhang, N., Luo, J., & Bhattacharya, D.
(2017). Advances in Fungal Phylogenomics
and Their Impact on Fungal Systematics (Vol.
100, pp. 309-328). Academic  Press.
https://doi.org/10.1016/BS.ADGEN.2017.09.0
04.

105.Zugaib, M., Almeida, D. S. M. de, Santana, M.
R. de, Ferreira, M. M., Santana, J. O.,
Mangabeira, P. A. O., Souza, J. T. de, &
Pirovani, C. P. (2022). Pre-infection
Mechanisms on the Phylloplane: The First
Biochemical Battlefield Between the Cacao
Tree and Witches’ Broom Pathogen. Frontiers
in Agronomy, 4.
https://doi.org/10.3389/fagro.2022.871908.


http://www.jchr.org/
https://doi.org/10.1007/978-3-030-48474-3_5
https://doi.org/10.1093/BBB/ZBAB113
https://doi.org/10.1016/BS.ADGEN.2017.09.004
https://doi.org/10.1016/BS.ADGEN.2017.09.004
https://doi.org/10.3389/fagro.2022.871908

