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Abstract

Endophytic fungi are microorganisms that colonize internal plant tissues without causing apparent disease
symptoms and represent an important component of plant-associated microbial communities. These fungi occur in
diverse plant species and can establish interactions ranging from relatively neutral associations to highly beneficial
relationships. Increasing evidence indicates that endophytic fungi contribute to plant health by promoting growth,
improving nutrient acquisition, enhancing tolerance to abiotic stresses and suppressing phytopathogens. Their
beneficial effects are mediated through mechanisms including production of phytohormones, siderophores,
hydrolytic enzymes, antimicrobial metabolites and volatile organic compounds, as well as activation of plant defense
responses. Some endophytes can also improve plant resistance to drought, salinity, temperature stress and heavy-
metal toxicity. The diversity and functional potential of endophytic fungi have attracted considerable interest for
their applications as biological control agents and agricultural bioinputs. Advances in molecular biology, genomics
and metabolomics are facilitating the discovery of novel endophytic species and their bioactive compounds. This
review summarizes the diversity of endophytic fungi, their interactions with plants, mechanisms of disease
suppression and potential applications in sustainable agriculture.
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1.Introduction

Endophytic fungi are an important and diverse group
of microorganisms that live within healthy plant
tissues for at least part of their life cycle without
producing visible symptoms of disease [1]. They have
been reported from almost all plant organs, including
roots, stems, leaves, flowers, fruits and seeds, and
occur in agricultural crops, medicinal plants, forest
trees and wild species. Their widespread distribution
indicates that endophytic fungi are integral
components of plant-associated microbial
communities rather than occasional contaminants.
Modern molecular approaches have further
demonstrated that the diversity of endophytic fungiis
considerably greater than that revealed by traditional
culture-dependent techniques [2]. The interaction
between an endophytic fungus and its host plant is
complex and dynamic. Depending on the fungal
species, host genotype and environmental conditions,
the association may range from apparently neutral
colonization to highly beneficial mutualistic
interactions. Endophytes can obtain nutrients and
protection from the plant, while the host may receive
benefits in the form of enhanced growth, improved
nutrient acquisition, increased resistance to
pathogens and greater tolerance to environmental
stresses [3].

These interactions can change over time, and some
endophytes may shift from beneficial or neutral
associations toward pathogenic behavior under
particular environmental or physiological conditions.
The beneficial effects of endophytic fungi are
primarily associated with their ability to modify plant
physiology and biochemistry. Certain endophytes
produce or influence plant growth regulators such as
indole-3-acetic acid, gibberellins and cytokinins,
which can stimulate root and shoot development.
Others improve nutrient availability through
phosphate solubilization, mineral mobilization and
siderophore production. Endophytic colonization
may additionally enhance antioxidant capacity and
modify osmolyte accumulation, thereby improving
plant performance under drought, salinity,
temperature fluctuations and other abiotic stresses
[4]. Endophytic fungi are also increasingly recognized
for their role in biological disease suppression. They
can inhibit phytopathogens through direct
competition, mycoparasitism, secretion of
antimicrobial compounds and production of
hydrolytic enzymes. In addition, some endophytes
activate plant defense pathways and establish a state
of induced resistance, allowing plants to respond
more rapidly to subsequent pathogen attack [5].
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These characteristics make endophytic fungi
attractive alternatives or supplements to
conventional chemical pesticides.

The secondary metabolites produced by endophytic
fungi represent another important area of research.
Endophytes synthesize diverse compounds,
including polyketides, terpenoids, alkaloids, peptides
and phenolic metabolites. Many exhibit
antimicrobial, antioxidant, insecticidal and other
biological activities [6]. Consequently, endophytic
fungi have become valuable sources of natural
products with potential applications in agriculture,
medicine and biotechnology. The growing interest in
sustainable agriculture has further increased the
importance of endophytic fungi. Excessive
dependence on synthetic fertilizers and pesticides
can contribute to environmental contamination,
disruption of beneficial organisms and development
of resistant pathogens. Endophyte-based bioinputs
could provide environmentally compatible
approaches for improving crop productivity and
resilience. However, their successful use requires
detailed understanding of host specificity,
colonization efficiency, environmental stability and
interactions with native microbial communities.
Particular emphasis is placed on their ability to
improve plant health through nutrient mobilization,
defense activation, pathogen suppression and stress
tolerance.

2.Diversity and Colonization of Endophytic Fungi
Endophytic fungi represent a highly diverse
component of plant microbiomes. Most reported taxa
belong to the phyla Ascomycota and Basidiomycota,
although the composition varies substantially among
plant species and ecological environments. Genera
such as Trichoderma, Penicillium, Fusarium,
Cladosporium, Alternaria, Beauveria, Colletotrichum
and Epicoccum have frequently been detected as
endophytes in different plant hosts. Importantly, the
presence of a fungal genus within healthy plant tissue
does not necessarily indicate a pathogenic
relationship, because the functional behavior of
individual strains can differ considerably [1,2].
Endophytic fungal communities are influenced by
several factors. Host genotype is an important
determinant because different plant varieties can
selectively recruit or support distinct fungal
populations. Tissue type also influences fungal
composition. Roots are frequently exposed to soil-
associated microorganisms and therefore may harbor
communities different from those found in leaves,
stems and reproductive tissues. Environmental
factors such as temperature, rainfall, soil properties,
altitude and nutrientavailability further contribute to
variation in endophytic diversity. Agricultural
management practices can also modify endophytic
communities. Fertilization, irrigation, pesticide
application, crop rotation and tillage may influence
the abundance and composition of beneficial and
potentially pathogenic fungi. Understanding these
effects is important when developing endophyte-
based agricultural technologies because introduced
strains must function within existing microbial
communities rather than under sterile experimental
conditions.

Colonization mechanisms

Endophytic fungi can enter plant tissues through
several routes. Natural openings such as stomata,
hydathodes and root emergence zones may provide
entry points, while wounds caused by mechanical
damage, insects or agricultural operations can
facilitate colonization. Some fungi are also capable of
directly penetrating plant surfaces through
specialized hyphal structures. Following entry,
compatible endophytes must overcome or avoid host
defense responses. Successful colonization may
involve secretion of enzymes that facilitate tissue
penetration, modulation of fungal surface molecules
and production of metabolites that reduce excessive
hostdefense activation. The fungus may subsequently
establish itself within intercellular spaces or, in some
cases, intracellularly.

The distribution of an endophyte within the plant can
be localized or systemic. Some species remain
restricted to particular tissues, whereas others can
move through vascular systems and colonize multiple
plant organs. Systemic colonization is particularly
valuable from an agricultural perspective because it
may allow the beneficial effects of an endophyte to
extend beyond the initial inoculation site. Endophytic
communities are also dynamic. Their abundance and
composition may change according to plant
developmental stage, seasonal conditions and
environmental stress. Drought, nutrient deficiency
and pathogen infection can alter plant metabolism
and consequently modify the plant's interaction with
its endophytic microbiome [2,3].

Culture-dependentand molecular approaches

Traditional isolation methods remain useful for
obtaining live endophytic strains for physiological
and biocontrol studies. However, culture-based
approaches detect only a fraction of the
microorganisms present within plant tissues.
Molecular methods, including DNA metabarcoding,
amplicon sequencing and metagenomic analysis,
have substantially expanded knowledge of
endophytic fungal diversity. The integration of
culture-dependent and culture-independent
approaches is particularly valuable. Molecular
surveys can identify previously undetected fungal
taxa, while isolated strains can be experimentally
evaluated for growth-promoting, antimicrobial and
stress-tolerance properties. Such integrated
approaches can help connect taxonomic diversity
with functional activity, which is essential for
selecting endophytes for agricultural applications.

3. Beneficial Interactions and Plant Growth
Promotion

Endophytic fungi can influence plant growth through
several direct and indirect mechanisms. Their effects
are particularly important because plant growth
promotion does not depend on a single metabolic
pathway but results from interactions involving
hormones, nutrient availability, root architecture,
stress physiology and plant defense signaling [3,4].

Phytohormone production and regulation
Some endophytic fungi synthesize compounds that
mimicorregulate planthormones.
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Indole-3-acetic acid (IAA), a major auxin, can
stimulate cell elongation and lateral root formation.
Increased root development may improve water and
nutrient uptake and consequently enhance overall
plant growth. Certain endophytes have also been
associated with production or modulation of
gibberellins and cytokinins, which can influence
shoot development, germination and cell division.
However, the effect of fungal hormone production
depends strongly on concentration and host
physiology. Excessive production of growth
regulators may not necessarily benefit the plant.
Therefore, successful endophytes generally establish
a balanced interaction in which fungal metabolites
modify host physiology without producing
detrimental effects.

Nutrientacquisition

Nutrient mobilization is another important
contribution of endophytic fungi. Some strains can
solubilize otherwise poorly available forms of
phosphorus, thereby increasing the pool of
phosphorus accessible to plants. Others produce
siderophores that bind iron and participate in iron
acquisition and competition within the plant-
associated environment. Endophytes may also
produce extracellular enzymes that degrade complex
organic compounds and release nutrients. These
activities can be particularly valuable in nutrient-
limited soils. Improved nutrient acquisition can
contribute to greater biomass production, enhanced
root development and improved reproductive
performance.

Improvement ofrootarchitecture

The interaction between endophytic fungi and plant
roots can result in changes in root architecture.
Increased lateral root formation, root branching and
root hair development may improve the plant's ability
to explore soil resources. Some endophytes establish
close associations with roots and influence signaling
pathways involved in root development. Improved
root systems may have additional benefits under
environmental stress. Plants with more extensive
root networks can access deeper soil moisture and
nutrients, potentially improving tolerance to drought
and nutrientdeficiency.

Table 1. Major mechanisms and agricultural benefits of endophytic fungi

Mechanism
Phytohormone modulation
Nutrient mobilization

Representative activity

Siderophore production Iron chelation
Antimicrobial metabolites
Hydrolytic enzymes
Induced resistance
Stress tolerance

Volatile compounds

Production of auxins and other growth regulators
Phosphate solubilization and mineral mobilization

Production of antifungal and antibacterial compounds
Chitinases, glucanases and proteases
Activation of plant defense pathways

Antioxidant stimulation and metabolic adjustment
Production of bioactive fungal volatiles

Enhancement of antioxidant capacity

Endophytic fungi can influence the plant antioxidant
system by stimulating enzymes such as superoxide
dismutase, catalase, ascorbate peroxidase and
peroxidases. These enzymes help regulate reactive
oxygen species and reduce oxidative damage. This
mechanism is particularly important under drought,
salinity, high temperature and heavy-metal stress,
conditions that frequently increase ROS production.
Endophyte-associated enhancement of antioxidant
defenses may therefore contribute to improved
membrane stability, photosynthetic activity and
cellular protection.

Improvement of abiotic stress tolerance
Endophyte colonization can modify several
physiological processes associated with stress
adaptation. Some endophytes promote accumulation
of osmoprotective compounds, improve water-use
efficiency and influence stomatal behavior. Others
may alter ion uptake and distribution under saline
conditions, helping plants maintain a more favorable
cellular ion balance. These effects have considerable
agricultural significance because climate change is
increasing the frequency and severity of drought, heat
and salinity stress in many crop-producing regions.
Endophytic fungi may therefore serve as biological
tools for improving crop resilience without requiring
major changes to conventional production systems.

Indirect growth promotion through pathogen
suppression

Growth promotion can also occur indirectly through
suppression of plant pathogens. When an endophyte
inhibits a pathogen or primes host defense responses,
plants can allocate fewer resources to disease
responses and maintain greater photosynthetic and
metabolic activity. Thus, plant growth promotion and
disease suppression should not always be considered
independent functions; they may operate together
within a beneficial plant-endophyte association, the
ability of endophytic fungi to combine growth
promotion, nutrient mobilization, antioxidant
protection and defense activation makes them
promising candidates for sustainable crop
production. Nevertheless, beneficial effects are often
strain-specific, and careful screening under field
conditions is necessary before widespread
agricultural application.

Potential agricultural benefit
Improved root and shoot development
Improved nutrient acquisition
Improved iron availability and microbial competition

Suppression of plant pathogens

Direct inhibition of pathogens
Enhanced disease resistance

Improved drought and salinity tolerance
Growth promotion and pathogen inhibition
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4.Disease Suppression and Biocontrol Potential
Endophytic fungi can suppress plant pathogens
through multiple complementary mechanisms.
Direct antagonism occurs when an endophyte
produces antimicrobial compounds that inhibit
pathogen growth. Some species also produce cell-
wall-degrading enzymes, including chitinases,
glucanases and proteases, which can damage fungal
pathogens. Competition represents another
important mechanism. Endophytes that rapidly
colonize plant tissues may occupy ecological niches
and utilize nutrients required by pathogens, thereby
limiting pathogen establishment. Some endophytes
can also interfere with pathogen signaling or produce
volatile organic compounds that inhibit pathogen
development. A particularly important mechanism is
induced systemicresistance. Endophytic colonization
can activate plant defense pathways without causing
visible disease symptoms. Following subsequent
pathogen attack, the primed plant may respond more
rapidly and strongly through enhanced production of
defense enzymes, antimicrobial compounds and
reactive oxygen species [5]. The combination of direct
antagonism and host-mediated resistance makes
endophytic fungi attractive biological control agents.
However, effectiveness can vary considerably
depending on fungal strain, host genotype, pathogen
species and environmental conditions.

5.Endophytic Fungi and Abiotic Stress Tolerance
Agricultural crops increasingly face drought, salinity,
heat, nutrient deficiency and other environmental
stresses. Endophytic fungi can contribute to plant
adaptation by modifying physiological and
biochemical responses. Under drought conditions,
some endophytes improve root development, water
acquisition and antioxidant capacity. They may also
influence stomatal regulation and accumulation of
osmoprotective compounds. Similarly, endophytes
canimprove planttolerance to salinity by maintaining
ion balance and reducing oxidative damage. Some
fungal endophytes can tolerate or transform heavy
metals and may reduce their toxic effects on plants.
These properties create potential applications in
phytoremediation and cultivation of crops in
marginal soils. However, the behavior of individual
endophytesis highly strain-dependent, and beneficial
effects under controlled conditions cannot always be
extrapolated directly to field environments.

6.Bioactive Metabolites of Endophytic Fungi
Endophytic fungi are important sources of
structurally diverse secondary metabolites. These
include polyketides, terpenoids, alkaloids, peptides,
phenolic compounds and volatile organic
compounds. Some metabolites possess antimicrobial,
antioxidant, insecticidal or plant-growth-promoting
properties [6]. The production of bioactive
compounds may be influenced by the host plant and
environmental conditions. Interestingly, endophytic
fungi isolated from medicinal plants have attracted
particular attention because they may produce
metabolites with biological properties similar to
compounds associated with their host plants.

Advances in metabolomics and genome mining are
facilitating the discovery of previously unidentified
biosynthetic pathways. Endophytic fungi therefore
represent a potentially valuable resource for
agricultural biotechnology, natural-product
discovery and pharmaceutical research.

7. Agricultural Applications and Future
Perspectives

The beneficial characteristics of endophytic fungi
have encouraged their development as agricultural
bioinputs. Potential applications include seed
treatment, root inoculation, foliar application and
integration with biological disease-management
programs. Endophyte-based products could
contribute to reduced fertilizer and pesticide
requirements while improving crop resilience.
Despite their potential, several challenges limit large-
scale commercialization. These include difficulties in
maintaining stable colonization, variation in
performance under different environmental
conditions, host specificity and formulation stability.
Interactions between introduced endophytes and
indigenous microbial communities must also be
considered. Future research should combine culture-
dependent methods with metagenomics,
transcriptomics and metabolomics to characterize
the functional diversity of endophytic communities.
Selection of strains should focus not only on
laboratory antagonism but also on consistent
performance under field conditions. Genome editing
and synthetic microbial community approaches may
eventually allow the development of optimized
endophyte-based consortia.

8. Conclusion

Endophytic fungi represent a diverse and functionally
important component of plant-associated microbial
communities. Their ability to promote plant growth,
improve nutrient acquisition, suppress pathogens
and enhance tolerance to abiotic stress makes them
promising tools for sustainable agriculture. These
effects arise through multiple mechanisms, including
production of bioactive metabolites, nutrient
mobilization, direct antagonism and activation of
plant defense pathways. Advances in molecular
biology, genomics and metabolomics are expanding
our understanding of endophyte-plant interactions
and revealing new opportunities for agricultural
applications. Future efforts should focus on reliable
field performance, formulation technologies, host
compatibility and biosafety. The integration of
beneficial endophytic fungi into crop management
could contribute to more resilient production
systems with reduced dependence on synthetic
agricultural inputs.
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