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In  modern
management

agriculture, plant disease
has historically relied on
chemical fungicides for rapid control of plant
pathogens. While effective, these approaches
often lead to unwanted
including chemical residues in food and the
environment, resistant pathogen populations

consequences,

and degradation of soil health. Consequently,
there is a growing need for sustainable,
ecologically sound alternatives that reduce
What are endophytes microorganisms?
Endophytes are a diverse group of
microorganisms, mainly bacteria and fungi,
that inhabit the internal tissues of healthy
plants without causing any visible disease
symptoms. Unlike pathogens, they coexist
harmoniously with their hosts, forming
relationships that range from commensal to
mutualistic. Within this association,
endophytes gain nutrients, protection and a
stable ecological niche, while the host plant
may benefit through improved growth, stress
tolerance or enhanced resistance against biotic
and abiotic stresses. A key distinction between
endophytes and rhizosphere microorganisms is
their habitat, whereas rhizosphere microbes
remain confined to the soil region surrounding
plant roots, endophytes actively colonize
internal plant compartments such as roots,
stems, leaves, flowers, fruits and even seeds,
sometimes persisting across plant generations.
Endophytic microorganisms are
grouped into two major categories:

broadly
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chemical inputs while maintaining plant health
and crop productivity. Among the most
endophytic
microorganisms, beneficial bacteria and fungi
that live within plant tissues without causing

promising strategies are

harm. Research over the past two decades has
revealed that endophytes play pivotal roles in
plant growth promotion, stress tolerance and
disease suppression.

¢ Endophytic bacteria: commonly
belonging to genera such as Bacillus,
Pseudomonas, Enterobacter, Azospirillum
and Streptomyces. Many of these are
known for plant growth promoting traits,
nitrogen fixation, phytohormone
production and suppression of pathogens
through antimicrobial metabolites.
e Endophytic fungi: including taxa such as
Trichoderma, Piriformospora,
Gliocladium, Aspergillus and Penicillium.
These fungi often contribute to nutrient
mobilization, induction of systemic
secondary
metabolites and enhancement of drought

or salinity tolerance.

resistance, production of

Endophytes are sometimes referred to as
“neutral symbionts” because, under normal
they may not
produce noticeable effects on plant growth or
health. However, their role becomes
particularly significant when the plant
encounters stress conditions such as pathogen

physiological conditions,
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attack, nutrient deficiency, drought or
temperature extremes. Under such
circumstances, many endophytes can shift
their behavior toward a beneficial mode,
activating defense pathways, producing stress-

Mechanisms of disease suppression by endophytes

Endophytic microorganisms suppress plant
pathogens through several direct and indirect
mechanisms that operate simultaneously
within plant tissues. These mechanisms not
only hinder pathogen growth but also enhance
the plant’s natural defense capacity,
contributing to long-term plant health and
resilience.
Competition for Nutrients and Space:
Endophytes often establish themselves inside
plant tissues earlier than pathogenic microbes,
giving them a competitive advantage. By
rapidly colonizing internal niches, especially
in roots, stems and leaf tissues, they occupy
physical space that would otherwise be
available to invading pathogens. At the same
time, they utilize essential nutrients such as
carbon sources, amino acids and minerals,
thereby depriving pathogens of the resources
required for their survival and multiplication.
This ecological “pre-emptive colonization”
restricts pathogen entry, delays infection
processes and lowers pathogen population
density within plant tissues.
Antibiosis: A major disease-suppressive
strategy of endophytes is the synthesis of
bioactive molecules that directly inhibit or kill
plant pathogens. These compounds include
antibiotics, siderophores, hydrolytic enzymes,
volatile organic compounds (VOCs) and
diverse secondary metabolites.

For example:

e Certain  Bacillus species release
lipopeptides such as surfactin, iturin and
fengycin, which damage fungal cell
membranes and disrupt cellular integrity.

e Endophytic fungi like Trichoderma
produce enzymes such as chitinases, -1,3-
glucanases, and proteases that break down
pathogen cell walls, weakening or
destroying pathogenic structures.

mitigating compounds or improving resource
utilization. Thus, endophytes represent an
important but often overlooked component of
plant microbiomes, contributing to ecological
resilience and sustainable crop health.

These antagonistic interactions form the
biochemical foundation of biological control,
reducing pathogen viability without relying on
synthetic pesticides.
Induced Systemic Resistance (ISR): Some
endophytes function as biological “elicitors,”
stimulating the plant’s immune signaling
networks without causing disease. This
process, known as Induced Systemic
Resistance (ISR), primes the plant to respond
faster and more robustly when an actual
pathogen invades. ISR is mainly associated
with jasmonic acid (JA) and ethylene (ET)
signaling pathways, which regulate defense-
related genes throughout the plant. Activation
of ISR results in:

o Increased synthesis of pathogenesis-
related (PR) proteins and defensive
enzymes

e Production of reactive oxygen species
(oxidative burst) that restrict pathogen
spread

e Reinforcement of cell walls through lignin
and callose deposition, creating physical
barriers to infection

This primed defense state is analogous to

immune memory and contributes to durable

resistance under stress conditions.

Modulation and competition in the

rhizosphere: Although endophytes

predominantly reside inside plant tissues,
many originate from the rhizosphere and
maintain  strong interactions with soil
microbial communities. Their early and
beneficial colonization of root surfaces can
modify root exudation patterns and reshape the
surrounding microbial community structure.

By promoting the growth of beneficial

microorganisms and suppressing harmful ones,

endophytes help create a rhizosphere
environment that is less favorable for pathogen
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invasion and establishment. This indirect form
of disease suppression strengthens plant-
Endophytes in plant disease management
Endophytes play a significant role in
sustainable plant disease management by
reducing the severity of infections and limiting
pathogen colonization. Their ability to interact
Potential of fungal endophytes

Endophytic fungi, especially those belonging
to Trichoderma, are among the most
successful biological agents used against soil
and vascular-borne plant pathogens. Species
such as 7. harzianum and T. viride suppress
diseases like Fusarium wilt, Rhizoctonia root
rot and Verticillium wilt through multiple
mechanisms including antibiosis, enzyme
secretion, competition and mycoparasitism.
During mycoparasitism, Trichoderma hyphae
attach to the pathogen, coil around it and
degrade its cell wall using chitinases and
glucanases, ultimately leading to pathogen
death. In addition to direct antagonism,
Potential of bacterial endophytes

Endophytic bacteria have also emerged as
effective biocontrol agents due to their rapid
colonization ability and versatile metabolic
traits. Strains of B. subtilis and P. fluorescens
are widely documented for suppressing
bacterial and fungal foliar diseases. They
produce siderophores that chelate iron,
depriving pathogens of essential
micronutrients, hydrolytic enzymes that
degrade pathogen structures and volatile
organic compounds (VOCs) that inhibit spore
germination and biofilm formation. Many
Bacillus  strains additionally form stable
endospores, allowing them to persist in harsh

microbe-soil interactions and supports overall
plant health.

directly with pathogens or indirectly enhance
plant defense makes them promising
biological control agents in agricultural
systems.

Trichoderma-colonized plants often exhibit
enhanced root vigor and improved tolerance to
stress.

Similarly, Chaetomium species act as strong
endophytic antagonists against several soil-
produce
polyketides, azaphilones and other antifungal
metabolites that inhibit spore germination and

borne  fungi. Many strains

hyphal growth of pathogens such as Fusarium,
Sclerotium  and  Colletotrichum.  These
metabolites not only suppress pathogen
establishment but also help maintain microbial
balance within plant tissues.

environments and  provide
protection.

long-term

Endophytic species of Paenibacillus have
shown strong antagonistic activity against soft-
rot causing bacteria and opportunistic wound
pathogens in vegetables and tuber crops. Their
mechanisms include production of
antimicrobial peptides, secretion of cell-wall-
degrading enzymes and induction of host
defense responses. In some cropping systems,
Paenibacillus treated plants also exhibit
improved root development and nutrient
uptake, contributing to overall plant health

alongside disease suppression.

Advantages of endophytes-mediated plant disease management over chemical pesticides

Endophyte-mediated biocontrol offers several
ecological and agronomic advantages over
conventional chemical pesticides. These
benefits extend beyond disease suppression
and contribute to long-term sustainability of
crop production systems.

Reduced chemical residues: Unlike synthetic
fungicides that may accumulate in soil, water
bodies, harvested produce and the food chain,

endophytic  microorganisms are  living
biological agents that naturally degrade over
time (Rana et al., 2017). They do not leave
persistent residues or toxic breakdown
products, thereby minimizing risks to human
health, beneficial soil organisms, pollinators
and wildlife. Their biodegradability also
reduces concerns related to environmental

[Ecofarming, Vol. 06(03): 62-67, 2026]

64



)% rmi Ng (e-Magazine)

f[dJAgriculture

contamination, pesticide drift and regulatory
residue limits on crops.

Multi-mechanistic action: Endophytes
suppress pathogens through a combination of
mechanisms, including antibiosis, competition,
niche exclusion, enzyme secretion and
activation of plant defense responses. Because
these mechanisms operate simultaneously,
pathogens are less likely to evolve resistance
against endophyte-based control strategies. In
contrast, many chemical fungicides act on
single molecular targets such as sterol
biosynthesis or respiration pathways, which
increases the probability that repeated use may
select for resistant pathogen strains. Thus,
endophytes contribute to durable and
evolution-resilient disease management.

Plant growth promotion and stress tolerance:
In addition to disease control, many
endophytes function as plant growth
promoting microbes. They enhance nutrient
acquisition (e.g., nitrogen fixation, phosphate

Challenges in practical adoption of endophytes

Although endophytic microorganisms show
strong promise as sustainable alternatives to
chemical  pesticides, their  large-scale
commercial deployment in agriculture remains
limited. Several biological, technical and
regulatory challenges hinder their consistent
and widespread adoption.

Inconsistent  field  performance:  The
performance of endophytic biocontrol agents
is often less predictable under field conditions
compared to controlled laboratory or
greenhouse experiments. Factors such as soil
type, climatic variability, native microbial
communities and host plant genotype
influence their ability to colonize plant tissues
and exert disease-suppressive effects.
Endophyte survival and activity may decline
under drought, heat stress, salinity or nutrient
imbalances, leading to reduced effectiveness.
Moreover, competition with indigenous
microorganisms  can  limit  successful
establishment inside the host. As a result,
outcomes may vary across locations, seasons
and cropping systems, making farmers hesitant

solubilization), modulate phytohormone levels
such as auxins and gibberellins and improve
plant tolerance to drought, salinity and
temperature extremes. This dual role leads to
healthier plants with stronger root systems,
improved biomass accumulation and better
yield stability, offering agronomic benefits that
extend well beyond pathogen suppression.
Compatibility with organic and integrated
farming systems: Endophytic biocontrol
agents are highly compatible with organic
agriculture, Integrated Pest Management
(IPM) and conservation-based farming
practices. They can be applied alongside
cultural, botanical and biological control
measures without disrupting ecological
balance. Their use supports reduced
dependence on synthetic pesticides, promotes
microbial diversity and aligns with global
priorities toward eco-friendly and climate-
smart agriculture.

to rely solely on  endophyte-based
interventions.

Formulation and delivery constraints: For
endophytic microbes to function efficiently,
they must remain viable during storage,
transport and field application. This requires
the development of specialized formulations
incorporating carrier materials, cryoprotectants
or encapsulation techniques that protect cells
from desiccation and UV damage.

Equally important is the choice of delivery
method. Approaches such as seed coating,
seedling root dipping, soil drenching and foliar
application must ensure that the microbes not
only reach the target site but also successfully
penetrate and persist within internal plant
tissues. Designing cost-effective, farmer-
friendly delivery systems that maintain high
colonization rates remains a  major
technological challenge.

Regulatory and  commercial  barriers:
Endophyte-based products are classified as
live biological agents and their
commercialization requires strict evaluation
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for Dbiosafety, genetic stability, non-
pathogenicity and environmental impact.
Regulatory approval involves extensive
testing, field wvalidation and standardized
production protocols to maintain consistency
across batches.

These processes can be time-consuming,
expensive and  technically demanding,

discouraging private sector investment.
Additionally, limited awareness among
stakeholders, lack of reliable industrial-scale
production systems and insufficient market
infrastructure further slow the adoption of
endophytic biocontrol technologies.

Future perspectives on endophyte-mediated plant disease management

The future of endophyte-mediated disease
management is highly promising, with
emerging technologies and interdisciplinary
research paving the way for more reliable and
scalable applications. As agriculture shifts
toward sustainability and reduced chemical
dependence, endophytes are expected to play
an increasingly central role in crop protection
strategies.

Microbiome engineering and synthetic
consortia: Rapid advances in metagenomics,
high-throughput sequencing and
bioinformatics now allow scientists to map
plant-associated microbial communities with
unprecedented precision. These tools make it
possible to identify core endophytic taxa that
contribute significantly to plant health. In the
coming years, research is likely to shift from
using single strains toward the design of
synthetic microbial consortia that work
synergistically to enhance disease suppression,
nutrient use efficiency and stress tolerance.
Microbiome engineering may also enable the
development of crop and environment-specific
endophyte formulations, improving reliability
under diverse field conditions.

Genetic and molecular insights: Deeper
understanding of the molecular cross-talk
between endophytes, host plants and invading
pathogens will open new avenues for strategic
strain improvement. Transcriptomics,
proteomics and metabolomics can help
identify key regulatory genes, signaling
pathways and metabolic exchanges involved in
colonization and defense activation. Such
insights may support the selection or genetic

enhancement of elite endophytic strains with
improved colonization ability, stability and
broad-spectrum antagonism, while maintaining
biosafety and ecological compatibility.
Integration into holistic and climate-smart
production systems: For maximum
effectiveness, endophytes should not be used
in isolation but integrated into ecologically
balanced crop management frameworks. Their
deployment alongside host-resistant varieties,
balanced nutrient management, appropriate
cultural practices and minimal but strategic
chemical inputs can create a complementary
system that strengthens plant immunity while
preserving soil and environmental health. In
the context of climate-smart agriculture,
endophytes also hold potential for buffering
crops against drought, heat and salinity
stresses, thereby supporting yield stability
under changing climatic conditions.

The paradigm of plant disease management is
shifting “beyond residues” toward biological,
environment-friendly solutions. Endophytic
microorganisms  represent a  versatile,
sustainable and powerful tool in this
transition. Their abilities to suppress pathogens
directly, stimulate plant defenses and promote
growth position them at the forefront of next-
generation crop protection strategies. Although
challenges remain in field consistency and
commercialization, continuous research and
technological —advancement are rapidly
unlocking the potential of endophytes for safe,
effective and integrated plant disease
management.
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Conclusion

Endophytic microorganisms represent a

promising and sustainable approach to plant

disease management. Their ability to suppress
pathogens, strengthen  plant  defense
mechanisms and promote plant growth offers
an eco-friendly alternative to excessive
reliance on chemical pesticides. Although
challenges remain in their large-scale
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