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ARTICLE INFO ABSTRACT

Global agricultural productivity is increasingly threatened by plant pathogens,
including fungi, bacteria, viruses, nematodes, and oomycetes, which collectively cause
annual crop losses exceeding 20-40%. Prolonged reliance on chemical pesticides has
accelerated the evolution of pathogen resistance, disrupted ecological balance, and
triggered stricter regulatory controls, underscoring the urgent need for sustainable
alternatives. Beneficial microbes such as Trichoderma, Bacillus, Pseudomonas,
Burkholderia, Streptomyces, and arbuscular mycorrhizal fungi represent promising
biological agents for plant disease management, particularly within complex and
climate-stressed agroecosystems. This review synthesizes their key mechanisms,
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Pathogenesis antibiosis, mycoparasitism, quorum quenching, induced systemic resistance, volatile-
Microbiome mediated inhibition, and biofilm exclusion, with emphasis on field-level outcomes.
Consortia Advances in microbial consortia and precision delivery technologies are emerging as
Resilience scalable innovations tailored to soil heterogeneity, crop genotype, and environmental
Bioformulation variability. Case studies from India, Kenya, and China highlight the importance of

ecological compatibility, local formulation strategies, and farmer participation in
enhancing biocontrol efficacy. Nonetheless, inconsistencies in field performance,
short shelf life, and regulatory hurdles remain major challenges. Significant
knowledge gaps persist in understanding microbe-plant-pathogen-soil interactions
under real-world stress conditions. Future directions should integrate omics-driven
insights, ecological modeling, and socio-technical adoption frameworks to develop
context-specific, climate-resilient biocontrol solutions. Overall, this review positions
beneficial microbes not as isolated bio-inputs but as integral, dynamic components of
agroecosystem resilience, critical for reducing pesticide dependence and ensuring
sustainable disease management in global food systems.

Corresponding Author: Nagshe Zuhra
Email: nagshezuhra@gmail.com
© 2025 EScience Press. All rights reserved.

INTRODUCTION escalating threat to global food security. These pathogens
Plant pathogens, including fungi, bacteria, viruses, cause an estimated 20-40% yield loss in staple crops
nematodes, and oomycetes, represent a persistent and annually, resulting in billions of dollars in economic
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damage and exacerbating hunger in vulnerable regions
(Singh et al, 2021). Soil-borne pathogens such as
Rhizoctonia solani, and
Gaeumannomyces graminis var. tritici are especially
destructive due to their long-term survival in soil, ability
to colonize root tissues, and disruption of water and
nutrient transport (Moura et al., 2022). In addition to
causing direct plant mortality, they alter soil microbial
communities, impairing long-term soil health and
increasing vulnerability to recurrent disease outbreaks.

For decades, synthetic pesticides and
fungicides have been the primary means of pathogen
control (Ullah et al,, 2024). However, this strategy faces
major limitations. Intensive and repeated use has driven
resistance development through mechanisms such as
target site mutation, efflux pump overexpression, and
enzymatic detoxification. Resistance to strobilurins and
azoles, for example, has been reported in Botrytis
cinerea, Alternaria alternata, and Fusarium spp. across
multiple cropping systems (Beg et al, 2025). Beyond
resistance, chemical controls negatively impact
beneficial insects, pollinators, and soil microbes, while
contaminating water contributing to
environmental pollution. Stricter regulations on high-
risk pesticides and consumer demand for pesticide-free
food are accelerating the shift toward biological

Fusarium  oxysporum,

chemical

bodies and

management of plant diseases (Barwantet al., 2025).

Beneficial microbes, such as plant growth-promoting
(PGPR), endophytes,
mycorrhizal fungi (AMF), and actinomycetes, offer
sustainable alternatives (Agnolucci et al., 2020). These
suppress pathogens
mechanisms while enhancing nutrient uptake, stress
resilience, and soil health, thereby reducing dependence
on synthetic fertilizers (Jehani et al, 2023; Chuong,
2024). For instance, phosphate-solubilizing microbes
like Pseudomonas putida and Bacillus megaterium

rhizobacteria arbuscular

organisms through multiple

increase phosphorus availability (Rawat et al., 2021).
Although microbial inoculants have shown promise,
their performance in open-field conditions remains
inconsistent due to ecological complexity, variable soil
environments, and formulation challenges.

Modern agroecosystems face compounding stresses. More
than one-third of global agricultural soils are moderately
to severely degraded through erosion, salinization, and
nutrient depletion (Hossain et al,, 2020). Climate change
further intensifies these stresses by altering rainfall
patterns, increasing temperatures, and creating niches for
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opportunistic pathogens. In sub-Saharan Africa and South
Asia, crop yields could decline by up to 50% under
current climate trends (Neupane et al.,, 2022; Wudil et al,,
2022; Singh et al, 2023). Monoculture and pesticide
biodiversity loss, destabilizing
rhizosphere microbial communities and increasing
disease risks (De Groot et al., 2021; Benjamin et al., 2024).
Socio-economic barriers, groundwater over-extraction,

overuse accelerate

and salinization further constrain biocontrol adoption
(Zeeshan et al., 2023).

Despite progress, critical knowledge gaps remain. Limited
understanding of microbial consortia dynamics with
native soil communities, crop genotypes, and fluctuating
environments hinders scalability. Inoculant efficacy often
declines outside controlled conditions due to poor
survival or incompatibility with local soils. Advanced
approaches, metagenomics, transcriptomics,
metabolomics, and systems biology, remain underutilized
in elucidating plant-microbe-pathogen interactions.
Similarly, the integration of microbial strategies with
digital agriculture, such as sensor-based disease
forecasting and precision delivery, is largely unexplored.
The novelty of this review lies in its systems-level

omics

perspective, positioning beneficial microbes not as
isolated bio-products but as interactive components of
climate-stressed agroecosystems. Unlike conventional
reviews emphasizing laboratory-scale mechanisms or
single organisms, this synthesis considers ecological,
agronomic, and factors shaping
microbial efficacy. Drawing on case studies from diverse
evaluates both
opportunities and limitations of microbial biocontrol.

socio-economic

production systems, it critically
The overarching objective is to synthesize current
knowledge on microbial roles in pathogen suppression,
their performance real-world field

conditions, and identify strategies and innovations that

assess under
can enhance adoption. Ultimately, this review aims to
bridge the gap between experimental findings and
scalable, farmer-oriented solutions, providing a roadmap
for integrating microbial biocontrol into resilient and
sustainable agroecosystems worldwide.

Mechanisms of disease suppression by beneficial
microbes

Beneficial microbes function not merely as isolated bio-
inputs but as integral biological components within the
broader agroecosystem. Their ability to suppress plant
diseases arises from a combination of direct antagonism,
modulation of host immunity, and enhancement of plant
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physiological functions. These processes are strongly
influenced by soil conditions, crop management
practices, and climatic variability (Sheoran et al,, 2025).
Understanding these mechanisms from a systems
perspective is essential for translating microbial efficacy
from controlled environments to field-scale applications
under climate-stressed conditions.
antagonism, particularly
production and parasitism, is

Direct through antibiotic

among the well-

Membrane
disruption

D—>| Mode of Action

‘O@ Application Seed coating

Soil drenching
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documented modes of microbial disease suppression.
Numerous soil-dwelling bacteria and fungi secrete
antimicrobial compounds that inhibit pathogen growth or
activity, their mode of action and applications were
presented in Figure 1. For example, B. subtilis and P.
fluorescens are well-studied for producing lipopeptides
and phenazines, respectively, which disrupt pathogen
proliferation and reshape rhizosphere interactions
(Maurya et al., 2024; Shinde et al,, 2025) (Table 1).

Antibiotic
production

Antifungal

Enzymatic lysis VOCs

Soil drenching Combined

seed/soil

Figure 1. Biocontrol agents: categories, modes of action, and applications.

Parasitic interactions, particularly mycoparasitism,
represent an important mechanism of direct
antagonism. Trichoderma harzianum aggressively

parasitizes soil-borne fungal pathogens such as F
oxysporum by coiling around their hyphae, penetrating
the fungal cell wall through the action of chitinases and
glucanases, and disrupting cellular integrity (Mukherjee
et al, 2022). In tomato fields across central India, soil
application of T. harzianum reduced Fusarium wilt
incidence by more than 60% and increased marketable
yield by 25% under both irrigated and drought-prone
conditions (Pothiraj et al.,, 2021; Abbas Almajed, 2024).
Microscopic observations confirmed the formation of
haustoria-like structures that extract nutrients from the
target pathogen, further weakening its ability to colonize
host Streptomyces
actinomycete, exhibits dual activity through antibiotic

roots. Similarly, lydicus, an
secretion and parasitism; in greenhouse trials with
cucumber, seed treatment with S. Iydicus reduced
damping-off incidence by 70% and significantly
enhanced seedling vigor (Hassan et al., 2021; Wang et al.,
2022). However, the effectiveness of these mechanisms
varies across agroecological zones, being strongly
influenced by soil pH, temperature, organic matter
content, and

highlighting the need for context-specific formulations.

interactions with native microbiota,
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Beyond direct pathogen suppression (Figure 2), many
beneficial microbes enhance plant defense through
induced systemic resistance (ISR). ISR is a priming
process in which non-pathogenic microbes prepare
plant defense pathways, enabling faster and stronger
responses to pathogen attack (Zhu et al., 2022). Unlike
systemic acquired resistance (SAR), which is salicylic
acid (SA)-dependent and triggered by infection, ISR
operates primarily through jasmonic acid (JA) and
ethylene (ET) signaling and can be induced without
pathogenic stimuli (Kamle et al., 2020). ISR, mediated
through JA-ET pathways, involves regulators such as
MYB72 and small RNAs, thereby enhancing defense
readiness (Thomas and Singh, 2021; Sharma et al., 2023;
Abdolmaleky et al, 2025). Field trials validate the
relevance of ISR: in eastern China, B. amyloliquefaciens
FZB42 reduced downy mildew severity in cucumber by
45% while increasing pathogenesis-related protein
expression and peroxidase activity (Mirzwa-Mréz et al,,
2024). Similarly, T. asperellum T34 induced robust ISR in
tomato, lowering Fusarium wilt incidence by 40-60%,
depending on soil type and moisture (Sehim et al., 2023).
ISR not only improves disease resistance but also
optimizes metabolic allocation, as defense responses are
activated only when required, conserving energy and
supporting growth under stress.
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Table 1. Mechanisms of disease suppression by beneficial microbes and their reported outcomes.

Mechanism Example microbes Compounds/ Reported outcomes References
Processes
Antibiotic B. subtilis Surfactin, iturin, Disrupt fungal Shinde et al., 2025;
production fengycin membranes; sheath Afzal et al., 2025
(lipopeptides) blight incidence | 30%,
fungicide use | 33% in
rice
P. fluorescens 2,4-DAPG, phenazine, Broad-spectrum Maurya et al., 2024
pyoluteorin antifungal &
antibacterial activity;
microbiome shifts
toward suppressive
state
Mycoparasitism  Trichoderma harzianum Chitinases, glucanases; Fusarium wiltl 60%, Pothirajetal., 2021;

hyphal coiling

tomato yield T 25%

Mukherjee et al,,
2022

Streptomyces lydicus Antibiotic secretion + Damping-off |l 70%, Hassan et al., 2021;
hyphal penetration seedling vigor T in Wang et al., 2022
cucumber
Induced systemic P. fluorescens WCS417r JA/ET signaling; ISR in Arabidopsis Kamle et al.,, 2020;
resistance (ISR) MYB72, iron thaliana — resistance  Thomas and Singh,
homeostasis; small to P. syringae, B. 2021; Sharma et al,,
RNA regulation cinerea 2023; Abdolmaleky

B. amyloliquefaciens FZB42

T. asperellum T34

PR protein expression;
peroxidase activity

JA/ET-mediated ISR

Downy mildew | 45%
in cucumber
Fusarium wilt | 40-
60% in tomato (field-
and soil-dependent)

etal., 2025
Mirzwa-Mroéz et al.,

2024
Sehim et al., 2023

Nutrient
mobilization &
stress tolerance

Azospirillum brasilense,
Rhizobium spp.

B.megaterium, P. putida

Arbuscular mycorrhizal
fungi (AMF)

Azospirillum + Bacillus
consortia with AMF

Biological N fixation

Phosphate
solubilization

Hyphal extension into
soil pores

Phytohormone
production (IAA,
cytokinins,
gibberellins);
antioxidative enzymes
(SOD, catalase)

>60 MtN yr™*
contributed globally;
reduces fertilizer
dependency

Available P T up to
70% in P-deficient
soils

Root biomass T; water
use efficiency T under
drought/salinity
Improved yield &
drought resilience in
maize; ROS protection
under stress

Soumare et al.,
2020

Chen etal., 2023

Saberi-Riseh et al.,
2020; Agbodjato,
2024

Indirect disease suppression is equally important and is
often mediated through enhanced plant vigor, nutritional
status, and tolerance to abiotic stress. Microbial inoculants
improve nutrient availability by fixing nitrogen,
solubilizing phosphorus, producing phytohormones, and

activating antioxidative defenses (Soumare et al, 2020;
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Chen et al, 2023). AMF further enhance nutrient and
water uptake by extending hyphal networks into soil pores
inaccessible to roots, particularly under drought and
salinity stress, and promote greater root biomass and
water-use efficiency. Beneficial microbes also produce
indole-3-acetic acid (IAA), cytokinins, and gibberellins,
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which stimulate root growth, delay senescence, and
increase photosynthetic efficiency. In maize fields in
Kenya, inoculation with a consortium of Azospirillum,
Bacillus, and AMF increased yields and improved drought
resilience under rainfed conditions (Agbodjato and
Babalola, 2024). Moreover, several strains of Bacillus and
Pseudomonas enhance antioxidative enzyme activity,
including superoxide dismutase (SOD) and catalase,
thereby protecting plants from reactive oxygen species
(ROS)-induced oxidative stress (Saberi-Riseh et al., 2020).
These physiological improvements indirectly suppress
pathogens by strengthening host resilience, especially in
degraded or climate-stressed environments.

Taken together, these findings highlight the multifaceted
roles of beneficial microbes in plant health, extending
beyond pathogen suppression to improved nutrition,
stress tolerance, and systemic defense priming. Their
effectiveness, however, remains context-dependent, with
variability in survival, delivery,
adaptation posing key challenges. Integrating mechanistic
insights with systems-level field validation will be
essential to develop regionally tailored microbial
consortia and optimize their application for sustainable
crop protection.

Key beneficial microbial groups and their functions
Plant-beneficial microbial consortia provide distinct yet
interconnected functions that enhance plant health,

and environmental

suppress pathogens, and strengthen agroecosystem
resilience. Unlike isolated bioagents, these microbes act
within complex soil-plant-microbe networks shaped by
environmental conditions, crop type, and management
practices. Understanding the microbial taxa involved

Microbial Groups ég -,
]

Y

+
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and how their functions vary under field conditions is
essential for developing robust, ecologically based
disease management strategies.

Fungal biocontrol agents, particularly species of
Trichoderma, are among the most widely studied and
applied in sustainable agriculture. These fungi suppress
plant pathogens through multiple mechanisms, including
mycoparasitism, enzyme-mediated cell wall degradation,
antibiotic production, and activation of host immune
responses (Chen et al,, 2020; Torres-Rodriguez, 2024). T.
harzianum and T. viride secrete chitinases, glucanases,
and proteases that degrade the cell walls of pathogens
such as F. oxysporum and R. solani (Ghasemi et al., 2020).
Beyond direct antagonism, Trichoderma species induce
systemic resistance (ISR) in host plants through jasmonic
acid (JA) and ethylene (ET)-mediated pathways (Figure
2). Certain strains also control plant-parasitic nematodes
by producing nematotoxic metabolites or parasitizing
nematode eggs (Tariq Javeed et al., 2021). Their broad-
spectrum efficacy further extends to insect pests, where
volatile organic compounds (VOCs) deter oviposition and
feeding (Kumar et al,, 2023).

Endophytic fungi, asymptomatic colonizers of living plant
tissues, also serve as effective biocontrol agents and stress
modulators (Yasin et al, 2025). These fungi establish
mutualistic associations with their hosts and produce
bioactive metabolites that suppress pathogens at infection
sites, compete for internal niches, and modulate plant
hormone signaling (Table 2). They provide systemic
protection and are particularly valuable in perennial
crops, where long-term associations mitigate seasonal
stress fluctuations.

o & Modes of Action
1

Bacillus subtilis --E ~ - E—- Activation of JA and ET Pathways
Pseudomonas fluorescens —1: '\f:;rssé?' E__ Priming of Defense-Related Gene
Trichoderma harzianum --' Systemic i Expression
Resistance ~- Enhanced Pathogen Recognition

éf‘n Application Strategies

]
-
1
1
-
]
1

- Foliar Sprays

- Seed Biopriming

~- Root Zone Colonization

Figure 2. Microbe-induced systemic resistance in plants.
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Table 2. Key beneficial microbial groups, their functions, and field outcomes.
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Microbial Group Mode of Action Crop/System Quantitative References
Outcome

Trichoderma spp. (T. Secretion of chitinases,  Fusarium Pathogen cell wall Ghasemi et al.,

harzianum, T. viride) glucanases, proteases oxysporum, degradation; strong 2020

T. asperellum

Trichoderma spp.

Trichoderma spp. (applied
via composts/seed/foliar)

Endophytic fungi
(Piriformospora indica)

F. solani (endophytic)

PGPR (Bacillus spp.)

P. fluorescens

Pseudomonas spp.

PGPR (B. firmus, P.

chlororaphis)
AMF

AMF

AMF-rich soils

Consortia (Azospirillum,
Bacillus, Trichoderma,
AMF)

(mycoparasitism,
enzyme degradation)

Induction of systemic
resistance (JA/ET
pathways; PR-1, PDF1.2
upregulation)

Nematode suppression
via nematotoxic
compounds, egg
parasitism

Biocontrol integration

Stress tolerance
(antioxidants, SA
signaling)

Competition, secondary
metabolites

Antibiotic production
(iturin, fengycin);
pathogen inhibition
Antibiotics (DAPG,
pyoluteorin); ISR

Root rot suppression;
drought tolerance

Nematicidal activity
(HCN, proteases)
Symbiosis: hyphal
networks improve
nutrient uptake
Drought & salinity
tolerance (osmolytes,
antioxidants)

Competitive exclusion;

improved rhizosphere

Multi-mechanistic
biofertilizer

Rhizoctonia solani

Cucumber,
Chickpea

Multiple crops

Vegetable
systems
(Colombia, India)
Desert plants
(salinity, drought)

Grapevine

Rice paddies

General

Maize, Tomato
(East Africa)

Various crops

Maize (Sub-
Saharan Africa)

Multiple crops

Vineyards
(Europe)

Soybean (Brazil
Cerrado)

antagonism

Enhanced tolerance
to biotic & abiotic
stresses

Reduced plant-
parasitic nematode
incidence

Fungicide use
reduced by up to
50%

Improved stress
tolerance; reduced
root pathogens
Reduced Botrytis
cinerea incidence;
improved phenolic
profiles

Reduced sheath
blight; higher grain
yield

Enhanced ISR,
pathogen
suppression

+30% early root
biomass; reduced
root rot

Reduced nematode
incidence

+60% P uptake;
+35% yield (under
drought)

Improved
resilience to stress

Reduced Pythium,
Phytophthora;
improved vine
vigor

T Yields, ! disease, T
soil C across
seasons

Yadav et al.,,
2023

Tariq Javeed et
al,, 2021

Kumar et al.,
2023

Lietal,, 2023

Jeleni¢ et al,,
2021; Tahir et
al.,, 2024

Modi and Jha,
2022

Gade and
Koche, 2022

Olowe et al,,
2022; Jarrar
Ahmed et al.,
2024; Benaissa
etal, 2025

Sun et al,, 2024

Adeyemi et al,,
2021

Begum et al,,
2020; Pratama
Hamzah et al,,
2024

Cataldo et al.,,
2021

Pagano et al,,
2017;
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PGPR include diverse genera such as Bacillus,
Pseudomonas,  Azospirillum, and  Serratia, each
contributing to plant health through nutrient
mobilization, growth promotion, and pathogen

suppression. B. subtilis and B. amyloliquefaciens produce a
wide range of antimicrobial compounds, including iturin
and fengycin, which inhibit fungal growth and disrupt
pathogen biofilms. Similarly, P. fluorescens secretes DAPG
and pyoluteorin, which not only suppress pathogens but
also induce systemic resistance (ISR) in plants (Gade and
Koche, 2022). PGPR also synthesize phytohormones such
as [AA, gibberellins, and cytokinins that stimulate root
elongation and branching, thereby enhancing water and
nutrient uptake. Certain strains of S. marcescens and A.
brasilense additionally exhibit quorum-quenching activity,
disrupting the signaling pathways of pathogenic bacteria
and biofilm-forming fungi. Collectively, these functions
highlight the potential of PGPR as central components of
integrated nutrient and pest management systems.

AMF represent another important group of beneficial
microbes, forming symbiotic associations with nearly
80% of terrestrial plants. Their extraradical hyphae
increase the effective absorptive surface area for
phosphorus, zinc, and other immobile nutrients (Shahzad
et al, 2020; Wahab et al, 2023). AMF also enhance
drought and salinity tolerance by regulating stomatal
conductance, promoting osmolyte accumulation, and
activating antioxidant defense systems (Begum et al,
2020; Pratama Hamzah et al, 2024). However, AMF
effectiveness is influenced by soil disturbance, crop
rotation history, and host plant genotype. Conservation
agriculture practices such as minimal tillage, cover
cropping, and organic amendments significantly enhance
AMF colonization and persistence.

More recently, microbial consortia, formulations combining
PGPR, AMF, endophytes, and biocontrol fungi, have been
developed to exploit complementary mechanisms
(Vishwakarma et al, 2020; Fatima et al, 2024). These
consortia mimic the diversity of natural
communities and demonstrate greater functional stability
under variable field conditions (Pagano et al, 2017;
Procépio and Barreto, 2021). Such synergistic approaches
are particularly valuable in dynamic agroecosystems,

microbial

where microbial resilience is crucial for sustaining crop
health under environmental stress.

Microbe-pathogen targeting strategies in crop protection
The selection of beneficial microbes for targeted disease
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management is guided by their distinct biochemical
attributes and ecological compatibility with both crop
physiology and pathogen biology. This approach enables
precise, mechanism-driven suppression of plant
diseases, as summarized in Table 3.

B. subtilis is particularly effective against damping-off
diseases in cucumber, commonly caused by Pythium spp.
and R. solani. Its efficacy is attributed to the production
of potent lipopeptides, surfactin, iturin, and fengycin,
that disrupt pathogen membranes and inhibit spore
germination. Furthermore, B. subtilis primes plant
immunity by inducing systemic resistance (ISR) during
early seedling establishment (Abbas et al, 2019;
Mohanan et al.,, 2025).

P. fluorescens is well-suited for foliar application in rice
against Xanthomonas oryzae pv. oryzae, the causal agent
of bacterial leaf blight. It produces the antibiotic 2,4-
diacetylphloroglucinol (DAPG), suppresses epiphytic
pathogen colonization, and activates plant defense gene
expression via jasmonate- and ethylene-mediated
signaling pathways (Ngalimat et al., 2021).

T. harzianum is widely applied to manage F. oxysporum
in various crops through aggressive mycoparasitism.
This involves hyphal coiling, enzymatic degradation of
pathogen cell walls (via chitinases and glucanases), and
the production of secondary metabolites that suppress
pathogen proliferation while improving root vigor
(Dutta et al,, 2023; Usman et al., 2024).

Burkholderia cepacia is used against Fusarium wilt in
banana plantations due to its ability to disrupt pathogen
quorum sensing, thereby reducing virulence gene
expression. Furthermore, it forms biofilms on root
surfaces, serving as both a physical and chemical barrier
that prevents pathogen entry and promotes niche
exclusion (Ganesh et al,, 2020; Shahid, 2024).
Streptomyces employed for the
management of R. solani-induced sheath blight in rice. It
acts by releasing antifungal volatile organic compounds
(VOCs), such as geosmin and methylisoborneol, and by
establishing strong rhizosphere colonization, which

griseoviridis  is

creates a protective microbial shield around plant roots
(Akber and Fang, 2024).

These microbe-pathogen pairings illustrate the strategic
deployment of microbial agents, not as broad-spectrum
solutions, but as finely tuned biological interventions
tailored to specific crop-pathogen systems within their
ecological and physiological contexts.
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Table 3. Mechanism-guided field applications of beneficial microorganisms against crop pathogens.

Mechanism Crop Microbe Application  Trial Results Reference
Strategy Type

ISR induction, Cucumber Bacillus subtilis Seed coating Field Reduced damping-off (Bakr etal., 2025;

Lipopeptide production by 70%, 33% Chowdhury et al,,
fungicide reduction  2015)

Antibiotic production Rice Pseudomonas  Foliar spray Field Reduced bacterial (Mehmood et al.,

(DAPG), Defense gene fluorescens leaf blight by 50% 2023; Tejaetal,

activation 2025)

Mycoparasitism, Tomato  Trichoderma Soil Field Fusarium wilt (Mohanan et al.,

Enzymatic degradation harzianum drenching suppressed by 60%  2025)

of pathogens

Quorum sensing Banana  Burkholderia Root Field Fusarium wilt (Nakkeeran et al.,

inhibition, Biofilm cepacia inoculation reduced by 63% 2021)

formation

Volatile production, Rice Streptomyces  Seed + Soil ~ Field Sheath blight control (Khanetal, 2023)

Rhizosphere colonization griseoviridis application improved by 40%

Case studies highlighting microbial biocontrol successes
Recent case studies from different regions of the world
demonstrate the effectiveness of microbial biocontrol
agents in suppressing plant pathogens through diverse
mechanisms. In Germany, B. velezensis FZB42 effectively
suppressed R. solani in plants by producing lipopeptides
such as surfactin and fengycin, which disrupted fungal
membranes and triggered induced systemic resistance
(ISR) via jasmonic acid signaling (Borriss, 2020). In
Canada, P.
sclerotiorum
phenazine-1-carboxylic acid and hydrogen cyanide,
demonstrating strong antibiosis and efficient rhizosphere
colonization (Athukorala et al, 2010). A study in India
developed a synthetic microbial

chlororaphis PA23 controlled Sclerotinia
in canola through the production of

consortium of T.
harzianum, B. subtilis, and P. fluorescens to manage tomato
synergistic
mycoparasitism, nutrient competition, and ISR, reducing
disease severity by 70% (Sharma et al., 2020). In China, S.
griseoviridis was applied in rice fields to suppress sheath
blight through the production of antifungal volatiles and

root rot, where interactions enhanced

siderophores, while also improving plant vigor (Xu et al.,
2019). Similarly, in banana plantations, strains of the B.
cepacia complex were employed to control F. oxysporum f.
sp. cubense via quorum-sensing interference and biofilm
formation, thereby reducing pathogen
(Ismaila et al, 2023). These examples highlight how

colonization

country-specific applications of microbial agents, each
utilizing distinct biochemical and ecological mechanisms,
can provide scalable and sustainable solutions for plant
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disease management.
Challenges in utilizing beneficial microbes for plant
disease control

The limited success of microbial inoculants in agriculture
cannot be attributed solely to technological bottlenecks but
is also constrained by fundamental ecological principles
governing microbial survival, competition, and interactions
within the soil-plant system (Mikiciuk et al, 2024; Qasim
and Abdulla Falah, 2024). From a technological perspective,
poor shelf life, unstable formulations, and inefficient
delivery systems reduce viable propagule density before
microbes even reach the rhizosphere. In addition,
regulatory delays and inadequate quality control further
restrict farmer access (Mawar et al, 2021; Teixid6 et al,,
2022; Borges-Garcia, 2024). For example, many beneficial
microbes, particularly Gram-negative bacteria and
mycorrhizal fungi, are highly sensitive to desiccation, UV
radiation, and oxidative stress (Radi et al.,, 2025). In India,
commercial Bacillus formulations retained only 40-60%
viability after six months under ambient conditions,
substantially reducing their field efficacy (Mawar et al,
2021). Encapsulation technologies, such as alginate beads
and starch matrices, can improve stability, but their high
costs and limited scalability hinder large-scale application
(Jarman etal,, 2023).

Ecological constraints represent

biological challenges. Effective colonization requires

more intrinsic
compatibility with native soil microbiomes, which often
outcompete or suppress introduced strains, particularly
in degraded or chemically intensive soils with disrupted
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microbial networks. Rhizosphere variability across crop
species and cultivars further complicates establishment.
For instance, PGPR strains that colonize wheat efficiently
may fail in maize due to differences in root exudate
chemistry (Nair et al., 2023). These dynamics emphasize
the importance of ecological compatibility rather than
focusing solely on improving delivery methods.

Socio-economic and institutional barriers also limit adoption.
Globally, more than 70% of smallholder farmers lack reliable
access to microbial biocontrol products due to weak
distribution networks, insufficient storage infrastructure,
and inadequate extension services. In sub-Saharan Africa,
fewer than 10% of farmers use microbial inoculants, largely
because of limited awareness and the absence of localized
field trials (Koskey et al,, 2021). Regulatory and intellectual

Table 4. Research gaps, future perspectives, and innovations.

DOI:10.33804/pp.009.03.5828

property constraints further compound these challenges.
Microbial biopesticides are often regulated under the same
framework as synthetic chemicals, requiring 3-5 years and
up to US$2 million in data generation per product. This
regulatory burden discourages small biotech firms and
public research institutions from developing microbial
solutions (Borges-Garcia, 2024). Moreover, the absence of
harmonized international approval systems restricts
commercialization, as strains developed in Latin America or
Asia often cannot be marketed in Europe or North America
without mutual recognition agreements (Anand et al., 2022).
Table 4 summarizes the key research gaps, future
perspectives, and technological innovations required to
overcome these barriers and enhance the reliability of
microbial biocontrol in agriculture.

Research Gaps Future Perspectives Innovations

Inconsistent performance of microbial Development of crop-specific and Advanced encapsulation and
inoculants under field conditions due site-adapted microbial consortia formulation technologies (e.g.,
to environmental variability (moisture, tailored to local agroecological alginate beads, biochar,
temperature, pH) (Rodrigues et al, conditions. nanocarriers) to improve shelf life
2023) and field viability.

Limited understanding of interactions Integration of beneficial microbe Microbial engineering and

between microbes, native
microbiomes, plant genotypes, and
pathogens in real-world systems (Nair
etal, 2023)

compatibility traits into crop
breeding programs to enhance host
colonization and efficacy.

synthetic biology to enhance ISR
signaling, metabolite production,
and stress tolerance traits.

Poor microbial colonization in
degraded or chemically treated soils
due to disrupted native microbiota
(O’Callaghan et al.,, 2022)

Participatory co-design of microbial
strategies with farmers and extension
services to align practices with local
knowledge and cropping systems.

Precision delivery systems such as
seed priming, root-zone inoculation,
and sensor-guided foliar sprays for
optimized timing and placement.

Genotype-dependent variability in
microbe-host compatibility reduces
reproducibility across different crop

Breeding crops that support
beneficial microbial colonization by
selecting for favorable root exudate

Integration of microbial applications
with digital tools like disease
forecasting models, drones, and IoT-

species and cultivars (Qasim and profiles and symbiosis-related based environmental monitoring
Abdulla Falah, 2024) traits. platforms.

Weak regulatory frameworks and lack Creation of fast-track, risk-based Establishment of community-scale
of harmonized biosafety protocols regulatory pathways and microbial production units and local

delay product registration and international standardization to ease biolabs to decentralize availability,
commercialization (Borges-Garcia, approval and cross-border especially in resource-limited or
2024) movement of microbial bio-products. smallholder-dominated regions.

Lack of quality control, short shelf life,
and sensitivity of microbial
formulations to storage and transport
conditions (Mawar et al,, 2021; Teixidd
etal., 2022)

Long-term ecological monitoring of
microbe-based products to ensure
safety, persistence, and resilience
under diverse cropping systems
and environmental stressors.

Use of multi-functional microbial
consortia mimicking natural
microbiomes to achieve stability,
redundancy, and broader spectrum
disease suppression under field
variability.

Socio-economic constraints, limited
farmer access, and lack of localized
trials hinder adoption (Koskey et al,,
2021; Manono et al, 2025)

Strengthening extension services and
local supply chains to ensure
accessibility for smallholder farmers.

Development of affordable, farmer-
friendly formulations and on-farm
bio-labs for local production.
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Conclusion

The increasing vulnerability of global food systems to
plant pathogens, driven by climate change, land
degradation, monoculture intensification, and pesticide
overuse, necessitates a paradigm shift from reactive
chemical control to ecologically sustainable, microbe-
based disease management. This review highlights that
beneficial microbes, including Trichoderma, Bacillus,
Pseudomonas, Burkholderia, Streptomyces, arbuscular
mycorrhizal fungi (AMF), and endophytes, not only
suppress a wide spectrum of plant pathogens through
mechanisms such as mycoparasitism, induced systemic
resistance (ISR), antibiosis, quorum quenching, and
volatile-mediated inhibition, but also enhance plant
nutrient uptake, stress tolerance, and overall
agroecosystem resilience. Case studies from India, Kenya,
Brazil, China, and Germany demonstrate that the success
of microbial biocontrol depends on the ecological
adaptability of the microbe, delivery method, host crop
compatibility, and active community participation.
Despite this potential, large-scale deployment in open-
field, dynamic agroecosystems remains constrained by
performance, instability,
shelf life, and variable host-microbe-soil
interactions. These challenges are further compounded
by chemical-driven degradation of native microbiota,

inconsistent formulation

limited

regulatory hurdles, and restricted access for smallholder
farmers. To unlock the full potential of microbial
biocontrol, existing
knowledge gaps using multi-omics approaches, systems
biology, and long-term field validation. Innovations in
crop  genotype,
microbiome matching, and precision delivery platforms
are critical to ensuring consistent efficacy and ecological
integration. Moreover, convergence with digital
agriculture, incorporating environmental
disease forecasting models, and Al-guided applications,
opportunities

future research must close

synthetic  microbial consortia,

sensors,
offers unprecedented

adaptive plant protection.
This review advocates a systems-level approach,
repositioning beneficial microbes not merely as single-
mode biopesticides but as integral components of
resilient, context-specific solutions that safeguard both

for targeted,

agricultural productivity and ecological integrity.
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