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Abstract: Plant diseases significantly reduce worldwide 
agricultural production, causing yield declines of 21-30% 
for major crops, while excessive use of pesticides and 
chemicals poses serious health and environmental risks. 
Plant growth-promoting rhizobacteria (PGPR) offer an 
environmentally acceptable, efficient biocontrol approach 
against phytopathogens. Through direct mechanisms, 
such as the synthesis of phytohormones and nutrients, and 
indirect mechanisms, including the synthesis of antibiotics 
and siderophores and the establishment of induced systemic 
resistance (ISR), PGPR support plant development and 
suppress infections. This paper examines the role of PGPR 
in sustainable agriculture, focusing on their interactions 
with plant roots, rhizosphere dynamics, and the rhizosphere 
microbiome, as well as their biocontrol efficacy against fungal, 
bacterial, and nematode diseases. Key mechanisms include 
niche exclusion, competition for resources, and the release of 
antimicrobial compounds. Large-scale PGPR application is 
hindered by limitations such as inconsistent field performance, 
environmental acceptability concerns, and regulatory issues. 
Breakthroughs in microbial ecology, molecular biology, and 
bioinformatics offer new opportunities to optimize PGPR 
formulations and enhance crop-specific compatibility. Future 
studies should focus on developing microbial consortia, 
enhancing their stress tolerance, and integrating them into 
organic farming systems to achieve sustainable biocontrol. 
Within the framework of the green revolution, sustainable 
agriculture can increase crop yields, enhance soil health, 
and reduce the use of synthetic agrochemicals by leveraging 
PGPR-plant associations. This review highlights the promise 
of PGPR for the biological control of agricultural diseases and 
discusses the challenges and future directions for its global 
commercialization.
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microbiome, sustainable agriculture.

Pests and plant diseases can significantly 
affect agricultural output. Plant infections 
pose a severe threat to global food security, 
with reported yield losses averaging 21-
30% for major crops. However, these losses 
are highly contextual and can be far more 
devastating for specific crops and pathogens; 
for instance, aggressive soil-borne fungi like 
Fusarium oxysporumcan cause total crop loss 
(up to 100%) in bananas, while root-knot 
nematodes (Meloidogyne spp.) routinely cause 
yield reductions of 20-50% in tomatoes and 
soybeans. Several plant diseases have become 
resistant to chemical control over time (Singh 
et al., 2025). There are many instances where 
some important plant diseases have become 
prevalent. The most alarming challenges faced 
by people across the world in terms of public 
health and environmental sustainability are the 
reliance on chemical pesticides (Fones et al., 
2020). Many insecticides may remain in the soil 
due to their toxicity, as these substances are 
resistant to decomposition into less dangerous 
chemicals (Abdusamatov et al., 2025). Given 
the environmental sustainability concerns 
associated with agrochemicals, it is increasingly 
important to seek alternative products. PGPR 
are naturally occurring organisms that are non-
toxic, useful, and eco-friendly and can serve 
as an alternative to agrochemicals. PGPR can 
be a good alternative to chemical pesticides. 
There are many justifications for taking serious 
measures to manage plant diseases to improve 
human health and cope with environmental 
stresses (Chaloner et al., 2021).

Plant diseases and the widespread use of 
synthetic pesticides, especially those used to 
combat them, have threatened crop yields 
in recent decades. Many plant diseases have 
developed resistance to conventional chemical 
control methods. Consequently, the lack of 
effective chemicals has made it more difficult 
to control some economically significant plant 
diseases. Numerous chemical pesticides found 
in soil persist as hazardous residues, frequently 
associated with health issues for humans, due 
to their resistance to degradation into less 
dangerous and simpler compounds. Increased 
public awareness of the harmful effects of 
synthetic chemicals on ecosystems and human 
health has led to a rise in the popularity of 
more environmentally sustainable agricultural 

management practices that involve reduced use 
of synthetic chemicals (Fones et al., 2020).

The widespread use of synthetic 
agrochemicals is referred to as an unsustainable 
practice (Fig. 1) and emphasizes the evolution 
of alternative and sustainable farming practices 
(Nakkeran et al., 2025). From the perspectives 
of environmental protection and public health, 
PGPR represent a promising alternative 
to chemical pesticides. Climatic conditions 
have always influenced crop production, 
and climate change is intensifying this 
effect, thereby posing additional challenges 
for plant disease management (Chaloner et 
al., 2021). These challenges include coping 
with the shifting geographical distribution 
of pathogens, managing emerging infections, 
and preventing pathogen establishment in new 
areas. The widespread application of synthetic 
agrochemicals is considered unsustainable (Fig. 
1), and this section illustrates the mechanisms 
and modes of action of microbial biocontrol 
agents as alternatives to chemical pesticides. 
This figure highlights the importance of 
developing alternative and sustainable 
agricultural practices. From an environmental 
and public health perspective, PGPR is a viable 
alternative to chemical pesticides. Figure 1 
highlights the importance of developing 
alternative and sustainable farming methods. 
In terms of safeguarding the environment 
and public health, PGPR represents an up-
and-coming alternative to synthetic pesticides. 
Agricultural output has consistently been 
affected by climatic circumstances, and that 
influence is intensifying due to climate change.

Plant pathogen control will also face 
additional challenges due to climate change. 
These challenges include addressing the 
shifting geographical distributions of infections, 
treating existing diseases, and preventing the 
establishment of pathogens (Alsalamah et al., 
2024). Figure 1 illustrates the multiple strategies 
through which beneficial microorganisms 
suppress plant pathogens and promote 
crop health. These agents employ direct 
mechanisms, such as competition for nutrients 
and ecological niches; antibiosis through the 
secretion of antibiotics, lytic enzymes, volatile 
compounds, and siderophores; and parasitism 
and predation, which degrade pathogen 
cell walls (Wani et al., 2016). Concurrently, 
they employ indirect strategies by eliciting 
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immune responses in the host, such as induced 
systemic resistance (ISR) via jasmonic acid and 
ethylene signaling pathways and systemic 
acquired resistance (SAR) via salicylic acid 
signaling pathways, resulting in the buildup 
of pathogenesis-related proteins and defense-
related compounds (Reshma et al., 2018). 
Furthermore, the microbial agents stimulate 
plant growth through the synthesis of plant 
hormones, enhanced nutrient mobilization, 
and root biofilm development that not only 
prevents pathogen colonization but also 
increases resistance to abiotic stresses. In 
summary, these multiple strategies provide a 
protective barrier against diseases and support 
sustainable agricultural practices.

The effectiveness of promising biological 
disease control techniques can be hindered 
by environmental factors that significantly 
affect their performance (Fones et al., 2020). 
The plant microbiome is now recognized as 
a primary factor influencing plant health and 
productivity (Shanthappa et al., 2025). The 
key functions of plant-associated microbes 
include preventing root infections by soil-
borne pathogens, regulating rhizosphere 
processes, and establishing interactions 
between bacteria and their host plants. There 
are distinct microbiomes across plant tissues 
and species, despite overlapping features 

among members of the plant microbiota (Bai 
et al., 2015). Moreover, the functioning of the 
microflora of roots, soils, and seeds depends on 
nutrients including amino acids, carbohydrates, 
and secondary metabolites. As Bulgarelli et 
al. (2013) note, there is a lack of information, 
especially regarding plants growing under 
natural conditions and the relationship between 
their microbiome and plant health.

Nevertheless, the transition from broad-
spectrum chemicals in plant protection to the 
use of specific live microorganisms represents 
a significant scientific challenge (Jabborova et 
al., 2025a). The primary problem is the transfer 
of the high efficiency of PGPR from laboratory 
and greenhouse conditions to the field. Many 
factors regulate this problem (Budamagunta 
et al., 2022). Therefore, this review seeks to 
address this critical challenge by systematically 
examining the mechanisms, efficacy, and, 
most importantly, the existing barriers to the 
widespread commercialization of PGPR as a 
cornerstone of sustainable agricultural disease 
management.

The Current Situation of Plant Diseases 
In recent decades, plant diseases and the 

widespread reliance on synthetic pesticides 
to manage them have threatened crop 
yields. Many plant diseases have developed 

Fig.1. Mechanisms and Pathways of the Action of Microbial Biocontrol Agents (Backer et al., 2018). 
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resistance to conventional chemical control 
methods. Consequently, the lack of effective 
chemicals has made it difficult to control some 
economically significant plant diseases. The 
globalization of the food market and the use 
of intensive agricultural production techniques 
have exacerbated this situation. Many chemical 
pesticides persist in soil as toxic residues, often 
linked to human health problems, due to their 
resistance to degradation into simpler, less 
harmful chemicals (Fones et al., 2020). 

The widespread application of synthetic 
agricultural chemicals is increasingly regarded 
as an unsustainable approach, prompting 
contemporary agricultural research to 
concentrate on the development of alternative 
and even sustainable farming practices. The 
increasing demand for pesticide alternatives 
has facilitated the implementation of biological 
control (Suriani et al., 2025). Agricultural output 
has consistently been affected by climatic 
circumstances, and that influence is intensifying 
as climate change progresses. Climate change 
would intensify difficulties in managing plant 
diseases due to the altered geographical 
distribution of pathogens. Biological disease 
control techniques can significantly affect 
the effectiveness of sustainable crop disease 
management (Chaloner et al., 2021).

Plant pathogens and PGPR-mediated 
biocontrol

Plant growth-promoting rhizobacteria 
(PGPR) are crucial in sustainable agriculture 
because they enhance plant growth and 
protect crops against phytopathogens. PGPR 
microbes inhabit the rhizosphere and promote 
growth by solubilizing nutrients, producing 
phytohormones, and inducing systemic 
resistance. PGPR-based biocontrol agents are 
more environmentally friendly than chemical 
pesticides and do not cause environmental 
pollution. PGPR can effectively inhibit 
soil-borne pathogens, including Fusarium, 
Trichoderma, and Pseudomonas. Their dual 
function renders them a potential substitute for 
synthetic agrochemicals. The incorporation of 
PGPR into crop care can increase productivity 
while preserving ecological balance. Hence, 
PGPR are essential partners in sustainable crop 
protection (Bhattacharyya and Jha, 2012).

Fusarium: Fusarium species are pathogenic 
soil-borne fungi producing vascular wilts, root 

rots, and seedling blights in numerous crops. 
They colonize the plant xylem, obstructing 
water transport and causing severe wilting. 
Toxins such as fumonisins and trichothecenes 
increase disease severity and pose food 
safety risks. Fusarium oxysporum is one of the 
most notorious species, comprising several 
host-specific forms (formae speciales). Its 
persistence in soil and formation of resistant 
chlamydospores render management difficult. 
Conventional fungicides are not very effective 
and pose environmental concerns. PGPR, such 
as Pseudomonas fluorescens and Bacillus 
subtilis, have demonstrated suppression of 
Fusarium wilt through antibiotic production 
and induced resistance. Crop rotation and 
resistant varieties are also used in integrated 
management. Information on PGPR-Fusarium 
interactions is crucial for sustainable control 
methods (Dean et al., 2012).

Nematodes: Nematodes are destructive soil-
borne pathogens that parasitize plant roots and 
cause significant yield losses in a wide range 
of crops. Among them, root-knot nematodes 
(Meloidogyne spp.) are the most widespread 
and economically damaging, inducing the 
formation of root galls that impair nutrient 
and water uptake, leading to stunted growth, 
wilting, and poor yield quality. These soil-
dwelling parasites release effector molecules 
that hijack plant cellular machinery, dampen 
host resistance, and create specialized feeding 
structures called giant cells. Their broad host 
range and longevity in soil make management 
most challenging. Conventional nematicides, 
though effective, pose environmental and 
health risks, and their use is becoming 
increasingly regulated. As alternatives, PGPR, 
including Pseudomonas fluorescens and Bacillus 
firmus, exhibit encouraging nematicidal activity 
through toxin production, lytic enzymes, 
and the induction of systemic resistance in 
plants. In addition, crop rotation with non-
host crops, soil amendments, and the use of 
resistant cultivars remain core components of 
integrated nematode management. Progressing 
the knowledge of PGPR–nematode interactions 
is vital for developing eco-friendly and long-
lasting control measures (Jones et al., 2013).

Viral pathogens: Plant viruses pose a 
significant problem for sustainable crop 
production because they can spread rapidly, 
cause systemic infection, and lead to high 
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yield losses. Insect vectors such as aphids, 
whiteflies, and leafhoppers, enabling rapid 
dispersal through cropping systems, primarily 
transmit these pathogens. Infections tend to 
cause symptoms such as chlorosis, mosaicism, 
stunted plant growth, and poor fruit or seed 
quality, significantly reducing market value. 
Conventional management, which relies on 
chemical vector control, has proven only 
temporarily effective due to vector resistance 
and environmental issues. Furthermore, 
the high mutation rates of RNA viruses 
enable them to evade host resistance genes, 
complicating breeding programs. Climate 
change also exacerbates the issue by increasing 
vector populations and altering virus–host 
relationships, thereby increasing the likelihood 
of viral epidemics (Jones, 2016).

Sustainable strategies are gaining prominence 
for plant viral disease management. Resistant 
cultivars remain a central strategy, but 
integrated tactics involving vector management, 
phytosanitary protocols, and crop diversification 
are also becoming important. Biological methods, 
particularly the use of PGPR, are promising 
because they can induce systemic resistance in 
plants. This resistance is a state of enhanced 
defense capacity, activated by the PGPR that 
primes the plant to respond more rapidly and 
robustly to viral attack. Thereby, this process 
lowers the severity of viral infections without 
compromising the environment (Kloepper and 
Ryu, 2020). For instance, Bacillus subtilis and 
Pseudomonas fluorescens were found to increase 
plant immunity against viruses while also 
enhancing growth (Murphy et al., 2018). These 
approaches are consistent with the philosophy 
of sustainable agriculture, minimizing reliance 
on chemical pesticides and providing resistance 
against climate-induced viral outbreaks. 
Introducing PGPR-based biocontrol into 
current management systems thus has great 
potential to mitigate the growing problem of 
viral pathogens in crops. PGPR can effectively 
inhibit soil-borne pathogens, including Fusarium 
oxysporum, Rhizoctonia solani, Pythium ultimum, 
and Macrophomina phaseolina. 

Beneficial Pseudomonas Strains as PGPR
Pseudomonas strains, particularly Pseudomonas 

fluorescens and Pseudomonas putida, are among 
the best-studied and most effective PGPR for 
biocontrol applications. It is important to note 

that while some Pseudomonas species are 
plant pathogens (e.g., Pseudomonas syringae), 
the strains used in PGPR formulations are 
specifically selected, non-pathogenic, and 
beneficial. These beneficial Pseudomonas strains 
suppress phytopathogens through multiple 
mechanisms, including the production of 
antibiotics such as 2,4-diacetylphloroglucinol 
(DAPG), pyoluteorin, and phenazines. These 
metabolites suppress fungal pathogens like 
Fusarium, Rhizoctonia, and Pythium. Siderophores 
produced by Pseudomonas chelate iron, 
starving pathogens of this essential nutrient. 
They also induce Systemic Resistance (ISR) in 
plants, enhancing defense against a wide range 
of pathogens. Their effective ability to colonize 
the rhizosphere makes them persistent and 
competitive. Apart from pathogen suppression, 
they stimulate plant growth by solubilizing 
phosphates and synthesizing phytohormones 
such as Indole Acetic Acid (IAA) (Pandya et al., 
2018; Pradhan et al., 2025; Jabborova et al., 2021). 
Pseudomonas-based bioformulations are already 
practiced in Integrated Pest Management (IPM) 
schemes. They are eco-friendly substitutes for 
fungicides, in accordance with the objectives of 
sustainable agriculture. Future research aims 
to develop multi-strain consortia for enhanced 
biocontrol efficacy (Haas and Defago, 2005).

Plant pathogens are a diverse group of 
microorganisms that cause plant diseases, 
including fungi, oomycetes, bacteria, viruses, 
viroids, phytoplasmas, nematodes, and parasitic 
higher plants. Among these, fungi and bacteria 
constitute the primary groups of plant pathogens. 
Traditional definitions of plant pathogens 
assume that pathogenic microorganisms must 
possess specific pathogenicity/virulence factors 
to satisfy Koch’s postulates (Minhans et al., 
2025). Many leaf diseases, including those 
caused by rust and powdery mildew fungi, 
exhibit race-specific interactions. In contrast, 
various soil-borne pathogens have been shown 
to exhibit race-non-specific interactions (Naseem 
et al., 2025). Fungi can infiltrate plants through 
direct penetration of plant tissues, wounds, or 
natural openings like stomata. Some pathogens 
reside within plant tissues, while others are 
located on plant surfaces (Kılınç et al., 2025). 
Molecular markers and cultivation-independent 
methods are crucial for identifying pathogens, 
particularly obligate pathogens that cannot be 
cultured.
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Table 1 illustrates the biocontrol potential 
of diverse PGPR strains against a range 
of phytopathogens in essential crops such 
as soybean, pigeon pea, apple, and rice. 
Molecular markers and cultivation-independent 
methodologies are crucial for identifying 
pathogens and summarizing key plant growth-
promoting strains and their efficacy against 
phytopathogens across various crops. For 
example, Bradyrhizobium sp. suppresses root 
rot in soybeans caused by Fusarium solani. 
Table 2 illustrates the biocontrol potential of 
diverse fungal PGPR strains against various 
phytopathogens in different crops, highlighting 
genera such as Trichoderma and Aspergillus that 
demonstrate broad-spectrum activity against 
fungal diseases like leaf brown spot in rice, root-
knot nematode disease in okra, and Fusarium 
wilt in tomato (Jabborova et al., 2025; Patkowska, 
2021; Tariq et al., 2018; Khafagi et al., 2020). Table 
2 summarizes the functional roles of beneficial 
phyto-microbiomes, including rhizosphere, 
endosphere, and phyllosphere microorganisms, 
in enhancing plant growth, stress tolerance, 
and pathogen suppression across various host 
plants. It highlights specific microbial genera 
and their mechanisms, including siderophore 

production, nutrient solubilization, and the 
induction of systemic resistance.

Diversity of Microorganisms and 
Epidemic Incidents

Praveen et al. (2025) found that endophytic 
isolates of the Burkholderia cepacia complex 
suppressed Fusarium moniliforme on sugarcane. 
Microorganisms can also prevent the induction 
of dangerous genes in plants by pathogens that 
compete for plant resources (Bostan et al., 2024). 
Furthermore, microorganisms can directly 
affect plant defense responses by synthesizing 
antagonistic chemicals within plant tissues or 
on plant surfaces. These organisms often belong 
to the Enterobacteriaceae family, renowned for 
their capacity to decompose plant tissues. In 
the development of plant protection techniques, 
both keystone microbial populations and their 
associated functional groups are intriguing 
targets for biocontrol strategies (Park et al., 
2024).

PGPR as a Promising Biocontrol Agent
The soil’s complex ecology comprises a 

diverse array of microorganisms, including 
bacteria, fungi, protists, and other organisms. 

Table 1. Bacterial PGPR strains and pathogen control in plants

Host Pathogen Disease PGP strains (Bacteria) References
Soybean Macrophomina phaseolina Root rot Bradyrhizobium sp. (Parveen et al., 2019)
Pigeon pea Fusarium udum Fusarium wilt Rhizobacteria spp. (Dukare and Paul, 2021)
Apple Erwinia tracheiphila Bacterial wilt Gluconacetobacter sp. (Fu et al., 2021)
Strawberry Macrophomina phaseolina Charcoal rot disease Azospirillum brasilense (Viejobueno et al., 2021)
Cotton Macrophomina phaseolina Charcoal rot disease Pseudomonas fluorescens (Rahman et al., 2017)
Citrus fruit Penicillium digitatum Blue mold Bacillus megaterium (Mohammadi et al., 2017)
Brassica 
campestris L.

Sclerotinia sclerotiorum Sclerotiniose Bacillus thuringiensis (Wang et al., 2022)

Table 2. Fungal PGPR strains and pathogen control in plants

Host Pathogen Disease PGP strains (Fungi) References
Rice Helminthosporium 

oryzae, Bipolaris oryzae
Leaf brown spot Trichoderma viride, T. 

harzianum, T. hamatum
(Jabborova et al., 2025)

Scorzonera Alternaria scorzonerae, 
Fusarium culmorum

Root and stem rot Trichoderma harzianum (Patkowska, 2021)

Okra Meloidogyne incognita Root-knot disease Trichoderma harzianum (Tariq et al., 2018)
Beans Botrytis cinerea Chocolate spot Trichoderma virens (Yones and Kayim, 2021)
Onion Colletotrichum 

gloeosporioides
Crop loss Trichoderma 

longibrachiatum
(De la Cruz-Quiroz et al., 2018)

Tomato Fusarium oxysporum Fusarium wilt Trichoderma sp. (Khafagi et al., 2020)
Cabbage Sclerotinia sclerotiorum Cabbage wilt Trichoderma hamatum (Jones et al., 2014)
Cocoa Phytophthora palmivora Black pod Aspergillus fumigatus (Sethi et al., 2025)
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They play important roles in plant growth, 
nutrient regulation, and biological regulation. 
These bacteria live in the plant endo-rhizosphere 
and rhizosphere and promote plant growth in 
many direct and indirect ways. Plant microbial 
communities or phytomicrobiome can have 
neutral, exploitative, or competitive interactions 
with plants that can influence crop yield (Lyu 
et al., 2020). Scientists have recently conducted 
extensive research on the use of plant growth-
promoting rhizobacteria (PGPR) to inhibit 
phytopathogens and promote plant growth 
(Alwahshi et al., 2022). Muthukumaran et al. 
(2024) and Pourakbar et al. (2021) indicated 
that the rhizosphere microbiome comprises 
Bacteria, Archaea, Algae and Fungi, along 
with their genomic material that inhabit 
the rhizosphere. Microorganisms, through 
their extensive co-evolution with plants, can 
indirectly influence crop health and phenotypic 
flexibility by regulating plant development and 
defense mechanisms. Many bacteria present 
in the rhizosphere make steady supplies of 
PGPR. The collection of bacteria residing in 
the rhizosphere, on the root surface, and in 
the spaces between root cortex cells is referred 
to as the phytomicrobiome. PGPR co-evolved 
with their related host plants, establishing a 
synergistic relationship.

Numerous research efforts have investigated 
the effects, approaches, and potential for the 
successful application of PGPR in controlled 
agricultural plant production environments 
(Gouda et al., 2018). They have been confirmed 
as effective in greenhouse research because 
a significant number of potential Biological 
Control Agents (BCAs) have been identified and 
could be deployed under controlled conditions 
(Dave et al., 2024). Pseudomonas stutzeri, 
Bacillus subtilis, and Bacillus amyloliquefaciens 
have been shown to effectively colonize roots 
and inhibit the disease Phytophthora capsici in 
cucumbers. Vinothini et al. (2024) assert that 
Bacillus subtilis can protect tomato fruits from 
infections caused by Rhizopus stolonifer and 
Penicillium sp. during the post-harvest phase. 
Bacillus amyloliquefaciens isolates mitigate 
Fusarium oxysporum, the pathogen responsible 
for Fusarium wilt, in greenhouse environments. 
PGPR, as biocontrol agents, exhibit efficacy 
under controlled conditions, highlighting their 
applications in commercial horticulture and 
their roles in greenhouse production systems. 

The indirect methods of PGPR in mitigating 
pathogen infections and enhancing plant 
growth under abiotic stress do not require 
separate discussion.

Additionally, PGPR that possess biocontrol 
activities also promote plant growth. PGPR can 
confer improved resistance to phytopathogens 
and tolerance to abiotic stresses on plants 
(Tasnim et al., 2024). PGPR, as biocontrol agents, 
are effective under controlled conditions, 
indicating their potential use in commercial 
horticulture and greenhouse production 
systems. The indirect PGPR mechanisms for 
alleviating pathogen infections and promoting 
plant growth under abiotic stress do not 
involve differentiation. Additionally, PGPR 
with biocontrol potential also encourages 
plant growth (Yao et al., 2021). PGPR have 
the potential to boost a plant’s resistance to 
phytopathogens that cause plant diseases and 
its tolerance to abiotic stresses (Ayshasiddeka 
et al., 2025). Figure 2 demonstrates the function 
of fungal and bacterial biocontrol agents to 
suppress phytopathogens and promote plant 
health through mechanisms like antibiosis, 
competition, and ISR. It highlights specific 
examples of PGPR and fungal antagonists that 
effectively control the disease across various 
crops.

The use of rhizobacteria to promote the 
development and maturation of crops in 
seeds, grains, root systems, and soils has 
gained significant popularity in recent decades. 
Rhizobacteria promote nitrogen fixation, 
enhance plant growth, and offer biological 
control against phytopathogenic microbes. 
Azospirillum, Azotobacter, Bacillus, Rhizobium, 
Serratia, Stenotrophomonas, Streptomyces, 
Acinetobacter, Agrobacterium, Alcaligenes, 
Arthrobacter, Bradyrhizobium, Frankia, Pantoea, 
Pseudomonas, and Thiobacillus are among the 
many microbial species used in bacterization 
(Barasarathi et al., 2025). Numerous plant 
diseases caused by nematodes, bacteria, 
and fungi are reported to be managed 
by PGPR. Due to their potential adverse 
effects on the host plant along with other 
soil microorganisms, BCAs are employed to 
reduce nematode populations. Crop Rotation, 
Nematicides, Microbiological Management, or 
Organic Amendments to the soil have been 
utilized to mitigate plant-parasitic nematode 
infestations. Filtrates from in vitro cultures of 



38 SARANRAJ et al.

a Pseudomonas sp. strain significantly reduce 
the mortality of Meloidogyne javanica juveniles, 
thereby reducing nematode populations 
and root galls, and concurrently enhancing 
plant development and yield. Moreover, the 
behavior and feeding patterns of nematodes 
are influenced by inoculations of the Bacillus 
species. Additionally, strains of Bacillus subtilis, 
Pseudomonas striata, and Pseudomonas fluorescens 
disrupt the nematode population (Hamed et 
al., 2024). 

Bacillus strains have been effectively utilized 
for the biological control of root-knot nematode 
(RKN) infestation. Limited research suggests 
that endophytic Pseudomonas fluorescens and 
even Bacillus spp. enhance systemic resistance 
in crops against nematodes by elevating the 
activity of defense-related enzymes, including 
phenylalanine ammonia-lyase, polyphenol 
oxidase, and peroxidase, which produce 
antagonistic compounds and modify certain 
root exudates, such as amino acids and 
polysaccharides. In tomatoes resistant to RKN, 
Pseudomonas fluorescens isolates enhanced the 
expression of defense enzymes. Treatment with 
Pseudomonas fluorescens and Paecilomyces lilacinus 
resulted in a lower nematode community in 
roots, tubers, and soils than in the control 
(Podder et al., 2025). In India, losses from post-
harvest handling of fresh fruits and vegetables 

ranged from 4.6% to 15.9% (Showkat et al., 
2024). BCAs are used to control post-harvest 
fungal infections, and this method is the most 
environmentally friendly. BCAs are currently 
a practical solution for controlling post-
harvest diseases caused by plant pathogens 
and can generally shield plants from fungal 
diseases (Alshaikh et al., 2024). The reduction 
in the use of causative agents in agricultural 
conservation decreased labor, soil and water 
contamination from plants, and agricultural 
waste management (Hamed et al., 2024).

Green vegetables are at risk of mycotoxin 
contamination from mycotoxin-producing fungi 
such as Alternaria sp., Aspergillus sp., Penicillium 
sp., and Fusarium sp., which can cause post-
harvest diseases. Fruits and vegetables infected 
with pathogens such as Alternaria sp., Aspergillus 
sp., and Fusarium sp. produce toxins including 
aflatoxins, ochratoxins, and Fusarium toxins. 
Serratia plymuthica biopriming and pelletizing 
methods, in conjunction with Verticillium 
dahliae, in canola plants demonstrated notable 
biocontrol, indicating that BCAs are as effective 
as chemical fungicides in managing diseases 
(Vafa et al., 2024). Cucumber, chickpeas, rice, 
tomatoes, wheat, peanuts, brinjal, and potatoes 
are among the plants in which several chemicals 
generated by Bacillus species facilitate the 
biocontrol of plant pathogens. According to 

Fig. 2. Fungal and bacterial biocontrol agents and their impact on plants.
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Alkilayh et al. (2024), Pectobacterium carotovorum 
can control soft rot disease in tobacco plants 
when combined with the fungicides BTH and 
Bacillus subtilis strain B4. Pseudomonas species, 
as biological control agents, often mitigate root-
knot and root-rot illnesses.

Fungal Biocontrol Agents 
Trichoderma - Trichoderma is a genus of fungi 

that is highly valuable as a biocontrol agent 
against plant pathogens. Unlike pathogenic 
fungi, beneficial Trichoderma species (e.g., 
T. harzianum, T. viride, T. asperellum) are 
commercially used for their antagonistic 
properties against phytopathogens. They 
inhibit pathogenic fungi through mechanisms 
including mycoparasitism, competition, and 
secretion of hydrolytic enzymes (chitinases, 
glucanases) (Panicker and Sayyed, 2022). 
Trichoderma harzianum and Trichoderma viride 
are commercially used in biocontrol products. 
Trichoderma increases plant resistance by 
inducing Systemic Resistance (ISR) and 
promoting the biosynthesis of phytoalexins 
and antioxidants. In addition to inhibiting 
pathogens, Trichoderma promotes plant growth 
by solubilizing nutrients and synthesizing 
growth-promoting substances. Its high growth 
rate and adaptability enable it to colonize 
the rhizosphere and suppress pathogens. 
Trichoderma is also responsible for enhancing 
soil health and the degradation of organic 
matter. As a non-chemical biocontrol agent, it 
reduces reliance on chemical fungicides. Future 
directions include the genetic enhancement of 
Trichoderma strains to broaden their activity 
(Hermosa et al., 2012).

According to Ahmad et al. (2024), PGPR 
isolates exhibited antifungal properties against 
Rhizoctonia solani, Macrophomina phaseolina, 
Fusarium solani, and Fusarium oxysporum in 
mung bean plants. Additionally, root rot caused 
by fungal infections can be avoided using 
these isolates. Chili pepper anthracnose can be 
controlled by applying the bacterial biocontrol 
agent Pseudomonas aeruginosa to combat the 
causative pathogen, Colletotrichum capsici. 
According to Jisha et al. (2018), Pseudomonas 
aeruginosa can also cause Chili Peppers to 
develop systemic resistance to anthracnose. The 
primary purpose of synthetic chemical pesticides 
is to control post-harvest diseases. Plant disease 
resistance, soil degradation, and toxicological 

risks to humans and the environment could 
result from this. As a result, there is now a 
general movement to identify alternatives to 
agrochemicals for managing phytopathological 
conditions. The use of microbial antagonists, or 
BCAs, has gained popularity as an alternative 
to synthetic chemical fungicides due to their 
many benefits, including being non-hazardous, 
environmentally friendly, cost-effective, and 
practical for controlling post-harvest pathogen 
infections (Fotoohiyan et al., 2024).

Biocontrol Mechanisms of PGPR
PGPR can produce the phytohormones 

Indole-3-Acetic Acid (IAA), Ethylene (ET), 
Jasmonic Acid (JA), Gibberellic Acid (GA), and 
Cytokinins (CKs) or increase the solubilization 
of specific nutrients (Shahzad et al., 2019). PGPR 
residing within a host plant can promote plant 
growth through direct and indirect mechanisms 
(Fig. 3). Direct approaches encompass the 
synthesis of plant hormones, phosphorus 
solubilization, and improved iron assimilation. 
Antibiotic production, nutritional competition, 
parasitism, inhibition of pathogen toxins, and 
induced resistance are some examples of indirect 
effects (Elnahal et al., 2022) (Fig. 3). Abbas et 
al. (2019) assert that PGPR also restructure root 
morphology, enhance surface area, and improve 
function. In addition, PGPR outcompetes other 
bacteria and inhibits their growth (Wani et 
al., 2024). Antimicrobial peptides comprise 
Enzymes, Bacteriocins, and Antibacterial 
Proteins (Yatoo et al., 2024). Antibiotics, tiny 
antibacterial agents, are produced by PGPR 
and may inhibit the growth or metabolic 
functions of microbial infections. These strain-
specific antibiotics can disrupt the cell walls 
of bacterial pathogens, alter their membrane 
structure, and interfere with ribosomal RNA 
(rRNA) (Nazari and Smith, 2020). Most types of 
bacteria produce bacteriocins and exhibit more 
varied inhibitory activity. Figure 3illustrates 
the Dual mechanisms - Direct (e.g., nutrient 
solubilization, phytohormone production) and 
Indirect (e.g., antibiotic synthesis, induced 
systemic resistance) by which PGPR enhance 
plant growth and suppress phytopathogens.

Siderophores are specific ferric iron 
chelating compounds that block the access 
of phytopathogens to iron, maintaining the 
vitality of plants, particularly in conditions of 
limited iron. PGPR can reduce the incidence of 
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many plant diseases and excrete extracellular 
siderophores. Bacteriocins, siderophores, and 
antibiotics were identified as the three principal 
strategies for prospective biocontrol before their 
in vivo use. Some studies have investigated 
PGPR as tools for managing plant diseases and 
producing plant-beneficial metabolites, such 
as siderophores (Ferioun et al., 2024). PGPR 
indirectly enhances crop resistance to stress. 
Resistance-inducing and antagonistic PGPR can 
be used as new inoculants with combinations of 
distinct mechanisms of action, enabling efficient 
biocontrol and plant growth promotion (Lyu et 
al., 2020). PGPR can produce Volatile organic 
compounds (VOCs), which stimulate plant 
growth and induce Induced Systemic Resistance 
(ISR) against infection. Fatimah et al. (2024) found 
that PGPR could induce ISR, thereby improving 
the plant’s resistance to disease. Colonization of 
roots by Arbuscular Mycorrhizal Fungi (AMF) 
and certain non-pathogenic microorganisms 
can enhance plant resistance to biotic stresses. 
Systemic Acquired Resistance (SAR) may be 
triggered by a pathogen infection (Mathys et 
al., 2012).

Molecular pathways
Induced systemic resistance (ISR): a plant 

defense mechanism triggered by rhizosphere 

colonization by beneficial microorganisms, 
particularly PGPR such as Pseudomonas 
fluorescens and Bacillus subtilis. Unlike SAR, 
which utilizes Salicylic Acid (SA) signaling, 
ISR primarily exploits the Jasmonic Acid (JA) 
and Ethylene (ET) pathways. When PGPR 
colonize roots, they secrete molecular cues such 
as flagellin, lipopolysaccharides, and microbial 
volatile organic compounds (e.g., 2,3-butanediol) 
that act as ISR elicitors. Pattern-Recognition 
Receptors (PRRs) sense the cues on the plant 
surface, triggering intracellular cascades that 
activate JA/ET-regulated defense genes. For 
example, LOX (lipoxygenase) is involved in JA 
biosynthesis, ERF1 (Ethylene Response Factor) 
transduces ET signaling, and PDF1.2 (plant 
defensin) encodes an antimicrobial protein 
(Sharma et al., 2025). All these genes reinforce 
cell walls, induce antimicrobial metabolite 
production, and enhance resistance to 
necrotrophic pathogens and insect herbivores. 
One of the most critical aspects of ISR is that 
it “primes” the plant, which means the defense 
is not continuously active but responds more 
rapidly and intensely upon pathogen attack. 
It decreases metabolic cost while ensuring 
broad-spectrum protection. Therefore, ISR is a 
sustainable, microbe-mediated mechanism that 

Fig. 3. Mechanism of microbial biocontrol agents.
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promotes plant resistance without chemical 
pesticides (Pieterse et al., 2014).

Siderophore gene clusters: Siderophores 
are low-molecular-weight iron-sequestering 
compounds excreted by numerous rhizosphere 
bacteria like Pseudomonas, Enterobacter, and 
Bacillus. Because Fe³+ is sparingly soluble in 
aerobic soils, siderophore production enables 
microbes to scavenge this critical micronutrient, 
thus competing with pathogens for iron 
sources. For instance, Pseudomonas fluorescens 
produces fluorescent siderophore pyoverdine 
whose biosynthesis is controlled by the pvd 
gene cluster (Budamagunta et al., 2022). After 
secretion, pyoverdine forms high-affinity 
complexes with Fe³+ and returns this metal to 
bacterial cells via specific receptors, thereby 
aiding microbial growth and the establishment 
of rhizosphere colonization. Meanwhile, iron 
limitation, caused by siderophore-mediated 
iron withdrawal, constrains the growth of 
pathogens such as Fusarium and Rhizoctonia, 
which cannot effectively compete in iron-
restricted environments. Besides competitively 
inhibiting nutrient uptake, siderophores also 
serve as signals that trigger plant defense. 
For example, siderophores can induce ISR-
like processes, leading to the expression of 

JA/ET-dependent defense genes in plants. 
Therefore, siderophore-producing bacteria act 
directly by starving pathogens and indirectly 
by priming the host immune system. This dual 
activity emphasizes that siderophores are key 
determinants of microbial biocontrol and plant 
health within the rhizosphere (Ahmed and 
Holmström, 2014).

Rhizosphere and microbiome alliance
Rhizosphere interactions: The microbial 

populations interact with their host plants in 
the rhizosphere. Both harmful and beneficial 
microbial populations inhabit the rhizosphere. 
Figure 4 illustrates the microbe-mediated 
signaling mechanisms in plants, highlighting 
both Systemic Acquired Resistance (SAR) 
and Induced Systemic Resistance (ISR). 
These pathways enhance plant defense 
against pathogens through hormone-driven 
signaling cascades initiated by beneficial 
microbes. Furthermore, their modifications are 
contingent on the chemical composition and 
the characteristics of the soil itself (Suriani et 
al., 2024). Rhizobacterial partners elicit several 
responses within the rhizosphere, including the 
augmentation of soil nutrients, stabilization of 
soil conditions, promotion of root growth, and 
further improvement of remediation processes. 

Fig. 4. Mechanisms of microbiome-mediated induction of systemic resistance in plants.
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The rhizobacteria and roots interact in the 
rhizosphere to enhance nutrient uptake by the 
shoots and stimulate plant root system growth. 
Microbial populations in the field are used as 
alternatives to chemical fertilizers since they 
have been proven to enhance crop production 
(Sagar et al., 2024).

Root exudation
Microbial communities in the rhizosphere 

depend on root exudates as their primary 
carbon source, and the composition of these 

exudates is dynamically shaped by complex 
rhizobacterial-rhizosphere interactions (Table 
3). However, root exudation is not a static 
process; it is highly modulated by the plant’s 
physiological status and environmental 
conditions. Key factors such as the plant’s 
nutritional status (e.g., phosphorus or iron 
deficiency), abiotic stresses (e.g., drought, 
salinity, and soil pH), and soil type (e.g., texture 
and structure) directly influence the quantity 
and quality of secreted compounds (Raklami 
et al., 2019). This dynamic exudation profile, 

Table 3. Phyto-microbiomes are connected with the plant rhizosphere, endosphere, as well as phyllosphere

Nature Host Microorganism Functional Role(s) Reference
Rhizosphere Secale cereale L. Pseudomonas 

fluorescens
Produces siderophores for iron acquisition, 
secretes antibiotics (e.g., phenazines), 
promotes plant growth, and suppresses 
pathogens.

(Galindo et 
al., 2019)

Rhizosphere Sorghum bicolor 
L.

Pseudomonas chlororaphis Biocontrol agent against fungal pathogens 
via production of phenazine and pyrrolnitrin; 
enhances nutrient uptake and root 
colonization.

(Wipf et al., 
2021)

Rhizosphere Glycine max L. Bacillus firmus Induces systemic resistance, produces 
extracellular enzymes against nematodes, and 
promotes growth by solubilizing nutrients.

(Zeffa et al., 
2020)

Rhizosphere Oryza sativa L. Halobacillus dabanensis Halotolerant bacterium aiding salt stress 
tolerance, enhances osmolyte production, and 
supports plant growth under saline soils.

(Babarabi et 
al., 2024)

Endosphere Oryza sativa L. Epichloe festucae A symbiotic fungus that enhances drought 
tolerance produces alkaloids that protect 
plants from herbivores and pathogens.

(Germon et 
al., 2018)

Endosphere Lolium perenne 
L., Panicum 
rigidulum L.

Neotyphodium lolii, 
Balansia henningsiana

Endophytic fungi improve stress resistance, 
enhancing nutrient assimilation and 
producing bioactive compounds with defense 
roles.

(Adeleke 
and 
Babalola, 
2022)

Endosphere Syngonium 
podophyllum L.

Phanerochaetaceae spp., 
Bjerkandera fumosa, and 
Phlebiospis favidoalba

Ligninolytic fungi are involved in secondary 
metabolite production, plant defense 
enhancement, and the degradation of complex 
organic matter.

(Adeleke 
and 
Babalola, 
2022)

Phyllosphe Oryza sativa L. Methylobacterium 
radiotolerans

Fixes nitrogen, produces cytokinins that 
enhance leaf growth, and tolerates radiation/
oxidative stress—supporting foliar health.

(Ferioun et 
al., 2025)

Phyllosphe Glycine max L. Methylobacterium 
extorquens

Uses methanol from leaf metabolism, 
produces phytohormones, and improves 
plant stress tolerance.

(Pang et al., 
2021)

Phyllosphe Medicago 
truncatula L.

Phymatotrichopsis 
omnivore

Pathogenic fungus causing root rot, but also 
crucial in microbial competition, shaping the 
balance of the leaf microbial community.

(Gupta et 
al., 2021)

Phyllosphe Zea mays L. Bacillus sp., 
Pseudomonas sp., 
Microbacterium sp., 
Stenotrophomonas 
sp., Enterobacter sp., 
Pseudarthrobacter sp., 
and Kocuria sp.

Diverse microbial consortia promote 
plant growth, suppress diseases, produce 
phytohormones, and enhance stress tolerance.

(Abadi et 
al., 2020)
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in turn, influences root development and 
microbial colonization, serving as a nuanced 
mediator in plant-microbe interactions. These 
root exudates comprise a diverse array of 
chemical compounds, including peptides, 
sugars, vitamins, amino acids, enzymes, and 
various primary and secondary metabolites 
(Korenblum et al., 2020). The resulting microbial 
populations are thus linked to specific exudate 
compounds that promote the development of 
beneficial communities, thereby enhancing 
biomass and yield across diverse crop species. 
Furthermore, certain root exudates have a direct 
defensive purpose by selectively inhibiting the 
growth of pathogenic microbes. For instance, 
Salehi-Sardoei et al. (2024) demonstrated 
that inoculation with Bacillus species altered 
the rhizosphere environment, leading to the 
suppression of root-borne diseases, an effect 
likely mediated by changes in the exudate 
profile.

Bona et al. (2019) conducted a study to 
validate the behaviors of several bacteria 
within the rhizosphere. The bacterial genera 
from various groups, such as Pseudomonas, 
Streptomyces, Bradyrhizobium, Bacillus, and 
Burkholderia, have been reported to exhibit high 
protein expression and therefore trigger several 
regulatory processes within the rhizosphere, 
as supported by proteomic studies of the 
Vitis vinifera rhizosphere (Daneshmand et al., 
2024). Strigolactone, a root exudate and new 
phytohormone, is recognized for its ability to 
promote primary root elongation and even root 
hair development in the rhizosphere. Various 
monocot and dicot plants release them as root 
exudates into the rhizosphere, where they 
facilitate mutualistic association between the 
root system and Arbuscular Mycorrhizal fungi 
(Moghaddam et al., 2024). According to Hamid 
et al. (2024), organic acids are among the root 
secretions that contain high-energy molecules 
for microbial symbionts, and they modulate 
the regulation of various biogeochemical cycle 
secretions in the rhizosphere.

Tryptophan-containing exudates serve 
as a precursor for Indole-3-Acetic Acid 
(IAA) synthesis; however, the production of 
phytohormones associated with rhizobacteria 
is impeded by insufficient carbon molecules 
in root exudates. The microbial partners 
further utilize ACC, an ethylene precursor, 
as a carbon and nitrogen source (Xiang et al., 

2019). Rhizobacterial symbionts regulate stress-
responsive genes, including heat shock proteins, 
ascorbate peroxidase, and S-adenosylmethionine 
synthetase, and these rhizosphere interactions 
influence defense-related processes in 
plants under diverse environmental stresses 
(Nithyapriya et al., 2024). In the rhizosphere, 
they also offer protection from infections and 
root herbivores. These alliances or partnerships 
between microbes and plants benefit hosts by 
enhancing yields, stimulating growth, and 
facilitating the acquisition of essential nutrients 
(Pandya et al., 2018; Manasa et al., 2021). These 
complicated relationships, according to Etesami 
and Adl (2020), are necessary for plant health 
and soil health. 

Microbiome and Root Architecture 
Through both direct and indirect means, 

microbes can efficiently colonize roots to 
promote growth. Indirect methods can be 
used to accomplish this. The phytohormonal 
ensemble influenced by root-knot bacteria 
within the roots consists of auxins, cytokinins, 
and Ethylene, which are signaling chemicals 
that promote lateral root branching and root 
hair development. As plants progress through 
distinct developmental stages, the root exudation 
mechanism is modulated, leading to variations 
in the alignment of the rhizo-microbiome. The 
specific enzymes, antibiotics, siderophores, and 
essential nutrients that enhance root growth 
also exhibit antagonistic qualities in many 
pathogenic organisms (Al-Kahtani et al., 2020).

Secondary metabolites-mediated interaction
Plants encounter a variety of stressors 

that impair their physiological and metabolic 
processes; as a result, they must be controlled to 
ensure their development and survival. These 
pressures are directly linked to microorganisms, 
which enable them to modify specific systems. 
Bacteria that help regulate the plant’s metabolic 
network and activate stress-related genes and 
metabolites (De la Fuente Cantó et al., 2020) 
mediate various stress-resistance mechanisms. 
Microorganisms that produce stress-related 
metabolites are widely studied. They also change 
the transcriptional machinery that plants use to 
withstand stress. Under stress, the expression 
of WRKY and MYB is also modulated by the 
activation of the ABA-signalling cascade. When 
microbes alter plants’ metabolic pools, a variety 
of genetic changes have been seen in response 
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(Kousar et al., 2020). It has been discovered that 
the rhizosphere, which serves as the foundation 
for microbial-mediated interactions, releases 
a wide variety of secondary metabolites, 
specifically volatile chemicals and suitable 
solutes. Different bacteria have characteristics 
related to ionic homeostasis, stress tolerance, 
cellular osmoregulation, and the reduction 
of harmful ions. They also release a variety 
of volatile chemicals or anti-pathogenic 
metabolites, including Sugars, Polyols, Betaines, 
Amino Acids, etc. (Kumar and Verma, 2018).

Microbial secondary metabolites 
determine the outcome of plant–microbe 
interactions by modulating stress resistance 
and downregulating pathogens via selective 
biochemical pathways (Hidayah et al., 2022). 
For example, Pseudomonas fluorescens produces 
phenazines, redox-active metabolites that 
inhibit fungal respiration, controlled by 
the phz gene cluster. In the same way, 
2,4-Diacetylphloroglucinol (DAPG), controlled 
by the phlACBD genes, suppresses root-infecting 
fungi such as Fusarium and Rhizoctonia. Bacillus 
subtilis is a producer of various lipopeptides, 
such as Surfactin, Fengycin, and Iturin; these 
are amphiphilic compounds that insert into 
pathogen membranes and also induce ISR. 
Microbial production of Volatile Organic 
Compounds (VOCs), such as acetoin and 
2,3-butanediol, also promotes plant growth and 
induces JA/ET defense pathways.

In addition to suppressing pathogen 
populations, microbes emit osmoprotective 
metabolites such as exopolysaccharides, polyols, 
and betaines, which stabilize membranes and 
regulate ion homeostasis under drought or 
salinity stress (Sayyed et al., 2011; 2015). These 
metabolites interact with plant regulatory 
networks by modulating transcription factors 
such as WRKY and MYB and activating the 
ABA signaling pathway. This molecular 
reprogramming enhances drought tolerance, 
increases photosynthetic efficiency, and primes 
systemic defenses, leading directly to improved 
crop biomass, higher yield, and greater field 
resilience. Together, these microbial secondary 
metabolites form a biochemical arsenal that 
promotes plant growth and tolerance by 
direct antimicrobial action and indirect genetic 
reprogramming of host metabolism (Ongena 
and Jacques, 2008). 

Plant-microbe interaction 
The utilization of mycorrhizal fungi, as well 

as microorganisms that enhance plant growth, 
markedly accelerates plant development. 
Microbes use a variety of biochemical and 
molecular pathways to sustain development 
through nutrient uptake and hormone 
regulation, thereby strengthening plant growth 
regulators’ tolerance to unfavorable conditions 
(Spence and Bais, 2015). Bacteria also release 
a variety of metabolites to support specific 
metabolic processes, including the formation of 
exopolysaccharides (Sayyed et al., 2011; 2015), 
nitrogen fixation (Vyas et al., 2026), phosphate 
and zinc solubilization (Sethi et al., 2025; 
Pradhan et al., 2025), and hormone signaling, 
thereby preventing undesirable conditions. To 
combat adverse circumstances, they can also 
produce essential enzymes, such as glucanases, 
ACC-deaminases, lytic enzymes, and chitinases. 
These qualities may enable them to function 
as both powerful fertilizers and insecticides 
in agricultural techniques. Subsequently, this 
could enhance the overall nutritional quality 
and yield, benefiting farmers by increasing their 
revenue and promoting organic and sustainable 
farming practices (Eswaran et al., 2024). 

Plant development, health, and the dynamics 
of the ecosystem as a whole are all impacted 
by interactions between microbes and plants. 
Complex molecular signaling pathways allow 
bacteria and plants to communicate with one 
another. Plant immune responses are elicited 
when plants detect Microbe-Associated 
Molecular Patterns (MAMPs), enabling them 
to protect themselves from potential infections. 
To become successful colonizers, microbes then 
find mechanisms to evade or suppress these 
defenses (Wang et al., 2022). At the ecological 
level, plant-microbe interactions facilitate the 
establishment of soil structure, nutrient cycling, 
and the stability of entire ecosystems. They 
shape biodiversity patterns by determining 
succession and plant community composition.

Ecosystems may experience structural 
and functional alterations due to changes in 
interactions driven by factors such as climate 
change. The root diameter and length can be 
constrained by reduced availability of soil 
photosynthetic material due to global warming 
(Qiu et al., 2021). Certain constituents of the plant 
microbiome can alleviate abiotic stress (Sayyed 
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et al., 2026). They synthesize phytohormones, 
extracellular polymeric substances (biofilms), 
1-aminocyclopropane-1-carboxylate (ACC), 
and ACC deaminase, and detoxify reactive 
oxygen species, thus alleviating the effects 
of abiotic stress on plants (Bright et al., 2025; 
Nasab et al., 2022; Sheikh et al., 2022). The 
symbiotic interaction between microbes and 
plants is central to ecosystem functioning and 
plays a crucial role in sustainable agriculture 
(Sayyed et al., 2026). Future research on the 
intricacies of these interactions will shed 
light on fundamental biological processes and 
highlight key environmental and agronomic 
concerns (Singh et al., 2024).

Microbe-microbe interaction 
Competition, parasitism, or cooperation 

can account for microbial interactions. 
Recent research suggests that microbial 
communities harbor keystone taxa that are 
strongly correlated with other taxa (Banerjee 
et al., 2020). Irrespective of their geographic 
and temporal differences, these taxa have a 
considerable impact on the composition and 
functionality of the microbiome. They play a 
unique and significant role in microbiomes, and 
so does their absence, which is likely to have 
a substantial effect on the composition and, 
subsequently, the activity of the microbiota. 
They have impacted the host microbiota via 
several pathways. They may alter the effector 
group or serve as intermediaries that modulate 
microbiome populations and their activity. It 
has been demonstrated that certain strains of 
Pseudomonas fluorescens generate 2,4-diacetyl 
phloroglucinol. This secondary metabolite 
prevents the growth of Gaeumannomyces 
graminis var. tritici, the bacterium that causes 
wheat take-all (Afzal et al., 2019). 

Likewise, certain beneficial bacteria (such 
as Bacillus) and fungi (such as Trichoderma) 
produce secondary metabolites that inhibit 
microbial proliferation (Enshasy et al., 2020). 
Symbiotic associations between Arbuscular 
mycorrhizae and various Burkholderia species, 
which may alter abundance and diversity 
(Vafa et al., 2021), may affect the productivity, 
variation, and richness of plant communities. 
Using a systems biology approach, Agler et 
al. (2016) investigated the function of bacteria, 
fungi, and oomycetes in the formation of the 
phyllosphere microbiota of Arabidopsis thaliana. 

The researchers identified a complex network 
of interkingdom interactions that profoundly 
influenced community organization, along 
with many closely related species known as 
“Microbial Hubs”, which significantly impacted 
population dynamics (Akter et al., 2024).

Effector proteins, which can block, activate, 
or alter the host’s defense mechanisms, are 
produced by pathogens and other symbiotic 
bacteria (Roberts and Lindow, 2014). These 
invade hosts with compromised defenses 
and are primary colonizers that practice 
hyperparasitism. These underscore the 
significance of such interactions in shaping 
the microbiome’s constitution and structure, 
which can influence microorganism growth in 
the host (Etminani et al., 2024). No or minimal 
changes were observed in the rhizosphere, as 
per a study using 454 amplicon sequencing to 
examine the impact of Bacillus amyloliquefaciens 
on the lettuce microbiome (Qayoom et al., 2024). 
Approximately 55% of the introduced bacterial 
DNA was detected in their environment after 
one month. Like Bacillus amyloliquefaciens, 
there was a minimal impact on composition 
(Gowtham et al., 2024).

The Function of Plant-Associated PGPR 
within Agriculture

Modern-day agriculture depends on the 
plant-associated microbiome. Symbiotic 
associations, such as those between plants 
and Plant Growth Promoting Rhizobacteria, 
promote plant growth, enhance nutrient 
acquisition, and increase stress tolerance, 
leading to higher agricultural productivity 
and quality. The microbiome’s potential 
aligns with sustainable agriculture principles 
that promote environmental conservation 
and resource efficiency. Sustainable farming 
systems depend on their ability to increase 
plant tolerance to ecological shocks (Mahmud 
et al., 2021). Endophytic and resident epiphytic 
bacteria associated with plant tissue may be 
liberated during seed germination, thereby 
affecting the composition of soil microbes 
(Tariq et al., 2025). Beneficial seed microbes 
influence the initial growth of plants, impacting 
germination and seedling viability (Santos et 
al., 2019). Microbes use a phosphotransferase 
system and a periplasmic binding protein to 
indirectly detect chemicals in root exudates, 
leading to receptor attachment. Azospirillum 
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brasilense chemotaxis is linked to the galactose-
binding periplasmic protein ChvE and its 
interacting chemoreceptors. Specific microbes 
in the soil can absorb certain compounds 
from root exudates at the plant’s growing 
site, while releasing others (Bodhankar, 2022). 
Plants can synthesize substances derived 
from microbes owing to the capacity of soil 
microbes to produce molecules that modulate 
plant signaling and metabolism. A variety 
of microbiome assemblies are produced by 
certain microbes, including Penicillium and 
Paenibacillus polymyxa, which create antibiotics 
such as Penicillin and polymyxin that alter cell 
permeability, increase leakage, and increase the 
exudation of organic molecules (Dastogeer et 
al., 2020).

Plant’s Immunity
Plants may actively recruit beneficial 

bacteria that have evolved to confront problems 
over millions of years of co-evolution, rather 
than merely responding to changes in the 
microbiome. The majority of plant-microbe 
interactions transpire in the rhizosphere 
(Akkurak et al., 2024). Diverse root exudates 
serve as cues that recruit beneficial bacteria 
during periods of stress. Leguminous plants, for 
example, synthesize more flavonoids to attract 
nitrogen-fixing bacteria whenever Nitrogen (N) 
is deficient. Similarly, beetroot roots attract 
beneficial bacteria into the endosphere upon 
contact with the pathogen Rhizoctonia solani, 
thereby reducing fungal infection (Wolfgang 
et al., 2023). Rhizospheric bacteria boosted 
nitrogen availability through nitrification, 
delayed blooming, and accelerated plant 
growth by converting tryptophan to indole-3-
acetic acid, thereby suppressing genes linked 
to flowering (Kılınç et al., 2025). Similar to 
mutualistic connections, flexible associations 
are present when inorganic phosphate levels 
are low (Sharma et al., 2025).

Arabidopsis thaliana plants with altered 
jasmonate signaling pathways exhibit distinct 
bacterial and archaeal communities compared to 
the wild type. A greater diversity of Streptomyces, 
Bacillus, Lysinibacillus, and Enterobacter species 
was identified within the rhizosphere of 
the mutant plants (Omar et al., 2022). Some 
studies claim that pathogen infections in plant 
tissues alter defense-related signaling, which 
could affect Root Exudate Secretion and, 

consequently, the mutant. Microbiome changes 
in the defensive mechanisms of Salicylic Acid 
and Jasmonic Acid significantly affect the 
natural microbiome of Arabidopsis (Blouin 
and Jacquiod, 2020). Furthermore, studies have 
shown that exogenous glucosinolate synthesis 
significantly alters the microbial community 
in the root zone of transgenic Arabidopsis 
(Shahzad et al., 2019). 

The microbiome is profoundly influenced by 
exudates from plant roots, particularly those 
originating in the rhizosphere, which comprise 
sugars, organic and and phenolic substances, 
amino acids, and numerous minor secondary 
metabolites (Tariq et al., 2020). Plant species and 
genotypes demonstrate considerable variation 
in root exudates. These variations in exudates 
could include substrates, chemotactic factors, or 
Signaling Chemicals that affect the dynamics 
and structure of microbial communities 
(Hilton et al., 2021). Roots exude an array 
of natural chemicals that amalgamate to 
attract microbial communities. The integrated 
evolutionary process, governed by host-
associated microbiome interactions, is crucial 
for the dynamic shifts in the plant microbiome. 
Therefore, it is imperative to develop sensitive 
and accurate profiling methods (Pang et al., 
2021).

Over millions of years of co-evolution, plants 
have evolved to actively reconfigure their root 
microbiome through internal signaling pathways 
to confront specific stresses, rather than merely 
responding to microbial changes. The jasmonic 
acid (JA) and salicylic acid (SA) Defense 
pathways, along with specialized metabolic 
pathways such as those for glucosinolates, 
act as central regulators of this process by 
dynamically altering the composition of root 
exudates. For instance, leguminous plants 
under nitrogen deficiency increase flavonoid 
secretion to recruit nitrogen-fixing rhizobia. 
At the same time, pathogen attack triggers 
JA/SA signaling, leading to the exudation of 
compounds that attract protective endophytes, 
as seen in beetroot. This causal link is further 
evidenced by the fact that Arabidopsis mutants 
with altered JA signaling host distinct microbial 
communities, and transgenic plants producing 
exogenous glucosinolates profoundly shift 
their root microbiota. Thus, these signaling 
cascades translate internal stress perception 
into a precise chemical dialogue with the soil, 
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selectively enriching for a beneficial microbiome 
that enhances agronomic traits like nutrient 
acquisition and disease resistance (Sridhar et 
al., 2025).

Challenges Related to the Application of 
PGPR as a Potential Effective Biocontrol 
Agent

A biocontrol agent (BCA) should ideally 
have as many advantageous characteristics 
as possible, such as the ability to grow for 
commercial production, high rhizosphere 
competence, improved plant growth 
capabilities, a wide range of bioactive 
metabolites, environmental safety, aggressive 
compatibility with other rhizobacteria, and 
abiotic stress tolerance (Lyu et al., 2020). 
Efficient strains can only combat pathogens 
when they colonize the rhizosphere or even 
root tissues; thus, successful root colonization 
is essential for efficient biocontrol by PGPR. 
The extensive use of BCA stems from its 
variable performance, which can be attributed 
to several environmental conditions, including 
inadequate soil survival, crop compatibility, 
and interactions with natural microbial species. 
According to Murali et al. (2023), researchers 
should see colonization and survival as crucial 
traits when identifying valuable isolates. This 
is followed by greenhouse and field research 
experimentation. Crop species are included 
owing to the close connections between 
rhizobacteria and their host plants. The 
subsequent survival of BCA and its interactions 
with host plants is further aided by tracking 
its development in the soil. 

According to Khalili et al. (2023), a 
greenhouse is helpful for both providing 
theoretical support for field applications and 
offering practical advice on the use of BCAs 
for controlled-environment crop production. A 
range of media for culture and development 
conditions has been examined and optimized 
during the manufacturing process to yield 
the appropriate microbial species. The most 
widely used formulations are liquid ones, 
and numerous researchers have attempted 
to extend the shelf life of PGPR by reducing 
storage temperatures and/or altering additive 
combinations (Shahdadi et al., 2023). BCAs 
might endanger local biodiversity and limit 
the introduction of species or populations 
into natural systems to combat infections, 

also raising ethical and legal issues (Sudha 
et al., 2023). The substantial regulatory 
costs associated with importing BCAs into 
Australia are a primary factor. Governmental 
organizations, academia, and industry must 
collaborate closely to register BCAs, enabling 
the critical assessment and promotion of these 
novel products (Alsulami et al., 2023). In both 
local and global markets, commercialization 
should comply with international laws and 
regulations. The International Organization 
for Biological Control (IOBC) has brought 
together researchers and practitioners from 
a wide range of disciplines to identify and 
address restrictions on the widespread use of 
biocontrol products, thereby reducing these 
limitations (Bonaterra et al., 2012).

Future Perspectives
One of the most exciting areas of sustainable 

agriculture is biological control management 
(Fig. 5). This method of agricultural pest control 
is environmentally friendly. The technique 
systematically and consistently reduces 
insect populations in a manner suited to the 
environment by using living microorganisms. 
In industrial countries, biological control is 
a sensible tool for pest control that is safe, 
affordable, and long-term, which benefits 
both producers and consumers, as opposed 
to artificial (Chemical) Methods. The MBCA 
antagonistic mechanisms are perceived 
as suitable substitutes for chemical-based 
fungicides, encouraging plant growth and 
development for post-harvest purposes, thereby 
facilitating the development of new biocontrol 
technologies and applications. In addition, 
the interactions between MBCA-pathogen-
plants have been elucidated by bioinformatics, 
molecular biology, analytical chemistry, and 
biostatistics (Shahbaz et al., 2023).

Bioinformatics
Bioinformatics can revolutionize PGPR 

research by enabling the identification of 
bacterial genomes for Biosynthetic Gene Clusters 
(BGCs) that yield antimicrobial metabolites. 
Pangenome analysis and comparative genomics 
can identify strain-specific genes that contribute 
to biocontrol effectiveness (Sangwan et al., 
2022). Metagenomic sequencing of rhizosphere 
microbiota can unveil new PGPR strains 
and their eco-physiological interactions with 
disease-causing pathogens. Machine learning 



48 SARANRAJ et al.

models can predict plant–microbe interactions 
and enable the design of synthetic microbial 
consortia. Network-based bioinformatics tools 
also predict regulatory associations between 
microbial metabolites and plant defense genes. 
These strategies allow the prioritization of 
the most promising strains for agricultural 
use. For instance, the identification of new 
siderophore or lipopeptide genes can guide 
the development of specific strains for crop 
biocontrol. Bioinformatics, in general, offers 
cost- and high-throughput-efficient information 
for PGPR-initiated sustainable agriculture 
(Medina-Cordoba et al., 2021).

Molecular Biology Strategies
Molecular biology provides tools to 

disentangle the mechanisms by which PGPR 
regulate plant immunity and biocontrol 
processes at the gene and protein levels 
(Anbalagan et al., 2024). Functional genomics 
tools, such as CRISPR-Cas9-Mediated gene 
deletion in PGPR, can identify genes required 
for antifungal metabolite biosynthesis. 
Transcriptomic profiling of PGPR-inoculated 
plants can reveal upregulation of ISR-associated 
defense genes, including LOX, ERF1, and PDF1.2. 
Proteomics and metabolomics can identify new 
secreted proteins and signaling molecules that 

contribute to pathogen suppression. Molecular 
cloning of biosynthetic genes of interest (e.g., 
lipopeptide) into high-performance bacterial 
hosts can enhance metabolite yield. Host-
microbe interactions using reporter gene 
fusions (e.g., GFP-tagged bacteria) allow for 
visualization of colonization patterns in planta. 
These strategies can enhance strain selection 
and engineer PGPR with optimized traits for 
biocontrol. Such solutions are at the crossroads 
of basic science and their use in sustainable 
agriculture (Backer et al., 2018).

Biostatistics Strategies
Biostatistics is essential for validating PGPR 

research by ensuring a robust experimental 
design, accurate data analysis, and predictive 
modeling. Statistical models, such as mixed-
effects regression, can analyze the impact 
of PGPR on crop yield under varied field 
conditions. A meta-analysis of published trials 
will provide estimates of the overall efficacy 
of PGPR-based biocontrol across various crops 
and environments. Bayesian modeling will 
incorporate uncertainty in ecological data for 
forecasting the performance of PGPR under 
climate change. Multivariate techniques, such as 
PCA and clustering, can be employed to classify 
PGPR strains based on metabolite production 

Fig. 5. Future applications of PGPR-associated plants in biocontrol for sustainable agriculture.
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and stress tolerance traits. Biostatistical 
pipelines are also necessary to incorporate 
multi-omics data (genomics, proteomics, 
metabolomics) into holistic PGPR-plant-
pathogen interaction models. By employing 
rigorous statistical approaches, scientists can 
minimize biases, enhance reproducibility, and 
provide valuable recommendations to farmers. 
Statistical precision enables the upscaling of 
PGPR from laboratory experiments to field 
applications (Köhl et al., 2019).

Conclusions 
The significant threats posed by 

phytopathogens to global food security, coupled 
with the environmental and health hazards 
associated with chemical pesticides, necessitate 
the development of sustainable alternatives 
for agricultural disease management. Plant 
growth-promoting rhizobacteria (PGPR) are a 
biocontrol strategy that can yield advantageous 
outcomes in disease suppression, plant growth 
promotion, and increased stress resilience. 
PGPR species such as Pseudomonas fluorescens, 
Bacillus subtilis, and Azospirillum brasilense have 
been shown to effectively inhibit pathogens 
such as Fusarium oxysporum, Rhizoctonia 
solani, and Phytophthora capsici while also 
enhancing nutrient acquisition (Nitrogen 
Fixation, Solubilization of Phosphorus) and 
root structure by modulating phytohormones 
(IAA, Cytokinins, Ethylene). The rhizosphere 
microbiome, influenced by root exudates and 
microbial associations, is fundamental to disease 
suppressiveness, with PGPR as keystone taxa 
promoting soil health and plant resilience. Issues 
such as variable field performance, adaptability 
to environmental conditions, and regulatory 
constraints hinder the implementation of 
large-scale PGPR. Soil heterogeneity can 
reduce biocontrol effectiveness due to host 
specificity and competition with indigenous 
microbiota; therefore, tailored formulations 
and microbial consortia are required across 
various agroecosystems. The integration of 
PGPR into sustainable agricultural systems 
offers a promising approach to reduce chemical 
inputs while maintaining crop productivity. 
However, successful implementation requires 
addressing challenges related to field 
performance variability, formulation stability, 
and regulatory compliance. Future research 
should prioritize the development of region-
specific microbial consortia, improved delivery 

systems, and integration with precision 
agriculture technologies. PGPR with organic 
farming methods, including crop rotation and 
intercropping, may maximize their utility, 
whereas nanotechnology and encapsulation 
methods can optimize delivery and shelf life.

Additionally, international cooperation 
is necessary to harmonize regulatory 
mechanisms and ensure the safe and 
effective commercialization of PGPR-based 
bio-formulations. PGPR is an innovative 
instrument for agricultural sustainability that 
bridges the productivity-viability gap. PGPR, 
in conjunction with agro-ecological strategies, 
possesses biocontrol potential to reduce reliance 
on chemical inputs, mitigate the impacts of 
climate change, and ensure food availability 
for future generations.
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