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Abstract: 

Plenty of microbes have magical tendency to establish development of plant, and a wide range of 

microbial products are commercially available that have these properties as well. The concentration of this 

review is on the bacteria said to be plant growth-promoting rhizobacteria, which are derived from plant 

roots and affect plant roots. These rhizobacteria may enhance plant development directly or indirectly. The 

introduction of the review discusses the environmental elements that affect the bacterial flora in the 

rhizospheric area. Since efficient root surface colonization is typically necessary for bacteria to manifest 

their beneficial effects, the following sections explain the bacterial properties necessary for effective root 

colonization. Then, numerous mechanisms by which microbes promote plant growth are discussed. Direct 

plant growth promotion includes, among other things, biofertilization, root growth stimulation, 

rhizoremediation, and a reduction in plant stress. The study also discusses a number of biological controls, 

such as antibiosis, the development of systemic resistance, and resource competition, and ecological niches, 

that rhizobacteria use to avoid the spread of disease and thereby stimulate the plant growth. 
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Introduction: 

This analysis grabs attention on beneficial bacteria that can either directly promote development of 

plants without diseases or indirectly protect plants from soil-borne diseases, which are mostly fungi-related. 

Maarastawi et al., 2018 observed that the rhizospheric area: the area of the earth where the root has 

caused impacts - holds a larger bacterial concentration in contrast to the concerning bulk soil. Such 

rhizosphere bacteria are fed by the metabolites produced by these plant roots. This process results from the 

significant release of root exudate, which contributes between 5% and 21% of plants' ability to fix carbon 

(Marschner, 1995). The bacterial concentration within the rhizosphere exhibits a magnitude that is ten to 

thousands times more than that observed in the surrounding bulk soil. However, it remains notably lower, 

approximately 100 times, compared to the bacterial concentrations commonly encountered in laboratory 

settings. Rhizobacteria may therefore be thought of as having a nutrient-restricted lifestyle. In order to 

manifest their beneficial impacts inside the root environment, bacteria must be skilled at colonizing the 

rhizosphere and capable of out-competing other rhizosphere microbes for available root locations and 

supplies released by the roots. 

The understanding of the various food sources within the rhizosphere and the mechanisms by which 

bacteria consume them remains limited (Uren, 2007). However, the tomato root exudate composition is an 

exception, with organic acids and sugars making up the majority of the mixture (Rohrbacher & St-arnaud, 

2016). The significance of organic acids in root colonization has been verified by studies indicating that 

mutants unable to utilise organic acids exhibit lower competitive root colonization as considered with to the 

wild-type strains, while mutants deficient in sugar utilisation show no change in root colonization (M. 

Sharma et al., 2020). 

The most opportune locations for bacterial colonization on the surface of plant root -which is 

confined to a limited part: the bonding between epidermal cells are the sites where side roots originate 

(Knights et al., 2021). Insufficient rhizoplane colonization has long been recognized as a barrier to the 

efficiency of biocontrol (Niu et al., 2020). Earlier investigations already reported necessity of root 

colonization in plenty of biocontrol strategies, viz antibiosis (Chin-a-woeng et al., 2000) and 

competitiveness for resources and habitats (Kamilova et al., 2005; Validov, 2007). 

Available nutrients, colonization procedure, and the living conditions of the root is enveloped by 

bacteria in the first portion of this review. Beneficial bacterial processes rely on the competitive colonization 

of the rhizospheric area. The bacterial traits required for root colonization successfully in the face of 

competition from fungi, nematodes, and protozoa are also included (Saeed et al., 2021). The investigation of 

the diverse ways via which specialized helpful rhizobacteria stimulates the plant growth concludes in the 

review. It first discusses bacteria that directly enhances growth of plants in the absence of harmful microbes, 

after which it examines biocontrol bacteria that minimize infection-related damage and serve as 

biopesticides (Glick, 2012). 
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MICROBES' NUTRIENTS IN THE RHIZOSPHERE 

Numerous organic molecules viz. fatty acids, nucleotides, amino acids, carbohydrates, organic acids, 

vitamins, fatty acids, sterols, putrescine and vitamins are secreted by plant roots (Uren, 2007 and Upadhyay 

et al., 2022). When analyzing data on exudate composition, there are a number of considerations that call for 

caution. First of all, scientists can only identify the components they actively search for, unless they are 

fortunate enough to come across unexpected molecules. For example, putrescine was not studied until a 

mutant for competitive colonization was discovered to suggest its existence (Liu et al., 2022). Second, it is 

frequently required to obtain aseptic plant specimens cultivated in controlled environments, viz. either 

inside a sterile plant feeding fluid or on sterile filter paper, it is necessary to employ certain collection 

methods, in order to obtain exudates with the right concentration for testing (Kamilova et al., 2008; 

Kamilova, Kravchenko, Shaposhnikov, Makarova, et al., 2006; Williams et al., 1992). Plant's physiological 

condition, existance of microorganisms, the impact of rhizobacteria-derived compounds like phenazines, 

2,4-diacetylphloroglucinol, and zearalenone, along with the growth substrate, can all affect the composition 

of exudates (Phillips et al., 2004). Finally, it's crucial to keep in mind that in addition to secreting 

substances, plants also absorb exudates. 

One of the most well-known exudate components is the exudate from tomato plants including the 

primary soluble carbon sources in tomato root exudate are organic acids (Kamilova et al., 2005, 2008; 

Kamilova, Kravchenko, Shaposhnikov, Azarova, et al., 2006; Kamilova, Kravchenko, Shaposhnikov, 

Makarova, et al., 2006; Upadhyay et al., 2022), followed by sugars (Kamilova, Kravchenko, Shaposhnikov, 

Azarova, et al., 2006; B. J. J. Lugtenberg et al., 1999; B. J. J. Lugtenberg & Dekkers, 1999) and amino acids 

(Simons et al., 1997). The amino acids and putrescine in the exudate are significant sources of nitrogen. 

Because of root exudates (P O Baisthakur et al., 2022), pathogenic fungus may behave differently. For 

instance, Spores of a disease of the root of tomato plant (Forl) Fusarium oxysporum f., sp. Radicis-

lycopersici can more readily germinate when exposed to tomato root exudate, especially its main ingredients 

citrate and glucose. Pseudomonas fluorescens WCS365, a biocontrol strain, slows down this germination 

process (Kamilova et al., 2008). 

COLONIZATION OF RHIZOPLANES 

Introduction 

The root epidermis's mucigel layer frequently masks the presence of germs. Thanks to the 

development of a modified technique of scanning electron microscopy method that has partially 

transparented this layer, scientists can now detect microorganisms on the rhizoplane (Chin-a-woeng et al., 

2000). The visualization of specific microbial strains through fluorescence labeling has been made possible 

by the colour variations utilization of the green fluorescent protein (GFP) (Barbier & Damron, 2016). The 

simultaneous visualization of two bacterial strains or a fungus and a bacteria can be achieved by employing 

a combination of distinct fluorescent hues on the red auto-fluorescent surface of tomato roots (Bloemberg et 

al., 2000; Bolwerk et al., 2003; Rochat et al., 2010). 
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To investigate mechanisms of root colonization beginning with bacterized seeds, a monoaxenic 

system was constructed (Simons et al., 1996). A controlled setting for research was provided by this system. 

In this method, seeds or seedlings are planted without the need of an additional carbon source in sterile sand 

and a sterile plant feeding solution. One or two bacteria are coated on the seeds or seedlings. Throughout a 

developing phase of up to 7 days, during which root exudates are the only carbon source, the presence of 

bacteria is examined in various root sections. After 7 days, it was discovered that the dissemination of 

Pseudomonas fluorescens WCS365 bacteria differed along the root, ranging from 106 colony-forming units 

(CFUs) and 102 to 103 Colony Forming Units cm-1 near the root base and root tip respectively. During the 

investigation it was revealed that seed coat is the part of plant where Pseudomonas fluorescens WCS365 

primarily multiplied. The root, as opposed to the stem, was gradually colonized, starting with one cells that 

later gave rise to bacterial colony. These bacterial colonies, often referred to as biofilms, frequently include 

many bacterial layers on top of a slimy layer (B. J. J. Lugtenberg et al., 2001; B. J. J. Lugtenberg & 

Dekkers, 1999). 

Colonization Traits and Genes 

The genes and features connected to competitive root tip colonization have been identified by 

monoaxenic protocol (Simons et al., 1996) that has been previously published. In a paired competition for 

colonization of the root tip, the parental strain Pseudomonas fluorescens WCS365 and mutants that 

displayed aberrant growth patterns in the lab were permitted to compete. When planted in potting soil, the 

mutants that had problems colonizing the sand system exhibited similar behaviors. Genetic and 

physiological research was done on these mutants. The lipopolysaccharide's O-antigenic side chain, the two-

component ColR/ColS sensory system, the putrescine uptake system specific to a given site, the putrescine 

uptake system's fine-tuning (with a compromised pot operon), adhesion to the root, the rapid growth of root 

exudate, the synthesis of amino acids, uracil, and vitamin B1, and the O-antigenic side chain. 

Chemotaxis related to root exudate has been found to be a crucial component of motility, which is 

necessary for colonization. Dicarboxylic acids and amino acids, with L-leucine being the most powerful, 

were shown that the existence of chemoattractants in the tomato plant’s root exudate has been observed to 

attract Pseudomonas fluorescens WCS365. The chemoattractiveness of sugars was nonexistent. It was 

assumed that malic acid and, to a lesser extent, citric acid were the primary chemoattractants for this strain 

in the tomato rhizosphere based on the amounts of these acids in root secretions (Weert et al., 2002). In the 

case of the Arabidopsis thaliana root exudate, L-malate was discovered as a primary chemoattractant to 

biological control rhizobacterium Bacillus subtilis FB17(Rudrappa et al., 2008). 

Competitive tomato root colonization mutants in the ColR/ColS two-component system showed 

reduced growth rates in root exudate when cultivated with the wild-type Pseudomonas fluorescens 

WCS365. Additionally, these mutants were extremely toxic to the antibiotic polymyxin B, which binds to 

lipopolysaccharide (LPS). They showed greater resistance to the tested antibiotics than the wild type. The 

colR/colS genes regulate the downstream methyltransferase/wapQ operon. Individual gene alterations in the 

phosphatase and methyltransferase proteins reduced competitive colonization. The wapQ gene encodes a 
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potential heptose phosphatise. The products of both genes may change Lipopolysaccharide (LPS), which 

reacts with outer membrane porins, according to one theory (B. E. N. Lugtenberg & Alphen, 1983; Weert et 

al., 2006). When these chemical groups are not present, the LPS has a reduced pore diameter. Pseudomonas 

fluorescens SBW25 TTSS (type three secretion system) mutants showed decreased competitive colonization 

of tomato root tips, but when evaluated separately, their colonization capacity was unaltered. The mutants' 

altered LPS accounts for the mutants' increased interaction with polymyxin B, reduced exudate growth rate 

and reduced ability for competitive colonization (Weert et al., 2006). Due to binding to seeds and roots in 

interaction with the parent strain wasn’t hindered, it was hypothesized that Pseudomonas fluorescens 

SBW25's TTSS enabled the insertion of a hollow needle into the plant epithelial cell’s cytoplasm in order to 

access plant fluids. This system for injecting proteins may have originated as a means of protein delivery, 

then following the inclusion of a functional motor, it may have changed into rotating flagella (Zhuang & Lo, 

2020). The finding that the hrcC gene mutation reduces the ability of Pseudomonas putida KD to biocontrol 

Pythium in cucumbers and Fusarium in tomatoes further validates the role of the TTSS in rhizosphere 

competence (Rezzonico et al., 2005). 

Given that multiple genes are concerned in competitive root colonization, identifying genes and 

phenotypes linked to colonization is a difficult task that requires a genomic approach to properly understand 

this process. 

 

PROMOTING DIRECT PLANT GROWTH 

Plant growth is directly supported by rhizobacteria when pathogens are absent. An good review has 

been written with this subject in mind (Loon, 2007). Different bacteria promote plant development based on 

the method employed. 

Biofertilizers 

Some rhizobacteria can aid plant growth even when pathogen pressure is not present (Backer et al., 

2018). Bacterial fertilizers provide food for plants. Leguminous plants, including soybean, pea, peanut, and 

alfalfa, grow N2-fixing bacteria like Bradyrhizobium and Rhizobium in nodules on their roots(Q. Wang et 

al., 2018). They transforms Nitrogen2 into ammonia in this location, which the plant can utilise as a source 

of N (Spanic et al., 1998 and Rhijn & Vanderleyden, 1995). Azospirillum, an independent living N2-fixing 

bacterial species, acts as fertilizer for plants like wheat, sorghum, and maize. Although Azospirillum can fix 

N2, the elevated rates of uptake of water and minerals that result from its inoculation are what are mostly to 

blame for the higher yield (Fukami et al., 2018). 

Low quantities of soluble phosphate can prevent plants from growing. Certain microbes are capable 

to dissolve phosphate from both organic and inorganic phosphate molecules, which encourages plant growth 

(Kalayu, 2019; Oteino et al., 2015; Vassilev et al., 2006). Few of the enzymes that assist the soil in 

liberating soluble phosphorus from organic molecules include unspecific phosphatases, phytases, 
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phosphonatases, and C-P lyases. C-P lyases specifically cleave C-P bonds in organophosphonates. Certain 

bacteria have the capacity to soluble phosphate from both organic and inorganic phosphate molecules, 

which encourages plant growth (Dhuldhaj & Malik, 2022; Rodriguez et al., 2014). 

 

Rhizoremediators 

Since it decreases their efficacy after application, bacteria's limited capacity in order to acclimate to 

the environmental factors present in a large quantity of soil is an issue for the breakdown of soil pollutants. 

This reduction occurs as a result of the bacteria starving immediately after application since their primary 

metabolic depends on the breakdown of the pollutant (Alori et al., 2022; Bottiglieri & Keel, 2006). This 

issue can be resolved by separating the energy requirements for main metabolism from those for pollutant 

degradation. Kuiper et al. (2001) created the rhizoremediation (Kuiper et al., 2004) system to do this. They 

adopted a strategy in which they selected rhizobacteria that can degrade contaminants and are present on or 

near plant roots, enabling them to use root exudates as their primary source of nutrients. The researchers 

devised a viable approach to enhance the abundance of said bacteria by initiating the process with a basic 

amalgamation of bacteria derived from grass roots, employing supplementary criteria for promoting growth 

on the pollutant naphthalene, and proficiently establishing a presence within roots of grass (Kuiper et al., 

2001). The promissing strains, Pseudomonas putida PCL1444, demonstrates effective usage of root 

exudates, naphthalene breakdown close to the roots, seed protection from naphthalene toxicity, and support 

for conventional plant growth. Plant protection is less effective in mutants that are unable to break down 

naphthalene (Kuiper et al., 2001). 

Phytostimulators 

Some bacteria carry ability to elevate the development of plant, even in absence of any pathogenic 

effects. In addition to other hormones, specifically volatiles, and the coenzyme pyrrolquinoline quinone 

(PQQ), are also implicated, a suitable example of example of a hormone that stimulates plant development 

is auxin (Choi et al., 2008). 

Auxin, which is present in plant root exudates, is often created by tryptophan amino acid, which is 

present in the root secretions. Tryptophan contents in exudates vary greatly amongst plant species. After 

being inoculated with the auxin-producing bacterium Pseudomonas fluorescens WCS365, cucumber, sweet 

pepper, and tomato plants did not enhances in weight of shoot or root. However, radish had a significant 

enhances in root weight because it produces far more tryptophan per seedling than the other plants. Figure 1 

shows an illustration of how bacteria can positively influence the growth of radish. As per Berger et al. 

(2015), radish plants grown in glasshouses were either inoculated with a 0.05 M NaCl control solution or 

107 cfu ml−1 K. radicincitans cells prior to germination. It was observed that K. radicincitans was capable 

of colonizing and persisting in a member of the Brassicaceae and of promoting radish growth under both 

glasshouse and natural conditions. Following bacterial application, there was no change in the composition 

and content of glucosinolate, with the exception of aromatic 2-phenylethyl glucosinolate levels in the leaves. 
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Figure1. Bacteria promotes plant growth: K. radicincitans inoculated radish plants.  

(Photograph: Berger et al., 2015) 

A subtropical grass species contains bacterium Azotobacter paspali having the N2 fixing ability, 

which encourages the growth of numerous monocotyledonous as well as dicotyledonous plants. Inorganic 

nitrogen addition investigations show that the impact on growth improvement is because of the plant growth 

factors production such indole-3-acetic acid (IAA), gibberellins, and cytokinins rather than nitrogen fixation 

(Samuel et al., 2017).  

Some rhizobacteria, including strains of Bacillus subtilis, Bacillus amyloliquefaciens, and 

Enterobacter cloacae, help plants develop by creating volatiles. The compounds 2,3-butanediol and acetoin 

have been observed to stimulate growth to the greatest extent. The mutant variants of Bacillus 

amyloliquefaciens IN937 lack the ability to promote plant development. Bacillus amyloliquefaciens IN937 

who are unable to synthesize these compounds involved in the promotion of plant growth. Earlier this year, 

Zhang et al. (2008) discovered that  B. subtilis GB03 increases the efficiency and the amount of chlorophyll 

in the plant, Arabidopsis thaliana's photosynthetic process by altering the body's normal signals for sensing 

glucose and abscisic acid. They summarized that the bacterium regulates the plant's ability to produce 

energy. 

The cofactor PQQ has been found to encourage plant development. Synthetic PQQ is well received 

by tomato and cucumber plants, which shows that it serves a role as an antioxidant in plants. It is probable 

that the effect will be indirect because PQQ functions as a cofactor for several enzymes involved in 

systemic resistance development and antifungal activity (Naveed et al., 2017). 

 

Stress Reducers 

Bacteria that stimulate plant growth contain the biocatalyst 1-aminocyclopropane-1-carboxylate 

(ACC deaminase), that helps reduce ethylene levels of plants. The ACC ethylene precursor can be broken 

down by these microbes into 2-oxobutanoate and NH3. A variety of benefits are associated with the 

presence of ACC deaminase-producing bacteria in terms of stress reduction, including protection against 

phytopathogenic bacteria, resistance to polyaromatic hydrocarbon stress, heavy metal stress from Ca2+ and 

Ni2+, and resistance to salt and drought stress (Glick et al., 2007). 
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CONTROL OF SOIL-BORNE PLANT DISEASES THROUGH BIOLOGY 

Introduction 

Plant diseases cause massive agricultural losses each year that reach $200 billion (Agrios, 2005). 

Traditional disease control methods employ agrochemicals and resistant plant varieties. It takes time to 

develop resistant plants, and not all diseases have plant options that are resistant. In addition, the use of 

agrochemicals is being restricted due to unfavorable regulatory requirements and public perceptions, and 

genetically engineered resistance continues to be a contentious topic in the European Union. 

An environmentally friendly way to prevent disease is by using microorganisms, a sort of biological 

control. These beneficial bacteria produce secondary metabolites on a local level, specifically surrounding 

to plant surface where their activity is needed. They act as the natural enemies of the diseases. Contrarily, a 

lot of agrochemicals do not effectively reach the plant. Biologically generated substances are also 

biodegradable, in contrast to many agrochemicals that are designed to stop microbial oxidation. The term 

"biocontrol" refers to both the management of diseases in living plants as well as the control of postharvest 

illnesses that emerge during fruit storage. The fact that some rhizobacteria also exhibit activity against 

weeds and insects should be noted, even though the majority of studies on the control of diseases by 

rhizobacteria focus on pathogenic microorganisms (Flores-Vargas & Hara, 2006; Péchy-tarr et al., 2008; 

Siddiqui et al., 2005). 

Pathogens only manifest disease signs in conducive soils. It's interesting to note that spontaneous 

bacterial sickness control has been observed globally in many different domains. Although pathogens that 

cause illness are present in some soils, so-called suppressive soils also contain bacteria that protect plants 

from fungal infections. Combining small amounts of suppressive soil with a larger amount of favourable 

soil can have suppressive effects. References of Haas & Défago (2005) and Schroth & Hancock (1982) 

should be read carefully by readers if they want more in-depth information. 

The complex process of microbial management of plant diseases involves many different players, 

including the pathogen, the plant, the biocontrol microbe, the native microflora, macrobiota like worms and 

protozoa, and the substrate for plant growth, such as soil, stonewool, or vermiculite (Bonaterra et al., 2022). 

Numerous reviews of biocontrol have been published (Compant et al., 2005, 2019; Ek-Saadony et al., 2022; 

Etesami & Maheshwari, 2018; Haas & Défago, 2005). The ability to function in a variety of settings, 

including those with shifting pH, temperature, and ion concentrations, is essential for biocontrol bacteria. To 

achieve these requirements is difficult. That some first-generation commercial biocontrol products (17 may 

not be sufficient is not shocking. However, as our understanding of biocontrol procedures and strategies for 

choosing active strains expands, it is projected that biocontrol products will get better, pointing to a bright 

future for the technology. 

Principles of Biocontrol 

We employ the fungal pathogen Forl-caused tomato disease tomato foot and root rot (TFRR) as a 

model system in our lab to examine the processes used by different bio-control strains. Different model 
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systems are used by other organizations (Folman et al., 2004; Haas & Défago, 2005; Rosier et al., 2018; H. 

Wang et al., 2021). You can tell the following mechanisms apart. 

Antagonism 

Antibiotic-producing bacteria use antagonism to carry out their biocontrol tasks since they can 

destroy infections. It is obvious how crucial antibiotic synthesis is when mutants lacking the structural genes 

in charge of antibiotic production exhibit a loss of biocontrol activity. In order for biocontrol to be effective, 

a bacteria must not only generate and release the antibiotic but also outcompete other organisms for 

resources and niches on the root, dispersing the antibiotic throughout the entire root system (Chin-a-woeng 

et al., 2000) (Figure 2). Additionally, the bacterium needs to be guarded against protozoan grazers, which 

consume rhizosphere bacteria (Jousset et al., 2006). Additionally, for the best biocontrol to happen, the 

bacterium needs to produce the antibiotic at the appropriate microniche on the root surface (Pliego et al., 

2008). 

Gram-negative biocontrol microorganisms have been connected to the genesis of many antibiotics. 

These include phenazines (Chin-a-woeng et al., 1998, Chin-a-woeng et al., 2003, Péchy-tarr et al., 2008), 

such as phenazine-1-carboxylic acid and phenazine-1-carboxamide, as well as the well-known compounds 

hydrogen cyanide (HCN) (Haas & Keel, 2003), 2,4-diacetyl phloroglucinol (Phl) (Thomashow & Weller, 

1996 and Dunne C. et al., 1998), pyoluteorin (Nowak-thompson et al., 1999), and pyrrolnitrin (Kirner et al., 

1998).  

Wittermycin A (Emmert et al., 2004) and kanosamine (Milner et al., 2023) are two products that 

Bacillus cereus can make. Biocontrol strains have been found to harbor two newly identified antibiotics: 2-

hexyl-5-propyl resorcinol (Cazorla et al., 2006) and D-gluconic acid (Kaur et al., 2006). Plants can also 

defend themselves by producing combinations of volatile molecules produced by fungi (Strobel, 2006) or 

Bacillus spp. (Ryu et al., 2003), as well as by 2,3-butanediol and other volatile compounds. Furthermore, B. 

subtilis has been linked to lipopeptide biosurfactants and pseudomonads produced by Bacillus. biocontrol 

(Bruijn et al., 2007). (Ongena et al., 2007). Rhamnolipid and phenazine work synergistically to treat 

soilborne illnesses caused by Pythium (Perneel et al., 2008). 
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Figure 2. The graphically illustration of primary basic mechanisms by which microorganisms control plant 

diseases. In each of the aforementioned instances, the biocontrol process is initiated by spreading the 

biocontrol bacterium over the seeds. (a) Antibiosis: A bacterium colonizes a root system that is expanding 

and produces antibiotic compounds nearby that kill invading pathogens (shown by stars). (b) Induced 

systemic resistance (ISR): Local root colonization may result in ISR. Systemic signaling is stimulated by 

diverse bacterial chemicals, which shields the entire plant from diseases caused by various species. Similar 

to innate immunity, which occurs in both humans and animals, this ISR trait is present. Competition for 

nutrients and niches: When utilizing this method, biocontrol bacteria show adept chemotactic movement 

along the growing root, fervently pursuing root exudate elements. By out-competing pathogens for 

resources and occupying root niches, they excel at reducing pathogen colonization. 

 

Interfering with Signals 

As a component of a biocontrol system employed by bacteria, molecules that sense quorum, 

including homoserine lactones (AHLs), which concentrate at high bacterial cell densities, regulate the 

expression of pathogenicity or virulence proteins (Kumar et al., 2022). AHLs are essential for the synthesis 

of enzymes that dissolve cell walls in infections like Erwinia carotovora. AHLs can be broken down to 

interfere with signals, for instance, by AHL lactonases that break down the lactone ring or AHL acylases 

that break down the amide link. Recent research suggests that AHL acylases contribute to the formation of 

biofilms (Sikdar & Elias, 2021). The absence of biofilm formation undoubtedly makes the biocontrol 

process simpler. 

Parasitism and Predation 

The enzymatic breakdown of fungal cell walls is caused by parasitism and predation in several 

Trichoderma fungal species, which are significant biocontrol methods (S. Sharma et al., 2020). Although 

this method has not been fully characterized in bacteria, it is believed that the fungus eater Collimonas 

fungivorans uses CNN rather than predation and parasitism to suppress fungal root infections (B. 

Lugtenberg et al., 2017). 

 

Induced Systemic Resistance  

Induced systemic resistance (ISR), a different biocontrol technique, involves specific bacteria 

interacting with plant roots to build resistance to bacterial, fungal, and viral illnesses. In humans, ISR and 

innate immunity are similar (Choudhary & Johri, 2009). Inducers of ISR in bacteria include LPS, flagella, 

salicylic acid, siderophores, cyclic lipopeptides, the antifungal factor Phl, AHLs, and volatile mixtures 

(Iavicoli et al., 2003; Ongena et al., 2007; Ryu et al., 2003; Schuhegger et al., 2006). Contrary to other 

biocontrol mechanisms, ISR does not require extensive root colonization, as demonstrated by Pseudomonas 

fluorescens WCS365 mutants with impaired root colonization that still produce ISR (Dekkers et al., 2000; 

Kamilova et al., 2005). 
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The discovery that some strains of the Bacillus cereus, which are notoriously poor colonizers, may 

serve as effective biocontrol agents, however, shows that ISR rather than antibiosis is the cause of these 

strains' presence (Islam & Hossain, 2016). It is believed that many Bacillus strains utilise ISR to carry out 

their biocontrol activities. 

According to studies, Pseudomonas syringae pv. Increased L-malic acid secretion by the roots as a 

result of tomato Pst DC3000 infection of Arabidopsis thaliana seedling leaves attracts the beneficial 

rhizobacterium Bacillus subtilis FB17, which performs as a biocontrol bacteria through ISR. Because it is 

unlikely that only good bacteria show chemotaxis to L-malic acid, the claim that enhanced L-malic acid 

secretion pulls only good bacteria is baseless (Rudrappa et al., 2008 and Weert et al., 2002). 

 

Ferric iron ions are in competition 

If a bacterial strain inhibits fungal growth on a test plate with low ferric iron content but not when 

additional Fe3+ ions are introduced, it is likely that the bacterial strain will produce a siderophore, a 

molecule that chelates Fe3+ ions. After the siderophore attaches to the Fe3+ ion to form a siderophore-Fe3+ 

complex, iron-limitation-dependent receptors on the surface of bacterial cells recognize and bind the 

complex. In the bacterial cytoplasm, the Fe3+ ion is then liberated and activates as Fe2+. Bacteria that 

produce a lot of high-affinity siderophores in the rhizosphere can inhibit the growth of fungal pathogens 

when Fe3+ concentrations are low, as they are in acidic soils (Schippers et al., 1987). 

 

Competition for Resources and Niches 

Competition for nutrients and niches (CNN), long regarded as a workable biocontrol strategy, lacked 

scientific backing. Kamilova et al. chose biocontrol strains to demonstrate this method after a number of 

enrichment cycles. After a variety of rhizosphere strains were added to sterilised seeds and allowed to sprout 

under carefully monitored conditions, the best competitive root colonisers were then isolated from the root 

tips. These solitary bacteria, which also grew on root exudate, successfully colonized the roots. The majority 

of the isolates, including Pseudomonas strains PCL1751 and PCL1760, were successful in avoiding the 

target fungal root rot (TFRR), which is notable. Mutant studies (Kamilova et al., 2005 and Validov, 2007 

chapter 4) validated the proposed CNN mechanism. Although one of the extremely competitive root-tip 

colonizers lacked TFRR control, Kamilova et al. 2005 pointed this out.  

Only one strain was capable of successfully preventing white root rot in avocados, despite the fact 

that Pliego et al., 2008 discovered and further tested two similar enhanced root colonisers. These strains' 

ability to colonize multiple locations on the root highlights the importance of precisely filling certain root 

niches for effective plant defense. After 3 weeks in the biocontrol of TFRR in stonewool substrate, the CNN 

strain Pseudomonas putida PCL1760 displayed noticeably increased root cell presence compared to all other 

culturable bacteria put together (Validov, 2007 chapter 4). This result highlights the CNN strain's incredible 

capacity for defense in this circumstance. 
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Interference with the survival, germination, sporulation, and activity of the pathogen 

Pseudomonas fluorescens WCS365 cells are chemically drawn to fusaric acid, which is released by 

Forl hyphae. By extensively colonizing the pathogen Forl's hyphae and developing microcolonies on them, 

P. fluorescens WCS365 efficiently targets fungal root rot (TFRR). The virulence of the fungus will 

presumably decrease as a result of this colonization. Scanning electron microscopy studies show that P. 

fluorescens WCS365 also colonizes Forl hyphae when cultivated in root exudate. Studies employing 

different growth media have shown that the degree of hyphal colonization is greater in nutrient-poor 

environments, supporting the idea that bacteria utilise hyphae as a food source. 

P. fluorescens WCS365 inhibits the germination of Forl's microconidia, which are spores, most 

likely due to a lack of nutrients. Additionally, the pathogen can be dispersed in the environment via Forl 

hyphae that develop into microconidia in root exudate. P. fluorescens WCS365 slows down the spore 

formation process, which limits the pathogen's capacity to spread. The pathogen's overall activity, survival, 

and germination are all inhibited by P. fluorescens WCS365, which also colonizes its hyphae and stops the 

development of fresh spores. These processes, which may not be specific to biocontrol strains, considerably 

aid in lowering TFRR when plants are grown in fresh stonewool, which is essentially sterile, and P. 

fluorescens WCS365 is given to the plant nutrition solution. 

 

Other Biocontrol Aspects 

To improve the effectiveness of disease control, seeds were inoculated with two distinct biocontrol 

strains. However, our research demonstrates that these mixtures did not lead to better illness management. 

This finding can be attributed, in part, to the fact that the population levels of each bacterium on the root 

were decreased below the level required for effective disease control. 

Native soil bacteria have the ability to produce a variety of compounds that inhibit the beneficial 

effects of biocontrol strains and outcompete them for root colonization. New stonewool has advantages and 

disadvantages as a growing medium. However, biocontrol bacteria can be added to make up for this since it 

is essentially devoid of active microorganisms, which might result in considerable plant losses when 

exposed to invading pathogens in a greenhouse setting. Pseudomonas putida PCL1760, for instance, 

demonstrated enduring dominance over the root and a significant preference for stonewool. Similar results 

were observed in the salinated desert soil of Uzbekistan, which is devoid of native microbes and has a low 

concentration of organic matter. Both potential human diseases and plant pathogens are a component of the 

natural microflora. In these conditions, seed inoculation with biocontrol bacteria that are stress-adapted 

significantly reduces the occurrence of plant diseases and may also protect field workers from pathogen 

exposure. 
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Using the Past to Create a Glorious Future 

Many bacterial strains are effective in lab culture, but only a small percentage are effective in lab 

greenhouses, and even fewer are effective in natural environments like commercial greenhouses or fields 

(Compant et al., 2019). Understanding the reasons behind these failures can lead to the isolation of 

improved strains. Antibiosis-based strains have been used extensively and are typically effective, but they 

can fail for a number of reasons (Pankaj O Baisthakur et al., 2022; Davies & Davies, 2010). 

One reason for failures is phase variation, which happens when biocontrol properties like root 

colonization, motility, and the production of beneficial chemicals undergo reversible and frequent 

phenotypic switching caused by DNA mutation, reorganisation, or change (Woude & Baumler, 2004). The 

complex, poorly understood regulation of secondary metabolite production is another challenge. The 

creation of a particular molecule can be significantly influenced by a number of factors, including the 

growth temperature, salinity, and ion concentrations. Furthermore, biocontrol bacteria can degrade their own 

antibiotics to produce less effective derivatives. AHLs, essential signal molecules for the synthesis of 

several beneficial chemicals and enzymes, can also be destroyed by competing bacteria. Several useful 

compounds can't be synthesized by biocontrol bacteria because of the pathogen-produced metabolite fusaric 

acid, especially at the level of AHL production required for compound biosynthesis (Sanchez-contreras et 

al., 2007). 

Not all fungi are merely susceptible to antagonistic biocontrol bacteria, as certain diseases can 

defend themselves and evolve resistance through a number of mechanisms, including enzymatic 

inactivation, gene suppression, target change, or toxin release (El-baky & Amara, 2021). 

Taking into account these aspects and the disincentive to registering antibiotic-producing products 

due to concerns about antibiotic cross-resistance with human and animal antibiotics, it seems that biocontrol 

strains using mechanisms other than antibiosis may have a better chance of navigating the registration 

process and becoming viable products. In some environmental circumstances, it is currently possible to 

select for strains that depend on competition for nutrients and niches (CNN), as opposed to those that use 

mechanisms like induced systemic resistance (ISR), which are not currently conceivable (Paquette et al., 

2018). 
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