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Effect of PGPR on plant growth: A mini-review
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Abstract- The problem on a worldwide scale is population expansion and the rise in food demand. So chemical fertilizers are
being introduced into the soil to fulfill the demand of the population of developing nations like India, Pakistan, etc, AS
everything has bad effects, nowadays, chemical fertilizers not only harm soil microflora and fauna, but they also create
pollution, water pollution, and health problems as well as raising production costs. As a result, there is an immediate need
to discover a replacement for these harmful substances. New agricultural efficiency practices will inevitably be introduced
using plant growth-promoting rhizobacteria (PGPR) which has the potential to be a successful sustainable agricultural
technology. PGPR is a heterogeneous group of bacteria that colonizes the rhizosphere quickly and provides plants with
direct or indirect agricultural protection. Seed treatment rates but also protected against harmful bacteria. These PGPR
can promote plant growth through a variety of mechanisms, including phosphate solubilization, siderophore production,
biological nitrogen fixation, rhizosphere engineering, production of 1-Aminocyclopropane-1-carboxylate deaminase (ACC),
interference with quorum sensing (QS) signaling, inhibition of biofilm, exhibiting antifungal activity, induction of systemic
resistance, etc. Thus, the mechanism of action is biocontrol, biofertilization, and biostimulation. For scientists, PGPR is an
intriguing area of study, and a variety of PGPR formulations are now commercially accessible. Many researchers
demonstrated the importance of PGPR as a growth promoter. The current analysis demonstrated the importance of PGPR
as a viable alternative to harmful chemical fertilizers for environmentally friendly and sustainable agriculture.

Keywords- Plant growth-promoting rhizobacteria (PGPR), rhizosphere, nitrogen fixation, biofertilization, and sustainable
agriculture.

l. INTRODUCTION

The rhizosphere is the tapered region of soil that is most fertile. influence the plant chemically, physically as well as biologically
by providing nutrients that are absorbed by the root of the host cell from the surrounding region of soil. By rhizosphere researchers,
it had been observed that over the past few decades, agricultural policies of India are being modified which is giving fruitful results.
The term ‘Rhizosphere’ was introduced by Sir Hiltner [1]. Plant Growth Promoting Rhizobium are mainly free-living bacteria that
colonies in the rhizosphere and benefit crop plants [2]. Bacteria of the rhizosphere (rhizobacteria) include symbiotic rhizobium,
mycorrhiza, actinomycetes, and free-living bacteria, sustain their life in the narrow region of soil here roots are being influenced by
various functions. Various well-known genera of bacteria are Pseudomonas, Bacillus, Variovorax, Klebsiella,
Enterobacteria, Burkholderia, Azospirillum, Serratia, and Azotobacter These rhizobacteria have given impacted by solubilizing
phosphate and other mineral complexes or by converting atmospheric nitrogen into organic compound (NH3) which is being readily
used up by the plant and enhance its growth mad metabolism, the process is called nitrogen fixation or by the synthesis of
phytohormones. Not only that, but these rhizobacterial strains can also enhance plant tolerance against salinity, drought, flood, and
heavy metal toxicity which results in the survival of the host plant life in unfavorable or harsh environmental conditions [3]. Several
experiments were done in the past to explain how Plant Growth Promoting Rhizobacteria (PGPR) benefits the host plants. This
includes; the release of phytohormones for plant growth such as indole acetic acid (IAA), cytokines, and gibberellins by the nitrogen
fixation process. Solubilizing phosphate and other mineral complexes, [4]; Production of siderophores, enzymes, and fungicidal
compounds for antipathetic effect [5]. For agricultural production, several PGPR formulations are being offered as commercial
goods. Phytoremediation of polluted soils and forest regeneration are two newly developed PGPR applications. There may be more
effective plant-bacteria pairings for new and beneficial applications when the mechanisms of these bacteria's support of plant
development are revealed.[6]. When plant growth promotion is required, these rhizobacteria can be used in different ways [6].
Especially two main ways are there by which PGPR can facilitate growth and development, including, direct and indirect
mechanisms [7].

Besides these, fungi also represent a significant part of soil rhizosphere microflora and benefit plants by promoting plant growth.
By symbiotic association of fungi, the surface area of the roots of the plant gets larger which results in the absorption of nutrients
and water in increasing amounts, besides this, it also protects the plant from abiotic effects [8]. Still, now, mycorrhizae are of two
types i.e., ectomycorrhiza in which hyphae of fungus form a surrounding layer on roots and growth there to exchange nutrients,
another type endo-mycorrhizae in which hyphae of fungus enter into the cells of a plant root to exchange nutrients. Thus, both
PGPR and fungus play a vital role in enhancing plant growth.

PGPR are those bacteria that can produce hormones, vitamins, and growth factors that improve plant growth and increase plant
production. An ideal PGPR strain can be categorized as follows, they can represent a large spectrum of action, and they should be
highly rhizosphere-competent as well as eco-friendly. They can enhance plant growth, they unite with other bacteria present in the
rhizosphere, and they should have the ability to tolerate physicochemical factors i.e., heat radiation and oxidants.

According to Vessey [9], bacteria living in the rhizosphere, in or around the root tissue, and enhancing plant growth are
collectively known as PGPR. PGPR can be classified in various ways:

Based on the types of association of PGPR with the root - ePGPR exists on the rhizosphere as well as the rhizoplane or in the
space of cells of the root cortex. Examples are Agrobacterium sp., Arthrobacter sp, Azospirillum sp, Bacillus sp, Chromobacterium
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sp, Micrococcus sp, Pseudomonas sp, Caulobacter sp, and Serratia sp.. iPGPR exist inside root cells generally present in the
specialized structure, nodules. Examples are Allorhizobium sp, Bradyrhizobium sp, and Frankia sp. Based on the relationship with
plants there are two types, symbiotic rhizobium, and free-living Rhizobium.

Il. INFLUENCE OF PGPR ON PLANT GROWTH

The two types of PGP mechanisms are known as direct and indirect mechanisms. Although, the difference between the two, in
general, indirect mechanisms are those that take place outside of the plant, whereas, direct mechanisms are those that happen inside
the plant and have a direct impact on the metabolism of the lant. [10]. The isolation of 140 halotolerant bacterial strains resulted in
the production of extracellular hydrolytic enzymes like protease, chitinase, pectinase, cellulase, and lipase under in vitro conditions,
as well as the production of multiple plant growth-promoting traits like nitrogen fixation, phosphorus (P) and zinc (Zn) solubilization,
thiosulfate (S203) oxidation 36 strains was chosen from the initial 140 examined for additional analysis based on the latter tests for
plant growth promotion activities. Then, the activity of 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase was examined in
these 36 halotolerant bacterial strains. 25 of these were discovered to be positive and to be showing noticeably different degrees of
activity. [11]. Given all this, direct methods involve those that influence the balance of plant growth regulators, either the
microorganisms themselves release integrated growth regulators hormones that the plant releases into the soil, or the microorganisms
act as a sink for those hormones which they change the plant's metabolism, which enhances its potential for adaptation [12].
Meanwhile, indirect mechanisms are required for the involvement of the plant's defense mechanisms, which react to the signal
supplied by the bacterium affecting the plant. Induction of systemic resistance to plant infections (biotic stress) and defense against
unfavorable environmental conditions (abiotic stress) are two vital mechanisms that belong to this group. [13]. The genus
Enterobacter is a facultatively anaerobic, motile, straight rod that is gram-negative and has peritrichous flagella. There are many PGP
traits that Enterobacter spp. are known to possess, including the ability to fix nitrogen, solubilize soil phosphorus, create antibiotics,
secrete siderophore products, chitinase, ACC deaminase, hydrolytic enzymes in addition to exopolysaccharides, and increase soil
porosity. Many Enterobacter strains have these traits, which aid in the growth of plants and inhibit soil-borne plant diseases.
Enterobacter may be a possibility for plant growth and development because of their PGP capabilities. Due to their diverse roles in
crop growth, many of these strains have been commercially produced as plant growth promoters and biocontrol agents [14].
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Fig. 1: Classification of PGPR Mechanism

1. Direct Mechanism
1.1. Nitrogen fixation

Biological nitrogen fixation is the mechanism, by which atmospheric nitrogen is converted into ammonia by the symbiotic,
nonsymbiotic, associate, and free-living bacteria, which are nitrogen-fixing micro-organisms using a complex enzyme called
nitrogenase. Nitrogenases catalyze the biological reduction of dinitrogen to ammonia. These are complex metalloenzymes and
contain two components known as dinitrogenase (MoFe protein) and dinitrogenase reductase (Fe protein). Dinitrogenase contains
Molybdenum (Mo) and Iron (Fe), and they contain a co-factor called MoFe-cofactor. Dinitrogenase reductase contains Iron (Fe)
only. Denitrogenase reductase provides electrons with high reducing power, dinitrogenase uses those electrons to reduce nitrogen
to ammonia. The Nif gene is the complex of genes encoding enzymes involved in nitrogen fixation, found in nitrogen-fixing
bacteria, bacterium controlled the nif gene expression. The regulation of nif gene expression is mainly based on two elements, an
external system involving ntr genes and an internal system mediated by nif A and nif L genes. The ntr gene system is mainly
responsible for the transcription of nif genes while nif A and nif L genes act as regulatory systems through a ‘switch on and ‘switch
off mechanism. Gene nif A produces Nif A protein, which activates the transcription genes, and on the other side nif, L gene
produces Nif L protein, which inhibits the nif gene transcription.

In one study, Orhan found that two Bacillus strains OSU-142 and M3 were tested alone and in combinations using the dipping
method on organically grown primocane fruiting raspberry plants in terms of yield, growth, nutrient composition of leaves, and
variation of soil nutrient element composition. After this experiment, it was seen that the yield, cane length, berry weight, no. of
cluster per cane, no. of berries per cane, and Nutrient content were increased by using the M3 strain and the combined strain (OSU-
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142+M3). But after using the OSU-142 strain the yield, cane length, berry weight, no. of cluster per cane, no. of berries per cane,
and Nutrient content were decreased [15]. In another study, by Islam et al., 2012 the RFNB3 strain of Pseudomonas sp. and RFNB14
were inoculated on red pepper and tomato under greenhouse conditions and also increase the N content compared to the control
[16]. Palai et al, inoculate Rhizobium in groundnut, it improved crop yield, and nutrient uptake, and facilitates maintenance of soil
fertility along with multiple environmental benefits [17]. Also, Oliveira et al. found that Frankia sp. inoculated in Alnus glutinosa
helps to increase plant growth, and nitrogen and phosphorus content in the leaf highly [18].

1.2. Phosphate solubilization

Phosphorus (P), the second most important plant growth-limiting nutrient after nitrogen, is abundantly available in soils in both
organic and inorganic forms. Organic phosphorus (generally 30 to 50% of the total), which is mostly in the form of inositol
hexaphosphate, or phytate, which is the principal storage form of phosphorus in plants that can be degraded by bacteria or fungi;
and inorganic phosphorus, which usually forms insoluble mineral compounds with calcium, aluminum, or manganese [19]. Micro-
organisms in soil by solubilizing complex-structured phosphates viz. tricalcium phosphate, rock phosphate, aluminum phosphate,
etc. mineralize organic phosphorus in soil which turns organic phosphorous into inorganic form ultimately aiding the phosphate
availability to plants. These phosphate-solubilizing bacteria use different mechanisms to solubilize the insoluble forms of the
phosphate. The primary phosphate solubilization mechanism is based on microbes' organic acid secretion because of sugar
metabolism. Organisms residing in the rhizosphere utilize sugars from root exudates; metabolize them to produce organic acids.
These acids released by the micro-organisms act as good chelators of divalent Ca2+ cations accompanying the release of phosphates
from insoluble phosphatic compounds [20].

In one study, Borgi et I. found that after using the BMAL strain of Serratia plymuthica on Vicia faba L. the phosphorus uptake
in root and shoot is improved, plant biomass and plant height are also increased, carotenoid and chlorophyll content in leaves are
also enhanced [21]. Zheng et al. found that the use of the CS22 strain of Bacillus megaterium on Brassica napus increases
phosphorus content and biomass production [22]. In another study, Ahmad et al. found that shoot biomass, seed protein content,
and phosphorus in shoots are increased after using the PSE3 strain of Pseudomonas putida on Pisum sativum [23]. Baig et al., also
found that the use of Bacillus sp. strains KAP5 and KAP6 on Triticum aestivum increases the root trait, root length, and root biomass
and improves the phosphorus uptake in the shoot, root, and grains of inoculated plants [24]. Rajapaksha and Senanayake found that
after using Staphylococcus sciuri, Bacillus pumilus, B. subtilus, and B. cereus on Oryza sativa L. phosphorus uptake in the root,
shoot, grains, and yield was increased [25].

1.3. Phytohormone production

Phytohormones are chemical messengers that affect how a plant responds to its surroundings. They are primarily organic
substances that are transferred to different locations after being created and are active at very low concentrations. Auxins,
gibberellins, cytokinins, ethylene, and abscisic acid are examples of well-known phytohormones, and soil microorganisms,
particularly rhizosphere bacteria, can create these hormones [26]. Plants respond to phytohormones in the rhizosphere that are
supplemented externally or created by rhizosphere microbial flora. These phytohormones can regulate plant cell enlargement,
division, and extension in both symbiotic and nonsymbiotic roots.[27].
1.3.1. Auxin (Indole-3-acetic acid)- Auxins are the primary phytohormones that regulate numerous stages of plant growth and
development, including cell elongation, cell division, and tissue differentiation, as well as support apical dominance. Auxin, also
known as indole-3-acetic acid (IAA), is a crucial phytohormone produced by some strains of PGPR and treating rhizobacteria that
make 1AA promotes plant growth [28]. IAA is principally recognized as an inducer of both short-term (e.g., an increase in cell
elongation) and long-term (e.g., cell division and differentiation) responses in plants. The highly developed roots of a plant receiving
IAA therapy over an extended period boost the plant's ability to absorb nutrients, eventually promoting plant development [29].
Applying such microorganisms in the field raises the endogenous I1AA levels of plants, which has a tremendous impact on plant
growth. Around 80% of the bacterial flora in the rhizosphere creates IAA. Auxins have an impact on the entire plant, but because
PGPRs make 1AA in the rhizosphere, which benefits plant roots more than other parts of the plant, plant roots are the ones that are
primarily impacted [30]. IAA produced by rhizobacteria has a major impact on the root system by enlarging the size and weight,
the number of branches, and soil-contact surface area. All of these modifications enhance the plant's potential for growth and boost
its capability to probe the soil for nutrient exchange [31]. PGPR with plant nutrition-related molecular processes should be employed
in the appropriate soil; for example, phosphate-solubilizing bacteria will demonstrate their effect in soil with low phosphorous
content, and siderophore-producing bacteria will exhibit their effect in soil with low accessible iron. Otherwise, the bacteria will be
ineffective.[32]. Plant-associated microorganisms use independent and L-tryptophan-dependent mechanisms to manufacture IAA.
The majority of these PGPRs use L-tryptophan, a precursor for IAA synthesis that is secreted in root exudates. Azospirillum
brasilense, one of the most researched species that produce | AA via this pathway, produces more than 90% of it via the L-tryptophan
independent pathway and the remaining 10% by using L-tryptophan. IAA is still synthesized by this mechanism, but the precise
pathway and enzymes involved are yet unknown [33]. The Indole-3-pyruvic acid (IPA) route is used by bacteria such as Rhizobium,
Bradyrhizobium, and Azospirillum to manufacture IAA [34]. However, some pathogenic microorganisms, including Agrobacterium
tumefaciens, Pseudomonas syringae, Pantoea agglomerans, Rhizobium, Bradyrhizobium, and Erwinia herbicola, manufacture IAA
primarily vialndole-3-acetamide (IAM) pathway [35] whereas, Bacillus subtilis, B. licheniformis, B. megaterium, etc. produce |IAA
via. tryptamine pathway.
1.3.2. Cytokine- Similar to IAA, plants respond to exogenous cytokinin treatments by increasing cell division, root development,
the creation of root hairs, inhibiting root elongation, initiating shoot growth, or other physiological reactions [36]. Cytokines are
aminopurines with an N6 substitution that can affect a plant's physiological and developmental activities [37]. Cytokines have a
significant impact on a variety of other activities, including the development of embryonic vasculature, nutritional signaling, leaf
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expansion, branching, chlorophyll production, root growth, enhancement of seed germination, and postponement of senescence
[38]. Numerous microbes from various genera, including Pseudomonas, Azospirillum, and Bacillus, that generate cytokines have
been isolated from a variety of plant species, including barley, canola, bean, and Arabidopsis [39]. Castro et al. reported the
discovery of a Bacillus megaterium strain that, via producing cytokinins, stimulated the growth of A. thaliana and P. Vulgaris
seedlings. Proteus, Klebsiella, Escherichia, Pseudomonas, and Xanthomonas are some more bacterial genera that can create
cytokines [40].

1.3.3. Gibberellins- The broad class of phytohormones known as gibberellins (GAs) includes up to 136 distinct structural molecules.
Many developmental processes in higher plants, such as seed germination, stem lengthening, blooming, and fruit set, are influenced
by this group of phytohormones [41]. Only 4 GAs (GA1, GA3, GA4, and GA20) from 7 bacterial species have been found to date
out of the 136 GAs from 128 plant species that are currently known [42]. The tetracyclic diterpenes that make up the GA group
have a significant impact on the processes of seed germination, leaf expansion, stem elongation, fruit development, and flower and
trichome initiation, among other things [43]. Gibberellins and the genera that produce them continue to be the main targets during
environmental stress conditions because of their critical role in enhancing effective photosynthetic processes in plants. This makes
them an important plant growth bioregulator that can raise the stress tolerance of many crop plants. There have been reports of
certain rhizobacteria (PGPR) generating gibberellins enhancing plant growth [44]. These growth hormones can be applied
exogenously and may help increase crop performance and amend polluted soil [45]. By reducing stomatal resistance and increasing
water use efficiency, GA application has been found to significantly improve grain yield in wheat, barley, and tomato. In conclusion,
gibberellin affects the biochemistry of plants and promotes the growth of aerial parts [46], which are still a great choice for
increasing stress resistance.

1.3.4. Ethylene- A special phytohormone with a variety of biological functions is ethylene. Low concentrations are ideal for this
biomolecule's positive effects to be seen. Ethylene has some developmental qualities at high concentrations, including root
elongation, defoliation, and other cellular processes that impair crop performance [47]. According to Pierik et al., ethylene is
classified as a senescence hormone because it inhibits plant growth. An enzyme called 1- Aminocyclopropane-1 Carboxylic acid
(ACC) deaminase is required to reverse these worrying effects. This biocatalyst's function is to convert plant ACC, which serves as
the direct precursor of the plant's ethylene production, into -ketobutyrate and ammonium [48]. Through several methods, the
degradation reduces the amount of ethylene produced by the plant, whereas the PGPR-producing ACC-deaminase controls the
ethylene level in the plant and prevents the growth inhibition brought on by excessive amounts of ethylene [49]. By employing
enzymes from Acinetobacter, Achromobacter, Agrobacterium, Alcaligenes, Azospirillum, Bacillus, Burkholderia, Enterobacter,
Pseudomonas, Ralstonia, Serratia, and Rhizobium to break down the endogenous product, PGPR can induce the generation of
ethylene exogenously. Studies have demonstrated that PGPR ACC deaminase activities were essential for the growth of Brassica
napus [50]. According to Pierik et al., Arabidopsis thaliana plant production, growth performance, and germination characteristics
are increased at low ethylene concentrations via PGPR. However, this vaporous hormone also controls seed germination, fruit
ripening, and root initiation [51].
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Fig. 2: Various effects of ethylene on plant growth and development

1.4. Siderophore production

A crucial ingredient for plants is iron. Because it serves as a cofactor in various enzymes necessary for vital physiological
activities like photosynthesis, respiration, and nitrogen fixation, its lack manifests as severe metabolic changes. Although soils are
fairly rich in iron, neither plants nor soil microbes can always access it. Fe+3 is the most common chemical form and is oxidized,
forming insoluble oxides and hydroxides that are inaccessible to plants and microbes. Plants have developed two methods for
effectively absorbing iron. The first method involves the release of organic compounds that can chelate iron, making it soluble so
that it can diffuse toward the plant, get reduced, and then be absorbed using an enzymatic system found in the cell membrane of the
plant. In the second method, the iron is reduced inside the plant and quickly absorbed as a complex with the organic component and
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Fe+3. Some bacteria in the rhizosphere can release iron-chelating compounds into the rhizosphere, which draws iron there so that
the plant can absorb it [52].

Siderophores are low-molecular-weight substances, typically under 1 kDa, that have functional groups capable of reversibly
binding iron. The most prevalent functional groups are hydroxamates and catechols, where the spacing between the individual
groups is ideal for binding iron. The concentration of siderophores in the soil is roughly 1030 M. Pseudomonas fluorescens and
Pseudomonas aeruginosa, which emit siderophores of the pyochelin and pyoverdine types, are the most researched members of this
group of bacteria [53]. Since these chemicals have antibacterial activity and enhance the plant's iron nutrition, rhizosphere bacteria
release them to raise their competitive potential [54]. With the release of its antibiotic molecule, siderophore-producing
rhizobacteria prevent the development of other microorganisms while also enhancing iron nutrition and reducing the amount of iron
available for pathogens, most commonly fungi, which are unable to absorb the iron-siderophore complex.

List of some of PGPR in direct mechanism:

Table 1
PGPR PGPR mechanism Crops
Burkholderia sp. Nitrogen fixation Rice
Chryseobacterium sp. Siderophore production Tomato
Frankia sp. Nitrogen fixation Alnus
Mycobacterium sp. Induction of plant stress Maize
resistance
Phyllobacterium sp. Siderophore production, strawberries
phosphate solubilization.
Pseudomonas sp. Chitinase and beta- Pigeon pea
glucanase production
Rhizobium and allied genera Nitrogen fixation Legumes, eg
(symbiotics) soybeans, peanuts,
chickpeas etc.
Cyanobacteria sp., Azotobacter sp., Azospirillum sp., | Nitrogen fixation (Free- Wheat, rice, and
Beijerinckia sp. living) maize.

2. Indirect Mechanism
2.1. Production of antibiotics

One of the biocontrol methods used by PGPR that has received the most research is antibiotic synthesis. They are Amphisin, 2,
4-diacetylphloroglucinol (DAPG), ocomycin-A, phenazine, pyoluteorin, pyrrolnitrin, tensin, tropolone, and the manufacture of
cyclic lipopeptides are a few instances that come to mind [55]. Usually, Pseudomonas strains, Bacillus, Streptomyces, and
Stenotrophomonas sp. emerged from these biochemicals. They are impacted by biotic and abiotic variables since they are an active
chemical agent. Antibiotics are low-molecular-weight compounds that inhibit the growth of pathogenic microorganisms in plants.
Successful biocontrol agents include phloroglucinols (Phl), gluconic acid, and 2-hydroxymethyl-chroman-4-one. The non-
fluorescent Australian bacterial isolate Pseudomonas strain AN5 (Ps. str. AN5) is a successful biological control (biocontrol) agent
of the take-all disease of wheat brought on by the fungus Gaeumannomyces graminis var. [56]. The source of avocado Dematophora
root rot, Dematophora necatrix, was tested for antagonistic activity against a collection of 905 bacterial isolates from the
rhizospheres of healthy avocado trees (also called white root rot). Eight strains were chosen based on their ability to prevent the
growth of D. necatrix and other significant soilborne phytopathogenic fungi.[57]. The antagonistic metabolites generated by
Pseudomonas aeruginosa PNA1, phenazines, and rhamnolipid-biosurfactants, were examined in this study to determine their
potential roles. Pythium splendens biological control trials Xanthosoma sagittifolium L Schott and Pythium myriotylum on bean
(Phaseolus vulgaris L) [58]. Phloroglucinol is a benzenetriol that is primarily used in the pharmaceutical manufacturing of
Flopropione [59]. Phloroglucinols occur naturally in some plant species and soil bacteria also manufacture them. The most
extensively researched phloroglucinol made by Pseduomonad is 2,4-diacetylphloroglucinol (DAPG). It harms Pythium sp.
membranes and zoospores. Aldose reductase, an enzyme involved in the conversion of glucose to fructose, is inhibited by these
antibiotics [60]. Phenazine also improves bacterial survival in anaerobic conditions by using endogenous phenazines, As evidenced
by P. aeruginosa's survival supported by extracellular electron transfer [61]. Increased productivity due to biocontrol inoculants has
also been reported in other cases, including S. rochei inhibition of phytophthora-caused pepper root rot [62] and S. platensis
resistance to R. solani leaf blight/seedling blight of rice [63].

2.2. Production of Lytic Enzyme

Extracellular enzyme synthesis by rhizobacteria, such as chitinases, 3-1-3 glucanases, lipases, cellulases, and proteases, has also
been proposed as an important form of biocontrol [64]. They are hydrolytic enzymes that break down a variety of compounds, most
of which are from plants. Additionally, they effectively lyse the fungal cell wall [65]. According to Palumbo et al., [66] beta-1, 3-
glucanase plays a substantial role in Lysobacter enzymogenes strain C3's biocontrol activity against Phytium sp. caused Bipolaris
leaf spot. These enzymes, as multifunctional organic proteins, provide protection against desiccation as well as abiotic and climatic
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factors [67]. The lytic enzyme can be utilized to control Phytophthora capsici [68], Fusarium infection [69], and Pythium ultimum
blight in sugar beet [70]. Chauhan et al., demonstrated the antagonistic potential of PGPR by the synthesis of chitinase, 1, 3
glucanase, proteolytic enzymes, and cellulase at low concentrations. Using chitinases, mycoparasitic and Trichoderma species have
been implicated in antagonistic biocontrol activities against Rosellinia necatrix and other plant pathogens [71]. Mature natural trees
from both upland and bottomland areas in central Tennessee were studied for their microbial populations from their root endophytic
and rhizospheric habitats. While Gammaproteobacteria (54%) and Alphaproteobacteria (23%) made up the majority of endophytes,
Acidobacteria (31%) and Alphaproteobacteria (30%) dominated the rhizosphere bacteria. 34% of the genomes of endophytic
bacteria belonged to a single operational taxonomic unit (OTU) that was similar to Pseudomonas. The diversity of endophytic
bacteria was likewise quite varied and 10 times lower than in rhizosphere samples taken from the same roots. Pezizomycotina were
present in almost comparable proportions in both fungal rhizosphere and endophyte samples (40%), although Agaricomycotina
were more prevalent in the rhizosphere (34%) than endosphere (17%). The most common bacterial and fungal OTUs tended to be
prominent in either the endophyte or rhizosphere samples, but not both, according to hierarchical clustering of OTU relative
abundance patterns. These results demonstrate that root endophytic communities are separate assemblages as opposed to
opportunistic rhizosphere subgroups. [72].

2.3. Induced Systemic resistance

The importance of PGPR is recognized as a by-product of biological control of soil-borne pathogens. Exogenous chemical-
induced systemic tolerance and pathogens are called systemically acquired resistance (SAR); PGPR-mediated protection is
commonly referred to as ISR. [73]. All plants have active defense mechanisms against attack by pathogens. for defense which is
triggered by a stimulus before infection with plant pathogens. Induced resistance is not about creating resistance where there is no
resistance, but about activating potential resistance mechanisms expressed in a subsequent so-called challenge inoculation with the
pathogen [74]. The terms "induced" and sometimes "acquired" are systemic resistance was used interchangeably by various research
groups until published by Ryals et al., who defined types of resistance induced by pathogenic organisms and/or chemical that uses
salicylic acid as an arbiter of SAR as a tribute to Ross, apart from many previous publications describing the same phenomenon
used ISR as synonyms, but Van Loon’s and his colleagues used the term ISR as resistance mediator by PGPR’ [75]. ISR in PGPR
can take the form of salicylic acid, siderophores, lipopolysaccharide flagella, N-acyl homoserine lactone molecules [76]. The wide
range of PGPR, according to the kind of plant type and nutrients, PGPR varies significantly. [77]. The most common are
Pseudomonas and Bacillus sp. among the diversity of PGPR. In recent years, the application of PGPR as an inducer of systemic
resistance in agricultural plants against several pathogens has been demonstrated. [78]. There have been numerous experiments
done to induce ISR by PGPR in plants. PGPR has accomplished ISR in a variety of crops, including Arabidopsis. they created an
Arabidopsis-based model sysutilizingsing the difficult pathogens Fusarium oxysporum f sp raphani and Pseudomonas syringae PV
tomato to examine the molecular underpinnings underlying this kind of systemic resistance. The biological control strain WCS417r
of P. fluorescens colonized the rhizosphere and induced a plant-mediated resistance response that greatly decreased symptoms
caused by both difficult pathogens. Additionally, plants treated with P. fluorescens WCS417r showed significant inhibition of P.
syringae growth in infected leaves. Both wild-type plants and transgenic Arabidopsis NahG plants, which are unable to accumulate
SA, responded well to the induction of resistance caused by P. fluorescens WCS417r. Additionally, the development of PR mRNAS
before challenge inoculation did not overlap with the systemic resistance caused by P. fluorescens WCS417r. [79], tomato where a
reference strain of each type of microorganism was used to examine the relative significance of systemically induced resistance in
the suppression of fusarium wilt of tomato under commercially relevant conditions (P. fluorescens WCS417r and nonpathogenic
F. oxysporum Fo47). Since the production of PR-proteins has frequently been linked to systemic induced resistance, their
accumulation in tomato plants exposed to WCS417r or Fo47 was examined. The analysis of the data shows that systemic-induced
resistance, not the tested PR-proteins, was responsible for the suppression of fusarium wilt by P. fluorescens WCS417r (PR-1 and
chitinases). [80] potato where, when challenged by spraying with a zoospore suspension, potato plants (cv. "lrish Cobbler," lacking
major resistance genes to Phytophthora infestans), whose lower or upper leaves had previously been treated with hyphal wall
components (HWC) of the fungus by rubbing with carborundum, developed an induced resistance in other untreated leaves against
cultivar-pathogenic races of P. infestans. As a result, whereas non-induced control plants eventually succumbed to the illness, the
treated plants were shielded from the most severe late blight sickness. The decrease in successfully germinating zoospores,
subsequent penetration, and eventual emergence of a hypersensitive-like cell response to the invading organisms were the causes
of the induced resistance [81], carnation, was looked into if Pseudomonas sp. strains WCS417r's biological control of Fusarium
oxysporum f. sp. dianthi of carnation involved additional mechanisms besides competing for iron. By bacterizing the roots and
irradiating the stem with the pathogen, the antagonist and pathogen were spatially separated. In all trials with cultivar Pallas, the
number of infected plants decreased from roughly 50 to 20% when the roots were bacterized with strain WCS417r 1 week before
the stems were inoculated with F. o. dianthi, and in one experiment with cultivar Lena, from 69 to 38%. [82], brinjal, where the
results confirm that P. fluorescens is a biocontrol agent of bacterial wilt in brinjal by showing that bacterial wilt was suppressed in
bioformulation-treated brinjal crops compared to inoculation control crops. When used in conjunction with carboxymethy! cellulose
as an adhesive and the biocontrol agent, vermicompost and farmyard manure were found to be superior bio formulations in terms
of the biocontrol agent's shelf life and the suppression of bacterial wilt. In comparison to standard storage settings of 30°C, it was
also discovered that low temperature (4°C) storage conditions retained a greater P. fluorescens population in the bio formulations.
[83], rice, the study tells those upper leaves of rice plants also displayed resistance to the rice bacterial blight pathogen Xanthomonas
oryzae pv. oryzae after being inoculated with a powder formulation of a saprophytic strain of Pseudomonas fluorescens, Pfl. The
disease intensity in upper leaves dropped from 6.7 to 1.1 when the leaves were challenge-inoculated with X. oryzae pv. oryzae four
days after P. fluorescens treatment on lower leaves. When X. oryzae pv. oryzae was challenge-inoculated into the induced resistant
leaves, and a rapid rise in lignification and the activities of peroxidase, phenylalanine ammonia-lyase, and 4-coumarate: CoA ligase
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was seen. Five days after challenge inoculation with X. oryzae pv. oryzae, rice leaves pretreated for five days with P. fluorescens,
showed an increase in lignin content of about three times, peroxidase activity, phenylalanine ammonia-lyase activity, and a fivefold
increase in 4-coumarate: CoA ligase activity. At later phases of interactions when there was no evidence of pathogen resistance, a
similar rise in defense-related activities was not noticed in susceptible interactions or in plants treated with P. fluorescens. [84] and
mango whose study tells that the ability of talc-based bio formulations containing Pseudomonas fluorescens, Bacillus subtilis, and
Saccharomyces cerevisiae cells to combat the endemic pathogen of mango anthracnose, Colletotrichum gloeosporioides Penz., was
tested. Preharvest aerial spraying took place at monthly and biweekly intervals. In order to maximize blooming, a yield attribute in
the preharvest stage, the plant growth-promoting rhizobacteria Pseudomonas fluorescens (FP7) supplemented with chitin were
sprayed at intervals of every two weeks. As a result, postharvest latent symptoms were minimized. Following FP7 + chitin treatment,
colorimetric assays showed significant induction of the defense-mediating lytic enzymes chitinase and -1,3-glucanase as well as the
development of distinct bands in native PAGE analysis. The anthracnose pathogen may be suppressed by the production of defense-
mediating enzymes, improving yield characteristics, [85] against a broad spectrum of pathogens like fungi [86] and bacteria.
Alstrom P aimed to investigate the immunity of plant growth affecting rhizosphere pseudomonads, the seed of a sensitive bean
(Phaseolus vulgaris L) cv. [87].

2.4. Production of ACC deaminase

ACC Deaminase is an enzyme that was initially discovered in 1978 and it catalyzes the cleavage of ACC to ammonia and
ketobutyrate. [88]. This deaminase is rhizobacteria with favorable activities that should be isolated and characterized in
microenvironments like the rhizosphere to uncover ACC deaminase as well as other plant growth-promoting processes [89].
Searching for the acdS gene is one method to find out whether ACC deaminase is active in PGPB. The acdS gene has been found
through population searches, either in silico or in vivo, in the genomes of soil microorganisms and endophytes, demonstrating the
wide bacterial dispersion of this activity [90]. Some of these Plant Growth-Promoting Rhizobacteria (PGPR) display a variety of
organic traits, suggesting that these bacteria may have been selected to accumulate the corresponding genes. Based on genome
sequence analysis of 304 compared Alpha- Beta- and Gamma proteobacteria, this issue was tackled utilizing 23 genes contributing
directly or indirectly to documented PGPR effects. None of the 23 genes were shared by any of the 25 PGPR genomes under study,
and the majority of them were also observed in non-PGPR Proteobacteria. However, ancestral character reconstruction revealed
that PGPR strains have distinct gene combinations as a result of ancient gene transfers, which were prominent. This shows that the
PGPR-plant collaboration may have developed independently in different species, leading to PGPR strains with distinct gene
combinations. Animal pathogens, phytopathogens, saprophytes, endophytes/symbionts, and PGPR simultaneously showed a rise in
the number of genes involved in plant-beneficial functions, indicating that the accumulation of these genes—and perhaps other
plant-beneficial traits—could be a characteristic of PGPR itself.

It's interesting to determine that the authors also detected several acdS genes in plant and human pathogens. The expression of
AcdS genes in proteobacteria is regulated by the presence of Lrp-like regulatory protein along with AcdR [91]. Other groups of
plant-friendly organisms have demonstrated phytopathogenic biocontrol and plant growth-promoting activity, eg., the fungus
Trichoderma asperellum also possesses ACC deaminase. Agrobacterium, Mesorhizobium, Rhizobium, and various other
Rhizobiaceae, as well as Phyllobacteriaceae (Phyllobacterium and Mesorhizobium) and Azospirillum, have all been found to contain
ACC deaminase in recent. [92].

I11. DiSCUSSION

PGPR has made promises to support eco-sustainable farming. Researchers are starting to gain a far more complicated and in-
depth understanding of the mechanisms used by PGPR to promote plant development.

PGPR colonize at the host plant root and provide fruitful effects on the growth and development of plants by various mechanism.
To be an effective PGPR, bacteria must be able to grow roots since bacteria must grow themselves in the rhizosphere at densities
high enough to provide the desired effects. The second most important nutrient after nitrogen that plants need is phosphorus. Most
of the phosphorus in the soil exists in insoluble form and cannot be used up by plants. [94]. Agricultural microbiologists have been
interested in bacteria's ability to solubilize mineral phosphates since it can increase the availability of phosphorus and iron for plant
growth. Although agriculturists in developing countries and less developed world, PGPR has long been used for agro practices in
advanced countries and emerging economies. Some of the countries that formulated bioproducts with PGPRs are:

Table 2
Countries Organisms Crops
Australia Azoarcus indigen, Azospirillum Sugar cane, vegetables, cereals,
brasilense, Azorhizobium sugar beet
caulinoden.
Brazil PGPR consortia Bean, maize, sugarcane, rice,
carrot, cotton
Canada B. amyloliquefaciens, Cereals and horticulture plants
Bradyrhizobium japonicum.
China PGPR consortia Bean, maize, sugarcane, rice,
carrot, cotton, cereals, and
horticulture plants.
France P. Fluorescens Horticulture plants.
Finland Streptomycin griseoviridis Ornamental plants
Germany B. amyloliquefaciens Vegetables
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India P. Fluorescens, Azotobacter, PGPR Field crops
consortia, and Phosphobacteria

Italy B. subtillis, Streptococcus sp. Tomato, soybean

Japan The rhizobium-based formulation Legumes

in peat, legume seeds, and grass-
legume seeds.

Spain B. polymyxa, B. subtillis Cereals
UK Azotobacter, Bacillus, Rhizobium, Tomato, Peper
Cheatonium, Pseudomonas.
USA Ageobacterium radiobacter, B. Ornamental plants, Fruits, nuts,
pumilus, B. subtilis, B. nursery trees, and field crops.

licheniformis, B. polymyxa, B.
azotofixan, B. megaterium.

I\VV. CONCLUSION

The current review covers PGPR formulations and their use in the biological promotion of various traits of plant growth. Most
PGPR isolates enhanced plant height, root length, and dry matter production of matter in different crops. The establishment of stable
expression of antagonistic PGPR in sustainable agriculture system thus established another approach by replacing the utility of
pesticides as well as playing a major role in integrating pest management. PGPR has a wide variety of mechanisms for promoting
plant growth and development are nitrogen fixation, phosphate solubilization, phytohormone production, and siderophore these are
categorized as direct mechanism and production of the lytic enzyme, antibiotic production, induced system resistance and
production of ACC deaminase can be categories as an indirect mechanism. the presence of the ACC deaminase gene, phosphate,
phytohormones like 1AA, siderophore, nodulation, cytokinin, gibberellins, etc., and it seemed that their synchronized look was
responsible. in improving the productivity, development, and uptake of nutrients by plant varieties in distinct agroecosystems.
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