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Abstract: Plant Growth Promoting Rhizobacteria (PGPR) is beneficial microorganisms that inhabit the 
rhizosphere of plants and play a crucial role in enhancing plant growth and development. This review provides 
an overview of the significant role of PGPR in sustainable agriculture. The mechanisms that promote plant 
growth, such as nitrogen fixation, phosphate solubilization, and growth hormones, are discussed. The potential 
of PGPR in improving plant tolerance to biotic and abiotic stresses, reducing the use of chemical fertilizers and 
pesticides, and enhancing nutrient availability, soil fertility, and uptake is also highlighted. Moreover, the 
ecological and economic benefits of using PGPR for sustainable agriculture include improving crop 
productivity, reducing environmental pollution, and ensuring food security. 

Keywords: PGPR; crop production; rhizosphere; plant nutrition; soil fertility; sustainable 
agriculture 

 

1. Introduction 

The global agricultural system is facing additional difficulties in the twenty-first century, 
including a drop in productivity and a deterioration in the sustainability of agricultural ecosystems. 
According to United Nations forecasts, nine billion people will inhabit the planet by 2050 (Wood, 
2001), and food demand has been steadily rising while the available supply has been constrained 
(Kumar et al., 2017a). Due to climate change, major cereal crops have seen significant production 
losses, with yield decreases of about 3.8 percent and five percent in reference to corn and wheat 
separately (Lipper et al.,2014). Temperature rises have brought major rises in global temperatures 
and the appearance of various abiotic factors that have a negative impact on agricultural output 
(Pareek et al., 2020). According to an FAO assessment from 2009, a seventy percent increase in 
agricultural output is required by 2050 as a means of achieving anticipated demand. The importance 
of sustainable farming practices is also becoming more widely recognized in order to satisfy the 
future economic needs of the world (Altieri, 2004). 

It is crucial for sustainable agriculture to retain the soil's dynamic nature in order to provide 
enough food and ensure global long-term environmental health for the next generation (Kumar et 
al., 2017b). Because it is very hard to expand agricultural areas with fertile soil, researchers and 
experts have focused their efforts on developing more effective and safe farming procedures. 
Exploring unconventional resources is thus urgently needed to protect our ecology from further 
degradation and slow down the ever-increasing population's appetite for resources. PGPR can be 
used to boost plant vitality and promote development without releasing harmful byproducts into the 
atmosphere (Calvo et al., 2014). 

Crop production requires PGPR to boost plant nutrient availability. PGPR directly or indirectly 
affects plant development. The phytomicrobiome—a group of beneficial bacteria—improves plant 
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resilience to biotic and abiotic stress and agricultural productivity, according to studies. (Backer et 
al., 2018). PGPR, a beneficial phyto microbiome component, promotes plants' responses to biotic 
stress by producing chemical messengers, boosting their intake of nutrients, and releasing antibiotics 
(Lyu et al., 2020). 

2. Benefits of Rhizobial Associations for Plant Growth: 

Two to five percent of rhizobacteria have a major impact on plant development when 
reintroduced by plants inoculating in soil containing competing microorganisms; these are known as 
PGPR. Additionally, evidence suggests that PGPRs are efficient, and a tightly organized microbial 
community constantly resides in the plant's immediate environment. 

A plant growing in the wild is not an isolated entity but rather part of a dynamic and stable 
social network (Lundberg et al., 2012). The colony of microorganisms surrounding the plant is always 
organized and maintained (Smith et al., 2017). PGPRs are rhizobacteria that help plants flourish. The 
soil's rhizosphere, its lowermost layer near plant roots, is where a group of helpful bacteria are found. 
These bacteria establish a cooperative relationship with plants and offer a variety of benefits that 
promote plant growth. Microbiome interactions exist in all multicellular creatures and, presumably, 
all eukaryotes. In actuality, these may date back to the time before the region was settled by plants. 
Many different kinds of microbes can be found in soil, most of which are bacteria. Where soil bacteria 
and plant roots come into contact with one another is in the rhizosphere, which frequently has a 
higher microbial density. The beneficial bacteria either live in the soil freely or work in symbiotic 
relationships with the plant, but they are present nearby or even inside the plant (van et al.). 
Numerous living creatures can be found in the root-tip environment (or rhizosphere). The root vital 
activities of breathing and root secretion are both quantitatively and qualitatively influenced 
(Lazarovits). For each of these regions, the word "rhizosphere" is used. The plant, soil, bacteria, and 
soil microbes all interact significantly and widely in the rhizosphere. According to Berg et al. (2014), 
these predate the arrival of plants in the region. It's possible that these connections matter greatly and 
affect plant development and crop yield. When two or more types of microflora are present, PGPR 
can multiply and colonize every ecological niche on the roots at every stage of plant development. 
The age, stage of growth, species of plant, soil tissue, and ecological circumstances all have an effect 
on the activities of the microbes in the rhizosphere. Because of their quick development and 
adaptability to a bacteria can take up carbon and nitrogen from a make up the bulk of the 
rhizosphere's microbial population. 

 
Figure 1. The probable modes of effect that (PGPR) employ in order to promote increased plant 
development based on work by Vacheron et al., (2013). 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 October 2023                   doi:10.20944/preprints202310.1504.v1

https://doi.org/10.20944/preprints202310.1504.v1


 3 

 

The positive impacts of PGPR, a naturally occurring soil bacterium, on plant vitality and output 
have been thoroughly studied. In addition to protecting plants from pathogens and harsh conditions, 
they can also boost nutrient availability, spur plant growth, fortify root development, and more. 
Several different mechanisms are involved in how PGPR helps plants. Auxins, cytokinins, and 
gibberellins, which encourage root and shoot growth, are formed by some PGPR. 

Additionally, they may convert nitrogen in the air into a plant-available form through a process 
called "fixation," which they can easily use to augment the plant's nitrogen needs. Phosphorus and 
other mineral nutrients can be solubilized by PGPR, making them more available to plants. Some 
PGPRs can create antimicrobial substances that stop the development of plant pathogens, shielding 
the plant from disease. 

PGPR is comparable to dangerous microbes for oxygen, food, and room by colonizing the 
rhizosphere, which lowers the danger of pathogen invasion and boosts plant health in general. PGPR 
systemic effects that resistance in plants by defensive systems being put into action and improving 
acceptance to a broad range of environmental factors, including dryness, salinity, and extreme heat. 
Soil has many different kinds of bacteria and viruses, primarily bacteria. 

In sustainable agricultural techniques, the application of PGPR as bio-fertilizers and bio-
pesticides has attracted a lot of attention. The foundation of the world economy, agriculture is crucial 
in supplying food, fiber, bioenergy, and other necessities to the expanding human population. But 
chemical pesticides and fertilizers are frequently used in conventional agricultural practices, which 
can be bad for the health of humans, the environment, and the sustainability of agricultural output. 
Therefore, sustainable and environmentally friendly methods are becoming increasingly important 
to increase plant growth and improve agricultural productivity. In recent years, PGPR has surfaced 
as a viable option for long-term farming success. 

As all the variables are considered, PGPR offers a workable method for fostering plant 
development, increasing crop output, and lessening the ecological damage caused by agricultural 
practices. PGPR mechanisms and their applications in microbial and plant interactions and 
sustainable agriculture are revealed. 

3. The Growth-Promoting Mechanism in Plants PGPR as a mediator: 

Rhizobacteria that promote plant growth (PGPR) are important growth stimulants for plants in 
sustainable agriculture. Rhizosphere microorganisms are beneficial microbes that use a range of 
strategies to promote plant growth. The following are significant contributions that PGPR makes to 
environmentally friendly farming: Direct and indirect means exist for PGPR to stimulate plant 
development. 
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Figure 2. Insights on plant-PGPR interactions in the rhizosphere source Shah et al., (2021). 

3.1. Direct Mechanism: 

By fixing nitrogen, mineralizing organic compounds, solubilizing mineral nutrients, and 
producing phytohormones, PGPR can directly help plant growth and development through 
processes like nutrient intake or increased access to nutrition. 

3.1.1. Nitrogen fixation 

The majority of plant biochemical processes, like the synthesis of proteins and photosynthesis, 
depend on nitrogen (N), making it one of the most crucial minerals plants need to thrive (Alori et al., 
2017). Dinitrogen, which comprises 79% of nitrogen in the atmosphere, has a triplet covalent bond 
and a relatively small amount of reactivity; therefore, plants cannot utilize it directly. As the most 
effective method of adding nitrogen, nitrogen fertilizers have become an essential component of the 
cultivation of crops and methods in agriculture. But their disproportionate and persistent use is 
polluting the environment, causing eutrophication, deadly discharges into the environment, 
poisonous deposition in water in the ground, and other water bodies—all of which are either directly 
or indirectly contributing to climate change. According to Bouchet et al. (2016), cropping systems 
only recover about half of the applied nitrogen; the other half either escapes from the soil by 
volatilization, leaching, or runoff, or it stays in the soil as organic complexes, which make up roughly 
98% of the overall quantity of soil nitrogen. Symbiotic nitrogen-fixing organisms form a mutually 
beneficial connection with their host, as opposed to free-living nitrogen fixers and their host plants. 
Rhizobium, Azoarcus, Mesorhizobium, Frankia, Burkholderia, and several strains of Achromobacter are all 
symbiotic nitrogen fixers (Babalola, 2010; Pérez-Montao et al., 2014). These bacterial taxa, along with 
a few others, have earned their reputation as nitrogen-fixing PGPRs capable of significantly boosting 
plant growth and harvest (Bishnoi, 2015). A highly conserved and energy-demanding enzyme known 
as nitrogenase is responsible for fixing nitrogen. Two metalloprotein subunits make up the typical 
nitrogenase. The energy required by these bacteria to convert atmospheric nitrogen into usable forms 
is considerable. 16 moles of ATP are needed for every mole of nitrogen fixed, and the majority of this 
energy originates from oxidizing the organic molecules. Nitrogen fixers that don't use photosynthesis 
rely entirely on other organisms to get these energy-rich molecules, whereas microorganisms that 
can photosynthesise their own carbohydrates are called photoautotrophs. 
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Legumes are capable of symbiotic nitrogen fixation, which is responsible for 80 Tg of the 175 Tg 
of N2 fixed annually, with each legume fixing between twenty and two hundred kilograms of 
nitrogen annually, and industrial nitrogen fixation, which produces N fertilizers, accounts for about 
half (88 Tg) (Hillel, 2008). Seventy-plus percent of legumes form mutualistic relationships with 
rhizobia and are capable of fixing up to two hundred kg of nitrogen per square meter. Legumes can 
fix nitrogen from the atmosphere through symbiotic links with bacteria; therefore, they often don't 
need additional nitrogen until large amounts of N-fertilizers are applied. Using the provided fertilizer 
requires a lesser amount of energy than atmospheric N2 repair, which causes them to reduce or stop 
their nitrogen fixation. In order to increase growth, combat illness, and keep the soil's nitrogen 
content stable for farming, biologically N2-fixing PGPR is sprayed onto crops and crop fields. 

3.1.2. Phosphate Dissolution: 

The second essential ingredient for plants is phosphorus. Important functions that rely on it 
include breathing, signal transduction, and the transmission of energy. Photosynthesis and 
macromolecular biosynthesis (Hillel, 2008). Because 99 percent of the available phosphorus has been 
immobilized or precipitated, making it water-insoluble, plants have a hard time absorbing it. Since 
phosphorus is poorly soluble and has a preference for organic compounds and the soil matrix, only 
0.1% of the combined phosphorus concentration in soil and plant availability has been estimated. 
Phosphorus is only absorbed by plants as monobasic (H2PO4) and dibasic (HPO42-) ions. 

Phosphate deficiency can be remedied by applying phosphorus-based fertilizers to the soil, 
which replenishes a plant's quick access to the phosphorus already present in the substrate. 
Commercial fertilizer supplementation with phosphorus, however, is a costly process, and the 
phosphorus is frequently inhospitable to vegetation because the soil might readily lose it, mix with 
local waterways, and contaminate aquatic as well as terrestrial ecosystems (Adesemoye and 
Kloepper, 2009). 

An essential characteristic that can be attained by PGPR is the phosphate-solubilizing bacteria's 
ability to dissolve and mineralize phosphate. According to Sundarara et al. (2002), phosphorus-
solubilizing bacteria can reduce the P concentration that is essential by a quarter. Khan et al. (2009) 
found that PSB's influence rises when it is mixed with other PGPRs or AMFs. The primary method 
used by practically all bacteria that can dissolve metabolites, most often organic acids, requires 
phosphorus for their synthesis in the ketone and gluconic acid ketoforms,in which the cations are 
chelated and attached to their respective hydroxyl and carboxyl groups in phosphate (Heydari et al., 
2007), so that they can be dissolved into the soil solution and made available for plant uptake (Riaz 
et al., 2021). Phosphorus-solubilizing PGPR bacteria are found in the following genera: Arthrobacter, 
Bacillus, Burkholderia, Enterobacter, Microbacterium, Pseudomonas, Rhizobium, Mesorhizobium, 
Flavobacterium, and Serratia. Two of these are the phosphate-solubilizing bacteria Mesomerhizobium 
ciceri and Mesomerhizobium mediterraneum, both of which have been isolated from chickpea nodules 
(Parmar and Sindhu, 2013). Despite the fact that these bacteria solubilize phosphorus, increasing soil 
fertility, there have been few investigations into their application as biofertilizers. Its availability in 
the soil is often limited due to its low solubility. Solubilizing insoluble phosphorus molecules in the 
soil is a special property of some PGPRs that makes them more accessible to plants. 

3.1.3. Potassium Dissolution: 

Potassium is the third essential component plants need. Since more than ninety percent of 
potassium is already in existence as insoluble rocks and mineral silicates, the soluble potassium 
content in soil is often quite low. The production of crops is now severely limited by the potassium 
deficit. Without enough potassium, plants produce fewer seeds, grow more slowly, and produce less 
of a crop. 

Numerous microorganisms can solubilize potassium (K) in soil and interact closely with plants, 
particularly bacterial and fungal species (Setiawati and Mutmainnah, 2016) The PGPR's potential to 
produce and secrete organic acids capable of dissolving potassium rocks has been extensively 
investigated. Examples of PGPR that solubilize potassium include Acidothiobacillus sp., Bacillus 
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edaphicus, Ferrooxidans sp., Bacillus mucilaginosus, Pseudomonas sp., and Burkholderia. Paenibacillus sp. 
has been found to convert potassium from inaccessible mineral forms found in soils. 

According to research that suggests the resulting effects of plant-growth-stimulating 
microorganisms (PGPM), the formation of organic acids by K-solubilizing microbes improves 
potassium availability, which in turn promotes plant development. Soil microorganisms increase the 
acidity of the soil's rhizosphere by producing oxalate, the acid citrate, acetate, ferulic acid, and 
coumaric acid, all examples of organic acids. This accelerates the rate at which minerals dissolve and 
generate protons, resulting in the solubilization of the mineral K. Therefore, scientists have concluded 
that PGPM, like PSB, could be an efficient organic fertilizer, boosting the accessibility of plant 
nutrients and permitting less use of artificial fertilizers (Khan et al., 2019). 

3.1.3. Producing Siderophore: 

Minor chemical molecules known as siderophores are made by bacteria in iron-restricted 
environments that increase the ability to absorb iron. Because it is a necessary enzyme cofactor for a 
number of metabolic processes, including the process of photosynthesis, amino acid synthesis, 
oxygen transfer, nitrogen fixation, and respiration, iron is crucial for all photosynthesis-based 
creatures. Iron, which normally exists in two oxidative states: Fe2+ and Fe3+, is a massive and 
common chemical compound on our planet. The latter state is significantly less accessible to plants 
because it forms insoluble iron oxides and hydroxides (Khoshru et al., 2020). 

According to research, specific PGPB generate compounds with a low molecular weight (400–
1,500 Da) that are capable of taking iron from the ground. Siderophores are iron-binding compounds 
that help make ferric ions (iron) more bioavailable to plants (Goswami et al., 2016). 

Many microorganisms from both marine and terrestrial habitats have been separated and 
examined for their capacity to create siderophores (Rezanka et al., 2018). Siderophores have four 
primary chemical structures: phenolates, hydroxamates, pyoverdines, and carboxylates. Among the 
gram-negative bacteria, Enterobacter and Pseudomonas are the most prevalent producers of 
siderophores, while just 2% of gram-positive species, including Bacillus and Rhodococcus, are capable 
of making siderophores (Czarne et al., 2020). Beneficial soil and plant-associated microorganisms' 
production of siderophores is a crucial biological control mechanism because it prevents harmful 
plant pathogens from accessing iron sources by competing with them for those resources (Khoshru 
et al., 2020). 

3.1.3. Zinc solubilization: 

Zinc (Zn) is a necessary plant micronutrient that ranges in concentration from 5 to 100 mg kg1 
and is vital for plant growth and development (Goteti et al., 2013). The production of chlorophyll, the 
activation of enzymes involved in auxin and glucose metabolism, and the biosynthesis of proteins, 
lipids, and nucleic acids are just a few of the important physiological processes that Zn is essential 
for in plants. It also aids plant survival in emerging climate circumstances, when plants must 
withstand increased temperatures and drought swings (Umair Hassan et al., 2020). According to 
FAO, zinc deficiency affects greater than fifty percent of global soils, mostly because Zn is associated 
with naturally occurring mineral forms that are often inaccessible to plants, like zincite, zinc silicates, 
willemite, and zinc sulfide (Lopes et al., 2021). 

Application of inorganic fertilizers can correct a zinc shortage, although doing so causes some 
environmental harm and renders a significant portion of the fertilizer unavailable to plants. It would 
be preferable to use PGPR, which is noted for its ability to completely fill cation-containing minerals 
found in nature. Zinc exists in insoluble forms in the rhizosphere and is saturated by certain bacteria 
and fungi, increasing the available zinc nutrients. Inoculation with Zn-mobilizing PGPR has been 
proven in numerous experiments to significantly boost the yield of cereal crops like maize, wheat, 
and rice (Lopes et al., 2021). 

Because of the rapidly expanding global population, there is a growing demand for staple foods, 
which in turn increases the demand for pesticides and artificial fertilizers. However, this could have 
a negative impact on the environment. Biofertilizers might be unable to completely replace mineral 
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fertilizers at this time, but by adding beneficial bacteria to agricultural production, the rising number 
of people in the world necessitates more of the basic foods that are grown with the help of artificial 
fertilizers and pesticides. 

3.1.3. Plant growth hormones production:  

Phytohormones, as well as plant growth hormones, have an impact on Plant maturation and 
growth even at minimal doses (< 1 mM) (Damam et al., 2016). A microorganism, such as certain 
bacteria, is regarded as a plant growth regulator or phyto stimulator if it has the intrinsic ability to 
control the production of different growth regulator enzymes. It may even encourage plants to 
produce these phytohormones. The root cell can produce excessive amounts of auxins, cytokinins, 
abscisic acid, ethylene, brassinosteroids, and gibberellins that affect the beginning of the root, roots 
on either side, and hairs on roots, which are followed by a rise in nutrients and water intake. 
Symbiotic and endophytic bacteria, which live in close proximity to plants' roots, produce 
phytohormones that affect seed germination, root system expansion to increase nutrient absorption, 
development or elaboration of vascular tissues, shoot extension, flowering, and general plant growth 
(Antar et al., 2021a). 

Indole Acetic Acid (IAA), cytokinins, gibberellins, and ethylene synthesis inhibitors are among 
the compounds that PGPRs generate. IAA phyto stimulators produced by PGPRs influence apical 
growth, phototropism, geotropism, cell division, root initiation, etc. in plants (Nath et al., 2017). An 
amino acid that is frequently present in root exudates is tryptophan. It serves as the primary 
precursor molecule in bacteria for the production of IAA (Etesami et al., 2009). IAA-producing 
microbes might be able to remove potentially toxic levels of tryptophan and tryptophan analogs from 
their cells. Plant cytokinins limit the expansion of the major root system and promote cell division, 
lateral root development, and root hair creation, whereas gibberellins promote stem tissue, root 
lengthening, and root elongation to the side. One important phytohormone, ethylene, has many 
procedures in biology that might influence plant growth and improvement. It accelerates seed 
germination, limits elongation of roots, aids in the maturation of fruit, cuts down on leaf withering, 
boosts drop production, and causes further plant hormone synthesis to increase. It's also crucial in 
the process of root formation. Bacillus, Pantoea, Arthrobacter, Pseudomonas, Enterobacter, Brevundimonas, 
and Burkholderia are some PGPRs linked to the production of phytostimulators (Kumar et al., 2014). 

3.2. Indirect mechanism 

By creating repressive chemicals that boost the host's inherent resistance, PGPR uses roundabout 
means to protect plants from or lessen the impact of phytopathogens. Hydrolytic enzyme synthesis 
(chitinases, cellulases, etc.), antibiotic synthesis in response to plant infectious agents or disease 
resistance, stimulation of systemic protection from a variety of threats from pathogens and pests, 
production of VOCs and exudates from photosynthesis, etc. are all examples of the roles played by 
PGPR in this process. 

3.2.1. Stress management 

"Stress" refers to anything that acts as a barrier to development in a plant. A fundamental hurdle 
to long-term agricultural output is the multitude of stresses caused by the soil environment on plant 
growth. These pressures can be divided into biotic and abiotic groups. The main factor behind the 
more than 30% global crop loss is abiotic stress. The most common type of abiotic stress that prevents 
plants from growing and producing is drought or aridity stress, which is brought on by dryness, 
salinity, and high temperatures (Vejan et al., 2016). 
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Figure 3. Graphical representation of Different stressors. 

Through the utilization of microorganism strains like Pseudomonas putida and Pseudomonas 
fluorescens, which significantly affect water salinity and other abiotic stresses and are capable of 
removing cadmium ions from the ground, PGPR's role in protecting plants from environmental 
stresses has been extensively researched (Baharlouei et al., 2011). Various pathogens, including 
bacteria, viruses, fungus, nematodes, protists, insects, and viroids, can produce biotic stress, which 
significantly lowers agricultural productivity (Haggag et al., 2015). Biotic stress has far-reaching 
consequences for plant health, including effects on plant health in greenhouses, natural habitat 
ecology, nitrogen cycling in ecological systems, and other horticultural concerns. PGPR could be used 
to address these issues and work with strains of Paenibacillus polymyxa B2, B3, and B4, Bacillus 
amyloliquefaciens HYD-B17, HYDGRFB19, P. favisporus HYTAPB30, and B. subtilis RMPB44. 

3.2.2. Hydrolytic Enzymes Production 

The action of PGPR in generating protective enzymes could be categorized as a biopesticide. 
PGPR stimulates plant growth by inhibiting phytopathogenic agents, principally to produce 
compounds with antibiosis and antifungal characteristics that are used as defense mechanisms. Two 
examples of hydrolyzing enzymes that would be created throughout the process include chitinase 
and glucanase. Bacteria that produce chitinases and betaglucanases would inhibit fungal growth 
because these components make up the bulk of a fungal cell wall. Sinorhizobium fredii KCC5 and 
Pseudomonas fluorescens LPK2 generate chitinase and beta-glucanase, respectively that prevent 
Fusarium udum from causing wilt (Kumar et al., 2010). 

3.2.3. VOCs Formation 

Inducing systemic resistance in plants against phytopathogens and suppressing bacterial, 
fungal, and nematode infections are only a few of the many benefits that result from the production 
of volatile organic compounds (VOCs) by PGPR. Several microbial families, like Pseudomonas, 
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Bacillus, Arthrobacter, Stenotrophomonas, and Serratia, produce specific bacterial species that have an 
impact on plant growth. Bacillus spp. produce the best VOCs, including 2-butanediol and acetoin, for 
preventing the spread of fungi and encouraging plant development (Santoro et al., 2016). 

3.2.4. Exopolysaccharides (EPSs) Production 

Diverse types of bacteria, algae, and plants create biodegradable polymers called 
exopolysaccharides (EPSs). They are constructed from glucose residues and their analogues. 
(Sanlibaba and Cakmak, 2016). EPSs sustain the host under stress (from salty soil, drought, or too 
much moisture) by holding water reserves, aggregating soil particles, and facilitating obligatory 
rhizobacteria, which are bacteria that interact with plant roots. Soil fertility can be increased and 
sustainable agriculture can be supported thanks to EPS-producing PGPR such as Rhizobium 
leguminosarum, Azotobacter, Bacillus drentensis, Agrobacterium sp., Xanthomonas sp., and Rhizobium sp. 
(Mahmood et al., 2016). 

3.2.5. Antibiotics production 

It has been suggested that microbial antagonists can be used in place of traditional pesticides to 
combat plant diseases in agricultural crops. By producing antibiotics, PGPR is crucial in preventing 
the spread of disease-causing bacteria, together with Bacillus spp. and Pseudomonas sp. One of the most 
promising areas of plant sciences in the last 20 years has been the production of antibiotics by PGPR 
to fend off numerous plant-based pathogens and extensively researched bio-control mechanisms 
(Ulloa-Ogaz et al., 2015). Antibiotics such as oomycin A, cepaciamide A, ecomycins, and viscosin are 
produced by the vast majority of Pseudomonas species. Other medicines manufactured by 
Pseudomonas include pyrrolnitrin, pyoluteorin, 2,4-diacetylphloroglucinol, rhamnolipids, and 
pyoluteorin. Additionally, a number of lipopeptide antibiotics, including surfactin and bacillomycin, 
are produced by Bacillus species, along with an assortment of antibiotics and anti-fungal drugs. The 
antibiotics are divided into volatile and non-volatile substances for further classification. Polyketides, 
cyclic lipopeptides, aminopolyols, heterocyclic nitrogenous chemicals, etc. are all examples of non-
volatile antibiotics. To name a few examples, volatile antibiotics include alcohols, aldehydes, ketones, 
hydrogen cyanide, and so on (Fouzia et al., 2015). 

4. PGPR used in vegetable production 

The PGPR facilitates all beneficial soil processes, including crop residue breakdown and soil 
organic material production. Improvements in soil fertility and production can be attained by various 
processes involving the decomposition of organic substances into mineral form, the locking up of 
mineral nutrients, the dissolution of phosphate, the nitrification of nitrogen, and the synthesis of 
phytohormones. Rhizobacteria attached to roots produce a high quantity of biomolecules in the soil 
for further health benefits. Numerous volatile substances and additional compounds (such as 
enzymes, proteins, etc.) produced by PGPR improve soil health and encourage plant growth. 
Numerous bacteria from various genera, such as Bacillus, Pseudomonas, Arthrobacter, and 
Stenotrophomonas, have been identified as producers of volatile compounds (Vejan P. et al., 2016). As 
more is discovered about the plant growth-promoting mechanism of PGPR, it is anticipated that 
tomato production will rise while chemical inputs will fall. A study in Ethiopia on the effects of under 
greenhouse circumstances, root development in tomatoes and the role of Pseudomonas isolates, stems, 
and leaves were all measured differently, and leaves' dry weight was the most variable (Fenta L. et 
al., 2017). Additionally, Pseudomonas APF1 and B. subtilis B2G treatments resulted in the highest dry 
and fresh weight tomatoes ever reported (Lemessa F et al., 2007). Trichoderma spp. and Bacillus spp. 
established new benchmarks for growth rates, fruit production, and nutrient accessibility. 

5. PGPR used in Maize 

Corn, or maize (Zea mays L.), is a cereal grass belonging to the Poaceae family. It is one of the 
world's largest and most significant cereal crop species. The International Grains Council (2019) 
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predicts that global maize consumption will ascend to even greater heights (throughout the years 
until 2024) and that maize will be used more frequently as animal feed. Providing about half of the 
energy needed each day by creatures in Africa and the Americas, maize is one of the three most 
significant species of crop in the world (FAOSTAT Food Balance Sheets, 2020). An increase in 
fertilizer use will be required to maintain gains in maize productivity, which will raise production 
costs and have a worsening effect on the environment. Rhizobacteria that promote plant growth offer 
a wide range of established advantages for crop growth and productivity. Researchers Kuan et al. 
(2016) suggest that PGPR could be the biological solution needed to improve crop production, 
rebalance the atmosphere's N2, and slow maize nitrogen recovery plants. Increased ear rates as high 
as 39 percent with lower fertilizer-N input are encouraged due to the discovery that plant-N 
remobilization is intimately associated with the aging of plants. Cereal crops, especially maize, can 
benefit from PGPR's ability to boost their development and grain yield. Several types of bacteria are 
capable of producing IAA, which has beneficial repercussions on maize's ability to take in nutrients 
through its leaves and roots. Additionally, phosphorus solubilization and other PGPR features that 
have not been examined promote plant growth. Also investigated is the bioprotective function of 
PGPR in maize crops. Fusarium is a harmful fungus that is closely connected with corn. While some 
forms of PGPR, Bacillus amyloliquefaciens and Microbacterium oleovorans, were successful in protecting 
maize from Fusarium verticillioides when used as seed coverings (Pereira et al., 2011), Certain PGPR 
species may help plants flourish by serving as biocontrol and biofertilizers simultaneously. For 
instance, B. cepacia strains with biocontrol abilities against Fusarium spp. have been noted. They can 
also encourage the growth of maize in settings with low levels of iron by creating siderophores 
(Bevivino et al., 1998). 

6. PGPR Used in Sugarcane 

Due to the numerous advantages connected with its industrial use, Sugarcane, a hybrid of the 
saccharum plant, is one of the earliest and most important agricultural crops. Tropical and subtropical 
regions are ideal for growing sugarcane, which is primarily used as a source of raw materials by the 
sugar industry to make sugar (Zhao and Li, 2015). Because of the advantages linked to the production 
of biofuel and biogas, sugarcane is also important on a global scale. 

The benefits of PGPR over alternative strategies, which can increase sugarcane yield by reducing 
the amount of fertilizer needed, are both financial and environmental. Poor and inadequately rich 
soil, which does not fulfill its nutrient and growth demands and makes it challenging to produce high 
yields, is one of the main obstacles to sugarcane growth. When it comes to the soil, phosphorus (P) is 
by far the most influential element. Although it is not as crucial for sugarcane as N and K, it 
nevertheless has a significant effect on the plant's survival and root system development. 

Insufficient phosphorus in the starting material, phosphorus absorption by clay, and 
phosphorus precipitation with iron and aluminum oxides and hydroxides all contribute to 
insufficient phosphorus availability. As a result, sugarcane cultivation uses a lot of P fertilizers, which 
raises the cost of production. While a significant percentage of the phosphorus fertilizer provided in 
the first year accumulates in the soil as fixed P, which is unavailable to plants, only around 10 to 30 
percent of that quantity is absorbed by the roots of cane crops (Syers et al., 2008). Finding alternatives 
to phosphate fertilizers is therefore urgently needed. 

In order to maximize the effectiveness of the use of mineral fertilizers, such as phosphate, and 
to produce sugarcane with little environmental impact, plant growth-promoting rhizobacteria 
(PGPR) are a possible alternative (Spolaor et al., 2016). Several studies, including Rosa et al. (2020), 
assessed the impact of inoculating sugarcane with three PGPR species and five dosages of P. They 
found that the inoculation had a positive impact on the crop and reduced fertilizer costs for the 
growers. These results showed that the best fertilizer management for sugarcane production involved 
a mixture of Azospirillum umbrasilense and Bacillus subtilis, along with inexpensive P2O5. The use of 
B. subtilis in conjunction with by-products can increase soil fertility parameters, lessen the negative 
effects of vinasse fertilization, promote shoot and root growth, and create a synergistic effect for high-
yield sugarcane production that is also good for the environment (Santos et al. 2018). 
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According to research by Moura et al. (2018), the application of Azospirillum in sugarcane crops 
enhanced root systems, which improved water and nutrient uptake, which may positively affect 
yield. This study demonstrated the intricate interplay of several elements, including indigenous plant 
auxin pools, by demonstrating the considerable interaction of cultivar, water regime, and Azospirillum 
inoculation. 

7. Conclusion: 

In conclusion, plant growth-promoting rhizobacteria (PGPR) have emerged as promising tools 
for sustainable agriculture due to their ability to enhance plant growth and improve crop 
productivity. This review has provided an overview of the mechanisms through which PGPR exert 
their beneficial effects on plants, including the production of phytohormones, nitrogen fixation, 
phosphate solubilization, and biocontrol of plant pathogens. 

The use of PGPR as a plant growth enhancer offers several advantages over traditional chemical-
based approaches. PGPR are environmentally friendly as they reduce the need for synthetic fertilizers 
and pesticides, thus minimizing the negative impacts on soil and water resources. Additionally, the 
use of PGPR can contribute to the development of sustainable farming practices, promoting soil 
health and biodiversity. 

Numerous studies have demonstrated the positive effects of PGPR on various crop plants, 
including cereals, legumes, and vegetables. These beneficial effects include increased seed 
germination, enhanced root and shoot growth, improved nutrient uptake, and increased resistance 
to biotic and abiotic stresses. The ability of PGPR to promote plant growth under adverse conditions, 
such as drought and salinity, makes it particularly valuable in the face of climate change and resource 
limitations. 

Despite the tremendous potential of PGPR, there are still challenges that need to be addressed 
for its successful implementation in agriculture. These include the selection and optimization of 
PGPR strains for specific crops and environmental conditions, understanding the interactions 
between PGPR and plant hosts, and ensuring the compatibility of PGPR with existing agricultural 
practices. 

In conclusion, the utilization of plant growth-promoting rhizobacteria (PGPR) as a plant growth 
enhancer holds great promise for achieving sustainable agriculture. By harnessing the beneficial 
interactions between PGPR and plants, farmers can reduce their reliance on chemical inputs, improve 
soil health, and increase crop productivity. Further research and field trials are needed to fully 
understand the potential of PGPR and develop practical strategies for its application on a large scale. 
With continued efforts, PGPR-based approaches have the potential to revolutionize agriculture and 
contribute to a more sustainable and resilient food production system. 
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