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INTRODUCTION 

The demand of food products consisting of 

fruits, vegetables, dairy products, meat, 

poultry, and fisheries, has tremendously 

increased due to the global population 

explosion as it is a basic requirement for its 

ultimate survival. This demand is tried to be 

met by better agricultural practices aimed to 

maximize crop productivity employing 

innovative technologies. Crop productivity is 

increased by using agrochemicals in 

agricultural activities
20, 45

. But on the other 

hand, indiscriminate use of such 

agrochemicals consisting of fertilizers and 

pesticides has causing harmful effects to soil 

fertility and soil fauna and flora
81

. In the last 

few decades, particularly during recent times, 

numerous biotechnological research and 

expansions has been carried out in agriculture, 

as result of which, a new area for an increased 

crop productivity has arised for the overall 

sustenance of environment
36,73
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ABSTRACT 

 Soil microbes are vital components of soil important for soil fertility and plant growth as well as 

yield of crop. The plant secretes various metabolites as root exudates which attract bacteria for 

colonization. Bacteria are involved in various biotic activities of the soil ecosystem.They 

stimulate plant growth through solubilizing nutrients in soils, producing numerous plant growth 

regulators, protecting plants from phytopathogens by controlling or inhibiting them and 

improving soil quality. This naturally occurring root bacteria are beneficial for plant growth viz 

directly and indirectly known as plant growth promoting rhizobacteria (PGPR). The direct 

mechanisms include facilitating resource acquisition (nitrogen, phosphorus , Potassium , zinc 

and essential minerals) , ACC deaminase activity and modulating plant hormone levels (Auxin, 

cytokinine, giberellic acid , ethylene , abscisic acid). In indirect mechanisms by decreasing the 

inhibitory effects of various pathogens on plant growth and development in the forms of 

biocontrol agents ,Such as lytic enzyme production, antibiotics, HCN production , siderophore, 

antifungal activity, exopolysaccharide.  Indeed, the bacteria which are present around/in the 

plant roots (rhizobacteria) are more versatile in transforming, mobilizing, solubilizing the 

nutrients. Therefore, the rhizobacteria are the dominant driving forces in recycling the soil 

nutrients and increasing soil fertility. 
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Microorganisms are mutual partners associated 

with plant growth. They have a better ability 

for adaptation in the environment and also 

have the capacity to support and/ or promote 

the overall plant growth leading to a better 

crop yield. These microorganisms, known as 

plant growth promoting rhizobacteria (PGPR) 

have now been developed as/ or incorporated 

in biofertilizers and biopesticides to increase 

soil fertility and control plant disease. 

 The complexity of the soil ecosystem 

is established by numerous and diverse 

interactions among its physical, chemical and 

biological components
15

. Microbial 

communities living in soils interact with plant 

roots
25

. Researchers have demonstrated that 

the main volume of soil in the rhizosphere 

zone is directly influenced by the presence of 

living plant roots or soil compartment 

influenced by the root. 

 Rhizosphere supports a large and 

active microbial population. These 

microorganisms were capable of beneficial, 

neutral and detrimental effects on the plants. 

Root colonizing bacteria produces beneficial 

effects on the growth of the host plant via 

direct or indirect mechanisms. They are 

termed as plant growth promoting 

rhizobacteria (PGPR)
 31

.  

 The term PGPRs is coined by 

Kloepper and Schroth in the year 1978. It is 

particularly used when they are incorporated 

as bio inoculants to improve crop productivity 

as well as quality
10

. Rhizobium species were 

the first biofertilizers identified as PGPR
35

.  

PGPR can also be described as ―the live 

microorganisms consisting of bacteria and 

fungi that are  utilized for improving plant 

growth and crop productivity, generally 

referred to as biofertilizers or microbial 

inoculants‖
72

. 

 PGPR has also been described as ―soil 

bacterial species occurring in plant rhizosphere 

which grow in, on, or around plant tissues, 

stimulating and promoting plant growth by 

various direct and indirect mechanisms‖
76

. 

 PGPR have also been described as 

free-living soil-borne bacteria of plants
42

. 

Rhizosphere is a site where the complex 

interactions occur between the roots and 

PGPR.These interactions between microflora 

and plants can be classified into three 

categories - neutral, negative or positive
80

. 

 The prominent characteristics of 

PGPR is its capability to colonize the root 

surface, survive, multiply and compete with 

other microbiota, needed to express their plant 

growth promoting as well as protective 

activities
40

.  

PGPR are classified based on their functional 

activities
70

: 

a) Biofertilizers: Increasing the availability of 

nutrients to plant. 

b) Phytostimulators: Plant growth promotion 

through phytohormones production. 

c) Rhizoremediators: By degrading organic 

pollutants. 

d) Biopesticides: Controlling diseases by the 

production of biocontrol agents such as 

antibiotics, HCN, Ammonia, antifungal 

metabolites, siderophore production
4
.  

Different researchers have concluded that a 

single PGPR has multiple modes of direct and 

indirect mechanisms for plant growth 

promotion, which is known as multitrait 

PGPR
41, 76

. 

 Plant growth is generally supported 

directly and or indirectly by PGPR. Direct 

mechanisms include facilitating acquisition of 

resources like nitrogen, phosphorus, Potassium 

and essential minerals, ACC (1-

aminocyclopropane-1-carboxylate) deaminase 

activity and modulating plant hormone levels 

like that of Auxin, cytokinine, giberellic acid, 

ethylene and abscisic acid. Indirect 

mechanisms includes decreasing the inhibitory 

effects of various pathogens on plant growth 

and development in the form of biocontrol 

agents such as antibiotics, HCN, siderophore, 

lytic enzyme, induced systemic 

resistance(ISR) , exopolysaccharides 

production and antifungal activity
25

. 

A. Direct Mechanisms: 

I. Nutrient Solubilizing Traits: 

1. Phosphorus solubilization: Phosphorus is 

one of the major and essential macronutrient 

for plant growth and development. Phosphorus 

is present in soil as organic and inorganic 
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phosphates. Both organic and inorganic 

insoluble phosphates are converted in to 

soluble form by PGPR, which is an 

important trait  for the increase in plant 

yields
75

. The mechanism of phosphate 

solubilization by phosphate solubilization 

bacteria (PSB) is associated with the release of 

low molecular weight organic acids through 

which their hydroxyl and carboxyl groups 

chelate the cations bound to the phosphate, 

ultimately converting it   into soluble forms. 

Some phosphate solubilisation bacteria 

produce phosphatase that hydrolyse organic 

forms of phosphate compounds efficiently. 

These bacteria are referred to as 

phosphobacteria
43

. 

2. Potassium Solubilisation: Potassium (K) is 

an essential macronutrient in plant growth. It is 

mostly absorbed in abundance as cations, 

playing an important role in the growth, 

metabolism and development of plants. 

Imbalanced fertilizer applications have led to 

potassium deficiency, which is emerging as 

one of the major problems in crop 

production
68

. Hence it has become necessary 

to find an alternative indigenous source of 

potassium for plant uptake and also to 

maintain optimum potassium level in soil for 

good crop production. Soil microbes have 

been reported to play a key role in the natural 

potassium cycle. Potassium solubilizing 

rhizobacteria present in the soil could provide 

potassium to plants for uptake
8
. 

3. Nitrogen Fixation: Nitrogen is one of the 

most common nutrients required for plant 

growth and productivity. It forms an integral 

part of proteins, nucleic acids and other 

essential biomolecules
13

. More than 80 % of 

nitrogen is present in the atmosphere as inert 

gas which is unavailable to the plants. 

Nitrogen is required to be converted into 

ammonia, a form available to plants. In 

biological nitrogen fixation, nitrogen is 

unavailable for use by most microorganisms 

because of the presence of a triple bond 

between the two nitrogen atoms. Nitrogen to 

be used for growth must be ―fixed‖ in form of 

ammonia NH4 or as nitrate NO3 ions. Nitrogen 

fixation fixes approximately 60% of the 

available nitrogen on earth
46

. It is an 

economically beneficial and environmental 

friendly alternative to chemical fertilizers, 

referred to as BNF (Biological nitrogen 

fixation). It is the process in which 

atmospheric nitrogen (N=N) is reduced to 

ammonia in the presence of nitrogenase
38

. The 

process of nitrogen fixation is carried out by 

the nitrogenase enzyme which is coded by nif 

genes
38

. Nitrogen fixing organisms are 

generally categorized as: 

a) Symbiotic Nitrogen Fixing Bacteria 

includes members of the family 

rhizobiaceae which forms symbiosis with 

leguminous plants like Rhizobia
1 

 and non-

leguminous trees such as Frankia. 

b) Non-symbiotic or free living, associative 

and endophytes nitrogen fixing   forms 

such as cyanobacteria like 

Anabaena,  Nostoc,  Azospirillum,              

Azotobacter, Gluconoacetobacter 

diazotrophicus and Azocarus
11

. 

II. Phytohormone Production: 

Promotion of plant growth by one of the direct 

mechanisms by PGPR is by the production of 

plant growth regulators or phytohormones
25

. 

Researchers have reported the beneficial use of 

auxins, cytokinins, gibberellins, ethylene and 

absicisic acids (ABA) in plants, which helped 

in boosting their growth and increasing the 

plant yield
21, 54, 59, 71

. 

1. Ethylene (ACC deaminase production): 

Ethylene is essential for the growth and 

development of plants, bearing different 

effects on plant growth depending on its 

concentration in root tissues. At higher 

concentrations, it induces defoliation and 

cellular processes that lead to inhibition of 

stem and root growth and premature 

senescence. This leads to reduced crop 

performance which ultimately lowers crop 

yield
47

. Under different types of environmental 

stress such as cold, draught, flooding, 

infections with pathogens, presence of heavy 

metals, plants synthesizes 1-

aminocyclopropane-1- carboxylate (ACC), 

which is the precursor for ethylene
16,29

. Some 

amount of ACC is secreted into the 

rhizosphere and is readsorbed by the roots, 
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which is then converted into ethylene. Such 

accumulation of ethylene leads to a 

detrimental effect likes poor root growth. It 

leads to a reduced ability to acquire water and 

nutrients which causes further stress. PGPR 

have an ability to degrade ACC in the 

rhizosphere. They can help to break this 

detrimental cycle and re-establish a healthy 

root system (Figure 1) needed to cope in the 

environmental stress condition
78

 . 

 The primary mechanism of 

rhizobacteria is to degrade ethylene by the 

ACC deaminase. This enzyme can prevent the 

harmful effects of high ethylene levels
26

. ACC 

deaminase acts on ACC degrading it and 

converting it into α-ketobutyrate and 

ammonia
26,29,52

, which is useful for plant 

growth. PGPR with ACC deaminase activity 

belonging to the Achromobacter and 

Pseudomonas
28

, Bacillus 
22

, 2003), 

Enterobacter
47

, and Rhizobium 
19

 have been 

isolated from different soils. 

 

 
Figure – 1: ACC deaminase response in PGPR

63 

 

2. Indole - 3 – acetic acid: The production of 

IAA by microorganisms can be archived in the 

presence of the precursor tryptophan or 

peptone
55

. Auxins helps the plant for cell 

division, cell enlargement, root initiation, 

increased growth rate, phototropism, 

geotropism, apical dominance
21

. 80% of 

microorganisms isolated from the rhizosphere 

of various crops have the ability to produce 

auxins as secondary metabolites
48

. Bacteria 

belonging to the genera Pseudomonas, 

Xanthomonas, and Rhizobium, Alcaligenes 

faecalis, Enterobacter cloacae, Acetobacter 

diazotrophicus and Bradyrhizobium japonicum 

have shown to produce auxins which helps in 

stimulating plant growth
58

. 

For IAA production various metabolic 

pathways are involved: 

a) Indole-3-acetamide pathway, 

b) Indole-3-pyruvic acid pathway, 

c) Tryptophan side chain pathway, 

d) Tryptamine pathway, 

e) Indole-3- acetonitrile pathway. 

3. Gibberellic acid: Plant growth regulators 

such as gibberellins are important economical 

biotechnological products. They are 

commonly used in agriculture, horticulture, 

gardening actitvities. Gibberellins (GAs) are a 

large group of diterpenoid acids among 

commercial phytohormones. Gibberellins act 

as plant growth regulators, influencing a range 

of developmental processes in crop such as 

stem elongation, germination, sex expression, 

dormancy, flowering, enzyme induction, and 

leaf and fruit senescence
62

. Gibberellic acid is 

naturally produced by higher plants, fungi and 

bacteria. Till today, a total of 126 Gibberellic 

acids have been identified in plants, fungi and 

bacteria
64

. 

4. Cytokinins: Cytokinins play key regulatory 

roles in plant growth and development. They 

promote seed germination, de novo bud 

formation, release of buds from apical 

dominance, stimulation of leaf expansion and 

reproductive development, retardation of 

senescence, enhanced cell division, enhanced 

root development, enhanced root hair 

formation, inhibition of root elongation, shoot 

initiation, or certain other physiological 

responses
3, 30

. Cytokinin production in several 

plant-associated microbes has been well 

characterized
32, 33

 and these micro-organisms, 

which belong to diverse genera such 

as Pseudomonas, Azospirillum, 

and Bacillus have been isolated from a wide 

range of plant species. 

B. Indirect Mechanisms: 

1.Enzyme activity: Several bacteria produce 

enzymes that are able to hydrolyze chitin, 

proteins, cellulose and hemicelluloses; thus 

contributing to direct suppression of plant 

S-Adenosyl 
methionine 

https://en.wikipedia.org/wiki/Dormancy
https://en.wikipedia.org/wiki/Flowering
https://en.wikipedia.org/wiki/Enzyme_induction
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pathogens. Majority of rhizobacteria have an 

ability to produce lytic enzyme which prevents 

the deleterious effects of plant pathogens on 

plants by production of inhibitory substances 

or by increasing the natural resistance of the 

host. This involves synthesizing the lytic 

enzymes including chitinases, cellulases, 1,3-

glucanases, proteases, and lipases that can lyse 

a portion of the cell walls of many pathogenic 

fungi.  It has also been reported that hydrolytic 

enzymes like chitinases, proteases, lipases that 

degrade virulence factors or pathogen cell-wall 

components act  indirectly for plant growth 

promotion mechanisms
18

.  

2. Antibiosis: Different antibiotics are 

produced to control the proliferation of plant 

pathogens. But excessive dependence on 

antibiotic producing bacteria as biocontrol 

agents may prove to be disadvantagous 

because of the host resistance developed 

against specific antibiotics. The mechanism of 

the ability of plant growth promoting bacteria 

to act as antagonistic agents against 

phytopathogens is due to the production of one 

or more antibiotics
23

. The mechanism of 

antibiosis is to produce low molecular weight 

compounds that are deleterious and critical to 

major enzymes and metabolism of other 

microorganisms which thus retards the plant 

growth. 

A variety of antibiotics have been identified, 

which includes compounds such as amphisin, 

2,4-diacetylphloroglucinol (DAPG), oomycin 

A, phenazine, pyoluteorin, pyrrolnitrin, tensin, 

tropolone, and cyclic lipopeptides produced by 

pseudomonads
49

 and oligomycin A, 

kanosamine, zwittermicin A, and  

xanthobaccin produced by Bacillus, 

Streptomyces, and Stenotrophomonas species 

to prevent the proliferation of plant pathogens, 

generally fungi. 

3. Hydrogen Cyanide (HCN) Production: 

Some rhizobacteria are capable of producing 

hydrogen cyanide
61

. HCN is a volatile, 

secondary metabolite produced by PGPR that 

suppresses the development of harmful 

pathogens. HCN is formed from glycine 

through the action of HCN synthetase enzyme. 

This enzyme is associated with the plasma 

membrane of certain rhizobacteria
12

. HCN is 

likely to inhibit electron transport chain and 

energy supply to the cell, leading to the death 

of cells. It also seems that PGPR inhibits 

proper functioning of enzymes and natural 

receptor reversible mechanisms of inhibition. 

It is a powerful inhibitor of many metal 

enzymes, such as copper containing 

cytochrome C oxidases. Many bacterial genera 

have shown to be capable of producing HCN, 

including species of Alcaligenes, Aeromonas, 

Bacillus, Pseudomonas and Rhizobium
2
. 

4. Siderophores Production: Iron (Fe) is an 

essential micronutrient required for the growth 

of almost all living microorganisms as it acts 

as a cofactor in enzymatic processes, oxygen 

metabolism, electron transfer, and DNA and 

RNA syntheses
1
. Iron is also essential for 

biofilm formation because it regulates surface 

motility and stabilizes the polysaccharide 

matrix
17, 79

. Under iron-deficient conditions, 

the hydrophobicity of the microbial surface 

decreases, leading to alteration of the bacterial 

surface protein composition, which then leads 

to limitation of biofilm formation
67

. Thus, 

because of the low bioavailability of iron in 

the environment, microorganisms have 

developed specific uptake strategies such as 

production of siderophores. 

 Siderophores are metal-chelating 

agents with low molecular masses ranging 

between 200–2000 Da that are produced by 

microorganisms and plants
65

. Marine 

organisms such as phytoplankton
74

, 

cyanobacteria
5
 can produce siderophores 

especially under Fe-limiting conditions.  

 Siderophores are classified by the 

ligands used to chelate the ferric iron. These 

include the catecholates, hydroxamates, and 

carboxylates
53

.Various studies have isolated 

siderophore producing bacteria belonging to 

the Bradyrhizobium
37

, Pseudomonas
14

, 

Rhizobium, Serratiaand Streptomyces
44

  genera 

from the rhizosphere. 

5. Induced Systemic Resistance (ISR): PGPR 

provides alternate strategy to protect plants 

from diseases via induced systematic 

resistance (ISR). The process where treatment 

of plant by PGPR elicits host defence as 

https://www.omicsonline.org/searchresult.php?keyword=antibiotics
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indicated by reduction in severity or incidence 

of disease caused by pathogens. Induced 

resistance is a physiological ―state of enhanced 

defensive capacity‖ elicited by plant growth 

promoting rhizobacteria (PGPR)                  

such as Pseudomonas putida,             Serratia 

marcescens, Flavomonas oryzihabitans, Bacillus 

pumulus, where the innate defences of the 

plants, potentiated against subsequent biotic 

challenges, becomes a popular means of 

protection of the plant from pathogens through 

induced systemic resistance (ISR). 

Biopriming plants with some plant growth 

promoting rhizobacteria can also provide 

systemic resistance against a broad spectrum 

of plant pathogens. Induced systemic 

resistance involves jasmonate and ethylene 

signalling within the plant, wherein, these 

hormones stimulate the defence responses of 

the host plants against a variety of plant 

pathogens
18

. Many individual bacterial 

components induce induced systemic 

resistance such as lipopolysaccharides (LPS), 

flagella, siderophores, cyclic lipopeptides, 2, 

4-diacetylphloroglucinol, homoserine lactones, 

and volatiles like acetoin and 2, 3-butanediol
54

. 

6. Exopolysaccharide production or Biofilm 

production 

Biofilm is a complex association of bacterial 

cells attached to different biotic and abiotic 

surfaces that can retain moisture and protects 

plant roots from various pathogens
9
. This 

association on the surface involves different 

polymers of sugars called EPS that protects 

bacteria from stress
77

. Exopolysaccharides 

production by bacteria in saline soil can be 

helpful against osmotic stress. Biofilms are 

established on various surfaces like roots and 

soil particles. This can improve crop 

productivity and physiochemical properties of 

soil
6, 9

. 

The important roles exhibited by EPS are: 

a) Protective 

b) Surface attachment 

c) Biofilm formation 

d) Microbial aggregation 

e) Plant–microbe interaction, and 

f) Bioremediation
51

 

 

Commercialization of PGPR  

Several PGPR bacterial strains are 

commercially available in the form of 

formulated products which are used as 

biofertilizers and biocontrol agents
27,30,66

. 

Fungal biofertilizers are usually prepared 

either as powder formulations or granular 

powder and or fluid-bed granules using dextrin 

as binder. Bacterial biofertilizers available in 

the market are formulated in a variety of ways. 

 Gram-positive micro-organisms 

possess heat-resistant spores that are exploited 

to formulate a stable and dry powder 

product
35

. Several Gram-negative bacterial 

strains are known to possess efficient 

biocontrol ability, they are difficult to 

formulate as they do not produce spores, their 

formulations have a short shelf life, and the 

bacteria gets easily killed when the 

formulations are desiccated
34 ,66

. 

 Another problem faced by biocontrol 

developers is that crops are grown under a 

multiplicity of climatic and environmental 

conditions which mainly includes temperature, 

rainfall, soil type and crop variety. Such 

variations cause disparity in the potentiality of 

PGPR-based biofertilizers
34

. However, over 

the period of time, researchers have been able 

to develop better biofertilizers with improved 

shelf life and possessing better and efficient 

strains. From the present scenario for the use 

of PGPR in sustainable agriculture, there is 

still a huge scope of enhancing agricultural 

productivity
24

. 

 The success and commercialization of 

plant growth promoting rhizobacterial strains 

depend on the linkages between the scientific 

organizations and industries. Moreover, 

commercial success of PGPR strains requires 

an economical and viable market demand with 

a consistent and broad spectrum of action, with 

safety, stability, longer shelf life, low capital 

costs and easy availability of career materials. 

Research carried out in the different stages of 

the process before commercialization has led 

to the isolation of antagonist strains, screening, 

fermentation methods, mass production, 
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formulation viability, toxicology, industrial 

linkages, quality control and field efficac
 57

. 

Plant Growth Promontory Bioformulation: 

Bioformulations meant for plant growth 

promotion continue to inspire research and 

development in other fields also. 

Bioformulations are defined as biologically 

active products containing one or more 

beneficial microbial strains in an easy to use 

and economical carrier material. Increase in 

soil fertility, plant growth promotion, and 

suppression of phytopathogens are the targets 

of the bioformulation industry that leads to the 

sustainable of ecofriendly environment. 

Bioformulations of PGPR should be consist of 

a superior carrier material possessing high 

water holding as well as high water retention 

capacities, no exothermic heat generation 

during wetting, nearly sterile, both chemically 

and physically uniform, nontoxic in nature, 

non-polluting and easily biodegradable, having 

nearly neutral pH and or easily adjustable pH, 

and also supporting bacterial growth and their 

survival. Most bioformulations are also used to 

maintain cell viability under adverse 

environmental conditions
69

. 

The synthetic chemicals used in 

agriculture to increase yields, kill pathogens, 

pests, and weeds, have a big harmful impact 

on the ecosystem. So, bioformulations offer an 

environmentally sustainable approach to 

increase crop production and health, 

contributing substantially in making the 

twenty-first century the age of biotechnology. 

Further Aspects and Strategies in Research 

and Development of PGPR: 

Need of today’s world is higher yield and 

enhanced production of food crops with an 

eco-friendly approach.  

o New concepts of rhizo-engineering 

o Research in rhizosphere biology 

consisting of molecular & 

biotechnological approaches 

o Integrated management of soil microbial 

population 

o Bioinoculants for high value crops like 

vegetable, fruits & flowers 

o Application of multi strain bacterial 

consortium over single inoculation 

o Addition of ice-nucleating PGPR 

o Comprehensive research on potassium 

solubilisation 

o Biosafety data required for the registration 

of PGPR 

o Non-phytotoxic PGPR 

o PGPR tolerant to adverse environment 

condition 

o Cost effective PGPR product. 
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