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Abstract

The prime concern for sustainable production is linked with biotic and abiotic 
pressures in environment as it impedes yield by producing ROS, which damage cell 
organelles and other biomolecules. Also the population is increasing at an alarm-
ing rate along with the climate change thereby leading to food insecurity. The only 
alternative to food security is adoption of Plant growth-promoting rhizobacteria 
(PGPR), as it provides an environmental-friendly and green substitute to chemical 
substance and traditional agricultural practices to achieve sustainable agriculture by 
enhancing plant growth and resistance to various pressures. The functions carried 
out by these microbes in agriculture include nutrient uptake, resistance of host plant 
to various animate and inanimate pressures. These surround the roots and affect the 
growth and development through various direct and indirect ways. Furthermore, 
they have the ability to combat harmful influence of pressures like salinity, drought, 
heavy metals, floods, and other stresses on plants by inducing the production of 
antioxidant enzymes such as catalase, peroxidase, and superoxide dismutase. To meet 
the increasing demand for food, and to evade environmental degradation, the utiliza-
tion of PGPR consortium is a sustainable and ecofriendly technique to ameliorate 
the effectiveness of resource utilization and enhancing production under extreme 
climatic conditions and under increasing population.

Keywords: plant growth promoting rhizobacteria, sustainable, ecofriendly, microbial 
consortium, pathogens, growth promotion

1. Introduction

PGPR can be defined as the critical component of root zone bearing 
 microorganisms that promote the development of host plants when they grow in 
association with host plants. Owing to great adjustment in diverse ecosystems, rapid 
growth, biochemical flexibility to break down numerous natural and synthetic 
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substances, these have became prosperous root zone inhibiting bacteria sustain-
ing in the soil environment [1]. These are regarded as considerable constituent 
in the regulation of agricultural practices with inherent genetic potential [2]. To 
qualify for PGPR the microbial strains should at minimum satisfy two out of three 
standards viz., aggressive colonization, promotion of plant growth and biologi-
cal control [3, 4]. The basic types of interactions that occur between rhizospheric 
bacteria and host plants are neutral, positive and negative [5]. The interaction can 
be commensalism, in which bacteria establishes edible relationship with the host 
plant, thus no noticeable impact on the growth and development of host plants is 
exhibited [6]. In negative relationship, the growth and metabolism of host plants is 
impeded due to release of noxious substances like HCN, ethylene by Rhizobacteria, 
however some PGPRs have positive influence on the host plants through various 
direct and indirect processes like solubilization of nutrients, nitrogen fixation, 
formation of growth managers, encouraging development of mycorrhizae, elimina-
tion of pathogens or phytotoxic substances [7]. Furthermore, based on the extent 
of relationship between the roots of plants and microorganisms, these PGPRs are 
categorized into two types viz. extracellular plant growth promoting rhizobacteria 
(ePGPR) and intracellular plant growth promoting rhizobacteria (iPGPR) [8]. The 
extracellular plant growth promoting rhizobacteria can be found in the rhizosphere, 
on the rhizoplane or in the intercellular spaces in cortex. The typical examples 
of ePGPRs include Agrobacterium, Arthrobacter, Azotobacter, Azospirillum, 
Bacillus, Burkholderia, Caulobacter, Chromobacterium, Erwinia, Flavobacterium, 
Micrococcous, Pseudomonas and Serratia [9], while as intracellular plant growth 
promoting rhizobacteria (iPGPRs) occur in the nodules of roots. The typi-
cal iPGPRs are endophytes (Allorhizobium, Azorhizobium, Bradyrhizobium, 
Mesorhizobium and Rhizobium) and Frankia species, both having ability to fix 
nitrogen in symbiotic association with higher plants [10]. Endophytes colonize the 
roots of plants and promote growth ***(Wang and Martinez-Romero 2000). Plant 
growth-promoting rhizobacteria (PGPR) have the potential to increase develop-
ment of plants through numerous processes viz. solubilization of phosphorus, 
synthesis of iron chelating compounds(Siderophores), biological fixation of nitro-
gen, rhizosphere engineering, generation of 1-Aminocyclopropane-1-carboxylate 
deaminase (ACC) and phytohormones, quorum sensing (QS) signal intervention 
and hampering of biofilm development, posses antifungal properties, produce 
volatile organic compounds (VOCs), induce systemic resistance, encourage useful 
interaction between plants and microbes, impede noxious substance production 
with pathogens etc. [11].

2. Why PGPR consortium

Microbial consortium is defined as the collection of microorganisms working 
together in a synergistic manner and is considerably more competent in comparison  
to single strain of organisms with varying potential. The various reasons that  
necessitate the utilization of PGPR consortium include meeting the demands of increas-
ing population and increasing production under harsh climatic conditions. Since the 
global population is increasing at an alarming rate, it is estimated that by 2050, the 
global population will reach to 9 billion, so to meet the demands of growing popula-
tion the production rate need to increase by 50% [12]. The food demand for increasing 
population necessitated the over utilization of synthetic fertilizers [13] since the advent 
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of green revolution as well as over exploitation of arable land [14], thereby resulted 
in escalation of emission of greenhouse gas (GHG) [15] and change in climate [16]. 
Over last few decades the uncontrolled utilization of synthetic chemicals has resulted 
in decline in crop productivity globally due to deterioration in physicochemical and 
biological health of soil [17–19]. In addition to decline in crop production, climate 
alteration stem by GHG emissions, resulted in hike in price of agricultural products, 
which is intended to escalate the chance of food insecurity for 77 million people by 2050 
[20]. Few plant species have the tendency to grow competently under adverse environ-
mental conditions due to evolution of plasticity to combat alterations, but most plants 
cannot resist the adverse environmental conditions leading to diminish in productivity. 
It has been reported that maize and wheat has undergone a percentage loss in productiv-
ity by 3.8 and 5.5% due to climate alteration [21, 22]. To meet the increasing demand 
for food, and to evade the environmental degradation, while securing the productivity 
and biological health of soil, the only solution is to promote sustainable agriculture with 
progressive decline in the utilization of synthetic chemicals and outstanding use of bio-
based products, as well as harnessing the biological and genetic potential of crops and 
associated microbes [23–25]. Thus the utilization of PGPR consortium is the sustainable 
and ecofriendly technique to ameliorate the effectiveness of resource utilization and 
enhancing the production under extreme climatic conditions [26]and under increasing 
population. Furthermore in addition to boost in crop production, these microbes have 
the capability to withstand various biotic and abiotic pressures [27, 28]. The microbe 
based products are safe, ecofriendly as well as means of growth stimulation and disease 
control. The harnessing of effective plant growth promoting rhizobacteria (PGPR) as 
biofertilizers and biological control agents is considered as a viable option for reducing 
the utilization of synthetic agrochemicals in crop production [4, 29–31].

3. PGPR for sustainable crop production

The utilization of PGPR in agriculture is progressing gradually, as it furnishes 
alternative to synthetic fertilizers, pesticides and other agrochemicals. The rhi-
zosphere inhibiting microbes release significant amount of growth promoting 
substances that obliquely affect morphology of plants. The PGPRs have paramount 
importance in agriculture as it helps in welfare of crops by fixing atmospheric nitro-
gen, phosphate solubilization, decrease in concentration of heavy metals, releasing 
growth promoting hormones, degradation of crop refuse and soil organic matter, and 
checking plant pathogens [32, 33]. These PGPRs perform action through directly as 
well as indirectly as shown in Figure 1.

4. Growth promotion of plants by PGPRs through direct actions

PGPRs have the ability to promote growth of plants by assisting in the acquisition 
of essential nutrients viz., N, P and other micronutrients. Example, PGPRs assist in the 
transformation of atmospheric nitrogen into plant available forms, through a process 
called biological nitrogen fixation in presence of nitrogenase enzyme [34, 35]. These 
organisms either live in symbiotic association or non symbiotic association with the 
host plants [36]. Microbes like Rhizobium, Bradyrhizobium, Sinorhizobium, and 
Mesorhizobium live in symbiotic association with the roots of leguminous plants, on the 
other hand Frankia forms association with the non-leguminous plants [37]. Futher more 
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microbes like cyanobacteria, Azospirillum, Azotobacter, Burkholderia, Enterobacter, 
Gluconacetobacter, and Pseudomonas are non symbiotic in nature [11, 38, 39]. Hence 
inoculating these organisms with seeds, or seedlings or soil promotes the growth of 
plants, improves quality of soil and concentration of nitrogen [40]. Phosphate solubiliz-
ing microorganisms inhibiting root zone of plants have the tendency to mineralize, 
insoluble phosphate from soil into plant available forms (monobasic or dibasic ions) by 
producing different low molecular weight acids like gluconic acid and citric acid as 90% 
of phosphorus in soil is in insoluble forms [4, 41]. The phosphate solubilizing microbes 
are Arthrobacter, Bacillus, Beijerinckia, Burkholderia, Enterobacter, Microbacterium, 
Pseudomonas, Erwinia, Rhizobium, Mesorhizobium, Flavobacterium, Rhodococcus, 
and Serratia are phosphate solubilizers [42]. Another element is Iron which is critical 
for growth of plants, but it is commonly found in insoluble forms and thus not easily 
available to plants [43]. The PGPR strains viz. Pseudomonas, Bacillus, Rhizobium, 
Azotobactor, Enterobacter, and Serratia have the tendency to produce low molecular 
weight compounds called Siderophores which chelate iron under deficient condi-
tions making it available to plants [44]. In addition to making iron available to plants, 
these Siderophores reduce the stress caused by heavy metals to plants [45–47]. Some 
Siderophores have the ability to control attack of pathogens to plants like inhibition of 
plants pathogens Fusarium, Pythium, and Aspergillus species by Siderophores from 
pseudomonads [48, 49]. It has been reported that potato wild disease by Fusarium oxy-
sporum have been controlled by Siderophore (Pyoverdine) released by pseudomonads 
[50]. Another important function of PGPRs is the generation of various phytohormones, 
which regulate the growth, and activate defense [40]. The examples of bacteria produc-
ing phytohormones include Rhizobium, Bradyrhizobium, Mesorhizobium, Bacillus, 
Pantoea, Arthrobacter Pseudomonas, Enterobacter, and Burkholderia [51].

Figure 1. 
Flow chart showing mechanism of action of PGPRs.
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5. Growth promotion of plants by PGPRs through indirect actions

Growth promotion by indirect ways involve evading the attack of pathogens 
to the plants by generating various enzymes which cause break down of patho-
gens, anti microbial substances and induce systemic resistance [52]. A number 

PGPR/Consortium Effects

Rosa et al. [81] reported that effect of phosphate 

solubilizing consortia comprising of A. brasilense and B. 

subtilis under field conditions

Escalation in yield, dry matter, phosphorus 

accumulation, and 75% reduction in 

fertilization

Santos et al. [82] reported generation of IAA and enzymes 

(endoglucanases and xylanases) by B. pumilus under pot 

conditions

Increase in dry matter and number and 

diameter of tillers

Chandra et al. [83] reported solubilization of phosphorus 

and generation of siderophores, IAA, ammonia, and HCN 

under field conditions by B. subtilis (BSSC11) and Bacillus 

megaterium (BMSE7)

Enhancement in root and shoot length and total 

dry matter

Li et al. [84] reported nitrogen fixing capacity, 

phytohormones synthesis, and biocontrol by P. koreensis 

and P. entomophila under growth chamber

Enhancement of plant growth and  

development

Patel et al. [85] reported antagonism to phytopathogens, 

IAA production, P solubilization, and biological nitrogen 

fixation under green house conditions

Amplification in plant height, stem diameter, 

and number of leaves

Muthukumarasamy et al. [86] reported P solubilization by 

Burkholderia gladioli TNCSF 021 under pot conditions

Escalation in chlorophyll and N content of 

leaves and total biomass

Liu et al. [87] reported biological control by Bacillus 

altitudinis and Bacillus velezensis under green house 

conditions

Enhancement in dry weight, surface area, and 

total root length

Xia et al. [88] reported production of siderophores, IAA, 

amylase, pectinase, cellulase, chitinase, protease, and 

ACC deaminase and phosphate solubilization by Bacillus 

xiamenensis PM14 under green house conditions

Escalation in height, length, fresh weight, and 

root diameter and length

Ahmad et al. [89] reported production of IAA, siderophores 

and hydrogen cyanide; phosphate solubilization; and 

antifungal activity by Azotobacter sp. (AZS3), P. fluorescens 

(Ps5), and Bacillus sp. (Bc1) under pot conditions

Enhancement of dry weight of roots and shoots 

and shoot height

Viswanathan and Samiyappan [90] reported antifungal 

activity and induced systemic resistance of P. fluorescens 

under field conditions

Enhancement in germination and production

Lopes et al. [91] reported Nitrogenase activity of 

A. brasilense under field conditions

Increase in length, diameter, and Brix value

Hassan et al. [92] reported production of IAA, phosphate 

solubilization, and antifungal activity by B. subtilis NH-160 

under green house conditions

Inhibition of red rot infection

Moutia et al. [93] reported capability of Azospirillum spp. 

against water stress under pot conditions

Increase in root dry matter

Table 1. 
PGPR or their consortia for growth promotion of sugar cane under field as well as controlled conditions.
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PGPR/Consortium Effects

Breedt et al. [94] reported biological nitrogen fixation 

and IAA production by Lysinibacillus sphaericus (T19) 

under field conditions

Escalation in productivity

Cassan et al. [95] reported Phytohormone production 

by A. brasilense Az39, Bradyrhizobium japonicum E109 

(individual experiments and consortia) in Growth 

chamber

seed germination promotion and early seedling 

development (use of isolated or combined species)

Kuan et al. [96] reported biological nitrogen fixation by 

B. pumilus S1r1 under Greenhouse conditions

Increase in corncob productivity (up to 30.9%)

Di Salvo et al. [97] reported IAA production and 

phosphate solubilization A. brasilense and P. fluorescens 

under Field conditions

Grain yield increment

Rocha et al. [98] reported nutrient addition by 

P. fluorescens F113 under greenhouse conditions

Addition of nutrients like N, K, Ca, Mg, and Mn 

with approximate percentage of 40, 49, 60, 100, 

and 141%, respectively, in the shoots

Danish et al. [99] reported under green house conditions 

ACC deaminase production by Enterobactercloacae

Escalation in grain production by 60%, 

photosynthetic rate by 73%, stomatal conductance 

by 43%, chlorophyll A by 69%, total chlorophyll by 

76% and carotenoids by 42%

Pereira et al. [100] reported Phosphate solubilization 

potential by B. subtilis and A. brasilense under field 

conditions

Higher grain yield

Youseif [101] reported that Chryseobacterium sp. NGB-

29 and Flavobacterium sp. O NGB-31 have BNF and 

production of large amounts of IAA under greenhouse 

conditions

Increment in all growth parameters

Moreira et al. [102] reported bioavailability of Zn in the 

soil under greenhouse conditions by Ralstonia eutropha 

1C2 and Chryseobacterium humi ECP37 Zn bioavailability 

in the soil

Increased biomass and Zn accumulation and 

availability in plants

Rosas et al. [103] reported generation of phytohormones, 

antibiotics, and siderophores by Pseudomonas aurantiaca 

SR1 under field conditions

Increased productivity, length, and shoot and root 

dry weight

Lobo et al. [104] reported Phosphate solubilization and 

phytohormone production by B. subtilis 320 under field

Increase in productivity and P in the shoots

Zhao et al. [105] reported biocontrol properties and 

phosphate solubilization capacity of Burkholderia cepacia 

under greenhouse

Increase in leaf area, length, and shoot and root 

dry weight

Viruel et al. [106] reported Phosphate solubilization by 

Pseudomonas tolaasii IEXb under field conditions

Increase in seedling emergence, shoot length, grain 

yield, 1000-grain weight, total dry biomass, and P 

content in plants

Alori et al. [107] reported Phosphate solubilization and 

biocontrol ability of Pseudomonas kilonensis F113 and 

Pseudomonas protegens CHA0 under field conditions

Increase in leaf yield, height, and length

Verma et al. [108] reported Phosphate solubilization 

by Enterobacter cloacae PGLO9 under greenhouse 

conditions

Longer root length, shoot length, and increased 

shoot and root biomass

Table 2. 
PGPR or their consortia for growth promotion of maize under field as well as controlled conditions.
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of compounds generated by PGPR, which are non-volatile in nature like pyr-
rolnitrin, pyoluteorin, phenazines, phloroglucinols, and cyclic lipopeptides 
(CPLs) have potential to impede growth of pathogens [53]. It has been reported 
that damage to various vital crop plants has been controlled by PGPRs of genera 
Bacillus, Pseudomonas, and Streptomyces [54–56]. Pseudomonas, Burkholderia, 
Brevibacterium, and Streptomyces, have the ability to impede the growth of 
disease causing fungi and nematodes by releasing polycyclic nitrogenous sub-
stances like Phenazines [57–60]. The fungal and bacterial disease causing agents 
like Gaeumannomyces graminis, Pythium sp., Polyporus sp., Rhizoctonia solani, 
Actinomyces viscosus, Bacillus subtilis, and Erwinia amylovora has been known 
to be impeded by phenazine-1-carboxylic acid released by various species of 
Fluorescent pseudomonads [61]. Few metabolic substances like pyrrolnitrin with 
extraordinary action against fungal pathogens like Rhizoctonia solani, Fusarium 
graminearum, and Phytophthora capsici have been reported to be released by 
both fluorescent and non-fluorescent strains of Pseudomonas [62–64]. In addi-
tion to this Pseudomonas and Bacillus sp. boost the safeguard mechanism of host 
plants, promote root development and antimicrobial capacity by the release of 
numerous cyclic lipopeptides [65, 66]. Bacterial namely Pseudomonas, Bacillus, 
Burkholderia, Agrobacterium, Paenibacillus polymyxa, and Xanthomonas also 
produce numerous volatile substances swapping from aliphatic (dimethyl disul-
fide), aromatic (indole), ketones, alkanes, or alkenes (1-undecene), and terpenes 
(e.g., geosmin) [67–69], which activate signaling pathways of auxin, gibberellins, 
cytokinins, salicylic acid, and brassinosteroids [70–73]. Thus PGPRs have the 
ability to improve growth and development, fruit and seed development, germina-
tion of seeds as well as act as virulence-modulating factors, thereby reducing biotic 
and abiotic pressures [71, 74, 75]. Few PGPR strains viz., Pseudomonas, Bacillus, 
Serratia, Azospirillum, and Trichoderma have the potential to boost the defense 
system of plants without changing the genetic makeup called induced systemic 
resistance to fight against disease causing agents, in addition to this ethylene and 
jasmonic acid also activate signaling pathway to induce systemic resistance in 
plants [76, 77]. Abiotic pressures also affect growth and development of plants, 
the PGPR enhance resistance against abiotic pressures either directly or indirectly. 
It has been reported that Pseudomonas, Bacillus, Pantoea, Burkholderia, and 
Rhizobium increase resistance against abiotic pressures like drought, salinity, heat 
stress, and chilling injury [78–80]. A number of reports have revealed growth and 
development promotion of Sugar cane and maize by application of PGPR and their 
consortia as given in Tables 1 and 2 respectively.

6. Conclusion

The PGPR research is of considerable interest worldwide, owing to increasing 
demand of organic food with increase in human population under changing climatic 
conditions. Adoption of PGPR is sustainable substitute to chemical fertilizers and 
pesticides. Among all possible biological means of sustainable agriculture, PGPR 
based formulations have triggered massive attention as they provide number of 
useful favors to plants. These ameliorate soil fertility, crop productivity, resistance 
to pathogens. A diverse group of microorganisms like Pseudomonas, Azospirillum, 
Azotobacter, Klebsiella, Enterobacter, Alcaligenes, Arthrobacter, Burkholderia, 
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Bacillus, and Serratia escalate growth and development of plants. Different 
Pseudomonas sp. cause prominent increment in germination, seedling growth and 
yield in different agricultural crops, including wheat. Development of beneficial 
PGPR formulation requires microbes possessing properties high ability to compete in 
the root zone, tremendous competitive saprophytic potential, capability to promote 
growth and development, easily produced at large scale, vide range of activities, 
should not pose any threat to environment and compatibility with other partnering 
organisms.

Author details

Shayesta Islam1, Malik A. Aziz2*, Zaffar M. Dar3 and Amjad Masood4

1 Division of Environmental Sciences, FOH, Shalimar, SKUAST-Kashmir, India

2 Division of Basic Sciences and Humanities, FOA, Wadura, SKUAST-Kashmir, India

3 Division of Basic Sciences and Humanities, FOH, Shalimar, SKUAST-Kashmir, India

4 Division of Agronomy, FOA, Wadura, SKUAST-Kashmir, India

*Address all correspondence to: asifmalik@skuastkashmir.ac.in

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Plant Growth Promoting Rhizobacterial Consortium: A Sustainable Crop Production Strategy
DOI: http://dx.doi.org/10.5772/intechopen.109913

9

References

[1] Kloepper JW, Schroth MN. 
Relationship of in vitro antibiosis of 
plant growth promoting rhizobacteria 
to plant growth and the displacement 
of root microflora. Phytopathology. 
1981;71:1020-1024

[2] Cook RJ. Advances in plant health 
management in the twentieth century. 
Annual Review in Phytopathology. 
2002;38:95-116

[3] Weller DM, Raaijmakers JM, 
Gardener BB, Thomashow LS. Microbial 
populations responsible for specific 
soil suppressiveness to plant pathogens. 
Annual Review in Phytopathology. 
2002;40:309-348

[4] Vessey JK. Plant growth promoting 
rhizobacteria as biofertilizers. Plant and 
Soil. 2003;255:571-586

[5] Whipps JM. Microbial interactions 
and biocontrol in the rhizosphere. 
Journal of Experimental Botany. 
2001;52:487-511

[6] Beattie GA. Plant-associated 
bacteria: Survey, molecular phylogeny, 
genomics and recent advances. In: 
Gnanamanickam SS, editor. Plant-
associated Bacteria. The Netherlands: 
Springer; 2006. pp. 1-56

[7] Bashan Y, de-Bashan LE. How the 
plant growth-promoting bacterium 
Azospirillum promotes plant growth—A 
critical assessment. Advances in 
Agronomy. 2010;108:77-136

[8] Martinez-Viveros O, Jorquera MA, 
Crowley DE, Gajardo G, Mora ML. 
Mechanisms and practical considerations 
involved in plant growth promotion by 
rhizobacteria. Journal of Soil Science and 
Plant Nutrition. 2010;10:293-319

[9] Gray EJ, Smith DL. Intracellular and 
extracellular PGPR: Commonalities 
and distinctions in the plant-bacterium 
signaling processes. Soil Biology and 
Biochemistry. 2005;37:395-412

[10] Verma JP, Yadav J, Lavakush KNT, 
Singh V. Impact of plant growth 
promoting rhizobacteria on crop 
production. International Journal of 
Agricultural Research. 2010;5:954-983

[11] Bhattacharyya PN, Jha DK. Plant 
growth-promoting rhizobacteria 
(PGPR): Emergence in agriculture. 
World Journal of Microbiology and 
Biotechnology. 2012;28:1327-1350

[12] Alexandratos N, Bruinsma J. World 
Agriculture Towards 2030/2050: The 
2012 Revision. Rome: FAO; 2012

[13] Canfield DE, Glazer AN, 
Falkowski PG. The evolution and future 
of Earth’s nitrogen cycle. Science. 
2010;330:192-196

[14] Pastor A, Palazzo A, Havlik P, 
Biemans H, Wada Y, Obersteiner M. 
The global nexus of food–trade–water 
sustaining environmental flows by 2050. 
Nature Sustainability. 2019;2:499-507

[15] Smith P, Haberl H, Popp A, Erb KH, 
Lauk C, Harper R. How much land-
based greenhouse gas mitigation can be 
achieved without compromising food 
security and environmental goals? Global 
Change Biology. 2013;19:2285-2302

[16] Richardson Y, Blin J, Julbe A. A 
short overview on purification and 
conditioning of syngas produced by 
biomass gasification: Catalytic strategies, 
process intensification and new concepts. 
Progress in Energy and Combustion 
Science. 2012;38:765-781



Symbiosis in Nature

10

[17] Pingali PL. Green revolution: 
Impacts, limits, and the path ahead. 
Proceedings of the National Academy of 
Sciences, USA. 2012;109:12302-12,308

[18] Yang X, Fang S. Practices, 
perceptions, and implications of 
fertilizer use in East-Central China. 
Ambio. 2015;44:647-652

[19] Bishnoi U. Agriculture and the 
dark side of chemical fertilizers. 
Environmental Analyses and Ecological 
Studies. 2018;3:EAES.000552.2018

[20] Janssens C, Havlík P, Krisztin T, 
Baker J, Frank S, Hasegawa T. Global 
hunger and climate change adaptation 
through international trade. Nature 
Climate Change. 2020;10:829-835

[21] Lobell DB, Schlenker W, 
Costa-Roberts J. Climate trends and 
global crop production since 1980. 
Science. 2011;333:616-620

[22] Lipper L, Thornton P, Campbell BM, 
Baedeker T, Braimoh A, Bwalya M. 
Climate-smart agriculture for food 
security. Nature Climate Change. 
2014;4:1068-1072

[23] Fascella G, Montoneri E, Ginepro M, 
Francavilla M. Effect of urban biowaste 
derived soluble substances on growth, 
photosynthesis and ornamental value of 
Euphorbia × lomi. Scientia Horticulturae. 
2015;197:90-98

[24] Fascella G, Montoneri E, 
Francavilla M. Biowaste versus fossil 
sourced auxiliaries for plant cultivation: 
The Lantana case study. Journal of 
Cleaner Production. 2018;185:322-330

[25] Liu J, Ma K, Ciais P, Polasky S.  
Reducing human nitrogen use for 
food production. Scientific Reports. 
2016;6:30-104

[26] Pareek A, Dhankher OP, Foyer CH. 
Mitigating the Impact of Climate Change 
on Plant Productivity and Ecosystem 
Sustainability. Oxford: Oxford University 
Press UK; 2020

[27] Backer R, Rokem JS, Ilangumaran G, 
Lamont J, Praslickova D, Ricci E. Plant 
growth-promoting rhizobacteria: 
Context, mechanisms of action, 
and roadmap to commercialization 
of biostimulants for sustainable 
agriculture. Frontiers in Plant Science. 
2018;9:1473

[28] Lyu D, Backer R, Subramanian S,  
Smith DL. Phytomicrobiome 
coordination signals hold potential for 
climate change-resilient agriculture. 
Frontiers in Plant Science. 2020;11:634

[29] Anli M, Baslam M, Tahiri A,  
Raklami A, Symanczik S, 
Boutasknit A, et al. Biofertilizers as 
strategies to improve photosynthetic 
apparatus, growth, and drought stress 
tolerance in the date palm. Frontiers in 
Plant Science. 2020;11:516-818

[30] Dong L, Li Y, Xu J, Yang J, Wei G, 
Shen L, et al. Biofertilizers regulate the 
soil microbial community and enhance 
Panax ginseng yields. Chinese Medical 
Journal. 2019;14:20

[31] Atieno M, Herrmann L, Nguyen HT, 
Phan HT, Nguyen NK, Srean P, et 
al. Assessment of biofertilizer use 
for sustainable agriculture in the 
Great Mekong Region. Journal 
of Environmental Management. 
2020;275:111-300

[32] Etesami H, Maheshwari DK. Use of 
plant growth promoting rhizobacteria 
(PGPRs) with multiple plant growth 
promoting traits in stress agriculture: 
Action mechanisms and future prospects. 
Ecotoxicology and Environmental Safety. 
2018;156:225-246



Plant Growth Promoting Rhizobacterial Consortium: A Sustainable Crop Production Strategy
DOI: http://dx.doi.org/10.5772/intechopen.109913

11

[33] He Y, Pantigoso HA, Wu Z, 
Vivanco JM. Co-inoculation of Bacillus 
sp. and Pseudomonas putida at different 
development stages acts as a biostimulant 
to promote growth, yield and nutrient 
uptake of tomato. Journal of Applied 
Microbiology. 2019;127:196-207

[34] Tairo EV, Ndakidemi PA. Possible 
benefits of rhizobial inoculation and 
phosphorus supplementation on nutrition, 
growth and economic sustainability 
in grain legumes. American Journal of 
Research Communication. 2013;1:532-556

[35] Smith BE, Richards RL, Newton WE.  
Catalysts for Nitrogen Fixation: 
Nitrogenases, Relevant Chemical Models 
and Commercial Processes. Vol. 2013. 
Berlin, Germany: Springer Science & 
Business Media. p. 340

[36] Ahemad M, Khan MS. Evaluation 
of plant growth promoting activities 
of rhizobacterium P. putida under 
herbicide stress. Annals of Microbiology. 
2012;62:1531-1540

[37] Zahran HH. Rhizobia from 
wild legumes: Diversity, taxonomy, 
ecology, nitrogen fixation and 
biotechnology. Journal of Biotechnology. 
2001;91:143-153

[38] Chittora D, Meena M, Barupal T, 
Swapnil P, Sharma K. Cyanobacteria as 
a source of biofertilizers for sustainable 
agriculture. Biochemistry and Biophysics 
Reports. 2020;22:100737

[39] Meena M, Zehra A, Swapnil P,  
Harish Marwal A, Yadav G, Sonigra P.  
Endophytic nanotechnology: An 
approach to study scope and potential 
applications. Frontiers in Nanoscience 
and Nanotechnology. 2021;9:613343

[40] Damam M, Kaloori K, Gaddam B,  
Kausar R. Plant growth promoting 
substances (phytohormones) produced 

by rhizobacterial strains isolated from 
the rhizosphere of medicinal plants. 
International Journal of Pharmaceutical 
Sciences Review and Research. 
2016;37:130-136

[41] Sharma S, Chen C, Navathe S, 
Chand R, Pandey SPA. halotolerant 
growth promoting rhizobacteria triggers 
induced systemic resistance in plants 
and defends against fungal infection. 
Scientific Reports. 2019;9:40-54

[42] Oteino N, Lally RD, Kiwanuka S, 
Lloyd A, Ryan D, Germaine KJ, et al. 
Plant growth promotion induced by 
phosphate solubilizing endophytic 
Pseudomonas isolates. Frontiers in 
Microbiology. 2015;6:745

[43] Rajkumar M, Ae N, Prasad MNV, 
Freitas H. Potential of siderophore-
producing bacteria for improving 
heavy metal phytoextraction. Trends in 
Biotechnology. 2010;28:142-149

[44] Ansari RA, Mahmood I, Rizvi R, 
Sumbul A Siderophores: Augmentation 
of soil health and crop productivity. In 
Probiotics in Agroecosystem, 1st ed.; 
Kumar V, Kumar M, Sharma S, Prasad R, 
Eds.; Springer Nature: Singapore; 2017. 
pp. 291-312

[45] Glick BR. Plant growth-promoting 
bacteria: Mechanisms and applications. 
Scientifica. 2012;963:401

[46] Hider RC, Kong X. Chemistry and 
biology of siderophores. Natural Product 
Reports. 2010;27:637-657

[47] Ahemad M, Khan MS. Assessment 
of plant growth promoting activities 
of rhizobacterium P. putida under 
insecticide stress. Journal of 
Microbiology. 2011;1:54-64

[48] Trapet P, Avoscan L, Klinguer A, 
Pateyron S, Citerne S, Chervin C, et al. 



Symbiosis in Nature

12

The Pseudomonas fluorescens siderophore 
pyoverdine weakens Arabidopsis thaliana 
defense in favor of growth in iron-
deficient conditions. Plant Physiology. 
2016;171:675-693

[49] Ali MA, Ren H, Ahmed T, Luo J, 
An Q , Qi X, et al. Antifungal effects 
of rhizospheric Bacillus species 
against bayberry twig blight pathogen 
Pestalotiopsis versicolor. Agronomy. 
2020;10:1811

[50] Schippers B, Bakker AW, 
Bakker PAH. Interactions of deleterious 
and beneficial rhizosphere 
microorganisms and the effect of 
cropping practices. Annual Review of 
Phytopathology. 1987;25:339-358

[51] Egamberdieva D, Wirth SJ, 
Alqarawi AA, Abd Allah EF, Hashem A. 
Phytohormones and beneficial microbes: 
Essential components for plants to 
balance stress and fitness. Frontiers in 
Microbiology. 2017;8:2104

[52] Gouda S, Kerry RG, Das G, 
Paramithiotis S, Shin HS, Patra JK. 
Revitalization of plant growth promoting 
rhizobacteria for sustainable 
development in agriculture. Microbiology 
Research. 2018;206:131-140

[53] Vacheron J, Desbrosses G,  
Bouffaud ML, Touraine B, 
Moenne-Loccoz Y, Muller D, et al. Plant 
growth-promoting rhizobacteria and 
root system functioning. Frontiers in 
Plant Science. 2013;4:356

[54] Meena M, Swapnil P, Zehra A, 
Dubey MK, Aamir M, Patel CB, et al. 
Virulence factors and their associated 
genes in microbes. In: Singh HB, 
Gupta VK, Jogaiah S, editors. New and 
Future Developments in Microbial 
Biotechnology and Bioengineering: 
Microbial Genes Biochemistry and 

Applications. 1st ed. Hoboken, NJ, USA: 
Elsevier; 2019. pp. 181-208

[55] Almoneafy AA, Moustafa-Farag M, 
Mohamed HI. The auspicious role of 
plant growth-promoting rhizobacteria 
in the sustainable management of 
plant diseases. In: Mohamed HI, 
El-Beltagi HEDS, Abd-Elsalam KA, 
editors. Plant Growth-Promoting 
Microbes for Sustainable Biotic and 
Abiotic Stress Management. 1st ed. 
Cham, Switzerland: Springer Nature; 
2021. pp. 251-283

[56] Ngalimat MS, Mohd Hata E, 
Zulperi D, Ismail SI, Ismail MR, Mohd 
Zainudin NAI, et al. Plant growth-
promoting bacteria as an emerging tool 
to manage bacterial rice pathogens. 
Microorganisms. 2021;9:682

[57] Zhou D, Feng H, Schuelke T, De 
Santiago A, Zhang Q , Zhang J, et al. 
Rhizosphere microbiomes from root-
knot nematode non-infested plants 
suppress nematode infection. Microbial 
Ecology. 2019;78:470-481

[58] Muller T, Ruppel S, Behrendt U, 
Lentzsch P, Muller MEH. Antagonistic 
potential of fluorescent pseudomonads 
colonizing wheat heads against 
mycotoxin producing Alternaria and 
Fusaria. Frontiers in Microbiology. 
2018;9:2124

[59] Chen S, Zou J, Hu Z, Chen H, 
Lu Y. Global annual soil respiration in 
relation to climate, soil properties and 
vegetation characteristics: Summary of 
available data. Agricultural and Forest 
Meteorology. 2014;198:335-346

[60] Dasgupta D, Kumar A, 
Mukhopadhyay B, Sengupta TK. Isolation 
of phenazine 1,6-di-carboxylic acid from 
Pseudomonas aeruginosa strain HRW.1-S3 
and its role in biofilm-mediated crude 
oil degradation and cytotoxicity against 



Plant Growth Promoting Rhizobacterial Consortium: A Sustainable Crop Production Strategy
DOI: http://dx.doi.org/10.5772/intechopen.109913

13

bacterial and cancer cells. Applied 
Microbiology and Biotechnology. 
2015;99:8653-8665

[61] Saraf M, Pandya U, Thakkar A. 
Role of allelochemicals in plant growth 
promoting rhizobacteria for biocontrol 
of phytopathogens. Microbiology 
Research. 2014;169:18-29

[62] Jung BK, Hong SJ, Park GS, Kim MC, 
Shin JH. Isolation of Burkholderia 
cepacia JBK9 with plant growth-
promoting activity while producing 
pyrrolnitrin antagonistic to plant fungal 
diseases. Applied Biological Chemistry. 
2018;61:173-180

[63] Pawar S, Chaudhari A, Prabha R,  
Shukla R, Singh DP. Microbial 
pyrrolnitrin: Natural metabolite with 
immense practical utility. Biomolecules. 
2019;9:443

[64] Zhang M, Yang L, Hao R, Bai X, 
Wang Y, Yu X. Drought-tolerant plant 
growth-promoting rhizobacteria 
isolated from jujube (Ziziphus jujuba) 
and their potential to enhance 
drought tolerance. Plant and Soil. 
2020;452:423-440

[65] Raaijmakers JM, De Bruijn I, 
Nybroe O, Ongena M. Natural functions 
of lipopeptides from Bacillus and 
Pseudomonas: More than surfactants and 
antibiotics. FEMS Microbiology Reviews. 
2010;34:1037-1062

[66] Malviya D, Sahu PK, Singh UB, 
Paul S, Gupta A, Gupta AR, et al. Lesson 
from ecotoxicity: Revisiting the microbial 
lipopeptides for the management of 
emerging diseases for crop protection. 
International Journal of Environmental 
Research and Public Health. 2020;17:1434

[67] Effmert U, Kalderas J, Warnke R,  
Piechulla B. Volatile mediated 
interactions between bacteria and fungi 

in the soil. Journal of Chemical Ecology. 
2012;38:665-703

[68] Penuelas J, Asensio D, Tholl D, 
Wenke K, Rosenkranz M, Piechulla B, 
et al. Biogenic volatile emissions from 
the soil. Plant, Cell & Environment. 
2014;37:1866-1891

[69] Sharifi R, Ryu CM. Revisiting 
bacterial volatile-mediated plant growth 
promotion: Lessons from the past and 
objectives for the future. Annals of 
Botany. 2018;122:349-358

[70] Ryu CM, Farag MA, Hu CH, 
Reddy MS, Wei HX, Pare PW, et al. 
Bacterial volatiles promote growth in 
Arabidopsis. Proceedings of the 
National Academy of Sciences USA. 
2003;100:4927-4932

[71] Zhang H, Kim MS, 
Krishnamachari V, Payton P, Sun Y, 
Grimson M, et al. Rhizobacterial volatile 
emissions regulate auxin homeostasis 
and cell expansion in Arabidopsis. 
Planta. 2007;226:839-851

[72] Zhang H, Xie X, Kim MS, 
Kornyeyev DA, Holaday S, Pare PW. 
Soil bacteria augment Arabidopsis 
photosynthesis by decreasing 
glucose sensing and abscisic acid 
levels in planta. The Plant Journal. 
2008;56:264-273

[73] Meena M, Swapnil P, Zehra A, 
Dubey MK, Upadhyay RS. Antagonistic 
assessment of Trichoderma spp. by 
producing volatile and non-volatile 
compounds against different fungal 
pathogens. Archives of Phytopathology 
and Plant Protection. 2017;50:629-648

[74] Ossowicki A, Jafra S, Garbeva P. 
The antimicrobial volatile power of 
the rhizospheric isolate Pseudomonas 
donghuensis P482. PLoS One. 
2017;12:e0174362



Symbiosis in Nature

14

[75] Sharifi R, Lee SM, Ryu CM. Microbe-
induced plant volatiles. The New 
Phytologist. 2018;220:684-691

[76] Choudhary DK, Prakash A, Johri BN. 
Induced systemic resistance (ISR) in 
plants: Mechanism of action. Indian 
Journal of Microbiology Research. 
2007;47:289-297

[77] Pieterse CMJ, Zamioudis C,  
Berendsen RL, Weller DM, Van 
Wees SCM, Bakker PAHM. Induced 
systemic resistance by beneficial 
microbes. Annual Review of 
Phytopathology. 2014;52:347-375

[78] Egamberdieva D, 
Wirth S, Bellingrath-Kimura SD, 
Mishra J, Arora NK. Salt-tolerant 
plant growth promoting rhizobacteria 
for enhancing crop productivity of 
saline soils. Frontiers in Microbiology. 
2019;10:2791

[79] Jha Y, Subramanian RB. PGPR 
regulate caspase-like activity, 
programmed cell death, and antioxidant 
enzyme activity in paddy under salinity. 
Physiology and Molecular Biology of 
Plants. 2014;20:201-207

[80] Noorieh B, Arzanesh MH, 
Mahlegha G, Maryam S. The effect of 
plant growth promoting rhizobacteria on 
growth parameters, antioxidant enzymes 
and microelements of canola under salt 
stress. Journal of Applied Environmental 
and Biological Sciences. 2013;3:17-27

[81] Rosa PAL, Mortinho ES, Jalal A, 
Galindo FS, Buzetti S, Fernandes GC. 
Inoculation with growth-promoting 
bacteria associated with the reduction 
of phosphate fertilization in sugarcane. 
Frontiers in Environmental Science. 
2020;8:32

[82] Santos RM, Kandasamy S, 
Rigobelo EC. Sugarcane growth and 

nutrition levels are differentially affected 
by the application of PGPR and cane 
waste. Microbiology. 2018;7:e00617

[83] Chandra P, Tripathi P, Chandra A. 
Isolation and molecular characterization 
of plant growth-promoting Bacillus 
spp. and their impact on sugarcane 
(Saccharum spp. hybrids) growth and 
tolerance towards drought stress. Acta 
Physiologiae Plantarum. 2018;40:199

[84] Li HB, Singh RK, Singh P, Song QQ , 
Xing YX, Yang LT. Genetic diversity 
of nitrogen-fixing and plant growth 
promoting pseudomonas species isolated 
from sugarcane rhizosphere. Frontiers in 
Microbiology. 2017;8:20

[85] Patel P, Shah R, Joshi B, Ramar K, 
Natarajan A. Molecular identification 
and biocontrol activity of sugarcane 
rhizosphere bacteria against red rot 
pathogen Colletotrichum falcatum. 
Biotechnology Reports. 2019;21:e00317

[86] Muthukumarasamy R, 
Revathi G, Vadivelu M, Aruri K. 
Isolation of bacterial strains possessing 
nitrogen-fixation, phosphate and 
potassiumsolubilization and their 
inoculation effects on sugarcane. 
Indian Journal of Experimental Biology. 
2017;55:161-170

[87] Liu K, McInroy JA, Hu CH, 
Kloepper JW. Mixtures of plantgrowth-
promoting rhizobacteria enhance 
biological control of multiple plant 
diseases and plant-growth promotion in 
the presence of pathogens. Plant Disease. 
2018;102:67-72

[88] Xia Y, Farooq MA, Javed MT,  
Kamran MA, Mukhtar T, Ali J.  
Multi-stress tolerant PGPR Bacillus 
xiamenensis PM14 activating sugarcane 
(Saccharum officinarum L.) red rot 
disease resistance. Plant Physiology and 
Biochemistry. 2020;151:640-649



Plant Growth Promoting Rhizobacterial Consortium: A Sustainable Crop Production Strategy
DOI: http://dx.doi.org/10.5772/intechopen.109913

15

[89] Ahmad F, Ahmad I, Aqil F, Ahmed 
Wani A, Sousche YS. Plant growth 
promoting potential of free-living 
diazotrophs and other rhizobacteria 
isolated from Northern Indian soil. 
Biotechnology Journal. 2016;1:1112-1123

[90] Viswanathan R, Samiyappan R.  
Induced systemic resistance by 
fluorescent pseudomonads against 
red rot disease of sugarcane caused 
by Colletotrichum falcatum. Crop 
Protection. 2002;21:1-10

[91] Lopes VR, Bespalhok-Filho JC, 
Araujo LM, Rodrigues FV, Daros E, 
Oliveira RA. The selection of sugarcane 
families that display better associations 
with plant growth promoting 
rhizobacteria. Agronomy Journal. 
2012;11:43-52

[92] Hassan MN, Afghan S, 
Hafeez FY. Suppression of red rot caused 
by Colletotrichum falcatum on sugarcane 
plants using plant growth-promoting 
rhizobacteria. BioControl. 2010;55:695

[93] Moutia JFY, Saumtally S, Spaepen S, 
Vanderleyden J. Plant growth promotion 
by Azospirillum sp. in sugarcane is 
influenced by genotype and drought 
stress. Plant and Soil. 2010;337:233-242

[94] Breedt G, Labuschagne N, 
Coutinho TA. Seed treatment with 
selected plant growth-promoting 
rhizobacteria increases maize yield in 
the field. The Annals of Applied Biology. 
2017;171:229-236

[95] Cassan F, Perrig D, Sgroy V,  
Masciarelli O, Penna C, Luna V.  
Azospirillum brasilense Az39 and 
Bradyrhizobium japonicum E109, 
inoculated singly or in combination, 
promote seed germination and early 
seedling growth in corn (Zea mays L.) 
and soybean (Glycine max L.). European 
Journal of Soil Biology. 2009;45:28-35

[96] Kaur H, Kaur J, Gera R. Plant growth 
promoting rhizobacteria: A boon to 
agriculture. International Journal of Cell 
Science and Bitechnology. 2016;5:17-22

[97] Di Salvo LP, Cellucci GC, 
Carlino ME, de Salamone IEG. Plant 
growth-promoting rhizobacteria 
inoculation and nitrogen fertilization 
increase maize (Z. mays L.) grain yield 
and modified rhizosphere microbial 
communities. Applied Soil Ecology. 
2018;126:113-120

[98] Rocha I, Ma Y, Carvalho MF, 
Magalhaes C, Janouskova M, Vosatka M. 
Seed coating with inocula of arbuscular 
mycorrhizal fungi and plant growth 
promoting rhizobacteria for nutritional 
enhancement of maize under different 
fertilization regimes. Archives 
of Agronomy and Soil Science. 
2019;65:31-43

[99] Danish S, Zafar-ul-Hye M, Mohsin F, 
Hussain M. ACCdeaminase producing 
plant growth promoting rhizobacteria 
and biochar mitigate adverse effects of 
drought stress on maize growth. PLoS 
One. 2020;15:e0230615

[100] Pereira NCM, Galindo FS,  
Gazola RPD, Dupas E, Rosa PAL, 
Mortinho ES. Corn yield and phosphorus 
use efficiency response to phosphorus 
rates associated with plant growth 
promoting bacteria. Frontiers in 
Environmental Science. 2020;8:40

[101] Youseif SH. Genetic diversity of 
plant growth promoting rhizobacteria 
and their effects on the growth of maize 
plants under greenhouse conditions. 
Annals of Agricultural Science. 
2018;63:25-35

[102] Moreira H, Pereira SIA, Marques A, 
Rangel A, Castro PML. Effects of soil 
sterilization and metal spiking in plant 
growth promoting rhizobacteria 



Symbiosis in Nature

16

selection for phytotechnology purposes. 
Geoderma. 2019;334:72-81

[103] Rosas SB, Avanzini G, Carlier E, 
Pasluosta C, Pastor N, Rovera M. Root 
colonization and growth promotion 
of wheat and maize by Pseudomonas 
aurantiaca SR1. Soil Biology and 
Biochemistry. 2009;41:1802-1806

[104] Lobo LLB, dos Santos RM, 
Rigobelo EC. Promotion of maize 
growth using endophytic bacteria 
under greenhouse and field condition. 
Australian Journal of Crop Science. 
2019;13:2067-2074

[105] Zhao K, Penttinen P, Zhang XP,  
Ao XL, Liu MK, Yu XM. Maize 
rhizosphere in Sichuan, China, hosts 
plant growth promoting B. cepacia with 
phosphate solubilizing and antifungal 
abilities. Microbiology Research. 
2014;169:76-82

[106] Viruel E, Erazzu LE, Calsina LM, 
Ferrero MA, Lucca ME, Sineriz F. 
Inoculation of maize with phosphate 
solubilizing bacteria: Effect on plant 
growth and yield. Journal of Soil Science 
and Plant Nutrition. 2014;14:819-831

[107] Alori ET, Babalola OO,  
Prigent-Combaret C. Impacts of 
microbial inoculants on the growth and 
yield of maize plant. Open Agriculture 
Journal. 2019;13:1-8

[108] Verma P, Agrawal N, Shahi SK. 
Enterobacter cloacae strain PGLO9: 
Potential source of maize growth 
promoting rhizobacteria. International 
Journal of Botany Studies. 2018;3:172-175


