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ABSTRACT

The race for producing more crop yield by adopting more intensive agronomic practices and applying more
fertilizers is thought to have had adverse effects on the soil health. Improvement in agriculture sustainability
requires optimal use and management of soil fertility and soil physical properties, both of which rely on soil
biological processes and soil biodiversity. In this context, the long-lasting challenges in soil microbiology are
development of effective methods to know the types of microorganisms present in soil, and to determine functions
which they performin situ. It is imperative to understand the relationship of soil and plants with the diversity of
associated bacteria, rhizobacteria, defining the roles of plant growth promoting bacteria (PGPR) to evolve
strategies for their better exploitation. Different cropping systems are of central interest to explore for sustainable
agriculture. The rhizosphere, considered to be a hot spot of bacterial diversity, harbors bacterial flora whose
diversity is mainly expressed in terms of functions adapted to the root presence, and in particular to favor plant
growth. Thisin turnis beneficial to the whole rhizosphere micraobiota through the highly nutritive and energetically
rhizo-depositions. Plant growth promotion and development can be facilitated both directly and indirectly.
Generally, PGPR function in three different ways. synthesizing particular compounds for the plants, facilitating the
uptake of certain nutrients from the soil, and preventing the plants from diseases. Some common examples of genera
exhibiting plant growth promatingactivity are Azospirillum, Azotobacter, Bacillus, Burkholderia, Corynebacterium,
Pseudomonas, Rhizobium, Serratia etc.
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INTRODUCTION

The world population will cross 10 billion mark t8050. This staggeredly increasing population isating
insurmountable pressure on the existing land anefobd, fiber, fuel and raw materials. Agricultwentributes to a
major share of national economy in many develogiogntries, while ensuring food security and emplegim
Utilization of improved plant varieties and techogical interventions have been instrumental in megethe
demands of the growing populace in the countryTHg. race for producing more crop yield by adoptingre
intensive agronomic practices and applying morglifears is thought to have had adverse effectshensoil health.
Sustainable agriculture is vitally important in &yt world because it offers the potential to meet future
agricultural needs, something that conventionalcatjure will not be able to do. Beneficial rhizaeria can
increase plant vigor and soil fertility [2]. The misation of plant growth promoting rhizobacteriBGPR) as
biofertilizers, phytostimulators and biocontrol atewould be an attractive alternative to decremseof chemical
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fertilizers which lead to environmental pollutioB][The main aim of this review is to understand ble of PGPR
in sustainable agriculture.

2. RHIZOSPHERE

The rhizosphere is the narrow zone of soil speadificinfluenced by the root system [4]. This zomerich in
nutrients when compared with the bulk soil dueabeumulation of a variety of plant exudates suchramo acids
and sugars, providing a rich source of energy andants for bacteria [5]. The zone of influencetoé root harbors
an approximately 10-to100-fold greater microbiapplation, suggesting fierce competition for nuttieas well as
the existence of species which show a variety n€fional diversity and metabolic versatility [6, The rhizosphere
itself can be demarcated into (a) endorhizosphshich refers to the internal root area extendingegally to
cortical region which harbors large population ddicteria with varied functions, (b) rhizoplane, atg
ectorhizosphere [8].The rhizospheric soil contaihgerse types of bacterial genera called as rhizeia, which
exhibit beneficial effects on plant growth [9].

3. FUNCTIONAL ATTRIBUTES OF PGPR

3.1 Plant-microbe interaction

PGPRs colonize the rhizosphere, the rhizopland@raot itself [10]. A successful plant-microbeeiratction is a
result of effective colonization of microbes [18teps of colonization include attraction, recogmifiadherence,
invasion (in case of endophytes and pathogeng)nization and growth. Plant roots send signaliénform of root
exudates which are recognized by microbes [12].R@Rch root surfaces by active motility guidecchgmotactic
responses [13].

3.2 Mode of action

Plant associated bacteria can be classified inbefi@al, deleterious and neutral groups on theshaftheir effect
on plant growth [4]. Beneficial free-living rhizott@ria are usually referred to as plant growth poting
rhizobacteria- PGPR [14].It is well establishedt tvaly 1 to 2% of bacteria promote plant growthhie rhizosphere
[15]. PGPRs are from diverse genera likeospirillum, Azotobacter, Bacillus, Burkholderia, Corynebacterium,
Pseudomonas, Rhizobium, Serratia etc, of whichBacillus and Pseudomonas spp. Are predominant. Generally,
PGPR function in three different ways[16]: (a) $wHizing particular compounds for the plants[4,, 1(B)
facilitating the uptake of certain nutrients frolmetsoil[18, 19], and (c)lessening or preventing piemts from
diseases[20, 21, 22].

Plant growth promotion and development can be ifat¥d both directly and indirectly. Direct plantogith

promotion includes symbiotic as well as non-symbi®®GPR which function via production of metabditdat
enhance plant growth such as auxins, cytokinifshagellins, and through the solubilization of phuse minerals
[23].Indirect growth promotion occurs via the rerabwf pathogens by the production of secondary buditas

such as hydrogen cyanide (HCN) and siderophoresfigddr fungal cell wall degrading enzymes, e.gtjrcse and
3-1, 3-glucanase [16, 25, 26].PGPR has also begiedpn remediation of contaminated soils in agsian with

plants [27].

3.2.1 Nitrogen fixation

Nitrogen is one of the most limiting plant nutrierior plant growth [28]. Some rhizobacteria have dhility to fix

nitrogen into organic forms which can then be z#idl by the plants. PGPR by forming symbiotic and-sgmbiotic
associations with plants fix atmospheric nitrogemwerting it into usable form ammonia. In symbiotitrogen
fixation, a mutualistic relationship between plantd microbe exits. The microbes form nodules orrdoé surfaces
where nitrogen fixation takes place. While as isecaf non-symbiotic nitrogen fixation, microbes &ee living.

Rhizobium is an example of symbiotic nitrogen fixer while @ganobacteria, Acetobacter fix N, freely. Numerous
studies have shown greater nitrogen fixation aatiwin inoculated plants as compared to uninoedlatants [29].

3.2.2 Siderophore production

Iron is one of the bulk minerals present on thdagmar of earth, yet it is unavailable in the soil fdants. This is
because iron is commonly present in the form of ke nature which is highly insoluble [30]. To overge this
problem, PGPR secrete siderophores. Siderophoeelarmolecular weight iron binding proteins havinigding
affinity with ferric ions. These siderophores impeoplant growth and development by increasing teessibility
of iron in the soil surrounding the roots [14].RErsequester iron by utilizing siderophores sedreby
PGPR[31]Bacillus, Klebsiella, andPseudomonas are some of the genera that produce siderophores.
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3.2.3 Phosphate solubilization

Phosphorus, which is taken by the plants from asilphosphate anions, is necessary for plant grdBuh.the
amount available to plants is very low becausasoéxtreme insolubility. Various reports of mangearchers have
reported the ability of PGPR to solubilize insokibhorganic phosphate compounds. These bactenidikoé
phosphate by secreting some acids or by some pthans and these bacteria are collectively termgzhasphate
solubilizing bacteria- PSB[32, 33, 34, 35, 36]. &a researchers have consequently proven thatiit®&ase plant
growth and yield[37, 38]. The bacterial genera withosphate solubilizing ability ardzospirillum, Bacillus,
Pseudomonas, Rhizobium, Serratia and others.

3.2.4 Phytohormone production

Plant growth is also regulated by phytohormonesdgced by PGPR. Many researchers have reported the
production of auxins and cytokinins by PGPR butdpiciion of gibberellins by rhizobacteria remainargdy.
Pseudomonas fluorescens isolated from soybean has been reported to prodytekinins [39]. Among the
mechanisms operative in PGPR Glick has reportedusdtion of plant growth through the activity ofetenzyme
ACC deaminase [16]. ACC deaminase activity helpmplto combat abiotic stress by hydrolyzing ACGCe th
precursor of ethylene, to alpha-ketobutyrate andnamia. Use of biofertilizer containing PGPR with 8C
deaminase activity may improve plant growth andetfgwment by overcoming the ill effects of salt sgrethylene
[40].

3.2.5 Biocontrol agents

Indirect plant growth promotion includes the pretiem of the deleterious effects of phytopathogemiganisms.
PGPR have also been shown to produce various amstigometabolites that are involved in direct lsition of
plant pathogens [41, 42]. It includes antibidsés the inhibition of microbial growth by diffusiblengibiotics and
volatile organic compounds, toxins, and biosurfattaand parasitism that may involve productiorextfacellular
cell wall-degrading enzymes such as chitinasespah@-glucanase [43, 44].For exampBacillus subtilis strains
produce a variety of powerful antifungal metabaljte.g., zwittermicin-A, kanosamine and lipopemidi®m the
surfactin, iturin and fengycin families [45, 46].0k recentlyPseudomonas andBacillus species have been implied
in biocontrol due to their effective competitivaaractions with bacteria, fungi, oomycetes, prosgzematodes[47,
48, 49].

CONCLUSION

There is a substantial proof in the literature ¢ating the PGPR have an unquestionable potentainsustainable
agriculture. They do not only promote the plantvgioby various strategies (direct as well as imttjrand increase
the soil fertility, but also are eco-friendly. Atber understanding of the basic principles of thieasphere ecology,
including the function and diversity of inhabitimgicroorganisms is on the way but further study ésessary to
optimize soil microbial technology to benefit plagrowth and development in the natural environm&here is a
need of designing systematic strategies to fulljizet all the beneficial factors of PGPRs faciliteg their
development as reliable components in the managerobnsustainable agricultural systems reducing the
uncountable hazardous of chemical fertilizers.
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